Chapter 2

Validity of Spatial Ability Tests for Selection
into STEM (Science, Technology, Engineering,
and Math) Career Fields: The Example

of Military Aviation

James F. Johnson, Laura G. Barron, Mark R. Rose, and Thomas R. Carretta

2.1 Introduction

Quantitative and verbal aptitude tests enjoy extensive use in the context of student
admissions and organizational pre-employment screening/selection systems.
Traditional measures of general cognitive ability found in many standardized tests
are strong, positive predictors of both academic (Frey and Detterman 2004; Jensen
1998; Kuncel et al. 2001) and occupational (Hunter 1986; Jensen 1998; Schmidt
and Hunter 2004) success. However, for civilian and military STEM (science, tech-
nology, engineering, and mathematics) fields, research additionally suggests spatial
ability is a critical predictor of field and career success (National Research Council
[NRC] 2015; Lubinski 2010; Uttal and Cohen 2012; Wai et al. 2009). Wai and col-
leagues (2009) demonstrate spatial abilities play a critical role in predicting adoles-
cent achievement in STEM careers above quantitative and verbal ability, and
characterize the failure to improve talent identification via spatial ability assessment
nothing less than “contemporary neglect” (p. 817). Similarly, Lubinski (2010)
asserts identification of spatial ability is a proverbial “sleeping giant” for improving
identification and development of talent in STEM fields.

Most research linking spatial ability with STEM education and career success
involves assessment of spatial visualization. Spatial visualization is the process of
apprehending, encoding, and mentally manipulating spatial forms within and
between one, two, or three-dimensional space (Carroll 1993; Uttal and Cohen
2012). Other forms of spatial ability include visual memory, closure and perceptual
speed, and kinesthetic coordination (Carroll 1993; NRC 2015). Spatial ability has

J.F. Johnson ¢ L.G. Barron (0<) * M.R. Rose

Air Force Personnel Center/Strategic Research and Development, Randolph AFB,
Universal City, TX, USA

e-mail: laura.barron @us.af.mil

T.R. Carretta
Air Force Research Laboratory, Wright-Patterson AFB, Dayton, OH, USA

© Springer International Publishing Switzerland 2017 11
M.S. Khine (ed.), Visual-spatial Ability in STEM Education,
DOI 10.1007/978-3-319-44385-0_2


mailto:laura.barron@us.af.mil

12 J.F. Johnson et al.

consistently demonstrated moderate-to-strong correlational relationships with and
predictive validity of performance in STEM fields including human physiology
(Rochford 1985), radiology and dentistry (Hegarty et al. 2007), geology (Hambrick
et al. 2011), chemistry (Stieff 2004, 2007), and mathematics (Koedinger and
Anderson 1990). In a broad review of spatial abilities and STEM field success, Uttal
and Cohen (2012) conclude spatial cognition is most predictive of STEM perfor-
mance and success when participants lack domain-specific knowledge; heightened
spatial ability may serve to facilitate integration of STEM-related concepts into
undeveloped mental models. However, as field-specific STEM knowledge increases
via educational attainment and applicable mental models are developed and refined,
the relative impact of spatial ability decreases (Ackerman 1988; Hambrick et al.
2011; Hambrick and Meinz 2011). Thus, for those new to STEM fields, initial spa-
tial ability may set the trajectory for long-term success.

Not only does spatial ability predict STEM field career success, it adds incre-
mental predictive validity beyond predictors of quantitative and verbal aptitude on
standardized tests like the Scholastic Aptitude Test (SAT) (Shea et al. 2001; Webb
et al. 2007) and the Graduate Record Exam (GRE) (Wai et al. 2009). Wai and col-
leagues (2009) summarize and extend five decades of spatial abilities research
examining a sample of 400,000 high school students (grades 9 through 12) tracked
via Project TALENT in the 1960s and 1970s (Wise et al. 1979) along with contem-
porary GRE data and the Study of Mathematically Precocious Youth (Lubinski and
Benbow 2000). The authors demonstrate mathematical and spatial ability are the
two greatest predictors of STEM career success and degree attainment, and that
spatial ability predicts success in STEM fields beyond just mathematical aptitude.

Ambivalence to adopt spatial abilities testing in talent identification and selec-
tion can be partially attributed to reported gender differences on spatial ability mea-
sures (see Linn and Peterson 1985) and persistent under-representation of women in
STEM fields (Ceci et al. 2009; Halpern 2012; Wai et al., 2009). Further complicat-
ing gender differences are the impact of cultural influence and gender stereotypes.
For example, males consistently provide higher self-estimates of general, mathe-
matical, and spatial ability over their female peers (Syzmanowicz and Furnham
2011). However, gender differences in spatial ability are also a function of the spa-
tial ability being assessed, the test used, and gender composition of testing samples
(Barron and Rose 2013; Linn and Peterson 1985; Miller and Halpern 2013).
Ultimately organizations must weigh potential advantages and disadvantages of
assessing spatial ability when selecting candidates for highly-specialized organiza-
tional roles.

One highly-specialized, applied STEM field is military aviation. In the United
States Air Force (USAF), combat systems officers (CSO) serve as mission com-
manders of multi-person aircraft, coordinating electronic warfare and intelligence,
weapons systems, and navigation/communications (Olea and Ree 1994). Air battle
managers (ABM) provide “big picture” command and control support for air mis-
sions, ranging from risk management to location, identification, and pursuit of
enemy targets (Carretta 2008; Miller 1997). In the cockpit pilots simultaneously
operate complex machinery while maintaining “continuous perception of self and
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the aircraft in relation to the dynamic environment of flight, threats, and mission”
and the ability to forecast and execute tasks (Carretta et al. 1996, p. 22). Hunter and
Burke (1994) meta-analyzed decades of aviation research noting assessment of spa-
tial ability has substantial cost benefits for military pilot selection. In USAF pilot
trainees, spatial ability positively predicts training grades (i.e., academic, daily
flight, check flight, and class rank) as well as pilot training graduation/attrition. A
meta-analysis across 11 countries (Martinussen 1996), and recent international
studies (de Kock and Schlecter 2009; Maroco and Bartolo-Ribeiro 2013) further
support the validity and generalizability of spatial abilities for predicting pilot train-
ing success. Extending past training, seasoned USAF pilots demonstrate better met-
ric spatial relation as well as mental rotation in relation to their non-pilot counterparts
(Dror et al. 1993; King et al. 2013). Spatial ability also plays a role in ameliorating
spatial disorientation, a critical skill in military aviation during high-pressure com-
bat missions and immediate threat situations (Webb et al. 2012).

