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SECTION 1

INTRODUCTION

A disp lay is the critical transducer conve rting inform ation iii

elect ronic form to inform ation useful to a human operator . It goes without

say ing that a i rc ra f t  d isp lay s have und e rg one ra pid changes pa ra l l e l ing  the

changes in other aspects of a i rc ra f t  technology.  The inc reas ing  comp lexity
of modern hi gh pe r fo rmance  a i rcraf t  demands d i sp lays that can convey a

var i e ty  of info rm ation , a requ i rement  in contr ast  to a meter  or gauge which

typ ical ly  moni to rs  the status of a sing le parameter  of the inte rnal or external

environment .  The introduction of cockp it radar  broug ht with it the cathode-
ray- tube  ( C R T )  as a d i sp lay  medium and this ubiquitous device has proved

to be an adequat e substra te  for  quite com plex d i sp lay confi gu r at i on s such as

the heads -up  d isp lay (HUD),  ver t ica l  situat i on d isp lay (VSD), ari d the hori-
zontal situation d i sp lay (HSD) . Such configurat ion s often requi re  the simul-
taneous presentat ion of information in both symbol ic  and sensor fo rm.
Symbolic information is typ icall y conveyed using symbols  like al ph a n u m e rics

or poin te r s  and g rap hs while sensor inform ation is der ived from sensors
suc h as r ada r , FLIR , or TV which p rovide a visual representa t ion of the

external  environment.  As an exam ple , a VSD mi ght be confi gured so that

flig ht control inform ation such as a i rspeed , altitude , and course heading,  is

d isp layed g rap hical l y around the peri phe ry  of a sensor disp lay showing the

fo rward t e r ra in  in the form of , sa y, a FLIR image.
The CRT , whi le  adequate to the dem and s of com plex d i s p lay

technology,  suf fe rs  f rom the hardware  l imitations of excess ive  size , weight ,

and power consumption. In response to the evolutionary p r e s s u r e  to make
aircraf t more  eff icient  by reducing size , wei ght , and power requ i rement s of

all aircraft systems , a new generation of flat-panel , matrix disp lays is

evolving. Such devices include lig ht emitt ing diodes (LEDs) ,  liquid crystal
(LX), and plasma pane l disp lays. All are characterized by a two dimensional
array or matrix of disc rl te elements that e i ther  emit  li ght Ce. g. , LEDs or

plasma panels) or diffe rentiall y reflect li ght (e.g. , LX disp lays). These

matr ix  d i sp lays (MD s)  are a t t ract ive  alte rn atives to CPTs as disp lay mediums

in view of the i r  modest  size , wei g ht , and power consum ption.
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M~)s have , of course , seen wide use in a numbe r of application s as

disp lays of strictly alphanumeric inform ation. These uses would include

such common applications as the readout on hand-held calculators  or digi tal

watches. The display of sensor or visual image inform ation, however, is

the concern of this report.

THE PROBLE M

:\t th i s  point in the development  of sensor  MDs , it is not clear what

design trade-offs may be made while optimizing, or at least preserving,

adequate in I~~rtiii tion t r an s f e r to the human opera tor .  Indeed , a more basic

quest ion is whdt design parameters exert the most influence on hum an per-

fo rm ance w i t h  N IDs . It would not requi re  a human fac tors  research  effo rt

to real ize  tha t  a MD composed of very  small  emi t te rs  packed very  dense ly

could reproduce  images  with  hi gh f idel i ty  and p resu m abl y with excellent

operator  p r form ance. Such a disp lay desi gn , h owever , is unrea l i s t i c  in

view of ha rdware  considerat ions.  Thus , the requ i rement  is to de te rmine

to what degree the design of a MD may be shi fted or degraded f rom the

above h ypothet ica l  optimum without ser iously compromis ing  hum an perfo rm-

ance. This  is another way of say ing that des i gn var iables  of the d i sp lay must

be specified in term s of the perform ance of the opera tor . Th is r e sea rch i s a

f i r s t  step in this  d i rect ion , focus in g on th e dis p lay of sensor or image

information.

MATRIX DISPLAY VARIABLES

The use of CRTs  as a d isp lay medium has been thoroug hl y inves ti gated

and the parameters  of these d i sp lays that  inf luence hum an pe r fo rmanc e are

well known and will  not be treated here (e. g. , see Bibe rm an , 1973). W h en

consider ing matr ix  d i sp lays , a likely f i r s t  step would be to ident i fy  analogous

va ri ables , between CRTs and matr ix  disp lay s; one mi ght then expect that ,

based on the extant CRT l i te ra ture , the var iables  th ai inf luence pe r fo rmance

with CRTs would operate in a s imilar  manne r with matr ix  d isp lays .  This ,

however , may  not be a productive s t ra tegy because ma tr ix  d i sp lays diffe r

fund amentall y f rom CRTs in a number  of ways.  For example , the dis t r ibu-

tion of luminance on a CRT is spat ia l l y con tin uous in one d im en sion and

5



discontinuous in the orthogonal dimension , while MDs by nature have a

discrete distribution of luminance in both spatial dimensions. Scanlan and

Carel (1976) have reviewed much of the literature concerning matrix disp lays

and they conclude that prope r consideration of MDs requires that the para-

meters of these  disp lay s be con side r ed as a un ique set. Since any disp lay
operates  in both the temporal  and spatial domains , th ese rubr ics  are a con-
venient  s tar t ing point when considering d i sp lay  param eters. Sc anlan and
Carel identify and define the spat ial  var iables  of a MD as follows

Emitter Size.

The physical extent of the light emitting surface. For square

emitters , size is given by the edge dimensions; for circular , the diamete r.

For emitters without a square luminance profile, that is emitters with an

edge luminance gradient (see below) the 50 percent luminance point defines

the size.

Size may also be expressed in terms of visual ang le, 0, if the viewing

distance , d, is known. Visual angle is given by: 0 = 2 arc tan (h/Zd).

Emitter Spacing .

The distance between centers of adjacent emitters. Spacing may also

be described in visual angle.

Percent Active Area.

The amount of the total disp lay surface that emits li ght. For square

emitters , percent active area is given by: (Emitter size/Emitter spacing)
2 x

100; for other shapes, the total active area must be computed on the basis

of the ern i~ter size and number of emitters and this result 
divided by the total

available disp lay surface area.

Emitter Shape.

The emitters in an MD potentially can be any geometr ic  shape. Shape

is an important variable because it will influence how the emitters are packed

on the disp lay. In addition , shape impacts the m aximum possible percent
active area for a given disp lay.

6



Emitter Packing Format.

A classif i cation of the geom etry  of the emi t te rs  in the ma t r ix .
Orthogonal packing is defined when the centers  of emi t te rs  in adjacent rows
and co lu mns are in re g is t er . To an extent , emi t te r  shape dic ta tes  packing
form at. For example , c i rcu la r  emi t te rs  would pack TT bes t ” , in th e sense

that the percent active area is maximized (see Legault (1973)  for a brief
discussion of this point) in a rhombic matrix, with the centers of adjacent

emitters forming the vertices of an equalateral triang le.

Edge Luminance Gradient.

The luminance profile of the emitter. Typically emitters have a sharp

luminance edge (or a square luminance profile); alte rnatively, the luminance

distribution may taper off gradual ly .  The latter in s t ance  is similar to the
gaussian luminance profile of a CRT spot.

Other Spatial Variables.

Scanlan and Carel  d i scuss  three additional spatial va r iables , symbol

definition , symbol subtense, and font, for matrix disp lays transmitting
symbolic (i. e., alphanumeric) inform ation. Because symbolic displays are

not the subject of this report, these variables will not be discussed here.

Temporal Variables.

A matrix disp lay also has variables in the temporal domain. Present

and projected matr ix  d i sp lays do not emit  li ght con t inuous ly ,  hut rather emit

pulses at some frequency. The duration of these pulses specifies the on time

and the frequency of the pulses gives the refresh rate of the disp lay. Th e
ratio of the on t ime to the period , where  the period is the reci procal  of the
refresh rate, defines the duty cycle.

Luminance Variables.

Finally, there are luminance parameters importan t to matr ix  d i sp lays.
The emitter luminance specifies the output of a given emitter on the disp lay.

The inactive area luminance (obviously, germane only to disp lay s with  
less7



than 100 percent active area) may aLso v a r y .  Together , th ese var i ab les

define the maximum possible contrast

L - L .
rri ax mm

L .m in

which will vary  between m inus and p lus infinity. Al ternat ively ,  the two

luminance values may be expressed in term s of maximum possible modula-
tion using the relationship,

L - L .
— 

max mm
+ Lm ax mm

which ranges from 0 to 1.

In add i tion to defining the uni que variables of MDs , Scanlan and

Carel  also provide a review of the behavioral  l i te ra ture  investi gating the

infl u ence of th ese var iables on hum an perfor m ance. Two major  point s

emerge f rom thi s effort .  First , nea r ly  all experimental  studies of MDt s

h ave focused on dis plays convey ing symbolic , chiefl y alph anumeric , r ather

than sensor or image information. As such , the bulk of this matr ix  disp lay

l i terature is of limited usefulness  to the present  effort .  The concentration

on symbol-ic disp lay s has com e about for  two reasons. First , sy mbolic

disp lays have been the major  use of mat r ix  d isp lays to the present.  Second ,
it is relatively easy to simulate symbolic matr ix  d isp lays with the f lexibi l i ty
of parameters  neces sa ry  for  human factors  expe rimentation .

The onl y stud y identified that dealt  with sensor matr ix  d isp la y s w as

cond u cted by Martin , Task , Woodruff and Pinkus (1976). Percent active

area and emitter spacing were  the variables of interest  in this study; the
latte r vari able was manipulated by chang ing the viewing distance of the
observe r . Martin , et al. simulated a sensor d i sp lay by placing a grid mask

over a rear -pro jec t ion  screen on which target  imagery  was zoomed up f rom

a very  small  size unti l  recognition occurred.  Percent active area was varied

from 55 percent  to 100 pe rcent , but this variable  had no s tat is t ical ly  si gnif-

icant influence on perform ance. Emit ter spacing, however , did influence
perform ance. Larger  emit ter  spacing was associated with larger  

target8



sizes at recognition , for  spacings l a rger  than 0 .43 mrad  (1 . 5 arc m m . );
below this value the acuity of the observer  was the l imit ing facto r and target
size at recogniti on was roug hly constant.  Thi s resul t  agreed with the author ’s

prediction. The Martin , et al . study notwithstan d ing, the influence of sensor
disp lay variables on pe r fo rmance  is largel y unexplored.

SE LECTION OF INDEPENDENT VARIABLE S

Given the set of d isp lay pa ramete rs , all of wh ich  are potential
inde penden t var i ables , a problem ar i ses  concerning which var iables  to

se lect. Prima facie  it would be des i r ab l e  to select  all , or som e subset , of
the above variables as experimental  f ac to r s ;  howeve r , thi s situation cannot
obtain because these variables  are not independent .  For exam ple , f or a

given shape , emit ter  size and spacing combine to de te rmine  percent  active

area. Obviously,  two of these  var iables  cannot be held constant  and the
third uni quely varied. Such inte rdependencies preclude a s t raig ht forward
selec tion of variables.

What  is requ i red  is a rat ionale for  selecting independent  va r i ab l e s .

One approach would be to attempt to identif y inf luent ia l  des ign  p ar a m et e r s

from previous research , but this  approach was not adopted f o r  two reasons.

Fi rs t , the Sc anlan and Carel  review mad e it c lear  that  most  of the i r  potent ia l

independent vari ables have been largel y i gnored. Other s tudies , m o r e o v e r,

are of little value in predict ing impor t an t  p a r a m e t e r s  because  of

confoundings among independent var iables.  Second , as pointed out above ,
nea r ly all MD experiments  dealt  with symbol ic  ra ther  than sensor  disp lays.
The type of informat ion conveyed b y sym bol i c and senso r d i sp lays is

suff ic ient l y d i f ferent  to quest ion the ut i l i ty  of making predic t ion s about per-
formance w ith sensor d i sp lay s based on data obtained f rom symbolic  d i sp lays.

An alte rnative ratio:~ale for selectin g independent variables is to

recast the design parameters into variables of potential relevance to the

operation of the visual system. A number of models of visual spatio-

temporal processing (e.g., Rashbass , 1970 , 1976; Schni tzler  l976a , b;
Watson and Nachmias, 1977; Legge, 1978) posit that the visual system is
composed of a series of filters operating in the spatial or temporal domains.

