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) The second section ~t 1l~.—e.,.. 4~.xamines the effects of al ternative
solution strategies used by subjects on spatial tests. Some of th. major
confusions in the factor analytic studies are shown to result from
individuals solving spatial. problems in diffsrent ways. In addition to
reviewing th . literature on this topic , some new data are presented and
discussed .

~~h. third section revi.ws the relationship between speed , level ,
&nd complexity in test performance. The speed—level dimension is shown
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Implications of this research for chronometric studies of spatial ability
are also discussed. It is argued tha t individual differences in speed
may be largely independent of individual differences in level, especially
on spatial tasks. 

~/Finally, the fourth section summarizes the conclusions and implications
of the review for future research on spatial ability.
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PR.EFACr

Th is rev iew was i n i t i a l l y  conceived a~ a short summary. We were

plannin g some experimental studies on individual differences in spati al

thinking, and merel y wanted to understand the •nd point s of th. factor

analytic research on spatia l ability. But in attemptin g to summarize this

work, it qu ickly became appar ant t ha t there ware as many endpoints as

investigators. Th. only way to integrate the research was to reanal yze

th. studies from a common theoretical per spec t ive . The most important

quest ions this review attempts to answer are : “Wha t are the major dimen—

stone of ind iv idual differences in spatial abilitv ’°’ and “What are the

imp lications of this res.arch for a process understand ing of spatia l

abil ity? ”

It is appropriat , that this review be issued as an ONR Technical

Report , as many of the studies reanal yzed herein were sponsored by the

Offic . of Naval R oAea r ch (e.g., Thurstone , 1951 ; Hoffman , Cuilford ,

Ho.pfnat , S Doher ty , 1%8’I . Whit. future research on aptitude will he quite

unlike th. studies reviewed in this report , it is important to understand

the contributions as well as the limitations of this literature. We must

begin again , but not from th. beginn ing. The correlationa l studies

prov ide a rough map of the te r ra in  and a fertile ground for new hvpothest~s.

But many of the probl ems that undermine the correlational literature are

problems the new research on aptitude must also confront. 1~nlv by under-

stand ing the contribu t ions and limitatio ns of this older research can we

avoid repeating the same mistakes or know if our new aptitudes are anv th in~
like the old ones .

This review is part of an ongoing research project aimed at understand-

ing the nature and importance of Individua l d i ti te ’rences in aptitude for

learning. Requests for information regarding this projec t and for copies

of this or other technical reports should be addressed to : ~~~~~~~~ .
~~~~~ 

‘
•~~~ 7’

Profes sor Richard E. Snow , Pr inc ipa l  Inves t iga tor  I 

~~~ •~~~~~~~~~~ -~~~~~~~

~~~ Aptitude Research Projec t ‘

School of Education - 
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— 

~ 1 ;

~~~~~~~~ i~~- _ •~ :~ ~;I I’I ~ t ~~~~~~~ •~-1--I 
_ _ _ _ _ _ _ _ _ _ _ _-

~~~~~~~~~~~~~~~

- - - - /~1 I -



~~~
—w-_

~ -—-- ~----•- .- -r

TABLE OF CONTENT S

PREFACE • ii

LIST OF TABLES v
LIST OF FIGURE S vii
Introduction 1.
REVIEW AND REANALYSIS OF CORRELATIONAL STUDIES OF SPATIAL ABILITY  .   4

The Hierarchical Perspective 4

Hiezarchical. Models 4
Hierarchical Factor Metbods 5

Early Work 7

Thurstone’s PMA Study 8

Thurstone’s Analysis 8
The Zismierman Reanalysis 10
A Reanalysis of the Spatial Tests 14
The Holzinger—Harman Reanalysis 17
Hypotheses about the SR—Vz Distinction 20
The Wrigley, Saunder s, and Neuhaus Reanalysis 23
The Spear man Reanalysis 26
A F inal Compar ison 26

The Hoizinger—Swineford Studies 29

Holsinger and Swineford (1939) 30
Swineford and I1olzinger (1942) 33

The AAF Work 37

Reanalysis of the Perceptual Battery II Spatial Tests 38
The Sheppard Field Battery Analysis 44
Reanalysas of the Sheppard Field Battery Spatial Tests  .   48
Rypotheses about the SO Factor 53
Comparison of AAF and Thurstone Space Factors 56

Thurstone’s Lacer Work 60
The Thurstone Perceptual Battery 60
The Thurstone Mechanical Aptitude Battery 67

Guilford’ s Postwar Work  84
Michael, Ziimnerman , and Guilford (1950) 84
Michael, Zimmerman, and Cuilford (1951)  89

Spatial Abilities in the SI Model 97

The Figural Cognition Battery 97
• Evaluation of the St ?bdel 116

The Upper Levels of the~Hierarchy 120

Hierarchical Versus Gf—Gc Theory 120
The Horn and Cattell (1966) Study 121

~~~~ IF [ III 
- ~~~



Conclusions • 126
Major Spatial Factors • 127
Types of Spatial Transformat ions 128
Underlying Dimens ions 128
Spearmmn Revisited 133
The Value of a Common Perspec tive 135

SOLUTION STRATEGIES ON SPATIAL TESTS 136
Early Work 136
Barratt 136
The Meyers Studies 138
The French Study 140
Yalow and Webb 142
Other Studies 143
Some New Data 144
Conclusions 149

SPEED AND LEVEL 151
Speed and Level Def ined 152
Experimental Methods 152
Estimating Test Speededness 153
Part—Whole Correlation Studies 154
Correlating Correctness with Time to Finish 155
Items Attempted as Speed 163 -‘

Time for Correct Responses as Speed 172
New Directions 173

The Egan Study 173
Factors Affecting the Relationship between Speed and Level .  . 178
Latency and Correctness as Dependent Variables 180
Estimating the Correlation between Speed and Level 183
Implications for Speed Factors 185
Implications for Research on Aptitude 185

Summary and Conclusions 186

GENERAL CONCLUSIONS 188

Spatial Ability 188
Solution Strategies 190
Speed—Level 192
General Comments 193

REFERENCES 195
Footnotes 204

iv



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

LIST OF TABLES

Table

1. Tests Loading on the Space Factor 9

2. The Spat ial Relations Factor 11

3. The Visualizat ion Factor 12

4. Two Factor Solution for the 14 PMA Space Tests 16

5. General and Space Factor Loadings of the 14 PMA Space Tests 18

6. Residual PMA Correlations After Removing General and Group
Spatial Factors 21

7. Factor Analysis of Holzinger and Harman (1938)
Residual Correlations 22

8. Summary of General Factor Loadings. Bipolar , SR— Va Factor
Loadings, and Speededness Estimates for SR and Va Defining Tests   25

9. Variance in the 14 Space Tests Explained by Each Factor 27

10. Contributions of General, Space, and All Factors to the -

Total Variance 28
11. General and Space Factor Loadings for the Six Spatial Tests 32

12. General and Space Factor Loadings and Residual Correlations
for the Six Spatial Tests 35

13. Bipolar Factor for Residual Space Test Correlations 36

14. Test3 Loading .35 or More on Spatial Factors Identif ied
in the AAF Studies 39

15. Unrotated and Variinax Rotated Factor Matrices for a
Reanalysis of the Spatial Tests in Perceptual Battery II 42

16. Tests Defining Selected Factors in the Shepard
Field Battery Analysis 46

17. Shepard Field Battery Reference Cluster Intercorrelations , and
Correlations Between Selected Tests and Reference Clusters 50

18. Average Cluster Correlations for the Shepard Field
Battery Reanalysis 52

19. Fa,.tr t Analyses of Shepard Field Battery Reference
Cluster Correlations 54

20. Speededness Estimates for Tests in the Shepard Field
Battery Reference Clusters 57

21. Raw and Residual Correlations Between Shepard Field Battery
Reference Clusters and AlIT Spatial Relations Tests 59

22. Tests Loading on Selected Factors 61

23. Simplified Oblique Factor Pattern Matrix for the
Mechanical Aptitude Battery 68



. - --

LIST OF TABLES (continued)

Table

24. First Order Factor Correlations 69

25. Orthogonal, Hierarchical Factor Structure Matrix for the
Thurstone kl9Sl ) Mechan ical Aptitud e Battery 81

26. Correlat ions and Facto Loadings of the Six Spatial Tests 86

7 . Factor Matrices for tne Reanalysis of Michael ,
Cuilford , & Z imme rman (1950) 88

28. Factor Mat r ices  f~ r Males for  Reanal ysis of Mi chael ,
Zimmerman & Guilford (t951~ 94

29. Factor Matrices for Females for Reanalysis of
Michael , Zimmetman & Cuilford (1951) 95

30. Figural Slice of the St ructure of the Intellect Model 98

31. Princ ipal Component Factor Structure Matrix after Varimax
Rotation for the Figural Cognition Battery 100

32. Varimax Rotated 22 Factor Maximum Likelihood Solution
for the 4.e Variable Matrix 107

33. Primary Factors , Abbreviations, and Tests 123

34. Means, Standard Deviations, and Intercorrelations of
Marking Indices and Scores on the Three Spatial Tests 146

35. Correlations between Selected Reference Variables and Paper
Folding Marking Indices (N—123), and between Paper Folding
Total Correct and Selected Reference Variables for Less
(N—62) and More (N—61) Marking Groups 147

36. Median Raw and Disattentuated Correlations
Between Speed and Level 157

37. Zero—order Correlations , Beta Coefficients , and Multiple
Correlations in the Prediction of Time Limit Scores (T) from
Speed (S) and Level (L) Scores 160

38. Rotated Principal Components for the Davidson & Carroll
(1945) Data 161

39. Average Speed , Level, and Reference Test Correlations 165

40. Average Spatial Test Correlations 167

41. Average Within and Between Session Correlations for Latency
and Correctness for Three Experiment 1 Spatial Tests 176

42 .  Average Correlations for Latency and Correctness on
Three Experiment 2 Spatial Tests 176

I

vi



r~ a

LIST OF FIGURES
Figure

1. Spatial tests in the SR—Va factor space 13

2. Rotated factor  loadings for the 14 spa t ial tests 15

3. Spe.dedness versus bipolar factor loading for
— the 14 spatial tests 24

4. Rotated factor loadings for the reanalysis of
Perceptual Battery II 43

5. Two dimensional scaling of spatial tests 66

6. Clustering of the disattentuat id correlations by
the diameter method 72

7. Multidimensional scaling of the mechanical aptitude battery 74

8. Diameter method hierarchical clusters superimposed on
the scaling of the Mechanical Aptitude Battery 75

9. Clustering of the first and second order clusters
by the diameter method 79

10. Two—d imensional scaling of the ten first order clusters 80

1.1. Clustering by (a) diameter method , and (b) rotated factor
loadings superimposed on two dimensional scalings of the
male data 91

12. Clustering by (a) diameter method , and (b) rotated factor
loadings superimposed on two dimensional scalings of the
female data 92

13. Two d imensional scaling of the 44 variable matrix 103
14. Diameter method hierarchical cluster analysis of 44

variables from the Figural Cognition Battery 104

15. Principal components superimposed on the scaling of Figure 13,
excluding divergent production tests 105

16. Diameter method hierarchical cluster analysis of 60 variables
from the Figural Cognition Battery 110

17. Two dimensional nonmetric scaling of disattenuated
correlations from the 60 variable Figura]. Cognition Battery ill

18. Three d imensional nonmetric scaling of disattentuated correlations
from the 60 variable Figural Cognition Battery 112

19. Median general factor  loadings of the 23 SI abilities
identified by Hoff man , et al (1968) 118

20. Two dimensional scalings of the Horn & Cattell (1966) data,
(A) clustered by Horn & Cattell factor analyses , and (B) cluster
in two or three different analyses 124

21. Proposed two dimensional scaling of spatial ability factors 130

22. Relating spatial tests and factors to process,
speed, and complexity 132

!~~~ JI1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



—

- -

LIST OF FIGURES (continued)

~~‘ . Average method clusters superimposed on two dimensional
scalin g of the Davidson & Carroll (1945) data 162

24. Plot of spatial teats for (A) the princ ipal components
reanalysis and (B) two spatial factors in Lord ’s (1956)
solution 168

