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    Chapter 8   
 The Improvement of Spatial Ability and its 
Relation to Spatial Training                     

     Yi-Ling     Cheng    

8.1           Introduction 

8.1.1     What Is Spatial Ability? 

 Spatial ability is the ability to process spatial thinking. The defi nition of spatial 
thinking can be found in a recent article published by Newcombe and Shipley 
( 2015 ). They concluded that fi ndings from neural, cognitive science, and linguistic 
studies suggest that spatial thinking is using spatial information for “manipulating, 
constructing, and navigating the physical world” (page 2). Such a thinking process 
can be characterized as a cognitive ability and thus can be ordered along a contin-
uum scale from low to high levels of spatial thinking. Therefore, a person who pos-
sesses a high degree of spatial thinking is a person who has high spatial ability. 

 The benefi t of possessing high spatial ability has been identifi ed in previous stud-
ies. Many studies have established that people who possess high spatial ability also 
have a higher likelihood to be successful in professional careers in science, technol-
ogy, engineering or math (STEM) fi elds (see reviews in Levine et al.  2016  or Wai et 
al.  2009 ). High spatial ability also plays a critical role for surgeons (Wanzel et al. 
 2002 ), dental education (Hegarty et al.  2009 ) or even being creative (Kell et al. 
 2013 ). 

 These possible benefi ts have led to continuous attempts to precisely measure, 
identify high spatial ability and further improve spatial ability to see if training on 
spatial ability can improve STEM domains (see discussion in Newcombe and Frick 
 2010 ; Uttal and Cohen  2012 ; Mix and Cheng  2012 ). Through these attempts, a 
number of spatial abilities were identifi ed and measures of these spatial abilities 
were developed accordingly. However, several debates exist among the ample 
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amount of research on the studies of spatial cognition and spatial abilities. One line 
of debates is whether there is a single spatial factor or multiple spatial factors exist-
ing in spatial abilities. Specifi cally, this questions whether all spatial tasks measure 
the same construct or if different spatial tasks measure related but distinct con-
structs. Another debate in the research is whether spatial training can be generalized 
to other cognitive abilities. Specifi cally, to produce near transfer, which is the trans-
fer effect to other untrained spatial abilities task, or to produce far transfer effect to 
STEM fi eld, which is the transfer effect to another construct. 

 Although these two debates seem to be directed as two different questions, they 
are in fact deeply connected. Studies on cognitive training studies have presented 
how training a shared cognitive skill/component produced the training- transfer 
effect to structural dissimilar tasks (Karbach and Kray  2009 ; Schubert et al.  2014 ). 
If all spatial tasks measure the same construct, training on one spatial task should be 
easily transferred to other spatial tasks. On the other hand, if each spatial task mea-
sures a different construct, training on one spatial task might not transfer to the 
spatial tasks measuring different constructs. This mechanism will also further infl u-
ence the possibility of improving performance in STEM domains. Therefore, the 
distinctions of spatial abilities are important from both theoretical and practical 
standpoints.  

8.1.2     The Categorization of Spatial Abilities Tasks 

 Attempts to categorize these spatial tasks have made by many previous studies with 
different approaches. Linn and Petersen ( 1985 ) tried to categorize spatial abilities as 
spatial perception, mental rotation, and spatial visualization; methodologically they 
identify these from both psychometric approaches and underlying cognitive pro-
cesses. Along the same lines, recent work by Uttal et al. ( 2013 ) and Newcombe and 
Shipley ( 2015 ) further proposed a two-by-two typology using recent fi ndings from 
cognitive science research. The two-by-two categorization maps out static/dynamic 
processes with intrinsic/extrinsic processes to generate four different spatial dimen-
sions (i.e., intrinsic static, extrinsic static, intrinsic dynamic, and extrinsic dynamic). 
Although this theoretical approach refl ects the research from cognitive science 
nicely, there have not been any studies to test whether this typology verifi es the 
cognitive structure of spatial ability empirically. Several diffi culties for categorizing 
spatial abilities in previous research have been identifi ed. For example, Lohman 
( 1979 ) has reviewed and discussed extensively the nature of factor analysis on spa-
tial abilities studies and how it might have led to inconclusive results, as different 
studies have used different spatial tests to refer to the same spatial constructs. A 
second issue is that the study of the structure of spatial ability has mainly been done 
with factor analysis. The results of factor analysis has to do with whether a suffi -
cient number of measurement variables were involved in the analysis. For example, 
Fabrigar et al. ( 1999 ) suggested three to fi ve tasks for each factor is adequate to get 
a decent result. For example, if a researcher is using the two-by-two typology men-
tioned above with at least three tasks in each category, a total of 12 spatial tasks 
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would need to be included in order to correctly identify spatial categories. 
Furthermore, the accuracy of categorization of spatial measures is critically related 
to whether the selected measures have adequate validity and reliability in terms of 
their representation of the constructs that they intend to measure. 

 Fundamentally, the validity and reliability of spatial measures are important for 
identifying the cognitive structure of spatial ability for effective training, especially 
because increased scores of spatial measures is used as an indication of effective 
spatial training. The purpose of this chapter is therefore to review spatial tests from 
a modern psychometric perspective and provide new insights for future training 
studies. Although many different spatial tasks have been developed over time, the 
current chapter focuses on the constructs of spatial ability that have been exten-
sively applied for further training studies in previous studies. Also, to help readers 
to create a mental map of the structure of spatial ability with these spatial ability 
measures, these tasks will also be discussed within the framework of 2 × 2 typology 
and Linn and Petersen’s work as well. 

 In the following paragraphs, the representative spatial measures of the constructs 
and the validity and reliability of these measures will be discussed fi rst. The validity 
and reliability of the measure then will be discussed alone with the existing indi-
vidual differences. This is because any individual differences are important for the 
purpose of identifying whether the same construct is measured across different 
populations (e.g., gender or cultural differences). After the analysis of the character-
istics of these measurements, the generalizability of its training effect will be dis-
cussed and interpreted.   

8.2     Overview of the Spatial Tasks in Spatial Training Studies 

 Among all spatial training studies, several types of spatial measures have been 
applied more comprehensively in previous training studies. These are: water level 
task, mental rotation, visual spatial working memory task, and map reading task. 
Each of these tasks is described in detail in a separate section below. To help the 
reader understand each task, in the beginning of each section, the test characteristic 
of the specifi c spatial test will be explained fi rst. The test development, the item 
description, the test instruction, and the range of item diffi culty will then be 
described and explained. Next, the validity and reliability in previous studies will be 
reviewed. The reliability will be discussed fi rst as reliability is prerequisite condi-
tion for validity (Thorndike  1997 ). The primary reliability to be reported here is 
test-retest reliability, which is the correlation between two testing time points with 
the same test. If the test-retest reliability was not established by a previous study, 
Crobach’s alpha reliability (internal consistency) or split-half reliability would be 
provided instead. When the performance on spatial tests is assessed using the judg-
ments of raters, an inter-rater reliability will be identifi ed. For validity, the dimen-
sionality of the test will be identifi ed fi rst. The concurrent and discriminate validity 
will be discussed after that. Finally, the ways in which improvement of these spatial 
tasks were used as indications of effective training would be discussed. 
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8.2.1     Water Level Task 

