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THE HUMAN PERFORMANCE CENTER

DEPAR TMENT OF PSYCHOLOGY

The Human Performance Center is a federation of research
programs whose emphasis is on man as a processor of information.
Topics under study include perception, attention, verbal learning and
behavior, short- and long-term memory, choice and decision proc-
esses, and learning and performance in simple and complex skills.
The integrating concept is the quantitative description, and theory,
of man ’s performance capabilities and limitations and the ways in
which these may be modified by learning, by instruction, and by task
design.

The Center issues two series of reports. A Technical R eport
series includes original reports of experimental or theoretical
studies, and integrative reviews of the scientific literature. A Mem-
orandum Report series includes printed versions of papers presented
orally at scientific or professional meetings or sym posia, methodo-
logical notes and documentary materials, apparatus notes, and ex-
ploratory studies.
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ABSTRACT

Five types of complex integrated displays were subjected to multidimen-

sional scaling analyses . The display types were selected to be representative

of a variety of characteristics that can resul t when dimensions are combined

in an integrated fashion. These characteristics included perceptual separa-

bility , familiarity , emergent properties and perceptual interaction among

dimensions. Of primary interest was the question of whether or not the

Minkowski scal i ng metric woul d be diagnostic or predictive of any of these

charac ter i stics , as previous literature had indicated . The results showed

that in virtually all cases the Euclidean metric produced better fits than

the City-Bl ock metric. The qualitative interpretability of the individual

dimensions of the displ ay proved to be of much greater utility for assessing

perceptual characteristics. Representative analyses of individual subject

data are presented and the implications of the results for display design

are discussed .
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INTRODUCTION

The purpose of the research described In this report is the development

of a data base for integral and separable dimensions of displ ay types,

where the criteria for integrality and separability are Independent of

performance demands required of the subject. The researc h deal s with

integrated multidimensional displ ays; that is, situations where each variabl e

or dimension of a multi—variate probl em is mapped into a dimension of a

single , unitary displ ay. Ideally, such a displ ay would al low any part of

the information presented to the observer to be apprehended in a singl e

spatial-temporal perceptual act. Further , integrated mult id imensional

displ ays provide an opportunity to maximize the ease with which relationships

among variables can be apprehended to the extent that these relationships

can be represented by perceptual relationsh ips among the dimensions in the

display . The extent to which the information can be integrated on a

perceptual l evel depends on the relative integrality of the dimensions

comprising the display . A pair of physical dimensions is said to be integral

if they combine to form a new psychological attribute.

However , a pair of integral dimensions will interfere with each other

when an observer is trying to make judgments on the information contained

in only one of the dimensions and must ignore irrelevant information from

the other. In this case, the probl em is not one of integrating information

across dimens ions, but of being able to obtain information from each di men-

s ion of a uni tary, mul tidimensiona l displ ay. Optimal performance for such

a problem would Involve displ ays comprised of separable dimensic~s; that is ,

physical dimensions that form Independent psychological attributes of the

display .
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The probl em then is one of developing optimal display types for the

variables of a complex problem and the type of information processing

demands the problem requires of the observer. In the attempt to develop

guidel ines for the construction of such displ ay types based on subject

performance with var ious task demands , it is necessary to develop criteria

for specifying displ ay types in terms of the integrality and separability

of the dimensions comprising the displ ays.

One method that has been used in the past to try to specify the manner

in which physically specified dimensions are mapped into relevant attributes

in a psychological space is through the use of multidimensional scaling .

The basic idea was developed by Shepard (1964). In that paper, he argued

that the form of the psychological metric relating the physical attributes

of a multidimensional display to each other might be a function of the

particular attributes Involved . Shepard suggested that the combination

• of some attributes in a displ ay would lead to a psychological space with a

Eucl idean metric of stimulus similarity , while other combinations would

result in a different, perhaps City-Block, metric. Thus he inferred that

there were two types of attributes ; “those that are related as homogeneous,

unitary wholes and those that tend to be analyzed into perceptually distinct

components or properties [p. 80]”. The first he termed ‘unitary ’ and the

second ‘analyzable ’. These refer to the integral vs. separable distinction

we are trying to clari fy here.

Figure 1 illustrates how the similarity of multidim ensional stimuli

generated from integral or separable attributes may be conceived . This

diagram describes the relationship between three displ ays, A, B, and C.

Displ ay A differs from B only on attribute X , the degree of this perceived

dissimilarity being represented as dx. Likewise, display A differs from C

only on attribute V , with dy as a measure of the perceived degree of
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Figure 1. The geometry of multidimensional similari ty showing the various ways
the perceived similari ty of stimuli differing on two dimensions may be
related to the perceived similarity of stimuli that -vary on each dimension
sepera tely. (Adapted from Garner , 1974)
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dissimilarity. Knowing the values of dx and dy the question is: What is

the value of dxy, the degree of perceived dissimilarity between displays

B and C, which differ on both attributes, X and Y , simultaneously?

Distances in a psychological space can be described with a general ized

metr ic, the Mi nkowski metric , such that dxy = (dxN + dyN)l~
’N (see Torgerson ,

1958~. If N = 2 then the psychological space described by the metric is

Euclidean in nature. Judgments of dissimilarity within a pair of displ ays

can be thought of as the distance according to the Pythagorean relation

between the displays as they are mapped into the psychological space.

Alternatively, if N = 1, we have the City-Block metric. The perceived

dissimilarity between displ ays B and C is assumed to be the sum of the

dissimilarities for the pairs A—B and A—C . This method assumes that judgments

of dissimilarities between members of a pair of displ ays can be converted

into a measure of psychological distance. The value of the exponent In the

Minkowski metric that best describes these distance measures is an indication

of the nature of the psychological space and dimensional structure of the

stimulus displays . A Euclidean space impl ies the conclusion that we are

dealing with dimensions that are integral or unitary . Integral dimensions

combine to form a new dimension so that measures of dissimila rity are a

direct function of the distance between two stimul i in the psychologica l

space. This also means that the physical dimensional structure is not

particularly descriptive of the psychological attribute structure and ,

among other things , observers will have difficulty making judgments based

on physical dimensions. If the proper metric to describe the psychological

space is the City—Block metric, then the dimensional structure is separable

in nature: The physical dimensions comprising the display l ead to independent
I
: psychological dimensions. The psychological space is truly multidimensional

I 
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i n nature, and observers must base their judgments on each of the several

dimensions.