25. Two dimension scalings c (A) r ights  and (B) wrongs with
average method clusters superimposed 171

2A . Task complexity by ability. Meaningful latency data
in solid boxes 182

27. Hypothetical plot of response latency versus item complexity
for one subject 182

28. Hypothetical regressions of response latency on item complexity   .184

-‘I

I

-

~~~~ -• . 

Till 
••___ i _~~~~~~~~~• _ . •  - - •—  —.-- -- ---—-. - -- - - - - • - - -



Introductio n

Research  cii a p t i tu d e  fo r  learnir .g has entered a new era. Ins t r u c t i o na l

s tu d i e s  have e s tab l i shed  th a t  i nd i vi d i ~~l d i f f e r e nc e s  among l earne r s  o f t e n  i n t e r —

act  w i t h  i n s t r uct i o n a l t r e a t m e n t  v a r i a b l e s  (Cronbach  and Snow , l ’~7 7 ;  Snow ,

l97~~~. Muc h of t h i s  work has als - unde r sco red  the need f o r  deeper , mor e process-

or ien ted  unde r s t and ing  of the  psyc h o l o g i c a l  na tu r e of a p t i tu d e s . C o g n i t i v e

p s y c h o l o g i s t s  have begun the  exper imenta l a n a l y s i s  of ind iv idual  d i f f e r e n c e s  in

i n f o rm a t i o n  process ing , and the re  is now reason to  hope tha t c o o r d i n a t i o n  of

these l ines of work  w i l l  lead to p r oce ss  theor ies of a p t i t u d e f o r  l ea rn ing  f r or ’

i n s t r u c t i o n  ( Snow . 1978) .

One kind of ap t i t u d e  o t  p a r t i cu l a r  i n t e r e s t  in both  i n s t r u c t i o n a l and lab-

or a t ory  research  has b een  s p a t i a l  a b i l i t y .  Tha t the  d i f f e r e n c e between spatia l

and verba l apt itudes would interact with instructional treatment s emphasizing

one or the othe r form of repr esentation has been a popular ATI hypothesis. But

results have been conflicting and unsatisfactory largely , it seems , beca use our

understanding of spatial tests is inadequate. Further , it is not clear just

wher e and how spatial abilities fit into current structural models of ability

organization or how they Jiffer from verba l abilities in process terms I,Snow ,

l97S’~. Recent experimental researc h, however , has begun to d emonstrate that

spat ial pro cessing appears to be f undamenLot v Jifferent from verbal—symbo l ic —

sequentia l processing (Cooper and Shepard , l 9 o~~. Newer research tha t seeks a

process understand ing of ind ividual d~~fferenc 
.
~ in spatial abilit y would benefit

‘on a clearer understand ing of the end roints of the psychometric tradition ,

specifically the number , nat ure , and apparent psycholog ical Jifferences between

the various spatia l tests and theIr factors. There is thus good reason to re-

exam ine past research on ind ividua l differences in spatial ability wit h the new

concepts and data techniques now available. This repor t, then , rev iews and

reanalyzes pas t findings to clarify the nature and measurement of spa t ia l ability .

The report is div ided into four sections. The first and longest part roth—

terprets the major .Amer icin factor analytic stud ies on spa t ial ability in terr~s

of a hierarchical model of abilit y organization. British factorists have , for the

most part, interpreted their work from a hierarchical perspec ti ve , so no re inter-
preta tion of that work is necessary (see Smith , l9b.~, for a comprehen sive ~~~~~~~~
There are other reasons , however , for  bypass ing most of the British work. A

major goal of this review is to examine the nature of the minor space fac tors,

to determine how many there are and where they fit into the hierarchical model ,

and , if possible, to shed some light on the psychological processes whic h may

underlie their differences. British work hns paid scant attention to  the sub—

~~
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divisions of the broad group space factor , and so is only marginally related to

this concern .

On the other hand , American investigators , using mul t ip le  factor method s
• and following primary factor theories , have identified a number of d i f fe ren t

space factors. Thurstone (1951) claimed to have identif ied three, plus several

other s such as Closur e speed (Cs) ,  Flexibil i ty of Closure ( C f ) ,  Perceptua l Speed
(Ps) , and Kinasthetic (K) that correlated with  the three spac e fac tors  in vary-

ing degrees . Cuilford and Lacey (1947) reported four orthogonal space f ac to r s :

Visualization (Vz), Spatial Relations (SR or SI), Space 2 (S2) , and Space 3 (S3) .
But there are substantia l differences between these factors and those Identified

• by Thurstorte. Frenc h , Eks t rom , and Price (1963) listed three space fac tors :

Visualization (Vz), Spatial Orientation (SO), and Spatial Scanning (Ss) .  The Vz
factor was essentially the same as that identified by Cuilford . The SO factor

was a combination of Guilford ’s SR factor and Thurstone’s Si , while Ss was the

same factor Guilford , Fruchter,and ZitTunerman (1952) called Planning Speed . Finally ,

Cattell (1971) placed Vz in~ the second stratum of the heirarchy under the label

Cv (Horn and Catteli , 1966), and later, pv (Catteli , 1971). Cv was defined as a

second order factor combining the first order pr imaries for Cf , Cs, S, DFT, and

Vz. Further , the primaries that composed Cv were initially placed under Fluid

Intelligence (Gf), with Cf and Vz load ing strongly. Catteil recognized that corn—

piex spatial tests of the Vz and Cf sort measure Cf in par t , but forced them under

Cv nonetheless (see also Horn, 1976).

In short , there is much confusion in the American work on spatial ability.

Are Cf and Vz really different abilities? How do the Thurstone factors m ap onto

the Guilford factors? What elaborations are required by Guilford ’s (1967)

later work with the S t ruc ture  of the Intel lect  model , which posits thirty sepa-

rate abilities within the figural content slice of that model? Finally, where

do the replicable factors f i t  wi thin  a hierarchical model? Are Horn and Cattell
correc t when they assert that the various spatial primaries form a second order

factor that is largely independent of Cf and Cc?

Such questions simply cannot be answered by a typical “litany of the saints”

review of literature. The labels investigators have attached to their factors

are often more mislead ing than helpful. Identical tests appear with different

names in different studies, and tests with the same name are sometimes quite

different. More difficult to detec t are the subtle changes in test format and

administration that alter the factor ial composition of a test. Changing the

dependent measure from solution time to number correct also changes the factor •

2 
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r u c t u r e  ~ t a t c S L  . As w i l l  bec ome e v i d ent  • these “mi no r” changes in t e s t  t oi —

- j m a t  • admin [strat oil pioce dure s • and dependent  var iab le  can he t s  important as

d i t t er e n c e s  tu  t h e  sub j ec t p o p u l a t i o n s  and ran ge of t es t s  ~u~ored into the analv—

sis .  M o st  i m p o r t a n t ,  howeve r , a re  the u b i q u i t o u s  d i l f e r e m i c e s  in f a c t o r  extra c—

tion and rotatton crit eria used by different investigators , and even by the same

in v e s t i g a t or  over t ime .

The p o t e n t i a l l y  most s ig n i f i c a n t  cont  r i b u t  ion ot  t h i s  rev iei ts t he
• 

~• ef to rt to reanalv .~e and reinterpret the major American factor analytic studies

- 

— on spatial abilit y from a heirarchical perspec t ive . While some may quibble with

the utility of a hierarchical model it should be evident tha t  reanalyzing a host

o t  conflicting studies from some common theoretical perspective is the only way

to reach meaningful integration .

It is inpossible to rev iew every factor analytic study that identified a

space factor , as aost well designed test batter ies include at least a few spatial

• tests. Rather , this review concentrat es on those studies that were designed to

clarif y the natur e of spatial abilit y ~e.g., Michae l , Cuilford , and Zimmerman ,

• 1950), contained a particularl y Interesting combination of spatial tests (e,g..
. Thurstone , 1938), or supported important new models of abilit y organizatio n (e.g . ,

Horn and Cattell , 196b; H o f f m a n , Guilford , Hoepfner , and Doherty, 1968). Those

- • 
seeking a broader review of the educational , practical, and personality correlates

ci spatial abili ty are referred to Smith (1964).

- : The second part of this review examines the effects of alternative solution

strategies used by subjects on spatial tests. Some of the major confusions in

the fac tor analytic s tud i e s  are shown to r e su l t  from ind iv idua l s  solving spatia l

problems in different ways. In addition to reviewing the literature on this topic ,

some new data are presented and discussed .

The third section reviews the relationship between speed , power , and oomple~ —
- 

- 
it v in t e s t  performance. The speed—power d imension is shown to be cruc ially in—

- portan t for all f a c t o r anal ytic work , particular ly for the distinc t ion between

broad , general factors and n ar row spec it los. A method for examining the relation-

ships between speed , power , and complexit y is presented . It is argued that this

method has important imp lications both for differential psychology and for

cognitive psychology , and for attempts to coordinate the two .

Finall y , the fourth section summarizes the conclusions and Imp lications

of the previous sections.
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REVIEW AND REANALYSIS OF CORRE LATIONA L SI’JDIES OF SPATIAL ABILITY

• The Hierarchica l Perspec tive

Hierarc h ical_Mode1~
British psychologists have long advocated hierarchical models of ability

or gan ta ar i on . Spearman ’s early two factor theory  implied a crud e h ie ra rchy  with

“g” a i t t i ng a top a host of uncorrelated spec if i c  fac tors.  When group factors

we re ident i f ied  they were inserted between “g” and the specif ics .  Perhaps the
beat example of this sort of hierarchy can be found in the later work of Spear-

man ’s proteg. Holainger , using Hoizinger ’s bi— factor method of factor analys is

(e.g., Hoiz luger and Harman, 1938).

Hierarchical theories of ability organization have only recently gained

cred enc e in this country . Shortly after Thurstone introd uc ed his centro id method

in the Primary Mental Abilities stud y (Thurstone , 1938), mul t I ple fa ctor  theory
-

• 
captured American theorists ’ attention. Its popularity has continued to the

present; Guilford ’s facet model of abilities is the most rec ent attempt to keep

all cognitive factors on equa l footing (Guilford , 1967).

However , Thurstone himsel f initiated the first rapproachement between the

two systems when he Introduc ed the no t i on  of ob l ique  f i r s t — o r d e r  f a c t o r s .  The
mat r ix  of these f a c t o r  cor re la t ions could i t se lf  be fac to red  to extrac t one or

more second order f a c t o r s .  Cont inuing t hi s  process should eventually produce a

factor akin to Spearman ’s “g.”

Thurstone’s idea was never really pursued becaus~ higher order factors were

known to be unstable. Factor ists were pr essed to defend the psyc holog ical rea i -1 t y

of first order fac~~rs never mind factor s of factors. Besides ,mu l t i p l e  f a c t o r

theory allowed aspiring students the hope of discovering new factor s as important

as those alread y in the catalog. Thus the number of “primary ” factors climbed

from Thurstone’s seven to Guilford’s 120.

The most compelling argument for a hierarchical fac tor theory is parsimony .

Early defenders of the “separate but equal” theory had to r emember only a handful

of factors , and so hierarchical theor y was not really simpler or nx~re parsimon-~
b us. But French (1951) listed 59 factors in his monograph~ and Cuilford clain~~l

to have identified 98 (Gutiford and Hoepfner , 1971); parsi..cn~ is no longer
i r re levant .

The mor e recent formulations of the  h i e r a rch ica l  model place two or more

broad group fac tors between “g” and the narrow grou p factors. One such model

clus ters verba l abilities and educational achievement s together in a t a c t o t



labeled v:ed , while spa t ia l , practical , and mechanical abilities are clustered

under a factor called k:m. This model was initially proposed by Burt (see Bur t ,

1949) and was later revised by Vernon t1950). A more elaborate version was sug-

gested by Cronbach (1970). He split g into two broad group f ac to r s called Ver bal
‘ Analytic and Figura l Analytic . The v:ed factor was placed under the Verbal An-

alytic factor , whtle k:m was placed under the Figura l Anal ytic factor . These

factors were in turn subdivided and the process repea ted until only test specific

factors remained .

Another  i n f l u e n t ial a b i l i t y  model was proposed by Cattell (1957, 1963) and

la ter  modified by Horn (Horn & Cattell , 1966; Horn & Bramble , 1967) and Cat t e l l

(1971). The earliest formulation distinguished Fluid Intelligenc e (Cf) and

Crystallized Intelligenc e (Gc ) as two correlated , second order factors derived

from first order pr imar!es enumerated by Frenc h (1951) and French, Ekst rom , and

Price (1963).

Fluid ability was represented most strong ly by tests highly correlated with

Speartnan ’s “g,” such as Matr ices , Clas s i f i c a t i o n , Ca t tel l ’s “c u l t u r e — f a ir ” tests ,

and complex spatial tests such as Thurstone ’s Form Board . It was thought to

represent the major measurable outcome of biological factors on intellectua l de-

velopment . Crystallized ability, on the ot her hand , was defined by the Verba l ,

Reasoning , and Number primaries. It was thought to represent the crystaliza t ion

of fluid ability in specific achievement or skill areas, primarily through formal

education and cultural experience.

More recent formulations of the model have rel ied heavi ly  on a study by

Horn and Cat te l l  (1966) where three  other second order fac tors  were ident ified :
General Visualization (Gv), General Speed (Cs), and Genera l Fluency (Cr).

Neither the origina l Cf—Cc theory, nor its newer versions are truly hier—

archical theories. Even though the second order factors are oblique , the theories

deny that a third order factor is necessary. Cattell is p a r t i c u l a r l y emphatic
about this . On the other hand , Horn has referred to C asa combination of seco nd

order general factors , particularly Cf and Cc (Horn , 1976),

• Hierarchica l Factor Methods

f While some Amer ican factorists now recognize the utility of Hierarchical

models, many continue to analyze their data in t r ad i t i ona l  mu l t i p l e  fac tor  ways.
Even those who perform oblique rotations and extract higher order factors rarely

transform the series of factor structure n a t r i c e s  in to  an orthogona l , h i o r —

archical factor matrix . Appropriate proced ures were developed some years ago by

L~~ 
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Schtnid and Leiman (1957) and Wherry (1959). In addition to red ucing red undancy,

a hierarchical transformation allows the investigator to examine the loadings of

the tests, not just tue loadings of the factor s, on the higher order fac tor3.

Several rea nalyses are reported below in which obl ique factors were extracted
at several levels and the results transformed into an orthogonal, hierarchical

factor structur e matrix by the Wherry (1959),. proced ure. However , reanalyzing

a large matrix in this way is time consuming and expensive , so the usual pro-

cedur e was to refactor a submatrix of spatial test int ercorrelations . The hier-

archy ~~s then constructed from the top down . The first unrotated centroid or

principal factor extracted from such a matrix represents the group spatial factor

plus all higher order factor loadings. The second unrotated factor is usually

bipolar and represents the next bifurcation into minor group spatial factors.

Thus , if an investigator claimed to have isolated three spatial factors, the

matrix would consist of all tests with load ings on these three factors. Some-

times tests from factors with other labels (such as Perceptual Speed , Flexibility

of Closure, Speed of Closure, etc.) were also included in the reanalysis because

of their relevance to the spaiial domain or to the particular hypothesis being

investigated .

If more than two or three factors are present in the matrix, identifying
the later factors becomes increasingly dif ficult (see Cattell , 1971 , p.28). In

such cases, it is important to examine both the unrotated and rotated matrices.

If factors appear in the rotated matrix that were not apparent in the unrotated

ma tr ix , then the hierarchical structure must be construc ted by the mor e laboriou3

procedure of extracting primary and then higher order factors.
In either case, one could argue that this procedure of factoring only a

selected submatrix does not allow the “true” factor struc t ur e to emerge . This

would be a valid criticism if the aim were to reinterpret the entire matrix in

the traditonal Thurstone or Guilford manner. However , within a hierarchical

model one can profitably examine partic ular domains , such as the spatial factor

and its subfactors in this way .

Another important issue is the stability of the heirarchical solution.

A major argument against the hierarchical models of Spearman and Burt was the

instability of the general factor. If the first centroid or principal axis
represents “g, ” then the location of this axis should not be entirely at the
mercy of the tests included in the battery. The “g” of one analysis could be

the verbal fac tor of another , or more likely, some combination of the two.
Thurstone pointed out that the location of “g” could be ascertained with

greater certainty by first determining the primary factor structure and
14
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then locating “g” by a simple structure rotat ion of factors extrac ted at the

higher levels. Cattell (1971) argued that higher order factors could be located

with even greater assurance by including a number of primaries in the analysis

that are known to be uncorrelated with intelligence. Keeping the higher order

p factors orthogonal to this “hyperplane stuff ” assures a better solution , since

correlations between primary fac tors are less stable than correlat ions between

tests .
However , most of the reanalyses reported here were concerned with the

number and nature of the space subfactors, not the proper location of higher

order factors. The usual question was: Are there really two or three factors

in this matrix, or just one? In such cases, it is reasonable to use the first

• pr incipal axis as an estimate of the broad group space factor plus all higher

order factors , whatever they migh t be.

Early Work
British and Amer ican investigations of spatial ability have followed differ-

ent paths since the time of Tr uman Kelley , and perhaps before. The dominant

theme of the early British work was the attemp t to isolate a group spatial fac tor

independent of “g.” However , after the need for a broad group spa tial factor

was recognized, British workers tended to tegard spatial ability as an inferior

counterpart to verbal ability, even though both appear at the second level of the
• hierarchical model (see Bur t, 1949). The association of spatial ability with

mechanical—prac tical abilities may have fostered the notion that spatial thinking

was somehow mor e concrete , while verbal skills were more abstrac t (Smith, 1964).

Early studies found spatial tests more useful than verbal tests for predicting

success in technical schools, and so spatia l tests have long been used for this

purpose in both British and Amer ican educational systems .

One of the earliest Britis h studies of spatial ability was reported by

McFarlane (1925). Using a number of wooden construction tests, the Cube Construc-

tion Test, and Healy ’s Puzzle Box, she found some evidence of a group factor in

• addition to “g” for boys but not for girls. However, Spearman (1927) argued that

her results could be explained by sex differences in experience with construction

activit ies. He preferred to view her “performance tests” as unreliable measures

of “g.” The controversy continued through the early 30’s, wi th some studies find-
ing evidence for a small group spatial factor , and some f ind ing “g” su f f i c ient

(Smith , 1964).

In 1935, El Koussy administered a battery of seventeen “spatial” tests and

nine reference tests (verbal, percept ual speed , pitch and loudness d iscrimina—

tion) to 162 boys aged 11 to 13. He concluded that there was no evidence
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for a group fac tor in all his “spatial” test s , and tha t they pr imar i ly  measured

g. However , some spatial tests involved a group factor in addition to g; he

called this the “It” fac tor. A closer look at his spatial tests reveals tha t all

were figural , but not necessarily spat ial. El Koussy (1935) also obtained intro—

spective strategy reports from his subjects. He found that most subjects reported

using visual imagery to solve tests that loaded highly on his k factor .

Meanwhile , in Amer ica , Truman Kelley (1928) tentatively identified two space

factors in his stud ies of the abilities of school children . Some previous correla-

tional work in the United States employed spatial tests, most notably the Minne-
sota Assembly Test and the Army Beta . However, space tests were ordinarily used

as substitutes for verbal intelligence tests (such as the Army Alp ha or Otis)

when the testee was illiterate or not fluent in English.

Kelley identified one strong space factor (“ t ”) and a weak second factor

(“e”). He defined £ as the ability to perceive and retain geometr ic forms . Today

the factor would probably be called a memory factor rathe r than a space factor .

The second factor (~) was defined as the ability to manipulate geometr ic forms .

However , the factor was clearly defined in only one of his four samples.
Thurstone’s PMA Stt4y

Thurstone ’s Analysis
The next milestone in the Amer ican work was Thurstone’s (1.938) PMA study .

Thurstone administered 56 tests to 218 volunteers who were either college students

or college graduates . He extracted 13 centroid fac tors from the tetrachoric
correlation matrix and then graphically rotated 12 to orthogonal simple struc ture.

Thurstone could label only nine of these factors: Space (S), Perceptual Speed

(P), Number (N), Verbal Relations (V), Word Fluency (W), Memory (M), Ind uct ion

(I), Reas .ning (R) , and Deduction (D). The factor called Space was defined as

“facility in spatial or visual imagery” (p. 80). The tests that loaded on this

factor are listed in Table 1. Flags, Lozenges B , and Cubes had the highest cor-

relations with the factor. The more d i f f i c u l t  space tests (Form Board , Punched

Holes , Copying, and Mechanical Movements) had only minor loadings. Their major
loadings were on the uninterpreted Factor XII. Thurstone could not label this

factor because the Chicago Vocabulary and Reading II tests also loaded highly ~‘n
it. 

— .~~~~~.

Insert Table 1 about here

The PMA study is of particular interest because it contains a broad , rep—

resentative battery of tests, and has become a classic in the field . It paved

the way for all future factorial work on spatia l ability. It has been reanalyzed

8 
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Table 1

Tests Loading on the Space Factor
(After Thurstone, 1938)

Tes t Space Factor Other Factors

20 Flags .64 ( .43~I)
22 Lozenges B .63 ( .32N , .3]D)
18 Cubes .63 ( .29R)
27 Pursuit .58 ( .33N)
23 Surface Developmen t .55 (.29~)

53 Hands .46 (.47X1 , .29N)
19 Lozenges A .45 (.53X11 , .33R)

45 Sy llogisms .43 (.321 , .32V, .29D)
21 Form Board .42 (.50X, .40X11)
17 Block Counting .41 (.36R, .35X1)
55 Sound Grouping .41 (.45V , .38W)

6 Verbal Classification .41 (.54P , .311, .30V)
8 Figure Classification .39 (.401, .40D)

24 Punched Holes .34 ( .53 XII , . 34D)
54 Rhy thm .34 (.60P , .29D)

14 Disarranged Sentences .30 (.46P, .40V, .32M)
28 Copying ( .27)  (.37 1, .36? , .34X)
29 Areas ( .22)  (.48 1)
25 Mechanical Movements ( .07) (.4 1R , .40X)



--

by Spearman ( 1939) ,  Ey senc k ( 1939) ,  Ho iz inger  and Harm a n ( 1938) ,  Zi~~ner r.an ( 1953) .
and W r igley , Saunde r s , and Neuhau s( 195 8) . 1 Eac h used a d i f f e r e n t  f a c t o r  method
and achieved an interpretation flavored bot h by th~ factor met hod and the psych-

ological theories of the investigator .

The Zimmerman Reanalysis

Zimme rman (1953) started where Thurstone (1938) left off , and continued

to rotate Thurstone ’s centroid axes toward simple structure. With the hindsi&ht

of the AAF work (Cuilford and Lacey, 1947) and Thurstone ’s later studies

(Thurstone, 1944, 1951), Zimmerman was able to identify two space factors rather

than the one reported by Thurstone in 1938.
The first factor was the same as Thurstone ’s Space factor and Zimmerman

called it Spatial Relations (SR). Tests and their load ings on the fac tor in the

two solutions are shown in Table 2. The second space factor was a revised version

of Thurstone’s uninterpreted Factor XII. Tests and their loadings on the factor

in the two solutions are shown in Table 3. Zimmerman labeled the factor Visuali-

zation (I’z) after a similar factor that was repeatedly obtained in the AAF wor k

(Guilford and Lacey, 1947).

Insert Tables 2 and 3 about here

Tests that defined the Vz factor were more difficult than those that defined

the Spatial Relations factor. Further , tests that loaded on the Spatial Relati~’ns

factor were speed ed , while those that loaded on the Visualization factor were

relativel y unspeeded .

The 15 tests that loaded on one of these two factors are plotted in the SR—

Vz factor space in Figure 1. The tests do not c lus t e r  near the two f ac to r s  but
are arrayed throughout the fac tor space. Further , the plot suggests that the

fac tors would be better represented by the oblique vector s SR ’ and Vz’ rather

than orthogonal vector s SR and Vz.  The correla t ion between SR’ and Vz ’ is about

.64.

Inser t Figur e 1 about here

Th~ major shortcoming of both the Zimmerman and Thurstone solutions is the
large number of subsidiary loaaings for each test. The problem is most acute

for the Visualization factor . Thurstone could not separate the complex spatia l

tests from vocabulary and reasoning tests. Zimmerman managed to do so, but in—

s,ection of Table 3 reveals that he was not totally successful .

10
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Tab le 2

• The Spatial Relations Factor

(After Thurstone, 1938, and Zimmerman , 1953)

Thurstone (1938) Ziusne rman (1953)
Teat Space Factor Spatial—Rela tions Factor

20 Flags .64 .73

22 Lozenges 8 .63 .60
18 Cubes .63 .59

53 Hands .46 .5.5

17 Block Counting .41 .52

27 Pursuit .58 .51
• 23 Surface Development .55 .50

19 Lozenges A .45 .40

45 Syllogisms . 43  .40

21 Form Board .42 .32

8 Figure Classification .39 .22

6 Verbal Classification .41 .21

55 Sound Grouping .41 .21

24 Punched Holes5 .34 .27

54 Rhythms .34 .08

26 Identical Formsa .32 .13

28 Copy ing5 .2 7  .17

29 AT.SSa .22 .21

25 Mechan ical Movement sa .07 .13

5lncluded for reference only .
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Figure 1. Spatial tests in the SR—Vz factor space

(A f t e r  Zimmerman , 1953).
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The root of the problem is tha t the Vz tests have high correlations with

eac h other and with other complex tests. On the other hand , the SR tests have

much lower correlations with each other and with other tests in the battery.

This correlation pattern is the major stumbling bloc k for multiple factor theor ies

that attempt to keep all factors on equal footing . However , the pattern is con—

sistent with a hierarchical model. There , the hig~ier correlation of the Vz tests

would be account ed for by a more general factor such as “g” or Gf. The residual

correlations tha t remained after this more general factor was extracted could

then be examined to determine if the pattern supported fur ther subdivisions into

more specif ic  fac tor s such as SR and Vz .
Thus , while Zlimnerman ’s solut ion is cleaner than Thurstone ’s solution ,

neither adequately represents the relationships among the var ious spatial tests

nor the relationships betwee them and other tests in the battery.

A ~ ana1ysis of the Spatia l Tests

Refactoring of the correlation matr ix for the 14, FMA tests that def ined

these two space factor s yield s the plot shown in Figure 2
• The plot is based on

a princ ipal factor solution with squared multiple correlat ions as initial commun-

ality estimates. Convergenc e required eight iterat ions, and the final factor

matrix was rotated to a varimax criter ion. The first and second unrotated factors

accounted for  48.8 and 5.6 percent of the tota l var iance , respectively. The un—

rotated and rotated fac tor  matr ices  are shown in Table 4.

Insert Figure 2 and Table ‘~ about here

In this plot , rotated Factor II’ is the same as Zimmerman ’s Spatia l Relat ions

factor , and rotated Factor I ’ is his Visualization factor . Again , tests do not

c 1 uster neatly on the two factors , but fall at regular intervals on an imaginary

arc that spans the factor space. This analysis also makes an important method—

ological point: It is not necessary to refactor the entire correlat ion matrix

• to identify the two spatial factors.

If the SR and Vz factors repr esent independent abilities , then the tests

require these abilities in varying degrees. However , the plot is consistent with

other interpretations . These are more obvious in the unrotated factor load ings.

Here the tests are roughly arranged in order of complexity, those with posit ive

projections on Factor II are the simplest , while those with negative projections

on Factor II are mor e complex . The continuum may also represent speed to power ,

with positive projections on Factor II represent ing speed and negative projec t ions

represent ing power.
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Table 4

Two Factor Solution for the 14 PMA Space Tests

IJnrotated Rotated

Test I II I’ II ’

20 Flags 77 41 27 83 77

53 Hands 56 37 15 65 44

27 Pursuit  63 23 30 60 45
18 Cubes 77 17 44 65 62

22 Lozenges B 76 12 47 61 59
• 23 Surface Development 71 09 45 56 51

17 Block Counting 67 02 47 48 45

19 Lozenges A 72 —02 53 48 52

8 Figure Classification 62 —10 51 35 39

29 Areas 60 —11 50 34 37

28 Copying 66 —22 63 30 49

24 Punched Holes 76 —24 72 36 64

21 Form Board 87 —27 82 41 83

25 Mechanical Movements 61 —42 73 12 55

Percent of Total Variance 48.8 5.6 28.1 26.3 54.4

Note. Decimals omitted.
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The Ucla thger-Harman Reanaj~ sis

Earlier reanalyses of the NA study, by Holainger and Harman (1938) and

Eysenc k (1939) , paint a different , yet parsimon ious pictur e of the data.

Hoizinger and Harman used bi—factor factor analysis while Eyeenck used a variant

of  multipl e group f ac to r  a n a l y s i s .  Both analy ses produc ed a genera l factor and

a number of independent group factors. Both defined the general fa c t o r  as the
overlap between the group factors. The methods differed pr imarily in how variabl es

were assigned to groups. Holztnger and Herman used B—coefficient s, while Eyeenc k

plotted each column of the correlation matrix , and then assigned variables to

groups on the basis of similar contours. The spatial fac tor was almost identica l

in the two solutions . Thus , examinat ion or eithe r analysts should yield the

same conclusions . The Holzinger—Harman analysis is examined here bec~ u~c it is

reported in greater detail , and because the bi— factor method reappears in later

analyses .

The tests chat loaded on Holainge r and Harman ’s space ractor are shown In

Table 5, ranked according to their loading on the general factor . The ranks are

about the same as on Thurstone ’s (1938) first centrold axis. In fac t , the correla-

• tion between the two sets of “g” values is .968. This compares favorabl y with

the correlation of .965 between the Thurstone first centroid and the tlolziuger-

• Harnan genera l fa c t o r  loadings to t - all 5~ tests tha t  Woodrow ( 19i9a ) comput eiJ .
However , the high correlation does not imply that the two “g” values are inter-

cha ngeable , as Woodrow (l939a) concluded . The correlation coeffici ent looks only

at relative differences within eac h group, not at constant differences between

them . For th is  subset of spatial tests , the average first centro td loading 1~
.57 , while the average bi— factor “g” loading is only . -a9.  This is .~ consid erable

difterenc e , espec ially when all ten factors in the bi— fact ca r analysis account for

only 53.4 percent of the total variance.

Insert Table 5 about here

Loadings on the group spatia l factor and the independent specifics are

also shown in Table 5. Flags again defined the factor , th i s  time even more
forcefully than in Thuratone ’s solution. There are a few discrepancies between

the two solutions , but the overall pictur e is rough ly the same . In fac t , the

Space fac tor  load ings or the 14 tests correlated .85 with their load ings in the

Thurstone Space factor . The mos t notable  d i f f e r e n c e  be tween the two f a c t o r s  Is
• the presence of Syllog isms, Sound Group ing, Verbal CI.~ssificat ion , Rhythm, and

Disarranged Sentences on the Thurstone factor and the ir absenc o on the Hoizinger —
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Table 5

General and Space Factor Load ings of the 14 PMA Space Tests
(Af ter Hoizinger a Harman , 1938)

Test General Space Specific

.~l Form Board 67 55 50

28 Copying 58 36 73

29 Areas 58 27 77
24 Punched Holes 57 50 65

19 Lozenges A 54 47 70

22 Lozenges 8 53 54 65

23 Surface Development 52 48 71

25 Mechanical Movements 52 31 80

18 Cubes 51 58 64

8 Figure Classification 45 42 79

• 17 Block Counting 40 56 73

27 Pursuit 38 52 76
20 Flags 36 72 59

53 Hands 32 45 83

Note . Decimals omitted.
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t

Hartuan fac tor . This could mean that the bi—fac tot Space factor is “cleaner ,”

but probably just reflects the subjective bias inherent in the 8—coefficient

method of clustering . Here, teats are selected for clustering on the basis of

psychological hypotheses as well as correlation patterns.

Thurstone ’s Sp ace factor accounted for 7.4 percent of the variance in the

battery, while tha t of Hoizinger and Harman accounted for only 6.0 percent of

the variance. The Thurstone factor is larger because every test loads on it,

even though most load ings are small  and psyc hologically uninterpretable. This

is more obvious when the average spatial factor load ing of the 14 bi—factor

space tests is compared with the average spatial factor loading of the top 14

tests on Thurstone’s space factor. In both cases, the average loading was .48.

The 14 bi—factor apace tests had a slightly lower average loading on the Thurstone

apace factor of .43. Thus, the bi—factor solution did not remove meaningful

var iance from the group factors to construct the general factor .

A Rea nalysis of the Ho lz in &er—Harma n Residuals
The question remains , however , whethe r the Space factor should be divided

into two factors , as the p revious reanalysis suggested (see Table 4 and Fi gure 2) .

However, there it was not possible to determine how much of the var iance on the

large first factor belonged higher up in the ability hierarchy , since only spatial

- 

• 
tests were included in the analysis. The bi—factor analysis has accomp lished

precisely this . Now the question is whether the residual correlations that re—

main after “g” and the group spatia l fac tor have been removed will suppor t another

bifurcation. Such an analysis would also reveal how much additiona l var iance

might be accounted for by another factorial split.

The residual correlations among the 14 space tests were comput ed by Hoizinger

and Harman and are reproduced in Table 6. Princ ipal fac tors were extracted fr om
this nm tr ix with  squared mul t ip le correlat ions as ini t ia l c ommunality es t imates .
Convergence required six iterations when one factor was retained . The factor

matrix is shown in Table 7. The factor is obviously bipolar , wi th Hands at one

pole and Mechanical Movements at the other. When the factor was reflected and

the tests ranked according to their loadings , the ranks were almost identical

(rho • .99) to those on the second unrotated factor  of Table 4. It will be recalled

that this matrix was obtained by extracting two factors from the raw correlations

of the 14 tests. Thus, this bipolar factor represent s the same Visualization—

Spatial Relations d imension. But now the distinction appears less important ,

since this factor accounts for only 4.7 percent of the variance in the 14 tests.

Previously, when general and group spatial factors were not extracted from the

matr ix , the orthogonal Visualization and Spatial Relations factors accounted for

19
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28.1 and 26.3 percent of the varianc e respectively. Thus, the situation appear s

different when viewed from a hierarchical perspective . For the 14 spatial tests ,

the general factor accounted for 25.4 percent of the variance , the group Spatia l

factor accounted for 24.4 percent of the var iance, and the Spatial Relations-

Visualization bipolar factor added another 4.7 percent of the var iance. In all ,

49.8 percent of the variance In tnese spa t ia l  tes ts  was accounted f o r  w i t h o u t  the

bipolar factor , and 54.5 percent of the var iance with it.

Insert Tables 6 and 7 about here

Hypotheses About the SR—Vz Distinction

• The problem of deciphering the nature of this Visualization—Spatial Re—
- • I.ations factor remains unsolved , it was mentioned that the factor might re-

flect the complexity of the processing demands placed on the subject. If this
- • were true , then the more complex Visualization tests should have higher general

factor load ings than the simpler Spatial Relations tests. In fact , the rank

order correlations between the bi’-factor “g” loading and the Spatial Relations—

Visualization bipolar fac tor  loading was — .72 , which supports the hypothesis.

The greater complexity of Vz tests may reflect the influence of several factors.

For example , subjects  must generate their  responses on tests with high Vz load-

ings, while on those with higher SR loadings subjects can simply select their

answers from among the alternatives provided . This may explain why the multiple

choice Surface Development test is found more toward the SR end of the factor.

In fact , Surface Development variance is often split between the SR and Va factors

(Be chtoldt , 1947; Guil ford and Lacey , 1947). Ott the other hand , the subjects

must actually draw their answers on Punched Holes and Form Board .

Another possibility is that the Va—SR distinction reflects speed vs. power.

A crude measure of test speed edness is the number of items the examinee must com-

plete in a unit of time. A better measure would be the average number actually

• completed per unit time. However , Thurstone corrected some tests for guessing ,

so the resulting means are not comparable across corrected and uncorrected tests.

A rough estimate of speededness may be obta ined by dividing the total number

of items in the test by the numLer of minutes alotted for the test. This value

was computed for each of the 14 tests and then plotted against the bipolar factor

loading for that test from Table 7. The plot is shown in Figure 3. The corre1-~ -

tion between the two variables is .75, which supports the hypothesis tha t the

ye—SR factor reflects a speed—power d imension.
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Table 7

Factor Analysis of Hoizinger and Harman (1938)
Res idual Correlations

Unrotated
Test Factor Loading

53 Hands .37

20 Flags .30
27 Pursuit .22

18 Cubes .16
22 Lozenges B .13

23 Surface Development .09

17 Block Counting — .0],

29 Areas — .01

19 Lozenges A — .03

8 Figure Classification — . 10

28 Copying - . 16

24 Punched Holes — .25

21 Form Board — .26

25 Mechanical Movements - . 37

Note. Decimals omitted. 
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The situation may be summarized by examining the general factor loadings

and speed edness values for the three tests at each end of the Vz— SR bipolar
• factor . These are the only tests that had even marginally signif icant load ings

on the factor . The results are shown in Table 8. The average g loading of the

three tests tha t defined the Vt end of the bipolar factor was much higher , and

the average speededness estimate muc h lower, than the corresponding averages for

the three SR tests.

Insert Figure 3 and Table 8 about here

The Wr igley, Saunders,and ~4euhaus Reanalysis
• Another rotat ion of the 13 Thurstone centroid axes was reported

by Wrigley , Saunders ,and Neuhaus (1958) . The analysis was conducted to compare

orthogonal quart imax rotation with the other published factor solutions for this

matrix.

Quartimax rotation attempts to maximize the sum of the fourth powers of the

rotated factor loadings. The result is to concentrate the variance for each

test on as few loadings as possible. Thus, quartimax , maximizes the variance of
the rows’. while the more popular (and more recent) varimax procedure maximizes

the variance of the columns in t~e fac tor matrix.

For the PMA data, this method produc ed a factor matrix somewhere between

the Thurstone or Zimmerman solutions and the Rolzinger—Harman or Eysenck solu-

tions. The analysis yielded a General—Verbal factor that account ed for 27.2

percent of the total variance, a Spatial factor that accounted for 13.5 percent

of the variance , and a Numerical factor that accounted for 6.8 percent. The

remaining ten factors each accounted t~ r 1.9 to 3.1 percent of the total variance.

The General Verbal and Spatial factors are akin to Cc and Cf (Cattell , 1971; Horn

and Cattell , 1966; Horn , 1976) although some of the “g” in Cf was placed on the
general verbal factor .

The analysis did concentrate the var iance for the 14 spatial tests on the

spatial factor. This is shown in Table 9 (below). Fully 39.4 percent of the

variance in these tests was accounted for by the Space factor . This is almost

twice the variance accounted for by the Spac e factors  in the Thurstone or Zimmerman
solutions. Another 10.8 percent was on the General—Verbal factor , and the remain-

ing 20.9 percent was scattered throughout the other 11 factors . Thus, orthogona l

rotation does not necessarily produce a solution in wh ich mist tests are factor—
ially complex. This appears to be the chief vir tue of the method . On the other

hand , the solution does not separate g from Cf or Ge , nor does it imply any direc t
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Figure 3. Speededness versus bipolar factor loading for
the 14 spatial tests

(After Thurstone, 1938).
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relationship between the ten small factors and the three lar~ er ones.

The $pearman Reanaly sis

Before moving on to other stud ies, brief mention should be made ot  Spearma n ’ s • -

reanalysis of the Thurstone PMA data ~Spearman , 1339) . A fter c r i t i c iz i n g  Th ur —
stone for rotating the g factor out of existenc e. Spearman proc eeded t~~’ average

the correlations between and wit hin each of ten test groups. These groups were

used by Thurstone during the construc t ion and selection ot  tests for inclusion

in the battery. Spatia l tests were unevenl y split between the Form and Space

groups . The Form group was composed of Pursuit , Copying . .Ar eas , and Ident ical

Forms. The Space group contained the other nine space tests. exc lud ing Figure

Classification and Hands.

Spearman first computed the general factor and extracted it from the c or r e l a -

t ion matrix. This procedure Is similar t o  d e f i n i n g  the first principa l axis as

“g” and produces a larger “g” than the Ho iz ing er  b i — f a c t o r  method . He then ex-
tracted four group factors: Verbal , Spat ial , Numerical, and Memor . Together .

the Spac e and Form groups defined the Spac e fac tor, with the former loading .~+o

and the latter .2~ . The correspond ing general factor loadin~’s were .~~~ for the

Space group and .52 f or the Form group. However , furthe r c omparisons with the
bother ~ tA analyses are impossible s nce c~’n’~’site variabl es rather t~~.lrt ind ivid-

ual test scores were used in the analy st-..

.A Fi nal Comparison
Tables 9 and it) summarize the six a:~.Ilvscs ‘.‘~~ the PMA data . The Spearnan

reanalysis has been exrluded from Table ‘.
~ as i t  is Impossible to determine c~-

actly wha t his analysis does t~~’ t h e  1. s~ -ic e tests that have been used as a common

referent in all the analyses.

I
Inser t rabies ‘

~ and l’.’ about here

Table 9 prov ides an interesting comparison o~ how the several analyses Je—

composed the variance in the i.~ space tests. For example , Thurstc’ne ’s 1$ f.~ctor s

accounted for ‘i.3 percent of the variance in tht l.~ space tests. However, the

Space factor accounted for only 21.3 percent . The remaining ~‘.0 per cen t was

scattered throughout the other 12 factors. ijmnerman ’s r~’—ro tat ion of the matrix

concentrated some of this variance on the Visuali zation tactor . His 13 factors

accounted for 70.6 percent of the var iance in the i.e tests. The Spa t ial Relations

factor accounted for 21) percent and the Visua1i~ation factor for anothe r 1 .

percent , for a total of 33.7 percent of the variance. However , ) b. ’~ percent re-

mained in the numerous small loading s on the other 11 factors.
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The Wrigley et al reanalysis concentrated variance on the Space factor ,

U 

-

.

.

. 

—but let t a sizable Lhunk (10 8 percent) on the General Verbal factor The re

• maining 20.8 percent remained in small p ieces on the othe r 11 fac to rs .  Note

that a total of 51.2 percent of the variance was accounted for by the Genera l—
• Verba l and Spatial factors. This is a l-most ident ical to the tota l varianc e

• accounted for by the General and Spat ial factor s in both the Holzinger—Harman

and Eysenc k reanalyses.

On the other hand , the Holzinger—Harman bi— factor solution accounted for

only 49.8 percent of the var iance in the fourteen tests. However, it is all

found on just two fac tors: the genera l factor (25.4~) and the group spatial

factor (2~ . .  Fur ther bifurcation of the space factor into two minor group F
factors added another .~.7 percent of the varianc e for a total of 5’...5 percent.

But the partitiioning of var iance is still repr esented in an orderly way, rather

than scattered piecemeal throughout the system. Eysertck’s analysis was almost

ident ical , except tha t slightly more of the total variance was account ed for by

his General and Spatial fa~ tors.

Thus, the multiple factor analyses ot Thurstone , it~inerman,and Wrig ley et

al. are a bit misleading. While they tend to account for mcre of t~e total var-

iance than the group f ac to r  methods , much of the var iance in each test lies in

the small uninterpreted load ings on factors other than the one on which each test

has its primary loading.

Table 10 provides another perspective for comparison of the various analyses.

Here , contributions of factors to the total battery of 56 tests are presented.
Table 10 reveals that the bi—factor solution allows for both a sizable General

• factor and a group Spatial factor about as large as Thurstone ’s. The bi—factor

Space factor accounted for 6.0 percent of the total variance, while Thurstone ’s

accounted for 7.4. If Thurstone is followed and only those tests with loadings

of .39 or greater are interpreted then his Space factor accounted for only 5.8 percent

“interpretable ” var iance. In either case , the Thurstone and Zimmerman solutions

ignore the large general fac to r  but f a i l  to produc e a larger group spatial f ac to r .

This argues for a hierarchical representation of human abilities.

( The Holzinger—Swineford Stud ies

j  
Another series of bi—factor analyses conducted by Hoizinger and Swineford

(1939) and Swineford and Hoizlnger (1942) provid e addit ional support for the

hierarchical model. These studies also reveal the importance of subject population

and test difficulty for the factor structure obtained .

29
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Hoizinger and Swineford (1939)

The first study (Hoizinger and Swineford , 1939) was concerned with the

stability of the bi—factor solution in two subject samples. The subjects were

all seventh and eighth grade students at two junior high schools in Chicago.

Students in the Pasteur sample (N — 156) were primarily from working class

homes. Both parents were foreign born for roughly half of these students.

Students in the Grant—White group (N 145), on the other hand , were predomin-

antly children of Amer ican born parents living in an affluent suburb.

A battery of 24 tests was administered to both samples. The spatial tests

in the battery were:

1. Visual Perception Test: This test consisted of 60 items selected from

Spearman ’s Visual Perception Test, Part III. A series of five adjacent figures

• was presented. The student’s task was to ind icate which one of four alternatives

came next in the series.

2. Cubes: This test was a simplification of one of Brigham ’s (1932) tests

since the latter was found too difficult for children at the elementary school

• level. The test was similar to Thurstone’s (1938) Cubes, which was also an

adaptation of a Brigham test . However, it was probably still too difficult ,

since the average number correct for both groups was about 24 out of a possible

40; r andom guessing would yield an ave rage of 20 correct.
3. Paper Form Board : This test was a 28 item multiple choice test in

which the student indicated which of four alternatives (a square, triangle,

hexagon or trapezoid) could be construc ted from the stimulus pieces. The test

appear s easier than the Thurstone or French kit Paper Form Board Tests.

4. Lozenges A: This is the more difficult of Thurstone ’s (1938) two

Lozenges tests. The average number correct was only 18 out of 36, which is

exactly at the level of random guessing.

The Grant—White group was also administered a slightly r ev ised ver sion of

the Paper Form Board test and Thurstone’s Flags test. The Form Board test was

revised by adding items in the middle difficulty range, and delet ing a corres—

• ponding number at the extremes. However , the correlation between the two

Form Board tests was only .40.

Three bi—factor analyses were performed . The first two were based on the

24 tests administered to both groups. In the third analysis , the Grant—White

data were refactored including the revised Form Board and Flags tests and ex—

elud ing the or igina l Form Board and Lozenges A tests. 

- , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Five factors wer e extrac ted in all three solutions: General , Spa t ial,

Verbal , (Perceptual) Speed , and Memor . The Genera l and Spatia l factor load—

• 
• 

ings of the spatial tests in the three analyses are shown in Table 11. There

were some differ ences between the Pasteur and Grant—White factor patterns .

The Genera l factor accounted for more varianc e in the Grant—White sample than

in the Pasteur sample, both in the four spatial tests and in the ent ire battery

of 24 tests. Similarly, the group factors wer e larger in the Pasteur sample.

This might in part reflec t the fac t that the Pasteur group was, on average,

• six months older,

Insert Table 11 about here

Paper Form Board def ined the Spat ial factor in the Pasteur analysis , while

Lozenges A defined it in the comporable analysis for the Grant—White group. These
• differences result from the extremely low intercorrelations of the spat ial- tests

in both samples; the average intercorrelat ion was .33 in the Pasteur group and

• 35 in the Grant—White group. For Grant—White analysis 8, the average inter—

correlation was .3.i.

- • The residual correlations were quite small , espec ially in the Pasteur group ,

• with a maximum of — .036 and an average absolute value of only .026. For the

Grant—Whi te group, residual correlations were reported only for analysis B.

• Here, the residuals were sl ightly higher; the average of the absolute values

was .032. The largest residuals were .056 between Flags and Visual Perception ,

and .053 between the modified Paper Form Board and Cubes . However , neither of

these residua l correlations are consistent with pr evious attempts to subd ivid e

the spatial factor in the Thurstone (1938 ) stud y. For example , in the bi—factor

• reanalysis of the PHA study, Form Board and Cubes had a negat ive residual cor-

relation of — .05, and thus appeared on different poles of the bi polar factor

extracted from the residuals.

There are severa l reasons for these inconsistencies :

1. The re were only a small number or spatial tests included in the battery.

2. At least two of the tests (Lozenges A and Cubes) were too difficult

for the students. Further , the two versions of the form board test cor re l a t ed

• only .40, indicating that this test was extremely unreliable when admini-

stered to students of this age. Such unreliability would also help explain

the relatively low average intercorrelations of the spatial tests.

3. This type of form board test appear s to be easier than the Thurstone

or Frenc h kit vers ions. This, coupled with the fact that the Cubes and Lozenges
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tests were comparatively more difficult for these student s, may have red uced

the complexity (or difficulty) dispar ity between the tests. Thus , the Vz —

• . SR distinction could not surface.

Swineford and Holzinger (1942)

A subsequent study by Swineford and Hoizinger (1942) with 457 n i n t h  graders
provides some support for these hypotheses. This time, six spatial tests were

included in a battery of 28 tests. Five had been used in the previous study :

Visual Perception, Cubes, the revised Paper Form Board , Lozenges A , and Flags.

The sixth test, Designs, was another Thurstone test. In this test , the subjec t

must indicate which complex designs contain a simple design resembling a

capital Greek letter sigma. The test is similar to the Gottschald t Figures,

except that the target design is the same in all items , and the recognition

task appears easier. The test has been used in several analyses, and is often

factorially complex , splitting its common var iance between Spatial and Perceptual

Speed factors (as in Guilford and Lacey, 1947; and between similar factor s in

Bechtold t , 1947). However , the test defined the Flexibility of Closure (Cf)

factor in Thurstone’s study of mechanica l aptitud e (Thurstone, 1951). There,

its highest correlation was with the Gottschald t Figures (r— .49), which also

had its highest loading on the Cf factor. It correlated about as highly with

the Goctschald t Figures test as any other test ( r— .28) in the two AAF studies
in which It was used (Guildford and Lacey, 1947) . Further , the two tests had

their major loadings on the same fac tors in these stud ies (Guilf rd and Lacey,
1947, Perceptual Battery I & II);as well as in Bechtold t (1947). Thus, there

is good reason to suspec t that the Designs test reflects an analytic type of

spatial ability (Gf) that plays an important role in later hierarchical theories.

Using a modif ied b i — fact o r  method of factor  ext ract ion , Swi ne f o rd and

Hoizinger obtained a general factor , five group factors , and two doublets.

The group factors were Spatial-, Verba l, (Perceptual) Speed , Memory, and Number ,

• The modified bi—factor technique permitted a test to load on more than one

group factor . However, loadings of the six spatial tests were confined to the

General and group Spatial factors. These are shown in Table 12, along with

the residual correlations.

One factor was extracted from this matrix of residual correlations by the

centroid method . Maximum off—d iagonal correlations wer e used as initial corn—

munal-ity estimates, and the solution was iterated three t imes. The average

differenc e between the communslities on the second and third iterations was

.005.
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The final centroid factor loadings for the six tests are reported in Table
• 13. Flags def ined one end of the factor , while Designs had the highest load-

ing on the ocher pole. The pattern has some notable consistencies with the
• bipolar fac tor previously extracted from the residual correlations in the

Hoizinger—Harman PHA reanalysis (see Table 7). The major differenc e is that

Designs defined one pole in this analysis, while Mechanical Movements, Form

Board, and Punched Holes defined the corresponding pole in Table 7. Further ,

• Paper Form Board had only a slight load ing on this bipolar factor (—.07),

whereas in the reanalysis of the PMA residuals Form Board h.~ a much stronger

negative load ing (- .26) (see Table 7). This probably ind icates that the Paper

Form Board test used in this study is much easier than the PNA Form Board test.

If this is true, then the bipolar factor of Table 13 reflects the same complexity

d imension that was earlier hypothesized to account for the bipolar factor ex-

tracted from the Hoizinger—Harman PMA residuals. Of course ,this argument assumes that

the residual covarianc e in the Designs test ref lects the same type of complex

spat ial processing as that involved in Thurstone ’s (1938) Mechanical Movements,

• Form Board , and Punched Holes tests; or the Gottschaldt Figures test .

Insert Tables 12 and 13 about here

Another possibility is that the residual covariation in the Designs test

• reflects some other ability dimension, such as Perceptual Speed or Visual Memory.

The Perceptual Speed hypothesis is unlikely, as there were no Perceptual Speed

tests included in the spatial group fac tor . Further , one would expect such

a test to cluster with the more speeded tests, such as Flags, rather than op-

pose them on the opposite end of the bipolar factor . The Visual Memory Hypo-

thesis is not a serious threat either , as several investigators (most notably

Smith , 1964) have argued that the essence of spatial thinking is the ability

to retain and reproduce images of geometric forms in their proper proportions .

In this view, tests like Thurstone ’s Form Board and Punched Holes are good

measures of spatial ability .ecause they require the subject to retain and re-

produce spatial images. Tests like Flags and Hands are

poor spatial measures because there is no necessity to retain and reproduce

the spatial image in its correct proportions. Rather , the template of the

answer is provided , and the subject merely must verify it.

But this sort of argument ignores that subjects must do more than retain

an image in mos t complex spatial tests. Rather , they usually must transform

4 :
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or manipulate it in some way. Thus, individual differences in the speed or

power of such manipulations will also influence test performance. While the

arguments of Smith (1964) call attent ion to an important aspect of spatial

ability, a process understanding of spat ial ability will require a much more

detai led analysis.
The AAF Work

In 1947, Guilford and Lacev report ed the results of the AAF factor ana-

lytic studies. These stud ies identified two strong spat ial factor s called

• Spat ial Relations (SB.) and Visualizat ion (Vz), and two tentative space factors ,

S2 and S3. Thurstone ’s Flags, Figures, Cards,and Cubes were among the tests

that loaded on the Spatial Relations factor . Thus, the factor was thought to

be the same one Thurstone called Space in his PMA study (Thurstone , 1938).

Cuilford and Lacey observed that the Spatial Relations factor “seems to involve

relating dif ferent stimul i to different responses, either stimul i or responses

being arranged in spatial order. It is not clear whether the appreciat ion of
• spat ial arrangement of stimuli or of responses separately is the key to the

- 

• 
factor” (p. 838).

The Visualization factor was defined by the tests like Space Visualization

I, which is a paper folding task similar to Thurstone’s Punched Holes. Guilford

• . and Lacey felt the factor was “strongest in tests that present a stimulus either

pictor ially or verbally, and in which some manipulation or transformation to
another visual arrangement is involved” (p. 838).

The third space factor (S2) was a specific factor confined to Thurstone’s

Hands and Flags tests. Guilford and Lacey felt that an apprec iation of

right hand—left hand discrimination might~~~an important aspec t of the factor.

They did not attempt to define the factor further , apparently regarding it as

of minor importance. S3 was defined by the test Two Hand Coord ination and ap-
peared in only one analysis. In later discussions Guilford dropped factor S3

and listed only Visualization , Spatial Relations , and Right—Left Discrim-

ination (52) as the three space factors ident ified in the AAF work (Michael,

Guilford , Fruchter and Zinm~erman, 1957; Hoffman , Guilford , Hoepfner , and Doherty.

1968).

It is impossible to reviev every AM study in detail since the repor t

is large and contains many tests that do not appear in other factor analytic

studies. Table 14 lists the space factor s and defining tests for the 16 factor

analyses reported in the monograph. Tests were included in Table l.~ if they

loaded .35 or higher on one of the spatia l factors.
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Insert Table 14 about here

The Spatial Relations fac tor appeared in one form or another in all 16

analysis. Complex Coord ination usually defined or loaded highly on the fac tor.

tnstrument Comprehens ion II and Discr iminat ion Reaction Time also entered

prominently in several studies. A composite test of Thurstone ’s Flags, Cards,

and Figures, and his Cubes test also loaded on the factor in two analyses

(Perceptual Battery I and II). The Cubes test was also included in the Integ-

ration battery, but loaded only .31 on the SR factor in that analysis . Instrument

Comprehension II defined the SR factor in the Integration analysis , suggesting
that this SR factor was not the same one ident ified by Thurstone (1938).

This is particularly evident in the analysis of Perceptual Battery II ,

the only one to include three Thurstone space tests , namely the Flags—Cards—

Figures composite ,Cubes , and Hands. Hands broke away from the SR factor and

defined another factor with the Flags—Cards—Figures test. The latter test

spli t  its varianc e between the two factors. The SR factor was defined by Complex

Coord ination, although Cubes and the Flags—Cards—Figures composite had the next

highest loadings . This was the only analysis where the factor S2 (defined by

Hands) appeared.

Reanalysis of the Perceptual Battery II Spatial Tests

The correlation matrix for the nine tests load ing .30 0r higher on any of

the three spatial factors in Perceptual Battery II was refactored using principal

factor ing and squared multiple correlations as initial communality estimates.

Convergenc e required nine iterations when two factors were extracted . The un—

rotated and varimax rotated factor matrices are shown in Table 15. The first

unrotated factor accounted for 87.3 percent of the common variance, and the

second an additional 12.7 percent . The f i r s t  factor represents the general
plus group space factor , while the second bipolar is the familiar SR—Va d imen-

sion. A plot of the var imax rotated factor loadings is shown in Figure 4.

Hands, Flags , and Cubes identify the SR dimension as they did in the PHA re-
analysis (see Table 4 and Figure 2). Mechanical Pr incip les is the f am iliar

point on the Va factor . The pattern is remarkably similar to one presented

earlier for the reanalysis of the Thurstone PMA Space tests (see Figur e 2 ) .