 The water level task was fi rst developed by Piaget and Inhelder ( 1956 ) for understand-
ing children’s concept development of the Euclidean reference system. To administer 
the test, subjects were fi rst shown pictures of titled empty bottles and then were asked 
to indicate (by drawing) the water level on these titled pictures. To be able to respond 
to the questions of the water level task correctly, the participants needed to understand 
and apply the invariant principles (see Fig.  8.1  for the example of the task). The invari-
ance principle is the concept that objects remain unchanged when some transforma-
tion is applied to the objects. Specifi cally, in the water level task, the invariance 
principle means that the subjects need to understand that the water level should be 
horizontal despite of the changing angles of the bottles. The item diffi culties changed 
with the different angles of titled bottles such that larger angles were indicated to be 
harder items (Vasta et al.   1994 ). Previous studies also have discussed whether the 
round shaped bottles or square shaped bottles are more diffi cult (e.g., Liben  1978 ; 
Vasta and Liben  1996 ; Wittig and Allen  1984 ). While one might hypothesize that 
round shape of bottles should be easier as it might create less confusions with the 
horizontal frame of the task, the results from previous studies did not confi rm that.

  In previous studies, participants were asked to produce two types of responses: 
reproduction and recognition. For reproduction, the subjects needed to generate the 
drawing of water level. For recognition, subjects were asked to pick an answer from 
multiple-choice items (Wittig and Allen  1984 ). Because recognition might produce 
a 20–25 % guessing rate (depending on the number of choices given), reproduction 
of the lines might be more precise for estimating the underlying ability. 

8.2.1.1     Validity and Reliability 

 Wittig and Allen ( 1984 ) have computed Spearman-Brown reliability using different 
versions of water level tasks and identifi ed different reliabilities between males and 
females. These tasks were categorized with the combination of three response 

  Fig. 8.1    A sample water level task item (Beilin et al.  1966 , p. 326)       
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methods (Draw vs. Multiple choice vs. Apparatus (using real bottles)) by two types 
of bottles (round vs. rectangle). The lowest reliability is found to be with the items 
that ask for drawing of rectangle bottles. For this condition, reliabilities are 0.78 for 
males and 0.83 for females, whereas the other conditions have reliabilities ranging 
from 0.86 to 0.96 across males and females. Other studies using the water level task 
have also found high reliability using Cronbach’s reliability. For example, 
Cronbach’s reliability ranges from 0.80 to 0.86 (Li  2000 ). These reliabilities also 
did not differ much between male and female, suggesting an overall good 
reliability. 

 In terms of dimensionality of this task, the Rasch item response model was found 
to fi t this task well when using a mixture of 431 children and adults (Formann 
 2003 ). Formann ( 2003 ) suggested that this implies the unidimensionality of this 
task. However, Kalichman’s ( 1988 ) analysis found that there are four sub-abilities: 
“visual perceptual skills, mental imaging and rotation skills, utilization of spatial 
coordinate system, and recall of relevant information” (p. 273). These sub-abilities 
seem to imply the existence of multidimensionality within the water level task. 
Although these results seem contradictory, it was demonstrated that multidimen-
sional data could also fi t well with unidimensional models when items measuring 
the same composite of abilities are used (Reckase et al.  1988 ). Therefore, it is pos-
sible that the water level task can be a multidimensional task that still fi ts a unidi-
mensional model well. 

 In terms of its spatial category, the water level task belongs to the extrinsic static 
category in Uttal et al.’s typology ( 2013 ). Extrinsic static is defi ned as “understand-
ing abstract spatial principles, such as horizontal invariance or verticality” (Uttal 
et al.  2013 ). Specifi cally, to be able to compute correct responses in the water level 
task, subjects need to refer to an extrinsic frame. The visual image was not trans-
formed during the task performance, and it only requires static imagination. 

 However, the discriminant validity of this task has shown some different direc-
tions. Some studies showed that the water level task has low correlations with other 
spatial tasks, but also was indicated to have signifi cant positive correlations with the 
mental rotation task and embedded fi gure test in previous studies (Signorella and 
Jamison  1978 ). One possibility could be that for generating a correct response, the 
subjects need to recruit several congitive processes such as transforming the image 
of the volume of water to align with the reference system. Therefore, evidence also 
shows that a larger angle of the bottle produces more errors compared to a small 
angle of the bottle (Vasta et al.  1994 ) as it would require more efforts. Neural evi-
dence also indicated that people who perform well on this task and the mental rota-
tion task both show similar advances in brain lateralization in the right hemisphere 
(Rilea et al.  2004 ), suggesting both tasks are similar in brain lateralization. Perhaps 
this is also the reason that although the water clock and plumb line tasks both require 
people to understand the invariance principle, there is little evidence of transferabil-
ity between the water level and plumb line tasks (e.g., Vasta et al.  1996 ). 

 Furthermore, these different sub-abilities might develop at different rates that 
might be a reason that performances differ in different subgroups (such as males and 
females or different age groups; Thomas and Turner  1991 ). For example, while 
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Pieget indicated that children should develop their understanding of invariance prin-
ciple around age 9 and therefore perform this task at ceiling, some studies have 
found that even college students were not able to perform this task well (e.g., Liben 
and Golbeck  1980 ; Vasta et al.  1996 ). There are also gender differences favoring 
males (e.g., Vasta et al.  1996 ) and cultural differences were also found favoring 
Chinese (Li  2000 ). The gender differences might be likely due to the difference of 
right hemisphere advances (Rilea  2008 ). The cultural differences might be due to 
the possibility that learning Chinese is itself a process of spatial training (e.g., Li 
et al.  1999 ). Further studies are needed in studying the measurement invariance of 
this task across cultures and gender. Overall, these different results might indicate 
measurement variance in different populations and therefore the interpretation of 
results in different cultures and genders should be done with caution. 

 There are several factors might infl uence the reliability and validity of water 
level task. For example, the length of water level task is varied across different stud-
ies is one of the factors infl uencing the reliability. Some studies used 12 items (each 
of them 30° apart) and some used 8 items. Though the item diffi culty was varied 
with different angles, one might wonder whether this is really necessary to assess 
individual performance of understanding a single principle. For example, in Tran 
and Formann ( 2008 ), the participants’ responses were mostly either 0 or 8 across 
life span (see Fig.  8.2 , adapted from table 1 score distribution from their paper). 
Such a response pattern suggests a possible bimodal distribution of the score range. 
This distribution might be an indication of discrete attributes. Based on this bimodal 
distribution, the reliability would therefore be high. Different versions of the water 
level task might also be confounded with the item diffi culty. For example, in the 
version of square shaped bottles, the titled angles of 90 and 180° should probably be 
removed as the reference frame is paralleled with the bottom of the bottle, which 
causes the confusion of interpreting whether subjects answered these two items cor-
rectly based on true understanding of invariance principle or they were using the 
bottom of the bottle as the reference system.