Much previous work that has utilized the multidimen sional scaling

technique to investigate the nature of a psychological space has charac- - 

-

teristics which tend to l imit its usefulness for the particular application

that we are deal ing with here. One such subset of research has utilized

physically wel l -specified displ ays of low dimensionality . Usually work has

been done with displays consisting of only two or three dimensions (e.g.,

Hyman & Wel l , 1967, 1968; Cohen & Jones 1974; Shepard , 1962, 1964). Hyman

& Well (1967), for exampl e, studied the metric properties of displ ays composed

of two dimensions: Munsel l color patches varying in size and chroma ,

parallel ograms varying in size and tilt, or circl es with an inscribed radius

varying in diameter of circle and angl e of radius (after Shepard , 1964).

They found , in agreement wi th other investigators , that Eucli dean space was

appropriate for judgments of the color patches, but that the City-Block

space was appropriate for judgments of geometric forms which vary on

perceptually distinct dimensions. It is possibl e then to use the scaling

metric to distinguish the dimensional structure in a stimulus displ ay. So

far, however, this has only been done with displ ays that vary on only two

or three dimensions.

Another subset of research utilizing multidime nsional scal ing techniques

has dealt with displ ays of unknown physical or psychological dimensions.

Usually in this type of research a scaling metric is chosen in advance. The

purpose of the analysis is to determine the dimensionali ty of the psychological

space, and to Interpret (i.e., give a label t )  the resultant psychological

dimensions.

For example, Abelson & Sermat (1962) attempted multidimensional scaling

of similarity ratings for thirteen faces that differed according to emotional

_ _ _ _ _ _ _ _ _ _ _  
— --.~~~~~~~- . - - 
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expression . The Euclidean scaling data was best fit using six dimensions.

However, only two of these were interpretable and accounted for 75% of the

variance of the data. They l abeled these dimensions as pl easantness and

attentiveness, and suggested that the other dimensions were perhaps

non—Euc lidean.

Jones & Young (1972) used a multidimensional scaling technique which

yields Euclidean distance functions to determine the dimensions of inter-

personal perceptions. Subjects were asked to rate the similarities of

pairs of people chosen from the laboratory staff. The resulting psychological

space was fit with three dimensions interpreted as status, professional

i nterests, and political persuasions.

Stenson (1968) scaled simi larity judgments using the Euclidean distance

function of 20 random outl ine shapes drawn according to Method 4 of Attneave

& Arnoult (1956). He recovered six psychological dimensions from the

scaling analysis. Four compl ex physical factors accounted for 2/3 of the

variance of the intersection of the physical and psychol ogical spaces.

The factors were described as compl exity , curvature, curvature di spersion ,

and straight—length dispersion.

Hyman & Wel l (1968) discovered that enhancing the distinctiveness of

color dimensions (value and chroma) or the perceptual separability of the

dimensions allowed an observer to shift from the Euclidean distance structure

to the City—Bloc k. However, the introduction of noise into the system

caused a shift back to the Euclidean structure. Arnol d (1971) scaled

judgments of similarity among English words. His analysis included a

discussion of the effect of different values for the exponent in the Minkowski

metric on the fit of the psychological space to similarity judgments. The

worst fit occurred with N = 2, and the best fit with N = 32. He concluded

_ _ _  _ _ _ _
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that N > 1 indicates that there is too much information in the stimulus set

for the subject to process adequately.

The problem we are dealing with in the present research involves

mapping known physical dimensions into a psychological space. Our purpose

is to investigate well-specified generating procedures for displays of high

dimensionality that yield different types of psychological spatial config-

urations. This involves discovering the dimensional structure (i.e., whether

integral , separable , or a combination) for complex displays with at l east

five specifiabl e dimensions. Second we want to know what sort of scaling

metric will apply to the configuration in such an instance. And finally,

we have to examine the correspondence of the perceivabl e attributes to the

specified physical dimensions. -~~

STIMULUS DISPLAYS

In order to investigate these questions we have developed five multi-

dimensional display types each of which has certain desirable characteristics

useful to the study of the correspondence of specified physical dimensions

wi th psychological attributes. The nature of the present exercise is to

investigate the diagnosticity of the scaling metric for determining the

dimensiona l structure of display s of high dimensiona lity . The particular

dimensions and stimuli used were constructed to exhibit various different

aspects of integrality and analyzability .

Faces - A set of s~her.~atic faces was developed based on the work of

Chernoff (1973) which coul d vary in nineteen continous dimensions , including

four specifying the outline of the face and several for the position , size ,

and other aspects of the eyes, eyebrows, nos e, and mouth. Table 1 describes

the nineteen parameters and their relation to the attributes of the face.

Fiqure 2 presents faces qenerated usin q ten of the possible dimensions.

— ‘ * ~~ — * - — - * -—.*—.
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Table 1

Nineteen Possible Dimensions for Generating Schematic Faces*

Outl ine of face

1. face size

2. ration (H/W) of face (amount dimple is pinched in)

3. location of dimple

4. eccentricity ef upper elllpse (H/W)

5. eccentricIty of lower ellipse

Nose

6. length of nose

7. width of nose

Mouth

8. location of mouth

9. curvature of mouth

10. length of mouth

• Eyes and Eyebrows

11. height of eyes

12. separation of eyes

13. slant of eyes

14. length of eyes

15. eccentricity of eyes

16. locatIon 0f pupils

17. height of eyebrows

18. slant of eyebrows

19. length of eyebrows

*(Adapted from Chernoff 1973)