The U.S. military is the largest employer of young adults ages 18-29, and mili-
tary aviation frequently involves training applicants with little or no prior aviation
experience (Dickinson 2012; Hunter and Burke 1994). Recalling the critical role
initial spatial ability has in the trajectory of success for those lacking domain-
specific expertise (Hambrick et al. 2011; Hambrick and Meinz 2011), military avia-
tion has a vested interest to accurately identify, select, and classify spatial talent. In
this chapter we examine the role spatial ability plays in predicting primary flight
training outcomes for USAF pilot and aircrew trainees. First, we examine similari-
ties between spatial ability and perceptual speed tests, determining them to be facets
of spatial cognition. We additionally examine how spatial cognition tests (including
both two and three-dimensional spatial ability and perceptual speed measures) dif-
fer from quantitative and verbal ability. Second, we use a meta-analytic approach to
examine the relative predictive validity of spatial cognition tests relative to quantita-
tive, verbal, and technical knowledge tests. Finally, we examine incremental predic-
tive validity of spatial cognition tests above traditional quantitative and verbal
aptitude for predicting “hands on” flying and academic pilot training success.

2.2 Method

Before entering aircrew training, all USAF officer candidates are screened on the
Air Force Officer Qualifying Test [AFOQTT] (Caretta and Ree 1996; Drasgow et al.
2010; Skinner and Ree 1987), a battery of ability tests including both traditional
academic aptitude (verbal, quantitative) measures like those included on the SAT/
ACT or in other college admissions testing, as well as several non-academic apti-
tude measures assessing spatial ability and technical knowledge. AFOQT scores are
used to award US Air Force Reserve Officer Training Corps (AFROTC) scholar-
ships and to qualify applicants for officer commissioning through ROTC, Officer
Training School (OTS), and the Airman Education and Commissioning Program
(AECP). It also qualifies applicants for aircrew training specialties such as combat



14 J.F. Johnson et al.

system officers (CSO; formerly navigators), air battle managers (ABM), and
remotely-piloted aircraft (RPA) pilots provided they clear other educational, fitness,
medical, moral, and physical requirements (Carretta 2008; Carretta and Ree 1995;
Olea and Ree 1994).

2.3 Study 1 Method: AFOQT Factor Analysis

We examine five academic subtests most similar to those used in traditional college
admissions testing as well as seven distinct AFOQT aptitude subtests with a spatial
component. While the AFOQT itself has evolved over time, we focus on form Q
used from 1994 to 2005 which included a larger number of spatial ability and per-
ceptual speed tests in operational classification compared to AFOQT forms S and T
(see Figs. 2.1 and 2.2) (Air Force Personnel Testing 2014; Carretta 2008; DSYX
2015; Weissmuller et al. 2004). Academic tests include Reading Comprehension,

Academic Test | O | S | T Test Description
Reading « N 18-minute, 25-item subtest in which applicants are assessed on ability to read and
Comprehension understand paragraphs.
Verbal < x| x 8-minute, 25-item subtest in which applicants are asked to reason and see
Analogies relationships among word pairs.
Word <1 x | x S-minute, 25-item subtest in which applicants are tested on their knowledge of
Knowledge words and their meaning.
Arithmetic 29-minute, 25-item subtest in which applicants are asked to use basic arithmetic to
. X | x| x .
Reasoning solve math problems embedded in short paragraphs
Math < | x| x 22-minute, 25-item subtest in which applicants are tested on their knowledge of
Knowledge mathematical terms and principles

Fig. 2.1 Academic subtests administered as part of the AFOQT from Form Q through current
Form T. An “x” denotes test was used in officer selection while shaded squares indicate test admin-
istration but no use in officer selection

Spatial Test oS | T Test Description
3-minute, 20-item subtest in which applicants view a three-dimensional pile of blocks
and, given a certain numbered block, determine how many other blocks it touches.

Block Counting | x | x | x

10-minute, 20-item subtest in which applicants choose the correct path in a maze. The

Electrical Maze | x correct path must pass through a waypoint (circle), and make turns only where allowed.

8-minute, 15-item subtest in which applicants must determine which simple figure is

Hidden Figures | x hidden within a complex drawing.

Mechanical 22-minute, 20-item subtest in which participants are measured on their knowledge of
Comprehension mechanical items, principles, and understanding of mechanical devices.

13-minute, 15-item subtest in which participants are asked to visualize and manipulate

Rotated Blocks | x three-dimensional objects in space.

15-minute, 40-item subtest in which applicants are are tested on their ability to read a

Scale Reading x variety of scales, dials, and meters.

7-minute, 40-item subtest in which applicants are tested in their ability to read a table

Table Reading | x | x | x quickly and accurately using X and Y value coordinates.

