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What Are Spatial Abilities

and How Do They Pertain
to Geoscience Tasks?

In this unit we examine what it is
that psychologists mean when they
speak of "spatial ability," and how
they seek to measure spatial
abilities. We point out the parallels
between the assessments that
psychologists use in measuring
spatial abilities and tasks :
‘encountered by geoscientis
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Learning Spatial Layout

Step 1: Drive participants along a set
course, pointing out landmarks.

“NAT (X

Step 2: Ask participants to recall
distances and directions between landmarks.

Fating

Drection For example, for direction

estimation, participants
indicate the direction from
one landmark to another on
this diagram.

Ishikawa {2002}
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How Cognitive Scientists Study Spatial Thinking...

and How Their Studies Relate to Geoscience Tasks

Cognitive scientists have developed many techniques and
instruments to assess how well individuals can perform mental

processes that involve two- ar three-dimensional space. Here we

introduce some of the most widely used of these tests of spatial
abilities and give examples of geoscience tasks which seem to
draw on mental processes related to those which the cognitive
scientists have measured. Mental processes which we consider
are those by which the psychologist’s study participant or the
geoscientist’s student must:

» Mentally rotate an object
= Recognize patterns and shapes
* Mentally manipulate a surface or volume and e
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Look at the object on the top. Two of the
four drawings below show the same
object. Can you find those two?

w. MENTALLY ROTATING AN IMAGE
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Mental Rotation
of Crystal Model

Mental Rotations Test

Find the planes of symmetry and the axis
of rotation in this crystal model.

Huribant {1971}

Eliot and Smith {1983}
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Key Findings of Research on Spatial

Thinking That May Pertain to Geoscience
Teaching and Learning

There is an extensive body of literature documenting
the performance of various populations on these and
similar assessments of spatial abilities. In this section,
we extract key findings from this literature which
pertain to teaching and learning geoscience, touching
on:

» Individual differences in spatial ability

= Spatial vs. verbal ability

* Male-female differences in spatial ability
« Effectiveness of training on p
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Implication: Expect wide differences among your students in performance
on spatially-demanding tasks.
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Use of Maps in the Field

3-D Phenomena

+™ 1 ""RECOGNIZING PATTERNS AND SHAPES
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Embedded Figures Test

Find and trace the simple form on the left,
within the complex figure on the right.

Patterns in Complex
Geological Maps

A= g

Eliot and Smith {1983}
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Recognizing and Identifying |

after Owens e al. (2001}
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the drawing on the right that shows where the holes are after tl
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.‘__M_E-NTALLY MANIPULATE A SURFACE OR VOLUME
b AND ENVISION THE RESULTS

Paper Folding Test

The two figures on the left represent a square piece of paper being folded. In the second figure a
small circle shows where a hole has been punched through all of the thicknesses of paper. Choose

he paper has been unfolded.
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C. Complete restoration
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This is a glass
container. It has

some water in it. to show how the water map view of
would look. alancstape: earthquake

epicenter

locations,

« ENVISIONING A 3-D OBJECT OR VOLUME
1 FROM DIFFERENT VIEWPOINTS

MAPS IN THE FIELD
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Water-Level Task Measuring Strike and Dip

MNow the container has
been tilted. Draw a line

ok A

: : Based on this
Here is a view of

envision how the
data would look

et |
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Plumb-Line Task s
This | Now th i e Would you
T " . is is a van. ow the van is parked on Eatha
| Related Geoscience Task | Folding and Unfolding of Strata Inside is a weight a hill. Draw a line to e
hanging from a show how the rope and if you were
A. Present etry Show how the present geometry TP weight:would'look. standing at
: could have been derived by folding position A,
m and faulting. B,C,orD
on the
B. Partial restoration map?
———— —— a 0m

after Vasta et al. {1906} afier Owen et al. (2001} afier Piaget and Inhelder {1948/1967) afier Tarbuck and Lulgens (1654}
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Spatial ability and verbal ability are not well correlated. There
are individuals who are low-spatial but high-verbal, and other

individuals who are high-spatial but low-verbal.
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Implication: You may encounter students who are accustomed to doing
well on school tasks but struggle mightily on spatially demanding
assignments. Conversely, you may find individuals who usually do poorly
on traditional assignments but excel on map and spatial assignments.
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when considered statistically across

TOPOGRAPHIC MAPS

On many measures of spatial ability, males outperform females

a large population.
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Wandenburg & Kuse {1978}
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Implication: Be sensitive to the possibility that women in your class may
need more practice or instruction on spatially demanding skills.