. -
. .

~~~~
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Figure 2. Examples of possible faces created by varying 10 dimensions :

four having to do with face outline , three for the eyes and eyebrows, two for

the mouth, and one for the noselength . 

—-- -------- -~~~~~~~~~~~~~~~~~~~



For the purposes of our research subsets of faces were composed that varied

on only two dimensions at a time, with five level s spanning the range of 
*

variation on each dimension. One subset of 25 faces orthogonal ly varied

eye length and eye eccentricity which were thought to be relatively integral.

All other dimensions having to do with the face outl i ne, feature position ,

and other aspects of the nose and mouth were held constant or were correlated

wi th the two varying dimensions. Figure 3 illustrates the five levels of

eye length on the top line , and five level s of eye eccentricity on the

bottom line . A second subset of 25 faces varied nose length and mouth

curvature, which were thought to be analyzable since they were spatially

separated. Again, other dimensions were hel d constant or were correlated

with the varying dimensions. Fi gure 4 presents typical faces with these

val ues. -

The dimensions that vary in the faces of Figures 3 and 4 -- eye length

and eccentricity and nose length and mouth curvature -- are all simple
attributes of the face. That is , each controls the variation in a singl e

facial feature. An examination of Figures 3, 4 and par ticular ly Figure 5a

reveals a quite salient and more complex attribute of the faces. This

attribute is emotional expression. The emotional expression of each face

is determi ned by specific combinations of levels on each of the individual

features of the face, with the eyes and mouth probably pl aying a dispropor-

tionately large role in determining emotional expression.

The attribute of emotional expression is a higher order attribute

than the simple dimensions corresponding to singl e facial features. It is

composed of a combination of simple dimensions , but knowledge of the level

of any one of those dimensions does not allow prediction of the exact

expression the enti re face adopts. Because of this aspect of emotional

_________________
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0~

Figure 5. a. Faces with emergent property of emotional expression -

crea ted by varying mouth curvature and eye and eyebrow tilt.

b. Faces of 5a turned upside down . — 

:1
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expression , and because expression is highly salient, it can be termed an

emergent property of the stimulus.

A possible effect of this emergent property is that it may result in

the relative integrality of the features that compose it. While these

features (eye slant and mouth curva ture ) are spatiall y separa ted an d woul d

therefore be expected to be analyzable, their contribution to a sal ient

higher-order attribute might result in a preferred processing mode in

which the features are perceived as a whole, not individually. On the basis

of recognition memory for upright and inverted faces Carey & Diamond (1977)

H have concl uded that the internal representation of faces includes configura-

tional aspects of the face as a whole. In addition there is evidence from

les ian studies (K in , 1970) that the perception and recognition of faces is

mediated by the right posterior cortex. Thus the perceptual advantage

enjoyed by faces might be destroyed when the faces are turned upside down .

Figure 5b consists of the faces of figure 5a rotated 180 degrees. It is

apparent that this rotation impairs the perception of emotional expression

in the faces. Therefore, in order to analyze the effects of configurational

aspects of the stimuli (e.g., emotional expression) on the perception of

simple dimensions , the experiments in which eye length and eccentricity , and

nose length and mouth curvature were varied were replicated with the faces

presen ted ups ide down .

THE VECTOR GROUP — Thr ee d i spl ay types were cons truc ted us ing five

vectors emanating from a central point , separated by an angle of 72°. The

length of each radius was 1 , 2, 3, or 4 units from the central point. Thus ,

each display type consisted of five dimensions (the vectors) each varied along

four values.

These display types are unique in that each is generated using the

same five physical dimensions; I.e., length of a vector emanating from a

L - ~~~~~
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central point , so that each display type is equivalent in an information

theory sense. However , very different results obtain depending upon the

emergent properties of the different display types that express the values

along each of the five dimensions.

Spokes - One display type generated by this technique consists of the

fi ve vectors presented alone . This is the most obviously analyzabl e of the

three display types (see Figure 6b). To make similarity judgments subjects

can directly compare each of the five dimensions .

Pol y~ons - The second set of stimuli was constructed by connecting the

endpoints of the five vectors in the stimul i of the first set. The generating

vectors were then el imina ted , and the result is a set of five-sided polygons

such as those presented in Figure 6a. The dimensions comprising the stimuli H
are more integral for the polygons than for the spokes . That is , sides of

the polygons combine more dramatically than do the arms of the spokes to

form configurational attributes of regularity and shape.

Combined - The third set of stimuli was constructed by embedding the

4 vectors within their polygons , essentially a combi nation of the preceding

two display types (see Figure 6c). This display type provides the potential

for analyzability found with the spokes plus the configurational character-

istics of the polygons. In addition , a higher—order attribute of depth

emerges wi th these stimul i , which is quite intuitively compelling.

Ellipses - The fifth displ ay type developed consists of simple ellipses

that vary along five dimensions : area , defined as nab where a is the

length of the major axis aad b is the l ength of the minor axis; eccentricity ,

defined as Li - b2/a2]”12; orientation of the major axis , defined as the

angle from the horizontal; vertical position on the screen; and horizontal

position on the screen. Each dimension could assume four values . Some 

—-*----•--—. -------— -  --.---. -~~~- —‘~‘
-~~~~~~~ -
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a

Figure 6. Examp les of stimuli from the vector group generated by varying the
lengths of five vectors emanating from a central point. The stimuli in
each group were created wi th the same five vectors.

a. Polygons created by connecting the endpoints of Imaginary vectors .
b. Spokes representat ive of the actual vectors .

c. Combined group Includes both the polygons and their vectors .
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examples are presented in Figure 7. The ellipse displ ay type is perhaps

the simplest in terms of straightforward analyzability of the component

dimensions. There is little possibility for the physical dimensions to

combine into higher order psychological attributes that cannot be pre-deter-

mined by specifying the physical dimensions. With this set of stimuli , we

have the opportunity to study the possibility of low level interaction

between physical dimensions that is not confounded by “emergent ’ attributes

of the display . However, the dimensions of area and eccentricity of the

ellipses are basically the same physical dimensions as eye length and eye

eccentricity of the faces. Thus, it is possible to determine the differential

psychological effects of embedding these physical dimensions in the context

of emergent properties provided by the faces.

The total possible number of stimuli that can be constructed in the

vector group display types and with the ellipses is over 1000 for each set.

This is an unmanageable number to use for obtaining similarity judgments on

pairs of stimuli. To reduce the number of pair judgments required of the

• subjects, a process of stimulus selection was carried out accordi ng to a

• Latin Square design. Using this procedure, a 16-cel l matrix was obtained ;

each cell contained a value for each of the five dimensions. The values

were then rearranged to obtain another 16-cell matrix that was as different

as possible from the origi nal , i.e., no more than two val ues for any two

dimensions that occurred together in the first matrix could occur together

in the second. In this manner we obtained a set of 32 distinct stimul i

for the four display types. The obtained Latin Squares are represented in

Table 2. These stimuli were the most representative, yet manageabl e samples

that could be obtained from the original sets. These 32 stimul i made 496

distinct pai rs of stimuli (Irrespective of position in the pair) which 
-;

coul d then be shown to subjects for similarity judgments.

- -.*—--— —- --* -— —.-- —-—--

— --- --- - -~~ —5--- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——--5 ~~~~~_ 
_ 

_ . .



__- - - -—_---~~—----~~~~~
- --—,-,--- - -  ~~~~~~~~~