Visual stimuli are inputs to these filters and are described in terms of

9



spatial or temporal luminance waveforms. The same approach may be used

when considering a matr ix  disp lay as a visual s t imulus , independent of the
information disp layed. The rows and columns of emitters may be treated as

a periodic spat ial  waveform. That  mat r ix  d isp lays emit  pulses of li ght at
some ref resh  rate means that the temporal  prope rties of the display may  be

described by a periodic temporal waveform.

A genera l ized  periodic wavefo rm is shown in Figure 1. By
considering this waveform in eithe r the spatial or temporal dom ains, a

n u m b e r  of ana logies between vari ables in the tempora l  and spat ial  dom ains
emerge. In the spatial domain , dimension “A” corresponds to emitter size,

as defined above ; for a temporal waveform , “A” sim ply is the on time.
Dimension “B”, spatially, correspo~us to emitter spacing while temporarily

it is the period of the waveform ; the reci procal of the period is the refresh

rate. Dimension C and C’ refer to rise and decay times or spatial edge

luminance gradients.

This analysis also reveals analogies between derived variables. The

duty cycle of a disp lay is the ratio of the on-time to the pe riod (A/B), while

the percent active area is given by the square of the ratio of emitte r size

to emitte r spacing ((A/B)2).

The foregoing analysis provides a basis for selecting the following

variables in the experiment:

1 . Emitter size - This variable is the major dete rminant of the
spatial characteristics of the disp lay and as such is of obvious
impo rtance.

2. On time - This variable is included because it is the analogue,
in the temporal domain, of the spatial variable emitter size.

~~ A ~~~
.

