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Abstract

Error rates in a multiple choice spatial manipulation test were analyzed post hoc on a number of different test item variables with the intention of building a computational cognitive model that simulates error rates on a spatial manipulation test.  Twelve male participants (Army soldiers), ranging in age from 19 to 38 years, with an average age of 29, participated in the study.  The variables included degree of rotation, connectivity, number of blocks in each polygon, types of distracters used, and compactness.  Significant effects of connectivity, number of blocks in each polygon, type of distracter, and compactness on error rates were found, with mirror image distracters being selected more often than non-mirror distracters.  The amount of rotation of each image was not found to be an influential factor in overall error rate; however, there were indications from verbal protocols that participants were using non-rotational strategies to solve the problems.  Our findings suggest that complexity (i.e., connectivity, number blocks in each polygon, and compactness) may affect error rates for non-rotational manipulation of visual images.  Findings also suggest that participants may have difficulty determining "handedness" of images while using non-rotational manipulations.

Error Rates in a Multiple Choice Spatial Manipulation Test

What makes a spatial manipulation task difficult?  Just determining this is difficult because researchers use a variety of methods to measure and define spatial abilities.  Most of the existing research done on spatial manipulation has concentrated on mental rotation, and it has been centered on the reaction time (RT) it takes to discriminate between two images or on the time it takes to complete a mental rotation task (Cooper, 1975; Cooper & Podgorny, 1976; Bethell-Fox & Shepard, 1988; Shepard & Metzler, 1988; Yuille & Steiger, 1982; Johnson, 1990).

The linear relationship found between RT and angular disparity (the angle through which an object must be rotated to perform a task) appears to justify the use of RT as a dependent measure of spatial manipulation abilities.  Research has shown that the relationship between RT and angle disparity appears to be especially robust.  While much of the research in the area of spatial manipulation and spatial rotation have focused on RT as the primary dependent variable, this has occurred at the exclusion of error rates.  In fact, some researchers have attempted to keep error rates relatively low in order to draw appropriate conclusions from their RT data (Cooper, 1975).  Thus, very little research has been done to address errors in mental manipulation tasks.


One possible hypothesis would be that since the angular disparity between the images being compared affects the overall rotation completion time, it may also affect the overall number of errors made.  Some researchers have found support for this hypothesis (Van Selst & Jolicoeur, 1994; Bauer & Jolicoeur, 1996).  However, what is not clear is whether angle disparity is the only factor which determines errors in mental rotation tasks.


The complexity of an image, as defined by Attneave (1957), is considered to be the number of random points used to construct a polygon.  The complexity of images being manipulated in a mental rotation task has been suggested as an important component affecting either the speed or accuracy with which mental rotation can be accomplished.  Folk and Luce (1987) and Bethell-Fox and Shepard (1988) reported that complexity does affect the speed of rotation; however, Cooper (1975), Cooper and Podgorny (1976), and Shepard and Metzler (1988) found that complexity had no effect on the speed of the rotation.  Similar research on error rates found no effect of complexity on error rates (Bethell-Fox & Shepard, 1988).


At a higher cognitive level, mental rotation has similarities with object recognition, with researchers asserting that object recognition is generally invariant of orientation (Biederman, 1987; Marr, 1982; Ullman, 1989); images can be recognized regardless of viewing angle.  However, more recent research has suggested that the invariance of an image is dependent on the type of stimuli viewed.  Farah, Rochlin, and Klein (1994) found that “wire objects showed poor orientation invariance,” while “clay surfaces showed good orientation invariance.” (pg. 340)

In order to develop a computational cognitive model of mental manipulation (the model is discussed in another paper (Kelley, Lee, and Wiley, 2000)) we were interested in the variables that cause participants to respond incorrectly on mental manipulation tests.  The goal of the model was to reproduce errors made during mental manipulation tests which were similar in type and number to those made by actual soldiers.  The final model was able to map the error responses of participants who had previously taken the mental manipulation test.  This is what many computational cognitive models attempt to do, match the data taken from real participants.  This we accomplished with our cognitive model.  

We hypothesized that since complexity has been shown to affect rates of speed during mental rotation (Folk & Luce, 1987; Bethell-Fox & Shepard, 1988) that complexity might also affect error rates even when non-rotational strategies were used.  We also wanted to determine if the type of distracters used in the mental manipulation tests was a major contributing factor in determining error rates.