Note that the Gottschald t Figures test clustered with Mechanical Principles

near the Vz factor in the plot.

Insert table 15 and Figure 4 abo ut her e 
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If three fac tors are re t ained , Map Distance , not Hands sp l i ts
away and defines a singlecon . This third factor is probab ly not spa t ia l , sinc e

no other test loads on it.

A large part of the difficult is  the extreme ly low intercorrel.s t ions

of  the t e s t s .  The average correlat ion in t he ma t r i x  of nin e tes ts  r~’f.tctored

here was only - ~7 . One possible reason  is that the s u b j e c t s  tunc l , isstf ied

airmen ) were below .-sve’r.’.gi’ in gener a I ab ilit v.  R e s t r i c t i o n  ot  range , esp~c [.‘.l lv
toward the low end of tlw general ab i l i ty  distribution , can produce marked

distortions in factor structures .” Hol~ inger and Swineford (1939) encounttn-~’d
the same problem when they administered a bat tery of space t e s t s  to  seventh —

and eighth graders. The t e s t s  were apparently too difficult for stude nts .if

this age . The results were low intercorrelations and a tactor structure unlike

that obtained in many other studies tha t employed similar tests.

The Shep,~~rd Field Battery Analysis

I~ste in the AAF program a large battery ot’ 45 “experimental” tes ts  and

~U r e f e r en c e  ~c l.sss if icatl on) tests were administ ered to S , I S8 av t a t  ion student s

at Sheppard Field. The “exper i ment a 1 ’  t es ts  wer e , for  the most part, fina l or

rev ised versions of tests developed during the MF program. ilowever, some new

tests and adaptations of several Thurs toni’ (1938’s space tests were inc luded in

the battery. The battery is of interest because it .sl lows an examina t ion

of the re lat ionsh ips between t es t s  that load ed on a spac e fac  tor in one or more
of the smaller studies , but were never included in the same !‘.atterv. Fur t her.
it pr ov ides another look at the relar ionship between the AAF and Thurstonc

spac e factors. It is , perhaps , the best summary of the AA I-’ work.

all of the experimenta l tests were administer ed to ever\’ recruit.

Thu 45 tests were div id ed into five sub—bat teries ~1 approx imately nine t e s t s

each. Each sub—ba t tery was admin i st e r ed  in combination wi tls t ’vcry other sub- .

bat te ry to a p p r o x i m a t e l y  400 s t u d e n t s .  Within s u b — b a t t e r y  c o r r e l , s t  Ion s  and

cor r e la t  ions between exp er imenta  l and c lass [ft c.st ion te sts were  has~d on about

I,hOO stud en t s .  Cor re lat  ions between c [ass  if icat  ion tests we rt ’ based on the

ful l samp le t’.I 8 158 rt’cru its. Thua , there is confound Ing of betwee n sub-.

bat t c rv and between group covar 1.1 net ’. TI’. is is not a major cosic ers’. - however

sine t. t he exa m inees were all from the same popu 1 at ion (iS— I • y e  or old Al r F4 ’r

recruits) and sample sizes were all large.
The co rrela t ions between the 65 tests were c omputed and report i’d in  an

appendix to the W fina l report ((ui 1 lord and Lacey, j t ) .~~’ , hut wi- ri- not

Inc tored at tha t t lme . Five years 1.1 t er , ~~ti 11 ford , Frucht er , and Z i n’.mv rn’.an
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examinee must match the cockpit v iew of the shoreline with the airp lane posi— H
t jon from which that view would be seen.

Visualization of Maneuvers presents a stimulus picture of an airplane in

a s ta r t ing  posit ion.  A simple maneuver is described such as a turn or a bank

of a certain number of degrees. The examinee must selec t the alterna tive pic-

ture that portrays the airplane ’s new position. An important require—

ment is that all maneuvers be visualized from the pilot ’s position in the

cock pi t. Thus a right turn means to the pilot ’s right regard less of the plane ’s

position in the stimulus pic ture.

In Formation Visualization, each item presents top and side silhouette

views of a formation of two or three airp lanes. The examinee must selec t the

picture that shows the formation from a front view. This part icular test

appear s amena ble to both Spat ial Orientation (empathetic ) or Visualization

(detached manipulation) strategies. Its load ing on the Spatial Orientation

factor was about the same as its load ing on the Visualization factor . However ,

there is other evidence that many subj ects solve items like t hose in Aer ial

Orientation (which was the defining test for this factor) in a non—empathetic

way (see Barratt , 1953, and pp, 136 below).

Spatial Relat ions. The Objec t Identification chutiet is actually closer

to the Spatia l Relations (SR) factor of the Thurstone (1938) PMA ana lyses than

the factor labeled SR by Guilford et al. (1952),

Objec t Identification I is similar to Thurstone ’s Flags , exc ept that the
stimulus f igures are silhouettes of planes, truc ks, guns, tanks , and ships

instead of flags. Object Ident if ication II is the second part of this test.

Here the stimulus figures are flags as in the origina l Thurstone test. The

fac tor reflects the high correlation (.68) between these parallel tests.

Spatial Scanning. The next factor in Table 16 was called Planning Speed ,

since most of the tests that loaded on the factor had loaded on var ious

planning factors in the earlier AAF work. French, Eketrom, and Price (1963)

call the same factor Spat ial Scanning (Ss). Scanning seems to be a more appro—

priate label as “the level of planning required by the tests seems to be a

simple willingness to find a correc t path visually before wasting time marking

the paper.” (French et al,, 1963, pp. 42—43).

The factor was defined by Maze Trac ing. This test presents a complic ated
maze on which certain pathways are marked by a letter. The examinee must in—

d icate whether the pathway between any two letters is clear or blocked . Planning

a Circuit presents an electrical c ircuit diagram with intersecting, intermeshed
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wires , a meter at one end , and several sets of two pole terminals at the other
end. The task is to determine where a battery should be placed in order to

complete the circuit through the meter.

The major question about this factor is whether it, too, represents a new

spatial subfactor. If it does, it is dif ficult to see what the psychological

basis of this uniqueness may be. Frenc:i et al .  (1963) suggest tha t , w i t h in

the spatial domain, it may represent an abilit y analogous to that requ ired in

rapidly scanning a printed page for comprehension. If so, one would expect

some connection between this factor and Perceptual Speed.

Perceptual Speed. The final factor in Table 16 is Perceptual Speed .

The factor was defined by Speed of Identification C and A. In Form A , each

item presents five stimulus figures and five alternat ives. The examinee must

indicate the four matching pairs of objects. Form C is similar except that

the items are composed of airplane silhouettes . The distinguishing details

are not as obvious and in most paired views the alternatives are rotated .

However, it does not appear necessary to rotate the alternative in order to
match it with one of the stimulus figures. In any case, Form C is more complex.

It correlated slightly higher with tie Vz and SO tests, and slightly lower with

the Ps factor than did form A.

Pattern Assembly also loaded on the Ps factor . This test is an easy,

speeded form board test, and thus adds another d imension to the hypothesis

that the SR—Vz factor reflects speed—po’..’er differences in the tests. It appears

that if a Visualization test is made extremely easy it becomes a measure of

Perceptual Speed . Thus, Thurstone ’s difficult Form Board helped define the Vz

factor (see Tables 4 and 7). Swineford and Holzinger (1942) used an easier

form board test and it fell in the middle of the SR—Vz continuum (see Table 13).

Whether a form board test more difficult than the Pattern Assembly test used

here and less difficult than the Swineford and Holzinger (1942) version wou ld

load on the SR factor is uncertain. Zimmerman (1954) suggests that it would .

He concluded that a spatial test may be made to measure Ps, SR, Vz, and Reason—

1mg (in that order) by increasing the complexit y or difficulty of the items .

However , examination of his data and the relevant research on the speed—power

problem suggests that this may not be the case (see p. 151 ff below) .

Reanalyses of the Sheppard Field Battery Spatial Tests.

Correlational Analyses. Tests with their highes t load ings on each of

the five factors of interest were selected . These are noted in Table 16.

The centroid through the two or three tests defining each factor was then used

-
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to represent that factor. This produces a more extreme separat ion between

factors  than would resul t  if all tests that loaded on the factor were grouped

together . Thus, the Vz factor was defined by forming a composite of Spatial

Visualization II, Spatial Visualization I, and Mechanical Principles. Cor—

relations between this composite and composites for  the othe r four factors
were then computed , assuming unit variance for each variable.

The SR composite was formed by averaging the correlat ions between Object

Identification I and II and the other variables in the battery, and then using

these average correlat ions and those for Object Recognition to define the

• composite. Thus, the two versions of the Flags test were treated as one test

and combined with the AAF version of Cubes to make up the SR factor.

The resulting correlations are shown in Table 17. Correlations between

several other tests of interest and these oblique factors were also computed

and are shown at the bottom of Table 17. The correlat ions were all posit ive,

and many were quite high . There is obviously a large general factor in the

matrix.

When these factors were ranked according to their correlation with other

factors , the order was the same for all factors except Ps. Vz was consistently

first , followed by SO, SR , Ss and PS. The Ps factor , on the other hand , had

its highest correlat ion with Ss, followed by SO, SR , and Va.

Inser t Table 17 about here

As expected , the Pattern Assembly (i.e. easy form board) test correlated

highest with the Ps f ac to r .  However , its next highest correlation was with

the Va factor , although the SR correlation was only slightly lower . To support

the Zittinerman (1954) complexity hypothesis, Pattern Assembly should

correlate higher with the SR factor than with the Vz factor. The opposite

pattern was obtained here.

Position Orientation is an adaptation of Thurstone’s Hands test. The hands

test helped define the SR factor in the PMA analyses. Hands was not used to

help locate the SR factor here because it may in part measure what Thurstone

(1951) calls “Kinesthetic” ability and Guilford and Lacey (1947) call left—
right discrimination. The high correlation between Position Orientation and

the SR cluster is consistent with Thurstorse’s (1938) analyses. Its next highest

correlation was with the SO composite. This is particularly suggestive . What

has been called the Kinesthetic factor may represent the degenerate or simplest

form of a spat ial orientation test. Alternatively, the ability to make rapid
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l e f t — r i g h t  discr imination may be an important component of SO tests . In either

case , the relationship between the two types of tests is cloud ed by individ ua l

differences in solution strategy . Thurstone (1951) observed that students ap-

peared to solve his Hands test in different ways. Similarly, Barratt (1953)

found that only 31 percent of the subjects in his sample reported solving items

on tne Guilford—Zimmerman Spatial Orientation test by projecting themselves

into the situation. The relationship is also clouded by speed—power differences .

Position Orientation is a highly speeded test while the SO defining tests are

relatively unspeeded .

Another way to look at the relationships between these test clusters is

within the context of a multi—trait , multi—met hod matrix (Campbell and Fiske, —

1959). Such a matrix of average correlations within and between each of the

clusters is shown in Table 18. The between cluster correlat ions are lower

than the corresponding correlations between cluster centroid s shown in Table

17. This is because averaging the correlat ions ignores the covariance between

tests within a cluster in computing the cluster variance. The advantage of

this method, however , is that it provides a way to compare within cluster cor—
relations with the between clus ter correlations. The average correlation within

each group of tests that measure an hypothesized construct should be higher

than the average correlation between members of that group and any othe r group.

Insert Table 18 about here

Inspection of Table 17 reveals that this principle holds for all the

clusters except SR. Tests in this cluster correlate as well (or even slightly

higher) with those in the Vz and SO groups than with each other . Recall that

the SR group was formed by first averaging the correlations for the two var-

iations of the Flags test (Object Identification I and II) and then clustering

this score with the Object Recognition (Cubes) test. However , when the two

Object Identification tests were not averaged first , but entered separately,

the within SR correlation rose to .47. This is higher than the average cor-

relation between SR and any other clusters . Thus, it appears that t~e analysis

must include tests that are essentially parallel forms in order to define a

coherent SR cluster. This is precisely what Thurstone and Thurstone (1941)

did in defining PMA space as a composite of Cards, Flags, and Figures.

The same connnent applies to the Ss and Pg clusters. Planning

a Circuit is a parallel form of Maze Tracing. For the Ps cluster , the two

51 
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Speed of Identification tests are even more obviously parallel. Thus, specif ic
method variance p lays a cruc ial role in d e f i n i n g  factors  that  load primarily

on aptitud e constructs in the lower branches of the hierarchical model.

Factor Analyses. The question remains, however, whethe r the SO and Ss

factors represent new subdivisions of the broad group spatial factor. To answer

this question, the matrix of cluster correla tions was factored in two ways.

First , the correlations between the four spatial clusters (exclud ing Ps)

were factored by the centroid method . Maximum off—diagonal correlations were

used as communality estimates , and two factors were extrac ted . The results

are shown in the first two columns of Table 19. The mean absolute value of

the residual correlations after two factors were extracted was .015,and the

standard deviation .01.

Insert Tabie 19 about here

The first factor (I) represents the General fac tor (g or Gf) plus the

broad group Spatial factor (S). The second factor sets Ss against the other

three clusters, particularly SO and SR. Thus , the Ss factor appears to measure

something different than the other three spatial clusters. However , it is ins—

possible to say whether this extra component is a new aspect of spatia l ability

or some other d imension such as Viaual Memory or Perceptual Speed .

The Visual Memory hypothesis was rejected since the two tests that de-

fined this factor in the original analysis correlated poorly with all four

spatial clusters. On the other hand, the Ps cluster had particularly strong

correlation with the Ss cluster (see Table 17) and so this cluster was in-

cluded in a new analysis. —

Thus, the full matrix of cluster correlations in Table 17 was factored

by the centroid method . Again, two factors were extracted using maximum off

diagonal correlations as communality estimates. The results are shown in the

third and fourth columns of Table 19. The Ss and Pa composites clustered to—

gether on the negative pole of factor LI’ while Va , SO and SR all had positive

loadings. It appears, then, that the major portion of the unique varianc e in

Ss that appeared in factor II derives from Ps, not some new spatial subfactor .

Hypotheses about the SO Factor. 
C
i

The situation was different for the SO cluster. While SC’. correlated

strongly with Vz, it retained some unique , psychologically interpretable

variance of its own. The high correlation with Va may reflect one or more of
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Table 19

Factor Analyses of Shepard Field Battery
Reference Cluster Correlations
(After Guilford et al., 1952)

First Solution Second Solution
4

Cluster I II I’ II ”

Vz .82 .06 .79 .22

SO .81 .14 .80 .20

SR .73 .13 .72 .14

Ss .68 — .21 .71 — .20

Ps .51 — .34

1 —
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the following:

1. The processes involved in solving SO tests are , in part

the same as those involved in solving Vz tests. Thus, if n components are

required to solve Vz items , m of the same components are required to solve

SO items (where m<n ).

2. The processes involved in solving the two types of tests are different ,

yet ind ividual differences in them are highly correlated in adult males.

3. Some subjects use Va strategies and processes to solve some SO test

items. Barratt (1953) provided some evidence for this hypothesis. He collected

verbal reports of solution strategy on a number of spatial tests from 84 college

males. The protocols of 58 students indicated they used a Visualization

strategy on the Guilford—Zimmerman Spatial Orientation Test (which is based

on Aerial Orientation)). Barratt described this strategy as “subjects rotated on

moved stimulus and response problems but did not imagine themselves being re-

oriented.” (p. 24). Only 26 subjects were classified as using an SO stragegy

in which they “imagined themselves being reorient ed with regard to the problems .”

(p. 24). Just the opposite held for another SO test, the Industrial Aptitud e

Spatial Orientation Test. On this test , the protocols of 26 subjects were

classified under the Vz strategy while 58 were classified under the SO strategy .

‘ Thus it is evident that  at least some subjects  use a Va
strategy to solve some SO test items. This would accoun t for the high correla-
tion between the two clusters in this battery. Those subjects who use an SO

strategy account for the portion of unique SO variance that remains. This

assumes that individual differences in either SO processes or strategy are ,

at least in part , independent of the correspond ing Vz individual differences .
• 4. Va and SO tests may require the same processes but differ only in the

content on which the transformation operates. Thus, while it may appear tha t

reorienting an imagined self in space is psychologically different from mentally

manipulating an object in space , the two mental opera tions may represent the

same set of processes operating on different inputs: an image of the self or
• an image of an obj ect.

5. Va and SO tests may require the same processes but differ only in the

average complexity or the relative speededness of the tests. Table 20 provides

some support for the speededness and , by implication, complexity, hypothesis.

As before , speededness was estimated by divid ing the number of items in the
test by the total time alloted for the test. Comp~te data  were not available
for two of the tests ei ther  in the Guilford , Frucht er , and Zimmerman ( 195 )
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repor t or the earlier, more detailed exposition of the AAF research program

(Guileford and Lacey, 194’).

Insert Table .~O ab~sut here

With the exception of the Ss cluster, the average speededness estimates

followed exactly the opposite rank order previously observed in the cluster

intercorrelations (see Table 17). The estimates for the two tests in the Ss

cluster are undoubtedly too low. They fail to include the number of pa th

sea rches required  for  the solution of each item, but only the number of items
in the tests .  Speed edness estimates for  two other tests also may be inaccurate.

Spat ial Visual ization LI is probably less speeded than indicated in Table 20 ,

as the test contains U items about which a total of 44 ques tions are
asked. On the other hand, Speed of Identification A is probably more speeded

than indicated , since solving most items should require evaluating more than

one alternative. However , both of these possible changes in speed edriess est i-

mates  would produce even sharper support for the comp lexity hypothes is . “

Thus , the ranking of tne cluster s in terms of their general factor load—

ings (which are proportional to the average cluster intercorrelations) was

ident ical to the power ranking oi the clusters , i.e., Vz , SO , SR , Ps. The Ss

cluster fell between SR and Ps in terms of its average correlation with the

other clusters. A good estimate of its speedness wou ld probably result in the

same placement.

Comparison of AFF and Thurstone Space Factors.

Finally , the present analysi s a f f o r d s  a uni que oppo r tuni t y to r e l a t e  the
• AAF Va and SR space factors to the more familiar spac e factor s constructed

• here. The AAF Vz factor appears to be essentially the same as that identified

in the reanalyses of the Thurstone PMA data , and represented here by the com-

bination of Spatial Visualization I and II, and Mechanical Pr inciples. This

last test defined or loaded highl y on the Va factor in ten s tudies  (see Table
14). Spatial Visualization , following a distant second , defined the factor

In two stud ies.

The identity of the various AAF SR fac tors is more problematic . The tests

that most frequently defined the factor seldom appear in other factor analytic

studies , probably because most were indiv idually administered apparatus tests,

In the reanalysis of Perceptua l Battery II (see Table 15) the SR factor

was defined by famil iar Thurstone tests , not by AAF SR tests. For example ,

the test Complex Coordination , which defined or loaded highly on the SR factor

in numerous AAF studies , split its var iance rather evenly between the SR and
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methodolog ical consequence of its negative correlation with Vz , or vice versa.

At any rate , this is the only AAF SR test that clustered even moderately with

the Thurstone—type SR factor.

Thus , it appears that most of the AAF SR factors are not the same as the
Thurston e SR factor  defined by tes ts  such as Cards, Flags , Figures , and Cubes.

Instead , these fac tors are more representative of the broad group spatial

fac tor.

Final ly ,  the AAF investigators had difficulty separating Vz , not from the

factor they called SR, but from the various reasoning factors (Guilford and

Lacey , 1947, p. 292). This difficulty is easily explained within the hier—

archical model. The various reasoning fac tors were composed of g or Cf tests ,

and thus should overlap consid erably with the complex Vz tests.

Thurs tone ’s Later Work

The Thurstone Percept ual Battery .

At about the same time as the AAF work , Thurstone reported a factor analysis

of perceptual tests (Thurstone , 1944). Several factors in that study are of

Interest here.

Perceptual Factor A. The tests whic h defined this factor are shown in

Table 22 along with the ir factor load ings. Although Thurstone defined this

fac to r as “speed and s t rength  of closure ,” inspection of the tests indicates
that it is close to the Space factor of his PMA study amd the Spatial Relations

factor of Guilford and Lacey (1947).

Insert Table 22 about here

In the Shape Constancy Test, the subjec t must remember the apparent shape

of a squsre piece of cardboard seen lying flat on a table across the room.

The test had only one item. However , the fac t that it defined the fac tor is

congruent with the arguments of Smith (1964) on the nature of spatial ability .

He contend s that “the k—loading (and therefore the Va—load ing) of a test depend s

on the degree to wh ich it involves the perception , retent ion , and recognition ,

(or reproduction) of a figure or a pattern in its correc t proportions ” (Smith ,

1964, p. 96). 
j

A second test under Factor A in Table 21 , PMA Space , is a composite of
the fami l ia r  Flags , Fig ur es, and Cards tests (Thurstone , 1938; Thurstone and

Thurstone , 1941) . Gott schaldt  Figures A and B were both h ighl y speed ed in this

administration. Part A contained the easier items , a nd the score was the number

60
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of figures correctly identified in three minutes. For the more difficult

par t B, the dependent measure was the number of designs completed per minute.

The more complex test (Part B) had a lower loading on the factor than the

easier test (Part A) just as the more complex spatia l tests had lower loadings

on Thurstone ’s Space factor in the PMA stsxi y (Thurstone , 1938).

The Bloc k Design test consisted of eight designs from the Kohs test (Kohs,

1923) with two d emonstration item s from the Wechsler—Bellevue (Wechsler , 1939) .

The score on this test was the sum of the t imes for the last f ive designs .
Using latency as the depend ent measure for the Block Design test and admini-

stering the Gottschald t tests under speeded conditions may explain their higher

than usual loadings on this Spatial Relations factor .
Finally , males outperformed females on this fac tor , which also supports

a spatia l interpretation.

Closure Speed. Factor F is the Closure Speed factor; tests tha t loadeu

on it are also shown in Table 22. The factor was defined by the t e s t  Periph-

eral Span—Single. In this test , the subject was asked to stare at a Lixation

point in the center of a blank screen. A capital letter was then flashed on

the screen for 40 milliseconds at one of six distances on one of twelve ima gi—
nary radii centered at the fixation point . Score on the test was the number

of letters correctly identified .

The test with the next highest loading was Dark Adaptation s In this test ,

the subject was asked to look at a brightly lit screen for two minutes. During

this time a slide containing a capital letter was projected at various points

on the screen , but the letter could not be seen as long as the screen was

illuminated . The subjec t ’s ta sk was to ident i fy  the letter as rapidly as
possible when the light was turned o f f .  Score on this test was the med ian

response t ime for seven trials.

The next test on Factor F is the Street Gestalt. However, the

dependent measure was the number of items with a r esponse time of three or

more seconds. Of course, this error score was reflected in the analysis. This
score puts a heavier weight on rapid performance tha n the usua l dependent

measure of total number correct. Mutilated Words, which also loaded on the

factor, was scored in the same manner .

Peripheral Span—Double was similar to the peripheral Span—Single test ,

except tha t here two let ters were proj ec t ed on the screen : one at the fixation
point and the other at the rad ius of a circle around it. The subject ’s task

was to press a key if the two letters were the same. Score on the test was
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the mean response time for test frames that contained identical letters. The

Social Judgetnents time variable also loaded significantly on this factor.

Here , the subjec t was presented pair s of adjectives (e.g., competent — tactful)

and was asked to ind icate whic h trait seemed most des irable . The dependent
measure was the number of items with a response time of two or more seconds.

The common requirement of all of these tests seems to be the ability

to make rapid identif ication or comparisons using incomp lete or dis torted in-

formation . Thus, the closure label may be misleading. In Dark Adaptation ,

Per ipheral Span S ingle , the Street Gestalt , and Mutilated Words, subjects

must match an incomplete visual image with a memory trace of that image. In

Peripheral Span Double , they must do this for  the peripheral letter , but then
perform a visual match of the peripheral and central letters. It is

noteworthy that Peripheral Span—Double is more centrally located and , by impli—

cation, more complex than Peripheral Span—Single in the multid imensional scal-

ing of these data (see Figure 5 below).

Flexibility of Closure. Factor E is the Flexibility of Closure factor .

Thurstone fel t  that the chief characteristic of this factor was the ability
to break one gestalt in order to form another, or the freedom from what the

Gestalt psychologists called Gestaltbind~~g.~
The factor  was defined by the test Two Hand Coordination. In this test

the subject was required to tap corresponding quartile segments of two non—
synunetrically labelled circles at the same time. Quartile number one was

centered at nine o’clock on the first circle and at twelve o’clock on the

second circle. The other three quartiles followed in clockwise succession on

both circles. The dependent measure was the ratio of the sum of the number

of taps in each quartile using each hand separately, to the number of simul-

taneous taps in corresponding quartiles using both hands. Thus, those with

high scores on the test performed as well on the more difficult simultaneous

task as they did when using each hand independently.

• On the Hidden Pictures test, the subject was required to find six human

or animal figures that were concealed in a larger distracting picture. Thus,

it appears that the test requires the subject to break one gestalt and form

another. Score on the test was the time to find the first five of the six
hidden figures.

The contents of PMA Reasoning are uncertain. The original factor (Thur—

stone and Thurstone, 1941) was defined by Letter  Series , Letter  Grouping , and
Pedigrees. Later versions of the PMA used Word Grouping and Figure Grouping

63
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to define this factor (Thurstone and Thurstocie, 1947). The test was too

easy for the college stedent volunteers in this study, and may have be-

come more like a Perceptual Speed than a Reasoning test. Female superiority

on the test supports this hypothesis.

In the Color—Form Memory test, subjects were shown a slide containing

four colored designs for 40 milliseconds. They were then asked to name the designs

and their colors. Two scores were computed: a ratio of the number of for-ins

recalled to the sum of forms plus colors recalled , and the number of forms

plus colors recalled . The ratio score did not correlate with other tests in
the battery and was exclud ed fr om the factor analysis. Thus, those with high

scores on the Color—Form Memory test were able to recall both colors and forms .

The last two tests with only minor loadings on the factor were the diffi—
cult Gottschaldt Figures test (part B) and Block Designs.

While it appears that breaking Gestaltbindj~ g is a significant element,

the more pronounced communality is the ability to do two things at once. Thus,

performance on these tasks may be a function of the degree of hemispheric donii—
nance. Those who are less lateralized may be able to keep both hemispheres

working on separate tasks without one hemisphere interfering with or dominating

the other. This is particularly evident in the test that defined the factor ,
Two Hand Coordination. It also seems to characterize Hidden Pictures. In this

test, one must simultaneously break one gestalt (an analytic left hemisphere

function?) while forming another (a right hemisphere function). Similarly,

those who were able to name the colors and retain images of the forms at the

same time would perform well on the Color—Form Memory test. Superior female

performance on this factor supports this hypothesis, as women tend to be less

strongly lateralized . This raises the interesting possibility of using rela-

tive performance on the Space and Flexibility of Closure factors to estimate

the degree of lateralization.

Factor L. The final factor of interest here had only marginally signifi-

cant loadings from the two Gottschaldt Figures tests and Block Designs . Thur—

stone called the factor a residual, and did not attempt interpretation. The

factor represents the residual GE covariation in these three tests that was

• not captured by the Spatial Relations factor . If other complex spatial tests

such as Paper Folding or Surface Development had been included in the analysis,

the L factor probably would have become the Vs factor that appear ed so
often in other analyses.

-
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Reana lysis. The correlation matrix of all the tests lis ted in Table 22
was scaled us ing the KYST program (Kruska l , Young & Seery, 197 3) . Raw correla—

-

. tions were used because Thurstone did not report reliabilities. The initial

configuration was generated by the metric Young—Torgerson procedure. The

nonmetric configuration was iterated 23 times in three d imensions and 22 t ime s
in two d imensions , Stress values (formula 1) were .120 and .175, respectively.
The final two d imensional configuration is shown in Figure 5. The approxi-

mate positions of the four factors are also shown in this plot.

Insert Figure 5 about here

The clusters shown in Figure 5 were generated by Johnson’s (1967) HICLUS

program using the diameter method . There were a number of discrepancies be-

tween the cluster and factor analyses. For example, PMA Reasoning, Two Hand

Coord ination, and Color Form Memory formed a cluster, while Hidden Pictures

c lus tered with the Closure Speed group. This is not unusual , as Hidde n Pic tur es

somet imes falls on the Closure Speed factor and sometimes on the Flexibil i ty
of Closure factor (Botzum , 1951; Peinberton , 1952). This suggests that Hidden Pictures

requires both Flexibility of Closure and Closure Speed , or is solved in different

• ways by different subjects.

The Closure Speed cluster is also different than the Closure Speed factor .

In particular , the two tests that defined the factor (Peripheral Span—Single

and Dark Adaptation) broke away and formed a sub—cluster with the Peripheral

Span tests and Soc ial Judgement Time. Dotted Outlines and Hidden Digi ts also

entered the cluster at  later steps in the analysis. These tests would
move to the periphery and define the usual Closure Speed factor in a battery

of more complex tests. Here, however , the presence of the simple tasks alters

both the scaling and factor  structur e , and , in a way, permits a cleaner psycho-

logical interpretation.

The Thurstone factors  appear more useful than the clusters , and are more

consonant with the multidimensional scaling. A test can load on more than

one factor but can only belong to one cluster . The exclusionary
nature of the hierarchical clustering algorithm is par ticularly tin—

stable at the la ter stages of the cluster analysis.

As in other analyses , the tests that defined the Thurstone factors were

more per iphera l , while the more centrally located tests tended to load on more

than one factor . The particularly close clustering of the two Gottschaldt
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tests , Block Des igns , and PMA space is more the result of low correlations

between other variables than a reflection of an unusually strong relationship between

these tests. In fac t , the highes t correlation in the submatrix analyzed here

was only .57 between Cottschald t Figures A and Bloc k Design .

Thus, the reana lysis accept s the Thurstone factors , but with different

psychological interpreta t ions. In addit ion, projecting these factors onto

the two dimensional scaling revealed that at least a two level (i.e. , bi—factor )

hierarchy is present , but overlooked by Thurstone ’s analysis .

The Thurstone Mechanica l Aptitude Battery

Thurstone ’s results,  In 1951 , Thurstone reported a study of mechanical

aptitude. A large number of familiar spatial tests were included in the test

battery, and so the study merits  close scrutiny .

A battery of 32 group tests, 25 individual tests and two interest scales

were administered to 350 boys. All were juniors in a Chicago technical high
school. The main objective of the study was to compar e the test scores of two
subgroups at the extremes on mechanica l experienc e and interest.

Unfortunately , correlations and factor analyses were reported only for

the 32 group tests. Five of these tests were “classified” and are not described

in the report . Thurstone extracted ten centroid factors from the correlation

matr ix  for these 32 tests . The solution was iterated once and then rotated
— to oblique simple structure. A simplified version of the resulting factor

pattern matrix is shown in Table 23. Correlations between the factors are shown

in Table 24.

Insert Tables 23 and 24 about here

The factors were labeled Induction (I), Space one , tw~ and three (Sl , S2,
S3), Kinasthetic (K) , Memory two and three (M2 , M3) , first and second Closure

(Cl , C2) , and residual. Five tests had no significant load ings on any of the

factors:  Block Counting , Identical Forms , Mutilated Pictures , Picture Squares,

and Figure Grouping.

Five of the factors are of particular interest here. Factor Sl was defined

by Figures and Cards, followed by Rotation of Solid Figures, and Reversals and
Rotations. Thurstone interpreted this factor as representing “the ability to

visualize a rigid configuration when it is moved into different positions .”

(p. 18).
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The second Spac e factor was defined by Mechanical Exper ience , Mec hanical

Comprehension, and Electrical Experience, with Mechanical Movement s and Surface

Development also loading significantly. This factor was inter preted as “the
• ability to visualize a configuration in which there is movement or displacement

among the parts of the configuration.” This ability was considered to be the central

characteristic of mechanical ability.

The third Space factor was confined to the Lozenges and Cubes tests and

Thurstone did not attempt to interpret it. However, in an earlier repor t

(Thurstone, 1950) he speculated that the factor might represent the ability

to think about spatial relations in which the body orientation of the

observer was an essential part of the problem. However , there appears to be

little similarity between the psychological processes tapped by Lozenges and

Cubes , and the cluster of AAF tests for which Guilford first proposed this

interpretation (see p. 45).

The Kinesthetic factor is also of interest. It was doublet composed of

Hands and Bolts . Thur st one arrived at this label by observing students perform
various contortions with their hands while solving the tests. He also noted

tha t some students were able to solve the items “in their heads ” and did so
much more rapidly than those who were constantly referr ing to their own hands.
This suggests that the tests were tapping different abilities in different

students. It would also explain wiy the Hands test sometimes clusters weakly

with other Spatial Relations tests such as Cards or Figures (e.g., Thurstone,

1938) and sometimes defines a separate factor (e.g., Guilford and Lacey , 1947).

Finally , the second Closure factor was defined by Designs , Copying, Paper

Puzzles, and the Gottschald t Figures , all with low loadings (.30 — .38). As 
C

the label suggests , this factor was thought to represent the same aptitude

tapped by the flexibility of closure factor identified in the factor analysis

of perceptual tests (Thurstone , 1944). The fac tor was extremely oblique in

this solution , however, it correlated .63 wit~.’ the Ind uction factor (which

was defined by Letter Series), .53 with SI, and .33 with S3 (see Table 4).

With the exc eption of fac tor S2 , whic h was defined by the exper ience tests,
the intercorrelations of these factors were quite high . There is clearly a

higher order factor in the matrix.

Reanalysis. Th~ reanalysis of ti-ese data took many different forum , only
a few of which can he mentioned here. The ultimate goal was to construc t a

hierarchical factor representation of the correlation matrix. The most prom-

ising technique appeared to be one outlined by Wherry (1959). The procedure
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starts by extracting oblique first order factor s by the multiple group method

and then determining their intercorrelations. Second order oblique factors

• are extracted from this matr ix , and the process is repeated unti l  just one factor .
can be extracted . The ser ies of fac tor structur e matrices are then transformed

into one orthogonica l, hierarchical matrix.

Disattentuation. The correlat ion matrix for the 32 group tests in the

Thurstone Mechanical Ap titud e Study were first disattentuated and then cluster

analyses and multid imensional scaling were performed on the matrix . Thurstone ’s

split half reliability coeffic ients were used in the disattentuation. These

coeffic ients were undoubtedly too high for  the speeded tests, but this under-

estimates the disattentuated correlation. This was more desirable than using

communalities (from the Thurstone solut ion or a component model øf the present

solution) that would underestimate the reliability of the more specif ic tests ,

and thus overestimate the true correla t ion.

Level one clustering and scaling. Maximum method cluster anal ysis was

then performed on the disattentuated matrix using Johnson ’s (1967) HICLUS

program. The results are shown in Figure 6. A minimum method analysis was

also performed , but did not yield clearly defined clusters.

Insert Figute 6 about here

A nonmetric multid imensional scaling was also performed on both the raw

and disattentua ted correlation matrices using the KYST program (Kruskal , Young

and Seery , 1973). The disattentuated solution was clearer , and more congruent

with the corresponding cluster ana lysis , and so only this solution is reported

here . The initial configuration was generated by the metric Young’-Torgerson

procedure. The configuration was iterated ~~4 times i- .i three d imensions and ~O

times in two dimensions. Final configurat ions were rotated to principal com-

ponents. Stress (formula 1) was .159 in three dimensions and ..~l3 in two
d imensions. The two d imensional solut ion was selected because it was more

interpretable and more consisent with the cluster analysis. Further, the

slight reduc tion in stress at three d imensions did not warrant retaining an

additional d imension.

The r esu l ts of this analysis are shown in Figures 7 and 8. Figure 7 in—

cludes the test names and the level one clustering, while Figure 8 shows a

m ore complete version of the hierarchical clustering from Figure 6 superimposed

on the scaling representation .
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Insert Figures 7 and 8 about here

The cluster analysis suggested that the original set of 32 variables could

be partitioned into ten clusters. These clusters are indicated in Figure 6 by the

labels Thurstone attached to similar factors in his oblique factor pattern

matrix. Several clusters are either new or sufficiently different

from the Thurstone fac tors  to warrant  comment.

With the exception of the Designs test, none of the tests in the Percep tual

Speed (Ps) cluster had signif icant  load ings on Thurstone ’s factors. The Designs

test had th e highes t loading ( .38 ) on his Flexibility of Closur e (C2) factor .
It clusters with Ps tests here partly because of the disattentuation process.

This test is quite speeded and its reliability coefficient (.96) was undoubt-

edly inflated . On the other he~nd , the reliability of the Gottschald t Figures

test was estimated to be .78. Thus, the Gottschald t Figures test was pulled

closer to the other complex , power tests that also had lower , more realistic

reliability coeffic ients. This was evident in a comparison of the two diuten—

sional scalings of the raw and disattentuated correlations . Of course, the

Designs test clustered with the Ps tests only because it correlated higher

with the Ps cluster than the C2 cluster at that point in the analysis . The

exclusionary clustering algorithm prohibits a test from belonging to more than

one cluster . However, in the final hierarchical solution, the Designs test

emerged with a small loading on the C2 factor. 
-

The clustering of the Mutilated Pictures test was also problematic . The

— cluster analysis in Figure 6 indicated that it did not cluster neatly with any

of the other variables. The multid imensional scaling was equally indeterminate.

Consequentl y ,  a second d iameter method cluster analysis was performed in which
this test was clustered with the ten first order clusters. In this analysis,

Mutilated Pictures clustered with the Cs tests , and so it was added to that

group.

It would have been pref erable to let the test stand alone. However , the

test would define a “fac tor” in the fina l hierarchical matrix. Thus, it is

preferable to cluster a test with other tests if possible. This problem does

not emerge at higher levels in the analysis. C lusters that are not

clustered again at a level each define dummy factors that appear as a column

of zeros in the hierarchica l matrix. Of course these “factors” are not reported

in the f inal factor  s t ructure  m a t r i x .
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Thurstone’s third Space factor was merged with his first Space factor

in a cluster labeled 51 in Figure 6. This was more a function of the multi—

~ 
dimensional scaling than the cluster analysis, although the latter did indicate

~ that 53 clustered with the first space factor tests rather early. The scaling
. 

(see Figure 8) ind icated that the S3 cluster lay within the Si cluster . Centroid

vectors passed through the clusters would be almost perfectly correlated at

-

~ 

the next level within a common fac tor model. This introduces problems of com—

-
~

_ 

munality estimation tha t may produce final communalities greater than one.

~ Thus, the first and third space factors were merged at the first level. How—

ever this compromise with the limitations of the Wherry (1959) method may have

distorted the factor structure. Cubes and Lozenges A are probably more com—

~ 
plex than the other four tests in the Si c luster , all of wh ich involve the

~ 
rotation of a figure. In the Cubes test , subjects must rotate , remember , and

~ 
compare (although, of course, there are other ways to solve the problem). In

- Lozenges A they must keep track of a small hole and a heavy black line drawn

on the card while rotating it. Thus, these tests require more than the rotate

and match processes that characterize the other Si tests.

Further , S3 was embedded in Si only because the Rotation of Solid Figures
- 

- 
test lay above it (see Figure 7). This test lay closer to the two

mechanical tests and Bolts, probably because they all involve the rotation of

a solid figure in three d imensional space. Note, however , that this is not
the facet on which the tests are clustered . This is contrary to Cronbach’s

(1970, p. 332) prediction and congruent with Metzler and Shepard’s (1974) finding

that rotations of three d imensional objects did not take longer than rotations

of two d imensional objects. However, there is a tendency for the three d imen—
- 

sional rotation tests to fail closer to the center of the configuration , which

may indicate that they are more complex than the two d imensional rotation

tests (see Marshalek, 1977).

- The cluster labelled C2 has more of a spatial emphasis than the corres-

pond ing factor In the Thurstone solution. In particular , the Surface Develop-

ment and Paper Puzzles tests split their variance between the C2 factor and

other spatial factors in the Thurstone solution. Again, this was a consequenc e

of the exclusionary clustering algorithim that was modified slightly in the

final hierarchical matrix. There, Copying defined the C2 factor even though

it was the last test to cluster here. On the other hand , the C2 factor was

the only factor on which Copying and the Gottschalt Figures loaded significantly

in the Thurstone solut ion.
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The Induction factor was almost identical to the correspond ing Thurstone

factor. However only one memory cluster appeared here instead of two memory

factors as in the Thurstone solution. Memory for Pictures and Memory for Geometric

Designs clustered strongly, and were the two tests that defined Thurstone ’s

M2 factor. The third memory test (Visual Memory) clustered only weakly with

these two. This test split away and , along with Block Assembly, defined

Thur stone ’s M3 factor. However , in the present solution Block Assembly

clustered strongly with Block Counting In a factor called S4. This may have
been a consequence of overlapping content , but since Block Assembly was one

of the classified tests it is impossible to know for sure.

Finally,  Thurstone’s second Space factor was split here into a mechanical

cluster (S2) and an experience cluster . Even though these two clusters came

together early in the hierarchical cluster analysis, there was good psychologi—

cal reason for keeping them apart. Scores on the experience tests require

crystalized knowledge of mechanical and electrical concepts; knowledge that

is highly dependent on experience, attitudes, motivat ion, as well as ability.

It is of some interest to see how these tests relate to the mechanical corn—

• prehension tests, which utilize mechanical content but require spatial reason-

ing. However , allowing the two to come together and define a “spatial” factor

is mislead ing , for the two overlap primarily in content . Thus, Thurstone’s

second Space factor , which was defined by the Mechanical Experience test , was
probably more of a mechanical knowledge factor than a space factor .

High order clustering. These ten first order cluster s were then clustered

again by the diameter method . The results are shown in Figure 9. The first

space (Si) and Perceptual Speed tests came together in a cluster called Spatial

Relations (SR). This is something of a misnomer as Si alone is usually what

is meant by SR. The important point is that the speeded space tests came

together in one cluster while the three clusters of relatively unspeeded , complex

tests came together in another cluster (here labelled Vz, again for cont inuity

with previous work).

Figure 10 shows a ~ o dimensional scaling of the ten first order clusters.

The Si cluster was closer to the S4 and C2 clusters than to the Ps cluster.

This suggests that all four of the spatial clusters (Si, S2 , S4, and C2) could
• 

- 
have been clustered into a broad group spat ial factor at this level. In fact,

if S2, S4 and C2 are clustered into the Vz factor (as shown) but Si and Ps

are not clustered , then Si clusters with the Vz cluster and not with the Ps cluster

at the next level.
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Insert Figures 9 and 10 about here

Thus, one is faced with a double problem of not just where to draw the

line between clus ters, but when. Any suc h decision is necessarily somewhat
arbitrary. The goal here, however , was to construc t a complete hierarchical
representation of the data, and so the initial clustering that represented two

factors at this level was retained .

These seven second order cluster s were again clustered by the diameter
method . The results are also shown in Figure 9. The clustering indicates

that there was really only one cluster at this level. However, the SR and

Vz clusters were clustered together , In order to represent the broad group

spa t ial factor in a complete hierarchical model.
Hierarchical factor analysis, The results of the cluster analysis were

used to construct a series of weight matrices for the multiple group factor

analysis. The first matrix created the ten first order clusters from the

32 variables; the second created the seven second order factors from these;
while the third defined the six third order factors; and the fourth brought

the six third order factors into one general factor .

As explained previously, however, variables that are not reclustered at

a level do not define factors at that level. In the present case , there were

just ten first order factors, two second order factors, one third order factor

and one fourth order factor. A common factor model was employed at all levels.

Test reliabilities were used as communality estimates at the first level, and

the maximum off diagonal correlation at all other levels. If a cluster was
-

• 
not reclustered, its coumrnnality was estimated to be 1.0 at that level.

The four oblique structure matrices were then transformed into one or-

thogonal hierarchical matrix by the Wherry (1959) procedure. This

matrix is shown in Table 25. Factor loadings less than .10 were omitted . The

table shows a large general factor , labeled Gf , the broad group spatial factor
(S) , two second order group factors (SR and Vu) and ten first order factors.

Insert Table 25 about here

Tests and clusters near the center of the scaling representation in Figure

7 loaded strongly on the Gf factor. If the verbal domain were bet ter  represented
in this battery, Gc and G factors would also appear and capture much of the

• 78
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varianc e in the lopsid ed Cf that appeared here.

The SR and Vu factors were both small, suggesting that this may not have

been a meaningful distinction at this level in the hierarch y. In particular ,

it suggests that a two or, at most, three level hierarchy would be sufficient

for these data. Thus, the four first order space factors could be immediately

clustered into a broad group spatial factor , as one of the scaling analyses

suggested .

Also note that the K factor did not cluster with the other space tests,

and that the mechanical comprehension tests emerged with substantial loadings

on the experience factor.

However , substantive generalizations about the nature of spatial ability

are difficult to make on the basis of this factor analysis . The boundaries

between factors are arbitrary, especially at the intermediate levels. The

factor structure can be drastically altered by when and where the lines are

drawn between clusters.

Multidimensional scaling was initially employed in this analysis as an

adjunct to the cluster analysis, which in turn was an aid for the multiple

group factor analysis. The real goal was the hierarchical factor structur e

matrix shown in Table 25. I t  appears , however , that the initial multid imen—

sional scaling of the disattenuated correlations was the most promising way

to represent the complex web of relationships among the tests.

• A component iai. interpretation. The pattern of test points in the multi-

dimensional scaling representaiton can be readily interpreted in component ial

terms. As used here, “component” refers to a functionally discrete mental

process. For example , mental rotation , matching , and storing in memory are

• examples of component processes .

The peripheral clusters in Figure 7 may be viewed as components of varying
degrees of purity or clarity. More central clusters may then be defined by

combining the component processes. Note that only a restricted set of

comp nents appears here. First, the set includes only those component pro-

cesses actuall.v requir ed by the tests selected for inclusion in the battery.

Of this number, only those in which th41re are individual differences within

the range of component difficulty required by the tests will surface. Finally,

the t est will cluster with others in the battery to the extent that its com-

ponents overlap with those required by other tests. All of

this will be blurred by measurement error and individual differences in how
students solve test items .
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The coimnon denominator of tests ~n the Sl cluster appears to be mental

rotation. The subset formed by Cards , Figures , and Reversals and Rotations

formed the tightest cluster wit~iin the group. Cubes and Lozenges A may have

fallen within this cluster because the primary source of individual differences

in these tests lies in the speed and power of mental rotat ion.

But other components (such as memory) produced individual differences in

these tests, and so they formed a subgroup. The rotation component was also

strongest in the Rotation of Solid Figures test. However, this test fell near

the Mechanical tests and Bolts, suggesting that experience with three dimen—

sional rotation problems may have some important influence on test performance.
The location of the Bolts test midway between Hands (left—right discrimina—

tion component), the mental rotation cluster , and mechanical experience cluster ,

suggests that all three of these components prod uced individ ual differences in

the test. Similarly , Mutilated Pictures fell at the intersection of the visual

memory component and the closure component . Performance on this test (which

is similar to the WAIS Picture Completion subtest) appears to depend on the

ability to retrieve features of similar images from long term memory and mentally

• “close” the incomplete image. Of course, the location also suggests that the

test was solved in different ways by different subjects.

The common process component in the Ps cluster appears to be speed of

matching visual stimuli. The cluster is loose, suggesting that test content

or other components influence tes t performance. The proximity of this cluster

to the mental rotation cluster suggests that speed of matching may be an im-
portant component of tests in the Si cluster , particularly those nearest the

Ps cluster.

Tests at the center of the figure may be more complex because individual
differences in several components influence test performance. The conf iguration

suggests that visual memory was par ticularly important in the block tests.

Individual differences in a number of components influenced performance in

tests like the Gottschald t Figures , Surface Development, and Paper Folding.

Of course , these interpretations are speculative. Multid imensional scal-

ing, like factor analysis, cannot produce something out of nothing . The

tests are impure; most , if not all , may be solved in more than one way . Further ,

all require multiple cognitive operat ions for solution , and so tests may correl—

ate for a variety reasons. Nevertheless , if there is any informaiton in this

sort of correlational research that would provide direction for research on

a process understanding of aptitude , mul tidimens ional scaling of the correlations
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• 
yields the mos t psychologically rich representation . It prov ides a rough and
usable map of the terrain. The trouble lies not in the multivariate methods

but In the tests. Process , content , and complexity are all intertwined . The

real task is to identify these dimensioi~~and then develop clear ways of meas—
uring them.

Guilford ’s Postwar Work

Guilford and his students reported several stud ies of spa t ia l abil i ty in
the period between the complet ion of the AAF work (Guilford and Lacey, 1947)

and the formulation of the Structure of the Intellect (SI) model (Guilford ,

1956). These studies attempted to investigate hypotheses about the nature of

spatial ability tnat had surfaced dur ing the AAF work.

Michael. Zimmerman, and Guilford (1950)

In the first study, Michael, Zimmerman,and Guilford (1950) enumerated

several hypotheses about the differences between the Spatial Relations and

Visualization factors. They hypothesized that the Spatial Relations factor

represented “the ability to comprehend the arrangement of elements within a

visual stimulus pattern, primarily with reference to the human body.” (p. 189—

• 190). Thurstone’sCubes and Flags, and the Guilford—Zimmerman Spatial Orien-

tation tests were hypothesized to be exemplary measures of this factor . Thus,

the factor they called Spatial Relations was a composite of the factors

labeled Spatial Relations and Spat ial Orientation in this rev iew.
The Visualization factor was thought to represent the ability to manipu-

late visual images. Thurstone’s Punched Holes and Form Board , and the Guilford—
• Zimmerman Spatial Visualization tests were chosen to represent it.

Michael et al. (1950) entertained several hypotheses about the dif ferences

in cognitive processes or test requirements that might underly the distinction

between the two factors.  However , they did not investigate these hypotheses

direc tly in the study , but rather factored the correlation matrix, and used
the hypotheses to explain unexpected results. Some introspective reports were

gathered , but were not utilized in any systematic manner . The hypotheses

were:

1. Response format. The subject must draw his response in Punched Holes
• and Form Board , whereas all the other space tests were multiple choice format.

2. Speed of response. This hypothesis was previously indica ted in the
AAF work. The distinction between the two factors may in part reflec t a speed—

power difference. Spatial Relations tests tend to be given under relatively

speed ed cond itions, whereas Visualization tests tend to be administered under

fair ly  liberal t ime allowances.
84
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3. Task complexity. This was defined as “the number of steps entering

into the performance of an item” (p. 192). More complex tasks may requir e
Visualization.

4. Psychological distance. Again , this was a reiteration of an AAF

- hypothesis. There, it was hypothesized that the ability to visually maneuver

an airplane as if the exa..,inee were- in a position outside the cockpit would

require Visualization ability , while the ability to imagine the maneuvers as

if the subject were sitting in the cockpit would require Spatial Orientation ,

or Spatial Relations ability.

5. Strategy . Finally, the authors recognized that some subjects use

Visualization ability to solve Spatial Relations tests. They reported that

the introspective accounts of “many subjects” supported this hypothesis, but

did not factor within strategy groups or report other relevant analyses.

Results. Six spatial tests and eight reference tests were administered
to 360 students in beginning psychology at Rutgers University. Nine centroid

factors accounting for a total of 52.6 percent of the variance in the tests

were extracted from the correlation matrix. Factors were then graphically

• rotated to orthogonal simple structure. Six of the factors were labeled as

follows: Visualization (Vz), Verbality (V), Numerical Facility (N), General

• Reasoning (R), Spatial Relations (S), and P~rceptua1 Speed (P). Two factors

• could not be labeled , and the ninth was a residual.

Correlations and rotated factor loadings for the six spatial tests are

• shown in Table 26. The Visualization factor accounted for 10.6 percent of

the total variance. It was defined by Spatial Visualization (.62), with

Punched Holes and Form Board both loading .52. Spatial Orientation also

loaded on the factor (.42) ~ ftect~ng the correlation of .61 between Spatial

Orientation and Spatial Visualization , which was the highest correlation

in the matr ix.

Insert Table 26 about here

The factor labeled Spadal Relations was defined by Spatial Orientation

(.58), and accounted for 9.1 percent of the total variance. Cubes and Flags

• loaded only .43 and .44, respectively. Spatial Visualization also loaded .44

• on the factor.
• Form Board and Punched Hoses also “defined” on e of the unnamed f ac tor s

(V2) with loadings of .42 and .36, respectively. The authors speculated that

85

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



rr - . ——- 

I AD—A075 972 STANFORD UNIV CALIF SCHOOL OF EDUCATION F/G 5110
SPATIAL ABILITY: A RrVIEW AND REANALYSIS F THE CORRELATIONAL L~~ETC(U)OCT 79 0 F LOI-IMAN N00O1~~ 75—C—O6B7

I UNCLASSIF:ED TR—8

I

I

i
i I. ’n~J



1.0 T
_____ 

I.

LI

‘ ‘ “ ‘‘“
! .

S ’  flt~ f lk , ’~~~~~ ’~~~~



— -~~~~~ - —~-w~ —
~~~ 

-
~~~~~~ —

-.‘0
Ii

0 0

0 — —~ * *
0 C’4 C~ ~A~0

Q I ~
~~.0

00
U
0

0 C4 C’1
N -~ ~~ — ‘.0 iI~ IPI

0

S

i