« MALE-FEMALE DIFFERENCES IN SPATIAL ABILITY
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_ # + EFFECTIVENESS OF TRAINING ON'PERFORMANCE
TRy S OF SPATIAL TASKS
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Task: Sixteen adults judged if a stimulus presented in different orientations was a letter
(F, G, P, R) or a mirror image of a letter. The stimuli were presented 0, 30, 60, 90, 120,
or 150 degrees rotated from the vertical.

However, there is a large overlap between male and female
performances on even the most gender-favored tasks.

Training: Of the 16 adults, 8 received training on the task; the others did not. The

40 1
—o— Male training consisted hundreds of trials with feedback on correctness. During training,
35 4 n =90, Mean = 22.5 participants received a monetary reward if their average response time improved without

i [ a drop in accuracy.
2 —o— Female
= 904 n=143, Mean = 17.6
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Rotation from Vertical (degrees)

Mental Rotations Test Score e
Interpretation: The no-fraining participants improved on their second try at the task.
The training participants improved much more. They improved on two separate skills: (1)
mental rotation, as inferred from the decrease in slope of the line, and (2) encoding of
spatial information, as inferred from the intercept of the line.

based on data from_ Hegarty et al. {2003}

Implication: Do not pre-judge the performance of individual students based
on gender. Some men will struggle; some women will excel.

Implication: Do not give up. Your students can learn spatially demanding
skills.

~RECALLING LOCATION AND APPEARANCE
OF PREVIOUSLY OBSERVED OBJECTS
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Recalling Locations of Previously
Observed Geological Phenomena
Study an array of L Tl : o wey |
objects. Remember ! e o . it |

where each object 0 . Geological Map |
was located. T,

Object Location Memory Task
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j’ "Mr. Smith, whose memory for localites was so
exact that he has ofien, after many years, gone
direct to some hoard of nature to recover his
fossils.” From John Phillips" deseription of William
Smith, maker of the world's first geslogical map.

!

Séverman and Eals {1992} afier Winchester {2001}
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50
o Fourteen high-spatial/high-verbal and

ol fourteen low-spatial/high-verbal secondary
g ™ school students were trained on a paper-
8 . A folding task, by one of three methods:
% A watching a silent film(visual training)
5 20F A W watching the film accompanied by
£ verbalized strategies (visual with verbal)
& ok o O practice with feedback

0 L L Review description of

low-spatial
high-verbal

high-spatial
high-verbal

Paper Folding test.

after Kyllionen et al. {1984}

Interpretation: High-spatial students improved most through self-guided
practice and feedback. Low-spatial students improved more with specific
strategy training, either visual or visual and verbal, than they did with practice
and feedback.

Implication: Different students may learn best with different training
strategies, depending on their spatial ability.

~
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Unit 2, "Use of Maps in the Field"

was omitted from the
poster for lack of space.

To see the full draft tutorial, go to:

http.//www.ldeo.columbia.edu/edu/
DLESE/maptutorial/introduction.html
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How Do

Interpret Topographic Maps?

On a topographic map, features of the
landscape are depicted by contour lines which
connect points of equal elevation. From such a
symbolic two-dimensional representation,

people need

what the real world looks like. Conversely, from
the real terrain, they need to envision
appropriate topographic contours. Instructors |
have observed that a significant portion of -
students have trouble understanding

topographic

MAPS IN THE FIELD

TOPOGRAPHIC MAPS ] o s
e

TOPOGRAPHIC M}\-FE 3-D PHENOMENA

People Use and

to envision in three dimensions

maps.
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How Do Cognitive Scientists Study People’s
Understanding of Topographic Maps?

Understanding topographic maps is one of the few
topics explicitly included in a typical Earth Science
curriculum which has been extensively researched
from a cognitive perspective. In this section, we
describe the techniques that cognitive scientists
have used to examine study participants’
understanding of topographic maps. Although the
instruments may resemble geoscience teachers'
test questions, the experiments are set up to
reveal the study participants’ mental proc
rather than just whether they ge
e:
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? BY REFERRING TO THE MAP
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Potash et al. (1978)

“COMPARE THE 'MAP WITH ANOTHER REPRESENTATION

NA  EEEp

developed a suite of tasks
in which study participants — \ . 57 4L sl
answer guestions about Ff A > ' \
a terrain by referring to a =t : s
map. i
For each line marked on
the map, indicate whether
the line runs along a ridge
or a valley. i Ng e
N LN S e sl
= o e Y0 SRS IR
Potaah etal. 1578

Other tasks (on other maps) that require answering questions about terrain
by referring to the map:

= Estimate the height of the terrain at the cross on the map.

» Mark the direction a river would flow.

» Mark on the map, the shortest route from point “A” to point "B" without going
below 130 feet.