Method

Helmet-Mounted Display (HMD)


Data were gathered as part of a larger study of helmet-mounted display (HMD) technology being developed in conjunction with the U.S. Army Research Laboratory (ARL) (Glumm, Marshak, Branscome, Wesler, Patton, & Mullins, 1998).  The study tested the effects of a soldier's wearing an HMD on his or her general cognitive and land navigation abilities.  A repeated measures design was used, with all participants participating in both the HMD and a non-HMD condition, with the order of condition presentation being counterbalanced.  The non-HMD condition had the soldiers navigating without the use of the Helmet Mounted Display (HMD); instead they navigated using their traditional compass and map techniques.

Participants

Twelve male infantry soldiers participated in the study.  Soldiers ranged in age from 19 to 38 years with an average age of 29.  All met visual acuity requirements established for the study: 20/20 in one eye and at least 20/30 in the other eye (corrected or uncorrected) (Glumm et al., 1998).

Test Materials

The mental manipulation test was based on a mental rotation test developed by Shepard (1978).  The paper-and-pencil multiple choice test required participants to compare an image (the referent) with three alternatives (See Figure 1).  Each test question included the correct answer (the referent, but rotated) and two incorrect distracter polygons.

Insert figure 1 about here

Each test variant included 18 mental manipulation questions.  A test variant was a test with the exact same questions.  There were approximately eight test variants.  The test questions were balanced on three variables: Rotation (the correct answer was rotated 90, 180, or 270 degrees relative to the referent), connectivity (the referent image was composed of one or two polygons), and number of darkened blocks that composed each polygon (7, 9, 11).  The tests were not balanced for the type of distracters.

Procedure

Soldiers were given different mental manipulation test variants as part of a battery of cognitive tests given before and after the HMD and non-HMD conditions.  Before the data collection trials, soldiers were given 2 minutes to complete each mental manipulation test.  Soldiers were given training in how to use the HMD, as well as training in the battery of tests given during each trial.  

Data for the analysis reported here were taken from both the HMD and the non-HMD conditions.  No training data were used for our final analysis.  We felt that it was justified to collapse the HMD and non-HMD conditions since the overall finding of the Glumm et al. (1998) study was that the number of errors (overall percentage) did not differ for the HMD and non-HMD conditions even though the raw number of errors did differ for the pre- and post-test administrations (across both the HMD and non-HMD).  In other words, the HMD and non-HMD data were the same on the variables we were interested in examining, and the variables which we looked at were determined to be unaffected by the two different conditions.

Results

Verbal protocol data were collected from two participants and analyzed.  Results indicated that participants were not always using rotation as a means for solving the problems; instead they frequently used rotation as a last resort for solving the problem. For example, one subject made the statement that, "As I look across here at a, b, and c, I see that the square is 1 box off from the end and all my other ones are 1 box off from the end."  This statement indicates the subject was able to make comparisons to the outside grid in order to compare the polygons without doing any mental rotation (the complete verbal protocol for one subject is included as an appendix in Kelley, Lee and Wiley, 2000).  Protocols indicated participants were using a variety of strategies including: shape comparisons, distance from the edge (images were inside a grid which allowed for comparisons to the edge of the grid), and alignment comparisons.  Sometimes a problem solving strategy would be applied, and if no solution was found, the same strategy might be re-applied or a different strategy would be applied.  Also, the selection of strategy was stimulus specific, so depending on the stimulus, a certain strategy may or may not be selected.


The analysis was conducted on the error rates as a function of test question characteristics.  First, the test questions were categorized based on the 1) rotation 2) number of blocks 3) connectivity and 4) whether either of the two distracter images was a mirror image of the referent.  A compactness score, related to the number of blocks calculation and defined as the square-root-area-over-the-perimeter (Podgorny & Shepard, 1983), was also computed for each test question referent.  Finally, the number of errors made on each question was calculated.


Error data were computed as error rates per test question since all participants did not answer every question because of the 2 minute time limitation imposed on each test.  The number of errors per question was divided by the total number of people who attempted to answer the question.  This yielded a proportion of errors in terms of the number of people who attempted to answer each question (which we will refer to as proportional error). 

A logarithmic transformation was used to normalize the data since the data were positively skewed (as is common with error data).  The subsequent Kolmogorov-Smirnov test indicated that the log-transformed data did not differ significantly from a normal distribution, D (159) = 1.2759, p = .08.  Therefore, the assumption of normality was met. 