~~~ -~~ en en
0

‘I
0 4 1

— ~~ 0 I~- — r- en
-.? en ‘.o -~

-4
41
Id
I.
0
U

0
0
0 41

0 ‘I
4J N

-4 E
0 0
41 0 0

0 -4 a~1J Id 0 ~~ —‘0
I-~ ,.4 -4 41 0 —0 0 4 )  ~~ U

0 0) .~.4 .0 4)
4) ~~~~ 1J U

0 . 0 0 00
v ) Q  r~. c n 0. ~

0’. 0 -4 C~1 -? 0
-4 - 4 - 4  -4 z

86 
4

— ~~~~~~~~~ _______ - ________ L



this factor might reflec t the response component of drawing the answer .

Even though the authors claimed the study supported the Visualization,

* Spatial Relations distinction, the evidence was not overwhelming. The average

intercorrelation of the three Spatial Relations tests was only .38, while

• their average correlation with the three Visualization tests was .42. On

the other hand , the Visualization tests correlated higher with each other

(r—.5l) than they did with the Spatial Relations tests (r .42). This correlation

pattern is similar to many others reported in this review. It can be captured

in a hierarchical factor analysis or, even more directly, in a multid imensional

scaling of the correlations.

The nine factors accounted for only about half of the variance in these

fourteen tests , suggesting that there was a restriction of range in the sample,

or that the tests were part icularly unrel iable. Further , the select samples

and liberal criteria for factor extraction that characterize much of Guilford ’s

work tend to yield a matrix of relatively small correlations and a large

number of factors  that  capitalize on minute d i f fe rences  in correlation patterns .
Reanalysis. If the correlations for the six spatial tests in Table 26 are

factored separately, the results do not support the hypothesis that the f i rs t
three tests and the last three tests define separate factors.  In fac t , if
there are two factors in this matrix, the distinction is between the four Thur—

stone tests and the two Guilford—Ziunnerman tests . This is shown in Table 27.
Here , two factors were extracted from the correlation matr ix for the six tests
using principal factoring with squared multiple correlations as initial conznun—

ality estimates. Convergence required 25 iterations.

Insert Table 27 about here

In the unrotated matrix, Factor I accounted for 44.5 percent of the total

variance or 91.3 percent of the convnon variance. Factor II only accounted for

4.2 percent of the total variance or 8.7 percent of the common variance. Thus,

the correlations were reproduced vit~i one factor about as well as with two

factors. Further, the small second factor does not support the grouping of

tests ad vocated by Michael et al. (1950).

When three factors were retained and rotated to a varimax criter ion, the

first factor was defined by Soatia l Orientatioii and Spat ial Visualization,

the second by Form Board and Punched Holes, and the third by F1a~s and Cubes.
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The culpri t  here is the high correlat ion between the Gui1f or d—Zi sm~ rma n

Spatial Or ientation and Spatia l Visualization tests ( r . .61). and the low cor—

relation between Flags and Cutes (ru ’ .36) . The forme r alight lv elevated , but

is not much higher than the .55 Guilford and Ziusuerman (1948) reported in the

manual for the Guilford—Zimuerman Aptitud e Survey . In part , this correlation

may reflect the diffic ult response format of the Spatial Orientation test. to

fact, the test was sufficiently difficult that no sublect was able to attempt

every item. Similarly, only those items that 67 percent of the group attempted

were scored on the S~atia1 Visualization test. On the other hand, the correla-

tion between Flags and Cubes was much lower than the .68 reported by Thurstone

(1938) for the college graduates in his PMA study.

The correlat ion between the Spat ial Orientation and Spat ial Visualization

tests may indicate that Spatial Orientation, which was previously identified

as a possible space subfactor (see p . 53), is a more complex apt itude construc t

than Soatial Relations, vet not as comolex as Visualization. On the other hand ,

it could mean that individual differences in the psychological processes In—

volvoi in mentally manioulatinR an oblec t “out there” are the same as those in-

volved in mentally moving the self to a different vantage. Finally, as Barratt

(1953’s suggests, it may tndic~ te that many subjects solve Spatial Orientation

test items by a Visualization strategy. It is impossible to know which of these

possibiliti~~~~tain on the basis of these data. One thing is certain, however ,
indivdiual differences in the Guilford—Zimmerman Spatial Orientation test do

not define a radically new d imension. They are to a large de2ree congruent

with thdividual differences in the more familiar Group Soat ial and Visualizatic~n
factors.

Michael, Zimmerman,. and Guilford (1951)

In a follow up investigation, Michael, Zimiserman,and Guilford (1951) admini—

stered a battery of seven spatial tests and eight reference tests to 151 boys

and 139 girls. The students were all in the 12th grade at a junior college in

California. The age range was 15 to 20 years.

The spatial tests were the Guilford—Zimmerman (1948) Spatial Orientation

and Spatial Visualization tests; Thurstone’s (1938) Cubes, Form Board , Punched

Holes, and PMA Space tests; and the Spatial Relations subtest of Wrightstone
and O’Toole’s (1947) Prognostic Test of Mechanical Abilities. The PMA Space

test was a composite of Cards, Fla gs, and Figures, and the Spatial Relations

subtest was a multiple choice version of Thurstone’s (1938) Form Board. It will

be recalled that in the Thurstone Form Board test the examinee must draw lines
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in the figure to show how the pieces fit together.

Results. Separat. analyses were psrforasd for each sex. In both cases,

nine c.ntroid factors were extracted and rotated to orthogonal simple structure.

Only six could b. labeled in each analysis: Visualization, Spatial Relations,

Number, Verbal, Perceptual Speed, and Reasoning.

Males performed better than females on most of the spatial tests, while

females p.rforasd slightly better than males on the two numerical calculation

tests, the Gui1ford—Zi~~~riian Perceptual Speed test, and PMA Reasoning , but did

not exhibit their usual superiority on the verbal tests. However, the spatial

tests corr.lat.d higher with the verbal tests for females than they did for males.

In spite of these mean differences, the authors found no important

differences in the factor analyses. They concluded that “the factor pattern

in each test was approximately th. same for the two groups” (p. 576). As for

the two space factors, which were the object of the investigation, they concluded
“in the main, the two hypotheses regarding the nature of Spatial Relations

and Visualization were upheld as they were in Michael, Zimmerman and Guilford (1950).”

Th. conclusions are remarkable on two counts. First , even the most cursory

examination of th. correlation and factor structure matrices reveals marked

sex differences. Second, the hypotheses about the nature of the Spatial

Relations and Visualization factors were no more upheld in this study than

they were in the previous study.

Reanalysis. The seven spatial and two percpetual speed tests were included

in the reanalyses. The perceptual speed tests were Thurstone’s (1938) Identical

Forms and the Guilford—Zimmerman (1948) Perceptual Speed test.

Multidimensional scalings were first performed on each matrix using the

KYST program. Formula I. stress values were .0396 and .0384 in three dimensions

for males and females, respectively; the corresponding values for two dimensions

were .1174 and .1206. The final two dimensional representations are shown in

Figures 11 and 12. The major differences between these solutions and the three

dimensional solutions were, for males, a stronger clustering of PMA Space

and Cubes, and, for females, a larger separation between PMA Space and Identical

Forms in the three dimensional solutions.

Insert Figures 11 and 12 about here 
*

Diameter method hierarchical cluster analyses were also performed on

each matrix using Johnson ’s (1967) HICLUS program . The results were superimposed
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on th. respective two dimensional scalings (see Figures h a  and l2a). Since

factor analysis often produces more meaningful test groupings than does cluster

3 * 
analysis , three factors were extracted from each matrix by the principal

factoring method and rotated to a variaax criterion. Unrotated and rotated

factor matrices are shown in Table 28 for males and in Table 29 for females.

Three factors were extracted because three were hypothesized (Vz , SR and Pa),

Insert Tables 28 and 29 about here

and becaus. the hierarchical cluster analyses indicated three clusters in

both matrices. Figures llb and l2b show the groupings when tests were assigned

to clusters on the basis of their maximum loading in the rotated factor matrices.

For males, th. results were clear and familiar. Figure h a  shows the two

di nsional nonmetric scaling representation with diameter method clusters

superimposed. The two perceptual speed tests defined one cluster , while Cubes
and PMII Space came together to form an SR cluster. The three complex spatial

- 
- - tests (Form Board , Punched Holes and Guilford—Zimmerman Spatial Visualization)

formed a str mg clust.r at the center of the figure that represents the familiar

Vz factor. The Wrightstone—O’Toole Spatial Relations and Guilford—Zi mmerman
Spatial Orientation tests were eventually pulled into this Vx cluster , while
in the factor analysis they were pulled more toward the PHIL space factor (see

Figure 11).

The shifting allegiance of these teSts of intermediate complexity (or

sp..dedness) is of no great concern, as the line that separates one cluster

from another is somewhat arbitrary. The important dimensions are shown clearly

in both the unrotated and rotated factor matrices. Thus, in the unrotated

matrix, the first factor represents the general plus broad group spatial factor.

The s cond factor separated the perceptual speed tests from the others, while
ths third set Punched Holes against PHIL space in the familiar SR—Vz bipolar factor.

The female data , on the other hand , yielded markedly different results.

There were no strong clusters , and so the hierarchical cluster analysts and
factor analysis produced disparate test groupings (see Figures 12a and l2b).

The factor analysis offered the clearest solution. In the unrotated matrix ,

th. first factor represents the general plus broad group spatial factor. The

second factor separated the Guilford—Zimmerman Spatial Orientation test from

the others. The third factor was defined by the Guilford—Ziusnerman Perceptual

Speed test, with Identical Forms and PMA Space loading positively and the

-
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Guilford—Zimme rman Spatial Visualization test loading negatively. This

factor may represent either Perceptual Speed or a biploar speed—

power dimension. The corresponding labels for the rotated solution would be

Space, Spatial Orieatati~ t (singleton?), and Perceptual Speed or simply Speed.

There are several hypotheses that may accoun t for this lack of s t ructure
in the female data.

1. The space tests were too d i f f i cu l t  for the female students, and so
scores were largely determined by factors other than spatial ability. There

was some support for this hypothesis in the data. After corrections

for guessing, the average percent correct was onl y 29.7 , 25.1 , 26.0 and 16.2
on the Guilford—Zi mme rman Spatial Orientation , Spatial Visualization, PHIL
Space , and Cubes test , respectively. Corresponding values for males we re:

40.9, 41.0, 33.5 and 28.0.

2. Females may tend to solve these tests by nonspatial techniques.
The highe r correlation between spatial and verbal tests in the female data

suggest that these methods may be verbal—analytic .

3. Not only do females tend to solve the tests differently than males,
but they may tend to be more eclectic in their solution strategies. This

could result from not having clearly defined , systematic methods for solving

spatial test problems . There is some evidence that students who do not have

well defined methods for solving problems show less differentiation of abilities

(see French , 1965 , and p • 140 below) . This is consistent with the weaker

clustering of spatial tests and their highe r correlations with verbal tests
for the females in this study .

The d i f f i cu l ty  hypothesis may explain why the Guilford—Zimmerman Spatial
Orientation test split away and defined a separate factor .  However , it could
be that Spatial Orientation is the important subfactor for females , while
Spatial Relations is the corresponding subfactor for males. However , the dat a
do not indicate a bipolar SO—Vz factor in the female data that would correspond
to the bipolar SR—Vz factor that appeared in the male data and elsewhere.

Therefore , it appears that  a combination of the difficulty and lack of

me c’od hypotheses best explain these data. There may be just one loose
space factor in the female data. The slight link between the Spatial

Orientation test and Cubes is probably not psychologically significant. The

Spatial Orientation test is d i f f icu l t , the response format is confusing , and

the test is quite susceptible to alternate solution strategies (see, Barratt ,

1953, and p.136 below). Thus, the factor it defined here was probably just noise. 

~~-~-~ - ________



Finally , there .Ioes appear to be a speed factor in the female data .  The

factor is not simply perceptual speed , since PHA space loads significantly

on I t .  Thus, the study identified a clear , familiar factor pattern for

males: a broad group spatial fac tor , a bipolar SR—Vz factor and a Pg factor.

The female data , on the other hand , were more ambiguous. There , only a

loose group spatial  fac to r  and an unfamiliar Speed o r Perceptual  Speed factor

could be identified.

Finally , it would be of some interest to determine whether
sex differences in spatial ability are greater for \‘~~ or SR tests .  A

reasonable hypothesis i, that the difference would be larger on speeded

SR tests than on relatively unspeeded V~ tests, since the latter may be more

susceptible to al ternative solution s trategies .  However , the male advantage
was about equally great for Spatial Orientation , Spatial Visualization , PHA

Space , Form Board , and Cubes. Vz , SO . and SR tests are all represented In

this list. Even if the male advantage were larger on the SR t~ sts , the results

would be ambiguous since the factor structures were so d i f f e r e n t  for  the

two groups.

Spati al Abil i t ies  in the SI Model
The final Guilford study reviewed here derives from the faceted Structure

of the Intellect (SI) model. The model posits a three way classification of

abilities: content ( f igur a l , symbolic, semantic and behavioral) ;  by operation
(cognition , memory , divergent production , convergent production , and evaluation) ;

by produc t (units, classes, relations , systems, transformations, and implications).

The full model predicts 120 independent abilities , each defined by a particular

combination of operation , content , and product.

The Figural Cognition Battery

Spatial abilities fall in the figural slice of the model. Table 30 shows

the 6x5 figural matrix and particular cell abbreviations. Eighteen of the 30

cells were represented in a study by Hoffman , Guil~ord , Hoepfner and Dohe~~
;

(1968). These cells are underlined in Table 30. The c~~nition and evalua~ ton

Insert Table 30 about here

columns were fully Tepresented , while only four divergent production cells,

one memory cell, and one convergent production cell were Included in the study.

Tes ts for five reference cells from the semantic slice of the SI model were

- - 
also represented.
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Th. total battery of 72 tests representing 23 hypothesized (actors was

administered to 2%Ø architecture students at the Univers ity of Illino is , Chicago
Circle . Sex was thclud.d as a variable in the analysis even though only 13
students were women.

Results. The correlation matrix for 74 variables (72 tests plus sex and

year in college) was then factored by the principal factoring method. Squared

mol tiple correlations were used as initial conmiunality estima tes and extraction

of the 25 factors (13 abilities plus sex ~nd year in college) was iterated

until no communality changed more than .02.

The 25 princ ipal axe s were then orthogonally rotated by an analytic ,

procrustean procedur. developed by Cliff (l9bb). Th, initial target matrix

was formed by tnsertin~ a loading for each test equal to the square root of

its communality on the one factor that it was hypoth esized to measure . New

targe t matrices were constructed after each of seven iterations of this procedure .

Finally, graphic rotations were performed on “selected pairs of f acto r s , p r imar i ly

to improve positiv, manifold and simple structure” (p. 1~~ . Twenty-two

hypothesi zed and one unexpected SI factors were thus extracted from the correlation

matrix. Th. authors interpreted the final factor matrix in terms of the St

mod.l, and claimed it supported that theory.

Princ ipal components of the 72 tests. Other interpretations are not only

possible, but more parsimonious. The reanalysis of this battery was conducted

in several stages. First , principal components were extracted from the 7.~
variable correlation matrix. Twenty—on. components had eigenvalues greater

than or equal to one. However the computer program could rotate only 20, and

so these were rotated to a varimax criterion . The results are shown in Table

31, The first factor was the largest , and represents a combination of Cf and

th. broad group spatial factor. It was defined by the complex spatial tests:

Spatial Visualization, Block VisualIzation, and Paper Folding. Figure

Analogies and Figure Series, which ar. both based on Spearman “SI’ tests,

Insert Table 31 about here

also loaded highly. The SR and SO tests (such as Spatial Orientation and

Planning Air Maneuvers) had int.rmsdtate loadings on the factor , while the

simpl . tes ts (such as Least Movement , Line Continuations, and Identical Forms)
had the lowest loadings . The Hidden Figures test was too easy for this highly

select sample , and emerged with a relatively low loading (.29) on the factor.
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Tab le 31
Principal Component Factor Structure Matr ix

a f t e r  Varimax Rotation for  the Ftgural Cognition Bat tery

(Af ter Hoff man et a l . ,  1968)
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The second factor was composed entirely of divergent production tests.

Most of the semantic tests had additional loadings on the Verbal factor (factor

4), which was defined by the two verbal comprehension (CMU ) tests.

The third factor was Thurstone’s Closure Speed factor or DFU in the St

model. It was defined by the test Figure Completion , which is Guilford ’s

version of the Street Gestalt. The test called Closeups had the second

highest loading on this factor. In this test, the student is shown close up

pictures of common objects (such as a keyhole or a button) and is required to

identify the object. This suggests that Closure Speed may involve the recognition

of a visual stimolus on the basis of fragmentary or distorted information,

and not simply the “closing” of a set of discrete elements,
The fifth factor was a Visual Memory factor (MYS in the SI model), while

the sixth was a doublet composed of Figure Classification (EFS) and Closest

Spatial Series (CFC). It is difficult to see what , if anything, these two

tests have in common. The remaining factors were singletons and doublets.

Only two are discussed here.

Factor 8 was defined by Circle Continuations (CFI) with Line Continuations

(CFI) having the next highest loading. This is probably a me thod factor , as

the two tests are extremely similar . In Circle Continuations , the student is
shown a portion of a circle and then required to determine by inspection which
of five dots would be exactly on the circle if the circle were completed . In

Line Continuations , a gap appears in a line that passes through two parallel

lines, as in the Poggendorf illusion. The student ’s task is to indicate which ’

of four alternative lines on one side of the gap complete the given line on

the other side of the gap . It is noteworthy , however , that the more complex
test (Line Continuations) loaded on the spatial factor while the simpler test

(Circle Continuations) did not.

Factor 14 also deserves brief comment. The factor defined by Least

Movement , with Space Positioning and Spatial Orientation also loading signifi-

cantly. A.ll three of these tests seem to involve the movement of a spatial
configuration with reference to the observer’s body, or the factor previously

called Spatial Orientation. However, other tests (such as Similar Orientations

and Closest Spatial Series) that appear to require this same perspective did

not load on the factor.

First scaling and cluster analyses. In the second stage of the analysis,

44 tests best representing 22 St factors identified in the study were selected.

Tests were chosen on the basis of Guilford’s recommendations (Hoffman, Guilford ,

-
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Hoepfner and Doherty , 1968) or , where no tests were recommended , on the basis

of the factor solution for this battery. One of the SI factors identified in

the study was a singleton (DMT) and so it was not included in this analysis.

A multidimensional scaling was then performed on this correlation

matrix using the KYST program (Kruskal , Young and Seery , 1973). The initial

configuration was generated by the metric Young—Torgerson procedure. The

nonmetric configuration was then iterated 25 times in three dimensions and

16 times in two dimensions. The final two dimensional representation is shown

in Figure 13.

A hierarchical cluster analysis was also performed on this matrix using

Johnson ’s HICLUS program. The results of the diameter method are shown in

Figure 14.

Insert Figures 13 and 14 about here

The divergent production tests split away from the other tests in the

battery. These tests formed subclusters on the basis of content, rather than

along the product dimension. DM1 and DMU clustered first, followed by the -‘

second DM1 test, and finally the second DMU test. The clustering was similar

for the DF tests. Two DFI and one DFU test formed the bottom d uster in

Figure 14.

Other factors are also evident in Figure 14. The two CFI tests (Circle

Continuations and Line Continuations) formed a tight cluster, but as previously

suggested, this may be a method factor. The two MFS tests formed a Visual

Memory cluster; the two CMU tests formed a Vocabulary cluster; and the two CFU
tests represented the Closure Speed factor.

The remainder of the clustering was less obvious. There was a tendency

for the evaluation tests to cluster together, but the remaining clusters did

not follow the SI facets.

Figure 15 shows an enlarged version of the right side of the multidimensional

scaling shown in Figure 13. The divergent production tests and the test Judgment

of Size were omitted. Tests were then grouped on the basis of a principal

components factor analysis of the 44 tests in which 12 factors with eigenvalues N

greater than or equal to one were retained and rotated to a varimax criterion.

Inser t Figure 1.5 about here
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Figure 14. Diameter method hierarchical cluster analysis of 44

variables from the Figural Cognition Battery

(After Hoffman et al., 1968).
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The first component was a large space factor defined by Paper Folding.
rests that loaded .5 or more on this factor are represented by circles in
Figure 15. Tests that loaded in the.30 to .49 range are represented by half —

circles. Together, these tests formed a circle in Figure 15.

Eight other factors were also plotted in Figure 15 as indicated by the

numbers attached to each cluster. The remaining three factors could not

be plotted , as one represented the divergent production tests, another was a

singleton defined by Judgment of Size, and the last was biploar factor with

Planning Air Maneuvers , Decorations, and Hidden Figures on one pole, and
Ideational Fluency on the other pole.

Thus, in Figure 15, there is a large Spatial factor at the center

surrounded by a (probably Ps) factor defined by Identical Forms. Other

factors join specific tests at the periphery or link a more central test with

one or two on the periphery. Factor three is obviously the Verbal factor ,

while four represents Closure Speed. Factor V is Visual Memory while six may

represent Spatial Orientation. It is difficult to know for sure, however ,

since the traditional SR tests (e.g., Flags , Cards , etc.) were not included
in this battery.

Factor VII may represent a speeded (hence peripheral) Figural Reasoning

factor, although the presence of Closest Spatial Series is troublesome , both

for this interpretation and the SI model. Factor VIII is the Line Continuation—

Circle Continuations doublet , and Factor IX is a singleton defined by Internally
Consistent Figures, which was too easy for this select sample. Thus, instead

of 22 SI factors, the interrelationships of these tests can be adequately

accounted for by ten or twelve familiar factors.
It could be argued , however, that arbitrarily retaining only those factors

with eigenvalues greater than or equal to one does not allow the “true” factor

structure to emerge. This is unlikely since the major factors like Space,

Visual Memory , Closure Speed , Vocabulary, and the DFI doublet surfaced in a
variety of different analyses using different methods of factor extraction.