   The method of scoring the water level task might also create a threat of its valid-
ity. Specifi cally, researchers often set a certain degree of tolerance level (such as 4 
or 5° of deviation) to judge whether the items were correct and add these up to a sum 
score without further evidence to support why a certain degree was chosen as the cut 
off criteria. A possible cut off value could be done by having follow-up questions 
assessing whether participants truly understand the invariance principle and then 
calculating the deviation degrees only among participants who do understand the 
principle with computing the standard errors from such deviations. This might pro-
vide support for a particular cut off degree for the scoring process. Other than 
using a sum score, researchers also calculate the exact degree deviation to estimate 
the performance of subjects (e.g., Vasta et al.  1996 ). Specifi cally, by using the 
 deviation of the angle from the horizontal level, the score is estimated with the 
degree of variation between the participants’ response and reference horizontal line. 
However, considering the possibility that a person with 10° deviation might not 
have understood more about the invariance principle compared to people had 100° 
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of deviation, a summed score might not less differentiate individual level of perfor-
mances compared to using deviation scores.  

8.2.1.2     Training 

    Improvement 

 Several approaches have been developed to improve the performance of the water 
level task and they were all shown effective results. One of the major approaches is 
using observation (or experience) training (Krekling and Noedvik  1992 ; Smedslund 
 1993 ; Vasta et al.  1996 ). The results show signifi cant improvements, though 
Smedslund (1963) noted that observation training has almost no effect on people 
who did not answer any items correctly in the pretest phase, suggesting the training 
might not work on people who have no understanding of the invariance concept. 

 Another approach that might overcome this shortcoming is using instructional 
approach. By explicitly explaining to the participants what is the invariance princi-
ple, the research hopes to see participants understand and apply the concept directly 
in the task. For example, in Li’s (2000) study, the instruction was to remember that 
no matter how the water bottle was rotated, the water level is always horizontal. The 
improvement was also signifi cant, though it was diffi cult to identify whether the 
participants really understood the principle or simply memorized the principle. 

  Fig. 8.2    The overall score distribution of water level task (Adapted from Table 1 in Tran and 
Formann  2008 )       
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 Some individual differences were also found from training effects. For example, 
there were some age differences revealed in the training results. For example, in 
Li’s (2000) study, the training effect was only signifi cant for 6th and 8th graders but 
not for 4th, 5th, or 11th graders (the 11th graders were at ceiling with a 97 % correct 
rate). Perhaps this result also supports that the training has no effect on children (e.g., 
4th or 5th grades) who do not have any understanding of the invariance concept. 
Aside from the age difference, training of the water level task was also found to 
eliminate pre-existing gender differences (e.g., self-discovery training in Vasta et al. 
 1996 ).  

8.2.1.3      Transfer 

 The transfer effect of the water level task is elusive in previous research. First, even 
though the correct responses of the plumb-line test and the water level task both 
require the understanding of invariance principles, Vasta et al. ( 1996 ) found that the 
signifi cant improvement from water level training on the water level task did not 
transfer to Piaget’s plumb-line test. This might suggest that although both tasks 
involve the understanding of invariance principles, they are somehow different. 
One possibility is that training in water level does not accumulate enough effect to 
be transferred, or perhaps it is simply the case that water level and plumb line tasks 
require different cognitive processes. For example, water level might be related to a 
mental rotation process (e.g., Signorella and Jamison  1978 ) whereas plumb-line 
task does not. Secondly, in terms of transfer to academic achievement, there has not 
been many studies identifying the specifi c relationship between water level task and 
STEM achievement. The application of the principle of invariance has been dis-
cussed in the process of mathematical problem solving (e.g., Perels et al.  2005 ) as 
well as the understanding of multiplication and division (Greer  1994 ), which might 
suggest the possibility that training in water level task might improve understanding 
of these math tasks. In addition, Li et al. ( 1999 ) found that SAT scores are highly 
correlated with the performance in the water level task.   

8.2.2     Mental Rotation Test 

 The very fi rst mental rotation task was developed by Shepard and Metzler ( 1971 ), 
though the most common version people used today was completed by Vandenberg 
and Kuse ( 1978 ), which was adapted from the stimuli from Shepard and Metzler 
( 1971 ), In the Vandenberg and Kuse’s version of the mental rotation task (MRT), 20 
three-dimensional mental rotation items were generated with different angles and 
different lengths of blocks (see Fig.  8.3  for an example item). A redrawn version 
was also produced by Peters et al. ( 1995 ) because the originals of MRT were dis-
torted after many reproductions. The new version consists of 24 items. There are 
several test characteristics of Vandenberg and Kuse that were similar yet distinct 
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from other spatial tests. First, like the water level task, the item diffi culty also is 
varied by changing the item rotated angles, such that bigger rotated angles result in 
longer response times (Shepard and Metzler  1971 ). The most distinct part of MRT 
is that it has two answers and the test-takers have to answer both targets correctly. 
According to Vandenberg and Kuse ( 1978 ), this is to avoid the possibility of guess-
ing so subjects who only have one correct answer received no credit, although there 
was no further explanation of how this decreases guessing. By computing a proba-
bility of correct rate here, the guessing rate seems to be decreased. For example, 
using a four foils of multiple choice questions as an instance, the possibility of 
guessing is decreased from 25 % (1/4) to 17 % (1/2 × 1/3) by asking children to pick 
two correct answers.

   Furthermore, other than the angles of the items changed its diffi culty, the types 
of the distractors (the choices that were not answers) in Vandenberg and Kuse’s task 
are arranged systematically differently. Half of the items have the distractors using 
the mirror-imaged of rotated targets and half of the items have the distractors using 
different block confi gurations from the answer. Because the foils type is also critical 
for the probability of correctly answering an item, it was hypothesized that that the 
items have different block confi gurations as distractors are easier (e.g., Voyer et al. 
 2004 ). Voyer and Hou ( 2006 ) found the distractors using different block confi gura-
tions has a high rate of correct responses (Mirrored: 66 %, Structure: 69 %) but the 
difference between these two different distractors was not signifi cant. 

8.2.2.1     Validity and Reliability 

 Compared to other spatial tests, mental rotation test has been researched broadly in 
cognitive psychology and neural studies. Previous studies have found that the men-
tal rotation test has proper reliability. For example, the test-retest reliability is 0.83 
(Vandenberg and Kuse  1978 ). For Peters et al. ( 1995 ) version, it was found that 
Cronbach’s reliability is 0.87 and split-half reliability is 0.80 (Geiser et al.  2006 ). 
Overall, the reliability of MRT is generally good across different versions. 