-
~~~~

---- - - -----_- -_ _—--
~~

- -

18

~i H o

- Figure 7. Examples of ellipses varying in size , eccentricity , orientation ,
and horizontal and vertical position wi thin the square . The stimulus i n
the upper right corner represents the smal lest and least eccentric ellipse.
The st imulus in the lower right corner represents the largest and most
eccentr ic ellipse .
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Table 2

Two Latin Squares for Choosing Stlmuli*

11111 12222 13333 14444

21234 22143 23412 2432 1

31342 32431 33124 34213

41423 42314 43241 44132

1 11243 12134 13421 14312

21122 22211 23344 24433

31414 32323 33232 34141

41331 42442 43113 44224

*The numbers define values 1 to 4 for each
of five ordered dimensions making up a
display .

I

* — - 
— - —? •~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.-- ---  —
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Technique

Each of the five display types were subjected to multidimensional

scaling analysis based on subj ects ’ similari ty judgments of pairs of

stimuli taken from each set of displ ays. This procedure gives a psychophys-

ical measure designed to determine the dimensional structure of the stimuli

in each set and the mapping of the physical dimensions into psychological

attributes. The psychophysical technique provi-des an objective phenomenal

description of the stimulus set as opposed to an indirect assessment based

on performance measures such as reaction time or percent error. The

dimensional structure obtained from the multidimensional scaling procedure

will be used to validate later research which will incorporate performance

measures.

Data were collected from sets of subjects, numbering between four and

six , by showing them all pairs of stimuli from the set of each displ ay

type. They were asked to rate the similarity of the pair on a scale from

1 - 10, wi th 1 being the most similar , and 10 being the most dissimilar.

Subjects were familiari zed with the stimuli that made ~p the stimulus

pairs prior to the data collection. The n(n - 1)/2 similarity judgments

made by each subject were tabulated in an n by n matrix. This matrix was

used as input to the Guttman—Lingoes non—metric multidimensional scaling

program MINISSA (Gu ttman , 1968; Roskam and Lingoes , 1970). This program

generates a constellation of points in a multidim ensiona l space in which

each point corresponds to a stimulus . In this space, two stimuli that are

judged to be relatively similar are represented by points that are relatively

near each other. Also, pairs of dissimilar stimul i are represented by

pairs of points that are far apart in the space. This means that the

greater the judged similarity of a pair of stimuli , the closer their
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represented points . This monotonicity requirement restricts the position ing

of the points. For example, assume the judged similarity of two stimuli ,

cal l them A and B, is 7, and the program places their corresponding points

and 
~B’ 

so they are 2 units apart. The requirement of monotonicity

means that all stimulus pairs with similar ity ratings 8, 9, or 10 should

be represented by points that are more than 2 units apart in space.

Similarly, stimulus pairs with ratings from 1 to 6 should be represented

by points that are less than 2 units apart.

Deviations from this rule are suninarized in a goodness-of-fit

measure. This measure is called the stress of the configuration of points

(Kruskal , 1964), wi th a stress of zero meaning a perfect fit of similarity

judgments and i nterpoint distances. MINISSA computes stress using the

following formula:

stress = ( 
~~ (d~ • — d’~.)

2/ E d .  2) 1/2
i<j 3 3 i<j 3

where d~ is the distance measure if the configuration perfectly satisfied

the monotonicity requirement. The multidimensional scaling algorithm is

therefo re a method to create a constellation of points with a minimum stress.

This algori thm starts with an initial configuration of points that is

created by a random placement of the stimulus points in the space. The

dimensionality of the space is specified by the user. The stress is computed

for this configuration. The points are then moved around in an iterative

fashion creating new configurations that will tend to reduce the stress at

each iteration . The procedure continues until a configuration of minimum

stress is found for the given dimensional space. In the analysis of the

similarities data , two parameters , dimensionality and m etric , were varied

in an attempt to generate configurations of low stress and high heuristic

value for dimension i nterpretability .

~ 

~~~~~~~~~~~~~~~~
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The dimensionality of the space is a crucial parameter in the heuristic

value of the point constellation since N points may always be scaled in a

space of N - 1 dimensions with a zero-stress configuration. However, this

constellation would probably be of minimal value in helping to visualize

the relation among stimuli. Therefore fewer dimensions are used in attempting

to generate a low-stress configuration. Often one reduces the dimensional i ty

until it can no longer be reduced and still have the algorithm generate a

satisfactory low—stress configuration. The heuristic value of this config-

uration may be assessed and a decision is made to accept this configuration

or to accept a confi guration of lower dimensionality with higher stress and

greater heuristic value . Many times , the minimal dimensionality is determi ned

by plotting the stress by the number of dimensions as in Figure 8. As the

number of di mensions increases, the stress decreases. This relationship,

however, is usually not linear and therefore a break or el bow can be noted.

This point represents the number of dimensions at which further increases

in dimensionality will not lead to a signifi cant reduction in stress.

In most spaces a Euclidean metric is used to compute the interpoint

distances given the locations of the points in the constellation. This

metric is equivalent to the “usual” , intuitive , real-world distance measure.

In a two dimensional Euclidean space , the distance between points at

coordi nates (X1, Y1) and (x2, Y2) is

E’x x .2 
~~~~ 

~ ~2jl/2‘ 1  2’ ~~‘ 1~~ 2’
as in the Pythagorean theorem. We have also computed the distances using

the City-Block metric, where the distance between (X1, Y1) and (X2, Y2) is

j x 1 - + lv i - Y~

The results obta i ned from the multidimensional scaling technique do

not l end themselves to traditional experimental data analysis. The main

— —-- — — — -—-.- -* . —— ——•—-— ———•.—-— ——— —-—-—- — - - -—--— - - —- --— — .-— -—-— . .  ___g__ __. _~ ~~~~~~~~~~ —•--—— ! -  ~_~_ ~_~_____ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Th. - .~ -
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Figure 8. Diagram of stress plotted as a function of dimensionality.