k c-~~ 
-

~~~ c’.i..J

Figure  1. Generalized pe riodic waveform
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3. Ref resh  rate - This var iable , combined with the on-t ime , de f ines
the duty cycle of the disp lay . Duty cycle  is impor tant  because
it is the temporal  an alogue of percent  active area.

4. Emit ter  luminance - This variable was included since all spatial
and temporal waveform s are function s of luminance.

5 Viewing distance - Inc luded as a convenient way of mani pulat in g
emit ter  spacing. Chang ing viewing dis tance changes the v i sua l
ang le of the emi t te r  spacing; this  allows the spacing to be manip-
ulated without ch an ging the numbe r of emitters across  a t a rge t
of a g iven size , as would occur if spacing was changed with a
constan t viewing distance.

Emit ter  shape and emit ter  packing f o rmat are un ique mat r ix  display

variables  that mig ht influence per form ance and were  also included as experi-

mental variables .  In dist inct ion to the f ive var iables  listed above , emi t te r

sh ape and packing fo rm at are qualitative variables.  Various shape s or pack-

ing form at s are easil y d i f fe ren t iab le  f rom one another , bu t t h e r e  is no com-

mon attribute or me t r i c  that  can eas i ly  express  the degree  of d i f f e r ence .  On

the other h and , the five vari ables above are all quant i ta t ive , because  th ey

are easily measured in units that express the magnitude of differences. The

distinction between a quantitative and qualitative variable has importance for

the Response Surface Methodology exper imenta l  design emp lo y ed in th is stud y
which is res t r ic ted  to quant i ta t ive  va r i ab les .  Accommodat in g the qua l i t a t ive
var iables  into the des ign requi res  a separa te  group  fo r  each combinat ion  of
emit ter  shape and packing fo rm at. Thus emi t t e r  shape and p ackin g fo rma t
are be tween-group var iables , i. e. , chang ing onl y between groups.  The f ive
quantitative var iable s were  varied within  groups .  The result  is that a subject
in a g iven group observed a m a t r i x  disp lay with a pa r t i cu la r  emi t te r shape

and packing forma t; emit te r s ize , o n - t i m e , r e f r e s h  ra te , l uminance , and

v i e w i ng dis tance were  var ied  a c c o r d i n g  to the desi gn .
The quest ion now focuses on wh ich  of the emit te r s h a p e - p a c k i n g

fo rm at combin ations oug ht to be selected. The c r i te rion used in th i s  stud y
was that all shape-packing  form at combin ations could , in the  l im i t , reac h
100 percent  active area.  Thus the following combinat ions wer . ’ selected:

1) square emit ters, packed in an orthogonal matr ix ;  2) square  em i t t er s  in

a non-orthogonal  mat r ix , where non-or thogona l  means  that the  c en t er s  of

adjacent  rows of emi t t e r s  are o f f se t  by one-hal f of the no rma l  e m i t t e r
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spacing and alte r nate rows are in reg ister;  3) t r iangular  emitters in an
orthogonal matrix; and 4) hexagonal emitters in a rhombic matrix , similar
to a honeycomb. These combinations contrast  with a disp lay constructed
from circular emitters where there is no packing format that can achieve
100 percent  active area. Likewise, hexagonal emitters packed in an orthog-
onal format are limited to less than 100 percent  active area.

The experiment examined the effect s  of the five quanti tative var iables
and the four  combina tions of emitte r shape and packin g format  identif ied
above on an opera tor ’ s ability to recognize tactical vehicle ta rge ts .  The
ta rge t s  were  moved across  a unifo rm back g round during experimental  t ra i l s ,
wi th ta rget  size at recognition taken as the dependent variable.

12



SECTION 2

METHOD

EXPERIMENTAL DESIGN

The goal of thi s stud y was to specif y the functional  relat ionship
be tween operato r perfo rmance and design variables of matrix displays.  The

variables selected for this stud y were  emitter shape and packing forma t as

between-group f ac tors , and emi tt er si ze ( ES), on-t ime (OT) , re f resh ra te

( R R ) ,  emi tt er luminance ( EL ), and viewi ng dis tance (VD) as w i t h i n - g r o u p

fac to r s .  For any group viewing a par t icular  emi t ter  shape - packing forma t

disp la y, pe r formance  is specified as a func t ion  of ES, OT, RR , EL and VD.

The t rue form of the func t ion , cal led th e res ponse sur f ace , wh ic h d e s c r i b e s

th e rela t ions h ip be tween operator  pe r formance  and the f ive  va r iab les  selected

is unknown and would require  each subject in a full factorial  design to

receive 3 , 125 experimental trials for a full rep lication , obvious ly an

impossibly large number.
However , techniques have been developed which permit approximation

of a response suf race  while collecting a reasonable amount of data . The so-

called Response Surface Methodology (RSM), orginal ly developed to aid in

maximizing industrial  processes  ( Box and Hu nt er , 1957: Box and Wilson ,

1951), has been adapted to behavioral research (Clark and Williges , 1972).
R.SM designs realize significant economies in data collection throug h the

simplif ying assumption that interactions beyond the second-order typically

do not account for a significant proportion of the total experimental variance.

In other word s, such hi ghe r -o rde r  interactions do not materially influence

the experimental result , are not important predictors of performance , and

thus need not be accounted for in the polynominal equation describing the

response surface. In particular , a Cent ra l -Composi te  Desi gn (CCD),  as one

of the genera l  class of RSM des igns , ac hieve s data collection economy by

collecting enough data to generate a second-orde r regression equation. For

the present study only 27 experimental  conditions were  required.  These 27

observations allowed an equation to be derived which included the linear

main effect of each variable , al l l i nea r -by- l inear  in terac t ions  between

13



var iables , and the quadratic main effects .  Clark and Willi ges (1972) provide
tables and ru les for de te rmining the required  number  of exper imental condi-
tions for  central-composi te  RSM desi gns with d i f fe rent  numbers  of fac tors .

GEOMETRIC REPRES ENTATION OF A CENTRAL-COMPOSITE DESIGN.

In a central-composit e design the data point s are carefully selected
to sample a large portion of the experimental spa ce , so as to ex t rac t  the
most information from the fewest data points. Thi s desi gn is a composite of
a standard factorial design and a set of points distributed symmetrically

about a “center point. “ The 27 treatment conditions in this study were

selected such that 16 conditions represent a one-half replicate of a standard

factorial design , 10 conditions represent  the “star ” or “axial” portion of
the design and the remaining condition is the “center point. “ The terms

“star ” or “axial” and “center point” refer to a geometric representation of

the treatment conditions of the experimental design. A complete 55 factorial
design has 3 , 125 experimental conditions , which if represented geometri-
cally, would resul t  in a 5-dimensional “hyper-cube ” with 5 point s along each
dimension where the dimensions refer to the experimental factors and the

point s along them refer  to the fa ctor levels.

Because a five-dimensional hypercube is difficult both to imagine
and dia g ram , Figure 2 present s a th ree- fa cto r central  composite design in
diagramatic form. In the three  factor case , the desi gn is a composi t e of a

factorial  (filled c i rc les) ,  a center point , and star or axial points. The
ed ges of the cube in Fi gure  2 represent  the factors , and the point s along the
ed ges represent  the factor levels. As in any geometric f igure , t he location
of all the points in Figure 2 could be specified by a three  dimensional
coordinate in terms of the units of the fa ctors of the design. To extend the
genera l i ty of such desi gns , it is useful  to specif y the coordinates of the points
in coded values.  Thus , the points represent ing  the factorial  por tion of
the desi g n a re a s s i gned coded va lues of ±1 , the cen te r  point has the coordinate
(0 , 0 , 0) and the sta r points have values of ± ~~. The real-world values corres  -
ponding to these coded values depends on the range of value s of a fac tor  the
e xp e r i m e n t e r  wishes  to i nves t igate .
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Figure 2. Geometric representation of a
three - facto r central- composite RSM desi gn.

The experimental conditions in the five-factor CCD are assigned

coded coordinates in a similar manner. Each point in the “h yper cube ”
could be specified by a 5-digit coordinate and , because each poi~ t represents

an experimental treatment condition , the 5-digit coordinate would specif y
the level of each factor in that particular treatment condition. The point at

the center of the hypercube has the coordinate s (0,0,0,0,0,) and represents

the experimental condition where the mid-range value of all facto r levels
is presented. As an example , r e f r e sh  rate is to be investigated over the

range of 10 to 110 Hz , then the center point of this range is 60 Hz.
Recall that 16 of the experimental conditions refer  to a half-

rep licate of a 2~ factorial design. A 2~ factorial samp les the 5 factors  at
two levels giving a total of 32 possible combinations , but onl y 16 of these

are used in the present  design. In terms of our geometrical conceptualiza-

tion , these two levels are ass igned coordinate values of ± 1 . Since the 16

points in this portion of the desi gn all have coordinates  of +1 and -1 , they

are symmetr ical ly a r rayed  about the cente r point.
The final points to be explained are  the ~s t a r ! or ‘ axial” points.

These points are assigned coordinates of ±a , where  ~ is a coded value that
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depends on othe r desi gn considerations which will be considered below. The

coordinates of the 10 s tar  points are as follows:

(a , 0 , 0 , 0 , 0) ( -a , 0 , 0 , 0 , O)

(0 , a , 0, 0 , 0) (0 , -a , 0 , 0 , 0)
(0 , 0 , a , 0 , 0) (0 , 0 , -a , 0 , 0)
(0 , 0 , 0 , a , 0) (0 , 0 , 0 , -a , O)
(0 ,0 ,0,0,a)  (0 ,0,0,0,-a)

These coordinate s show that the star point s are  arranged radially at

distances of ±a from the center point; hence the terms star or axial points.
These coordinates indicate that the star point s of the de sign represent

experimental conditions where the ±o’ level of one fa ctor is associated with
the mid-range value of all the other factors.

CODED FACTOR LEVELS

The result of these considerations is that the fiv e levels that each of

the experimental factors assume are some combination of ± a , ±1 , an d 0.

To rei terate , these numbers a re  coded values , used only in discussing the

design and do not represent real- world values of any of the experimental
factors .  To complete the desi gn , the value of a must be determined.
Depending on design considerations , a may range from 1. 414 to 2. 828 (Clark
and Willi ges , 1972). For the present  experiment , a was selected so that the
desi gn was rotatable. A rotatable design has the property that the variance

of the predicted response is equal at all data points equidistant from the
center. Rotatability is a useful  propert y for designs in exploratory wo rk ,
such as thi s experiment , where there  is little a priori  knowled ge of the
shape of the res ponse surface and its orientation to the factor axes. For a

rotatable five-facto r central-composite RSM design , a has a value of 2. 0.
There fo re , the full set of coded values of the factor levels in this experiment
was ±2 , ±1, and 0. Table 1 presents  the coded values for each of the 27
exper imenta l  conditions of this stud y. Conditions 1 to 16 a re  the half  rep li-
cate of a 2~ fac tor ia l , condit ions 17 to 26 are th~ ten sta r points , and

condition 27 is the center point.
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TABLE 1. CODED VALUES OF FACTORS

Experimental Factors

Experimental Emitter On Refresh  Viewing Emitter
Condition Size Time Rate Distance Luminance

1 — 1  — 1  1 — 1  — l
2 - 1 -l  -l  -l  1
3 1 — 1  — 1  — 1  — 1
4 1 — l  1 — l  1
5 — 1  1 — 1  — 1  — l
6 — 1 1 1 — l  1
7 1 1 1 — l  — 1
8 1 1 — l  — l  1
9 - 1 -1 -1 1 -1

10 — l  — 1  1 1 1
11 1 — 1  1 1 — 1
12 1 — 1  — 1  1 1
13 — 1  1 1 1 — 1
14 — l  1 — l  1 1
15 1 1 — 1  1 — 1
i6 1 1 1 1 1
17 0 0 0 0 -2
18 0 0 0 0 2
19 -2 0 0 0 0
20 2 0 0 0 0
21 0 -2 0 0 0
22 0 2 0 0 0
23 0 0 0 -2 0
24 0 0 0 2 0
25 0 0 -2 0 0
26 0 0 2 0 0
27 0 0 0 0 0
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Thi s design was taken from Cochran and Cox ( 1957) as modified by
Mill s and Williges (1973). The modification concerned the number of times
the center point was replicated. Cochran and Cox (19 57) suggest  rq licating
the center point 6 times to use the variance of the center point as an
estimate of the variance of the entire response surface.  However , Williges
and Barron ( 1973) provide data demonstrating that variance estimated by the
variance of the center point may not be adequate for behavorial research.
Specifically, variance estimated only from rep lication of the center point
was lar ge and consequentl y no main effects were statistically reliable. If ,
however , the entire design was rep licated and variance estimated over the
entire surface , the e r ro r  variance was smaller and previously non-
significant effects were found to be si gnificant. Thus , the replica t ed
design was more sensitive. Willi ges and Barron ( 1973) point out that in a
replicated design it is unnecessary to present the center point more than

once per replication. This procedure was followed in the present experi-

me nt S.

Real- World Factor Levels

With the design specified in terms of coded factor levels , it was then

necessa ry  to establish the corresponding real-world facto r levels. To
a ccomp lish this , the range of values over which each factor was to be