  Fig. 8.3    A sample mental rotation task item (Vandenberg and Kuse  1978 )       
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 Many studies have suggested that the dimensionality of MRT has a critical infl u-
ence on participants’ performances (Shepard and Metzler  1988 ). Neural studies also 
found that 2D and 3D activated different brain areas (Kawamichi et al.  2007 ; Tagaris 
et al.  1997 ). Furthermore, in some studies, mental rotation tasks (such as two dimen-
sional mental rotation task) does not result in male adults advantage in performance 
(e.g., Rilea et al. 2004). However, fewer studies examined the dimensionality within 
a single 2D or 3D task. For example, there are some evidences showed that the type 
of stimulus (hands or blocks) might be infl uential to the cognitive process recruited 
of mental rotation tests (Kosslyn et al.  1998 ), and some showed different result with 
slight changes on stimulus such as different number of the cubes being used in the 
blocks (e.g., Bryden et al.  1990 ). However, when considering the cognitive pro-
cesses involved in the mental rotation task, multidimensional processing has 
appeared when the processing of specifi c items were examined. Studies have found 
that different cognitive processes were occurred within different items of the 3D 
task (e.g., Voyer and Hou  2006 ). Neural researchers have suggested mental rotation 
involves both analog spatial representation and motor processes (Zacks  2008 ). All 
these suggests the potential existence of multidimensionality in mental rotation 
tasks further research is need to validate its precise structure. 

 Mental rotation task is considered as an intrinsic dynamic type of spatial task in 
Uttal et al.’s paper ( 2013 ). It is defi ned as “Piecing together objects into more com-
plex confi guration, visualizing and transforming objects” (page 4). Other tasks in 
the intrinsic dynamic category, such as paper folding and block design, along with 
mental rotation, seem to be categorized differently by Linn and Petersen ( 1985 ). For 
example, mental rotation is in mental rotation section while paper folding is in spa-
tial visualization in Linn and Petersen (1985). Some evidence suggested that paper 
folding and mental rotation might be in the same category. For example, Harris et al. 
( 2013 ) compared and contrasted fi ndings from psychometric and neural studies 
between mental rotation and paper folding tasks and suggested these two tasks are 
very similar in many aspects. In Kozhevnikov and Hegarty’s ( 2001 ) study, they also 
found that within a confi rmatory factor analysis model both tasks loaded signifi -
cantly on the same latent factor, suggesting at least a signifi cant part of both tasks 
are loaded on a single dimension.  

8.2.2.2     Training 

 Training on mental rotation task has shown successful results across different popu-
lations. Specifi cally, mental rotation training is effective both on children (De Lisi 
and Wolford  2002 ; Ehrlich et al.  2006 ) and adults (McGee  1978 ; Terlecki et al. 
 2008 ), and also improved the gender difference in favoring males before the training 
(Neubauer et al.  2010 ). Furthermore, studies also have shown that improvement of 
mental rotation scores can be linked to neural effi ciency (decreased brain activation; 
Neubauer et al.  2010 ). Both virtual and paper versions of mental rotation trainings 
are shown to be effective as well. For example, a study found that a video training 
can be effective (De Lisi and Wolford  2002 ), while another study showed that both 
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video and practice training were effective on improving mental rotation scores 
(Terlecki et al.  2008 ).  

8.2.2.3     Transfer 

 Interestingly, not only mental rotation performance can be improved through prac-
ticing it, several studies have shown that its transfer effect is quite effective and can 
be generalized to other similar tasks (Wright et al.  2008 ; Stransky et al.  2010 ) or 
spatial visualization task (Sanz de Acedo Lizarraga and Garcia Ganuza  2003 ). 
Furthermore, among these studies, it was found that hands-on activities can be help-
ful for increasing mental rotation ability (e.g., Jansen et al.  2009 ; Wiedenbauer and 
Jansen-Osmann  2008 ). For example, Wiedenbauer et al. (2008) found that their 
manual training can lead to improvement on untrained stimulus that usually did not 
improve through the practice type of training. Perhaps this is linked to the possibil-
ity that the strategies used to mental rotation might be connected to motor processes 
(Wexler et al.  1998 ). Mental rotation has showed signifi cant relations to STEM 
achievement (Bruce and Hawes  2015 ; Stransky et al.  2010 ; Reuhkala  2001 ), but the 
transfer effect to STEM fi elds is mixed., It was demonstrated that the effect can 
transfer to improvement on math skills such as missing terms problems (Cheng and 
Mix  2014 ) or college introductory physics grades (Miller and Halpern  2013 ), 
though some other studies have found no effect (Hawes et al.  2015 ).   

8.2.3     Visual Spatial Working Memory (VSWM) 

 As one of the subsystems of working memory structure, VSWM has been studied 
more extensively compared to other spatial abilities. Although an unidimensional 
view of VSWM defi nes it as a psychological construct that temporarily holds visual 
and spatial information (Baddeley  1986 ,  2000 ; Quinn  2008 ; Reuhkala  2001 ), differ-
ent subsets of VSWM (e.g., static VSWM and dynamic VSWM) have been used 
across different studies. (e.g., Corsi  1972 ; Della Sala et al.  1999 ). Among these dif-
ferent VSWM tasks, there are several ways to categorize them. For example, one 
way is to separate these as static VSWM and dynamic VSWM constructs (or they 
can also be considered as simultaneous and successive VSWM tasks). Between 
these two categories, one of the representative VSWM tasks, which is developed 
from the static VSWM construct, is the visual pattern test (Della Sala et al.  1999 , 
see Fig.  8.4  for an example item). The visual pattern test (VPT) is administered by 
briefl y showing a matrix with patterns of blank cells and fi lled cells (for 3–5 s) and 
then asking the subjects to indicate what they remember. The score is estimated by 
counting the number of cells in the given most complex matrix that children can 
correctly mark (the score range can be from 0 to 15). A different way of score cal-
cualtion is using sum score. See an example in Kaufman ABC test: Spatial Working 
Memory test; Kaufman and Kaufman 1983) Another representative VSWM task 
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that is developed from the dynamic VSWM construct is the Corsi block task (Corsi 
 1972 ). The Corsi block test measures whether children can successfully reproduce 
the sequential order that the experimenter tapped on the three dimension blocks.

8.2.3.1       Validity and Reliability 

 The reliability estimate of VSWM is not always included in studies, though a few 
studies have provided some of them. For example, for the VPT, the reliability of 
test-retest is 0.75 on both forms A and B among 50 subjects aged 20–81 years (Della 
Sala et al.  1999 ). For the Corsi block test, odd-even reliability (range from 0.70 to 
~0.79) is with age 11–16 year old adolescents (Orsini  1994 ). Friedman et al. ( 2006 ) 
used a spatial two-back task which indicated internal consistency of reliability with 
a Cronbach’s alpha of 0.91. Overall, these reliabilities seem to be adequate among 
VSWM tests with certain ages, though it is unknown whether similar reliabilities 
would be found in other populations. 

 The validity of VSWM construct has been established by showing that a single, 
independent factor of VSWM can be isolated through confi rmatory factor analysis 
when other working memory tasks were included in the same model (Kane et al. 
 2004 ; Miyake et al.  2001 ). For example, Kane et al. ( 2004 ) were able to separate 
VSWM from general working memory, and the model they proposed also con-
fi rmed that one VSWM latent factor can be extracted with three VSWM tasks (rota-
tion span, symmetry span, and navigation span). However, although VSWM is an 
independent psychological construct, the question remains as to whether multidi-
mensions exist within VSWM. 

