
ABSTRACT 
 

Mountjoy, Daniel Neal.  Perception-Based Development and Performance Testing of a 

Non-Linear Map Display. (Under the direction of Dr. Sharolyn A. Converse and Dr. 

James R. Wilson.)   

The use of non-linear display methodologies has been successfully 

demonstrated in a number of text-based and simple, graphic network applications; 

however, most studies have focused on computational efficiency with very little 

attention to human perceptual limitations.  While the benefits of non-linear displays 

are purported to be due to additional context with no loss of required detail, reports of 

end-user performance gains have been limited at best.  This research entailed the 

design of a non-linear tactical map display, where the distortion parameters were 

based upon empirical test results of navigation-related tasks combining various scales 

and distortion techniques.  A total of three experiments were conducted: two to define 

the non-linear display parameters, and the third to attempt to validate the display 

through a performance test using military participants.  Results indicate that additional 

scales can indeed be combined on the same map surface with no significant penalty in 

navigation accuracy.  However, there may be a response time difference depending on 

the particular distortion technique applied.  A modified fisheye distortion proved to be 

better suited to this task environment than a Cartesian bifocal distortion.  Performance 

testing versus a traditional, pan and zoom display interface yielded no differences in 

navigation task accuracy or response times.  However, the expected gain in random 

event detection (through display of additional context) was not evident.
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1.  INTRODUCTION 
 

At the height of the Cold War in 1968, the U.S. Army consisted of roughly 

1,570,000 active personnel (U.S. Department of Defense, Directorate for Information 

Operations and Reports, Statistical Information Analysis Division, 1995).  During the 

1989 fiscal year (following the toppling of the Berlin Wall and the declared end of the 

Cold War) the Army began a major downsizing effort with an end result of 495,000 

present-day active personnel (West and Reimer, 1996).  As one might expect, along with 

the decline of the “communist threat” military downsizing has occurred partly due to 

budgetary constraints, and because of political and philosophical changes in the manner 

in which the United States Government views its role in world peacekeeping (which is 

influenced, in theory at least, by the changing views among the U.S. population as a 

whole). 

Due to its relative lack of numbers, the U.S. military has now recognized more 

than ever the importance to win what is known as the information war; that is, in basic 

terms, gaining an upper hand on the enemy by knowing more about the battlefield and 

knowing it sooner (real-time situation awareness).  The Army must be sleeker, smarter, 

and faster than the enemy to maintain a high level of effectiveness.  This idea has been 

put into motion within the constructs of the future Army, Force XXI (U. S. Department of 

the Army, Training and Doctrine Command, 1994). 

As part of the Force XXI effort, the Army is currently funding research aimed at 

the development of advanced sensors, data transmission/telecommunication, and 

information display.  The bottleneck in this scheme is the display area along with the 

soldier’s ability to perceive and understand the growing volume of information.  
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Concepts such as virtual reality, voice recognition software, intelligent data filters, tactile 

displays, and gesture recognition are currently being explored as possibilities to improve 

the soldier-display interface.  The overall goal of the research is to enhance soldier 

performance through reduced workload and increased situation awareness. 

Unfortunately, the past decade of digitization research has not yet delivered on the 

promise of digital advantages.  One of the key difficulties rests in the bandwidth 

requirements of newly developed visual displays (i.e., the required data throughput for 

these displays to operate reliably and correctly).  Due to lack of sufficient display 

bandwidth, visual information is sometimes fragmented or simply cannot be displayed at 

all.  One innovative approach to reducing bandwidth requirements is the exploitation of 

the elasticity of the display surface.  Elasticity, as used here, is the ability to 

simultaneously display more than one scale on an electronic display – a sort of stretching 

or compression of the spatial information that is decidedly non-linear in its nature.  The 

non-linear display of map information is the focus of this research. 

 

1.1  Identification of the Problem 

Advances in information technology and subsequent “digitization of the 

battlefield” is providing an impetus to move away from the present-day world (where 

commanders and their staff typically rely on large paper maps for battle planning) 

towards digital maps displayed on computer monitors.  For battle planning and situation 

awareness, brigade level commanders typically utilize a 1:250,000 scale paper map 

attached to a vertical or horizontal 4’ x 8’ (or larger)  plywood mount.  However, in the 

confined spaces of vehicle-based command centers, conventional map boards are out of 
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the question.  The incorporation of large electronic displays is also limited by the 

vehicle’s interior dimensions.  This all points to the need to develop new methods to 

present large amounts of visual information in smaller, pixel-limited displays. 