First, we conducted an overall analysis of variance (ANOVA) on the variables on which each test was balanced: Rotation, Connectivity, Number of blocks in a polygon, and whether one or more of the distracter polygons were Mirror distracters.  The mean error rates (in proportional error) for 90, 180 and 270 degrees of Rotation were M = .22, M = .24, and M = .24, (N = 198), respectively.  The mean error rates for the Connected and non connected polygons were M = .21, and M = .26, respectively.  The mean error rates (in proportional error) for 7, 9 and 11 Number of blocks in the polygon were M = .17, M = .25 and M = .27, respectively.  Finally, the mean error rate (in proportional error) for Mirror versus non mirror image distracters were M = .17 and M = .30. 

Insert Table 1 about here

This produced a 3 (Rotation) x 2 (Connectivity) x 3 (Number of blocks) x 2 (Mirror) ANOVA (using the logarithmic transformation) which yielded main effects for Number of blocks F (2, 127) = 5.986, p = .003; Connected or non connected polygons F (1, 127) = 5.298, p = .023, with a two-way interaction of Connected and Mirror F (1, 127) = 4.863, p = .029.  The means for the interaction were Connected and Mirror (M = .18), non Connected and Mirror (M = .31), non Mirror and Connected (M = .16), and non Connected and non Mirror (M = .27).  The one-way simple ANOVA for mirror revealed a significant result of, F (1, 127) = 8.27, p = .005.

Insert Figure 2 about here

Next, to further explore the effect of Mirror versus non-Mirror distracters, we examined whether participants who had made a mistake on a test question were in fact more likely to pick mirrored distracters over other types of distracters.  A chi-square analysis of mirror versus non-mirrored selection for incorrect answers yielded a significant effect X2 (1, N = 445) = 4.55, p = .033.

Finally, the Compactness score of each referent image was analyzed.  As expected, the Compactness score was inversely related to the number of errors made on the question, r(198) = -.25, p < .001.

Discussion

We were surprised to find that the amount of rotation of the target image from the referent image was not significantly associated with the error rate in the mental manipulation test.  The reason for this finding may have been that participants were using strategies other than mental rotation in order to answer the questions.  Results from two verbal protocols gave the clear indication that participants were using strategies other than mental rotation in order to compare the referent image with the target and distracter images.  As Figure 1 indicates, the block figures used during this study were enclosed within an outside grid.

    There are two main findings.  First, we found that the overall complexity of an image was associated with the error rates of spatial manipulation tasks even when mental rotation was not the main problem-solving strategy.  The variables contributing to overall complexity were the number of blocks, connectivity, and compactness.  We found that increases in the number of blocks in the referent image and a less compact referent image both related to increases in error rate; probably by introducing more specific points to compare between the referent and the possible answers. 

Our second major finding was that when participants did make an error, they were more likely to choose a mirrored distracter.  In other words, on incorrect questions that included mirror image distracters, participants were more likely to pick the mirrored image distracter over other types of distracters.
 Our findings are consistent with research indicating that participants have difficulty determining the handedness of images (i.e., whether an object is a mirror image) if the images are “wire forms” or “contour” shapes (Farah et al. 1994).  The images in our study were two-dimensional block images, which were more similar to the “wire forms” of the Farah et al. (1994) study than to the three dimensional clay forms of the Farah et al. (1994) study.  The comparison is important because it suggests that even if non-rotational strategies were being used by the participants in our study, the (two dimensional) stimuli being used still may have an effect on the overall error rate. 
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Figure Caption

Figure 1.  Sample multiple choice test question of non connected polygons used for the HMD study.  The first image is the referent polygon and the three following images are the possible solution polygons.  The line is the area where participants where to write their answers.

Figure 2.  Interaction of error rates and Mirrored and non Mirrored distracters with Connected and non Connected polygons.

Table 1.  Mean and standard deviation scores for error rates. 
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Mean (+Standard Deviation) Error Rates (N=198)
Degree

Of Rotation
Mean (+STD)

90
  

 .22 (.18)

180
  

 .24 (.21)

270


 .24 (.20) 

Connect

Disconnect
.21 (.17)

 .26 (.22) 

Mirror

Non-Mirror
.17 (.16)

 .30 (.21)

Number of 

Blocks

Mean (+STD) 

7
  

 .17 (.13)

9
  

 .25 (.22)





11
  

 .27 (.22)
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