 As mentioned earlier, many studies have developed different VSWM tasks, but 
they might measure slightly different construct. For example, both VPT and Corsi 
block tasks require people to remember a brief picture and recall the location of 
objects presented in the examples. However, one difference is in the procedure: the 
stimuli of VPT are presented in a simultaneous way and the Corsi block task was 

  Fig. 8.4    A sample item from visual pattern test (Della Sala et al.  1999 )       
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presented in a sequential way. Recent neural evidence has shown that these two 
types of tasks appear to have different patterns of activation in the brain (Darling 
et al.  2006 ). There is also behavioral evidence to show that when having people 
performed dual tasks, visual interference will decrease the performance of VPT task 
but not on the Corsi task, and spatial interference will decrease the performance of 
the Corsi task but not on VPT task, which also implies two separate cognitive pro-
cesses (Della Sala et al.  1999 ). Therefore, the cognitive processes of static VSWM 
and dynamic VSWM are suggested to be somehow independent through factor 
analysis (Vecchi et al.  1995 ), meaning these processes can be considered two sepa-
rate dimensions within the concept of VSWM. 

 There are also studies that examine VSWM more closely across many different 
VSWM tasks and fi nd that there are more than two sub-dimensions. For example, 
Mammarella et al. ( 2008 ) examined the components of VSWM using confi rmatory 
factor analysis on third and fourth graders. They found that four dimensions co-
exist within VSWM: sequential-spatial, simultaneous-spatial, visual, and visuo-
spatial active factors. In their study, the division of dimensionality of VSWM 
seemed to be task specifi c, such that each factor could be extracted from two or 
three similar VSWM tasks, suggesting that only several similar tasks shared a com-
mon dimension. 

 Furthermore, in each VSWM task, perhaps the cognitive processes can be 
hypothesized to reveal more than one dimension. The hypothesis, theorized from 
Kosslyn’s ( 1983 ) classical work on mental images, speaks of two types of spatial 
processing within image generations. One is with a categorical spatial relationship, 
and the other is with a coordinating spatial relationship. A categorical spatial rela-
tionship is the categorizing processing by which people remember the general struc-
ture of stimuli, and a coordinating spatial relationship is the location recoding 
process by which people remember where stimuli are located. This suggests that 
people understand spatial relationships through two different systems, according to 
their structure and the exact location of the objects under scrutiny. Many studies in 
neural imagining have also shown hemispheric specialization for categorical and 
coordinate relationships: categorical memory has more activation in the left hemi-
sphere and coordinate memory has more activation in the right hemisphere, also 
suggesting that these are two separate memory systems (e.g., Trojano et al.  2002 ; 
van der Ham et al.  2009 ). 

 Similarly, Vecchi et al. ( 1995 ) found that the amount of information and the 
structure (the location of the objects) of the VSWM stimuli are two important fac-
tors that infl uence the storage capacity of VSWM. Concluding from these studies, 
how people remember these changes in structure and how people remember the 
number of stimuli may be allocated to different dimensions. This multidimensional 
view of VSWM is not only supported by researchers in behavioral studies (e.g., 
Logie and Van Der Meulen  2009 ), but also from neural imagining studies. For 
example, a recent neural study has demonstrated that there might be two separate 
cognitive subsystems operating within VSWM (Darling et al.  2006 ). Overall, these 
fi ndings imply the possibility that multiple dimensions may exist within in one type 
of VSWM task. 
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 Few studies, however, have investigated how or whether these dimensions in one 
type of VSWM (e.g., static VSWM, the basic form of VSWM) can be separated. 
Based on the separate activations found braining imagining studies, it can be specu-
lated that there may be at least two dimensions in one VSWM task, depending on 
the location and appearance of the stimuli in the task. However, other researchers 
have also suggested that the separation between categorical spatial relation and 
coordinate spatial relation might not be as discrete, as they found that these two 
tasks show similar activations in their experiments (Martin et al.  2008 ).  

8.2.3.2     Training 

 As described above, training in VSWM is often included in composite working 
memory-training programs. Such a composite training program shows improve-
ments on VSWM across different programs, both immediately and in follow ups, 
but several studies showed a small effect size for immediate improvement (see a 
meta-analysis in Melby-Lervag and Hulme  2013 ). Neural imagining studies using 
VSWM tasks also have demonstrated that the improvement of VSWM performance 
can be associated with the brain activity in the middle frontal gyrus and superior and 
inferior parietal cortices. (e.g., Olesen et al.  2004 ), which suggests the possible con-
nection between VSWM training and brain plasticity.  

8.2.3.3     Transfer 

 Using VSWM training to improve other spatial abilities or academic achievement 
(such as in mathematics) is prevalent in previous studies. However, such effects 
have been mixed (Chase and Ericsson  1981 ; Holmes et al.  2009 ; Jaeggi et al.  2011 ; 
Kyttälä and Kanerva  2014 ; St Clair-Thompson et al.  2010 ; Van der Molen et al. 
 2010 ). VSWM is found to be trainable even when other cognitive abilities were less 
effective (e.g., Owen et al.  2010 ). Even so, the generalizability of VSWM training 
is inconsistent across measures. For example, in an experiment reported by St Clair- 
Thompson et al. ( 2010 ), children ages 5–8 were trained in composite working mem-
ory techniques, including visual image rehearsal strategies, for 6–8 weeks. The 
training did not improve their performance in the block recall task (a dynamic 
VSWM that is similar to the Corsi block task) or the digit recall task, but it did 
improve mental calculation performance. This perhaps suggests that training 
VSWM to improve math performance is possible, even when the training does not 
improve other types of VSWM tasks. However, the study itself had a composite 
training and it was diffi cult to determine where this effect came from. Furthermore, 
this specifi c relationship between VSWM and math might be bidirectional, such 
that math can improve VSWM as well. For example, Lee et al. ( 2007 ) discovered 
that a year’s math training (given once a week) in the use of the mental math abacus 
(a Chinese math calculation tool) improved the performance of 12-year-old children 
in simple spatial span tasks, but not in complex spatial span tasks (a task that 
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involves both an equation and a presentation of dots in squares). Overall, training 
one type of VSWM task does not necessarily improve other types of VSWM tasks, 
but it might improve some types of math tasks; additionally, training specifi c math 
tasks can improve specifi c types of VSWM. These studies show that VSWM and 
math have some cross-generalizability, but it is task-specifi c.   

8.2.4     Map Reading 

 Compared to other spatial tasks, only a handful of tasks have been developed to 
assess children’s potential on map understanding, and they were developed specifi -
cally for certain grades. For example, Presson’s ( 1982 ) map task was designed to 
test kindergarten and second grade students. Kastens and Liben ( 2007 ) adapted 
Liben and Downs’ ( 1989 ) fl ag-sticker fi eld-based map skills test to create a map- 
reading task for fourth graders. However, across the tasks, the instructions were 
similar in terms of how subjects were asked to fi nd the location of the targets (see 
Fig. 8.5). For example, in Kastens and Liben’s ( 2007 ) map reading task, children 
were asked to place fl ags on a map when they were shown an actual fl ag in a real 
fi eld area.