Even in tent-based operations such as a brigade-level tactical operations center 

(TOC), the present technology advancement does not allow for a large screen display 

suitable for this type of application (i.e., portable, rugged, high resolution).  Digital 

display systems in the field today utilize a 35” (at most) diagonal monitor, with 20” or 

17” monitors more common. 

Furthermore, electronic display resolutions are typically 72 dpi (dots per inch) or 

less.  Color displays can range up to 100 dpi, while monochrome displays may reach 300 

dpi.  When compared to a paper map’s resolution of at least 9600 dpi, it is easy to see that 

detail is lost when electronic displays are used in an attempt to recreate the same area 

coverage.  

 

1.2  Current Approaches 

A typical method used to counter this problem is to provide a map of a scale of 

choice, and through the use of scroll bars, allow the user to pan around the map to 

explore various areas of interest.  If a more or less detailed view is desired, maps of 

different scales can be selected.  When using this methodology, however, updated 

information may be missed if it is not in the visible portion of the screen, and as a direct 

result, it becomes difficult to form an accurate mental image of the entire space.  The user 

must integrate the images from the various panned scenes in order to have a clear 

understanding of the context of the current situation – to have strong situation awareness.  
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There is evidence to suggest this is a difficult task (Henry & Hudson, 1991; Tolsby, 

1993).  Similar results can be expected when a magnified image area is displayed on top 

of or beside an original image.  An additional drawback of simple magnified images is 

the possibility that the magnified window may occlude important underlying information 

– information that was once peripheral to the magnified area.  Still another approach 

sometimes taken is to tile the image over multiple displays, where individual monitors 

display different pieces of the map.  Beyond the issues of bandwidth and pure monetary 

cost, this method can result in a “French window effect”, where information can be lost 

or fragmented due to the distraction caused by the transition space between displays 

(Schneiderman, 1992).  Given these integration issues (cognitive and otherwise), it is 

suggested that a single-window display should be developed that provides detail (focus) 

where needed, but at the same time provides enough information about outlying areas 

(context) to enhance situation awareness (the situation awareness construct will be more 

fully addressed in Section 2.4).  

 
1.3  Proposed Solution 

Brigade-level Army commanders are primarily concerned with their area of 

responsibility (AOR) and require detailed information in that area.  Outside of the AOR, 

only a lower-detailed “big picture” is necessary.  A display methodology to explore, then,  

is to provide a multiple-scale map display where only the area of current interest is 

displayed in a higher or magnified scale, and areas outside are de-magnified exploiting 

the elasticity of the electronic display.  By doing so, the spatial relationships between the 

inside and outside of the AOR may be distorted, but context is preserved through the 
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expanded area represented in the single display.  This display technique is often referred 

to as non-linear magnification or distortion-oriented display, and has been explored in 

areas such as geographical information systems (GIS), workspace awareness, large graph 

viewing, and hierarchical network navigation (Anderson, Smith & Zhang, 1996; Gutwin, 

Greenberg & Roseman, 1996; Sarkar & Brown, 1992; Schaffer, Zuo, Greenberg, 

Bartram, Dill, Dubs & Roseman, 1996).  A nice survey of applications in the information 

visualization domain is provided by Herman, Melancon & Marshall (2000). 

A rather large body of research in this field revolves around text-based, 

groupware applications where multiple individuals may be simultaneously working on 

the same document.  In these applications, text in the particular area of interest is 

magnified, while others’ work areas are de-magnified (see for example, Greenberg, 

Gutwin & Cockburn, 1996a; Greenberg, Gutwin & Cockburn, 1996b; Greenberg & 

Gutwin, 1995). 

Non-linear display techniques have never been pursued for the display of military 

tactical situation maps.  Furthermore, most existing references in this area describe 

various display techniques and computing algorithms, but have primarily focused on 

computing efficiency – very little has been reported on the associated human 

performance benefits.  While the following quote from Herman et al. (2000) is directed at 

the information visualization domain in particular, it appears to hold true throughout the 

literature on the benefits of non-linear display work in general: 

“Other than the usual reference to information overload and the 
occasional reference to the gestalt principle of closure, papers in 
information visualization rarely apply cognitive science and human 
factors.  This is for no lack of trying; very few of the findings in cognitive 
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science have practical applications at this time and very few usability 
studies have been done” (p.28). 
 