investigated had to be defined. The coded value 0 correspond s to the mid-
point of the range of each facto r , therefore , having defined the range ,
finding the real-world value of the coded value 0 is t r i v i a l .

The a’ points were also easy to find. B y definition the coded values of
±o’ always r ep re sen t  the end poin ts on the ran ge of any fac tor .  In the pre-
se nt desi gn ±0’ cor re spond  to ±2 , so th e ext reme va lues were  a lso se t once
the range was defined.

The final points were the real-world values corresponding to ±1.

If 0 is defined as the mid-range value of a factor, and the end points are the

±0’ values (in this case a = 2) ,  then the linear transform needed to find the
real-world values corresponding to ±1 may be easily found.

The ranges  of the independent variables were selected as follows.
Because emitter size , emitter spacing, and percent  active are a are
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interrelated , the second two were  constrained to define the range of emitter
size. That is, emitter spacing was set at a constant value of 0. 0635 cm
(. 025 in) (40 emit ters/ inch)  or 200 emitters across the 12. 7 cm (5 in)
display used in the experiment. With emitter spa cing fixed , the percent
ac tive area was held to a maximum of 90 percent and a minimum of 20 per-
cent . Thu s , emitter size ranged from 0. 0284 cm (0 . 0112 in) to 0. 0602 cm
(0. 0237 in).

The range of the r e f r e s h  rate variable was selected both to span a
rang e from well below to well above the critical flicker fusion f requency  and

to have a midpoint at or near 60 Hz , which is the r e f r e sh  rate of a CRT dis-

play. A range of r e f resh  rates from 10 to 110 Hz satisfied these cr i ter ia .

With the range of the r e f r e sh  ate of the disp lay de t ermin ed , the on-

time of the display had to be constrained so that , for any combination of
re f resh  rate and on-time , the on-time did not exceed the period determined
by the reci procal of the r e f r e s h  rate. Thi s constraint had to be imposed

because an on-time greater  tha n the r e f r e sh  rate period results  in a disp lay
that is on continually. Under this constraint , the on-time range was 0. 5 to
15 ms.

The range of viewing distance was set to a minimum of 30. 48 cm

(12 in. ) to avoid problems with accommodation and to i n su re  viewing comfort .

A maximum viewing distance of 182. 88 cm (72 in. ) was selected so that the

visual angle subtended by the emitter spacing was near the acuity limit of

the observer.  At the maximum viewing distance the visual angle subtended

by the 0. 0635 cm (0. 025 in. ) emitter spacing is 0. 34 mrad (1 . 19 arc mm ).

Setting the range of emitter luminance p resen t s  a special problem.
This experiment emp loyed disp lays with various combinations of on- t ime

and re f re sh - ra t e  which means that the duty cycle of the disp lay i s va r iab le

(duty cycle = on-time x r e f r e s h  rate).  Experimenting with disp lays incorpora-

ting temporally modulated light with dif ferent  dut y cycles in t roduces  an

important potential confounding, that of the time average luminance of the

disp lay. According to the Taj bot-Plateau law (Graham , 196 5), a constant

luminance source that is temporally modu lat ed , fo r exam ple , on a 90 per-

cent duty cycle will appear brig hter than the same source  modulated on a

20 percent duty cycle. The t ime-average luminance is hig her  for  hig her
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du ty cycles.  Therefore , in an ex pe r imen t  where luminance  is an independent
variable , the bri g htness d i f fe rences  introduced by the temporal modulation
of the display must be controlled to insure  that the luminance factor is not

confounded with the temporal variables.

Luminance control was achieved by f i rs t  calculating the dut y-cycle
for each combination of on-time and r e f re sh  rate used in the experiment.
Then all duty cycles were normalized to the lowest duty cycle and the log

of this ratio was taken to determine the attenuation of the display required
to achieve equal bri ghtness.  For example , the lowest dut y cy cle was 3
percent  and the hig hest was 9 6 . 9  pe rcen t .  The ra t io  y ields a total  of 1 .51
log unit s of attenuation necessary  to equate the bri ghtness of the 96. 9 per-
cent duty cycle condition to the 3 percent du ty cycle condition. These calcu-

lations were  che cked by measur ing the time average luminance of the disp lay

using a photometer. The measured values diverged f rom the calculated

values by at most 0. 04 log units.
In addition to the attenuation neces sa ry  to equate the luminance of the

display for di ff e r ences  induced by temporal factors , the range of the emitter

luminance factor was varied over 1. 5 log units. A logari thmic scale was

selected because the visual system respond s in an essentially linear manner

to changes in log intensity (Graham , 196 5). Because luminance changes in

the experimental apparatus  were  effected b y inser t ing  neutra l  density f i l ters ,

the real world values of the luminance facto r were  expressed as log atten-

uation. Thu s the range of this factor extended f rom -1. 5 log to 0 log atten-

uation. The maximum luminance on the display was 205. 58 cd/rn2 (60 fL) ,

therefore  luminance ranged f rom 205. 58 cd/rn2 (60 fL) to 6. Si ( 1 . 9  fL) .

Table 2 gives the linear t r ans fo rm used to convert coded to real-

world values for the five variables. Table 3 lists the actual factor values

used in the experiment.

Table 3 may be used in conjunction with Table 1 to find the real-world

values of all variables for any experimental condition. For example , condi-

t ion  #1 ( i . e . ,  coded values  of - 1 , -1 , 1 , -1 , -1 ) is a dis play where  the

e m i t t e r  s ize  was 0. 0338 cm (0. 0133 i n . ) ,  the o n - t i m e  was 4. 1 ms , the

r e f r e s h  rate was 85 Hz , the v iewing  d is tance was 68. 58 cm (27 in. ) and the

emi t te r luminance  was 56. 29 cd/ rn 2 (16 .43  fL) .
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TABLE 2. TRANSFORMATIONS REQUIRED
TO CONVERT CODED TO

REAL- WORLD VA LUES

Emitter Size:
ES = (0. 00794 x ES ) + 0. 0444 cm.RW c
ESRW = (0 . 003 125 x E S )  + 0 .0175 in.

On Time:

UT = (3. 625 x UT ) + 7. 75 rnsRW c

Refresh  Rate:

RR = (25 x RR ) + 60 HzRW c

Viewing Distance:

VD = (38. 1 x VD ) + 106. 68 cmRW c
VD = ( 15 x VD ) + 42 in.RW c

Emitter Luminance:
ELRW = (49 . 78 x E L )  + 106. 06 cd/rn 2

EL = (14. 525 x EL ) + 30 .95  fLRW c
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Subjects did not receive trials in the order  listed in Table 1. Rather ,
the trials were distributed so that , within any group,  the tr ials represent ing
the factorial portion of the design , the star portion and the center point were
equally distributed across sessions. This was to insur e that differential
practice or fatigue effects would not systematically bia s the resul t s as might
occur if all subjects received trials onl y in the order shown in Table 1.

A fina l desi gn feature must be mentioned. On any given trial  a
subject viewed one of a set of six target  images. Since there were six
targets  and 27 conditions each subject saw three  targets five times and th ree
targets four times. However , within any group the target  presentations were
counterbalanced so that all ta rge ts  were  presented an equal number of t imes
and so that each target  was paired with each experimental condition an equal
number of times.

APPARATUS

The apparatu ~~, schematized in Figure  3 , provided a photo-optical
simulat ion of a sensor  mat rix display which permit ted the display pa ramete r s
to be va ri ed  over th e ra ng es dic tat ed by the exper imenta l desi gn. The
apparatu s esr en t i a lly  consisted of a system in which  moving image ry  could
be projected with provisions for a mask that simulated the matrix of emit ters
and a rotating shu t t e r to impar t  temporal  p rope r t i e s  to the disp lay.

The lig ht source of the project ion system was a 120V , 500W lamp
(G. E. CBA ) excited by a DC power supply, to eliminat e the 60 Hz fl icker
caused  by driving the lamp with the AC line voltage. Pre l iminary  work
revealed that at r e f r e s h  rates that oug ht to be well above fusion f r equency ,
the interaction of the 60 Hz AC flicker with f l icker  due to the rotating shut ter
caused unaccep table visible luminous beat f requenc ies .  The li ght beam
passed throug h an in f ra - red  reflecting mi r ro r  to r educe the i n f r a - r e d
content of the beam , a condensing lens system , past the i2 .  7 cm (5 in.
film gate and the matrix element mask , and was b roug ht to focus  at the
location of the rotating shut ter .  A projection lens enlarged the image of the
film and the matr ix mask by a facto r of 1. 7 before  it was r ea r  projected
on a 12. 7 cm x 12. 7 cm (5 in. x S in. ) ground glass sc reen  in f ront  of the
observer .  Intensit y was control led b y neu t ra l  dens i ty  f i l ters  (Kodak
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Fi gure  3. Schematic of experimental apparatus.

Wratten #96) placed between the projection lens and display screen.  The

fil ters were calibrated with a photometer (Gamma Model 2000) and a regula-

ted 100 FL light source (Photo Research  Spectra) ,  both instruments having

been recently calibrated against r e f e r ence  standards traceable to the NBS.

The matrix element masks were  the key to the matrix display simula-
tion. These masks essentially wer e a film tr an spar ency with open ar eas
corresponding to the emitters and opaque areas corresponding to the inactive

area of the display. These masks were fabricated by the Automated Design

Facility of Hug hes Aircraf t  Company using a Gerber plotter , capable of
accuracies  on the order  of a 0. 00127 cm (0. 0005 in. ) . The mask was placed

24



in the object plane of the projection lens so that the image of the element
mask was in sharp focus on the display screen.  Photographs , enlarged

five times for clarity,  of representative masks used in the four emitter shape-

packing format groups are shown in Append ix A.

The target  imagery was a set of p r o f i l e  pho tog raphs of Fl. 0. scale

models of the following tactical vehicles: tank , tow t ruck , c rane , APC , S-ton

truck , and half-track. These images were on a continuous 12. 7 cm (5 in. )

film transparency that was moved across  the film ape r tu re  behind the
matrix mask. The observer saw the images move smoothly ac ross  th e dis-

play from left to ri ght at about 1. 19 cm/s  (0. 47 m I s) .  The images were

spaced on the film strip so that only one image appeared on the disp lay screen
at a time. Because the dependent measure  was the image size at recognition ,
each image was prepared in 10 sizes: 0. 28 cm (0. 11 in) ,  0. 46 cm (0. 18 in) ,
0. 64 cm ( 0 . 2 5  in),  0 .8 1  cm (0. 32 in) ,  0 .91  cm (0. 36 in) ,  1 .04 cm (0 .41  in),
1. 22 cm (0. 48 in),  1. 40 cm (0. 55 in),  1. 52 cm (0. 60 in) ,  1. 75 cm (0. 69 in).
Preparing the different  images in equivalent sizes controlled for recognition

based on size cues alone. The images were  o rdered  on the film so that the
10 different sizes of a single target  appeared in order  of increasing size.

Appendix B shows photographs of each target  type.
The film strip was not in the same plane of focus as the matr ix

element mask but rathe r was positioned behind the plane of focus (1. e.
toward the li ght source) .  As a result , the images of the targets  were  slightly
out of focus , thereby greatly reducing the luminous modulation within the
simulated emitters. Reducing modulation within emitters is necessa ry  to

achieve a realistic matrix display simulation because a basic feature of
matrix disp lays is that no luminance modulation can exist within individual

elements.
The temporal character is t ics  of the display were controlled by

rotating shutters driven by a DC moto r (Elec t ro-Craf t  Corp. ~O650-00-004) .

The rotating shutters  were  sectored discs  fabricated f rom 2 mil b ras s  shim

stock and rotated in the principal plane of the final projection lens. Openings
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cut in the shutter allowed one display r e f r e s h  , , .  on-t ime determined by
the width of the openings and the re f resh  rate was set by the speed of rotation
of the shutter. Calibration of the rotation speed was achieved with a strobe

lig ht (General Radio Strobolume # 1540) driven by a function generator  (Wave-

tek 145) whose output was monitored with an oscilloscope.

SUBJECTS

Twent y- four  Hug hes Aircraf t  Co. personnel , 14 males and 10 females ,

were randomly assigned to one of four groups.  Each group viewed a matrix

display tha t was a unique combination of emitter shape and packing format:
1) square emitters , orthogonal packing; 2) square emitters , non-orthogonal

packing ; 3) hexagonal emitters , rhombic packing; or 4) tr iangular emitters ,

or thogonal packing.

PROCEDURE

The 27 experimental conditions were given to the subjects in a single

session lasting approximately one hour . On any g iven trial the subject viewed

images of a single target  type in steps of increasing size. The subjects ’ task

was to correct ly recognize the target  being presented and the target  s ize at

recognition was the dependent variable. Size at recognition was operationally

defined as the target  size at the f i r s t  correc t  response in a sequence of two

cor rec t responses.
A trial began with the display blanked. The exper imenter  unblank ed

the disp lay and the subject  saw a target , at the smallest size , move a c r o s s

the disp lay from left to right. It r equ i red  10. 6 s for the image to move

ac ross  the display and the subj ects could use all of this t ime to stud y the

image before making a response. Subjects could respond either by stating

which target  type they felt they saw or with no response if they were unsure  of

the ta rge t  type. As was most often the case , when a response  was made

before the image had t raversed  the display, the expe r imen te r  manual ly