   The diffi culty of the items usually varied by the rotation of the targets (e.g., 
Presson ( 1982 ) or by varying the locations of unique or repeated map symbols, 
which was recommended by previous research because locations near unique loca-
tions might be easier (Kastens and Liben  2007 ). The scoring scheme is sometimes 
twofold. For example, in Kastens and Liben’s ( 2007 ) study, one score was generated 
from measuring the linear distance from the target to the child’s placement (so 
a longer distance means a higher error rate), and another estimate was generated 
from categorizing the children’s errors to identify children’s level of understanding 
of map concepts. 

8.2.4.1     Validity and Reliability 

 Few studies have examined the map task through the traditional test construction 
procedure to identify the psychometric properties of the task. While in the previous 
studies, the development of map understanding has three stages: symbol recogni-
tion, metric understanding, and projective view (Liben and Downs  1989 ), some 
map reading tasks have identifi ed the development of concept through children's 
error types (e.g., Kastens and Liben  2007 ). 

 Several studies have further differentiated map reading into several different cog-
nitive processes and studied their neural similarity and differences (Shelton and 
Gabrieli  2002 ; Shelton and Pippitt  2007 ; Yamamoto and DeGirolamo  2012 ). For 
example, Shelton and Gabrieli ( 2002 ) found that the route encoding task and the 
map overhead reading task recruited similar neural activations on the bilateral fusi-
form, inferior temporal gyri, and posterior superior parietal cortex. Further, although 
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the map overhead reading task recruited greater activation, the route encoding task 
had a larger area of activation. Specifi cally, route coding recruited the bilateral 
medial temporal lobe, postcentral gyrus, right posterior cingulate, and left medial 
frontal gyrus. Shelton and Gabrieli ( 2002 ) considered this as supportive evidence of 
a hierarchical relationship between route learning and map overhead reading in 
child development (e.g., Herman and Siegel  1978 ), which might also suggest mul-
tidimensionality within map reading. In terms of spatial categories, while Uttal 
et al. ( 2013 ) categorized map reading task as dynamic and extrinsic, Linn and 
Petersen ( 1985 ) did not specify where map reading tasks should belong.  

8.2.4.2     Training 

 Several studies also further explored the role of instructions in improving children’s 
map reading ability (e.g., Kastens and Liben  2007 ). For example, Kastens and Liben 
( 2007 ) compared and contrasted two experimental conditions (ask children to give 
self explanation on answers vs. no explanation) on a map reading task in fourth 

  Fig. 8.5    The  black  and  white  version of map reading test (Adapted from Kastens and Liben  2007 )       
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graders. Using the distance score, the researchers found that the self-explanation 
group had signifi cantly less error scores compared to the no explanation group. The 
authors suggested that perhaps the self-explanation provided a strategy for children 
to identify and notice the clues in the environment and therefore improved their 
performances. However, the self explanation group also spent longer time to com-
plete the task (time interval for the activity: 45 mins vs 15–20 mins); perhaps spend-
ing enough time on each question can help students to rethink about their answers 
better and therefore perform better. Overall, the self-explanation group committed 
fewer errors. The researchers used a distance score procedure, which might be more 
sensitive, compared to dichotomous responses (0 or 1), and therefore might produce 
higher sensitivity on identifying children’s responses. 

 Another somewhat different approach used in map reading improvement is 
decreasing the complexity of map reading tasks by improving subjects’ cognitive 
processing in some components of the task. Map reading contains a lot of different 
aspects of information processing; therefore, eliminating one aspect of cognitive 
load might potentially improve the performance is the rationale behind this approach. 
For example, Fisk and Eboch ( 1989 ) adopted automatic processing theory to 
develop a training protocol. The result suggested that automatic training did improve 
map reading task performance. However, because the task procedure was only ask-
ing the subjects to identify the legend on the maps, which requires symbols reading, 
there was no item measuring the concepts of spatial orientation or scaling that is 
often shown in other map reading tasks. Nevertheless, this study demonstrated that 
training on one component could facilitate learning a multi-components map read-
ing task.  

8.2.4.3     Transfer 

 Few tasks have examined the transfer effect of map reading task (Griffi n  1995 ). 
Among these, Griffi n ( 1995 ) examined two approaches (situated learning and tradi-
tional learning) in map skills of fourth graders. In the situated group, the students 
were brought to the environment pictured in their maps while the traditional group 
received instructions from overhead projectors and writing exercises of map reading 
skills. The results showed that the situation group performed better than traditional 
group on the target map performance task but not on the transfer task (which was a 
novel map task that required the same map skills). The author argued that cognitive 
skills are context-bound and hard to transfer. A few studies have looked at if other 
spatial related training might have effects on map reading skills. Klahr and Carver 
( 1988 ) found that improvement of debugging computer programming skills corre-
lated with a map route following task with a age mixed group including third grade 
through sixth grade students.    
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8.3     The Improvment of Spatial Ability.  

8.3.1     What is Improved in Spatial Training? 

 Form the discussion above, one can fi nd that the attempts to improve the perfor-
mance of spatial abilities through spatial training have gained many successes (also 
see a meta analysis in Uttal et al.  2013 ; Wright et al.  2008 ). It was evidenced that 
spatial ability is quite sensitive for training effects, and perhaps part of this effect is 
related to the fact that spatial ability is related to spatial experience (Baenninger and 
Newcombe  1989 ). Therefore spatial trainings that simply repeated the procedures 
to increase spatial experiences have been shown improvement of performances of 
spatial tasks (e.g., Ehrlich et al.  2006 ; Cheng and Mix  2014 ). 

 Spatial training effects can also transfer across different spatial abilities. Uttal 
et al. ( 2013 ) meta-analyzed previous spatial studies along with the two by two 
typology categorization that they have developed to calculate the effect size of 
transfer effects within each category (whether tasks belong to the same category can 
transfer) and across category (whether tasks belong to different spatial categories 
can transfer). The results showed that the effect sizes (using Hedges’s  g ) within 
category ( g  = 0.51) and between categories ( g  = 0.55) are quite similar. This might 
suggest that training in any spatial task could possibly improve any other spatial 
tasks even though they are in different categories here. Although this result seems to 
imply that spatial ability is a single construct, the possibility that spatial ability 
might still be multidimensional remains. It is possible that different spatial cognitive 
processes were merged in different spatial tasks, but all spatial tasks might share 
similar ingredients of cognitive components with different combinations of process-
ing. Training certain components that were largely shared by several spatial tasks 
will improve these tasks but not otherwise. For example, all spatial tasks require 
visual spatial working memory (VSWM) to remember the characteristics of stimuli. 
Perhaps training VSWM can enhance most of the spatial abilities tasks. Another 
example is the rotation process. Recall that rotation processes might be recruited 
during several spatial tasks such as the water level task (e.g., Kalichman  1988 ), the 
mental rotation task (Vandenberg and Kuse  1978 ), and the map-reading task 
(Presson  1982 ). It is possible that training rotation processes will improve these 
spatial tasks more than other spatial tasks. Though most spatial studies showed 
improvement on spatial abilities, some studies showed less improvement compared 
to others. Although this outcome has been discussed broadly based on the design of 
the training such as whether it was within or between subject, or the training meth-
ods used such as video, course, or spatial task (for a review, see Uttal et al.  2013 ), 
less has been discussed on how these training effects were identifi ed through spatial 
outcome measures. However, a successful training effect is not only dependent on 
the effective training design, it is also dependent on the sensitivity of the outcome 
measures. 