Nevertheless, this matrix was refactored using maximum likelihood factor

analysis and specifying 22 factors. The result is shown in Table 32. Some

of the factors were familiar, however most were singletons or doubLets-. Only

a few merit comment.

Insert Table 32 about here
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Ta b le 32
Varimax Rotated 22 Factor Maximum Likelihood Solution

for the 44 Variable Matrix

(After Hoffman et al., 1968)
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Factor I was composed entirely of divergent production tests, both
figural and semantic , and covering units, systems, and implications. Factor

II was defined by the two vocabulary tests, with minor loadings from several

semantic and figural tests. Factor III was defined by Judging Rearrangements

(Err) which resembles the easy versions of form board used by Holzinger and

Swineford (1939) with Closest Spatial Series (EFS) also loading substantially.

The latter test presents four different views of a visual array, and the

student is required to select the end view that is further away from its

adjacent view. - -

The fourth factor was particularly interesting. It was defined by

Space Positioning, with secondary loadings by Spatial Orientation and Least

Movement. All of these tests, particularly Space Positioning, may be solved

by projecting oneself into the picture and “walking around” the stimulus. This

factor is similar to Factor XIV (Spatial Orientation) in the principal components

solution of the correlation matrix for all 72 tests. The remainder of the

large space factor obtained in the previous analysis (see Figure 15) was split

between Factors VI and VIII. The former was defined by Figure Matrix (CFR),

with Paper Folding (CFT) having the second highest loading. This may represent

the Cf end of the Vz factor. Factor VIII is defined by Block Rotation (CFT)

with small secondary loadings by Least Movement (EFT ) and Pattern Arrangement
(~ffI). This may represent a mental rotation component or the SR factor.

Factor V represents Visual Memory and was defined by the two MTS tests,
while Factor VII was the CFI doublet. Factor IX was the Closure Speed (CFU)

doublet, this time defined by Close Ups. The remaining 13 factors were all
singletons or doublets. However, none of the doublets were consistent with

the SI model.

Thus, the only change between this solution and the 12 factor principal
components solution discussed previously (see Figure 13) is that the large

space factor was split into three or four subfactors. Only two of these sub—
factors were particularly suggestive, namely Factor IV (Spatial Orientation)
and Factor VIII (Rotation or SR). However, a similar Spatial Orientation

factor (Factor XIV) was previously obtained in the principal components

solution of the entire battery.

The most important point, however, is that the 44 tests used in this

analysis were selected because they were the best representatives of the 22

SI factors in the Hoffman et al. (1968) analysis of the same correlation

matrix. Thus, this analysis should be strongly biased to obtain these same
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factors. That they do not emerge here except when they coincide wi th  well

known primaries from other systems Is a strong challenge to the St model and
to the claims of Hoffman et al. (1968) that their analysis supports  SI p r ed i c t i ons .

Second scaling and clustering. The decision to reduce the battery of 72

tests to a smaller matrix of 44 tests was primarily a concession to the limitations

of the computer programs. In particular , the KYST multidimensional scaling

program can represent only 1800 data points, or a lower half matrix of from

a 60 variable symeetric matrix. However, the process of deleting tests omitted

a number of interesting and important spatial tests. Since this aspect of the

analysts was the main concern, a new subinatrix of 60 tests was formed , this

time eliminating the divergent production tests. These tests defined a separate

factor in ai.l previous reanalyses, and, as can be seen in Figure 13, split away
from the other tests in the multidimensional scaling of the 44 variable matrix.

Tb. correlation matrix for these 60 tests was then disat tenuated using
Guilford’s reliability estimates or the maximum correlation with any other
variable in the battery , whichever was larger. Multidimensional scalings were

then performed on this 60 variable disattenuated correlation matrix using the

KYST program. The initial configurations were generated by the metric Young—
Torgensen procedure. The non—metric configurations were then iterated 22

times in three dimensions and 20 times in two dimensions. The final two

dimensional configuration is shown in Figure 17, and the final three dimensional

configuration in Figure 18. Stress values (formula 1) were . 296 and . .~~~
..,

respectively. Minimum and maximum method hierarchical cluster analyses were

Insert Figures 16 , 17, and 18 about here

also performed on the ~isatten uated matrix using Johnson ’s (1967) IIICLUS program.

The results of the maximum method clustering are shown in Figure 16.

CFI and Cs clusters. Most of the clusters correspond with factors

identified in previous analyses. Thus, the two CFI tests (Circle Continuations

and Line Continuations) again formed a strong cluster. The four CFU (Closure
Speed) tests formed the second cluster in Figure 16.The next two clusters were

small and were formed relatively late in the analysis. The first was defined

by Artistic Interpretations, which was hypothesized to be an EFT test but

emerged with no significant factor loadings in Cuilford ’s analysis , and

Closest Spatial Series (EPS).
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Figure 16. Diame ter method hierarchical cluster analysis of 60
variables from the Fi gural Cognition Ba t te ry

(A f t e r Hof fman  et al . ,  1968) .
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flextbttt t~~ot t ire . The next  clus te r  was composed of two NFl’ tests ,
Internally Cons iste n t Figures and Penetration ~~ f Camouflage. This was the
first t ime that these two tests came together as they did In the Cui l ford
analysts. Both the two and three dimen sional scal ings of the d i sat t enuat e d
rst~ variable matrix located these two tests at the periphery of the same

quadrant (see below). Hidden Figures was also hypothestied to be an NFl

test and did .merg. with * marginally s i g n if i c an t  loading in the Guilford

an a ly s t s,  Her. it  c luster ed elsewhere (at  the ta i l  end of the Cf c lus te r )

and was much more centrally located in the mul t id im en siona l  scalings (see
Figu res 1’ and 18’i . i t  would und oubted ly  Call even closer to the center  if
it were mor e J t ( t t c u t t  (or t h i s  sample.

This HF? cluster may represent the abi lity to break Ceeta1tbth4~~~ that

Thurstone attributed to his Flexibility of Closure f ac to r  (Thur stone , 1944) .

That factor was defined by a test called Two Hand Coordination and by Hidden

Pictures. The l a t t e r  is another ver sion of the P ene t r a t i on  of Camouf l age t e st
used In t h i s  st udy .  Fur the r , it was the easy half of the Got t scha ld t  Figures
test t ha t  had th e highest  loading on Thur stone ’s F le x i b i l i ty  of Closure f a c t o r .

Thus , the a b i l i t y  of break G,staltbin3~~~ is not we ll  measured by complex
versions of the Ct ’t tach aldt  Figures tes t ,  such as the Hidden Figures test

t F r.nch et a l . .  l%~ ’~ or the i n d i v i d u a l ly  administere d version of the Embedded
Figures test ( W i l k i n  et a l . ,  l~i 7 L ) .  These te sts  are usually measures of f l u i d
abili ty t~ f) and c lu s t er  w i t h  other  complex spat ia l  tasks l ike Paper Folding
or Surface ~.velopment (see ~nuw et al ., l’4~ ’). The “real” Flexibilit y of

Closur, (actor is more perip heral in a multidimensional scaling representation

or , more s p e c i f i c a l ly , in a h ierarchi ca l  fa c t o r  model.
1lernory . I u s t o rs .  Three clusters in Figure its have been t en t a t i ve ly  labeled

memory c l u s t e r s .  Vhs t t r s t  was defined by Angle Est imat ion  (EFR ) ~tnd Judging

spe ’ i t  ted Figur es  (E~’C~ , w i t h  P lanning  Air  Maneuver s (N F L c l u s t e r i n g
later in the analysis. The common element appears to he short term visual
memory t1.s r  a list ot spe cific visual features .

The second memory c lus t e r  was the f am i l i a r  group ing of Sy stem— Shape

Recognition tt’~
\ , ~rtentat ion Memory IS MFS~ and Monogram Recal l .  Remembering

~b~ .ct t~r I e n t a t i o n  (MFSl  and Perceptual  Rela t iona l Judgment IS EFR) clustered

141 ~‘I  III t II~ ~it ~~i I y~ is. -

‘the common l~I - 3 p t t r c ’ment of tests In this c lust er  appears to be short

term memory to r a large r set of visual featu r e s  and the i r  i n t e r r e l a t ionsh ip s ,
particularly their relative positions, it Is not clear tha t  the positional

S 
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information required by most of these tests is the most important test facet.
Similar spatial positional memory factors were identified by Christal (1958)
and Seibert and Snow (1965). Although there is some evidence that memory
for position, color, detail , and form are distinguishable facets of visual
memory (Conry and Lohman, 1976; Christa l , 1958; Seibert and Snow, 1965) ,
other facets (such as length of presentation, study—test delay interval , and 

-

artificiality of the visual display) are probably more important in predicting
individual d i f f erences  in test performance . Most of the tests in this cluster
contained a study page and then a test page. The visual
image must be retained longer than in tests such as Angle Estimation where
both the stimulus figures and the alternatives are drawn on the sane side
of the paper.

The third memory cluster was composed of Best Map Placement , IdenticalForms , Judging Figural Combinations , and Judging Rearrangements.  The cluster
probably represents the same aptitude coinp l.ex traditionally known as Perceptual
Speed. However , the present designation leads more directly to psychological
interpretations. The Commo n denominator here appears to be short term visual
memory for a complete image . Thus , the difference between this cluster and
the f i r s t  memory cluster lies in the distinction between a visual feature and
a complete image.

Other clusters. The next cluster is particularly interest ing,  and the
interpretat ion offered here is tenta t ive , yet possibly importan t for educational
research. The cluster was defined by Problem Solving, Necessary Pacts , and
Block Visualization . The commo n element appears to be the ab i l i ty  to generate
and utilize visual imagery In the Solution of verbally stated problems that
require verbal solutions. Thug, the generation or manipulation of visual
images is not an end in Itself , rather the image serves as a mental scratch pad tofacilitate representation and solution of the problem . Tests that were only weakly
attached to this cluster involved similar sorts of problems but actually
provided the figural representation . Thus, in its weakest sense, this aptitude
complex might reduce to the ability to utilize figura]. aids (such as graphs,
charts , and schematic drawings) in problem solving. However , the clustering
of these tests is only weakly supported by the multidimensional scalings (see
Figures 17 and 18) . Othe r facets , such as simple ar ithmetic  reasoning may
determine the clustering.

Interpretation of the next cluster is also tentative. The tasks were
all easy and seem to involve the ability to reason with figures. This cluster
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may represent the figural reasoning analog of the SR factor .  Thus , while

the complex figural reasoning tests like Figure Analogies fell near the

center ( i. e., “g” or Gf), the simpler , more speeded versions of these

tests were more peripheral (see Figure 17).

The next cluster, defined by Correct Figural Trends, Figure Series,

Figure Analogies, and Paper Folding, most likely represents Gf or g. The

tests were all centrally located in multidimensional scalings, and, with the

exception of Paper Folding, are not particularly spatial. However , this
version of Paper Folding (which derives from Binet’s paper folding task) is

more complex than the usual version of this test.

The next cluster is the familiar conglomerate of complex spatial tests

that define the Visualization factor. It is noteworthy that the defining tests

were Space Positioning and Spatial Visualization. The former test is the

prime candidate in this battery for tests that are most easily solved by

projecting oneself into the picture and “walking around” the stimuli. Spatial

Visualization, on the other hand , is one of the best examples of a test that

appears to require a detached mental manipulation ( i. e. series of rotations)

of the object. This, plus the fact that other Spatial Orientation tests did

not cluster together , suggests that while these may represent distinct strategies

for solving the tests, both require the same aptitude. On the other hand , the

principal components analysis of the entire battery produced a small factor

that was tentatively interpreted as representing the ability to project oneself
into the stimulus field and “walk around” in it. That such a cluster does not

emerge here may resul t from the exclusionary clustering algorithm.
The next cluster of interest was defined by Match Problems II and Block

Rotation. These two tests were extremely close in the three dimensional
scaling shown in Figure 18. The cluster reflects the high correlation

between these two tests, and probably does not represent a d i f fe ren t
construct than the one previously identified as Visualization. The inter-
esting feature ~f this cluster is the correlation that generated it. Block

Rotation is one of the better examples of tests that require the mental

rotation of a three dimensional object. Match Problems II, on the other

hand , does not involve mental rotation . Rather , one must remove a specified
number of lines from a given pattern of squares or triangles and leave a

fever , but specified, number of squares or triangles. Further , the student

must generate several different solutions for each problem . The important

similarity between the tests is that both require the subject to remember an image whil
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performing some transformation on it. In the case of Block Rotation , the

task is to remember the re la t ive  positions of the sides of the f igure  while

mentally rotating it. In Match Problems , on the other hand , the task is to

remember the figure as selected sides are deleted.

This interpretation suggests that  Smith’ s ( 1964) arguments on the nature

of spatial ability are at least partially correct. Mental rotation , while

an interesting and special type of mental transformation , is not the most

important  determinant of spatial abi l i ty .  Rather , the crucial components of

spatial thinking may be the ability to generate a mental image , perform various

t ransformations on i t .  and remember the chanaes in the image as the transformations

are performed . This ab i l i t y  to update the image may imply resis tance to in-.

t e r fe rence , both external l y and internally generated . Further , it implies
that  one of the crucial  fea tures  of individual d i f f e rences  in spatial  a b i l i t y

may lie not in the vividness of the image , but in the control  the imager can
exercise over the image.

Evaluation of the SI model.

A hie rarchical f ac to r  analysis was not at tempted on th i s  ma t r ix  since

previous reanalyses have shown the relationship between this factor model
and multidimensional scaling representations (see also Marshalek, 1977).

Those tests tha t  f e l l  near the center in the scaling representat ion define

higher order factors , while those near the perip hery def ine lower order

specifics.  It is obvious that  a hierarchical  s t ruc tu re  is present in this

matri x , as it has been in all other correlation matrices examined in this
review. The nature  of this  hierarch y is most evident In Figure 15 , a l though
Figures 1.7 and 18 add additional informa tion.

Since the present study represents primarily the figural slice ot the

model , it is impossible to evaluate the ut i l i ty  of the content facet or
the hierarchical ordering of levels of that facet. On the basis of other

research , par t icular ly  Merrif ield (1970) , it is reasonable to assume that the

sern antic— figural distinction is meaningful , since it is congruent with the
familiar verbal—spatial distinction , The symbolic factor is probably less
distinct , par t icu lar ly  from the figural factor .  However , since numbers and
le t ters  ar e termed “ symbolic ” , the facet may represent the large Number factor
which emerged In the hierarchical reanalyses of the PMA data (see p. 1 7 ) ,

or the Numerical (O f?)  factor  that typically falls between the Verbal and
Spatial broad group factors (see Snow , Lohman , Marsha lek , Yalow and Webb ,
1977). Evidence for the d i f fe ren t i a t ion  of behavioral content from other
content areas is less extensive (see O ’Sullivan , Cuilford and de Mille , 1965).
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Nevertheless, there are indications that some of the SI behavioral abilities
are distinct from the other content areas (see Cronbach, 1970) , contrary tc. 

- -

the negative findings of earlier investigations (Thorndike , 1936; Woodrow, 1939b).
Figural, symbolic , and semantic content facets may define broad second

order factors akin to Gv, Of , and Gc , respec tively, or to Space, Number , and

Verbal. The behavioral abilities may also define a broad group factor, although

it is possible that such a factor would be independent of the other three broad

group factors.
The hierarchical ordering of levels of the operation and produr~t facets

within the figural content slice of the model is also of Interest. Unfortunately,

only cognition and evaluation were fully represented in this study. Figure 19

t shows a plot of the median general factor loadings of the tests within each

of the 23 SI cells purportedly identified in the study . General factor loadings

were estimated by the first unrotated factor in the 20 factor principal component

analysis of the entire 72 variable matrix.

Inser t Figure 19 about here

The most striking separation in Figure 19 was between the divergent

production tests and the others. This reflects how the divergent production

tests broke away in the initial multidimensional scaling (see Figure 13).

The cognition tests were at the other end of the scale. With the exception of

the CFI cell (Circle Continuations, Line Continuations), the cognition cells

equaled or outranked the others on median general factor loading. The

highest general factor loadings were obtained by CFR and Cfl. CFR is measured

by tests such as Figure Series and Matrices; CPT by Paper Folding and Block
Visualization. There is good reason to expect that these tests would have

higher general factor loadings on the basis of previous factorial work. The

former are versions of Spearman’s “g” tests and the latter are Vz tests. The

SI model , however , does not predict that some cells will tap abilities that
have a broader scope than the abilities tapped by other cells.

Within the figural domain, the rank order of operations was: cognition,

evaluation , convergent productions , memory , and divergent production. The

placement of convergent production and memory is tentative, since the former

was based on only two cells and the latter on one cell. For the product facet,

the rank order over the two operations with complete data (cognition and

evaluation) was: transformations, relations , systems , classes , implications,
and units.

- 
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There is obviously some hierarchical structure within both the operation
and product facets. However, the exact nature of this structure is not the

major issue here. Rather, it is the simple fact that some sort of hierarchy
exists that is most troublesome for the SI model and other theories of
parallel abilities. While in his more recent statements Guilford has moderated

his views on the possibility of higher order factors (see Cronbach and Snow,

1977, p. 154), earlier expositions of the model emphatically reject the notion
of hierarchical structure (see Guilford and Hoepfner, 1971, p. 22).

As Humphreys (1962) has pointed out, hierarchical and facet models are
not inherently contradictory. For example , the most reasonable hierarchical
coordination of the SI model would place the four content areas as broad group

factors , the various operations as narrow group factors under each content
area , and the product cells as specific factors beneath each narrow group

product factor.

The most troublesome fact for this representation and the SI model is

that particular cells, like CFR, CFT, CMR , properly fall at the top of the

hierarchy. The SI model predicts that if there are group factors they should
be “along the lines of the categories of the SI model” (Guilford , in Cronbach
and Snow, 1977 , p. 155). That particular cells exhibit this property is

contrary to even this more liberal view of parallel abilities within the

SI model.

In conclusion, there are a number of problems with the SI model. The

levels of some facets are particularly questionable (e.g., Is convergent

production different than cognition? Are relations and transformations
products or types of cognition?). The most glaring deficit of the model,

however, is its inability to account for the fact that some tests correlate
qith a large number of other tests , while others correlate with only one or

two other tests.

Since the SI model is probably faulty, attempts to coordinate it with a

hierarchical model are doomed to confusion and contradiction. Building a

face t model that translates into the familiar hierarchical model would be
worthwhile. However, it would be better to start with something like

Eysenck’s (1967) three way classification of mental process (perception,

memory, reasoning); by test material (verbal, numerical , spatial); by
— quality (speed to power). Particular levels of Guilford ’s model could be

included, such as behaviorial content or divergent production. Beyond this,

however, it would appear more profitable to abandon the SI model than to
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attempt to coordinate it with other factor models or process theories

of intelligence. -

The Upper Levels of the Hierarchy

While this review has attempted to maintain a hierarchical perspective ,

the focus has been on the lower branches of the tree. In particular , analyses
have attended to the number and psychological nature of the space subfactors .

There has been a deliberate ambiguity in these analyses about the nature of

the “general plus broad group spatial factor. ”

The reason is that none of the studies reviewed sampled a sufficient

number and variety of first order factors to make second order analysis possible
and enlightening .

Hierarchical Versus Cf—Cc Theory

Spatial ability has always appeared at the second level in British

hierarchical models, first clustered with the practical—mechanical abilities

(Burt , 1949), later with the practical abilities (Vernon , 1960), and , most

recently, alone (Smith, 1964).

The only strong competitor for this model is the pseudo—hierarchical

model proposed by Cattell (1963), and later modified by Horn (Horn and Catcell ,
1966; Horn and Bramble , 1967) and Cattell. (1971). The model is not a true

hierarchy because it explicitly denies that there is a unitary structure called
general intelligence. In the earliest formulation , the model posited two

correlated general intelligences: fluid ability (Of) and crystallized ability

(Gc). Spatial ability fell under the Cf factor (Cattell , 1963; Horn and

Cattell , 1.967).

In a later study that sampled a broad range of ability and personality

primaries, three additional “general” (i.e., second order) factors were

identified: Visualization (Gv), Speed (Gs) ,  and Fluency (F) . Spatial tests

were moved from Of to the General Visualization factor .  Although Cattell (1971)

later called this factor a provincial power (pv), the major spatial factors

(SR and Va) were still hypothesized to cluster with Closure Speed (Cs),

Flexibility of Closure (Cf), and Adaptive Flexibility (DFT) at the second level.

Later forumulations of Gf—Gc theory, particularly the triadic theory of

abilities (Cattell , 1971) rely heavily on the one published study ( i . e . ,  Horn

and Cattell, 1966) that sampled a sufficient number and variety of f i rs t  order
factors to permit meaningful second order analyses. The study is important,

therefore , on two counts. First , it is undoubt edly one of the most comprehensive
ba tteries of veil known primaries (in the tradition of Thurstone , 1938; French,
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1951; and French , Ekstrom and Price , 1963) yet adninistered. Second , it

underpins much of the recent work on extensions of Cf—Cc theory , particularly

the t r iad ic  theory of Cat te l l  ( 1971) .

The Horn and Cat te ll  (1966) Study .

Horn and Cattell (1966) administered

a battery of tests representing 23 primary ability factors and 8 general

personality dimensions to 297 volunteers. Of these, 215 were males, and most

we re prison inmates. The average age was 27.6  years , t he standard deviation
10.6 years, and the range 14 to 61 years. Fourteen of the ability factors were

measured by two or more tests, and the remainder by only one test. Scores

for  those primaries represented by more than one test were obtained by summing
the scores for the various tests.

The correlation matrix of tests or test clusters assumed to measure the

31 f i rs t  order primaries was then computed. Thus, a first order factor analysis

was not performed . This matrix was then factored by the principal factoring

method , with 25 iterations. Nine factors were extracted , first rotated to a
varimax criterion , and then graphically rotated to oblique simple structure .

• The personality variables, which were largely uncorrelated with the 
- -

ability variables, were used to define the hyperplanes in these rotations.

• Cattell (1971) argues that this “hyperplane stuff” is critically important

in any second order analysis to achieve true simple structure .

Results. Of the nine second order factors , three were personali ty
factors and one was an “ability”, singleton defined by the Carefulness primary.

The remaining five constituted the second order ability factors of interest:

Fluid ability (Of) , Crystallized abili ty (Cc) , Visualization abi l i ty  (Gv) ,

General speed (Cs) , and General fluency (F). With the exception of the

correlation between F and Gc, the correlations between the five second order

ability factors were all positive. The Cv factor was the most oblique ; its
average correlation with the other four factors was .232. Corresponding

values for the other factors were .218 (Gf), .216 (Cs), .10 (Cc), .078 (F).

Reanalysis. A no~~etric multidimensional scaling was performed on the
correlation matrix for the 23 primary ability tests and test clusters. The

eigh t personality factors were included in a second analysis, but all fell on
the periphery and served only to increase the stress. Thus, while the personality

variables may be usef ul for defining hyperplanes in factor analysis, they

were not particularly useful here. Primary fac tors , their abbreviations , and
the tests used to measure them are shown in Table 33.
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Insert Table 33 and Figure 20 about here

As in prior analyses , the scaling was performed by the KYST program.

Stress values (formula 1) were .083, .116, and .159 in four, three, and

two dimensions, respectively. The final two dimensional configuration is shown

in Figure 20a. The points in Figure 20a were clustered on the basis of their

1oadi~gs in the oblique factor pattern matrix of Horn and Cattell (1966).
Hierarchical cluster analyses were also performed on 23 variable

correlation matrix using Johnson’s (1967) HICLUS program. Both minimum and

maximum cluster analyses were performed . Variables that clustered together

in all three analyses (minimum method cluster analysis, maximum method cluster

analysis, Horn and Catrell (1966) factor pattern matrix) are grouped by a

solid line in the multidimensional scaling in Figure 20b. Variables that

also entered these clusters in at least two of the three analyses are indicated

by a broken line.

The major difference between Figures 20a and 20b is the disappearance of

the Cv cluster in Figure 20b. In the Horn and Cattell analysis, this factor

was defined by Va (.50), followed by S (.48), Cf (.45), and DFT (.42), with

minor loadings from CFR ( .35) and Cs (.31).

As often happens, however , the labels tell very little about the factors.

In this case, the tests that defined the various primaries are exceptional in

several respects. First, the Va and Cf primaries were virtually coincident in

the multidimensional scaling. This concurs with previous analyses reported here

and elsewhere (see Snow, Lohman , Mar shalalek , Yalow and Webb , 1977). However,

it is unusual for both to be about as distant from the Cf cluster (defined by

L, I and CFR) as the Cs cluster. Complex Vz spatial tests have fallen much

closer to Cf than the speeded Cs tests in p evious analyses. Further, DFT
was more peripheral in this analysis than the corresponding test (h atch Problems

II) was in the analyses of the Figural Cognition Battery (see p. 97). Parenthe-

tically, neither Cuilford ’s analysis (Hoffman et al., 1968) nor the reanalyses

of that data indicated that Match Problems was a DFT measure.

Much of the confusion may be attributed to the increased speededness of

the Va , Cf . and DFT tests. The Vz and DFT tests (Form Board and Match Problems)

were shorter and more highly speeded here than they were in Thurstone (1938) or

Hoffman, Guilford, Hoepfner and Doherty (1968). Further , the Cf factor was
represented by the speeded Designs test (see p. 33) rather than by the more



Table 33

Pr inery Factors . Abbreviations, and Tests
(Alter Mo rn S Catta I l . 1966)

Prima ry Factor Sy.bol Tests

IDduction I L.tter Group ing
M~~b.r Series

T.neet tsctua.l Spend SF test A(2) S.ri.s — Pur neaux

Care f ulness C Tea t 3(1) Ser ies — Furneaux
Figure Classify (20.41)
Pract ical Estimates (20—W)
Subtra cting (9—W)
Dividing (20-41)
Tractions-D.ctmals (20-W)

Intellec tual L.v.l 1. Test 3(2) Series — Furneaux

Figural Relations CFR Figure Series
Topology
Matrices Speed
Matrices Power
Figure Cla ssify

General ~aasoning I Probl.m Solving

Adaptive Tle~~bt lity OFT Mat ch Arrangements

Spatial Or ientatio n S Cards
Figures

Visualization Vs Form Boards

Associative Me~~,ry Ma Cued Nonsense Masory
Cued Meaningful Meaory

Sensatic Relations Co~~~n Word Analogies
Abstruse Word Analogies

Verbal Comprehension V Vocabulary
General Information

Mechanical Inowledge Mechanical Information
General Information

Formal Reasoning Is False Pre mises
Influences

Experimental Evaluation EMS Social Situations

Aa.ociational Fluency Ta Controlled Association s

Ideational Fluency 71 Things Ro~x~d
Ideas

N,~~~er Facility K Adding
Multiplying
Mixed Operations

Speed of Closu re Cs Backward Reading
Street Gestalt

f Flexibility of Closure Cf Designs

Speed of Copying Sc Forward Writin g
Forward Printing

Writing Flexibility Wf Backward Writing

Percep tual Speed P. Match Letters & Nuabers
Rapid Cancellation
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complex , power tests like Hidden Figures (French et al., 1963) or the more

difficult version of the Gottschaldt Figures.

The Cs factor , on the other hand , was probably more complex than usual.

The factor  here was defined by an adaptation of the Street Gestalt test and

Backward Reading. The latter test , under the name Mirror Reading, loaded

primarily on the Perceptual (Speed) factor , with a minor loading on the Word

Fluency factor in Thurstone and Thurstone (1941). Botzum (1951) used the same

test in his study of reasoning and closure factors , but under the label of

Backward Writing. The test helped define his Cs factor, but also loaded on
the Cards—Figures Space factor, which he attributed to the possibility of

solving the test by mentally rotating the reversed word . Mooney (1954) used

a similar test that defined a factor he called Verbal Closure. The test did

not even load on the Cs factor in his analysis. Thus, the Backward Reading

test used to define the Cs factor in the present study is, at best, factorially

complex. It may measure Perceptual Speed , Space, or Word Fluency in addition
to Cs; or may even represent a different type of “closure.” This may explain

both the location of Cs in Figure 20 and why it clustered with the other
spatial tests so early.

The other “general” factors are also suspect. The Cs factor appears

to be a Motor or Writing Speed factor. As such, it is more of an overblown

primary than a general speed dimension. The F factor is merely a fluency

doublet in this study, although the reanalyses of Guilford’s work do support

a broad Fluency, Divergent Production , or Verbal Productive Thinking factor

(Horn, 1976) that is independent of fluid ability and only slightly related

to verbal ability (see p. 97 ff).

Cc was not well represented here, and appears to be no more than “a

swollen V” (Horn, 1976, p. 443). However, analyses of the Aptitude Project

reference battery (Snow, Lohman , Mar shalek , Yalow and Webb, 1977) have shown
that a broad , verbal achievement—based Cc factor can be separated from Gf at

the second or der , especially if the complex spatial tests are allowed to
represent Gf rather than Cv.

Finally, neither the multidimensional scaling nor the cluster analyses

indicated that Associative Memory (Ma) and Intellectual Speed (Sp) should

cluster with the Gf factor be fore the Vz , Cf , and Cs primaries. Indeed , as

is evident in Figure 20a, only a severe distortion of the scaling would bypass

Cs and bring Sp into the Gf factor ,
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For the present, then it would appear more parsimonious to speak of

two broad group “intelligence” factors , Gf and Gc. Complex spatial tests such

as Guilford ’s Paper Folding fall near the center of the Cf factor , along with

tests like the Raven Matrices , Figure Classification, and the like. Less

complex, more speeded tests and their factors like Cs , SR , and Ps fall
further out in the scaling or further down in the hierarchical model. This
is shown both here (see Figure 20b) and in the reanalyses of the Figural
Cognition Battery (see Figure 17).

It may be that a broader sampling of visual cognition abilities would
necessitate a Gv factor. The reanalyses of Figural Cognition Battery suggested - 

-

that this may not be so , although all of the figural and spatial tests in
that battery were of the paper and pencil variety. -

Finally, although Cattell (1963 , 1971) argues on theoretical grounds that
a general factor comb ining Cf and Gc at the third level is neither necessary
nor meaningful , these analyses indicate the opposite. Such a factor will ,
as Cattell (1971) notes with dismay, be defined by the Cf factor.  In
particular , it will capture much of the variance in tests like Matrices ,
Figure Classification, and Letter Series. What remains in the Cf and Cc

- 
S 

factors after G is removed is the familiar verbal—spatial bipolar factor .
-
~~ This is evident here (see Figure 19) , and was precisely the result obtained by

Snow et al. (1977; see also Marshalek, 1977).

Contrary to Cattell , there are good reasons to expect that tests like

the Raven Matrices will be explained primarily by C and , further , good reasons

why the verbal—spatial dichotomy is psychologically meaningful . In spite of

all the physiological and neurological evidence that Cattell (1971) cited to
support his triadic theory of abilities, he failed to recognize the
importance of the recent work on the hemispheric lateralization of verbal and
spatial functions . Although much of the research in this area is sorely
inadequate, there is now a substantial literature supporting the hypothesis

that verbal and spatial stimuli are processed with differential efficiency by

the two hemispheres. Further, some tests, such as Raven Matrices, may be

good measures of general intelligence because they require the active partici-

pation and cooperation of both hemispheres (see Zaidel and Sperry , 1973) .

Thus , there are good biological and psychological reasons for the verbal—

spatial distinction, as well as for the concept of general intelligence.

Conclusions

Spatial ability may be defined as the ability to generate, retain, and

126

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



— - ~~~~~~~~~~~~~~~~~~~ ——-.-- ~~~~~~ .-—~~----- -‘--- --— --~--——- - - - — -~~-——-—- — - -•—-~~~ - ~~~~~

manipulate abstract visual images. At the most basic level, spatial thinking

requires the ability to encode , remember , transform , and match spatial stimuli.

Factors like Closure Speed (i.e., speed of matching incomplete visual stimuli

with their long term memory representations), Perceptual Speed (speed of

matching visual stimuli), Visual Memory (short term memory for visual stimuli)

and Kinesthetic (speed of making left—right discriminations) may represent

individual differences in the speed or efficiency of these basic cognitive

processes. However , these factors surface only when extremely similar tests

are included in a test battery. Such tests and their factors consistently

fall near the periphery of scaling representations, or at the bottom of a

hierarchical model.

Major Spatial Factors

While the processes that these factors hypothetically represent are

certainly spatial in nature, they are not usually the referent of the term

“spatial ability.” While a number of “spatial” factors have been identified ,
only three survived this review. All of the factors involve mental transformation.

They are :

1. Spatial Relations. This factor is defined by tests like Cards, Flags ,

and Figures (Thurstone , 1938). The factor appeared only when these or highly

similar tests were included in the same test battery . Although mental rotation

is the common element, the factor probably does not represent speed of mental

rotation. Rather , it represents the ability to solve such problems quickly,

by whatever means .

2. Spatial Orientation. This factor appears to involve the ability to

imagine how a stimulus array will appear from another perspective . In the
true spatial orientation test , the subject must imagine that he is reoriented
in space , and then make some judgment about the situation . There is often a
left—right discrimination component in these tasks , but this discrimination
must be made from the imagined perspective. However, the factor is difficult

to measure since tests designed to tap it are often solved by mentally rotating
the stimulus rather than by reorienting an imagined self.

3. Visualization. The factor is represented by a wide variety of tests
such as Paper Folding, Form Board , WAIS Block Design, Hidden Figures, Copying,
etc. In addition to their spatial—f igural content , the t ests that load on this

‘ factor share two important features: (a) all are administered under relatively

unspeeded conditions , and (b) most are much more complex than corresponding

tests that load on the more peripheral factors.  Tests designed to measure this

factor usually fall  near the center of a two d imensional scaling representation,
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and are often quite close to tes ts of Spearman’s “g” (such as Raven Matrices
or Figure Classification) or Cattell ’s (1963) Cf.
Types of Spatial Transformations

Two types of mental transformation appear to be involved in tests that
load on these three spatial factors . The first is mental movement. Reflecting,

rotating, folding, or simply imagining that a stimulus is moved from one
position in an array to aaothe r position , are all varieties of mental movement.

The second type of mental transformation may be called construction.

There are two types of constructions : reproduction (i.e., physical construction)

and combination (i c., mental construction). At the simplest level , reproduction

is represented in tests like Thurstone ’s (1938) Copying, where the subject must

correctly copy a stimulus design. At the next level , It is represented by

tests like Graham and Kendall’s (1948) Memory for Designs, where the design

must be reproduced , not just recognized , and the reproduced design must be a

veridical representation of the st imulus . Retaining a veridical mental image
of a design may be an importan t component of other complex spatial  tasks , such
as Hidden Figures (French et al . ,  1963).

In the mental construction tasks , on the othe r hand , the subject must

actually construct a mental image , usually by reorganizing the stimulus in a

new way . The clearest examples of this sort of process are tests like Form
Equations (El Koussy, 1935) and Paper Form Board ( e . g . ,  Thurstone , 1938;

French , Ekstrom and Price , 1963) . Mental construction is an important component

of many complex spatial tests. For example , in Paper Folding (French

et al., 1963), the examinee must construct  new holes as he mentally unfolds

the stimulus. Finally, mental construction may take the forms of mentally

deleting parts of a stimulus, as in Match Problems (Guilford and Hoepfner ,
1971). This may also be an important component of tests such as Embedded Figures

(Witkin , Oltutan , Raskin and Karp , 1971) or Hidden Figures (French et al., 1963).

A word of caution 1, however. The central characteristic of spatial ability
may lie in the nature of the internal representation rather than in the speed
or efficiency of the various mental transformations applied to the image.