The break or elbow” In the curve at four dimensions indicates

that this is the proper number of dimensions needed to adequately

describe the psychological space.
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cri terion for deciding the “appropriate” dimensionality of the psychological

space, and the metric which best describes that space has been consideration

of stress val ues . Sati sfactory fit with a low stress configuration are

ill-defined concepts . Kruskal (1964) has provided some standard interpre-

tations of stress values : a stress of .26 is considered poor, .05 is good ,

and .025 is excellent. A second criteri a which must be considered along

with stress values is the interpretability of the dimension s in the resulting

configuration . Interpretability consists of the name or description an

investigator can give to a dimension. Therefore, the analysis of the data

necessarily invol ves subjective, qualitive considerations. Since extensive

analysis is done on each subject’s data the data will be presented in order

to emphasize trends for “typical ” subjects.

Results

The results are presented and discussed separately for each display

type described earlier. The general format of the presentation consists

of tables 0f stress as a function of dimensionality for typical subjects

for both the Eucl idean and City-Block metric. This is followed by a

- • qualitative description of the dimensions obtained for each displ ay type.

Conclusions about the diagnosticity of the scaling metric for the purpose

of assessing the relative i ntegrality of complex integrated displ ays will

follow. -
Faces - The similarity data obta ined for the subsets of faces were

analyzed for up to three dimensions. One subset included 25 faces that

varied in eye length and eye eccentricity . Table 3 presents stress values

for this subset. The pattern of stress is typical for all of the data

presented here: the Eucl idean metric generally provided configurations of

lower stress for a given number of dimensions than the City—Block metric.

The stress va l ues i n Table 3 also fail to demonstrate an “el bow’ or a
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Table 3