« If you were standing at the point labelled “O" on the map, could you see
someone standing at the point labelled “B"7

« Mark with a cross the highest and lowest points on the map.

& "SPATIAL THINKING
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A second set of Potash et al.’s (1978) tasks required comparing the map

Montello et al. (1994) asked participants to view and
remember a landscape photograph.

with another kind of spatial representation of the terrain.

1 Which
landform
sketch shows
what you
would see

if you were
standing at
the arrow on
the map?

2 Which topographic
profile coincides with
the line segments on the
map?

3. Montalio et al. {1994 3

1, hll
{mauntain)

They were then shown a topographic map from
which all nontopographic information had been
removed, and asked to choose one of three
viewing directions in which they

thought the scene was photographed.

4. valley

Variants

» Have the participant indicate the location on the map from which a given view would be seen.
«» Use a computer-rendered terrain representation.

K
- Monitelio et al. (1994)

Topographic Maps

xm "SPATIAL THINKING

M COMPARE THE MAP WITH THE REPRESENTED TERRAIN A

Drop-Off Localization Task

Pick et al. (1995) brought people experienced with using
topographic maps to an unfamiliar field area of rolling hills
in central Minnesota. They were given a topographic map
of the area from which all nontopographic information had
been deleted, and were asked to think aloud while trying
to determine the position on the map that corresponded to

the location in the terrain.

They were videotaped while solving this problem, and
their verbal protocols were analyzed to identify the kinds

of information that these experienced

1. Features such as hills, valleys, ridges, slopes, flat

areas.

2. Attributes of individual features, such as large/small,

narrow/wide, steep/shallow.

3. Relations or configurations among features, (e.g., in

front of, behind, next to).

Part of Pick et al.’s InformationTrace for One Participant

MAPS IN THE FIELD
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map readers used:

t
Features by Archtype
Valey

Slape
Ralling
Ridge

Pand = - -

Hill o miman wa—
Flat Area
Contour

Viewpoint as Featura
Initial Viewpoinl -
Current Viewpoint

Relations
Orientation = =

Recon W Hls‘umw NE

Focus of Attention
Terrain - am

Map Vind ...""'.L..r'\."\.."'"".‘....h....!\.’i’_l' .("\_Fx.."\..’j"....r".-

n
T

T
Lireg —

“ETEAUNIT 3: TOPOGRAPHIC'MAPS

SPATIAL THINKING

e g

MAPS IN THE FIELD TOPOGRAPHIC MAPS 3-D PHENOMENA

Findings and Implications of Cognitive
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Strategies that successful map
readers used:

A STRATEG IESIUSED BY SUCCESSFULy EXPERIENCED MAP READERS

MAPS IN THE FIELD TOPOGRAPHIC MAPS

3-D PHENOMENA

Pick et al. (1995) found that the Drop-off Localization

s

Task was quite difficult. Although all particip

Studies of Topographic Map Use

In this section, we summarize finding from

1. Multiple hypotheses about the
viewpoint were generated and
evaluated.™

prior experience with topographic maps, onl

29 participants arrived at a correct solution, .

ants had
y 7 out of

cognitive studies of people’s understanding of
topographic maps, and translate these findings into
practical suggestions for teaching topographic-map
skills. Findings focus on:

2. A disconfirmation procedure
tended to work better than

Conclude

Viewpoint Hypotheses

« Strategies used by successful, exp:erien'ce'd:‘fﬁﬁpé
readers '

a confirmation procedure in Ef,ll!n?a'::lm
comparing viewpoint hypotheses. Reject

Generate
3. Changing one’s viewpaint by Other Claims
moving around was important. Map Expectations

Terrain Expectations

p users’ tendency

4. Considerable attention was
devoted to local terrain features
around the viewpoint.”

Map Orientation
Compare View Directions

Matching
Far
Near

5. Features were organized into
configurations, which reduced Far

be attended to.”

Reconnaissance

-

ambiguity and reduced the hest -
number of individual features to Focus of Attention ~ "=on Wime N
Terrain

6. Initial reconnaissance tended :
to be concentrated on the terrain T T
rather than on the map.”

Metastatement = -

Map -'N'l-_-— T d‘hqh ]

m

J

N | Wi

time—»

*
Statenies used by every successful participant.

({SELECTIVE ENCODING: EXPERTS EXTRACT INFORMATION AS NECESSARY
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Eley (1991) had orienteering
enthusiasts study a complicated or a

simple topographic map of a terrain
until they indicated that they knew the
map.