Underlying Dimensions

It is now apparent that one of the basic questions posed at the beginning

of this review (“How many space subfactors are there?”) cannot be answered with

certainty. The important question , then, is “What are the dimensions along

which tests and test clusters (i.e., factors) are arrayed?” Particular factors

are then seen as reference points on these continua. With this in mind , it is
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possible to array the various spatial factors as in Figure 21. This repre-

sentation is a crude distillation of many studies, particularly the multi—

dimensional scaling of Thurstone (1951) (see Figure 7) and Hoff man, Guilford ,

Insert Figure 21 about here

Roepfner and Doherty (1968) (see Figure 13).

The Vz factor at the center of the figure represents the complex spatial

tests (such as the Guilford—Zisunerman Paper Folding test). The factor is

synonymous with the Cf factor , but only when the latter is measured by the
more complex Cottschaldt Figures tests (e.g., Hidden Figures) or the WAIS -:
Block Design. Less complex tests of the sort that defined the Cf factor in

Thurstone (1944) or Horn and Cattell (1966) would be more peripheral.

The factors at the periphery of Figure 21 are defined by simple, highly

speeded tests. Thus, the spokes of the wheel radiating out from Vz represent,
simultaneously, a shift from power to speed and from complex to simple. These

peripheral factors probably represent individual differences in the speed of

various mental processes. Thus, Cs may represent the speed of identification

of incomplete or distorted visual information; Ps the speed of matching visual

stimuli; SR the speed of executing a particular mental transformation (rotation

or reflection); K the speed of making left—right discriminations; and M the

speed and effectiveness of storing visual information in short term memory.

• The SR factor is more central than the other peripheral clusters,

possibly because individual differences in other peripheral clusters, especially

Ps and K, influence performance on SR tests. On the other hand, the process

of mentally rotating a figure may be more complex than matching or making
left—right discriminations.

- - The SO factor is located close to the center in Figure 21, probably because
it is difficult to construct SO tests that are not susceptible to a Vz solution

strategy. A “true” SO factor would probably be much more peripheral (e.g.,

see Figure 13). The connection between SO and the K and N primaries emerged
in several studies. Making rapid left—right discriminations (K) may be one

• component of SO , or it may represent the degenerate or most highly speeded

version of the SO factor. The connection between SO and Visual Memory (M)

was particularly evident in the reanalysis of the Figural Cognition Battery

(see Figure 13). Imagining a reorientation of the self could put considerable

burden on visual memory. On the other hand , if the SO tests are solved by
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•Vz

•SR

•Cs

•Ps

Figure 21. Proposed two dimensional scaling of spatial ability factors .

130 

•- •~.‘. —-.——.——.-——- --.—.-- “ .——————————•--—,. — —

-~~ 1 - ••
• —--- --—• —~----——~~~~~~~~~~~~~— --- ~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ •~ --•



mentally rotating the entire visual array (a Vz strategy) then this too

would put substantial burdens on visual memory.

While the positions of the factors in Figure 21 have some empirical

support , they are by no means fixed. Thus, it is probably not vise to read

too much into this particular representation . It may be best to speak instead

of two independent dimensions, as in Figure 22.

Insert Figure 22 about here

Here , the vertical axis represents the speed—power—complexity continuum,

while the horizontal axis represents the nature and perhaps complexity of the

cognitive process itself. The ordering of processes along this dimension is

based on logical considerations.

This representation , however , lends itself to an explanation of a variety
of factorial phenomena. First, factors emerge only when individual differences

in the particular processes required by tests can be elicited with sufficient

strength to be reflected in the dependent measures that are employed. For

example, individual differences in the number of pictures correctly identified

is elicited by degrading, distorting, or erasing part of the picture, as in

the various Closure Speed tests.

Second, task complexity may be increased by increasing either the number
of distinct operations, or the difficulty of each operation. Thus, tasks that

elicit individual differences in memory and transformation should be more

• complex , and thus produce a factor further up in the hierarchy than comparable

• taskswhere individual differences in only one component are elicited. On

the other hand , task complexity m ay be increased by increasing the difficulty
of the component that produces individual differences .  Thus , Kagan ’s Matchi ng

Familiar Figures test should be more complex, and hence , further up on the
hierarchy than Thurstone’s Identical Forms. Also, different operations within

a class may be inherently more complex than others. Thus, mental rotation may

be a more complex pro.~ess than reflection, even though both would be classified
as transformations.

While Figures 21 and 22 provide rough schema of the organization of the

important spatial factors, neither representation shows how spatial abilities

fit in larger models of human abilities. The reanalyses of the Thurstone

(1951), Hoffman et al. (1968), Horn and Cattel]. (1966) data, together with

analyses of another large test battery (Snow et al., 1977) suggest that
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general intelligence may be split into a verbal—educational cluster and a

spatial—figural. cluster. Whether the spatial tests split away from the

figural tests and form a broad group factor at the second level depends on what

spatial tests are used and how the tests are clustered. Very complex spatial

tests have their primary loading on the general factor. If simpler, speeded
versions of these tests are used (like that of French at a].. (l963)——Paper

Folding) the complex spatial tests form a Vz factor that is slightly independent

of C (see Snow et a].., 1977). If these Vz tests are clustered with Cs, Ps ,
SR, and SO tests (as in Horn and Cattell, 1966) , then a broad group spatial
factor emerges which is even further removed from C. However, most of the

co~~on variance in the Vz tests still falls on the general factor, while Ps , Cs,
and similar tests have their largest loadings on the narrow factors such as

Ps and Cs. Only tests of intermediate complexity (like SR and SO tests) have

their largest loadings on the broad group spatial factor. The nature of this

second order factor changes as different tests representing different factors are

included in the analysis. If only the Vz and SR tests are included in the analysis

then the broad group spatial factor shifts closer to C. If Cs, Ps, and K tests

are also included , the broad group spatial factor becomes more independent of C.

CatteU (1971) argues that the location of higher order factors can be
determined with greater assurance by including sufficient primaries and enough

“hyperplane stuff” in the analysis to permit oblique, simple structure rotations.
While these procedures may be helpful in properly locating higher order factors ,
there are so many uncontrolled sources of variation in traditional tests that

it is doubtful that such factors could ever be fixed with assurance. It would

seem more profitable to try to understand the processes involved in spatial

thinking than to determine whether such abilities fall under Gf or form a

separate second order factor like Cv.

Spearman Revisited
One of the difficulties repeatedly encountered in this review was that

primary fac tors such as Cs , Ps, and M did not cluster together to form narrow
group factors like SR or SO. Attempts to fit this sort of complete hierarchical

model to the Thurstone (1951) Mechanical Aptitude study (see p. 67 ff) were

particularly unsuccessful. There appear to be just two types of “pure” factors:

speed factors and power factors. Speed factors are largely independent of

one another and of power fac tors , while the power factors are strongly inter—
correlated. Further, the number of potential speed factors is probably
infinite, while only three , content based power factors were identified in this

review: verbal, spatial, and numerical or symbolic .
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In th. verbal domain, teats like verbal analogies, vocabulary, and

reading achievement represent the power end, while tests for primaries like

verbal fluency, ideational fluency, and reading speed fall on the speed end
of the spectrum. In the spatial—figural domain, comp lex tes ts like Figure

Classification, Raven Matrices, and the Guilford—Zimmnermnan Paper Folding
test form the power end, while primaries such as SR, Cs , and Ps form the
loose collection of speed factors. For the Numerical—Symbolic content area,

tests like Aritheumetic Achievement, Letter Series, and Necessary Arithmetic

Operations come together at the power end while speed of computation tests

(i.e., Thurstone’s Number primary), clerical speed tests Finding A’s or Number

Comparison, and , perhaps, memory span tests, represent the speed end. The

power tests are all highly correlated. If power tests from the three content

areas are allowed to form separate factors, the verbal—spatial distinction

holds, while the numeric—symbolic factor is engulfed by C. Similar distinctions

may be made in other content areas , such as motor (or writing) speed and

behavioral—social intelligence. However , these tests and their factors are

only minimally related to general intelligence. Suffice it to note that
part of the variance in some clerical speed tests like the WAIS Digit Symbol

may be attributed to motor or writing speed.

The crucial issue for a hierarchical theory , however, is that the power

factors cannot be subdivided into the various speed primaries. Further , the
• speed primaries are largely independent of one another. What little correlation

exists between them may be attributed to overlapping content. Thurstone and

Thurstone (1941) , Botzum (1951), and Horn and Cattell (1966) all obtained

second order factors by combining various speed primaries. However, none of

these second order factors were coincident with similar factors defined by

power tests in the same content area. Similarly, Horn and Cattell’s Cv was

much more independent of C than the Va factor obtained in the reanalysis of

that matrix.

But is it reasonable to expect that power in a particular content area
may be defined by adding up various speed indices? If there is a shift from

power to speed as one moves up the hierarchical model, and if speed of performing

simple tasks is largely independent of power with the same types of tasks, then

it is impossible to define a genera]. power factor by combining speed primaries.

The attemp t is akin to the alchemists’ effor ts to produce gold by combining
other chemicals.
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Thus, this review comes full circle to Spearman’s (1927) contention

that there is a general fac tor , a few content specific group factors , and
a (possibly infinite) number of independent specifics. The general factor is

defined by power tests, the broad group factors by the various content areas,

and the specifics by the various speed tests. Further , as the various factors

are presently represented, the model does not form a true hierarchy, since
power does not decompose into speed.

The Value of a Comeon Perspective

In spite of the inadequacies of the hierarchical model, reanalyzing a
host of conflicting studies from a comeon theoretical perspective has revealed

a remarkable consistency in factor structures. Most of the confusions in

the correlational literature on the number of different spatial factors were 
j

traced to different methods of factor extraction and rotation. Other major

sources of conflict were related to differences in subject populations, test

speededness (or complexity), and individual differences in solution strategy.

Low ability samples showed less differentiation of abilities and anomalous

factor structures. There were also indications of importan t sex differences

• in factor structure. Decreasing the complexity or increasing the speededness

of a test also changed the factor structure, making the test and the factor

it helped define more specific. Finally, it was hypothesized that individual

differences in solution strategy were a major source of confusion, making a
test appear factorially complex or causing it to load on different factors

in different studies. Solution strategies and the relationship between speed

and level on spatial tests are reviewed in the next two sections.
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SOLUTION STRATEGIES ON SPATIAL TESTS
Early Work

Although a few early investigations gathered evidence on solution
strategies , data were rarely analyzed systematically. Rather , they were

used only to help label or interpret factors. For example, El Koussy (1935)
obtained introspective reports from some of his subjects on how they solved

various tests in his battery . Many reported using verbal imagery to solve

tests which loaded on his k factor. On the basis of these introspections,

he concluded that the k factor represented the ability to generate and

utilize spatial imagery.

Much of the reluctance to investigate individual differences in solution

strategies undoubtedly stemmed from the behaviorist taboo on introspective

evidence. However, even those who recognized the possibility of strategic

differences seemed to regard them as of only minor importance. There appears

to have been a blind fai th in the power of factor analysis to disentangle
the multiple sources of individual differences in test performance . Perhaps

the best example of this is a study by Michael, Zimmerman and Guilford (1950)

(see p. 84 ). After careful exposition of several hypotheses about the possible

psychological differences between the SR and Vz factors, they simply admin-

istered a battery of tests and factored the correlation matrix. Some introspective -

reports were gathered , but again they were used only to interpret and, at

times, rationalize the results.

Barrett
The first systematic attempt to utilize retrospective verbal reports

in understanding individual differences in spatial test strategy was reported
by Barratt (1953). He administered seven spatial and three verbal tests to

84 college males. The space tests included three SR tests (Flags , Cards , and

Figures) , one Va test (DAT Space Relations), and three hypothesized SO measures
(Guilford—Zimme rman Spatial Orientation , Industrial Aptitude Spatial Orientation

subtest, and a new test called the Barratt—Fruchter Chair—Window test).

Unfortunately, other Vz tests were not included in the study to help
define that factor.

Four centroid factors were extracted from the correlation matrix , and

then rotated to orthogonal simple structure. The three verbal tests defined

the first factor; Cards, Flags, and Figures defined the second; the Chair—
Window tes ts and the Industrial Aptitude Spatial Orientation tes t def ined
the third factor; and DAT Space Relations and Guilford—Zinunerinan Spatial
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Orientation test defined the fourth. Although Barratt used slightly different

labels, the factors are obviously Verbal , SR , SO, and Vz . As often happens ,

the Guilford—Zimmerman Spatial Orientation test loaded on the Va factor ,

rather than on the SO or SR factors.

Barratt also collected retrospective reports of how each student solved

the spatial tests. Subjects were first asked to describe how they

solved the problems and then later asked more pointed questioàs.

Analysis of the interview protocols took several forms. The final product

was a definition of the problem solving processes tapped by each factor and

a list of more specific contrasts on strategy differences for individual tests.
Barratt defined the SR factor as “the ability to turn or rotate a given

figure or part of that figure in one plane (or about an imaginary axis) to

see if it corresponds to another figure in the same plane” (p. 20). In all,

82 of the 84 subjects used a method that fit this definition. The two discrepant

subjects tried to use angles and f igural  cues onl y ,  witho ut rotating the

stimuli.

The Va factor was defined as the “ability to see or observe the spatial

relationship of objects involved in dynamic situations, spatial relationships

in which the subject has to imagine that the object or objects involved changed

their positions in space relative to one another” (p. 2].). Between 76 and

83 subjects were classified as using this method on the DAT Space test , depending

on the difficulty of the items.

The SO factor was defined as “the ability to determine from where you are

looking at an object; i .e . ,  where one is spatially located in relationship to
a particular object ” (p. 22) .  On the Industrial Aptitude Spatial Orientation
Test, 58 subjects used a method similar to this definition.

In addition to these factor definitions , several specific strategy contrasts

were noted for each test. For the Figures test:

1. Of the 82 subjects who used a method similar to the SR de f in i t ion ,

39 rotated the whole figure while 43 rotated only a part of the stimulus on

the Figures test. Those who used the latter approach performed significantly

better than those who attempted to rotate the entire figure.

2. Those who used abstract symbols scored higher than those who attempted
to relate the figure to some familiar or more concrete object.

Four subcategories of solution strategies were reported for the DAT

Space test. These strategies were used with different frequencies

depending on item difficulty. The categories were :
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1. Subject spontaneously folded the pattern and then noted the rela-

tionships of the parts (57 subjects on the easier problems; 12 on more difficult

items) .
2. Subject started with the alternatives first, and then looked at the

stimulus figures (17 subjects on easy problems ; 20 on hard problems) .

3. Subject did not fold or unfold the stimulus pattern or response

figures , but looked for other cues such as angle intersections (7  subjects on

easy problems ; 44 on diff icult problems) .

4. Subject guessed (1 subject on easy problems ; 8 on difficult problems).

Two distinct strategies were used on the Guilford—Zimmerman Spatial

Orientation and Industrial Aptitude Spatial Orientation tests.

1. Subjects imagined themselves being reoriented with regard to the

stimulus. (Only 26 subjects used this approach on the Guilford—Zimmerman
Spatial Orientation test , while 58 used it on the Industrial Aptitude Spatia l
Orientation test).

2. Subjects mentally rotated the stimulus and response figures but did

not imagine themselves being reoriented. (This method was used by 58 subjects

on the Guilford—Zimmerman Spatial Orientation test, while only 26 used it on

the Industrial Aptitude Spatial Orientation test.)

The major implications of these observations for this review are:

1. Subjects reported using different methods to solve the same test.

2. Within a test, the number of reported strategies increased with

item difficulty .

3. ~1ore distinct strategies were reported for complex
tests (e.g., DAT Space Relations) than for relatively simple tests (e.g.,

Figures).

4. Even on relatively simple , highly speeded tests such as Figu res ,

subjects reported d i f f e ren t  problem solving processes.
5. An explanation of why the Guilford—Zinunerman Spatial Orientation

test consistently loads strongly on the Vz factor has been offered. More

subjects solved this test using a Vz strategy than an SO strategy.

6. There is a tendency to shift  from a direct mental manipulation
strategy to a more “analytic” strategy using particular stimulus features

and logical inference as item difficulty increases.
The Meyers Studies

Two less extensive, but more intensive analyses of verbal reports of
spatial test problem solving were reported by Meyers (1957, 1958). In the
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first study , four college students were given Hidden Blocks and a Surface

Development test. They were told the answers after the time limits had

• expired. The experimenter then asked them to discuss among themselves how they

could best improve their scores on the tests. He then left the room and

later analyzed the tape of their conversation. Meyers felt that this procedure

was mo re likel y to yield an unbiased picture of how the students solved the

problems than if they attempted to c”ninunicate their problem solving processes
to a psychologist.

In the second study, five college students were administered three

spatial tests. During the following week each participated in several hour

long interviews in which items from three spatial tests similar to those
they had taken on the f i r s t  day were presented.

Observations on the verbal reports were similar in both studies. The

following were the major results:
1. Understanding directions. A number of the students failed to under-

stand the test directions , especially on Surface Development and Hidden Blocks.

A particularly common shortcoming was the tendency to overlook a key assumption

about the nature of the task, e.g., that all blocks are the same size or that

the figures can be folded in only one way. Further , some had difficulty

deciphering how the numerical and alphabetical symbols were to be used to
codify answer choices on Surface Development. Meyers concluded : “with the

large groups used in factor analysis, it is not safe to assume that all

subjects are attempting to do the same thing” (1957 , p. 6 ) .
2. Understanding line drawings. Many comments concerned difficulties

in “reading” the line drawings. Further , there were apparently differenccs

in the size of perceptual units between students; some tended to “see ” a
block where othersdealt with more molecular units such as lines or planes.

3. Strategies and difficulty. Students reported solving easy Surface

Development items by using mental imagery . However , they quickly shifted to

more “analytic” methods as the problems became harder. A similar observation
was made by Barratt (1953) in his study.

While interesting, these observations are based on the extensive

retrospections of only a few subjects. Quantitative indices were not computed ,

and so the conclusions represent the “overall impressions” of the investigator.

Further , the data were retrospections , about which Bloom and Broder (1950) remark :

It is very d i f f i cu l t  for a person to remember all the steps in
his thought processes and report them in the way in which they
originally occurred. There is a tendency on the part of the
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narrator to edit the report , to set forth the process in a nicely
logical order. Things seem to tie together so nicely after the - -

problem has been solved. The narrator will usually omit errors
and “dead ends ” in his thinking processes. He will not remember
the queer quirks and unusual circumstances which surrounded his
thinking. Such reports generally present a coherent and well
ordered train of thought rather than the incoherent and jumbled
process which may have occurred. These retrospective accounts
are usef ul , but it must be recognized that they are rebuilt
outlines of thought processes and tend to reveal only the high
spots and finished products rather than the raw mater ials  and
details in a fantastically complex series of thought steps.
(Bloom and Broder , 1950, p. 6)

The French Study

• Another investigation of the relationship between problem solving

styles and cognitive processes was reported by French (1965). He administered

a battery of five “pure” fac to r  tests and ten factorially complex tests to

177 male high school and college students .  Students  also f i l led out a
qu estionnaire about the i r  background and general approach t~ the test
p roblems . They were then interviewed while they solved items s imilar  to
those in the test ba t t e ry . The tetrachoric  correlation mat r ix  of the

questionnaire , interview , and test variables was then factored by principal

components with varimax rotation . This analysis produced ~5 factors , 17

o f which we re cons ider ed repre sont a t  ivL~ of ychologic uLly dis tuct

problem solving sty les or background characteristics. The factors wer c

used to divide the subject pool into 17 pairs of subsamples.

An initial factoring of the 15 test correlation mat r ix  for the entire

— 
sample indicated five factors. Tests that loaded highest on the first

four  of those factors were used as marker variables in the rotations of the
17 pairs of subsample fac tor  analyses. Five factors were extracted in each
of these subsample analyses. A targeted , quart Ln~x r o t .~t ton w:i~ thcn

performed on the five factors using the four sets of marker  tests. The first

four of these factors were further rotated to a patterned oblimax cr i ter ion
to bring the factors as close as pos~ ib1c to the marker tests.

The f i f t h  fac tor  was kept orthogonal throughout these rotat ions.
The procedure was unnecessarily complex. A simple multi p le group

analysis using the mark~ r tests to define factors would have yielded essenti ally

the same results.

Of the seventeen pairs of factor analyses performed , only four were

• discussed in detail. Some of ~hc more important f indings were :
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1. Division of the sample according to whether the subjects  used a
rule for solving Cards items produced no noticeable differences in the factor

loadings or factor intercorrelations.

2. The correlation between the -Space—Visualization and Verbal Compre-

hension factors decreased in 11 pairs of subsamples where some “systematic ”

approach was used for a test. However , “systematic” did not mean logical or

analyt ic  rather than intuit ive or global . Instead , it  appears that any

reasonably well—de fined method of solving problems was called “systematic.”

Thus, those who had well-defined strategies tended to show greater differentiation

of abilities than those who had not developed such specific problem solving skills.

3. The loading of the Cubes test dropped from .52 to .07 on the Space—

Visualization factor for those who used an analytic strategy to solve the

items . Here. “analytic” meant a positive mark on more than one of the following:

(a) geometrical terms used in solving Cubes items , (b) few visualization

indications made in solving Cubes items , (c) when asked , reports mental ly
rotat ing the cube on two separate axes. Thus. “analytic” did not necessarily

me?an non -visual.
4. The Guilford—Zinunerman Spatial Orientation test loaded on the Reasoning

factor rather than on the Space—Visualization factor for those who used

“reasoning ” on the te st. No fu r ther  details were given , so interpreta t ion
is di f f i c u l t .

5. There were no important differences in factor structures between

those who said they used more or less visualization , except that the Reason ing
f ac tor  had lower correla t ions  with other factors in the group rep or t ing less

visua l iza t ion . This is counter in tu it iv e , as reasoning shou ld be more influential
when vi s u a l i z a t i o n  is not used .

French concluded that the most pervasive strategic variable was “some

kind of reasoned or systematic approach as contrasted to less orderly scanning

and visualizing, with reliance on common sense” ( L965 , p. 2 6) .  Further , he
observed that the systematic approach may work differentl y on different

teats. A systematic approach could eliminate random behavior
and increase both the reliability and factorial purity of a test. This

appears to be the case for the eleven contrasts in which a “systematic” approach
decreased the correlation between the verbal and spatial factors, producing

a sharper differentiation of abilities. On the other hand , especially on

spatial tests, a systematic approach could enable ~ stu~dent to derive the correct

answer by an entirely different set of processes than those intended by the

test constructor. For such individuals , the expected factor loadings of the

1.41.
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test would decline or vanish a l toge ther , as they d id  for  those ~.ho used an

analytic approach to the Cubes t C St . 6:

While this study suggests the type of strategy d i f t e r e n c e s  tha t may
.,

influence factor structures , it is by no means unambiguous. In part tctilar ,

the di f f e r e n c e  between sy s t e m a t i c  s t r a t e g i e s  and analytic . non—vi sual s tr a t ~~’i e ~.

warran ts  more pr ec ise  d i f f e r e n t i a t i on . Fu r the r , the re is no w.i~ ot  knowing

what f a c t o r  s t r u c t u r e  d i f f e r e n c e s  would have been produced by V rand om s~’
t ings of the sample. Nevertheless, the study does suggest that ‘even stn~p lt

‘pure factor ’ tests.. .do not measure the same things for all people” (French,

1965 , p. 2 6 ) .

Yalow and Webb

A recent investigation reported by Yalow and Webb (l’~7~
) further defines

the major dimensions of reported solution s t rategies .  Retrospect ive report’~
of solution s t ra tegy were obtained from 48 high schoo l s tudent s  on a range ot

verbal , spatial , and reasoning tests .  Eye f ixa t ions  were recorded w h i l e
students solved several items from each test. Students were then presented

three or four items from each test and asked to dt’scribe how t h ey  solved

each item. The experimenters completed a questionnaire for each test on the

basis of these responses. Questionnaires had been developed during pil ot

investigations with over 100 college students. Experimenters asked students

additional questions only  if it were not possible to f i l l  out the ques t ionna i re
from the student ’s first description .

Yalow and Webb (1977) reported a preliminary analysis of 13 s t r a t egy

indices computed across four tests:  Vocabulary , Verbal Analogies . l’aper

Folding, and Paper Form Board. The score on each index was a r a t io  ot  the

number of tines the student reported using a particular strategy to the total

number of opportuni t ies  to report tha t  s t ra tegy . Righ t  an d wrong i tems were
analyzed separately. The major  r e s u l t s  were:

1. High ab i l i t y  students usually knew the answe r b e for e  looking at the

alternatives , while low ability students spent more t ine evaluating and

eliminating alternatives. - 
-

2. Low abi l i ty  students reported more in te rna l  v e r b a l i :a t i on  w h i l e

solving tasks, guessed more f r e q u e n t ly ,  and had less conftden~e in theit answers.

3. Students of intermediate ability reported using specif ic spatial

strategies more f r equen t ly  than e i t h e r  high or low ahtlit students.

With one exception , the correlations between particular strategy indices

for right and wrong items were all posit ive . Furthe r , the pattern of in t e r—
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correlations of the various indices were about the same for right and wrong

items, except much lower for the wrong items. Closer examination of these

correlations suggested that there were three major dimensions in the 13

indices. The first cluster represented the tendency to analyse the response

alternatives. It was defined by the indices for Exhaustive Response Search

and Response Elimination . Indices for Checking, Serial Analysis, and Specific

Spatial Techniques also correlated with this cluster. The second .limenston

represented the tendency to construct a response from a careful analysis of

the stimulus words or pictures before looking at the response alternatives.
This dimension was defined by the indices called Constructive Template Match.

and Knowledge of Words. Other indices that correlated with this ~t inien~ ion

involved confidence in response, (not) guessing, ability to clearly explain

how the item was solved , and lack of verbalization while solving the item.

The third dimension was bi polar , with Impressionist ic Solution on one

end , and Serial Analysis and Spatial Techniques on the other. This cluster

is similar to French ’s (1965) distinction between the reasoned—sy stematic

approach and the scanning—visualization—cottuson sense approach. Rowever , the

present analysis also suggests that it is important to distinguish between

a systematic analysis of the problem stem and response alternatives.

Other Studies

A number of other studies address the issue of different solution

strategies reflecting different mental processes. Cavurin (l967~ administered

ten anagram problems under two conditions . In the first condition ~~~~~~ letters

could not be physically rearranged , and so subjects had to solve the anagrams

“in their heads.” In the second condition , another group of subjects (N—1.4’t

was allowed to physically rearrange the tiles on which l e t te rs  of each anagram
were pr inted.  The correlation between anagram solving and the Minnesota Paper
Forts Board test was .54 in the non—manipulation condition , and - .18 in the

manipulation condition. Thus , how the anagram test was administered d ramat i ca l ly
- 

- affected the way items were solved. Unfortunately, Cavurin failed to show
that manipulatory condition did not also destroy the relationship between

anagram performance and verbal or general abilities. Although the sample

sizes were small, it appears this may have happened .

A study by Frandsen and Holder ~l96~
)) provides further support for

French’ s (1965) observation that having a systematic approach to a particular
problem type makes a difference. They selected 18 pairs of students from a

population of 146 undergraduate general psychology students. Pairs were

1~1 
- - -~~~~~~~ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~

-
~~

— - -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —.--



matched on the DAT Verbal Reasoning test , but as disparate as possible on DAT

Space Relations. One student from each pair was then randomly assigned to a

treatment group , and the other to a control group . Those in the treatment

group were caught specific diagrammatic techniques to represent syllogistic,

time—rate—distance , and logical deduction problems. Venn diagrams were used

to represent syllogisms. Marked lines represented time—rate—distance problems.

Diagrams of the facts and conditions were adapted for the deduction problems.

Only those low in spatial aptitude who had received the instruction showed

significant improvement on tests containing these types of verbal problems. - 
-

Those high in spatial ability were not affected by the treatment, although

there were some ceiling e f f ec t s  for high ability students on both pre tes t

post test

Some New Data

Some previously unreported data address the issue of strategy differences

on spatial tests. The data reported here were collected as part of the admini—

strat ion of a re ference  ba t te ry  of tests to 123 Stanford  undergraduates.  Three
spatial tests from the French Kit of Reference Tests for Cognitive Factors

— (French , Eckstrom and Price , 1963). were included in that bat tery : Paper
Form Board , Paper Folding , and Surface Development. Details of the administra-

tion of these and other tests in the reference battery , along with descriptive

statistics, correlations, and factor analyses are reported elsewhere (see Snow ,

Lobman, Nar shalek , Yalow and Webb , 197fl.

This analysis began with the observation that  onl y some students. made

drawings or other marks on their  tests. For examp le , on the Paper

Folding test, some students drew circles on each stimulus figure that

indicated where the holes would be when the paper was unfolded to that configuration .

Drawings on the Paper Form Board test indicated how the stimulus pieces could

be put together to make the target figure at the top of the page. Drawings

on the Surface Development test were more infrequent , and usually indicated

the position of one or two planes after they were folded.

Items on each test were scored for the presence of drawings or

markings on the item . For Paper Folding, a distinction was made between

light , pencil point marks and heavy, clear marks. On Paper Form Board ,

lines drawn on the target figure at the top of the page were

di st inguished from drawings made on or beside the item . For Surface

Development , each f igure  was associated wi th  five items . Thus ,
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the i tem re fe ren t  for each mark was uncer ta in .

Marking indices were computed and corre lated wi th  each other , tot al scores

on the tes ts , and reference con structs . Unfor tunate ly , the tendency to mark on
one test did not generalize to other tests. Some correlations between

marking variables on the three tes ts were significantly d i f fe ren t  from zero ,
but all were small. These correlations, along with the means and standard

deviations for each variable, are reported in Table 34.

Insert Table 34 about here

There are several reasons for low correlations. Very few marks were made

on Surface Development ; in fact , the average was on ly .6 marks per subject ,
or one out of every 20 figures . Thus , th ere was not suff ic ient  variance in the
index to generate a correlation with other variables. Form Board , on the other

hand , had an average of almost 12 marks per subject, or one out of every four
items. However, the instructions for this test suggested that it might be

useful to draw pictures. Thus, willingness to draw on this test probably re-

flects something different than the tendency to mark on test when not specif 1—
cally directed to do so. Correlations between marking on Paper Form Board

p and reference constructs, and comparision of correlations between total score

on the Form Board test and reference constructs supported this hypothesis.
Therefore , only the correlations for  Paper Folding are reported here .

The first three columns of Table 35 show correlations between the three

Paper Folding marking indices and scores on selected reference constructs.
There was a tendency for females , those low on SATQ, and those high on the
CPI Good Impression scale to make light marks. Those who made heavy marks

tended to score low on Film Memory III, high on the CPI Anxiety Scale, and

low on the CPI Well Being Scale. For total marks on the Paper Folding Test

(light plus heavy ) , females, those with low scores on the Visual Number Span

test, and those who scored low on the Terman Concept Mastery (a verbal analogies

test) tended to make more marks .

Insert Table 35 about here

Several of these correlations are particularly interesting. For example ,

r females , who generally score lower than males on spatial tests , may have
achieved scores comparable to males by solving the problems in a d i f f e r e n t  way .
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Table 33

Correlations between Selected R.fer.nce Variables and Paper Folding Marking In dices (N—l23 ) ,
and between Paper Folding Total Correct and Selected lsf.r.nc. Variables

for L.a. (N.62) and for. (N 61) Marking Groups

— Correlatio ns with Numb.rs of Within Group Correlation with
Marks on Paper Folding (N.123) Paper Folding Total Score

a Light Heavy Total Tot. Marks~~t Tot. MarksZ2
Reference Variable Marks Marks Marks (N—62) (N.61)

Sex (female—i , mmls’.2) _27* —12 .23* 17 —02
Picture Completion —10 00 —06 35* 23
Street Gestalt —12 03 —04 36* 21
Rarshaan Figures —07 07 01 46* 39*
Film Memory LII 19 .23* —09 33~ —1.0
Visual Number Span —20 —17 ~25* 04 26
Identical Pictures —07 15 08 26 44*
Finding L’ s —17 01 —09 —02 13
Number Comparison —09 —17 —19 —21 32*
Paper Fore Hoard —10 05 —01 69* 40*
Surface Development —19 —01 —12 72* 53*
L.tt.r Series —14 —02 .09 43* 51*
Terman Concept Matsrv —16 —15 .21* 26 32*
Raven Matrices (Advanced) —13 04 —05 61~ 34*
SATV —05 —05 -09 07 30
SATQ _28* 01. —16 43* 57*
VAtS Comprehension 07 19 19 36* 19
VAtS Arithmetic —16 -01 —10 21 30*
VAtS Digit Span —18 04 —06 19 25
WAIS Digit Symbol 06 —13 —07 18 27
VAtS Block Design — 12 00 —07 32* 47*
VAtS Object Assembly —03 02 00 44* 17
Embedded Figures (Errors) 01 —17 —13 .50* —16
Matching Familiar Figures

(Errors) 17 10 19 .53* .35*
Marks Imagery Questionnaire 20 —07 05 .31* —14
Marks Picture Memory Test 00 —05 —04 35* —0 1
Cosry Picture Memory Test —01 —03 —04 33* 09
Factor Scores

Gfv —17 04 —06 73* 70*
Cc —07 —12 —14 17 22
Perceptual Speed 00 -08 -07 —02 34*
Number —13 —05 —03 —04 20
Picture Memory 04 —16 —11 26 —24
Memory Span -09 -10 —14 07 04
Cloeure Speed 02 01 02 33* 15

California Psychological
Inventory

Anxiety 00 22* 18 09 08
Well Being 17 —23* —09 —01 06
Good Impression 21* —03 09 -01 04
Femininity 17 04 13 —17 07

Note. Decimals omitted.
5.e Snow it al. (1977).

*p less than .01.
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Thus, while there was no sex difference in mean scores on this test , females
may have done more work on paper and less “in their heads.”

It is also reasonable that those who made heavy , detailed markings on the

test tended to score higher on the CPI Anxiety scale. Further , it was not

just marking in general that mattered here, for the number of light marks did

-iot correlate with anxiety.

The negative correlations between marking and Film Memory Ill , and marking

~aud Visual Number Span suggests t~at some of those who marked on the test used

the drawings to compensate for poor visual memory.
The last two columns in Table 35 report within group correlations between

total score on Paper Folding and the reference variables. The two groups

were formed by a median split of the total marking index. Those in the first

group (N”62) made one or no marks on the test while those in the second group
made two or more marks (N”61). Comparisons were also made between those who

made some versus no light marks, and some versus no heavy marks. However,

the results were essentially the same .

The major differences between these two sets of correlations were that,
for those who made only one or no marks, Paper Folding correlated higher with the

other two spatial tests (Paper Form Board and Surface Development), errors
on the Matching Familiar Figures test , Marks Picture Memory test , the Conry
Picture Memory test, the Picture Memory factor score, the Closure Speed tests,

the Closure Speed factor score Film Memory III, and errors on the Embedded

Figures test. For the Marks Vividness of Visual Imagery Questionnaire, the
correlation was more strongly negative in the low marking group.

For those who made two or more marks , Paper Folding correlated higher
with the Perceptual Speed tests (particularly with Identical Pictures , Number

Comparison, Digit Symbol, and their factor score), Letter Series, SATQ I and

Digit Span Backwards .

Together , these correlations suggest that raper Folding was more of a
spatial test for those who did not mark. For those who did mark, it became
slightly more of a Gf test with Perceptual Speed playing a decisive role.