Fig. 2.2 Spatial subtests administered as part of the AFOQT from Form Q through current Form
T. An “x” denotes test was used in officer selection while shaded squares indicate test administra-
tion but no use in officer selection
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Verbal Analogies, Word Knowledge, Arithmetic Reasoning, and Math Knowledge.
Spatial-based tests include Block Counting, Electrical Maze, Hidden Figures,
Mechanical Comprehension, Rotated Blocks, Scale Reading, and Table Reading.
For sample spatial test questions see Appendix A. Although several published anal-
yses have documented the evolving factor structure of the AFOQT (c.f. Carretta and
Ree 1996; Drasgow et al. 2010; Glomb and Earles 1997; Skinner and Ree 1987), for
ease of interpretation, the two AFOQT subtests assessing prior aviation knowledge
and exposure (Aviation Information and Instrument Comprehension) are excluded
from our analysis to more readily focus on aptitude and not prior knowledge.
Additionally, Form Q quantitative subtest Data Interpretation is excluded to better
replicate the quantitative composite used in operational AFOQT form T (i.e.,
Arithmetic Reasoning and Math Knowledge only) (DSYX 2015).

Between February 1994 and September 2006, 34,184 AFROTC officer candi-
dates completed the AFOQT form Q, of which 30,025 ROTC candidates had
AFOQT subtest-level data available in the Defense Manpower Data Center (DMDC)
database. Candidates were predominately male (74.41%) and were on average
20.02 years old. Demographically, 76.66% of candidates indicated as White/
Caucasian, 8.79% African-American, 5.46 % Asian-American, 0.82% Native-
American, 0.30 % Pacific-Islander; 8.52 % declined to provide demographic data.
For study one we completed a principal components analysis of the 13 non-aviation-
specific subtests using an orthogonal varimax rotation, examined associated scree
plots, and retained factors with Eigenvalues >1.

2.4 Study 1 Results: AFOQT Factor Analysis

Initial correlations between subtests were calculated with results indicating a sig-
nificant degree of inter-correlation between subtests and evidence of subtest factor-
ability [Table 2.1: rs=.13-.69, ps<.0001]. Results revealed a two-factor structure
and adequate fit for the data [Kaiser’s sampling adequacy =.90, RMSR j,g0na=.07,
RMSR . diagonal partiats = - 17, commonality estimatesg,, >.427]. A spatial cognition fac-
tor [factor loadings =.662—-.740] emerged consisting of Block Counting, Scale
Reading, Electrical Maze, Rotated Blocks, Table Reading, and Hidden Figures.
This spatial factor had an eigenvalue of 5.35 and explained 44.58 % of variance of
the factor structure. A second, academic aptitude factor [factor loadings=.831—
.877] emerged consisting of verbal aptitude measures Word Knowledge, Reading
Comprehension, and Verbal Analogies, with an eigenvalue of 1.53 and explained an
additional 12.76% of the factor structure. Two quantitative aptitude measures
(Arithmetic Reasoning, Math Knowledge) and one spatial measure (Mechanical
Comprehension) did not readily load on either factor [cross-factor loadings =.502—
.575] (Table 2.2). Results indicate where cross-loading existed it was for subtests
requiring both a certain academic reading level (i.e., to extract information from
word problems or to use certain terminology) as well as specific level of spatial abil-
ity (i.e., interpretation of visuospatial diagrams and figures).
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Table 2.1 Correlation matrix of AFOQT form Q subtests factor analysis

J.F. Johnson et al.

AFOQT subtests Mean (SD |1 (2 '3 |4 |5 |6 |7 |8 |9 |10 |11 |12
1 |Reading 15.59 14.80 |1
Comprehension
2 | Verbal Analogies |16.23 |4.03 | .66 1
3 | Word Knowledge | 14.20 |5.03 |.69 .67 |1
4 | Arithmetic 14.75 1523 |.51].50] .42 1
Reasoning
5 | Math Knowledge | 17.30 |5.10 |.46|.45|.37|.67 |1
Mechanical 881 [4.12 |44 45|44 51|42|1
Comprehension
7 | Electrical Maze 8.44 347 .25/.25/.18|.37.32|/43|1
8 | Block Counting 12.80 |3.79 |.30 .30 |.21|.43|.36|.37 421
9 | Rotated Blocks 8.67 |3.16 |.28|.33|.27|.43|.38/.54/.40].45 1
10 | Hidden Figures 9.59 1322 |.27|.32.23]/.38/.36|.41 .38/.39 .48 |1
11 | Scale Reading 25.46 |6.88 |.38/.36|.26 .61 |.49|.42/.42|.52 .43]/.391
12 | Table Reading 27.01 1658 |.25|.21|.13|.35|.33 .23 .31 .47|.27/.29|.48 |1
Note: N=30,025; All correlations p<.0001
Table 2.2 Factor loading results of AFOQT form Q subtests
Factor 1 Factor 2
AFOQT subtests (Spatial cognition) (Academic aptitude)
Reading Comprehension 193 838
Verbal Analogies .203 831
Word Knowledge .051 877
Arithmetic Reasoning 575 545
Math Knowledge .508 507
Mechanical Comprehension 513 502
Electrical Maze .667 115
Block Counting 740 134
Rotated Blocks .661 242
Hidden Figures .622 201
Scale Reading 728 270
Table Reading .653 .044

Note: N=30,025; Factor 1 explains 44.58 % of factor variance; Factor 2 explains 12.76 % factor

variance

2.5 Study 1 Discussion: AFOQT Factor Analysis

Results of the subtest-level exploratory factor analysis demonstrate academic and
spatial aptitude tests form distinct factors, such that individuals who perform most
highly on tests of traditional academic measures are different from those who per-
form most highly on spatial aptitude measures. Results also demonstrate while
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distinct spatial aptitude tests may differ in important respects (e.g., two-dimensional
vs. three-dimensional rotation, level of speededness) (c.f. Carroll 1993; Fleishman
et al. 1999; Hegarty et al. 2006), nonverbal spatial test scores for both spatial ability
and perceptual speed converge permitting us to speak about overall (i.e., general)
spatial cognition distinct from academic aptitude. This diverges somewhat with ear-
lier work by Carretta and Ree (1996) who examined AFOQT form Q factor struc-
ture with spatial ability and perceptual speed as both separate (Model 5) and
combined factors (Model 6). The authors assert Model 5 [¥*(83)=1250;
RMSEA=.071; CFI=.957; AASR=.027] as having a significantly better fit than
Model 6 [?(84)=1313; RMSEA =.072; CFI=.954; AASR=.029], but did not exam-
ine fit in terms of parsimony/complexity, a necessity in highly-saturated, complex
models (Akaike 1974; Mulaik et al. 1989).