Study Time
T 00
£
E_' ano A Dy
= g /
g
¥ s00 —&— Plain
3 =0~ = Watercaurse

Densa

Then, they were asked whether or not
a land surface representation was the
same terrain as the map.

Their time to decide whether the map
and landsurface representation were
the same was longest for the least
detailed map (sparse contours, no
watercourses). (Red data point)

MAPS IN THE FIELD
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Gilhooly et al.(1988) classified undergraduate students into two groups depending on their skill in
understanding contour maps on a preliminary screening test. They viewed both ordinary town maps and
topographic contour maps, and then answered questions about the maps and drew the maps from memory.

Topographic Map
e iy ) "L,—-’—"?V\
=Nl = b
v SPBF§E-?'-'BFE"C0UF_SE£ High-skill students’ memory was better than High-skill and low-skill students
BRSNS low-skill students with respect to contour remembered the town maps equally well.
from Eley (1991} maps.
) Interpretation: In learning contour maps, high-skill students used “specialist schemata”
Judgement Time such as “interlocking spurs” as well as ‘lay schemata” such as hills.

= 300 Having more Practical Suggestion: Teach students a working vocabulary of geomorphological terms

H information in s k 3

£ '\ theivimantal and concepts, to help them develop specialist schemata as they work with topographic and

S [, 1 ~ representation bathymetric data.

g =g (either more

é.:" ool 7 — O~ Watercourse contours or

o

w

Sparse Dense

H

Interpretation: Experts attended only to details needed for the task, ignoring redundant or

extraneous information.

Practical Suggestion: Teach students to identify and to only pay attention to the details of

the map necessary for the task.

This project is supported by the National
Science Foundation through grant number
GEO-01-22001.

Any opinions, findings, and conclusions
or recommendations expressed in this
material are those of the author(s) and
do not necessarily reflect the views of
the National Science Foundation.

To see the full draft tutorial, go to:

http.//www.ldeo.columbia.edu/edu/
DLESE/maptutorial/introduction.html
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How do People Comprehend

3-D Phenomena?

One common geoscientists’ task is to envision a structure or object
in three-dimensions, and then hypothesize about its formative
processes. The amount of the structure that can be directly observed
is typically small relative to the unobserved volume. For example,
observations at scattered rock outcrops are combined to envision a
mostly-buried rock structure, or observations along a grid of marine
seismic profiles are combined to envision the shape of a subseafloor
structure.

In addition to maps, the most common spatial representation used
in such tasks is the profile or cross-section. In these represen
one dimension is distance parallel to the Earth's surface and
other dimension is distance in the vertical. 2
In this unit, we describe studi

e 4

“THE DIFFICULTY OF VISUALIZING 3°D 'STRUCTURES
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Kali and Orion (1996) developed an assessment of ability

to comprehend geological structures called GeoSAT.

1a. Cross-section problem - Students were required to draw the vertical

cross-section between A and B

Only 7 out of 101 tenth grade students gave correct answers
to 4 problems of this type.

Implication: This skill is very hard for novices.

3-D PHENOMENA
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Kali and Orion (1996) identified two types of errors:

Nonpenetrative errors: The student’s answer is based entirely
on external patterns exposed on the visible faces of the cube.

4a, A copy of one of the faces 4b. A copy of half a face

A B A B
&,
1
___ﬁ___—
; Student’s answer Student’s answer
The problerm The problem
4c. Unfalding of two faces 4d. "Cutting” out of a 2D block-diagram
A . B A B
— ]
[ 1
L3
6 1 1
] Student’s answer

Student’s answer
The problem

Tha problem

Genersl Legend

=N N N

“TYPES oF ERRORS IN VISUALIZING 3“D STRUCTURES

Penetrative errors: The student’s answer indicates an
attempt to present interior properties of the block diagram.

5a. Vertical continuation from the top and
horizontal continuation from the side

Sb, Vertical continuation from the top anly

Student's anuvwer

Studant’s answer
The problam

The probiem

General Lagand

=L N NN

The student were very consistent in their type of error.

Frequency

4 nan 3 non 2 non 1 non 0 non

penetrative penetrative penet rative penetrakive
errors Brrors EFfOrs error ermors
0 penetrative 1 penatrative 2 penctrative 3 panatrative 4 panatrative
errord Brror errors errors errors

penetrative

from Kali and Orign (1996)
Non-penetrative errors on the cross-section task predicted
poor performance on a range of other geospatial tasks.

Implication: Be alert for non-penetrative type errors in your
students’ work.

from Kall and Orion (1096)
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Students used a
computer program
which allowed them
to plot profiles
between any two
points on a map, =N
and they could plot *
as many profiles as
they wanted.