Further , there was a hint of a male advantage in the no marking group , but

no such difference in the marking group. The stronger negative correlation

between Paper Folding and the Marks Vividness of Visual Imagery Questionnaire

in the no marking group supports the hypothesis that spatial ability depends
on the control the subject can exercise over his image , and not necessarily on
the vividness of the image. Further, as suggested here , extremely vivid visual

~~~~~~~~~~~ma~e r a c tuall nhibit sPatia1 th~~ki:~.
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Conclusions
1. There are important differences in solution strategy both between

subjects and within subjects over items. Tests often measure different

abilities for different students, depending on how problems are solved.
2. Complex, power tests elicit a wider range of alternative solution

strategies than simple , highly speeded tests. Vi tests are often solved

in more ways than SR tests.
3. Within a test, the more difficult items elicit a wider range of

solution strategies than easy items.

4. High ability students report studying the problem stem and constructing

an answer before examining the alternatives. They are usually able to give a

coherent verbal report of how they solved the item, and they express conf idence
in their answers. Low ability students, on the other hand , frequently report

that they attempt to salve the item by analyzing the alternatives. Further ,

they report more internal verbalization , more guessing, and less conf idence
in their answers than do high ability students.

5. Certain tests are particularly susceptible to alternative solution

stra tegies . For example , marty Spatial Orientation tests can be solved by

a Visualization strategy . On a more general level, multiple choice paper and

pencil tests permi t a number of alternative solution strategies that are not

possible when the student must construct rather than select an answer. Students

can also draw or mark on the test , thereby reducing the need to remember more

than a single step in the solution of the problem. They can attempt to

solve the p roblem by “working backwards” from the alternatives to the stem,
or look for clues in the alternatives that may reveal the correct

answer or simply narrow the field. Therefore, a range of alternative

solution strategies could be eliminated by using free response rather than

multiple choice items. At the very least, alternatives should not be

visible when the problem stem is presented.
6. Introspective reports are of limited value. Whenever possible, such

F reports should be validated against external information. Many processes ,

especially those that are extremely rapid , cannot be accessed through intro-

spection (see Nisbett and Wilson, 1977). Retrospective reports are even

less trustworthy. Such reports are best used as a rough index of

strategy rather than as a guide to mental processes. Detailed retrospections

are probably quite unreliable. Thus, subjects could be expected to indicate 

- -. - - ________________



whether they mentally rotated an object or, instead , mentally projected

themselves into the picture. It is unlikely, however , that they would be

able to decompose this global behavior into component processes accurately.

7. Perhaps the most promising technique for obtaining valid introspective

evidence is to ask subjects to report specific strategy information immediately

before (Karpf and Levine, 1971), during (Kroll and Kellicutt , 1972) , or a f te r
(Paivio and Yuille,1969) they solve an item , usually by anonymously pressing

a button. The validity of the self report rises dramatically , although

reactive effects might present problems.

8. Individual differences itt the ways students solve tests challenge

a basic assumption of factor analysis. Factor structures obtained

from analyses of such tests may be severely distorted. The most likely outcome

is an overestimation of the factorial complexity of a test. Thus, that some

SO tests load on both Vz and SO factors may only mean that students solve

the tests different ly: some usin g a predominately SO strategy , while
others rely on a Vz strategy . Alternately , students may switch
between these two strategies while solving different items. However, even

in this straightforward example, it is impossible to know whether the test

measures two different aptitudes in any one individual, or whether it measures

different aptitudes in different individuals. On a more general level, the

presence of several tests in a battery that are amenable to alternate solution
strategies seriously distorts the factor structure , so that the obtained factor
structure may not apply to anyone in the sample. Factoring within strategy

groups would undoubtedly produce cleaner factor patterns. There were some

indications of this in the within sex analysis of Michael et al. (1951)
(see p. 89 ), and in the finding that Paper Folding correlated higher with
the other spatial tests when students did not make pencil marks on the test
itself (see p. 148).

9. Individual differences in solution strategy present a major stumbling
block for both correlational and experimental investigations of spatial ability.
The challenge for future research is to devise experiments that reveal solution
strategy for each subject on each item or on each item— type. Only by knowing
how subjects solve items can the investigator know what the task measures, or

evaluate the generalizability of the processing models that are proposed
to describe task performance.
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SPEED AND LEVEL
The observation that tests defining the two major spatial factors (Spatial

Relations and Visualization) differ in speededness and complexity first surfaced

in the reanalyses of Thurstone ’s (1938) PMA data (see p.29). This speed—level

9r complexity dimension reappeared in every large correlation matrix examined

in this review. Simpl.,spe.ded tests usually had low correlations with other
- tests and fell at the periphery of multidimensional scaling representations

or in the lover branches of hierarchial factor models. Factors defined by

such tests frequently disappeared when tests were made less obviously similar

(e.g1Noffiaan et al., 1968 and p.97). This was observed in verbal and numerical

test s as well as spatial tests. For example , the highly speeded Flags test

defined the Space factor , while more complex tests such as Punched Holes had

high loadings on the General factor in Thurstone (1938). Similarly , the

Numerical factor was defined by speeded computation tests in Thurstone (1938),

while complex arithmetic achievement tests defined the Gf factor in Snow et al.
(1977). For memory tests, WAIS Information helped def ine Cc while the memory

span tests were more peripheral in Snow et al. (1977). Finally, verbal fluency

and reading speed measures were frequently quite peripheral , while vocabulary
and verbal reasoning tests often defined G~ (Snow et al., 1977; Hoffman et al.,

1968). Thus, speed—level and complexity differences are pervasive in the factor

analytic literature on human abilities.

But these speed level differences suggest that the factor structure of

• a test may be altered by changing its speededness or the average complexity of

items in the test. There was some indication of this in the first section of

this review. For example , a difficult form board test helped define the Vis-.
ualization factor in the reanalyses of the PMA data (see p. 10), a slightly

easier form board test fell in the middle of the SR—Vz continuum in Swineford
-— 

- - 

and Holzinger (1942) , while a simple , highly speeded form board test helped

define the Perceptual Speed factor in Gui].ford et al. (1952) (see p. 48 and

also Zimmerman, 1954). Accordingly, the f i rs t  porpose of this section is to
examine the l i terature on the e f fec t s  of altering test speededness or complexity
on the factor structure of a test.

The second purpose is to examine the relationship between individual
differences in speed and level, particularly on spatial tasks. If speeded
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tests define different factors than level tests, then individual differences

in speed should be at least partially independent of indiv idual differences
in level.

The third purpose is to examine the evidence for  the existence of general

and specific speed factors. Reanalysis of the Horn and Cattell (1966) data

suggested that their General Speed or Retrieval Efficiency factor was more

a Writing or Motor Speed factor (see p. 125). Lord (1955) also claims to

have identified a general speed factor, while others claim to have isolated
more specific speed factors such as Speed of Reasoning and Spatial Speed

(Davidson and Carroll, 1945; Lord, 1956). Specifically, this section examines

the relationship between speed and level factors , the validity of the speed

scores that define speed factors , and the evidence for specific and general
speed factors.

Finally, imp lications of these studies for research on aptitudes are

presented and discussed .

Speed and Level Defined

Level and power both refer to the max imum level of d i f f i c u l t y  of items
a person can solve. Although the terms are used interchangeably , level is

probab ly the better term as it connotes less than “power.”

Speed refers to the max imum speed a person can perform an operation or
solve a task correctly. Rates is the rec iprocal of speed.

Experimental Methods

Studies of the relationship between speed and level have followed several
paradigms. Early experiments avoided specific speed—accuracy instructions

hoping to induce subjects to perform at their  “natural” rate (e .g .,  Hunsicker ,
1925) . This search for a measure of “natural rate ” later became the search
for a general speed factor (Horn and Cattell , 1966; Lord , 1956).

The second type of study sought to determine whether individual
differences in speed and level both contr ibute to per formance on time
limit tasks. A variety of methods were employed in these studies.

Some correlated correctness on a time limit test with correctness

on the same test with no time limits (May, 1921; Ruch and Koerth
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1923; Yates , l966a , l966b). Others correlated correctness with the tine taken

to f in i sh  the test (B axter , 1941; Freeman, 1923), factored correlation ma trices

containing both level and speed estimates for each test (Davidson and Carroll ,
1945; Lord, 1956; Myers, 1952), or regressed speed and level scores on time

l imit  performance (Davidson and Carroll , 1945) . Some administered the same
tes t under d i f f e r e n t  time limits ( e .g . ,  Davidson and Carroll , 1945) while

othe rs kept tim e l imi ts  re la t ively  constant and varied the number of it ems
in each te st ( e .g . ,  Lord , 1956) . Finally,  a f ew stud ies examined the relation—
ship betwee n speed of performing simple tasks , and level scores on more c omple x

items of the same type (Egan , 1976; Hunsic ker , 1925; Tate , 1948).
Studies have employed equally diverse measures of speed , such as number

correc t on a time limit test (May, 1921; Myers , 1952), total time taken to

finish the test (Baxter, 1941; Freeman, 1923), average t ime for  correc t items
(Egan , 1976; Tate , 1948) and last item attempted on the test (Myers, 1952;
Lord , 1956) . Further , s tudies  that used time to estimate speed f requent ly
t ransforme d raw time to log time (Tate , 1948; Furneaux, 1961), the rec ipr ocal

of t ime (Davidson and Carroll , 1945) or used some unspecified normalization
• (Lord, 1956).

Estimating Test SDeed edness
-~~ 5

• Several method s have been used to estimat e test speededness. The simplest

method s def ine  speed ed ness as the number of items presented or solved per unit
time. With parallel tests , the more speeded test requires the comp le t ion of

— more items per unit time than the less speeded test (e.g., Lord , 1956; Myers ,

1952). But this index does not reveal whether differently speeded tests re-

quire different abilities.

Such an index was proposed by Cronbac h and Warringron (1951) . The index

called r , shows w h a t  proportior.  of rel iable variance in a t ime l imit test is
independent of the reliable varianc e in the same test when administered with

no time limit. Formally:

B . !4~ B -

t U U t

1 —  

!A B . ~~~EA B

where A and B are parallel forms of a test, and the subscriots t and u refer
to timed and untimed conditions. A more genera l formula would obtain if the

subsc r ipts were changed to t~ and t2, referring to any two different time limits.

However , items are roughly ordered from easy to difficult on many tests.
Therefore reducing the time limit for a test also reduces the avera i~e diffi—
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culty of the items tha t are attempt ed or solved . In a paced administration ,

all items are presented , but again more easy items than dift icult items are

solved when presentation time is short . While a value of r greater than 0

indicates that the timed test measures something d i f f e r e n t  tha n the unt imed

test, the unique variance in the speeded test is not necessarily due to speed

of response. The inference is justified only when exactly parallel items are

attempted and correctly solved under both conditions. Solution latency provides

a better estimate of speed .

Part — Who l e Corre1at ion_St~~ii~~
The first research strategy i.~ exemplified in stud ies where scores on a

time limit test were correlated with scores on the same test after an extended

period of time. Studies by May (1921) and Ruch and Koerth (1923) are the most

f r equen t ly  cited examples of th is procedure. Spearma n (1927) felt these
studies supported his hypothesis that speed and power ore interchangeable.

In the former (May , 1921), the Army Alpha was administered to  510 army

rec ru i t s  with  the usual t ime limit. They were then given different colored

penc ils and allowed to work on toe test for  the same amount of time again.

The correlation between regular and double t ime scores was .Q7~

Ruch md Koerth (l923~ repeated the experiment with college freshman. They

selected 72 s tudents  who scored in the lowest t en percent and 52 who scored in

the higest ten percent on a college entranc e t e s t .  Students  were then admini—

ste red the Al p ha under the usua l time constraints; then, .~s above , wi th  doub le
t ime a l lotted ; and f i n a l l y ,  w i t h  unl imited time . The cor re la t ion  between the

usua l and double t ime scores was .97 , while th a t  between the usual and unlimited

time score was .94 . On the basis of these high correlations , the investiga tors

concluded that speed of response was not an independent fac to r  ot theoret teal

or practical interest.

— But th is  conclus ion overlooks severa.I inport ont  charac ter is t ics  of both st u d i e s :
I. The h igh c o r r e lat i o n  is In large par t a reflect Ion of the part—who le

r e l a t i o n s h i p  of each subjec t ’s sc ores under th e var ious  cond i t i ons . Using

pa r a l l e l  forms of the tes t  for  each conditi on would y ield lowe r co rr e lat tons.
2~~ The degree of speeded ness of the test is a f u n et  ion of  its time l i m i t

Thus , under th e  “usu~~t t ime l i m i t s , ” the Army Al pha may he (on the avera ge)

pr im a r i ly  a power t es t .
3. Number correc t is not a suitable measure ot speed or r a t e .  Total

correc t on a t ime l i m i t  test a c c u r a t e ly  r~ i lee ts  average t i m e  per i tem only
— when a l l  items are of equa l d i f f i c u l t y ,  and there ar e no errors.
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4. The high correlations in the Ruch and Koerth (1923) study are in

par t a function of the extreme groups design. The high correlation in May

(1921) reflects the extremely wide range of scores in the army samples.

Similar limitations , particularly the part—whole relationship of the

scor es , apply to many other early studies (e.g., Walters , 1927; Ruch , 1924).

However , this procedure is often justified , even though it does not illuminate
the speed—power issue (see Cronbach and Warrington , 1951). For example, Yates

(1963, l966a, 1966b) has shown that some slow working students are severely

penalized on the Raven Progressive Matrices (Raven , 1947) when the test is
administered with the usual 40 minute time l imit .  This suggests tha t a longer
time limit would enhance the construc t validity of this power test. It also

suggests that  speed and level are a t  least par t ia l ly  independent aspects of

performance in some ind ivid uals.
Corre la t ing  Correc tness with Time to Finish

The second category of studies investigated the problem by correlat ing
the score on a test with the time taken to finish the test. Freeman (1923)

correlated scores on two examinations with the time taken to finish

the tests . Correlations were -.13 and — .12. However, students were not moti-

vated to complete the tests quickly,and so factors such as perseverance, neat-

ness, anxiety, or subsequent commitments also determined time taken to finish

the exam.

Baxter (1961) reported a similar study.  He gave the Self—Administering

Otis to 100 college sophomores. Students were instructed to work for  both
speed and accuracy, and not to go back over items previously attempted . They

were given a d i f f e r e n t  colored pencil at the end of 20 minutes and told to
complete the ent ire 75 items . The exper imenter recorded the time taken by
each student to complete the ent ire test .  The correlat ion between this speed
measure and the power score was — .06. The speed estimate correlated .75 with

the t ime limit score wh ile the power score correlated .62 wi th  the time l imit
score. S ince speed and power we re nearly independent , total  contr ibut ions  to
the t ime limit score could be determined by simply squaring and summing the
correlations. Thus, speed accounted for 56 percent of the var ianc e in the
time l imit  score and power 38 percent. Together , the two scores account ed for

94 percent of the variance in the time limit score.

As often happens (e.g., Myers , 1952; Lord , 1956), the time l imit  score

- -  ‘~ ‘~~~~~ L - --~--~-~~~-~ - - 
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had slightly higher external validity than either the speed or power score

even though all had comparable parallel forms stability coefficient s (range

.63 — .70 af ter  one month) . This is probabl y because mos t real life situations
do not provide unlimited time, nor do they depend solely on rapid performance.

It also suggests that speed and power make independent contributions to the

total  predict ion.  Thus the time Limit test, which is usually an unknown m ix-
ture of the two, predicts best.

Even though the Baxter study represent s an improvement over studies like
that of Freeman (1923), the dependent measure is still inadequate. Time for

right answers, wrong answers , double checks, and guesses are all includ ed in

the time score. Perseverance also exercises an unknown influenc e on the scores .

One of the mote carefully conducted earlier studies was that of Hunsicker

( 1925) . She employed a variant of this paradigm, and correlated the t ime re—

cjuired to complete a sample of easy items wi th  the maximum level attained on
a t ime l imit  test .

A six level sentence complet ion test and a f ive level a r ithmet ic  problem s
test were administered to four student samples (N — 28 to 54) .  Two samples
were junior high school students and two were college student volunteers.  I ’
Students were tested individually, and the t ime required to c omp lete the first
(easiest) level of both problem sets was record ed by the experimenter. These
items were assumed to be of “no difficulty ” and to “provid e a speed or rate
test of rare purity ” (p. 16).

Most of the items at this level were easy, however data on the numb er of

students fai l ing eac h item was not reported . Some were more difficult , such

as “Row many ounces make a quarter  pound? ” and “The f i r s t  .... a f t e t  June is 
“ Clearly, the item s were not of “zero d i f f i c u l t y . ”
Power was def ined as the highest level at  which the student solved 50

percent of the items correct ly ,  with thos e levels below showing a highe r success
rate and those abov e a lower success ra te .  Scores for student s who did not f i t
the system were adjusted by a complicated algorithm.

Median raw and disatter..zated correlations between rate and level scores

for the rv~, tests are shown in Table 36. Stepped up split half re l iab il i ty
coefficients are entered in the diagona l of the matr ix .

Inser t Table 36 about here 
---- 
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The correlatiot~ of greatest interest are those between rate and level.
They ind icate that , within each task, rat e and level shared approximately 17

percent of their total variance or 24 percent of their true variance. Across

tasks , the rate measures shared 42 percent of their true variance , while the
level measures shared 49 percent of their t rue  variance.

It is difficult to generalize these results, however , because student s
were not encouraged to perform rapid ly on the speed parts of the test. The

exper imenter wanted a measure of each student’s “natural rate” and so instruc-
tions were carefully word ed to avoid encouraging either haste or persistence.
Further , the “zero d ifficulty” items were actually of moderate d i f f i c u l t y ,
espec ially f or the younger students, although the re were no d i f ferent ia l  cor-
relation patterns between age groups.

Davidson and Carroll (1945) reported a factor analytic investigation within

this paradigm . They administered a battery of verbal, reasoning, arithmetic
computation , perceptua l speed , and read ing speed tests to 91 undergraduate
psychology students.  Most tests were subtest s of the Revised Alpha Examination.

Speed scores were defined as the time taken to work from the beginning to the
end of the tes t , attempt ing every item once . Speed scores for four tests wer e

converted to reciprocals. Level scores were defined as the number of items

correctly answered when the student was allowed to take all the time he desired
to try every item and check his work. Time —l imi t scores were defined as the
number of items answered correctly within a prescribed time limit. All scores
were grouped in ten or fewer class intervals before the correlations were com-

puted.

With a few exceptions, these three scores were obtained for all the tests
in the battery . Level and t ime limit scores for three tests were eliminated
due to ceiling effects.  The usua l time-limit score on the perceptual speed
test (Scattered X’s) was dropped because it did not correlate with other tests

in the battery, even the speed scores.

The remaining level and speed scores were then fac tored by the centroid
method . Six factors were extracted and then time limit scores were projected

into this factor space. Factor s were then rotated to oblique simple structure.
Only four factors were labeled: Speed of Computation , Level of Reasoning,

Speed of Reasoning, and General Speed. The level and speed of reasoning factors

wer e nega t ively correlated (~ 
— — .42) .

~~~~~~~~~~~~~~~~ 
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Time limit scores related differently to the speed and power factors ,

some more to speed and others to power factors . This was most evident in a

multiple regression analysis that was also performed and reproduced here in

Table 37. The relative contributions of speed and power to the time l imit

scores varied markedly across tests. The contribution of speed was greatest

in verbal and addition tests , while level p red ominated in the reasoning tests.

Insert Table 37 about here

Reanalysis of the Davidson and Carroll data

Principal components were extracted from the 19 variable correlation

matr ix of 11 speed scores and 8 level scores. Time limit scores were not

includ ed because their intercorrelations wer e not reported , and because level

and time limit scores were experimentally dependent . The five components with

•igenvalues greater than or equal to 1.0 were retained and rotated to a van —

max criterion. The results are shown in Table 38.

Insert Table 38 and Figure 23 about here

The f i rs t  component was similar to Davidson and Carroll’s (1945) General

Speed factor . Here it appear ed to be more of a Verbal—Re ad ing Speed factor .
The General Speed label is inappropriate since spatial and figural tests were
not includ ed in the battery. Further , the Perceptual Speed test that was in-

cluded in the battery failed to correlate with these speed scores.
The second , third , ad fourth components were similar to the Davidson and

Carroll (1945) Level of (Verbal) Reasoning, Speed of Computation, and Speed

of reasoning factors , respectively. The fifth cbaponent is similar to their
unlabeled factqr E. Here it appeared to be more of a singleton defined by

Phrase Completion.

Several nonmetric multid imensional scalings were also performed on this

matrix using the KYST program (Kruska l et al., 1973). Initial configurations

were generated by the metric Young—Torgersen procedure. Nortmetnic configurations

were then iterated 22 times in three dimensions and 14 times in two dimensions.

Stress values (Formula 1) were .119 and .198 in three and two d imensions, re—
spec tively. The final two dimensional configuration is shown in Figure 23.

The clusters in Figure 23 were generated by the BMDP average me th od hierarch —
ical clustering program (Dixon, 1975).
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Speed and level scores fell on opposite sides of the scaling in Figure 23,

suggesting tha t speed and level are at least partially independent aspects of

performance. However, the speed scores were obviously inadequate , and the

location of verbal analogies , which is usually a good measure of general
verbal ability, suggests that there may have been ceiling effects in some of

the level scores that were retained .

In spite of these limitations , the study does suggest that speed and level

may be highly correlated in the verbal domain, yet still reliably independent

(see also Morrison , 1960).

This makes sense especially on vocabulary tests. Subjects who know the

meaning of a word should be able to identify the appropriate synonym quickly .
With slightly more time they may be able to use other cues such as root den — 

- 

-

vations , or the like . However , addition-al time beyond this should be of l i t t le
value. Either one knows the stimulus word and recognizes one of the alterna—

tives or not. Within the group of those who know the answer there are undoubtedly
ind iv idual dif ferences  in the speed of accessing and comparing word meaning s
but such differences would be in the order of milliseconds, and thus would not

be reflected in the dependent measure employed in this type of study.

However , the work of Hunt and his colleagues suggests that ind ivid ua l

differences in the speed of these operations are also related to the differences
between medium and high verbal subjects (Hunt, Fros t and Lunneborg, 1973; Hunt ,

Lunnebord and Lewis , 1975). Perhaps such differences would be mor e strongly
related to fluent production , especially within sex (see Bock , 1973) .

Items At te~pted as Sp~~~
The third type of researc h strategy employed the number of items attempted

within a given time period to estimate speed . Myers ( 1952) reported one of
the better stud ies of this sort. He administered three forms of a f igure c lassi-
fication test to 600 midshipmen at the U.S .  Naval Academy . The 100 f igure

- t classification items were presented on ten pages with ten items per page . These

pages were divided into five 12 minute parts with either one, two or three pages

to a part. The three forms differed only in the group ing of the page s into the
parts of various lengths.

In the power tests 0.0 items in 12 minutes) • 97 to 100 percent of the ex—

aminees completed the items. In the speed tests (30 items in 12 minutes), only

30 to 41 oercent of the examinees responded to all items. Scores on the first
‘ page of each of tne five parts were used to define one factor . Scores on the

last page of the two three—page parts together with the number of items at-

tempted on these parts were used to define a second factor . These two factors

163

—- —— —  - - S ~~~~ - - - - -— ~~~~~~~~~ — - 
~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~- -  



--w_~~ - 
-

~~~~ 
-- —

were then extracted from the correlation matrix of test and criter ion scores.

The first factor was defined as the ablity to answer problems correctly, and

the second factor as the tendency to answer problems quickly. Parallel anal—

yses were made for all three forms and all exhibited similar structures. But

the speed factor is spurious , because the scores used to define it are experi-
mentally dependent. It is likely tha t those who answered more items correctly

on the third p-age would be those who a t tempted more items . It is d i f f i c u l t
to see how one would explain the data if this were not the case. Unfortunately ,

correlations were not reported, and so reanalysis is impossible.

Another factor analytic investigation of the ef fec t of test speededness
s~ s reported by Lord (1956). A battery of nine reference tests and 18 exper i-

mental tests was administered to 649 Naval Academy cadets. Grades f or five

classes and conduct ratings were also available. The experimental tests rep-

resented three content areas; vocabulary, spatial ability, and arithmetic reason-

ing . Two tests in eac h area were relatively unspeed ed level tests , one was
moderately speeded, and three were highly speeded. Tests were parallel in

content, and differed primarily in the number of items, although time limits

tended to be shorter for the speed tests. Two estimates of speed were ob-
tained : number correc t on eac h of the three speed tests in each area , and the

last item at tempted on one of the speed tests. These experimentally dependent
scores were excluded during’ factor extraction but includ ed for rotation of

axes.

Ten factor s were extracted from the 33 variable correlation matrix by the
miximum likelihood method . Factor loadings for the six experimentally dependent

variables were then estimated by projecting these variables into the factor

space. Axes were then rotated to achieve “psychologically meaningful oblique
factors” (p. 42). Level and speed factors were identified in each ar ea , except
arithmetic reasoning. Speed factor correlations suggested a second order

general speed factor.

Inspection of tt’.e correlation matrix reveals no general speed factor .
Table 39 reports average correlations between level, speed , and last item at-

tempted for the experimental tests and the six referenc e tests and factors.

Correlations for the moderately speeded test in each area were omitted for

clarity.

Insert Table 39 about here

Table 39 reveals that the correlation between each ~f the two exper imental
level tests in each area was the same as the average correlation between the
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two level and three speed tests in that area. Thus , the level tests correlated ‘

as highly with the speed tests as with each other .

Further, the patterns of correl~~ions between the experimental level and

speed tests and other tests in the batter y were virtually id entical. Therefore ,

there is no evidence that the speed and level tests defined different factors.

The few discrepant correlations may be explained by the extra length of the

speed tests ( 5 , 3, and 3 times longer for Vocabulary, Intersections , and ar i t h—

me t ic Reasoning, resoectively) , and possible ceiling e f fec t s  in the level tests.

Precise estimates of these effects cannot be made since means and standard de—

viations were not reported.

While the experimental speed and level tests do not define differ ent factor s,
the last item attempted scores appear to define separate factors. Further,

these three scores correlated higher with each other than with other variables

in the matrix.

This independence of the last item attempted scores clearly evident in

the intercorrelat ions of the five spatial scores in Table 40. Here the two

level scores were averaged as before , but this time only two speed scores were

averaged. This was done to keep the last item attempted score independent of

the speed score.

Insert Table 40 and Figure 24 about here

Principal components were extracted from the matrix in Table 40 and then

plotted in Figure 24a . Tests are also plotted in the factor space defined by
the two spatial factors in the Lord (1956) solution in Figure 24b. Both plots

• chow that it is the last- item.attempted score that defines the speed factor .

But the last item attempted on a tes t is not a good estimate of speed.

Both low and high scoring students may attemp t many items , but for d i f fe ren t
reasons . Test taking strategy and perseverence also influence the number of
items attempted. Thus, correlations between the three last- item -attemp t ed
scores reflec t more about the consistency of test taking strategies than about

intertask consistency in the speed of mental operations.
The slight link between the last-item-attemp ted score and the most speeded

spatial test (see Figure 24) suggests that severely short time l imits are nec—
essary to alter the factor s t ructure of a test when the dependent variable is
correctness. Cronbach and Warrington (1951) reached the same conclus ion in

their reanalyses of the Tate (1948) data .
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Table 40

Average Spatial Test Correlations
(After Lord , 1956)

Spatial Testa 
R L M S LIA

10 Reference (R) —

11, 12 Level (L) 51 (74)
13 Moderately Speeded (M) 55 74 —

14, 16 Speed (S) 55 7]. 76 (76)
17 Last Item Attempted on 15 24 26 26 44 —

Note. Decimals omitted. Entries in parentheses are correlations
between the two tests in the group .

aT~~~ identification numbers from Lord (1956)
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Morrison (1960) obta ined a similar re sult in his study . He examined the

effects of altering the t ime limits on two types of reasoning tests. Five

number ser ies tests and five parallel ldtt er matri ces tests were administered —

to 81 undergraduate males. Two levels of item complexi ty  ( low , high ) ,  two

methods of  time lim iti ng (paced , timed), three levels of t ime a l lo t tmen t  (shor t ,

moderate, unt imed), and two types of reasoning tes ts  (numb er series , le t te r
m at r i c e s )  were varied over two t e s t i ng  s ess ions.  Oni:? nine of the 4$ possible

combinations of these factors were represented in the 10 tes ts  a c t u a l l y  admini-
ste red . Each test  contained ~O it ems.

Correctness and errors were obtained for each test , but solut ion time was

recorded only for  the three untimed tests .  S~eededness was es t imated  by computing

t for each t ime limit test (see Cronbach and W arr ing t csn . 1951) . The factor

s t ruc tur e of t ime—limi t  t es t  scores was examined by a square root factor analysis
of the correlation m a t r i x  for  correctness  and error scores for all tests , and

time scores for the three unt imed tests.

The major results of Morrisofl’~ 
st ud y were :

1. Correc tne ss  and errors on untimed tests  were largely  independent of

time taken to finish these tests.

.~~. Right and Wrong scores wero dtffeventiafl y affected by vartat tons

- : - in t est speed edness.
— ) . Prac t ice  increased the proport ion of reliable var iance in t imed letter

matrices tests attributable t o  the speed f ac t or .
4. Pacing produced more tot table variance in correctness and error scot-es

tha n either the t ime limit or n o — t i m e — l i m i t  cond i t i ons . Fur ther ,  p ac ing  pro-
duced higher speed.dness than an equivalent  t ot a l  t ime allowance.

5. Timed and unttm ed tests had different fa c t or  st r t ~~t ures . In p ar t t~- ul *r .
only J4 percent  of the varianc e in the  paced t e st s  and -~~~ pe t-cent ~f the varianc e

in the t ime l i m i t  tests was accounted for by the power factor.

Tests administered under the same limiting conditi on were group ed for the
square root f a c t o r  ana lys i s  ~~~ more pr~pt’rlv component ana1ysts~ making the

analysis  more c o n f i r m a t o r y  or pr ocrust ean than exploratory . This procedure

overlooked several impor t an t  r esult s .
These are ev ident in multtd tmet~ iona( scalings ot th e  correctne ss  and

error m at r i c e s  reporte d in Figures 5a and .~Sh . r espect  lye  1y 
• 

.
~~~~ clusters

f rom average meth od c lus te r  analyses ar e s u per i m p o se d  on o:Tch p l ot . P r i n c ip a l
components were also extracted from the correlat ion mat rices , but th e  r o t a t e d

compo nents were e s sen t i a l ly  the same as the clusters .
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Insert Figure 25 about here

Tests in Figur e 25 are identified by the following mnemonic : score

(R — right , W wrong , T time) , content (M u. matrices , S — series), complexity

(11 — high , L — low) , and timing condition (P15 — paced 15 sec, P30 — paced 30

sec, Ti— time limit ——first administration, T2 — time limit——second administra-

tion , U - untimed). Small circles identify the location of each test; nuubers

within the circles identify order of administration. Speededness estimates

for the t imed tests are shown in parentheses. —

Scalings were produced by the KYST program (Kr uska l et aL., 1973). Initial

configurations were genera t ed by the metric Young— Torger sen procedure. Non—

metric configurations were then i terated 13 times in two d imensions for both

the correc tness and error matrices . Final stress values (formula 1) were .0687

and .064 ~n three dimensions, and .119 and .111 in two dimensions for cor—

rectness and error , respectively . Error scores were reflected to obtain oosi—

tive manifold , time scor es wer e not reflected to preserve positive manifold .

Thus, time means slowness and error means lack of errors.
The plot for the correctness scores (Figure 25a) shows that the four clusters

separated timed matrices tests, timed series tests, untimed tests, and slowness

scores. Slowness is better interpreted as carefulness, or willingness to co—

operate and try hard in the experiment. It related highest to correctness on

moderately timed tests , and lowest to correctness on highly speeded or untimed
tests.

Within eac h of the two content clusters , more highly speeded tests fell
near the periphery , while the less speeded tests were more centrally located .

This concurs with previous observations tha t s imple , speeded tests are mor e
specif ic than complex , relatively unspeeded tests.

The location of the untiined tests suggests that they may not have been
true power tests. Allowing unlimited time may permit ineff ic ient  but workable

solution strategies that bypass the reasoning processes required when moderate

t ime limits are imposed.

The locations of the two time limit matrices tests (points 1 and 10 in

Figure 25a) suggests strong practice (or fat igue) e f f e c t s , at least for ma trices ;
the correlation between these two tests was only .39.

The scaling for  the error scores (Figure 25b) revealed a marked ly d i f fe r -
ent structure. The content distinction was still strong, with series tests

above matrices tests. With one exception , speeded tests were again more peripheral .
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Further, carefulness was most strongly associated with few errors on low time—

press tests, but independent of the number of error s made on highly speeded

tests.
Together, the plots and correlation matrices for correctness and error

scores suggest that slow, careful students obtained more correct answers, par—

ticularly on moderately speeded tests , but made as many errors as other students,

especially on highly speeded tests.

Time for Correct Re~gonses as Speed

Perhaps the most carefully conducted investigation of the relationship
between speed and power was reported by Tate (1948). He administered an
arithmetic reasoning, a number series, a spatial relations (easy Form Board),

and a sentence completion test to 36 high school students. None of the test

items wer e multiple choice; all requir ed that the student construct the answer.
Each test contained about 60 items .

Students were tested ind ividually, and response t ime was determined for

each item. The distributions of these raw time scor es were positively skewed ,
however a log transformation produced normal distribut ions . Items were d ivided

into three dif f icul ty  levels on the basis of the percentage of the total sample
failing the item. The easy it ems wer e failed by three to 11 percent of the
students , the medium di f f icu l ty  items by 17 to 39 or 42 percent, and the diffi—
cult items by approximately 42 to 61 percent of the s tudents . Data for cor-
rect and incorrect answer s were analyzed separately.
The major results of the study were:

1. There wer e marked individual differences in speed in all four tests.

2. Log time was store normally distributed than raw time (see Furneaux ,
1961, for a similar conclusion) .

3. Accuracy and d i f f icul ty  of the items were significant facets of the
design; incorrect and more difficult items took longer.

4. There appeared to be a small speed fac tor common to all four tests , but
a much larger speed factor specific to eac h test. Thus , the relative standing

of subjects in speed were less affected by changes in difficulty within a test

than by a change from one test to another.

5. Speed of response on difficult items, when adjusted statistically for

accuracy, appeared to be independent of altitude or power in all four tests.
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New Direct ions
This brief review of the speed—power problem has raised more questions

than it has solved . The studies are unanimous on one point , however, and that
is tha t speed is at least partially independent of power. Careful study of
the relationship between the two is difficult ~ particularly in the

light of the moderating effects of difficulty and correctness.

Group statistics such as percentage failing an item provide only a rough

index of difficulty at the individual level. If accuracy , motivation and

other extraneous factors are controlled , then time to solution should be posi-
tively related to difficulty. However, the reasoning is obviously circular,

for if difficulty is defined in terms of time, then speed , power , and difficulty
can not be disentangled .

For spatial tests , substi tut ing complexity for d i f f i c ulty may provide at

least a partial solution to this dilemma . Complexity could be defined both

in terms of the stimulus characterist ics (i.e. , two v s .  three dimensiots )

and the number and type of menta l operations required for solution .
Furneaux (1961) suggests an alternate solution for the construction of

difficulty states. However, the method involves questionable assumptions and

requires numerous transformations and modifications of the original data. It

is certainly the most sophisticated mathematical model of speed, acc uracy , and
continuance (i.e., persistance) yet devised. However, the model has not been

applied to tasks other than the set of Letter Series items used by Furneaux

(1961). -

The key to the speed—power problem is the construction of useful , psych-

ologically meaningful difficulty scales. Furneaux has recognized this. How-
ever, his method of constructing difficulty scales yields indices that may be
mathematically useful , but have no compelling psychological foundation.
The Egan Study

The first tentative steps in this direction are contained itt a recent in—
vestigation by Egan (1976). He reported two experiments in which spatial tests

were administered to naval officer candidates . The tests were administered
in a group setting using paper—and—pencil multiple choice tests, and then in—

dividually with item exposure controlled and only one response alternative.

• Response latencies and correctness were obtained in the individ ual condition.
In the first experiment, two tests thought to measure Spatial Orientation

• and one Visualization test were administered . The choice of tests was unfor-

tunate on two accounts. First, any study hoping to distinguish two constructs
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should have at least two measures of eac h construct (Camppbell and Fiske , 1959).