 The performances of previous spatial tasks were estimated from two main 
approaches: (1) Using the sum scores from dichotomous items (e.g., VSWM or 
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mental rotation task); (2) Using the degree of error or distance scores (map reading 
or water level task). Both approaches were able to identify the improved ability 
from previous studies as they all successfully detected the improvement of spatial 
performances. However, estimation of degree of error or distance scores might have 
more advantage compared to a dichotomous item sum score because scores using 
dichotomous responses have constrained the judgment of participants’ perfor-
mances to a certain degree, which might lose some sensitivity compared to error 
scores in detecting how far off a participant is from the true target, which might be 
closer to participants’ underlying true abilities. Although all spatial training seems 
to be effective, this difference might be important for detecting further transfer 
effects. Furthermore, the approach of using the sum scores to serve as an indication 
of training gain might have some potential issues as it weights each item equally. 
What could happen, specifi cally, is that students answered diffi cult items correctly 
might not be weighted more despite of their higher abilities. One way to avoid this 
problem might be using an extensive range of item diffi culty when developing test 
items. 

 Secondly, the common issue with using sum scores or sum error scores from 
single spatial task is that such a score comes with the assumption of measuring the 
construct perfectly. Therefore the measurement error is to be neglected. Several 
studies have adapted the latent variable approach to identify the growth of improve-
ment (Embretson  1991 ; Noack et al.  2014 ). Such an approach utilizes the latent 
variable modeling on several variables (that belong to the same constructs) to iden-
tify the change of the latent mean and also account for measurement errors. Another 
measurement issue from previous spatial studies was that certain constructs have to 
be measured with the format of multiple choices because the attribute might not be 
able to be measured as an absolute error (or distance) score from the underlying 
ability (e.g., choose the correct block confi guration of the mental rotation task). 
However, the quality of multiple choice items is also related to the selection of their 
distractors. The choices of distractors might certainly change the discriminating 
degree of the items (Haladyna et al.  2002 ). 

 Other than the traditional psychometric methods, recent development of neural 
imaging research has introduced a new perspective to measure the effectiveness of 
spatial related training (some part of these cognitive training programs). People 
have used the structures of neural mechanisms to identify the brain areas that are 
linked to spatial related cognitive trainings and positive effects were found in previ-
ous studies. For example, McNab et al. ( 2009 ) found that a cognitive training 
involving spatial memory components is associated with changes in both prefrontal 
and parietal D1 binding potential, which has been identifi ed to be associated with 
improved working memory capacity. Raz et al. ( 2013 ) found that less brain shrink-
age (brain shrinkage happen when we get older) of the cerebellum is associated with 
cognitive training (spatial working memory involved). Although the results seem to 
be promising, the above studies involved multiple components (verbal and spatial) 
in the training process. It is therefore diffi cult to identify the part of the training 
associated with this change in brain. 
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 A few studies have further explored the effect from trainings that only have spa-
tial training processes. These studies have also identifi ed positive effects in the brain 
after the training. For example, in terms of orientation (one type of spatial process-
ing), Wenger et al. ( 2012 ) discovered that after spatial navigation training, cortical 
thickening in left precuneus and paracentral lobule was found with their 20–30 year 
old participants. Other than identifying whether the positive effect is associated with 
training, neural approaches also help to identify which different strategies might be 
involved in spatial tasks. For example, Kosslyn et al. ( 2001 ) found that when sub-
jects were asked to imagine rotation with their own hands, this type of imagination 
activates the motor areas (such as primary motor cortex), whereas the subjects who 
were asked to imagine the rotation from external sources did not show the same 
activation. Some studies further examined the relations between item diffi culties 
and brain activity. For example, Ando et al. ( 2009 ) found that compared to 10 
objects in one stimulus, 30 objects in one stimulus has extended the brain activation 
in the frontal lobe. These studies might suggest different paths of strategies might 
be recruited with different numbers of objects and each of these is associated with 
different degree of brain connectivity.  

8.3.2     The  g  Factor 

 As mentioned in the fi rst section of the chapter, spatial ability has been found to 
have signifi cant relations with STEM achievement. The directionality of these rela-
tions is unclear. However, the relation between STEM and spatial abilities might be 
discussed more broadly under the relation between academic achievement and cog-
nitive abilities. Many studies have found signifi cant relationships between academic 
achievement and cognitive abilities (Best et al.  2011 ; Deary et al.  2007 ; Gustafsson 
and Balke  1993 ; Passolunghi and Lanfranchi  2012 ; Rohde and Thompson  2007 ; 
Spinath et al.  2006 ). The range of correlations is wide, from 0.40 to 0.90, and at the 
extreme end, a correlation of 0.90 suggests 80 % of the variance in each is shared. 
This relation might be because they are both infl uenced by the same general intel-
ligence factor ( g ). Lynn and Meisenberg ( 2010 ) have tested this hypothesis using 
factor analysis. What they found is that after correcting for unreliability (using the 
attenuation procedure from Ferguson  1971 ), that the correlation between the gen-
eral factor extracted from cognitive tests and the general factor extracted from 
scores on achievement tests over the course of one school year is 1.0, suggesting 
one common general ability infl uences both academic achievements and cognitive 
abilities. Therefore, scores for an academic achievement (e.g., reading, math, or sci-
ence) can be viewed as a sub-dimensions under the broader construct of general 
ability. Follow this logic, it is reasonable to hypothesize the signifi cant relations 
between STEM achievement and spatial abilities could be because they share a 
general factor.  
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8.3.3     Can Spatial Training Improve STEM Achievement? 

 Because these two constructs might share a general factor, the possibility that train-
ing cognitive abilities, specifi cally spatial abilities, might further improve STEM 
has drawn attention. For example, previous researchers have argued, perhaps spatial 
ability is critical for early learning stage of new STEM concept (Uttal and Cohen 
 2012 ). 

 The question of whether spatial training improves STEM achievement actually 
goes beyond the question itself and can be extended to several levels of inquiries. 
The fi rst inquiry is whether this predictive relation could also be considered in a 
reverse direction. Specifi cally, whether STEM training improves spatial ability or 
whether such an effect can be reciprocal during the developmental span (Farmer 
et al.  2013 ). For example, perhaps learning mathematics itself is a spatial training 
process and when a person is better at mathematics they are also improved their 
spatial abilities. The second inquiry, which is often brought by STEM educators, is 
what the benefi ts are of doing spatial training when training with STEM contents 
can directly improve STEM achievements. Indeed, STEM training improves STEM 
achievement, but these trainings are also context-bound. For example, in math 
 education, Campbell et al. ( 2006 ) found training people in addition problems did 
not improve their performances on subtraction problems. Rickard et al. ( 1994 ) also 
found no transfer of skills between similar division problems (the participants prac-
ticed 56/7 = 8 and were tested on 56/8 = 7), suggesting the training effect is specifi c. 
Although it is not guaranteed that spatial training will help people transfer their 
knowledge to mathematics problems, spatial training has showed effi cient on trans-
fer effect to other spatial tasks, implying the fl exibility of spatial thinking. For 
example, if we consider the spatial processing from the above mathematics prob-
lems, one possible outcome is that training underlying spatial processes might help 
people to be able to connect and apply the mathematics concepts more fl exibly. 