It certainly stands that, while maps can be distorted a great deal computationally, 

there is likely some perceptual limit to how much (and what type of) distortion can be 

tolerated without sacrificing user performance.  It is, therefore, critical that human 

perceptual and cognitive abilities are addressed from the start in the development of 

tactical mapping systems. 

 

1.4  Research Objectives and Approach 

For the purposes of this research, the operating definition of a non-linear map is 

as follows:  A non-linear map is one in which two or more scales and/or coordinate 

systems are combined within a single map product.  There are two main questions to be 

addressed by this research.  First, if a non-linear map display is to be developed, what 

type of distortion effects will lead to the least decrement in spatial interpretations (such as 

navigation task performance)?  This question is asked since two primary uses of maps are 

distance and heading estimation.  It is suggested, then, that in the construction of a map 

tool, one should ensure that the performance of these tasks is not detrimentally affected.  

Second, can non-linear map displays facilitate the monitoring of battlefield events better 

than traditional pan and zoom map displays? 

 To answer the two primary questions as stated above, three experiments were 

conducted.  Experiments I and II were basic perception studies meant to determine the 

“optimum” human-centered, non-linear map design parameters based upon scale changes 

and distortion types.  Experiment III assessed the performance benefits of using the non-
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linear mapping system versus a more traditional pan and zoom approach.  The 

methodology and results of each of these experiments is provided in the three chapters 

following the literature review. 

 

1.5  Organization of the Dissertation 

The remainder of this dissertation is organized as follows:  Chapter 2 contains the 

literature review.  Chapters 3 and 4 detail the two perception experiments performed to 

establish the human-centered design parameters for non-linear maps.  Chapter 5 describes 

the performance study carried out in an attempt to validate the findings of the perception 

experiments.  The main portion of the dissertation ends in Chapter 6, which provides a 

general discussion and recommendations for further research.  References, appendices 

and a glossary are provided in Chapters 7-9. 
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2.  LITERATURE REVIEW 
 

 The literature review is separated into three sections.  First, historical research on 

the application of non-linear displays is reviewed, followed by a section on 

psychophysics and graphical perception – a look at human perceptual abilities in relation 

to graphical elements such as line lengths and distance estimations.  These are viewed as 

important issues in the development of the specific approach taken in this dissertation 

research.  The third section provides an overview of the concept of situation awareness 

along with associated measurement methodologies, and is meant to provide the 

foundation to understand the reasoning behind the specific display evaluation paradigm 

undertaken here. 

 

2.1  Non-Linear Display Research 

Although a non-linear display may be new to military applications, the concept 

has been around since at least the mid-1980s when George Furnas presented a “fisheye 

view” approach to displaying large volumes of text in computer programs and databases.  

According to Furnas (1986) the fundamental motivation was to provide a balance 

between local detail and global context (e.g. understanding a single line of code versus 

understanding its purpose in the function in which it resides).  The fisheye view approach 

was a success in this particular application.  When tested in a code navigation-related 

task, subjects performed better (i.e., provided more correct responses) when using fisheye 

views than the standard, “flat” view. 

 Sarkar and Brown (1994) took Furnas’s fisheye concept in another direction, 

applying it to graphical structures.  This work focused primarily on the development of 
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efficient algorithms for generating and displaying fisheye views, and no results of their 

own performance testing were presented.  However, other researchers have carried out 

performance tests in this area.  For example, Schaffer, Zuo, Greenberg, Bartram, Dill, 

Dubs & Roseman (1996) found favorable results when using a fisheye display to navigate 

hierarchically clustered networks such as a telephone network.  Subjects were asked to 

find breaks in lines, and to “repair” the network by re-routing lines to other nodes in the 

network.  The fisheye display was tested versus a full zoom approach where subjects 

could alternately zoom and un-zoom to locate problems.  Subjects took less time to 

perform the task and required less navigation (zooming and un-zooming) when using the 

fisheye display.  Schaffer et al. suggest that better performance was due to the greater 

context provided in the fisheye views. 