advanced the film t ranspor t  to the next size image to conserve  t ime. Follow-

ing a sequence of two similar responses , the t r i a l  was t erminated  by the

experimenter  blanking the disp lay and setting up the combination of facto r

levels appropriate for the next t r ia l , a p roce dure  wh i ch  requi red  about a
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minute. Because viewing distance was a facto r , the subject  was asked , at

the appropriate times , to move h is /her  chair to the point desi gnated by the

experimenter. A chin and head res t  attached to the chair insured that the

five viewing distances would be the same for all subjects.
Prior to the start of data collection all subjects were tested for

acuity with a Snellen chart  and given instruct ions outlining the purpose and

procedure  of the experiment. The models photographed for the target

imagery were shown to the subjects to familiarize them with the six target

types. These models were  labeled and were available for the subject to

view throughout the experiment. The experimenter fur ther  told the subject

that if a target  was recognized but its name was not recalled , the subject

cou ld refe r to the labeled model to obtain the correc t  name. This procedure

was to assur e that target  recognition was not confounded b y forget t ing a

target  name. The instructions given the subject also made clear that a
response should he made only when the subject was ve ry  sure  of the t a rge t

type and that no feedback would be given as to the correctness of the subjects ’

responses.
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SECTION 3

RESULTS AND DISCUSSION

The performance  measure obtained during the experiment, target
height at recognition , was t ransformed into two dependent variables for the
purpose of data anal ysis.  These variable s were the visual ang le sub tended

by the target  at recognition and the number of emit ters  across the heig ht of
the target  at recognit ion.  The data were anal yzed by the method of stepwise
regress ion  to fit a second-order linear pol ynomial equation . These steps
will be d iscussed in detail in the sections to follow.

DEPENDENT VARIABLES

The princi pal dependent variable in this study was the target  hei ght
at recognition, where recognition is defined as the f i rs t  of a sequence of two
co r rec t  responses .  The target  heig ht var iable was exp ressed  in cm , but the
absolute size of the target  is not of pr imary in tere st in th is stud y. There-

fore , the target  hei ght at recogni tion was recast in to two va r iables , one

relevant to MD system design and the other more directl y related to the
per formance  of the human operator. The former variable was the target

hei g ht expressed as the number  of emit ters  that fall across the hei ght of the
target  and the latte r variable was the visual ang le sub tended by the target.

The number  of emit ters  across  the target  was computed by dividing
the target  hei ght by the emitter spacing of 0. 0635 cm (0. 025 in)  which was

constant at this value for all experimental groups and conditions. The
smallest target  size , 0. 28 cm (0. 11 in) had 4. 4 emit ters  across its hei ght.
Now this raises a question as to how to deal with a fractional  numbe r of

emi t te rs  across  the target .  Because in a real matrix display there could
not be a fract ional  number of emitters across  a target , the number of
emi t te rs  was rounded to the neares t  integer  value. In the above example ,
the 4. 4 emit ters  would be rounded to 4 for purposes  of data analysis .

The visual ang le subtended by the target  was calculated on the basis
of the rounded numbe r of emit ters.  In the above example , the rounded value
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of 4 emitters resulted in a hei ght of 4 x 0. 0635 0. 254 cm where 0. 0635 cm
is the emitter spacing. Visual angle was computed by the fo rmula:

0 = 2 arc tan h /ZD

where h is target  hei ght and D is viewing distance. Calculating the subtended
visual ang le in this way insured that this measure  and the computed number
of emit ters  across  the target were of comparable precision.

DATA ANALYSIS

A stepwise regression compute r program , BMDO2R (Dixon , 1973)
was the pr imary analysis te chnique used to obtain multiple re gr ession

equations relating the disp lay variable s to operato r performance.  The inde-
pe ndent variables were t ransgeriera ted to a form that allowed development
of a re gress ion  equation conta ining 2 1 terms:  one cons tan t te rm , f ine l inear

terms , 10 l inear-by-linear interactions, and five quadratic (2nd order
te rms) .  The model equation is thus of the form:

= 

~o + ~1ES + p2oT + 133RR + ~4VD + ~5EL + 136ES•OT

+ 137E S •R R  + ~8ES VD + I39
ES EL + ~10OT~ RR + 1~11OT~ VD

+ ~ 12 OT EL + P 13R R • V D  + ~ 14 R R .E L  + 1315V D -E L  + 1316ES2

+ P170T2 + ~19 RR 2 
+ 1320VD 2 

+ ~2 1EL 2 +

wh ere ~ is the value of the dependent variable predicted by the equation , ES
is emitte r size , OT is on time , RR is re f resh  rate , VD is viewing dis ta nce

and EL is emit ter  luminance , 
~~ 

is the constant term , are the
regress ion coeff ic ients  for the te rm s, and E is an e r ro r  term .

Althoug h the model regress ion equation contains 21 te rms the

reported equations typically do not . This situation ar ises  because of the

nature of the stepwise regress ion  technique . Stepwise regress ion  proceeds

by initially calculating the correlat ions among all variables and selecting
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the independent variable most strong ly correlated with the dependent vari-

able . If this independent variable is , say, x 1, then a l inear re g ression

equation of the form ~ = + ~~~~ is calculated. Then from the set of

variables not in the equation the independent variable with the highest

partial correlation coefficient to 
~~ 

is then selected and entered into the

equation . At each step the program also tests previously entered terms to

de te rmine  i f th ey should remain in th e equat ion or should be r emove d

because o f new relationshi ps among the variables in the equation.

Statistically the procedure  outlined above is equivalent to ente ring

f i rs t  the variable maximally reducing the error  or residual sum-of - squares

(SSR 5 ). The selection and entry of variables continues until either all

variables have been incorporated into the equation or until the variables can

no longer satisf y a predetermined numerical  cri terion. A more complete

discuss i on of stepwise regress ion  techniques may be fo und in Dra per and

Smith , (1966) .  Howeve r , the regress ion equation g iven by the final step of

the program is not necessar i ly, f rom either a statistical or practical  stand-

point , the best equation to report  as a final resul t .  This is because the pro-

gram will include terms that produce very small reductions in SSReS • At

each step the SSRes  is divided by the residual deg rees -o f - f reedom (df Re )

to obtain the residual mean square ( MSRe 5 ) and the square root of this value

is equal to the standard e r ro r  of the estimate of the dependent variable. If

a t some step in the regress ion  program a term is ~n tered which makes a

very small reduction in SSRes~ divid in g by df Res may resu lt in an i nc r ea se

in MSRes~ 
which is the same as saying the standard e r ro r  of the estimate

increases .
For example , in the anal ysis  of one group ’ s data the standard e r ro r

of the estimate on step six was 7. 0201. The program entered another term

on the next step and the resul t ing SSRe S was 7600. 285. Dividing SSRe5 by

its degrees  of f reedom , 154 , gave MSRe 5 = 49. 352 and the square root of

thi s or the standard e r ror  of the estimate = 7.025 1.  Taking an increase in

the standard e r ror  of the estimate as a stopping cr i te r ion , onl y the t e rms

entered  throug h step in this  example six would be included in th is  repor t .

That is , the r egress ion  equa t ion s  include onl y those t e rms  whose i n c l u s i o n

e f f ec ted an overall  decrease in the s tandard  e r r o r  of the e s tima te .
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This stopping cri terion does not mate rially influence the resul ts
because the terms deleted typically would by themselves or in combination
account for very small percentages of the overall variance. In other words ,
the deleted terms are not strong predictors of the dependent variable and
including or deleting them from a prediction equation make s little practical
di f fe rence .

GROUP REGRESSION EQUATIONS

The initial step in da ta analysis was to generate a regress ion
equation for each of the two dependent variables and for each of the group s
where group s are the four  d i f ferent  emitter shape/packing format  combi-
nations: square-orthogonal (SO), square-non-orthogonal  (SN), hexagonal-
rhombic (HR ) and triangular-orthogonal (TO). The initial anal y sis was done

with the independent variables in their RSM coded form , i . e . ,  ±2 , ±1 , and

0. When the independent variables are coded in this way the absolute value
of the regress ion coeff icients  give an indication of the relative importance
of each te rm in predict ing performance.  The regress ion  equations for the

two dependent variables and four group s are presented in Tables 4 throug h
7. The equations are presente d in tabular form to facilitate comparisons
within and across groups.

Note f i rs t  that these equations all contain far fewer than the 21 te rms
speci fied by th e model equa tion p resen ted above. This resul t  simply means
that of the te rm s that potentially may ente r the equation , not all are good
predictors of target  recognition performance.  In other words , the te rms

that do not ente r the equation are not important  aspects  of the disp lay f rom
the standpoint of the human operato r as assessed by the performance

measure  used in this experiment.
Examination of the equations show s that express ing  the dependent vari-

able , target  hei ght at recognition , in two d i f f e r en t  ways - subtended visual
ang le and number of emit ters  across  the target  - did not produce r eg ress ion
equations with equal predictive powe r . Specif ical l y, visual  ang le always
produced equations account ing for more var iance  by a facto r of about two ,
than equations based on the number of emi t te rs  across  the target  heig ht.
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TABLE 4. REGRESSION EQUATION FOR
SQUARE-ORTHOGONAL GROUP

Dependen t V ariable

Visual Ang le Number of Emitters  on Target

Term Coeff ic ient  ~
‘O Variance Term Coeff ic ient  ‘To Var iance

Constant  16. 690 - Constant  8. 2716 -

VD -6 . 4677 36. 32 VD x EL -0. 6875 3. 31
VD 2 2. 5705 6. 38 VD 0. 6528 4. 48
VD x EL - 1. 4627 1. 24 OT 0. 5000 2 . 6 3
OT 1.3895 1. 68 ES -0 .486 1 2. 48
OT x VD -1 .1794  0.81 OT x RR 0. 4379 1.34
RR x V D  -1 .0400 0. 63 EL -0. 4028 1.71
ES -0 .9632  0.81 RR x VD -0. 3~ 42 0 .88
OT x RR 0 .85 17 0. 42

RR 0. 6740 0. 34

Multi ple R = 0.6976 Multi ple R 0. 4102

R 2 
= 0.4866 = 0.1682
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TABLE 5. REGRESSION EQUATION FOR
SQUARE-NON-OR THOGONAL GROUP

Dependent Variable

Visual Angle Number of Emitters on Target

Term Coeff ic ient  % Variance Term Coefficient  % Variance

Constant 17.0122 - Constant  8.4907 -
VD -5 .6941  33. 48 VD 1.1111 11.65
VD 2 2 .6721 8.28 EL -0. 5417 2 .77
RR 1.1449 1.35 RR 0 .5139 2 . 49
EL -1. 0702 1. 18 ES x EL 0. 3958 0.99
0T 2 -0.6 106 0.61 E S x V D  -0. 3542 0 .79
EL 2 0. 5406 0. 30 OT x RR 0. 3542 0. 79

EL2 0. 3212 1.43
VD x EL -0. 2917 0. 54
ES 0. 2917 0.80
0T 2 0. 2413 0. 59

Multiple R = 0. 6745 Multi ple R = 0. 4778
R 2 

= 0.4549 R 2 
= 0. 2005
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TABLE 6. REGRESSION EQUATION FOR HEXAGONAL-
RHOMBIC GROU P

Dependent Variable

Visual  Ang le Number of Emit ters  on Targe t

Term Coeff ic ient  % Variance Term Coeff ic ien t  ‘o V a r i a n c e

Constant  16.7351 - Constant  8. 4445 -

VD -8.1366 37. 14 OT x RR 0 .7917 3.18
VD 2 4. 1292 9 .70  OT x VD -0. 6042 1.85
OT x RR 1.9147 1.37 R R x V D  -0. 5417 1.49
OT x VD - 1 .9 1 0 5  1.37 ES x OT -0. 5208 1.38
RR x VD -1 .8164 1. 23 VD 0 .5 139 2 .01
ES x OT - 1 . 4 9 5 7  0. 84 OT 2 0. 5000 1.68
RR 1.4415 1 . 1 7  RR 0. 4722 1.70
OT 1.0662 0. 64 EL -0. 3889 1.15
RR x EL 1.0241 0. 39 VD x EL -0 .3333  0. S6
ES x EL - 1. 0030 0. 38 OT 0. 2778 0. 59
0T 2 0 .9216  0. 51 VD 2 0. 2708 0 .60

Multi ple R = 0. 7398 Mult i ple R = 0. 402 5
R

2 
= 0. 5473 R 2 

= 0. 1620



TABLE 7. REGRESSION EQUATION FOR TRIANGULAR
ORTHOGONAL GROUP

Dependent Variable

Visual Angle Number of Emitters on Target

Term Coeff ic ient  % Variance Term Coefficient  % Variance

Constant  17.7257 - Constant  8. 7778 -
VD -6. 0474 36. 11 VD 0. 8750 8. 36
VD 2 2 .4740 6. 72 OT x RR 0. 6667 3. 24
EL -1. 7148 2 . 9 0  EL -0. 5837 3 .72
OT x RR 1.5989 1.68 OT x EL 0. 5417 2 . 14
VD x EL 1. 5599 1.60 ES -0. 4861 2 . 58
RR 1. 1567 1. 32 RR 0. 4583 2 . 30
ES - 1 .0556  1.10 OT 0. 3750 1.54
RR x VD -0 .9174 0 . 5 5  VD x EL 0. 2708 0 . 5 3
OT x VD -0. 8620 0. 49 OT x VD -0. 2708 0 . 5 3
OT 0 .8231 0. 67 RR x VD -0. 1458 0. 15
OT x EL 0.8170 0.44 EL 2 0. 1250 0. 19

Multi ple R = 0. 7320 Mult i ple R = 0. S028
R = 0. 5358 R 2 

= 0 . 2 5 2 8

This is shown by comparing the coeff ic ients  of determinat ion , which are  the
square of the multiple r e gr ession coe ff icient s , and are mea sures  of the pro-
portion of the total var iance the regress ion  equation exp lai ns.  Across
group s the average coeff ic ient  of determination is 0. 5062 for equations us ing
the visual angle dependent variable , while the same value for the number  of
emi t te rs  measure  is 0. 1959.
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The resul t  that the v isua l  ang le de penden t va r iab le  is a be tt er

pe r f o r m a n c e  p redic t or th an th e number  of emi tt ers  ac ross  th e tar get relates
to the so-called ‘Johnson c r i t e r i a .  ‘ in 1958 Johnson emp ir ica l l y der ived
c r i te r ia that expressed ta rge t  detect ion and recogni t ion  in te rms of the num-