T,

-

TR TR
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““DIFFERENT APPROACHES TO TRAINING ON 3-D TAsK

determine the
shape ofthe

3-D PHENOMENA
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Task: Mayer et al. (2002) studied the effects of training on “The Geology Profile
Game" using students in an introductory psychology class. Students were told,
“You are a geologist looking down onto an area of land or ocean which is hidden
from view. You need to find out which ONE of these geological features—island,
ridge, trench, basin or seamount—is hidden below you."
The geological features were defined.

Use the Profile Teol
1o see if you can

topo graphic feature.

sy ) 18
——4 T
3

First Training Approach: One group was shown labeled sketches of
all of the possible geological features before they began the game.
The investigators called this “pictorial scaffolding.”

Ridge an Land

(&

Trench on Land

Trench in Ocean Island on Land

Seamount in Ocean

Mayer et al, (2002]

4+ COMPUTER -BASED TRAINING ON 3-D GEOLOGICAL TASK

3-D PHENOMENA
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Reynolds et al. (2002) designed two computer-based modules to increase
spatial-visualization skills of students in undergraduate geology classes. The
modules cover real geologists’ tasks: using topographic maps and determining

geological structures.

Students in the “pictorial scaffolding” group solved significantly more
problems correctly (mean 3.3 out of 5) than a control group who had
no training (2.4 out of 5).

Mayer et al. (2002) attribute the effectiveness of “pictorial scaffolding”
to the largely visual nature of the task.

Topographic module: Students had access to “movies” where they could
control the amount of shading, rotate landscape from top view to side view,

Second Tvaining Approac:. Aserond graup iMayer et ek s 2000) raise and lower water levels, and slice into terrains.

study was shown an explicit strategy for positioning their profiles so as to
methodically narrow down the range of possible geological features. This
strategy resembles that used by marine geologists using an echo-sounder
to map an unknown feature on the seafloor. The investigators called this
“strategic scaffolding.”

Profile Game Strategy

+ First, | would draw a few long profile lines to get a general overview of the area.

Reynolds at al

* | would then look for a change in elevation in any of the profile lines. If the lines

are relatively flat (don't show bumps or dips), that means the earth below the line is flat. L AtIE R LY ST

tlon vertically or horlzontally
by clicking and dragging .

Users change the water level
by clicking and dragging up
or down,

Users change the depth of
cut by clicking and drag-
ging up and down.

+ |f | see the profile line show a drop in elevation, like:

e |
The elevation ¥ 3
drops here

Block diagrams
(structural) module:
This module included
subsections on
faults, intrusions

and unconformities.
Students had access
to “movies” which
they could control,
by rotating, changing
transparency,
offsetting faults,
eroding surfaces, etc.

. The elevation
or drops here

| know that the feature has to be either a basin or a trench.
{Ridges, islands and seamounts would show an increase in elevation)
+ To tell whether it is a basin or a trench, | would draw some more profile

lines to see if the “dip” in elevation continues like a long row (trench) across
the whole area, or whether it is more like a bowl (basin).

Same block as a now offset
by a strike-slip fault.

Original image of opague
bleck with horizontal syncline
folds in faults section

continued

after Mayer etal, (2002)

c

Students in the "strategic scaffolding” group did not solve significantly more
problems correctly (mean 2.9 out of 5) than a control group who had no
training (2.4 out of 5).

Four blocks showing
the progressive types
of movies covered in
the faults section of
the blocks module.
Reynolds er al (2002]

Implication: Merely articulating and demonstrating a strategy used
by professional scientists to solve a three-dimension problem may
not be an effective training strategy for novices.

Same block as b now made
partially transparent.

Same block as ¢ now eroded
on the front side to make
that face even.

Shouoicra Normalized Gain Scores of
e Experimental and Control Groups

on the Geospatial Test

Piburn et al (2002) compared
students who used Reynolds’
computer modules versus
students in a traditional
laboratory section of the same
geology course, on a 30 item
multiple choice test of content
from the geology laboratory
that was judged to be spatial in
nature. The experimental group
improved significantly more
between pre- and post-test than
did the control group.
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Implication: Interactive computer technology is a promising avenue for
development of effective educational approaches to difficult spatial tasks in
geology and other disciplines.

Pretest and Posttest Mean Total
Scores of Experimental and

Control Groups on the Spatial
Visualization Measures 18

The same participants were also
tested on basic spatial skills
before and after experiencing the
computer modules or comparable
traditional geology labs. The
spatial visualization scores of the
group which used the computer
modules improved on the post-
test, but the control group did
not improve,

posttest

Implication: Mastery of spatially-demanding geological tasks may help improve
students performance on spatial tasks outside of geology.