 Whereas spatial training seems to be promising as a powerful tool for STEM 
achievement theoretically, spatial training studies did not have many successful 
cases in improving STEM achievement practically. As many studies have demon-
strated the signifi cant relations between spatial ability and STEM (Best et al.  2011 ; 
Deary et al.  2007 ; Gustafsson and Balke  1993 ; Passolunghi and Lanfranchi  2012 ; 
Rohde and Thompson  2007 ; Spinath et al.  2006 ), these mixed results from studies 
cast doubts on the transfer effect of spatial training to STEM. First, there are simply 
not enough spatial studies to attempt to improve achievement on STEM fi eld to be 
judged whether this approach is effective. However, here is what is known from 
current studies—previous spatially related working training programs have showed 
some improvements (e.g., St Clair-Thompson et al.  2010 ), when meta-analysis tried 
to identify the effect of verbal and visual-spatial training, spatial memory training 
has limited but a convincing effect size (Melby- Lervåg and Hulme  2013 ). 
Nevertheless, training and learning a composite cognitive training program might 
be such a complex process and it would probably lead to learning less about each 
specifi c aspect of the task. As a result, individuals may demonstrate less mastery on 
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the trained tasks, let alone improved overall ability. This process is similar to mas-
tering a sport such as basketball. Athletes learn how to move the ball, how to pass a 
ball, and how to score a basket. The mastery of each specifi c process is needed to 
ultimately master basketball as a whole. This step-by-step learning process is likely 
similar in the brain. Learning one specifi c cognitive process at a time may help to 
encourage the thought process needed for a task or may even transfer to other tasks 
that have applied these specifi c processes. This type of training might then provide 
a better outcome than the learning of many different processes at one time. 

 Secondly, in order for transfer to happen, the underlying processes of transfer 
mechanism need to be identifi ed. Previously, studies had posited some potential 
mechanisms behind a successful transfer. Perhaps some processes shared between 
the trained tasks and improved measures underlie the above generalizable exam-
ples. An example is Wallace and Hofelich’s ( 1992 ) study. In the study they had 
some participants complete training in mental rotation who were then tested in a 
geometric analogies task. They had the other group of participants complete train-
ing in a geometric analogies task and then tested them in a mental rotation task. 
Specifi cally, in the geometric analogies task, the participants were asked to view 
several shapes, all of which could be combined as an object that still involved one 
missing piece; they were then asked to also identify which of fi ve options was the 
missing piece. In the mental rotation task, the participants were asked to identify 
whether the orientation of objects was standard or mirrored. They found that train-
ing in either task improved the performance in both, even though these two tasks did 
not share similar contexts. The possible mechanism, as explained by Wallace and 
Hofelich ( 1992 ), is Process Theory (Kosslyn  1983 ), which stresses the importance 
of similar cognitive processes on task transfer. The argument for this effect is that 
when two tasks emphasize the same processes, training in either of them should be 
able to produce a generalized effect on the other. Additionally, this study demon-
strated that the improvement between cognitive tasks could be bidirectional. 

 This phenomenon is not limited to mature adults. Kloo and Perner ( 2003 ), for 
example, found that training children ages 3–4 in an executive control task and a 
theory of mind task led to improvement on both. Executive control was trained and 
assessed with a Dimensional Change Card Sorting task (DCCS; Frye et al.  1995 ), 
and the theory of mind test was trained for and assessed using false-belief tasks. The 
improvement of both suggests that the generalization of training effects is possible 
with children. Kloo and Perner ( 2003 ) made a similar argument as Wallace and 
Hofelic’s ( 1992 ), suggesting that there may be a specifi c underlying common factor 
in these two improved tasks. While these transfer examples showed that transfer 
effect was possible when the shared processing is defi ned, there is currently not 
enough evidence to defi ne the shared processes between STEM and spatial ability, 
As a result, the question remains as to what is the underlying structure between 
spatial ability and STEM achievement can be identifi ed and trained to make that 
transfer happen? 
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8.3.4      The Cognitive Processes Underlying Spatial Ability 
and STEM 

 Identify the underlying cognitive processes among spatial ability and STEM 
achievement has be developed from several approaches. From the psychometric 
approach, researchers have been using measurement models to identify whether the 
same construct is measured across different populations. For example, measure-
ment invariance models were applied and identify the measurement and structural 
invariance of the construct (e.g., Byrne et al.  1989 ; van de Schoot et al.  2012 ). 
Furthermore, in order to identify the items have discriminating powers on partici-
pants’ abilities, to estimate the participant’s underlying abilities or attribute more 
accurately, item responses models (Embretson and Reise  2000 ; Reckase  1997 ) or 
diagnostic classifi cation models (e.g., Birenbaum and Tatsuoka  1993 ) also has been 
proven to be useful. 

 Researchers also have worked from the perspective of cognitive science to 
understand the underlying cognitive process. For example, researchers discovered 
such a process by doing dual tasks experiments. Specifi cally, the participants were 
asked to do one task when another interference task was on the background. By 
doing so, researchers gained clues about whether these two tasks share the same 
functional processes in the human brain (e.g., Pashler  1994 ; McKenzie et al.  2003 ). 
Furthermore, recent developments in brain imaging research have extended this 
approach by determining whether two tasks activate similar brain areas and are 
therefore using the same processes (e.g., Hubbard et al.  2005 ) or connect the spe-
cifi c function of the memory tasks with the specifi c brain areas (see studies in meta 
analysis of Wager and Smith  2003 ). 

 These two approaches have provided many insights on the underlying cognitive 
processes. However, each of them has its disadvantage. While modeling human 
responses from a statistical perspective has providing many possible inferences, the 
results might be rested on relatively better models compared to other models. On the 
other hands, although neural studies have helped researchers to identify the cogni-
tive processes to the level of item level, building a reliable item analysis from neural 
studies requires a signifi cant sample size, which might be a reason that different 
results often come out with different studies. A possible way to solve this problem 
might be using a large sample with the hypothesized models that were generated 
from a meta-analysis of previous neural studies. Connecting the item response with 
neural network might be a new approach although revious studies have demon-
strated item diagnostic methods within artifi cial neural networks (Lamb et al.  2014 ) 
While item response models are applied across cognitive psychology studies, few 
applicated have been made in brain imaging studies. For example, recent studies 
have used item response models to understand learning (Embretson  1991 ) and 
growth change (McArdle et al.  2009 ), as well as to explore the structure of a cogni-
tive ability such as phonological awareness (Schatschneider et al.  1999 ). An exten-
sion of IRT models, multidimensional item response models (Reckase  2009 ), was 
also used to identify the dimensionality of a ninth grade math test (Ackerman et al. 
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 2003 ) and a test for English language learners (Reckase and Xu  2015 ). Item response 
models have been applied extensively in the construction of achievement tests and 
might be promising to connect with the ample research from neural studies to 
explore the structure of spatial ability and STEM achievement.       
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