ber of te lev is ion  line pairs  that  fall ac ross  the ta rge t .  The p r e sen t  resul ts
show that an analogous measure  for ma t r ix  d isp lays , i . e . ,  the n u m b e r  of

emi t ters  across  the t a rge t , is not as good a perfo r mance predicto r as the
visua l  an gle of the t a rge t .  This result  is exp l icable  if one c o n s i d e r s  what

as pects  of a ta rge t  must  be maximized for  recogni t ion .  For any ta rge t  to be
reco gnized it must  have su f f i c i en t  cont ras t , it mus t  be large enoug h , and the

ta rge t  must  have a su f f i c i en t  number  of reso lu t ion  elements across  it .  In
the p resen t  exper imen t  the visual  angle dependent  var iable  took into con-

s idera tion of two of these proper t ies , s ize and number  of resolu t ion  e lements ,

wh i l e  the other  dependen t va r iab le , the number  of emi t te r s  ac ross  the t a rge t ,

cons ide r s  onl y one . The re fo re  it is not s u r p r i s i n g  that the v i sua l  ang le

de pe ndent  var iable  accounts  fo r  more  exper imen ta l  va r iance  and hence is a

be tte r p e r f o r m an c e  p r e d i c t o r .
Examination of Tables 4 to 7 allow s a determination of the t e rms

exer t ing  the greates t  in f luence  on pe r fo rmance .  Considera t ion  of the

equation expressing performance as the visual  ang le of the target  at recog-

ni t ion , reveals that the two most important  t e rms  of the equation , those

terms with the la rges t  r e g r e s s i o n  coef f i c ien t  or those account ing for  the

most var iance, are the l inear  and quad ratic viewing dis tance (VD) t e rms .

The l i nea r  VD t e rm always ente~~s the r e g r e s s i o n  equa t ion  f i r s t , and ex pla in s

the l a r g e s t  po r t i on  of the v a r i a n c e .  This  t e : i u  acceun t s  fo r  an average ,

across  groups , of 35.76 percen t  of the to~~.l ex p e r i m e n t a l  va r i ance  which  is

an a v e r a ge of 62 p e r c e n t  of the va r i ance  that  is accoun ted  fo r  b y th e en t i re

re g r e s s i o n  equat ion .  Clear l y ,  when  c o n s i d e r i n g  the v i sua l  angle  of the tar-

gets  at recogni t ion , v iewin g dis tance is an i m p o r t a n t  p e r f o r m a n c e  p red ic to r .
In any r e g r e s s i o n  equation the si gn of the r e gr e s s i o n  coe f f i c i en t  of

a term is indicative of the nature  of the r e l a t i o n s h i p be tween the independen t

variab le and the dependent  variable.  Not e that  in the four  equations emp loy-

ing the visual ang le dependent  variable the VD t e rm always has  a negat ive
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coefficient.  This may be interpreted as a negative correlation between the

visual ang le of the target at recognition and viewing dis tance. Stated another

way, the negative correlation means that large VD value s tend to be associ-

ated with small vi sual angle measures, which is interpreted as good

performance , and small VD values go with large values of visual ang le or

poor performance.
The negative correlation between VD and the visual ang le subtended

by the target at recognition is at f i r s t  glance counte r intuitive - one would

expect that , as the observer is moved f ur ther  awa y from the disp lay, the

target  would have to be larger  for recognition to occur . However , i f one

assumes that target  hei ght at recogn i t ion  is constant  at all viewing dis tances ,

then a s t rong negat ive cor re la t ion  results  between VD and ta rge t  visual  angle
a t recogni t ion.  A brief  example will  i l lus t ra te  this point .  Assume that the

target height at recognition was constant at 0. 15” ; then the relation between

v i e w i ng dis ta nce , and th ese are  the values u sed in th is ex pe r i m e nt , and

visual  an gle is.

Viewing V isual
Distance Angle

12” 42 .97 ’

27” 19 .09 ’
42” 12 .27 ’
57” 9 .04 ’
72” 7. 16’

The Pearson product-moment  correlation coeff icient  for these value s is
-0. 88. For the actual data over all group s the correlat ion between VD and
visual ang le is -0. 59. While thi s comparison is hardl y conclus ive , it does
lend support  to the notion that the explanation of the negat ive regress ion
coeff ic ien ts  of the VD term s mi ght be that target  recognit ion occur s  at
approximatel y constant  t a rge t  hei ghts .

Howeve r , the interpretat ion of these data is not as straightforward as
the above d i s c u s s i o n  mi ght imply. The second term to enter  these equations -

aga in , onl y the equations based on the visual ang le dependent variable are
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under  p resen t  cons idera t ion  - is the quadra t ic  or VD2 term.  The presence
of such a term in a regress ion  equation means that the relation between
visual an g le at recognition and viewing dis tance is not well descr ibed by a

strai ght line , but that the relation has curva ture.  This implies the existence
of a minimum point on the function relating visual ang le at r eco gni tion to

viewing dis tance. Thus , the quadratic term means that if viewing dis tance

is inc r eased beyond th is minimum poin t , per formance  will deteriorate.
Fi gure 4 plots the regress io n equation specif y in g tar get visual an gle

as a function of viewing dis tance . The plot s were  der i ved by plotting the
re gress ion  equation with only the VD and VD te rm s and thus the equations
were of the general  form y = C + P VD + 132VD 2, where C is the constant
te rm , 13~ and are the coefficient s of the VD and VD t e rms , res pec tively.
All equations were p lotted as funct ions of the coded viewing distance values.

Examination of the curve s clearly shows tha t each has a minimum
point and that this point is located in about the same position in all cases.
The location of the minimum point may be inter p re ted as th e viewing dis tance

that y ields optimum performance .  Because the emitte r spacing was constant
at 0 .0635  cm ( 0 . 0 2 5  in) ,  knowing the opt ima l viewing distance permi ts
calculat ion of the optimal subtense , in vi sual ang le , o f the emitte r spacing.
1~’e subtense of the emitter spacing is needed to find the value, in cen t i-
me te rs  or inches , of the emitter spacing for a dis pla y with a p rede te rmined
viewin g dis tance.  The minimum points in the curve s of Fi gure  4 were cal-
cu la ted by finding the f i r s t  derivative of the r eg ress ion  equation , se t t ing  it
equal to zero , and solving for VD . This resu l t s  in coded VD values wh i ch
are t rans formed into real world values using the t rans format ions  l isted in
Table 2. The final step is to find the subtense of the emitte r spacing at
these optimal values.

Proceeding in this manner , the optimal viewing dis tance values are
154 . 6 cm (60 .9  in . ) for the S-O group,  147. 1 cm (57. 9 in. ) for the S-N
group, 144. 2 cm (56 . 8 in. ) for the H-R group,  and 153. 2 cm (60. 4 in. ) for
the T-O group. These value s t rans la te  into emit ter  spacing subtense value s
of 0 .40 mrad  (1 . 41 a r c  mm ), 0 .42  mrad ( 1 . 4 8  arc  mm ), 0 .43  mrad (1. 51 arc
mm ), and 0.41 mrad (1.42 arc m m )  for the S-O , S-N , H-R , and T-O groups
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respec t ive ly .  Averag ing these values gives 0 .42 mrad (1.46 arc  m m )  as the

optimal emi t ter  spacing.

It should be noted , howeve r , that  the optimal value of 1.46 mrad is ,

in an operat ional  sense , a non-conse rva tive fi gure .  This is , because th is

fi gu r e  is ba sed on an extended viewing t ime. With the present  experimental

apparatus , the ta rge t  images were  exposed to the s u bj e c t s  for  up to 10 sec ,

while an ope rational s i tuat ion mi ght permi t  onl y a 3 to 5 sec ex posure t o

the ta rge t  before  a p ilot must  decide whethe r the ta rge t  is recognized.

Beyond the f i rs t  two terms of the equations , the importance and

interpretation of the terms become less clear , a si tua t io n whic h a ri ses  f or

two reasons.  F i r s t, taken individually, these additional te rms each account

for onl y a small p ropor t ion , about 1 to 2 percent, of the total variance and

as such their impact as per formance  predictors  is small. Second , ins pec tion

of the terms of the equations across  group s clearly show s that large diffe r-

ences exist between groups , when the te rms  that comprise these equations

are con sidered. Howeve r , base d on the p resen t  anal ysis  it is not possible

to demonstrate whether these are statistically significant  group di ff e r ences ;

this point will be addressed more full y be low.

Never the less , some g eneral stat emen t s ma y be made about oth er

variables that influence pe r formance.  The r e f re sh  rate ( R R )  of the disp lay

enters  into all of the equations , indicating it has some predictive power.

However , it accounts for only a small amount of the tota l exper imental

v a r i a n c e , so this variable is probably not a s t rong  p e r f o r m a n c e  p red ic tor .
The other temporal variable , on-time (OT),  l ikewise appears  in th ree

equations , but again accounts for onl y small amounts  of var iance.  Fu r ther ,

these equations show that emitte r luminance (EL)  and emitte r size (ES) do

not see i to inf luence pe r formance in any strong way; stated another  way,

these equations show that EL and ES are  not impor tan t  des ign  parameters .

The regress ion  equations for the other dependent  variable - the

number  of emi t t e r s  across the target  hei ght - are , unfor tunate l y, even mo re

di f f icu l t  to in terpre t . At the outset note that between all groups  these
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equations account  for  far  less , about 20 pe rcen t , of the exper imental
var iance than the other set of equations.  In addition , each of the terms of
these equations accounts for onl y a small por t ion of th e total va r i ance

accounted for b y the complete equation , which makes the task of assessing
the role of these terms as performance predic tors  d i f f icu l t .  Note , however ,
that a commonality among these equations is that viewing dis tance  or a
viewin g d is tance  inte ract ion is always among the most important terms.

- . 2This result  tends to conf i rm the importance of the VD and VD terms in the
o ther set of equations .

Further , the present  set of equations confirms the result , based on

the set of equations using visual ang le as a de pendent variable , that the
range of temporal parameters  of the display examined here play only a
small role in predi cting performance.  The on-t ime (OT) and re f resh
rate ( R R )  t e rms  each appear in three of the four  regress ion  equations
accoun ting, however , for but a small proportion of the variance.  The
emitter size (ES) term , also makes onl y a small contribution to the predic-
tion of per formance  in both sets of equations. It mus t be poin ted out , how-
ever , that the final l inear  term , emitte r luminance (EL),  appears  to exert
more inf luence on performance  in the present  set of equations than in the set
based on visual  ang le. An emit ter  luminance te rm appears in all four
re gress ion  equations based on the numbe r of emi t te rs  across  the ta rge t ,

while  the luminance te rm is found in only two equat ions  based on the v isual

ang le dependen i variable . F u r t h e r m o r e , i n the equat ions  based on the nu rn-

ber  of emi tt ers , the EL term accounts for a largei  p ropor t ion  of the vari-

anc e accoun ted fo r by the equation , th en in compa r i s o n  t o th e equ a t ions

based on visual  ang le. That is , the luminance te r m  accounts for  an avera ge

of 11 .4  perce nt of th e va r i ance account ed for  b y th e equa t ions based on

numbe r of emi t t e r s , wh i le th e same te rm accou nt s for  on ly abou t 4 percent
of the variance in the equations based on visual angle .
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ANALYSIS OF VARIANCE ON GROUP MEANS

The results  presented above indicate that there are d i f f e rences
among the regression equations for the different groups in term s of the

variables present  in the equations as well as the proportion of variance
accounted for by each variable. This raises the question whether the
groups themselve s diffe r . To answer this question a three-way,  mixed-
effects analysis of variance was performed on the data with g rou p s as a

fixed effect  with four  levels , sub j ec t s as a random eff ec t wi th six level s,
and the t reatment  condition s as a fixed ef fec t  with 27 levels.

For both dependen t variables th ere were  no reliable di ff erence s due

to groups;  that is , the emitter shape-packing format combinations the
sub jects  viewed did not influence the resul ts .  For the visual ang le de pendent

variab le the group s facto r was not si gnif icant , F (3 20) = 0. 7036 , a value
which indicates fai lure to reject  the hypothesis  of d i f f e rences  between groups .
For the dependent variable of number of emit ters  across  the ta rge t  hei ght ,
the g roup s fac tor was also non-significant, F(3 20) = 0. 5917. The treat-
ments  facto r was hi ghly significant for both dependent variables , however .
For the visual angle dependent variable the t rea tments  facto r had an
F(2 6  520) = 3. 8295 , (p < 0 .01 )  and for the number  of emit ters  dependent
variab le , the t rea tment s ef fec t  had an F(26 520) 5. 4787 (~ < .01) .  These
resu l t s  indicate that the hypothesis  that no d i f f e r ences  exist in the data due
to the experimental factors may reliably be rejected. Thus, the five quan-

tative independent  variables did indeed inf luence  t a rge t  recognit ion perform-
ance , but no emit ter  shape-packing format  combination was bette r or worse
for t a rge t  recognit ion than any other .

F U R T H E R  ANALY SIS OF VARIANCE

The resu l t s  presented in the previous section show that there is a
s i g n i f i c a n t  t r ea tment  ef fec t ;  that is , some aspect  of the d i f f e r e n t  t rea tment