Stress Values for First Subset of Faces*

- 
- 

Metric Number of Dimensions

1 2 3

I Euclidean .23 .16 .10

CIty-Block .23 .20 .14

*Stress values are averaged across three subjects.

~~~~~~~ •~~~~~ — — - • - • .—— —- - .-- -,-- —~~ —-- -~~~—~~~~~ -—— — - - - -  * --  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ *
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dimensional i ty beyond which increasing the number of dimensions fails to

produce a signifi cant reduction in stress. This is al so typical of all the

configurations. Thus, this particular aid to interpretability cannot be

utilized. Two interpretable dimensions were recovered from the subset of

spaces. Figure 9 shows the two dimensional solution , for a typical subject

i n  a Euc 1iC~an space for faces varying in eye length and eccentricity. The

horizontal dimension is length and the vertical is eccentricity. Thus,

numbers connected by solid lines represent stimuli with the same eccentric-

ity, and numbers connected by dashed lines represent stimul i with the same

length. If the two dimensions were perfectly noninteractive , the lines

connecting the stimuli would fo rm a rectangl e, with the solid lines perpen-
-

• 
dicular to the dashed lines. The departure from perpendicularity is due

• largely to two factors : One is simply noise, shown by the non-systematic

distortions . The second is the fact that physically similar eccentricity

intervals were perceived as smaller in shorter eyes than longer eyes. This

is shown by the divergence of horizontal solid lines from the fi rst to the

second eye length groups. (i.e., the groups in the left side connected by

dashed lines). In addition, although all length i nterval s were physically

equal , the perceived difference in length between the two shortest eyes

(number 1 and 2 or 6 and 7, etc.) was much larger than between ~hy other

pairs of eyes adjacent in l ength.

A second subset of faces that were examined included 25 faces that

varied in mouth curvature and nose length. Table 4 lists stress as a function

of dimensionality for the two metrics. Again , the Euclidean metric gives

lower stress than the City-Bl ock. In this subset of faces , three inter-

pretable dimensions were recovered; nose length , mouth curvature, and mouth

length . Mouth l ength was a function of the mouth curvature parameter since

the length of the mouth is defined as an arc of a circle whose radius is

determi ned by the curvature parameter.
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Table 4

Stress Values for Second Subset of Faces*

I Metric Number of Dimensions

1 2 3

Euclidean .37 .19 .10

• City-Block .37 .20 .13

*Stress values are for a typical subject 

- • •

_ _ _ _ _ _ _ _ _  -5 - •~~~~~~~~~~ - * -
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Figure 10 illustrates nose length along the vertical axis and mouth

curvature along the horizontal. Again, this plot is for a typical subject

in Euclidean space. Numbers connected by the solid lines represent stimul i

with equal mouth curvatures. Physical nose length increased through stimul i

one , six , eleven , s ixteen, and twenty-one, and similarly for corresponding

groups. There were no departures from this ordering in perceived length.
• The groups beginning with stimuli one and two had frowning mouths , the

stimulus three group had flat mouths , and the groups beginning with four

and five had smiling mouths. The reversal in  the ordering between groups

one and two, and four and five occurred for the following reason. Groups

one and five were extreme in the curvature parameter , so the mouths of this

group were formed from smaller circles. Thus, the lengths of the mouths of

* 
groups four and five were proportionally equal , but absolutely smal ler , than

those of groups two and four. The mouths are perceived as less extreme in

emotion. An examination of the mouth lengths shown in Figure 4 will confi rm

this impression.

Figure 11 examines the effect of mouth length more closely. The

hor izontal dimens ion i s nose length and the ver tical represents mouth

length . The numbers connected by solid lines represent groups of faces with

increasing nose length and constant mouth length.

A comparison with Figure 10 for the same stimuli indicates that the

group beginning with stimulus three has moved to the extreme of one of the

dimensions. The mouths of the stimulus three group are flat and long.

While they are intermediate in value for mouth curvature , they become

extreme when mouth length is bei ng considered . The mouths of groups two

and four are intermediate In l ength , and position in Figu re 11. The shortest

mouths are the groups one and fi ve. The plots of these stimul i using the

_ _ _ _ _ _  
_ _ _ _ _ _ _ _ _  
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• 

• 
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City-Block metric are generally noisier and less interpretable.

The same subsets of stimuli were tested in an upside down orientation.

The mul ti dimens ional scal ing plots for the upside down faces showed no

significant differences from the plots for the normally oriented faces.

El1ips~s - The similari ty data for the ellipses were analyzed for up

to five dimensions . Data were obtained from six subjects and analyzed for

five of those. The results presented here are from two of the more inter-

pretable configurations. Table 5 presents stress as a function of dimen-

sionality for the Euclidean and City-Block metrics for two subjects. As

with the other displ ay types, the Eucl idean metric general ly gi ves lower

stress values than the City-Block metric. Al so, the stress does not seem

to stop decreasing significantly as dimensions are added . Theoretically,

five or more dimensions are necessary to adequately describe the psychological

space. However , three of the five subjects presented only one interpretable

dimens ion, that of eccentricity. The other two subjects who will be discussed

here , also gave eccentricity as a very strong dimension. In addition , their

configu rational output yielded one or two other dimensions that are of

interest.

Figure 12 shows the two dimensions obtained from Subject 3. Eccen-

tricity is represented along the horizontal axis and area of the ellipse is

represented along the vertical . The four clusters of physically identical

eccentricity groups are typical of subj ects ’ data , regardl ess of the second

dimension. Also typical is the large gap between the right and left eccen-

tricity clusters , into two qualitative groups of round vs. long shape.

Pairs of stimuli are connected by solid lines in Figure 12. These pairs

represent stimuli of the same area and eccentricity differing on position

and orientation. The particular close groupings of the stimuli within the

A
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• Table 5

Stress Values for Elli pses*

Subject Metri c Number of Dimensions

2 3 4 5

-

• 
3 Euclidean .12 .08 .06 .04

City-Block .13 .12 .09 .08 ~- -

5 Euclidean .21 .13 .09 .07

City-Block .23 .17 .12 .10

*Two dimensions were interpretable for Subject
3, and three dimensions were interpretable for
Subject 5.
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pairs is impressive here because the subject claimed to be using only “s ize ”

an d “shape” in making his judgments. Since the dimensions on which the

stimuli within a pair differed, namely orientation and position , were
• specifically not incorporated in the j udgments , one would expect the pai rs

to lie close togehter.

A final point to notice about Figure 12 is the apparent interaction

between the area and eccentricity dimensions. The group of ellipses that

are extremely round in shape are more “sprea d out” along the eccentricity

axis. Similarly, wi thin the cluster of the round ellipses , the pairs exhibit

more spread along the area axis with 1-31 being the smallest and 7—25 the

largest. Physically equal size differences were perceived as greater wi th

round ellipses than long ellipses. This interaction is reminiscent of the

eye length by eye eccentricity interaction described in Figure 10.

Figures 13 and 14 present the three dimensional configuration for

Subject 5. This subject claimed to have noticed and used five dimensions

in his judgments. However, only three were interpretable. Figure 13

presents eccentricity along the horizontal axis and vertical position in

a square along the vertical axis. Again , notice that the stimul i are

clustered into two eccentricity groups. The four groups defined by the

physical manipulation of eccentricity are not as clear cut as in Figure 12.

The vertical position dimension also splits into two groups: those stimuli

above the axis were in the two high positions on the screen, an d those

below the axis were in the two low positions. The same split i nto two

groups accordi ng to left and right position on the screen is apparent for

the hori zontal position dimension plotted against eccentricity .

Figure 14 presents the two position dimensions. Horizontal position

is along the horizontal axis , and vertical position along the vertical axis.

It Is generally tr~ie that the position of the stimuli can be described by 

-- — - — -~~~~~~~~~:i~~:~~~~~~~~~~~~ ______  - • ~



36

0) —
to4) 0

~~0
(1)

‘Cl >
4--’
(U rJ
•0-:1

UI

t
(4) (0 (0

I-
C~sJ U) (

~4 C~.J —e.j .- ‘- ~~~~ .—c.J 4-
(‘4 4’) —

0 (‘J ‘I—
0 ~~c••.J p— 

5
5- cN. 0

C 4)
0

•.- C-.I— 4) C— 
~ 0
,- ,—

— 0 ( 0
UII-

— ci~‘0 4)0~t (_) -
~ C C.-. 
0 0 0) • •.z LU ,.-

~~~~~~~ 

.

C S.~0) 0. to~~ NOIJ.ISOd 1V3I .L~3A S. —C’) — 
(Cl

UI U
(U .— .—1% 0 (U 4)p.- 

— S. >- S..N. 
.~~ ~~~ C)w 4) •..

(‘4 o
(U . (U
.C S.. .z(‘4 U) 4.) ~ ) 

~~— CIg) 
0 ‘4— Cl) C-)(4) 

0 o c
0 0

c~J LU —0~i (0.v
C •(4) 
(0 Lt 5-

‘0c — l~,o 0 C-
U) (U 

~~~Co .0 to
— ~~
UI U) C
C
(U E .c
E 0 4-)

S.
~~~ ‘4-

In C~
~~ 0
U) ~~~-

Cl) . -
5- ‘— 0

~~ C) 0.
-P-
U-

- - ---* --~~~~~ -~~~~~-~-- ~~~~~~~~~~~~~~~~~~~ • —- • .4

~ 



37

U)
C)
U) U)
0. C) C)
-.- .C 0
— 43
I-
0) 0) — U)

C C)
0) 0 4-~ 0

I— (0 C
4.3 (0

C-
C (U (‘4
O C) 0

4.) (
~(0 C

4.) C) ~~(0 UI C
0) 0

• S.- •.- ..-
>) 0. U) 4.)

U) 4-~ C) C II)
(‘4 •.- S.. C)

4) S~ E 9-
.C (0 U) -I- 0

• 0) — — 0
• •, 4.)

S.. E Q) 0
S.. C)

U) ‘0 5..