Second, the tests chosen to represent the factors do not measure two factors,
but only one factor . The Spatial Orientation factor was represented by the - -

Guilford—Zimmerman Spatial Orientation test and the Navy’s Spatial Apperception

test. Both tests derive from the A.AF Aerial Orientation test, the former showing

shoreline pictures from a boat and the latter from an airplane. The Visualiza-

tion factor was represented by the Guilford—Zimmerman Spatial Visualization

test.

It is clear that the Guilford—Zimmerman Spatial Orientation and Spatial

Visualization tests do not measure different factors not only from the re—

analyses reported here (see p. 87 ), but also from two studies of the convergent
and discriminant validity of these tes ts (Borich & Bauma n , 1972; Price and

Eliot , 1975) . Even the manual for the Guilford—Zi mme rman Apti tud e Survey

(Cuilford and Zimmerman , 1948) shows that the correlation between these two

tests is about as high as their respective reliabilities.

The second limitation of the study was a severe restriction of range in
spatial ability in both experiments. The officer candidates were selected on

a battery of tests,”a major component” of which was the Spatial Apperception

Test (p. 4) .

Although all subjects did not take all tests, pairwise correlations were

based on the maximum nuntber of cases. Thus, sample size ranged from 31 to 61

in the correlations for the first experiments, 48 to 72 for the second experi-
ment, and 31 to 127 for a combined analysis.

In both experiments, speed was defined as the mean response latency for

correct responses . Power (or leve l) was defined as the total number correct.
The speed estimate is inadequate, as it is based on different items for dif—

ferent subjects. Thus, the speed estimate for the subject who responded cor-

rectly to only a few easy items was an estimate of speed of performing simple

items. On the other hand , the speed estimate for the subject who answered

almost all the items correc tly was an estimate of speed of responding to mod-

erately complex items.

There were nine variables in the correlation matrix for the first experi-
ment : number correc t and mean latency for correct responses for each of the
three individually administered tests and number correct in the group admini-

stered version of each test. Average within and between group correlations

for each of these three types of variables are shown in Table 41. The correla—

tions wer e averaged her e because there was no support for the hypothesis that
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the two SO tests measured something different than the Vz test .

Insert Table 41 about here

The average within group correlation for number correct in the individually

administered tests (.36) was lover than the corresponding average within group

correlation for the group administered tests (r — .50). This probably reflects

the increased influence of guessing on the individual session scores . The
correlation between correctness on the group and individual tests (.44) ex— - 

-

eludes the diagonal elements of this submatrix.  These values are really r e—

liability coefficients.
The average within group correlation for the mean latency scores (r - .54)

was the highest in Table 41. On the other hand, correlations between these - 
-

speed estimates and the level score wer e low and negative: — .15 , — . 30, and

— .27 for the Spat ia l Apprehension , Guilford—Zimmerman Spatial Visualization,

and Spatial Orientation tests, respectively . These correlations indicate a

slight negative relationship between response latency on easy to medium d i f —
ficulty items and total number correct.

The second exper iment employed different subjects (72 in all, 48 with coin—

plete data) . An adaptation of Shepard and Metzler ’s (1971) block rotation

task was used instead of the Guilford—Zimmerman Spatial Orientation test. No

group tests were adminis tered this time.
Average within and between group correlations for the mean correct laten—

cies and total number correct for the three tasks are shown in Table 42. Aga in ,

mean correct lacencies intercorrelated higher than the correctness indices .
Mean correct latencies on the block rotation task and the Spatial Visualization

test wer e highly correlated . Both tests require menta l rotation of an object .
In the forme r , items d i f f e r  in the angle of rotation and in the latter they

d i f fe r  both in the number of rotations and the angle of each rotation.

— Insert Table 42 about here

The mean correlation between average latency and number correst was smaller

• than in the f i r s t  experiment but still negative. The correlations between

mean correct la tency and total number correct were — .12 , — .18 , and — .26 for

• the Spatia l Apprehension , Spatial Visualization , and Block Rotation tests ,

respectively . As in the first experiment , then, the implication is a small
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Table 41.

Average Within and Between Session Correlations for Latency and Correctness
for Three Experiment-]. Spatial Tests

(Af ter Egan, 1976)

Score 1. 2 3

Individual Session
1. Total Correct .36
2. Mean Correct Latency — .25 .54

Group Session
3. Total Correct .44 — .30 — .50

Note. N varies from 31 to 61.

.

Table 42

-
- - Average Correlations for Latency and Correctness

on Three Experiment 2 Spatial Tests
(Af ter Egan, 1976)

Score 1 2
1. Total Correct .45 — .14
2. Mean Correct Latency .53

Note. N varies from 48 to 72.
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negative relationship between latency for correc t responses on easy to medium

difficulty items and total number of items answered correctly.

To this point , the Egan stud y is similar to the Tate (1948) study. However ,

Egan went beyond the usual analysis. He proposed three information processing

models, one for the Spatial Visualization test , one for the block rotation task ,

and one for the -Spatial Orientation tests.

The mod el for the visualization task hypothesized that items differ pri—

man ly in the number of times the clock must be rotated . Separate plots for

(group ) mean correct latencies , incorrect latencies , and proportion fai l ing

versus the number of rotat ions (0 — 4) were mad e, and all increased monotoni—

cally . Slopes and intercepts for the regression of mean correc t latency on

number of rotations were then calculated for each subject .  Of the 106 slopes
and intercepts calculated , only one of each was negative.

Following Shepard and Metzler (1971), the model proposed for the block rota—

tion task hypothesized tha t items di f fered  in the angle through which the stimulus
figure had to be rotated . Similar plots were made for the block rotation task ,
this time with angle of required rotation on the abscissa. Average latency

increased monotonically , although a logarithmic transformation of these mean

latencies would have produced an almost perfectly linear plot. Again, slopes

and intercepts were calculated for the 60 subjects. All of the slopes were

positive , and only one intercept was negative .

Finally , the model proposed for the orientation tasks hypothesized that
items differed primarily in the number of discrepant dimensions between the

subject ’s concept of how the visual pattern should appear and the response al-

ternative. Discrepancies could occur in any of th-ee d imensions: head ing,

pitch , or bank.

The model predicted moderately well for the Spatial Apprehension test but

poorly for the Guilford—Zimmerman Spatial Orientation test. Regression lines

of latency for correct “no” responses on the number of discrepant dimensions

were calculated for each subject on both tests. While no negative intercepts

were obtained, 28 of the 127 of the individual slopes were positive on the

Spatial Apprehension Test and 8 of 32 were positive on the Spatial Orientation

test. The model predicts that all slopes should be negative .

Egan then computed the correlations between the various slope and inter —

cept parameters , number correc t , and mean correct  la tency.  For each task , the

highest correlations were obtained between slope and intercept parameters for
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the same task. In every case, steep slopes were associated with small

intercepts (r — .70 for both SO tests , — .79 for the visualization test and

— .63 for the block rotation test ) .

One set of results that were overlooked were the correlations between
the intercept and total correct on each task. These correlations represent

the correlation between speed of responding correctly to the “simplest”

items and the power estimate. Here , simplicity is defined in terms of the
unidimensional three or four point scales on which times were located. - —

Except for the Spatial Orientation test, the correlations were all in

the — .20 to — .22 range . Once again , this indicates a mild negative relationship
between latency for correct responses on simple items and power. Of course ,
it also indicates a substantial independence between the two measures. The

corresponding correlation for the Spatial Orientation test was — .07, but
the intercept parameter for this task is probably not meaningful .

While the results are interesting, the study ignores the possible
confounding effects  of item difficulty on the relationship between speed
and power. The development of specific information processing models for 

- 

-

the various tasks is indeed a step forward. However, the modeling and

derivation of slope and intercept parameters was not directed toward the

speed—power problem.

However, it is precisely this sort of analysis that can clarif y the

relationships between speed , power , and complexity , and provide an importan i

link between “reaction time” information processing psychology and “number

correct ” differential psychology.
Factors Affect ing the Relationship between Speed and Level

The relationship between speed and power is moderated by the following

factors:

Difficul ty.  Speed and power probably correlate differently when speed

is measured over simple tasks than when it is measured over complex tasks.

However, since latencies for incorrect responses are uninterpretable, the

correlation between speed and level can only be computed for error free items.

A method for estimating the correlation at different levels of complexity is

presented below.

Content. The relationship is probably different for verbal tests than

for spatial tests. Speed and level appear to be more independent in spatial

tests than in verbal tests.
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Accuracy . Correct responses are generally fas ter than incorrect

responses (Tate, 1948) , although on extremely simple items incorrect responses
are usually faster (Pachella , 1974).

Correc t “yes” versus correct “no”. Correct “yes” responses are usually
faster than correc t “no” respsonses, although some subjects show the opposite

pattern on some spatial tasks (Cooper, 1976). Further, latency for these

two types of correct responses may relate differently to diff icul ty,  and

thus complexity .
Guessing. The error variance introduced by this factor can seriously

cloud the relationship between speed and power. Furthe r , there are differences

in the willingness to guess both between subjects and within subjects across
tasks and situations. The effect of guessing is most pronounced in experiments

where a yes/no response is required.
Alternative solution strategies. Many tasks can be solved in different

ways. Some evidence suggests that particular tests (such as the Gui].ford—

Zimmerman Spatial Orientation test) are particularly vulnerable. Items where

several alternatives are provided are also suspect . The use of open—ended

items (as in Tate , 1948) would eliminate alternative solution strategies

in which the subject “works backwards” from the alternatives to the problem,
or uses cues in the alternatives to help solve the problem. Some tasks may

not be amenable to this procedure , particularly when the construction of the

response is difficult or when processing time is short. However, many tasks

can be administered in this way, such as the original Birtet Paper Folding

task or Thurstone ’s (1938) Punched Holes. The subject must draw how the holes

will appear (Binet) and where they will be located (Binet and Thurstone) when

the paper is unfolded.
Major alternative solution strategies that are not controlled can be

included in the experiment. Here, best solution is to design the task so

that different solution strategies produce qualitatively different patterns

of performance over specific design facets.

Motivation. Thorudike (1926) , Thurstone (1937) and Furneaux (1961) all

agree that motivation (or persistence) can influence both level and speed.

Further, the relationships between motivation, speed , and power are probably

not linear. One can literally “try too hard .” Thurstone ’s (1937) conclusion

that increased motivation has no ef fec t  upon power but may increase speed

undoubtedly oversimplifies matters. Nevertheless, it suggests that speed may

be more dramatically affected by changes in motivation than level, particularly
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when motivation is increased from low to medium levels of arousal. The

effects of motivation would probably best be assessed within a signal

detection paradigm. The problem is so complex, however , that it may be
better to attempt to control for motivational differences experimentally ,

at least until one can reasonably account for the effects of other variables

such as d i f f icul ty .
Speed—accuracy tradeoff. Small changes in speed—accuracy tradeoff can

produce large changes in response latency. Further , subjects interpret

instructions to respond as fast and accurately as possible in different ways

(Lohmart , 1979). Even on extremely simple tasks, changes in instructions can
produce large changes in performance (Howell and Kreider , 1963, 1964). The

problem is even more vexing when complex items are presented. Instructions

that assure a good power estimate vitiate the speed scores, while those that

enhance the validity of the speed score may invalidate the power score.
Latency and Correctness as Dependent Variables

Latency and error rate are complimentary aspects of performance. Latency

is most interpretable when there are no errors, while error rate becomes most

meaningful when latency is uninterpretable. Keeping latency interpretable

by studying only simple items or high ability subjects is unacceptable , as

these models may not generalize to complex tasks or low ability subjects.
This dileumza is exemplified in an early investigation by Peak and Boring

(1926) . They individually administered two forms of the Otis and two forms

of the Army Alpha to five subjects. Solution time was recorded for each item.

Only those items answered correctly by every subject were included in the

analysis “since differences in speed are significant only when accuracy is

kept constant” (p. 80). After thus eliminating most of the difficult items,

Peak and Boring (1926) concluded that “speed of reaction is art important , and

probably the most important factor in individual differences in the intelligent

act ” (p. 92) .

But , as Brigham (1932) notes, the procedure guarantees the result. With

a larger , more representative sample, fewer and simpler items would be available
for the analysis. While this procedure is obviously flawed , many investigations

still routinely discard error trials, and yet hope their experiments explain

individual differences in aptitude.

Experiments that seek generalizable results must also include a broad

range of both task complexity and subject ability. Figure 26 shows how abili ty

and task complexity are necessarily confounded in this type of experiment.
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Each combination of ability and complexity represents a possible information
I

processing model. There are potentially three different models for simple

items, two for moderattdy complex items , and one for complex items . The

model for complex items is necessarily a model for high ability subjects.

Insert Figure 26 about here

Contrasts between various cells indicate how performance of low and h igh

ability subjects differ on simple items, or how the performance of high
ability subjects is affected by shifts in item complexity.

However , even this type of analysis on correct response items overlooks
some important problems . Figure 27 shows a hypothetical plot of the relationship

between item complexity and latency for one subject , assuming motivation and

solution strategy are held constant. Solution latency increases exponentially

and approaches infinity as complexity approaches the level where the subject

can no longer solve the items .

Insert Figure 27 about here

Latencies in the nonlinear portion of the curve are not as interpretable
as those for the lower levels of complexity. As items become increasingly

difficult, subjectsmay cycle through the item several times, try different

solution strategies, or the like. While understanding such processes is

important for a full understanding of aptitude processes, leaving them

uncontrolled enormously complicates the task of modeling the data. Further,

time taken for such processes may be erroneously attributed to the complexity

facet , since the two are confounded . Thus , while investigations of aptitude
processes demand that level scores be determined , latency data become increasingly

uninterpretable as task complexity is increased.

Error scores pose the reverse problem . Errors on simple problems may

reflect different processes than errors on complex problems. Errors on

simple problems may be caused by carelessness , f atigue , or inattention , while on

complex problems they may indicate the breakdown of one or more component processes.

Further, analysis of errors presents important scaling problems, since the

variance of these scores is essentially zero for the simplest and most complex

• items , and maximum at the point where fifty percent of the items are failed.

Further , correctness and error rate sometimes relate differently to

Li _ _ _ _  _ _  
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ITEM COMPLEXITY

Figure 27. Hypothetical plot of response latency versus item complexity

for one subject.
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external variables (Davis, 1947; Fruchter , 1950; Morrison, 1960). This

occurs when subjects attempt different items and all the reliable

variance in the less reliable score (correctness or error) is not reflected

in the correlation between the indices.

Thus, there are serious problems in the analysis and interpretation

of latency and error data. Routine statistical analyses of such data may be

misleading. Plots of raw data or simple descriptive statistics such as

means, medians, and standard deviations would be more meaningful in most

experiments.

Estimating the Correlation between Speed and Level

The only unambiguous speed—level correlation is between speed of solving

error—free items and level. The correlation between speed and level can only

be~~timated when some subjects miss some items. This is shown graphically in

Figure 28. The plot shows hypothetical regressions of latency for correct

responses on item difficulty. Linear relationships are assumed for clarity.

The solid portion of each regression line indicates the range of correct responses

for each individual. Thus, the length of the solid portion of the regression

line is the subject’s level estimate. 

— 

Insert Figure 28 about here

The correlation between the intercepts and the lengths of the regression

lines yields the correlation between speed of performing easiest item types

and level. The individual regression lines can then be projected so that they

all extend to the point of maximum complexity. At this point the correlation

between these (for the most part, predicted) latencies and the range of the

solid regression lines yields the best estimate of the relationship between

speed of performing complex tasks and level. Projected or known latencies

at intermediate points on the scale can also be correlated with range to

yield intermediate values of the speed—level correlation.

When formulated in this manner, it is obvious that the correlation between

speed and level will remain constant over the range of item complexity only if

there are no individual differences in the regression slopes. This has important

j implications both for the speed—power problem and the generalizability of

information processing parameters derived from simple tasks. If individual

regression slopes are parallel, then the relationship between speed and l evel

is constant throughout the range of complexity represented in the analysis.
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Figure 28. Hypothetical regressions of response latency on item comple:dtv .
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Parallel regression slopes also imply that individual differences in speed of

solving simple tasks generalizes to the speed of solving complex tasks of

the same type.

If there are individual differences in slopes, then

speed of solving simple tasks does not generalize to speed of solving complex

tasks. In either case, the relationship between speed and level, whether

constant (i.e., slopes constant) or ‘tariable (i.e., slopes dif f e r ) , is the
crucial issue. A reasonable prediction in the area of spatial tasks would

be that there are individual differences in regression slopes (see Cooper

and Shepard , 1976).

Implications for Speed Factors

It is impossible to obtain meaningful speed and level scores from total

time (or average latency) and total number correct on the same test.

Studies that attempt to determine the relationship between speed and level

by correlating speed and level indices derived from the same test assume that

speed of solving easy items is perfectly correlated with speed of solving

complex items, and that speed of correct responses is perfectly correlated

with speed of incorrect responses. But these are unlikely assumptions.

Even if these assumptions were true, they would not erase the psychological

ambiguity of latency for incorrect responses. Therefore, the only meaningful

speed factors are those based on error—free performance. There can be no

“speed of reasoning” factor in the traditional psychometric sense, for reasoning

is, by definition, a construct based on level scores. This holds for all

aptitude constructs defined by level scores.

These limitations do not apply to the more limited psychometric problem

of determining the effects of altering the time limit of a test on the factor

structure or predictive validity of a test (e.g., Yates, ]966a; Morrison, 1960).

However, severely short time limits may allow the solution of only the easier

items, especially under paced administrations. Changes in the correlations

with other tests could then reflect changes in test content rather than the

influence of a speed factor. Also, fewer items are solved under shorter time

limits, making the total score on the test less reliable and producing lower

correlations with other variables (e.g., see p.166).

Implications for Researcri on Aptitude

The most important implication of this literature for research on aptitude

processes is that individual differences in latency on simple tasks may be

largely independent of level scores on more complex tasks. This conclusion
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cl.arty warrants further study1 for it questions much of the current research

on aptitudes.

However , if (as advocated) a broad range of both ti~sk complexity

and subject ability is represented in an experiment , then there need not be high

correlations b.tween latency based process parameters and reference constructs.

This is because these parameters can be computed for all subjects only over

the easiest items; parameters for th. more difticult items can be computed

only for the more abl, subjects (see Figure 26). Restriction of range would

then limit the correlations between process parameters and reference constructs

for all item types not aolv.d by some subjects. Error scores , however , should

show convergent validity with reference constructs.

Sumeary and Conclusions

l.It appears tha t severe changes in test spe.dedness are required to alter

the factor structure of a test. This suggests that changes in complexity

may be the important dimension, since fewer difficult items would be solved

with extremely short tim. limits. Morrison (1960) found that pacing produced

higher sp.ed.dness than an equivalent total tim• allowance. But , again , fewer

difficult items would be solved in the paced condition than in time limit condition.

Similarly, r eanaly ses of Lord ’s (1954) data showed that, within each content
area , level tests correlated as highly with parallel speed tests as with other

level tests. Thus, changes in sp..dedneas may be less important than changes

in item complexity, and test length in producing changes

in the factor structure of a test. At the other extreme , allowing unlimited

time may alter test factor structure by permitting ineffic ient but workable

solution strategies that bypass the aptitud. processes required under moderate

time limits , Th. generally lower predictive validity of untimed level scores

than time limit scores may reflect these strategic shifts.

2.Spemd factors for level constructs such as reasoning are impossible, since

individual differences in speed can be measured only over error free items .

While individual differences in speed of reasoning undoubtedly exist, they
cannot be represen ted using convent ional correlationa l methods. Therefore ,

studies in which total t ime and number correct were obtained for each test,

and then used to define level and speed factors are flawed. Either the level

scores are invalid because items are too simple (e.g.. the verbal analogies test 
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in Dav idson 6 Carroll , 1945), or the speed scores reflec t t ime for guesses ,

abandon men ts, and incorrect responses as well as time for correct responses.
Speed factors can be defined only by simple, error free tests. No evidence

for a general speed fac tor was found , even in factor analyses of contaminated
speed scor es.

3.Speed of solving simp le spatial items appears to be largely independent
of level scores over more complex items of the same type (Egan , 1976). Speed

of solving simple items appears to be more highly correlated with level on verbal
and reasoning tests (Davidson 6 Carroll , 1945; Lord , l956) ,but methodologically
sound studies of the relationship are lacking.

4.Latenc y and error are complementary aspects of performance. Latency is

most interpretable when there are no errors, ihile error rate becomes most meaning ful

when latency is uninterpretable. Further , it is extremely difficult to gather

clean latency data. Small changes in speed—accuracy tradeoff or item difficulty

can produce large changes in response latency. Even latency for correct

res pons es may be uninterpretable (see Figure 27). But this sensitivity makes

latency a powerful variable in detecting individual differences in cognitive

processes.

S Experiments that hope to explain general (i.e., level) aptitude constructs

must represent a wide range of both aptitude and item complexity. Total errors

on the experimental task should show convergent validity with reference tasks.

Latency based process parameters may be independent of these reference tasks

since process parameters can be computed for all subjects only on the easier

items. Process models for complex items are necessarily models for high ability

subjects.

6.The relative independence of individual differences in speed of solving

simple items and level challenges much of the recent work on the nature of

aptitude processes. Many of these studies have avoided the problem of latency

for incorrect responses by keeping items simple or studying only high ability

subjects. Rut such process models may not generalize to complex items or low

ability subjects. Therefore, investigators must pay more attention to the speed—level

problem. Failure to do so has caused considerable confusion in differential

psychology. Ignoring level has produced constructs in cognitive psychology

that are of questionable generalizability. Resolution of the relationships

between speed and level is important not only for the separate understandings

of differen tial psychology and information processing psychology, but is at
the heart of any attempt to forge a rapprochement between then.
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GENERAL CONCLUSIONS
Spatial Ability

1. Definition. Spatial ability may be defined as the ability to generate,

retain, and manipulate abstract visual images.

2. Major spatial factors. Three major spatial factors were identified

in this review. All three require mental transformation. They are:

Spatial Relations (SR). This factor is defined by tests such

as Cards, Flags , and Figures (Thurstone, 1938). It emerges only

if these or highly similar tests are included in the battery. Al-

though mental rotation is the coamon element , the factor probably

does not represent speed of mental rotation. Rather, it represents

the ability to solve such problems quickly, by whatever means.

Spatial Orientation (SO). This factor appears to involve the

ability to imagine how a stimulus array will appear from another

perspective. In the true spatial orientation test , the subjects

must imagine they are reoriented in space, and then make some

judgment about the situation. There is often a left—right discrim—

ination component in these tasks, but this discrimination must be

m ade from the imagined perspective. However, the factor is diff i—

cult to measure since tests designed to tap it are often solved by

mentally rotating the stimulus rather by reorienting an imagined

self.

Visualization (Vz). The factor is represented by a wide

variety of tests such as Paper Folding, Form Board, WA IS Block
Des ign , Hidden Figures, Copying, and Surface Development. The

tests that load on this factor, in addition to their spatial—

figural content, share two important features: (a) all are ad-

ministered under relatively unspeeded conditions, and (b) most

are much more complex than corresponding tests that load on the

more peripheral factors. Tests designed to measure this factor

usually fall near the center of a two dimensional scaling repre-

sentation, and are often quite close to tests of Spearnan’s “g”

(such as Raven Matrices or Figure Classification) or Cattell ’s

(1963) Gf.
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3. Minor spa tial factors. At the most basic level, spat ial thinking -

requires the abili ty to encode , rem.mp.r, transform , and match spatial
stimuli. Factors such as Closure Speed (i.e., speed of matching incomplete
visual stimuli with their long term memory representations ), Perce ptu al Speed
(speed of matching visual stimuli), Visual Memory (short term memory for visual

stimuli) and Kinesthetic (speed of making left—right discriminations) may rep—

resent individual differences in the speed or efficiency of these basic cognitive

processes. Thsse factors surface only when extremely similar tests are included

in a test battery . Such tests and their factors consistently fall near the
periphery of scaling representations , or at the bottom of a hierarchical model.

4. Types of spatial transformation. Two types of spatial transformation

are required by tests that define the three major spatial factors (SR, SO, and

Vz). The first is mental movement. Reflecting, rotating , folding, or simply
imagining that a stimulus is moved from one position in an array to another

position, are all varieties of mental movement.

The second type of mental transformation may be called construction .

There are two types of construction : reproduction (i.e., physical construction)

and combination (i.e., mental construction). At the simplest level, repro-

duction is represented in tests like Thurstone ’s (1938) Copying , where the

subject must correctly copy a stimulus design. At the next level, it is rep-

resented by tests like Graham and Kendall’s (1948) Memory for Designs, where
the design must be reproduced, not just recognized , and the reproduced design

must be a veridical representation of the stimulus. Retaining a veridical

mental image of a design may be an important component of other complex spatial

tasks, such as Hidden Figures (French et al., 1963).

In the mental construction tasks, on the other hand, the subject must

actually construc t a mental image, usually by reorganizing the stimulus in a

new way. The clearest examples of this sort of process are tests like Form

Equations (El Koussy, 1935) and Paper Form Board (e.g., Thurstone, 1938; Fr ench ,
Ekstrom and Price, 1 963). Mental construction is an important component of

many complex spatial tests. For example, in Surface Development (French et al.,

1963), the examinee must construct new holes as he mentally unfolds the stimulus.
Finally, mental construction may take the form of mentally deleting parts of a
stimulus, as in Match Problems (Guilford and Hoepfner, 1971). This may also be

an important component of tests such as Embedded Figures (Witkin , Oltman, Rask in
and Karp , 1971) or Hidden Figures (French et al., 1963).
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5. The analytic nature of spatial tests. Tests that consistently define

the major spatial factors represent only a limited portion of the visual think—

Ln~ domain. All require analytic problem solving skills. Spatial tests may

become analytic because subjects use all the resources at their disposal when

placed in problem solving situations. Thus, they use both verbal—analytic

processes and analog spatial processes to solve spatial test items. In other

words, spatial tests measure spatial problem solving skills, not necessarily

analog spatial ability. Individual differences to spatial ability may be more

• independent of verbal ability than the correlationa l literature suggests.

6. The non—hierarchical nature of ability factors. Level factors that de-
fine general abilities cannot be subdivided into speed primaries. Conversely,

• second order factors of speed primaries do not coincide with the level factors.

• Level tests and their factors are highly intercorrelated , while speed tests

and their factors are largely independent of one another and level tests. This

non—hierarchical nature of ability factors reflects the imperfect relationship

between individual differences in speed and level.

Solution Strategie,

1. There are important differences to solution strategy both between sub-

jects and within subjects over items . Tests often measure different abilities

for different students, depending on how problems are solved .

~~. Complex , power tests elicit a wider range of alternative solution
strategies than simple, highly speeded tests. Vz tests are often solved in more

ways than SR tests.

3. Within a test , the more difficult items elicit a wider range of solution

strategies than easy items .

4. High ability students report studying the problem stem and constructing

an answer before examining the alternatives. They are usually able to give a

coherent verbal report of how they solved the item, and they express confidence

in their answers. Low ability students , on the other hand , frequently report

that they attempt to solve the item by analyzing the alternatives. Further 1

they report more internal verbalization, more guessing, and less confidence in

their answers than do high ability students.

5. Certain tests are particularly susceptible to alternative solution

strategies. For example, many Spatial Orientation tests can be solved by a

Visualization strategy . On a more general level, mult iple choice paper and 4
pencil tests permit a number of alternative solution strategies that are not
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possible when th. student must construct rather than select an answer. Students

can also draw or mark on the test , thereby reducing the need to remember more

than a single step in the solution of the problem. They can attempt to solve

the problem by “working backwards ” from the alternatives to the stem, or look
for cl ues in the alterna t ives that may reveal the correct answer , or simply

narrow the field . A range of alternative solution strategies could be elimi-

nated by using free response rather than multiple choice items.

6. Introspective reports are of limited value. Whenever possible, such

reports should be validated against external information. Many processes,

especially those tha t are extreme ly rap id , cannot be accessed through intro-

spection (see Nisbett and Wilson , 1977). Retrospective reports are even less

trustworthy. Such reports are best used as a rough index of strategy rather

than as a guide to mental processes. Detailed retrospections are probably quite
• unreliable . Thus, subjects could be expected to indicate whether they mentally

rotated an object or, inst ead , mentally projected themselves into the picture.

It is unlikely, howeve r, that they would be able to accurately decompose these

global behaviors into componen t processes.

7. Perhaps the most promising technique for obtaining valid introspective

evidence is to ask subjects to report specific strategy information immediately

before (Karpf and Lev ine , 1971), during (Kroll and Kellicutt , 1972), or after

(Paivto and Tuills, 1969) they solve so item , usually by anonymously pressing a ¶
button. The validity of the self report rises dramatically, although reactive

effects might present problems .
• 8. Individual differences in solution strategies challenge a basic assump-

tion of factor analysis. Factor structures obtained from analyses of such tests

may be severely distorte d. The most likely outcome is an overestimation of the

factorial complexity of a test. Thus, that some SO tests load on both Vz and SO

factors may only mean that students solve the tests differently: some use a

predominately SO strategy , while others rely on a Vz strategy . Alternately,

students may switch between these two strategies while solving different items.

However , even in this straightforward example, it is impossible to know whether
the test measures two differen t aptitudes in any one individual , or whether it

measures different aptitudes in different individuals. On a more general level,

the presence of several tests in a battery that are amenable to alternate solution
• strategies ser iousl y distorts the factor structure, so that the obtained factor

• structure may not apply to anyone in the sample. Factoring within strategy groups

would undoubtedly produce cleaner factor patterns.
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9. Individual differences in solution strategy present a major stumbling

block for both correlational and experimental investigations of spatial ability.

The challenge for future research is to devise experiments that reveal solution

strategies for each subject on each item or on each item—type. Only by knowing

how subjects solve Items can the investigator know what the task measures, or

evaluate the generalizabi lity of the processing models that are proposed to

describe overall task performance.
Speed-Level

1. It appears that severe changes in test speededness are required to alter

the factor structure of a test. This suggests that changes in complexity may

be the important dimension, since fewer difficult items would be solved with

extremely short time limits. Morrison (1960) found that pacing produced higher

speededness than an equivalent total time allowance. But , again, fewer difficult

items would be solved in the paced condition than in time limit condition. Simi-

larly, reanalyzes of Lord ’s (1954) data showed that within each content area,
level tests correlated as highly with parallel speed tests as with other level

tests. Thus, changes in speededness may be less important than changes in item

complexity and test length in produc ing changes in the factor structure of a test.

• At the other extreme, allowing unlimited tine may alter test factor structure by

permitting inefficient but workable solution strategies that bypass the aptitude

processes required under moderate time limits. The generally lower predictive

validity of untimed level scores than time limit scores may reflect these strategic

shifts.

2. Speed factors for level constructs such as reasoning are impossible,

since individual differences in speed can be measured only over error—free items.

While individual differences in speed of reasoning undoubtedly exist, they cannot

be represented using conventional correlational methods. Therefore, studies in

which total time and number correct were obtained for each test, and then used

to define Level, and speed factors are flawed. Either the level scores are in-

valid because items are too simple or the speed scores reflect time for guesses,

abandonments, and incorrect responses as well as time for correct responses.

Speed factors can be defined only by simple, error free tests. No evidence for

a eneral speed factor was found , even in factor analyses of contaminated speed

set. Is.

3. Speed of solving simple spatial items ap~mars to be largely independent

of level, scores over more complex items of the same type (Egan, 1976). Speed
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of solving simple items appears to be more highly correlated with level

on verbal and reasoning tests (Davidson & Carroll , 1945 ; Lord , 1956), but

methodologicall y sound studies of the relationship are lacking.

4. Latency and error are comp lementary aspects of performance . Latency is

most interpretable when there are no erra~s , while error rate become s most mean-

ingful when latency is uninterpretable. Further , it is extremely difficult to

gather clean latency data. Small changes in speed—accuracy tradeoff or item
• difficulty can produce large changes in response latency. Even latency for

correct responses may be uninterpretable (see Figure 27). But this sensitivity

makes latency a powerful variable in detecting individual differences in cogni-

t ive processes.

S. Experiments that hope to explain general (i.e., level) aptitude con-

structs must represent a wide range of both aptitude and item complexity. Total

errors on the experimental task should show convergent validity with reference

tasks. Latency based process parameters may be independent of these reference

tasks since process parameters can be computed for all subjects only on the

easier items. Process models for complex items are necessarily models for high

ability subjects.

6. The relative independence of individual dirferences in speed of solving

simple items and level challenges much of the recent work on the nature of apti-

tude processes. Many of these studies have avoided the problem of latency for

incorrect responses by keeping items simp le or studying only high ability subjects.

- • But such process models may not generalize to complex items or low ability sub—
• jects. Therefore , investigators must pay more attention to the speed—level

problem. Failure to do so has caused considerable confusion in differential

psychology . Ignoring level has produced constructs in cognitive psychology that

are of questionable generalizability. Resolution of the relationships between

speed and level is important not only for the separate understand ings of dif—
• • • ferential psychology and information processing psychology , but is at the heart

of any attemp t to forge a rapprochement between them.

General Comments

1. The purpose of this review was to explore the implications of correlationa l

research on spatial ability for experimental research on individual differencas in

spatial ability. The review does not defend factor analysis or advocate th~5 -~.ype

of research. In fact, little was added to our understanding of ~ atial ability

by the hundreds of investigations that followed Thurstone ’s (1938) Primary Mental

193

• ~ • •~~~~
_ _

.A ~~~~~~~~~~~~~~~~~~~ —• 

. 

~~~ • A-~~ — --——----— — -
~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - 

-
~~~~



Abilities study. Factor analysis, or better , multidimensional scaling of test

correlations generates a rough map of the individual differences terrain. This

map provides a fertile ground for hypothesis generation , but a weak foundation

for psychological theory. One of the major problems is that tests are solved

in different ways by different subjects. Subjects change their solution strat-

egies with practice or when item difficulty increases. Further, most factors

represent individual differences in speed of solving particular types of prob-

lems, not general problem solving skills or abilities.

But in spite of these limitations, there are important lessons for experi-

mental research. Factors are defined by the common covariation in tests; the

idiosyncratic variance in each test is discarded. But the unique variance in

each teat is frequently as large as the portion of the tests’ variance “explained”

by the factor ott which the test has its primary loading. The major strength of

the correlational method is that it immediately captures this common , generaliz—

able variance in each task. But in the experimental analysis of one test , there

is no easy way to separate the generalizable from the specific. A complete ac—

• counting of individual differences in Paper Folding is not an explanation of

spatial ability , for many of the processes required by Paper Folding are task
• specific. Only a small subset generalize to mental rotation tasks such as Cards

or Figures.

2. The process of adapting a test to an experimental task may drastically

alter the nature of the test. If a general ability test is made simpler to

eliminate the problem of latency for incorrect responses, then the experimental

task will most likely tap some specific problem solving skill, not general ability.

Making the task more speeded by controlling item presentation or altering speed—

accuracy instructions may also make the task more specific . Solution strategies

change with practice, and so including more experimental trials than test items

may make the task more specific than the test, or vise versa. Finally, mode of
item presentation may eliminate or favor particular solution strategies. Some

of these changes may enhance the construct validity of the task, but improvements

must be verified , not assumed . An experimental task will rarely tap exactly the

same mental processes as the source test.

/
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Footnotes

1. Pat Kyllonen of our project recently performed another reanalysis of

the PMA data using nonmetric multidimensional scaling and hierarchical

clustering. These analyses will be summarized in a future technical

report .
2.  This was evident in one analysis performed on the Aptitude Project

reference battery (see Snow et a l . ,  1977).  The high school sample

(N’.243) was div ided into two groups on the basis of factor scores on

the general factor , estimated by the first unrotated centroid. Within

group correlation matrices were then separately factored . There were

four important differences between the high and low ability groups.

(a) The general factor was larger in the low ability group. (b) Uses

for Things loaded strongly on a verbal factor in the high ability group

but loaded strongly on visual memory and spatial factors in the low

ability group. (c) One spatial and three verbal factors were obtained

for the high ability students, while one verbal and three spatial factors

were obtained for the lows. (d) Factors were generally more interpret-

able and congruent with other factor analytic work for the high ability

sample than for the low ability sample.
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