con di t ions .  Two aspects  of the t rea tments , the target  type and a learn ing
e ffec t  over the session , could contr ibute  to the si gn i f i can t  t rea tment  effect .
To anal yze the data for  these e f fec t s  a t h ree -way  mixed e ffect  anal ysis  of
va r i ance  was perfo rmed , in ves t igat ing ta rge t  type ( s ix  levels , fixed e f fec t ) ,
rep l icat ions  (five levels , fixed e f fec t )  and subjects (24 levels , random e ffect) .
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It should be noted that in the experiment proper there were 27 tr ials  and six
target  types. Thus , each subject saw three targets  five times and the other
three targets four times. To analyze the data based on six targets  and five

replications of each target type , “dummy” data had to be added to the target
type s replica ted only four times so that there would be an equal number of
target types per replication , in accord with the limitation of the anal ysis of
variance program BMDO8V (Dixon , 1973) used here.  These dummy da ta
were simply zeros and were always added to the fi fth rep lication. Because

dummy data were added for all six target  types there should be no differen-
tial effect  of the dummy data on a particular target type and thus , the overall
impact of this operation is minimal . In fact , inser t in g zeros as dummy data

tends to make any subsequent test more conservative ; that is , there is less
chance of showing a statistically si gnificant  result  when in fact there is one.
This conservatism is p re fe r red  ove r the other rational way of inser t ing
dummy data which would be to inser t  the means of data obtained from similar
target  types , which lead s to less conservative tests.

The anal ysis  indicated a significant  target  type effect .  In oth er words ,
the target  type s were not equally easy to recognize.  For the visual angle
and number of emit ters  dependent variables, the F-rat ios  were , respectively
F(5 115) 4 . 3305 (~ < 0 .01)  and F( 5  115) = 8. 4528 (~ < 0 .01) .  Thus the
hypothesis of no di f ference in ease of recognition among targets  may reliably
be rejected. Fi gure 5 p resent s the mean number o f emitte r s  ac r oss th e

target  at recognition (left  ordinate , solid c i rc les)  and mean target  subtense ,
in mrad , at recognition (ri ght ordinate , open c i rc les)  plotted against target

type . The pattern appears similar in both cases:  the 5-ton truck was eas-
iest to recognize , the tank and tow t ruck were more di f f icul t  but about equal ,
and the hal f - t rack, crane, and APC were most di f f icul t , but about equall y so.

These d i f f e rence s were tested by the Newman-Keul s critical range
test (Keppel , 1973) which is a techniqu e for pairwise  com par i sons  of means

to isolate the si gnif icant  e f fec t  previously demonstrated by a si gnif icant  main
effect.
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Figure  5. Target recogni t ion  p er f o r m a n c e
for d i f fe ren t  target  types .

For the most part the differences in means apparent in Figure 5 are

veri fied by the resul ts  of the Newman-Keuls  tests.  Cons ider ing  f i r s t  the

number of emit ters  data (Fi gure 5, left  ordinate , solid c i rc les) ,  the tests
show significant d i f f e rences  between the 5-ton t ruck target  and all remaining

targets , signif icant  diffe rences between the tank and ha l f - t rack , and si gnifi-
cant d i f fe rences  between the tow truck and the ha l f - t rack  and the crane . No

other comparison s were significant. Here all tests  were considered si gnifi-
cant if p < 0. 05. These results  confirm the expectations based on simple
inspection of the data . No d i f fe rence  was found between the tank and tow

truck and no d i f ferences  we re found between the ha l f - t rack, crane , and APC.
One would expect sign i f ican t  d i f fe rences  between the tank and the crane and
APC since the tank-half track comparison was significant.  The tank-half

track and tank-APC comparisons approached si gnif icance;  the fact these

comparisons were not significant relate s to an ad jus tment  for the number  of
means spanned. The signif icant  t ank-ha l f - t rack  comparison spanned three
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means , while the tank-crane and tank-APC spanned five and six means ,
respectively. The latte r two comparisons are more distant , hence the test
is more stringent.  A similar argument  can be made to account for the result
showing significant  tow truck-half  t rack and tow t ruck-crane  comparisons,
but not a si gnificant tow t ruck-crane comparison.

The results  of the tests  on the data for the other dependent variable ,
target  subtense at recognition , show that the only signi f icant comparison is

between the 5-ton truck and the APC , ha l f - t rack , and crane. The 5-ton
truck-tank and 5-ton t ruck-tow truck comparisons approached signifi cance
and probabl y did no t ach ieve si gnif icance because of the inherent  conservat ism
of the test , as discussed above .

Figure 6 shows the results of a test to determine if performance

improved over a session. Here a rep lication is defined as the mean perform-
ance score ove r each block of six target  presentat ions;  again , the fif th
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Fi gure 6. Ef fec t  of rep lications on
targe t  recognit ion per formance
showing a learning effect.
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rep lica tion had to be adjusted for missing data as outlined above. That both
curve s generall y show performance improving ove r rep lica tions may be

atr r ibu ted to a “learn ing ” effect  dur ing the session , i . e . ,  the subjects  got

better at the recognition task as they became more familiar with the targets .
The resul ts  of the Newman-Keul s tests  support this conclusion.  The data

for the number of emit ters  dependent variable show that the f i r s t  rep lication

is si gni f ican tly d i f fe ren t  from all other rep lications and was the onl y signifi-

can t d i f fe rence .  Resu l t s  for the other dependent variable , target  subtense ,
show onl y that rep lica tion 4 is si gnificantl y d i f f e ren t  from both rep lica t ions

2 and 5. However, the reason for the superior performance on replication 4

as assessed by the target subtense measure is unclear , and is most likely a

statistical fluctuation.

These resul ts , taken togethe r , are im portant  in revealing sources  of

er ror  variance in thi s experiment .  The group  r e g r e s s i o n  equations p resen te d

above accoun t fo r , at most , about 50 percent  of th3 total exper imenta l
variance.  The remaining var iance mus t  be a t t r ibuted  to the catch-al l  of

“ experimental  e r ro r ” . Demonstrat ing that t a rge t s  are not equall y recog-

ni zable and that subjects ’ performance improve s somewhat dur ing  a session
identif ies two sources  of this “ ex per imental e r r or ” . The imp lication is that
had these factors  been careful l y controlled , the predict ive power of the
reg ress ion  equations would be improved and this improvement  would be
re vealed by an increase  in the variance accounted for by the r e g r e s s i o n
equation .

Resu l t s  such as these , however , a re not uncommon . Mart in , e t al .

( 197 5) , which is the study most germane to the presen t  exper iment , also
found d i f f e r e n c e s  in the diff icul ty  of recognition among the targets  they used ,

as well as subs tan t i a l  l ea rn ing  ef fec ts  up th roug h approximately 40 p resen-

ta t ions  of each of f ive  t ac t i ca l  t a rge t  types.  These problems are inhe ren t  in

any stud y em ploy ing rea l i s t i c  t a rge t s .  Even thoug h the t a rge t s  in the p resen t

exper iment  were equated in terms of hei ght , the r e  remained  si g n i f i c a n t

d i f f e r e n c e s  in t a rge t  r ecogn izab i l i ty .  Thus , equat ing t a rge t s  along the simp le

me t r ic  of hei ght  means that all of the in f o r m a t i o n  wi th in  the t a rge t  hei ght is

uncon t ro l l ed .  To equate targets  in t e rms of d i s c r im i n a b i l i t y  one would be

requ i r ed  to run e x t e n s i v e  exper iments  with large subjec t  and t a rge t  populat ions
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to obtain a set of equally recognizable targets. An experiment such as this
was beyond the scope of the presen t  e f for t .  The onl y alt e rn at ive would be to
employ abs t r ac t  fi gur es a s tar gets because more con t rol cou ld be exer ted
over the informat ion content  of an abs t rac t  f igure  as compared to a real
vehic le. This procedure , however , su f f e r s  f rom the drawback of no t p ro-
v id ing  a s imulat ion that mimics an operational s i tua t ion .  Thus , the ques t ion
r edu ces to th e d i f f i c u lt tr adeoff be tween be tt er ex pe r i m e n t a l  con t rol a nd a
realistic simulation.

The learning effects found in the Martin, et. al. study were ri gorously
and we ll con t rol led b y those workers  by pr e t r a in in g th e i r  subjects with the
targets  to a c r i t e r i on  of three success ive  sess ions , of 20 ta rge t  p resenta t ions
per  sess ion , wi th  less than a 10 pe rcen t  improvement  in r eco gn i t i on  pe r-
fo rm ance.  However , the exi gencies of pe r s o n n e l  p rocurement  and u t i l i z a t i o n
as subjects  in the present  exper imen t  precluded ex tens ive  p r e t r a i n i n g  to con-
t rol  for  learning ef fec ts .  However , the sessio.i in the p resen t  s tudy w e r e

coun terbalanced for  the order  of p resenta t ion  at the 27 expe rimen ta l  cond i-
t ions a s we ll as tar ge t t ype as a means of par t ia l l y con t ro l l ing  and mini-
miz ing  the impact of differential learning effects .

REGRESSION EQUATION S ACROSS GROUPS

That an analysis of variance found no differences among groups , as

d i scussed previously, sugges ts  an appropriate  anal ysis  is to calculate a
regress ion  equation for the enti~-e data set; that is , by collapsing the data
across groups. Furthermore, the regress ion  equations need to be calculated
in te rms of the real world values of the independent  var iables , and no t in

terms of the RSM coded value s , if the equations are to be usefu l  as desi gn
guidelines.  The resu l t s  of this anal ysis  are presented  in Table 8 which
presents  both the visual  angle and number  of emit ters  data . Note that
because the values of the independent  variables have been t rans formed  into
real world values and are  no longer  in coded RSM form , the magnitude of
the regress ion  coeff ic ient  no longer  is indicative of the relative importance
of the t e rms  in the regress ion  equation . Therefore , the te rms have been
ordered by the proportion of var iance  accounted for by the te rms.
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TABLE 8. OVERALL REGRESSION EQUATIONS ,
REA L WORLD VALUES, ENGLISH UNITS

Independent Variable

Visual  Ang le Number of Emitters  on Target

Term Coeff ic ient  % Variance Term Coefficient  % Variance

Constant  56. 5127 - Constant  6. 2267 -

VD -1 .4592  35. 07 RR x VD -0. 0009 6.11
VD 2 0.0130 7 .68  ES x EL -0. 00001 3.07
OT x RR 0 .00 96  1.63 OT -0. 5212 1 .77
E S x  EL -0 .0043 1.12 O T x  EL 0.0034 1.05

OT x VD -0. 0094 0.071 RR -0. 0047 0 .91
VD 0 .2005  0 .76
ES x VD -0. 0030 0 . 60
VD x EL -0. 0014 0. 27
OT x RR 0. 0082 0. 24

Multi ple R = 0. 6798 Multi ple R = 0. 3844
R 2 

= 0.4621  R 2 
= 0. 1477

T1
~e terms of this regression equation are in English units , with

emitte r size (ES) specified in mils  (0. 001 in. ) and on-time (OT) in milli-
seconds. Viewing distance (VD) is in inches , re fr e sh- ra te  ( R R )  in Hertz

and emitter luminance (EL) in foot-lamberts. The visual angle dependent

variable is measured  in arc  m m .
Table 9 presen ts  the same equations , bu t with the t e rm s  specif ied in

SI un its . ES and VD are in cent imeters , EL is in cande la/meter 2 and visual

ang le is in mi l l i r ad ians .  The uni ts  of OT and RR are mil l isecond s and Hertz ,
respectively.

As would be expected , the t e rms  that enter these equations bear  some

resemblance to the regression equation calculated on individual group da ta.
However , in view of the variabili ty between groups as to which t e rms  ente r
the equations , little benefi t obtains from a detailed comparison of the present
equations wi th the indiv idual  grou p equat ions.
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TABLE 9. OV ERALL REGRESSION EQ UATIONS ,
REAL WOR LD VALUES , SI UNITS

Dependent Variable

Visual Angle Number of Emit ters  on Target

Term Coeff ic ient  % Variance Term Coeff ic ient  ~o Variance

Constant  15.0509 - Constant 6. 2340 -

VD -0 .1358  35. 07 RR x VD -0 .0003  6.11
VD 2 0.0006 7. 65 ES x EL -0. 0008 3.07
OT x RR 0 .0050  1.63 OT -0. 5221 1.76
ES x EL -0. 2769 1. 12 OT x EL 0.0010 1.05
OT x VD -0. 0022 .71  RR -0. 0048 0 .91

VD 0. 0789 0. 76
ES x VD -0 . 4635 0 .60
VD x EL -0. 0002 0. 28
OT x RR 0. 0082 0 . 2 5

Multi ple R = 0. 6798 Multip le R = 0. 3644
R 2 

= 0. 464 1 R 2 
= 0. 1477

These equations would be useful for desi gn purposes by entering

values of the appropriate term s and multip lying by the indicated coef f ic ien ts.
An optimal desi gn would be one that minimizes the predicted value of the
independent variable.  Howeve r , it mus t  be s t ressed  that these equations a i e
onl y usefu l  for the independent var iables  used in this  stud y and on ly within
the ranges  herein investi gated. The latte r point is made because the quality
of prediction is poor outside the ranges  of the independent  variables actuall y
inve stigated (Mills and Wil l iges , 1973; Scanlan , 1975).
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

To re i t e r a t e, the purpose  of this s tud y was to de t e rmine  which
var iab les , se lec ted  f rom a l a rge  se t  of candidate  var iab les , s t r o n g ly in f luence
p e r f o r m a n c e  with ma t r ix  displays. Such data are  n e c e s s a ry  to provide info r-
ma t ion  to desi g n e r s  concern ing  which var iables  are  c r i t i ca l  and which may be