• I— 
~~ (U C)

• (U C- > U
— .C U) 0 to

— -‘ 4)
CV) U) C) 0) 0-
(‘4 c’-J U) 5- C 5.. U)

• 0 — — 0 4.) .
~~~s.c 9- 0) E

— C
C-s C •.- F- C)
— 0 .cN. •.- C 4)

43 0 -

• ~~ 
-I- — 5-

(4) — 4’ 0 0
4 (‘4 0 ~ U 4-
4 Cs) (4) U) U)

0 4’- (4) 
0) ( N. ~ 0. 5- 0-
•.- I c., 0 ‘0 (U (U

V •.— 43 (U (U
• .~~ U) C

• C 0 4.3 C
CSJ C) N C)

• E -‘- 0) (U
0 .,

~~ 5. C 5-
— 0 0 0 0

csj — (I)
4- C) (0

(U • (U
S.. C C .C

— C’) . 0 0 .
~~‘4-) •r- n-

• s.c U) 4) 43 C
• U) c.~ 0) ‘0 -‘- 0

N. .C 4) U)
I— 4’ C) 0 (I)

5.. 0. 4-) .
(‘4 ‘4- 0- C

0 1- r
CI ‘0 5.

C’) 4) U 0
C •.- to

0 -.- 4 ~~

(U 0 “ > —
(‘4 (0 40

U) 0 C 4)
C I— 40 (0
o 0.

• U)
U) • UI
C U) •.- S..
(U ‘C ~~
E 4-) (0 0
.,- U ‘4-
0 0) —•1~•) 40 0)

.0 4.) .C
• - C 4)(n 0

I.— .‘~4 (UE .0
0) 0 5.. ~~-
5.. 5- 0 5.

• ~ ~9- .C Ua,
.4-
U-

- —~- - • • — ~----*—-•-- - - — -  • -----—-- --— ~~~---— • - --—
~~~~

--- — U--—— •- • __~~~ _ • _~___ -_- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



38

• their placement within one of the four quadrants formed by the two axes .

The only misplaced points are numbers 22 and 8,which should be moved

counter-clockwise into the adjacent quadrant.

Vector Group~ - Tabl e 6 presen ts stress values for the three polygon

display types as a function of dimensionality for the Euclidean and City-

Block metrics. Again notice that the Euclidean metric generally provides

lower stress, but agai n without a noticeable “el bow” in the values. The

high stress val ues place the configurational “fit” at somewhat less than

good limiting the interpretability of the configurations. No more than

three dimensions were interpretabl e for any display type, so the three

dimensional solutions were given the greatest attention.

One feature that was abundantly clear over all the experiments was

that the subjects were not simply basing their judgments on the lengths of

the vectors of the figures; that is , the jud gmen ts were not in an y simple

4 way related to the physical descriptions of the figures in the terms in

which they were created~. Instead the overa l l con figura tion produce d was

the major determining factor. The type of configuration produced by the

same combination of vectors changed dramatically depending on whether the

stimul i were part of the spokes, polygon, or combined display type.

Subjects in genera l seemed to be qu ite sens iti ve to whi ch pa i rs of

stimuli could be brought into congruence through rotation , or rotation and

reflection. They tended to cluster these pairs of stimuli. Looking for

clusterings of stimuli In general turned out to be a more fruitful approach,

In terms of Interpretability , than attempting to interpret dimensions per Se.

In fact , the polygon subset presented in Figure 16 Is the only set of

axes that can be interpreted . The others, Figures 15 and 17, are best

described with the use of clusters of pairs of points. For example , Figure

15 presents a two-dimensional solution for the similarity data for spokes.
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4

Table 6

Stress Values for the Vector Group*

Disp lay type Metric Number of Dimensions

2 3 4 5

Spokes Euclldean .27 .17 .13 .10

City-Block .28 .20 .14 .11
- 

Polygons Euclidean .19 .14 .09 .07

• City-Block .21 .15 ---
Combined Euclidean .27 .20 .15 .12

• City-Block .28 .22 .18 .14

• *Stress values are for three typical subjects. 
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The pairs connected by sol id lines are those that can be ro tated and /or

reflected into congruence. Examples are given for group II , which required

only rotation, and group III, which needed both rotation and reflection.

Pairs of stimuli that could be brought into congruence in this manner

generally had smal ler resulting interpoint distances than pairs that could

not be brough t i nto congruence but were made up of the same components.

j FIgure 15 also illustrates another important configurational aspect of

the spokes. Stimul i that were very nearly size transformations of each

other (i.e. , which varied by 1 uni t  along each of four dimensions as from

13333 to 14444, or 31134 to 42244 ) were judged as highly similar, and often

were clustered in the plots. An example of this is group I in Figure 15.

Thus size of stimu li was tak en into accoun t, but in the context of the

entire configurat ion it was used to group similar—shaped stimul i rather

than spread stimuli out along a size dimension .

Figure 16 represents two dimensions recovered from the polygon group.

Aga in , overall qualitative configurational aspects appear to be the most

salient attributes of the displ ays. Spatial “exten t” of the display is

represented along the hori zontal axis, and “squareness ” along the vertical .

Several distinct clusters also emerged. Stimulus #1 , shown in the figure ,

was the only regular polygon and also the smallest figure. It was seen as

widely different from all other stimuli. In addition it was part of a

widely dispersed cluster , labelled I, which could be described as small and

regular. Several other clusters were describable in the pl ot. These are

listed with Figure 16. The clusters seem to arrange themselves along two

dimensions . One dimension , termed extent, has to do with the size and

el ongation of the figures. The other dimension has prototypical figure

types as extremes: triangularity vs. squareness.

I
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Configurations for the combined displ ay in two dimensions are presented

in Figure 17. No clear dimensional i nterpretations were apparent; however,

the stimul i again tend to cluster in various ways. The clusters include

configurational aspects of the spokes such as size transformations (groups

• I and II) and rotation/reflection congruence (group III). The clusters also

include aspects of shape and regulari ty demonstrated with the polygons.

Group IV is triangular and large and Group V is smal l and regular.

Several subjects comented that an attribute of depth seemed to emerge

spontaneously wi th some stimul i in the polygon and combined displ ay types.