Note findings of our factor analysis are also consistent with spatial abilities lit-
erature that frequently includes perceptual speed as a facet of overall spatial cogni-
tion (NRC 2015). Carroll (1993) as well as Fleishman and colleagues (e.g.,
Fleishman et al. 1999; Fleishman and Quaintance 1984) propose perceptual speed
as part of spatial cognition involving the ability to quickly compare and match
visual objects/stimuli. The National Research Council (2015) notes an emerging
consensus that spatial abilities might best be conceptualized by “scale of task™ as
opposed to “type of task”, creating two distinct yet related spatial families: (1)
“Small scale” tasks involving mental rotation of objects and (2) “large scale” tasks
involving navigation and way-finding (Hegarty et al. 2006). In light of current study
factor analysis results and literature denoting perceptual speed as a facet of overall
spatial cognition (Carroll 1993; Fleishman et al. 1999; Fleishman and Quaintance
1984), we examine the incremental validity of AFOQT form Q spatial ability and
perceptual speed tests on academic and hands-on pilot training outcomes.

2.6 Study 2 Method: Meta-analysis of AFOQT Predictive
Validity

The use of meta-analytic techniques provides the ability to assess statistical com-
monality across time and multiple study formats. Study two examines the relative
predictive impact of traditional (verbal, quantitative) and non-traditional (spatial,
processing speed, specialized knowledge) cognitive abilities on USAF pilot
(Carretta and Ree 1995), navigator (Olea and Ree 1994; Valentine 1977), and air
battle manager (Carretta 2008) training performance. Total sample size across four
studies consisted of 10,161 Air Force officer candidates spanning multiple iterations
of the AFOQT.
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2.7 Study 2 Results: Meta-analysis of AFOQT Predictive
Validity

Meta-analysis of the relative predictive validity of AFOQT subtests was based on
data from four studies. The test battery used by Valentine (1997) included AFOQT
Form N and several experimental tests. Several of these experimental tests were
subsequently administrated and included in later AFOQT validation studies and
AFOQT test form versions (O and P) (Carretta and Ree 1995; Olea and Ree 1994).
A final article included in the meta-analysis used participants who primarily com-
pleted the AFOQT form Q (Carretta 2008). Spatial aptitude content varied across
forms of the AFOQT, with five spatial abilities subtests (Blocking Counting,
Electrical Maze, Hidden Figures, Mechanical Comprehension, and Rotated Blocks)
and two perceptual speed subtests (Table Reading and Scale Reading) being
assessed through AFOQT form Q. With development of AFOQT form S, test struc-
ture, length, and content were assessed to reduce administration time. Subtests were
removed based on two criteria: (1) that removal would minimize impact on total
variance explained compared to the 16-subtest AFOQT and (2) the subtest had low
or multi-factor loadings (Thompson et al. 2010). Form S retained spatial abilities
test Block Counting and perceptual speed test Table Reading for officer candidate
selection; spatial tests Hidden Figures and Rotated Blocks were included in Form S
but were not part of any operational composite (Drasgow et al. 2010; Weissmuller
etal. 2004). As of Form T, only Block Counting and Table Reading are still included
in the AFOQT (DSYX 2015).

The meta-analysis examined the predictive validity of several cognitive mea-
sures for USAF pilot (Carretta and Ree 1995), navigator (Olea and Ree 1994;
Valentine 1977), and air battle manager (Carretta 2008) training performance.
Validities of the AFOQT tests were corrected for range restriction (Lawley 1943)
and dichotomization (Cohen 1983), and the corrected validities were averaged for
verbal, quantitative, spatial, specialized knowledge, and perceptual speed predictor
scores. Training performance criteria include graduation/elimination, academic and
flight grades, and composite measures of performance. Mean validities for the cog-
nitive constructs varied across occupation and training criteria; quantitative aptitude
had the highest mean weighted validity for academic grades: verbal [p=.282],
quantitative [p=.334], aircrew knowledge [p=.244], spatial [p=.227], and percep-
tual speed [p=.286]. Perceptual speed and aircrew knowledge had the highest mean
weighted validities for hands-on flying criteria [i.e., daily and check flight grades]:
verbal [p=.094], quantitative [p=.182], aircrew knowledge [p=.209], spatial
[p=.153], and perceptual speed [p=.218]. The weighted mean validities across all
occupations and criteria from highest to lowest were: perceptual speed [M,,,,=.244],
quantitative [M,,,=.225], aircrew knowledge [M,,,=.219], spatial [M,,,=.177], and
verbal [M,,,=.145]. Results are summarized in Table 2.3.
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Table 2.3 Summary results of AFOQT predictive validity meta-analyses

Construct
Study Group | Criterion N Verbal | Quant. | Spatial | Aviation | PS
Carretta ABM | Academic | 680 3675 |.3530 |.2097 |.3070 .2500
(2008) average
Carretta and| Pilot | T-6 DFA 7563 1300 |.1989 |.1795 |.2962 2461
Ree (1995) T-6 CFA 7563 1372 | 2615 |.2230 |.3006 | .2922
T-38 DFA | 7563 .0312 |.0966 |.0777 |.1187 1314
T-38 CFA | 7563 .0686 |.1643 |.1337 |.1608 2044
Academic | 7563 2556 1.3092 |.2071 |.2073 .2636
average
Olea and Nav | UNT P/F 1411 1833 |.3233 |.2420 | .2050 3150
Ree (1994) Airmanship | 1341 3433 | .3800 |.2900 | .3500 .3350
Basic 1176 3333 | .4333 | .2940 | .3250 .4000
procedures
Day CF 1224 1333 1.2033 |.1440 |.1050 .2200
Night CF 1182 1167 | .2067 |.1580 |.0800 .2100
Overall 957 1100 |.2033 |.2040 |.2950 .2600
composite
Valentine | Nav | UNT P/F 507 4685 |.4630 | .4920 |- .8105
(1977)
Weighted 46,293/45,786 | .1450 |.2253 |.1779 |.2195 2444
mean