t r a d e d - o f f  to achieve a c o st - e f f e c t i v e  desi gn . Thi s s tud y has shown that
desi g n e r s  have wide la t i tude  in select ing combinat ions  of ma t r i x  d isp lay
var iab les  to e i ther  maximize pe r fo rmance  or min imize  cost .

The four  d i f f e r en t  emi t t e r  shape-packing forma t combina t ions did not
si gn i f i can t l y inf luence pe r fo rmance .  There fore , f rom the desi g n s tand point
emi t te r  shape and packing forma t a re  not cr it ica l  p a r a m e t e r s .  The desi g n e r

can selec t the shape- fo rmat  combination that is mos t  cos t - e f f ec t i ve  for  a
par t icu la r  s i tua t ion.  However  thi s conclusion is , at p resen t , app licable onl y
to a c e r t a i n  c lass  of shape - fo rma t  c o m b i n a t i o n s, namel y those which , in the
limi t , can ach i eve  100 p e r c e n t  ac t ive  area . It r ema ins  an emp i r ica l  ques t ion
w h e t her  e m i t t e r  s h a p e -p a c k i n g  f o r m at  combinat ions  tha t  cannot , in the l imit ,
a c h iev e  100 p e r c e n t  a c t i v e  a rea , such  as c i r c u l a r  e m it t e r s  packed in ortho-
gona l  a rd  rhombic  fo rm a t s  or hexagonal  e m it t e r s  in an o r thogona l  m a t r i x ,

~vi 1l e i t h e r  i mp r o v e  or d e g r a d e  p e r f o r m a n ce .

It  is i n s t r u c t i v e  to cons ide r w h i c h  q u a n t i t a t i ve  v a r i a b le s  w e r e  found
not  to i n f l u e n c e  pe r f o rm a n ce . The te m po ra l  va r i t b l t ~ ~ , on — t i m e  and r e f r e s h
r a t  t , d i d  not  app t ~a r to be n~; t i o  r pe r f o r m an  ( 0  )r e d i  . t or  s and  th us , th e s e
v a r i a b l e s  n a y  be as si g ned va lue s  to a c h i e v e  .i eu s —e [fec L i v e  desi gn . F u r t h e r  —
m o r e , the lack of s t r o ng  e f f e c t s  due to the  t e T r p o r ; t l p.~ r i m ~~N ’r s  of the  d i sp lay
has  i m p l i c a t i o n s  f o r  fu r t h e  r h u m a n  I t  c t o r ~ ex n~ r i t  ion  w it h  ma t  r i x  di~ —

plays .  Temporal  v a r i a b l e s  could ea s i l y be t i m  i,~~i t  . d  : r o l l ’  f u t u r e  expe r i  —

m e n t s , s i mp lif y ing both  e xp e r i m en t a l  d e s i gn s  ~nd ol i t i o r i  h ar d ~~-a r e .

The conc lus ion  that  tempo ral  t r s ui  t d i sp 1 i v  p 1 iv  no role  in
p r e d i c t i ng  p er f o r nia n c e  n iu s t  be t en pc i- ed 5 ) 1  ‘~~‘. H t t  ‘c  i u s e  of t h e  w ay  in
w h i c h  the d i s p lay was r e f r e s h e d.  Because  the  i t r i x  d i sp l ay  s i m u l a t o r
emp loyed a p r oj ev t i o n  t e c h n i que,  t h e r e  was  no \‘ ( \  to n i n i p u l a t e  indepen-
den t l y the r e f r e s h  rate and o n - t i m e  of i n d i v i d u a l  e m i t t e r s .  As a r e su l t
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all emitters in the disp lay were refreshed simultaneously. Such mass
r e f r e s h i ng  con t r a s t s  to the s i t ua t i on  in actual  w o r k i ng  sensor  ma t r ix  d i sp lays
which  typ ical ly em pl oy seq uen t ial r e f re shi ng , typ ical ly on a li ne a t a t ime
basis .  It is not clear if temporal factors of the display would exert more
i n f l uence  on pe r fo rmance  wi th  d i sp lays  employ ing some kind  of sequent ia l
r e f re s h i n g .  Fu tu re  r e sea r ch  oug ht  to be d i r ec ted  at th is  ques t i on .

A n o t h e r  a s p e c t  of the temp ora l  p a r a m e t e r s  of a m a t r i x  d isp lay that
oug ht  to be a d d r e s s e d  in f u t u r e  s tud ies  is the problem of r i se  and decay

t i mes .  In the p r e s e n t  s i m u l a t i o n  the r i se  and fall t imes of each r e f r e s h  field
was  at most  “ ms , w h i c h  is v e ry  shor t  compared  to the i n t e g r a t i o n  time of

the v i sua l  sy st e m.  Howeve r , some m a t r i x  d isp lay e m i t t e r  t ypes , p a r t i c u l a r ly
li qu id  c r y s t a l  e l e m e n t s , have r i se  and fall  t imes  on the o rder  of 100 to 150
m s , w h i c h  is equal  to or ~ reat~~r than the inte g ration time of the vi sual system ,
d e p e f l d l f l L t  on t h e  ~~t t e  of a da p t a t i o n  ( B a r l o w , 1958).  Such long rise and decay
t i i i ~~~ ’ n j i . t ht  -c  r i ou ~~lv i n f l u e n c e  pe r f o r m n an c e , and th i s  qu e s t i o n  r eq u i r e s
fu r~’ .e r ~ t u dv .

l~ i n i t t t  r ~~~~~ wa a i , o  t o u n d  no t  to  s t r o ng ly a f f e c t  t a rg e t  r e c o g n i t i o n

pe r f rn~a icc  . In t h i s  ex pe r i o  i e n t  t he  en u t t e  r spac ing  was  held c o n s t a n t ,
th e  r e f o r e , t h e  t O  i t t e  r si~~ va r i ab l e  m ay  a l s o  be cas t  in t e r ms  of pe rcen t
a c t i v e  a r~ a . Thus , s a v i n g  t h a t  1 .‘~ t did not i n f l uen c e  pC r fo rrnance is the
samn i as say in~ t h  t t  c h an g e s  i i i  p e r c e n t  a e t ~ ve a r e a  do not inf luence  pe rform-
a nce . In  th i s  e xp e r i m e n t  c t i v t  ar e a  r a n g e d  f r o m  20 to 90 p e r c e n t  and these

r e s u l t s  conf i  rrn and ex ten d  ~he ~t~ t of M a rt i n , et  al. ( 1 9 7 5 )  d e m o n st r a t i n g  no
si g n i f i c a n t  imp a c t  on p er fo ”m a n ct  when  p e r c en t  ac t i ve  a rea  was  var ied

between 55 and 100 percen t .  Th us , d e s ig n e r s  may be c o n s t r a i n e d  m o r e  by
cost  cons idera t ions  than o p e r a t o r  l i m i t a t i o n s  when  c o n s i d e ri n g  e m i t t e r  s ize.

E m i t ter  luminance  also did not  e x e r t  a s t r o ng  e f f e c t . Th is
conc lus ion  m u s t  be tem pered  by the f a c t  t ha t  it  app lies onl y to the r ange  ( 1 . 9
to 60 IL) inves t i gated here.  This r a n g e  c o r r e sp o n d s  to the low to mid

photop ic levels  of h u m a n  li g ht a d a p t a t i o n  ( G r a h a m , 1965) and i t  r e m a i n s  an

open ques t ion  whe the r  the same c o n c l us i o n  would  app l y to d i sp lays ope ra t i ng
in the sco topic or hi g h pho top ic r a n g e s . In o r d e r  to specif y an opt imal

l u m i n a n c e , c a r e f u l  c o n s i d e r a t i o n  m u s t  be g i v e n  to the e n v i r o n m e n t  in which

the d i splay is i n t ended  to be used.
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Viewing d is tance , however , was  shown to be an import an t  variable.

Because  the ac tua l  viewing di s tance f rom a disp lay will r a r e ly, if eve r ,

be a variable that  can a s s u m e  a wide range  of values in a desi gn s i tua t ion , it

is more  in format ive  to de te rmine  how changes  in viewing di s tance in f luence

the subt ense  of the emi t t e r  spacing . The r e s u l t s  show that  pe r fo rmance  is

optimal when emi t t e r  spacing is about  0.42 mrad  (1 .46 a r c  mm ). The ac tua l

value of the emi t t e r  spacing in c e n t i m e t e r s  or inc L ~es depends , of cour se , on

the intended viewing d i s tance  and is g iven by the relat ion ESp = 2VD t a n -~-,

where  ESp is e m i t t e r  spacing , VD is viewing d i s tance  and 8 is the optimal

visual  angle.  \Vith emit te r spacing thus f i x e d , the emit te r size can be

selected so that the pe rcen t  act ive area  is between 20 and 100 percen t , w h i c h

is the range of ac t ive  area whe re  pe r fo rmance  levels are comparable .

The reader  may ques t ion  wh y the above d i s c u s s i o n  was d i rec ted  at

s e t t i n g  an optimal emi t te r  spacing r a the r  than an opt imal  e m i t t e r  s ize.  That

is , the optimal value of 0 . 42  mrad (1 .46  arc  m m )  could also specif y an

optimal  emi t t e r  s ize.  The reason  is that  d e t e r m i n i ng  an optimal emi t te r

spac ing  yields  a display that  maximizes  the number  of emi t t e r s  ac ross  a

ta rge t .  A numerical  example wi ll c lar i f y this point .  Suppose we wish to

c o n s t r u c t  a d isp lay with square emi t t e r s  in an or thogonal  m a t r i x  wi th  80 per-

cent  ac t ive  area which is to be viewed at 75 cm (30 in) .  The re la t ion g iven in

the preceding  paragraph can be used to f ind  e i ther  the optimal emitte r spacing
or the optimal emitte r s ize  b y s u b s t i t u t i n g  into the equa t ion  the v i ewing  dis-

t ance  and opt imal  visual  ang le of 0. 42 mrad (1 .46  cm m m )  fo r  8. If the

equat ion is solved for  emi t t e r  spac ing  then emi t t e r size mus t  be c o n s t r a i n e d

to g ive a d i sp lay wi th  80 percen t  ac t ive  area.  Converse ly if the re la t ion  is

solved for  e m i t t e r  s ize , then emit te r sp a c i n g  mus t  be c o n s t r a i n e d  to g ive a

d isp lay w i t h  80 percen t  act ive  area.  Solving the above e q u a t i o n  yields  a

fi gu re  of 0. 032 cm (0. 0127 in ) .  Aga in , this  f i gure  could spec i f y e i t h e r

emi t te r spac ing  or e m i t t e r  s ize .  If it is taken to spec i f y emi t t e r  spac ing

t h e n  emi t te r size would be found b y the equa t ion  ( E m i t t e r  s ize2 / em i t te r

spac ing2 ) x 100 = p e r c e n t  a c t i v e  area.  Thus wi th  a spac ing  of 0 .032  cm

(0. 0127 in)  the emit te r s ize ,  fo r  a display wi th  80 percen t  ac t ive  area , is

0. 0289 cm (0. 0114 in) .  On the o ther  hand , if emi t te r s ize  is set at 0. 032 cm
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(0. 0127 in)  b y the equa t ion  g iven in the p rec ed ing  paragrap h , then the e m i t te r
spacing works out to be 0. 03b cm (0. 142 in) .  Thus it can be seen that
optimizing emitte r spacing,  rathe r than e m it t e r  size , y ields a d is play with
sli ghtl y more emit ters  across  a t a rge t .

In making recommenda t ions  for  f u t u re  r e s e a r c h, it is pe rhaps  of
g r e a t e s t  impor t ance  to develop an improved  m a t r i x  d isp lay s i m u l a t i o n. The
sing le advantage  of the p r e s e n t  pho to -op t i ca l  s imula t ion  w a s  the ab i l ity  to
provide moving t a rg e t s . However , the d r a w b a c k s  to this  s i m ul a t i o n  outwei g h
this advantage .  F i r s t , ma t r ix  mask  s imu la t i on  is d i f f i c u l t  and somewha t
inflexible. In the c u r r e n t  s imula t ion, m a s k s  w e r e  g e n e r a t e d  on a computer -
ized plo t t e r  and while good m a s k s  can be f a b r ic a t e d  to p rec i se  spec i f i ca t ions
with this sys tem, any changes  in the ma t r ix  spec i f i ca t ions  r e q u i r e  the gener-
ation of a new mask , thus r educ ing  f lex ib i l i ty.

Second , the techni que of opt ical  p ro jec t ion  th roug h a mask  p r o v i d e s
onl y a f i r s t  approximat ion  to a t r u e  m a t r i x  d i sp lay. That  is , i n f o r m a t io n  in
the imagery  located behind the i n a c t i v e  a rea  of the m as k  is los t .  This is
another  way of saying that  he r e  is no con t ro l  of the s e ns o r  - t o - d i s play mapping
c h a r a c t e r i s t ic s .  This is a potent ia l ly i m p o r t a n t  va r i ab le  w it h  m a t r i x  d i sp lays
which oug ht to be i nves t i ga t ed  by human f a c t o r s  e xp e r i m e n t a t i o n , but  w h i c h
cannot  with the c u r r e n t  simula tion .

Thi rd , p ro jec t ing  ph o t o g r ap hic i m a g e ry  t h r o u g h a m a sk  al loy s the
possibi l i ty  of modula t ion  with in  a m a t r ix  e l e m e n t .  A f d am en t a  I f e a t u r e  of
a ma t r ix  d isp lay is no i n t ra - e l e m e n t  m o d u l a t i o n .  This  p r o ble m  was ame-
l iorated in the p resen t  s imu la t i on  b y d e f o c u s i ng  th e  i m a g e ry  to e l i m i n a t e
in t ra -e lement  modulation , a me thod wi th  oby ious  d r a w ba c k s .

A proposed a l t e rna t ive  s imula t ion  would u se  a combina t ion  of f i lm and
computer ized  image p rocess ing  in the fol lowing m a n n e r . An or i g inal hi g h-
reso lu t ion  image would be di g i t ized.  To s imu la t e  the s e n s o r  to d i sp lay chain
three  t r a n s f o r m a t i o ns  of the di g i t ized  image  a r e  r e q u i r e d  be fo re  the di g i t i zed
image is t r a n s f e r r e d  to film . F i r s t  a t r a n s f o rm a t io n  is a c c o mp l i s h e d  to
s imulate  sensor  c ha r a c t e r i s t i c s.  This  po ten t i a l ly im p o r t a n t  v a r i a b le  in
sensor  d i sp lays could then be e x p e r i m e n t a l ly mani p u l a t e d  and v a r i o u s  v a l u e s
of sensor  reso lu t ion  as well as d i s c r e t e  v e r s us  c o n t i n u o u s  s e n s o r  ty p e s
could be s imula ted.
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The second t r a n s f o r m a t i o n  app lied to the di g i t ized  image would

s imula te  the sensor  to display in te r face .  In this way,  s imulat ion of s enso r s

p e r f e c t l y matched  to the disp lay could be achieved in addition to s i t ua t i ons

w h e r e  va ry ing degrees  of s enso r -d i splay m i s m a t c h  occur.  At present  these

va r i ab le s  canno t  be exper imental ly mani pulated.
The f inal  t r a n s f o r m a t i o n  would s imu la t e  the m a t r i x  disp lay. Th is

t r a n s f o r m a t i o n  is , of c o u r s e , the e s sence  of a m a t r i x  d isp lay s imula t ion  and

achi e ving it t h roug h compu te r  cont ro l  would allow enoug h f lex ib i l i ty  to

a c c u r a t e ly s imu la t e  ei the r ex i s t ing  or proposed m a t r i x  displays .

A n o t h e r  advan tage  of thi s techni que is tha t  t a r g e t s  could be embedded

in r ea l i s t i c  scenes , f u r t h e r  enhanc ing  the a c c u r a c y  of the s imula t ion .  This

technique can r e s u l t  in more  r ea l i s t i c t a r g e t  embedding as c o m p a r e d  to

op t ica l -ph o t o g r a p hic p r o c e s s e s  b ec a u s e  the problem of d e t e c t a b l e  ed ges  on

the embedded t a r g e t  is l a rge l y removed .  Thus  the v e r y  i m p o r t a n t  ~u e s t i O f l

of how des i gn p a r a me t e r s  of m a t r i x  d i sp lays  i n f l u e n c e  d e te c t i o n  a n d / o r

r ecogni t ion  of t a r g e t s  in r ea l i s t i c  back g r o u n d s  can be a d d re s s e d .
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