 

2.2  Distortion Algorithms 

 Although everything discussed to this point has been labeled “fisheye” display, 

there are, in fact, several different algorithms available to generate various types of 

distortion effects.  Leung and Apperley (1994) provide a comprehensive guide to 

classifying various distortion-oriented presentation techniques along with example 

functions used to generate them.  Depending on the intended application, one type of 

distortion may be better suited than another.  Two major types of transformation 

functions exist: continuous and discontinuous. 

The fisheye display is generated by a continuous transformation function where a 

selected display area is magnified, but none of it is held completely in focus (see Figure 

2.1).  Discontinuous functions, however, generate at least one distinct, magnified area of 
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focus.  Outlying areas (depending on the characteristics of the transformation function) 

are de-magnified, and can either be in or out of focus. 

 
Figure 2.1.  Standard fisheye distortion. 
(Source: Keahey, 1998). 

 

In addition, transformations can be performed using either Cartesian (Figures 2.2 

& 2.3) or polar coordinates (Figure 2.4).  A variety of non-linear transformations can be 

applied to maps that distort the point-to-point distances to reduce map size, but retain the 

spatial gestalt of the situation.  The first is the bifocal display (Spence & Apperley, 1982), 

which differentially magnifies map center and surround.  For illustration purposes, a 

linear grid (Figure 2.2) is distorted using the bifocal approach as shown in Figure 2.3.  

While the relative positions of the crosshairs are maintained, the increased coverage area 

(i.e., context) of the grid is readily apparent.  Another mockup of the bifocal distortion 

was applied to a real map (Figure 2.5) with the resulting transformed map shown in 

Figure 2.6.  Notice that the map is quite a bit smaller in size, but retains the spatial 

relationships in a distorted form. 
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Figure 2.2.  Uniform grid.  

 

 
Figure 2.3.  Example bifocal grid (at 0.25X demagnification outside the  
area of responsibility).  The crosshairs are located in the same relative  
positions as in Figure 2.2. 
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Figure 2.4.  Example grid transformed into polar coordinates outside a 
designated linear area (also known as the modified fisheye distortion).   

 

 An alternative compression algorithm similar to the fisheye concept uses polar 

coordinates to modify the map based on location relative to the map center (Figure 2.4).  

This map has a linear center and a surround collapsed about it.  Although distances are 

distorted, the polar transform preserves directional relationships between the center and 

surround.  This is referred to as a “modified fisheye” distortion (Mountjoy & Marshak, 

1998). 

 Several distortion techniques have been described in this section, and some have 

been purported to be successful in domains other than battlefield mapping.  Yet, there is 

an obvious lack of human-centered design and documented results of usability testing.  
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The challenge and goal of this research, then, is the determination of which distortions (if 

any) are best suited for use in mapping applications, specifically those used in tactical 

environments.  The specific research questions to be addressed are outlined later in this 

document. 
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Figure 2.5.  A standard 1:67K scale map of the Baghdad, Iraq area.
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Figure 2.6.  Mockup of the map from Figure 2.5 after undergoing a  
Cartesian demagnification (0.5X) in areas outside of grid location 10. 

 
 

2.3  Graphical Perception 

 Before one can determine the effect of combining multiple scales on a single map 

surface, there must be some knowledge regarding human abilities to estimate distances 

and headings (or angles) in the more usual, linear sense.  This section provides a brief 

review of historical research in psychophysics to help address this issue. 
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2.3.1.  Weber’s Law 
 

Arguably one of the first derived and fundamental laws of human perception, 

Weber’s Law (Weber, 1834) describes the relationship between the intensity of a 

stimulus and the percentage of change in intensity necessary for detection (or, the just 

noticeable difference – JND).  In particular, the magnitude of the JND is said to be a 

constant percentage of the stimulus intensity, so that the greater the stimulus intensity, 

the greater the magnitude must change before a change in intensity is noticed.  Expressed 

mathematically 

JND = KS, 

where S is the magnitude of the stimulus, and K is a constant called the Weber fraction 

(Goldstein, 1984). 