Notes: Construct validities were averaged across tests with similar content for verbal, quantitative,
spatial, aircrew, and perceptual speed. Validities for Carretta (2008), Carretta and Ree (1995), and
Olea and Ree (1994) were corrected for range restriction Lawley (1943). Validities for Valentine
(1977) were corrected for dichotomization of criterion Cohen (1983)

*Airmanship included instruction on flight instruments and map reading. Basic Procedures included
airspace, earth physics, and flight safety training. Day (Day CF) and Night (Night CF) Celestial
Check Flight ratings were work samples of actual flight missions, stellar observation, and solar

plotting

2.8 Study 2 Discussion: Meta-analysis of AFOQT Predictive
Validity

The previous meta-analysis provides a broad examination of the relative predictive
validities of traditional (verbal, quantitative) and non-traditional (spatial, processing
speed, specialized knowledge) cognitive abilities for US Air Force officer trainees
in a variety of military aviation roles. Meta-analysis of AFOQT and officer out-
comes indicate the content areas with the highest weighted mean validities across
all criteria were perceptual speed, quantitative, and aviation knowledge. Verbal and
quantitative aptitudes demonstrate consistently greater predictive validity for tradi-
tional academic performance outcomes than do spatial ability or perceptual speed.
Spatial ability, aviation knowledge, and perceptual speed demonstrate their highest
validity for indicators of “hands-on” pilot performance including basic procedures,
daily flight, and check flight outcomes; Quantitative ability also predicts
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pilot-related outcomes. This is not surprising considering the established statistical
relationship between quantitative aptitude, spatial ability, and STEM field success
(Uttal and Cohen 2012; Wai et al. 2009).

Study three further explores the predictive relationships of such measures by
demonstrating the incremental predictive validity of spatial cognition when used in
combination with verbal and quantitative aptitude tests for predicting “hands-on”
and academic pilot training outcomes.

2.9 Study Three Method: Spatial Cognition Incremental
Validity

2.9.1 Overview

In light of our factor analysis of AFOQT form Q in study one and predictive meta-
analysis across multiple AFOQT forms in study two, we examine the incremental
predictive validity of spatial ability and perceptual speed subtests on daily flight and
academic performance for USAF pilots. We identified 905 ROTC officer candidates
with valid AFOQT form Q subtest scores and undergraduate pilot training outcome
data. These pilot trainees completed the AFOQT between November 1998 and
August 2005, attended Specialized Undergraduate Pilot Training (SUPT) between
2001 and 2008, and included pilots who trained in both the older USAF T-37 and
the newer T-6 training aircraft.

From 2001 to 2008 the USAF phased out the Cessna T-37 Tweet basic flight
training aircraft in favor of the more modern Beechcraft T-6 Texans II (Parie 2008).
Critical differences exist between aircraft including increased power and maneuver-
ability in the T-6, a pressurized, digital glass cockpit with Head-Up Display (HUD),
and several additional multifunction displays lacking in the T-37 (USAF 2003;
USAF National Museum 2015). Periods of aircraft training transition impact both
flight instructors and trainees (O’Neil and Andrews 2000), and evidence of transi-
tional impact was observed on pilot trainee daily flight performance evaluation
scores in our sample. Trainee daily flight scores for T-6 trainees were significantly
lower in 2006 [M=64.72, SD=4.61] and 2007 [M=65.99, SD=5.03] than in 2008
[M=66.61, SD=5.44], [F(2625)=6.77, p<.002], but not for trainees during the
same time period still training in the T-37, F(2300)=2.84, n.s. Therefore we elimi-
nated T-6 trainees in 2006 and 2007 [N=360], only including those from 2008 as
mean daily flight scores were comparable to 2008 T-37 daily flight scores, M=66.68,
SD=3.86. In total, 640 (71 %) participants completed basic flight training using the
T-37 aircraft while 265 (29 %) trained with the newer T-6.
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2.9.2 Performance Criteria

While in SUPT trainee performance is evaluated via a number of hands-on flying
and academic criteria. The current study examines two criteria, one related to
“hands-on” daily flight performance and the other related to aviation academic test-
ing performance. Individual daily flight performance involves assessment of trainee
skill and ability to execute basic and advanced flying maneuvers and procedures
including emergency landing pattern, missed approach, and speed break maneuvers
on all flights except check flights (Barron and Rose 2013; Carretta and Ree 1995).
Trainee flight performance is assessed daily by instructor pilots during each sortie
or mission using a one to five grading scale (no grade/unable or unsatisfactory/fair/
good/excellent), providing a consistent and multi-point metric of daily flight perfor-
mance (Barron and Rose 2013). Daily performance percentage scores are then com-
puted by dividing number of maneuver points obtained by number of maneuver
points possible. Academic performance is assessed via written tests of flying funda-
mentals including procedures, aerodynamics, navigation, aviation meteorology,
mission planning, and mishap prevention. The majority of academic assessment
takes place during Phase I of primary pilot training, prior to actual flight training
(Carretta and Ree 1995; O’Neil and Andrews 2000).