However , there is no systematic evidence of this attribute in any of the

recovered scaling plots. This is probably due to the arbitrary nature of

the polygons for providing a property of depth since there was no systematic

attempt to generate polygons with the idea of manipulating the degree of

salience of the emergent depth attribute.

It is apparent from the preceding discussion that the speci fications

for the physical dimensions used to generate the vector group are inadequate

for determining the rules of psychophysical correspondence for these three

display types. We have been forced to describe the psychological space in

terms of qualitative shape variables . Conceivably, it would be possible to

specify the obtained psychological attributes In ten’~ of quantitative

combinations of physical dimensions. At this point, however , the specified
physical dimensions simply do not reflect the complex configurational

aspects of the displ ays which present themselves as psychologically very

sal ient and compelling attributes.

GENERAL DISCUSSION

The major conclusion that can be made from the data presented in this

report is that the simplest multidimensional scal ing techniques of the kind

described here are not diagnostic for determining the dimensional structure
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of complex displays of high dimensionality. This conclusion is based on

a number of aspects of the availabl e data:

1) The similari ty ratings given for all - displays types by all subjects

• were fit better (in terms of lower stress val ues) by the Euclidean rather

than the City—Block metric. On the face of it , this would lead us to conclude

that all of our displays were unanalyzable; a conclusion that is not

intuitively compelling.

2) The most Interpretable and useful set of data was obtained with

the subsets of faces which were allowed to vary on only two dimensions at

a time. The two physical dimensions were readily recoverable in the

psychological space. In addi tion, it was possibl e to note the existence of

interactions between dimensions , and the potential for the effect of emergent

dimensions. -

3) The data was much less clear and open to interpretation when 5-dimen-

• sional displays were investigated . With the polygon figures it is particularly

apparent that the input physical dimensions were not recoverable in the

psychological scal ing plots . Instead , confi gurational aspects such as shape

and regularity emerged. It is obvious that a much more complicated

combination of physical variables is necessary to determine the psychophysical

correspondence between physical dimensions of the polygons and their

psychologically perceived attributes.

4) The ellipse data demonstrate several problems with the multidimen-

sional scal ing technique that may prove insurmountabl e for its use as a

diagnostic technique in this context. Subjects have a great deal of difficulty

in  dealing wi th five dimensions when making similari ty judgments. Consequently

their j udgments can contain an unacceptable amount of noise that contri butes

to the non-interpretability of the data. Another di ff iculty lies in the fact
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that multidimensional analysis programs were designed to operate with one

metric to describe the dimensional structure 0f all the dimensions comprising

a display. Thus if a displ ay is composed of combinations of integral and - -

separable dimensions , such a structure will not be readily described with

traditional multidimensional scaling programs. 
-

There are both practical and theoretical implications of our concl usion

that simple forms of scal ing analysis do not determine the dimensional 
-

structure of complex displ ays. From the practical side , i t  was our purpose

in conducting these studies to arrive at psyc hophysical data that would

be predicti ve of important performance measures such as reaction time or

information transmission . In other words, in deal ing with tasks that invol ve

encoding information from complex displays we would rather not have to

rely on simply cataloguing the performances themselves. We would rather

prefer to predict performance on the basis of the psychophysical characteristics

of the displ ays. It was our belief on the basis of existing lite rature that -

simple scaling techniques and the metric that results from them would

indicate the independence of the processing of information across dimensions.

While the data in this report indicate that this bel ief is i ncorrect , we

cann~’t give up our goal of specifying the psychophysical structure of

multidimensional displays for the purpose of prediction. Rather, we must
turn to more complex and more useful modes of psychophysical analysis. In

particular , we must turn towa rd analyses that more di rectly spec ify the
mapping of known and manipulable physical displ ay dimensions into psycholog-

ically perceivable attri butes.

Analyses of this type have been developed and are descri bed in Somers

and Pachella (1977). The successful representation of comp lex information

in an integrated display depends on the knowledge and exploitation of

naturally occurring interdimensional relationships. Sets Of dimensions

_~~~~~~~~~~
__

~~~ S • .SLA L ~~ — h~a t ~~~~~_



47

vary in separability, the extent to which the perception of each dimension

is i ndependent of co—occurring dimensions. Nonseparability due to integrality
.4

among dimensions can be distinguished from nonseparability due to masking

• and distraction. Integrality may result from two separate types of dimen-

sional relationships , interaction and combination. The former is a general

form of interac-~ion whereby the appearance of one dimension Is modified by

the presence of a second dimension when the subject is cal led upon to judge

the overall similarity of two displays. This form of integrality can

usuall y be detected and analyzed with ordinary multidimensional scaling

techniques. However , combination invol ves assessing whether or not a

subject can compensate for this interaction when cal led upon to do so.

This form of integrality can only be detected by means of multidimensi onal

scaling under appropriate instructions to the subject and in comparison to

scaling configurations that are obtained using regular multidimensional

• scaling techniques.

Either of these forms of integrality could be present regardless of

the form of the scaling metric (either Euclidean or City-Block). Additionally,

the specification of which form of integrality is present is important since

combinatior potentially would have more drastic consequences than interaction ,

since it can only be overcome by connecting the physical displ ay variabl es

themselves. Thus, multidimensional scaling, when used appropriately, can

4 be a valuable resource in diagnosing the dimensional structure of complex

integrated displays.

From a theoretical point of view , the present data demonstrate the

• inadequacy of identifying the scal ing metric too closely with a mode of

perceptual processing. The previous literature, most notably Garner (1974),
has equated the presence of the City-Block metric with separable dimensions

and the Eucl idean metric wi th integral aimensions. The present data ,

-~ - •~~ 
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together with the analyses developed by Somers and Pachella (1977) indicate ,

however , that integrality is a function of the mapping of the physical

dimensions into psychological dimensions rather than being a property of

physical dimensions themselves. The key feature that needs to be understood

with regard to defining integrality is simply the ability of subjects to

separate out independent sources of information from the perceived stimulus

array. This can only be done if the physical display dimensions are compatibly

mapped into the attributes that define the psychological space . Therefore ,

these mappings need to be carefully specified for any display for which one

would attempt to code information from any applied setting.

I I
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