While originally formulated through experiments with hand-held weights, the law 

has been shown to hold for a variety of human senses, so long as the stimulus intensity is 

not too close to the threshold or extremely large (Goldstein, 1984; Foley & Moray, 1987; 

Matlin, 1988; Bennet, Nagy & Flach, 1997).  While no literature has been found 

describing its direct relationship to judged distances per se, Weber’s Law has been shown 

applicable in detecting differences in line lengths (Cleveland, 1985).  Baird (1970) 

reports line length JND values in the range of three to five percent.  Since judging the 

distance between two objects can simply be viewed as judging the length of an imaginary 

line between them, it seems logical to assume the same perceptual relationship exists for 

distance estimations. 
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2.3.2.  Stevens’ Law 
 

Extensive research by Stevens (1957) has shown that, when asked to judge the 

magnitude of a particular stimulus when compared to a standard, an individual’s 

perceived scale equals the actual scale raised to some power.  Stevens’ Power Law, as 

this relationship is sometimes known, is expressed mathematically as 

p(x) = cxβ, 

where x is the magnitude of a standard stimulus, p(x) is the perceived magnitude, and c is 

a constant.  If β > 1, the perceived magnitude grows faster than the magnitude of the 

stimulus, and if β < 1, the perceived magnitude grows more slowly than the magnitude of 

the stimulus. 

In the case of judging line lengths, β has been shown to range from 0.89 to 1.1 

(Baird, 1970; Cleveland, 1985; Foley & Moray, 1987).  In other words, humans tend to 

be quite good at length estimations.  Although a β value was not computed, Cleveland 

(1985) reported that angle judgments are generally worse than length judgments.  

Example exponents for several different stimuli along with how they were measured are 

provided in Table 2.1. 
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TABLE 2.1.  Example exponents for Stevens’ Law. 
Dimension Exponent How Measured 

Brightness .33 Small target in the dark 
Loudness .67 Sound pressure of a high tone 
Taste .8 Saccharine 
Length 1.0 Projected length of line 
Taste 1.4 Salt 
Heaviness 1.45 Lifted weights 
Warmth 1.6 Metal contact on arm 
Electric shock 3.5 Electric current through fingers 

Source:  Adapted from Matlin, 1988. 

 
2.3.3.  Discussion of Graphical Perception 
 

Psychophysical relationships of numerous stimulus types have been studied for 

many decades, and data have been compiled to describe them mathematically.  It can be 

seen that in cases where line lengths are judged, humans tend to be quite accurate.  

Perhaps this can be attributed to our frequent experience with rulers and other measuring 

instruments (Goldstein, 1984).  Since the need to combine more than one scale (not to 

mention coordinate systems) on a single measuring device has not historically been an 

issue, the perceptual effects of doing so are, at this point, unknown.  This is the first 

research question addressed in this dissertation. 

 

2.4  Situation Awareness and Performance Testing 

While spatial and angular relationships between specific entities are important, it 

is also important to provide a more global view of the battlespace (i.e., contextual 

information), such that a commander can maintain an accurate mental image of 

battlefield composition.  In military operations, a situation map is the map on which 

avenues of approach, lines of defense, and other critical battle boundaries are drawn.  
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Unit locations are symbolized on the map, and are updated throughout the course of the 

battle.  For all intents and purposes, it serves as the commander’s window into the 

battlefield – the fundamental visual resource required for maintaining so-called situation 

awareness.  It is this type of map on which the non-linear distortions will be applied. It 

follows, then, that a critical piece of this research is the performance testing of the non-

linear display to determine if such a concept will indeed enhance user performance 

through the presentation of greater contextual information. 

Perhaps the most important issue in the use of non-linear displays is how they 

may affect a commander’s awareness of the important elements and events on the 

battlefield (battlefield awareness).  It is quite possible that non-linear map displays can 

enhance battlefield awareness since they have the ability to display a greater amount of 

real estate in the equivalent standard display space.  However, if a greater amount of 

effort is required in the interpretation of unit locations, for example, the increase in 

workload associated with use of a distorted map may outweigh the benefits of additional 

viewing area. 

 The concept of battlefield awareness is theoretically encompassed in the construct 

of situation awareness (SA).  Situation awareness is a concept that has exploded 

throughout human factors literature in recent years, particularly in aviation and military 

domains (see, for example, Adams, Tenney & Pew, 1995; Endsley 1995a; Endsley 

1995b; National Research council, 1997; Sarter & Woods, 1991; Sarter & Woods, 1995).  

While seemingly a research hotbed, it is a topic surrounded in controversy since there is 

no universally accepted definition, and some even contest that it is nothing more than a 
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new “buzzword” attached to the same perception and cognition research that has been 

performed for decades.   