2.10 Study Three Results: Spatial Cognition Incremental
Validity

2.10.1 Daily Flight Performance

Initial correlations between subtests and outcome variables were calculated, indi-
cating a significant degree of inter-correlation between predictor and outcome vari-
ables [Table 2.4: rs=.07-.61, ps<.05]. Using the AFOQT form Q we examined
which composition of the five traditional cognitive AFOQT form Q subtests
(Reading Comprehension, Verbal Analogies, Word Knowledge, Math Knowledge
and Arithmetic Reasoning) were predictive of daily flight performance. All five sub-
tests were entered into a preliminary regression analysis predicting daily flight per-
formance; non-significant subtests Verbal Analogies and Word Knowledge were
removed through the process of backwards elimination, p>.05. Quantitative predic-
tors Math Knowledge and Arithmetic Reasoning were summed to create a basic
quantitative composite score to reflect the composite used in the current AFOQT
form T (DSYX 2015). Finally, the quantitative composite and Reading
Comprehension subtest variables were entered into a second regression equation
predicting daily flight performance. Results indicate both the quantitative compos-
ite [f=.17, p<.0001] and Reading Comprehension subtest [#=.10, p<.01] were
significant, positive predictors of participant daily flight performance, F
(2905)=25.97, p<.0001, R*=.055).
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Table 2.5 Spatial incremental validity on daily flight performance

B SE |1 R AR
Step one: Academic subtests
Quantitative Composite (MK+AR) A7 1wk .041 4.83 ‘
Reading Comprehension .105%* 081 297 |.055%** ‘
Step(s) two: Spatial subtests
Mechanical Comprehension 143%%% 092 |4.08 | .072%** 017%+%%
Electric Maze .061 097 | 1.83 | .058%*** .004
Block Counting 101#* 094 3.02 |.064%** .009%**
Rotated Blocks 35k 20 [4.02 | .071%F* L017%%*
Hidden Figures .080* 108 1239 | .060%** .006*
Scale Reading 1567 060 428 |.073%** .019%**
Table Reading 1707 054|511 | .081%** 027

Note: Results presented in step two represent the second step of seven independent regression
analyses; * p<.05, ** p<.01, *** p<.001

Hierarchical regression analyses were then performed to determine the incre-
mental predictive validity of spatial ability and perceptual speed over traditional
cognitive subtests on participant daily flight performance. In steps one, the quantita-
tive composite and Reading Comprehension subtest were entered as predictors of
daily flight performance. In step two, a single spatial ability or perceptual speed
subtest was entered as an incremental predictor. This process was repeated for each
seven spatial and perceptual speed AFOQT form Q subtests: Mechanical
Comprehension, Electric Maze, Block Counting, Rotated Blocks, Hidden Figures,
Scale Reading, and Table Reading. Results indicate all spatial and perceptual sub-
tests except Electric Maze had significant incremental predictive validity for daily
flight performance: Mechanical Comprehension [#=.143, p<.0001; AR*=.017,
p<0001], Block Counting [#=.101, p<.01; AR?=.009, p<.01], Rotated Blocks
[#=.135, p<.0001; AR*=.017, p<.0001], Hidden Figures [f#=.080, p<.05;
AR?=.006, p<.05], Scale Reading [#=.156, p<.0001; AR*=.019, p<.0001], and
Table Reading [#=.170, p<.0001; AR?=.027, p<.0001] (Table 2.5).

2.10.2 Pilot Academic Performance

We once again examined optimal composition of five traditional AFOQT form Q
subtests (Reading Comprehension, Verbal Analogies, Word Knowledge, Math
Knowledge and Arithmetic Reasoning) that were predictive of pilot trainee aca-
demic performance. All five subtests were entered into a regression equation, and
subtests were removed using a backward elimination approach, p>.05. As with
daily flight performance, the optimal composition of predictors of pilot academic
performance was a quantitative composite of Math Knowledge and Arithmetic
Reasoning [#=.302, p<.0001] and the Reading Comprehension subtest [#=.169,
p<.0001], F (2905)=86.21, p<.0001, R?=.161).



24 J.F. Johnson et al.

Hierarchical regression analyses were performed to determine the incremental
predictive validity of spatial ability and perceptual speed subtests on pilot trainee
academic performance. Traditional cognitive subtests (i.e., the quantitative compos-
ite and Reading Comprehension subtest) were entered into step one. In step two,
spatial cognition subtests were entered as an additional incremental predictor; this
process was repeated for each of seven AFOQT form Q spatial and perceptual speed
subtests. Results demonstrate only subtests Mechanical Comprehension [f=.161,
p<.0001; AR*=.022, p<.0001] and Rotated Blocks [#=.119, p<.001; AR>=.013,
p<.001] provide incremental predictive validity over traditional cognitive aptitude
subtests for trainee pilot academic performance.

2.11 Study Three Discussion: Spatial Cognition Incremental
Validity

Despite previous factor analysis and structural equation modeling results demon-
strating distinct differences between spatial ability and perceptual speed tests on the
AFOQT (Carretta and Ree 1996; Drasgow et al. 2010), our factor analysis findings
supports the approach of assessing tests as a single spatial cognition factor. This
mirrors “Model 6” fitted in Carretta and Ree (1996) which specified AFOQT sub-
tests for spatial ability and perceptual speed as one factor. While the authors ulti-
mately chose a different factor structure separating the two constructs, they did not
consider indices of parsimony/complexity in model fit and selection. Doing so
would have likely favored the model with a combined spatial/perceptual speed fac-
tor. Furthermore, established research literature consistently conceptualizes percep-
tual speed and spatial ability as distinct yet related facets of overall spatial cognition
(Carroll 1993; Fleishman et al. 1999; Fleishman and Quaintance 1984). Therefore
we found it prudent to conceptualize these tests as distinct but related facets of over-
all spatial cognition constructs and examine the incremental validity of both percep-
tual speed and spatial ability subtests.

Interestingly, perceptual speed tests Scale Reading and Table Reading demon-
strated the greatest incremental validity compared to other AFOQT spatial cogni-
tion subtests. In all, each spatial subtest with the exception of Electric Maze added
significant, incremental predictive validity on participant daily flight performance.
Considering the visual nature of executing maneuvers in both simulation and real-
world flight situations on a daily basis (Barron and Rose 2013), increased spatial
awareness/acuity and associated enhanced perceptual speed likely significantly
improves daily trainee performance (Carretta et al. 1996).

In contrast, the pattern observed for daily flight was not repeated when predicting
pilot academic performance. Only Mechanical Comprehension and Rotated Blocks
demonstrated incremental validity. However, the Mechanical Comprehension
subtest in AFOQT form Q often requires solving basic arithmetic problems in the
context of mechanical systems. As a result, performance on this subtest would likely
relate to quantitative, academic performance, supported by significant correlations
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between Mechanical Comprehension and Arithmetic Reasoning [r=.37, p<.001] as
well as with Math Knowledge [r=.26, p<.001]. Rotated Blocks, in contrast, likely
predicts pilot academic performance as Phase I of SUPT commonly makes use of
paper-and-pencil scenarios to teach aviation basics like flying fundamentals, navi-
gation, and other hypothetical situations requiring visualization and mental rotation
of self and aircraft (Barron and Rose 2013; O’Neil and Andrews 2000). Classroom
instruction reliant on visualization-related mental rotation and spatial orientation
would favor those with heightened spatial abilities, especially in situations where
they lacked domain-specific expertise (Ackerman 1988; Hambrick et al. 2011;
Hambrick and Meinz 2011; Uttal et al. 2012).

2.12 Discussion

In this chapter we presented military aviation as an important exemplar of a STEM
field in which many individuals without prior domain-knowledge must be trained to
perform effectively each year. We began comparing and contrasting traditional (ver-
bal, quantitative) and non-traditional (spatial ability, perceptual ability, specialized
knowledge) tests of cognitive aptitude via exploratory factor analysis. We also
examined similarities between spatial ability and perceptual speed, opting to com-
bine them into a single spatial cognition factor. We then examined the predictive
validity of spatial ability measures relative to traditional academic admissions tests
involving quantitative and verbal abilities. Our meta-analysis replicates examina-
tions of success in other STEM fields (Uttal and Cohen 2012; Wai et al. 2009) in
showing that quantitative aptitude was consistently a better predictor of pilot train-
ing outcomes than verbal aptitude. Results show traditional academic aptitude tests
are generally somewhat stronger predictors of pilot training outcomes than spatial
tests. Across multiple studies, meta-analysis results show quantitative tests [p=.334]
were substantially stronger predictors of purely academic pilot training outcomes
than perceptual speed [p=.286] or spatial tests [p=.227]. In contrast, perceptual
speed [p=.218] was only a marginally better predictor of practical, “hands on”
flight training outcomes compared to quantitative [p=.182] and spatial ability tests
[p=.153]. Considering academic instruction is frequently the foundation of future
hands-on training in military aviation (Carretta and Ree 1995; O’Neil and Andrews
2000), organizations choosing a single type of screening might view the content of
traditional aptitude testing as sufficient.

However, considering the dual academic and “hands-on” nature of military pilot
training, the choice of whether to screen candidates on academic (quantitative) or
spatial measures should not be an “either or” conundrum—rather, by combining
academic and spatial measures, we suggest organizations are most likely to identify
those individuals who not only have the aptitude to excel, but also have the
supplemental spatial aptitude to grasp critical STEM concepts in applied fields like
military aviation. Hence, study three demonstrates the substantial incremental valid-
ity of spatial cognition (spatial ability and perceptual speed) subtests for predicting
both hands-on and academic pilot training outcomes.
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2.12.1 Present and Future Challenges to Spatial Abilities
Testing: Recommendations

While benefits of selecting for spatially gifted candidates are readily apparent, pres-
ent and future challenges exist for increasing use of spatial abilities testing for selec-
tion and classification purposes. One critical challenge is reducing or minimizing
adverse impact to female candidates. Science, technology, engineering, and mathe-
matics fields already suffer from persistent under-representation of women in STEM
fields (Ceci et al. 2009; Halpern 2012; Wai et al. 2009), compounded by significant
sex differences in performance on spatial abilities measures (Linn and Peterson
1985). While some disparity may be attributed to physiological differences between
sexes, still others are the result of cultural, societal, and educational differences
between the treatment of male and female students (Miller and Halpern 2013;
Syzmanowicz and Furnham 201 1). Finally, significant differences in adverse impact
exist even among subtests (Barron and Rose 2013; Linn and Peterson 1985; Miller
and Halpern 2013). Assembling Objects (AO), the only spatial subtests on the
Armed Services Vocational Aptitude Battery (ASVAB), is not used for selection
purposes by any branch of the US military. Currently only the Navy uses AO for
occupational classification (Held and Carretta 2013). However, Barto et al. (2014)
recently suggested adding AO or replacing the ASVAB Mechanical Comprehension
subtest in several mechanical-oriented Air Force occupational qualification com-
posites to improve predictive validity and reduce adverse impact.

Specific recommendations to reduce gender inequality from a selection stand-
point is to (1) determine the occupational necessity of using spatial abilities testing
as selection criteria (i.e., military aviation), (2) select for spatial abilities that serve
as significant predictors of performance while minimizing adverse impact (Barron
and Rose 2013), (3) identify spatial ability tests and procedures that maximize pre-
dictive validity while minimizing adverse impact (Barron and Rose 2013; Linn and
Peterson 1985; Miller and Halpern 2013), and (4) provide opportunities for spatial
training for both sexes with deficient spatial ability that are otherwise occupation-
ally qualified.

The concept of training “ability” may at first seem counterintuitive as abilities
are seen as relatively immutable compared to knowledge and skills. However, evi-
dence shows the use of spatial training can significantly improve spatial ability, and
spatial training on specific spatial abilities generalizes to other spatial abilities (Uttal
et al. 2013). For example, the use of spatial training to improve mental rotation of
three-dimensional objects significantly improved engineering student spatial ability
and success of degree obtainment (Sorby 2009). While spatial training can include
activities as simple as paper folding (Newcombe 2010) or using popular two-
dimensional games like Tetris (Uttal et al. 2013), the incorporation of technology
and augmented reality may be key in providing cost-effective, beneficial spatial
training to adolescents and adults (Martin-Gutierrez et al. 2010). Considering spa-
tial abilities are critical predictors of STEM success absent domain-specific knowl-
edge (Ackerman 1988; Hambrick et al. 2011; Hambrick and Meinz 2011; Uttal and
Cohen 2012), identification and use of spatial training to improve spatial abilities of
otherwise qualified candidates provides organizations both a larger applicant pool
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and a progressive approach to reducing disparity among males and females in
STEM fields. Even when disparity between male and female spatial abilities persist
post-training, both groups demonstrate improvement to the degree other skills and
abilities predicting success in STEM fields like persistence, communication, and
creativity become salient (Newcombe 2010).

A final challenge for spatial abilities testing and organizations are that occupa-
tions are becoming increasingly integrated with and reliant upon sophisticated tech-
nology. Specific to military aviation is the increased use of remotely-piloted aircraft
(RPA) for both combat and non-combat roles. The US military has increased num-
ber of daily RPA flights steadily for over a decade, with a projected 50 % increase in
daily RPA flights by 2019 (Lubold 2015). While advantages of RPA include
increased surveillance and reconnaissance capabilities along with reduced risk of
pilot casualty, it comes at a cost of requiring pilots to make critical decisions absent
spatial information traditionally gained being physically in a cockpit. Piloting from
a remote location requires specific spatial acuity to manipulate spatial forms in
three-dimensions based on data from two-dimensional screens. Furthermore, RPA
pilots must interpret velocity, altitude, and other flight characteristics without the
benefit of physical feedback (Tvaryanas 2006). As technology matures it is expected
that RPAs will become more automated and autonomous, requiring less emphasis
on flying skill and more emphasis on supervisory control and operator-RPA (i.e.
human-machine) team functioning (Carretta et al. 2007). Increased automation and
autonomy may enable a single pilot to supervise multiple systems. In such a sce-
nario cognitive ability and job knowledge will likely remain important. However,
contingent on the effects of automation and supervisory or active pilot-operator
roles, specific spatial ability requirements may increase (e.g., perceptual speed)
while others decrease.

This concept of physical versus virtual “presence” (see Wirth et al. 2007) is not
limited to military aviation — how STEM fields rely on and make use of technology
will ultimately determine how (and whether) spatial abilities testing continues to
predict STEM field success. Therefore the field and science of spatial abilities test-
ing must continue to develop methods of assessment that accurately reflect how
spatial ability is used within technology-dependent STEM fields. Furthermore,
organizations must remain cognizant of the benefit of spatial abilities testing while
acknowledging changing job roles and reliance on technology will alter how spatial
abilities predict occupational performance.

2.12.2 Limitations

Some limitations of the studies in this chapter should be noted. First, because the
purpose of this chapter was to examine incremental predictive validity of spatial
cognition beyond traditional cognitive aptitude tests, we did not include aviation-
specific knowledge variables in either our factor analysis or incremental validity
analyses. Although military aviation and training frequently involves applicants
with little or no prior aviation experience (Dickinson 2012; Hunter and Burke 1994),
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future examination similar to ours should consider including prior knowledge as an
additional predictor or covariate. Second, despite our attempts to minimize the
impact of training differences, the use of a sample training on two distinctly differ-
ent aircraft (T-37 vs. T-6) likely introduced some degree of error into our findings.
Finally, we examined the incremental validity of seven spatial subtests individually,
avoiding attempts at model building to focus on the comparative incremental valid-
ity of multiple spatial cognition subtests. Future studies should extend findings to
determine which combination of spatial cognition tests would maximize incremen-
tal predictive validity over traditional tests of cognitive aptitude.

Appendix A: Spatial Subtest Item Examples

Block Counting:
KEY
Block A B C D E
S1 1 2 3 4 5
S2 3 4 5 6 7
S3 5 6 7 8 9
S4 2 3 4 5 6
S5 2 3 4 5 6

Electrical Maze:

s1, P

w e
Mm@
w e
N
w e
N
w e
N
w e
N
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Hidden Figures:

-5

A B C D E

The numbered drawings are similar to drawing X below. Which one of the five figures is contained in drawing X?

X Y

Mechanical Comprehension’ (ASVAB Exemplar):

Outlet Ll- ® *“X— Intake
Valve Valve
Closed Y Open

O

Why does the intake valve open on this pump when the piston goes down?

(A) Air pressure at X is less than air pressure at Y.
(B) Air pressure at Z is less than air pressure at X.
(C) Air pressure at X is greater than air pressure at Y.
(D) Air pressure at Y is greater than air pressure at Z.

'Source: http://official-asvab.com/questions/app/question_mc3_app.htm
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Rotated Blocks:
S1
A B c b c
Scale Reading:
S1. A 6.00
S1. B 5.00
C 4.25
|"'""|"""'|"""'|"""'|"""'| D 2.25
0 20 E 1.25
2i5 . (I) S2. A 13.0
poeebvenetvepebernatonn B 12.0
. C 10.2
D 1.3
E 1.2
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Table Reading:

X VALUE

-3 -2 -1 0 +1  +2 43

+3 25 | 26 | 28 | 30 | 31 | 32 | 33
+2 26 | 28 | 30 | 32 | 33 | 34 | 35

+1 27 129 | 31 | 33 | 35 | 36 | 37

YVALUE 0 |29 | 30 | 32 | B4 |36 | 37 | 38

-1 30 | 32 | 33 | 35 | 37 | 38 | 40

-2 31 | 33 | 34 | 36 | 38 | 39 | 41

-3 32 | 34 | 35 | 37 | 39 | 40 | 42

X Y A B c D E

1. +1 +2 35 36 30 33 34

2 0 -3 29 37 39 30 36

3. -2 +3 26 32 34 28 40

4. -1 0 33 30 35 36 32

5 +3 -1 41 27 40 38 39
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