While a single-most accepted definition does not exist, researchers interested in 

SA generally agree it is more than simply knowing what elements are present in the 

environment of interest.  It also has a great deal to do with the meaning of those elements, 

both in the present and future states of events (National Research Council, 1997).  By this 

description, it should be obvious why the construct of situation awareness is an important 

issue in a combat environment.  A commander must make critical decisions based upon 

his or her understanding of current state of affairs on the battlefield, as well as projections 

of possible enemy courses of action and their predicted effects on the current friendly 

mission. 

The intent of bringing the SA topic into discussion here is not necessarily to 

advocate any particular definition as being the best, nor is it to argue whether it is a new 

phenomenon.  Rather, it is simply the author’s opinion that the concept is useful as a term 

descriptive of a type of research – a research genre, perhaps.  Because of the controversial 

nature of the subject, this research will address individual performance components, and 

will eventually leave the SA label behind.  However, before abandoning SA completely, 

it is important to understand how researchers attempt to measure SA.  In other words, 

what types of subjective and objective performance measures are generally taken to 

address the ability of a display to provide situation awareness? 
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2.4.1.  Definitions and measurement of situation awareness 
 

According to Adams, Tenney & Pew (1995, p. 85), “situation awareness refers to 

the up-to-the-minute cognizance required to operate or maintain a system.”  Sarter & 

Woods (1991, p.52) define SA as “the accessibility of a comprehensive and coherent 

situation representation which is continuously being updated in accordance with the 

results of recurrent situation assessments.”  A widely published supporter of  SA 

research, Endsley (1995a, p.37) has provided the following general definition: “Situation 

awareness is the perception of the elements in the environment within a volume of time 

and space, the comprehension of their meaning, and the projection of their status in the 

near future.”   She breaks this definition down into three hierarchical levels of SA: Level 

1 SA is described as the perception of the elements in the environment; Level 2 SA is the 

comprehension of the current situation; and Level 3 SA is the prediction of future 

states/events based upon knowledge of the first two SA levels. 

To measure SA, Endsley (1995b) has developed the Situation Awareness Global 

Assessment Tool (SAGAT), which she claims to be a global measure of all SA elements 

based upon comprehensive assessments of operator SA requirements.  SAGAT includes a 

number of queries regarding Level 1, 2 and 3 SA components, and considers system 

functioning as well as external environment features.  SAGAT employs a “freeze 

technique” where the simulation is halted (and screens blanked) during queries.  While 

this is done to avoid interference of the queries with normal operator performance, a halt 

in the simulation would seem to have a similar interference effect. 

Other SA measurement techniques include subjective ratings like the Situation 

Awareness Rating Technique (SART ) introduced by Taylor (1990 as cited by Endsley, 
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1995b), and the Subjective Workload Dominance (SWORD) measure (Vidulich, 1989).  

SART allows operators to rate system designs based upon the perceived amount of 

attention required, the amount of attention resources available, and their understanding of 

the task.  SWORD requires users to make a number of pairwise comparisons between 

competing display designs regarding the degree to which one display provides SA versus 

the other (Endsley, 1995b).  A drawback of subjective ratings is that, although ratings 

may correlate with performance measures, it is unclear whether the SA ratings are 

influenced by task performance, or task performance is caused by a particular level of 

SA.  In other words, a cause and effect relationship cannot be positively concluded (see 

Flach, 1995 for an in-depth discussion regarding the dangers of assuming SA to be a 

causal agent). 

Because of the uncertainty in defining SA, particularly as a directly measurable 

variable, and since SA is generally thought to be positively correlated with performance, 

traditional performance measures will be recorded during this research effort.  Further, 

since mental workload is generally associated with available attention resources, 

subjective workload ratings will also be employed. 

 
2.5  Implications of Literature Review / Motivation for Research 

 Of all of the reviewed literature dealing with the topic of non-linear display 

magnification, few articles deal with end-user performance as a primary concern.  Most 

tend to revolve around the programming techniques utilized to create the distortions.  

When the user has been included in evaluations, end-results seem to provide evidence of 
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enhanced performance.  However, historical applications have generally been text-based 

or limited to simple graphics such as network diagrams. 

Can the same positive results be expected when non-linear distortions are applied 

to a tactical situation map?   It seems perfectly reasonable to believe so, but given the 

dangerous consequences involved due to the volatile operating environment in which 

these tactical maps may be used, it is critical that the distortion parameters be based upon 

human perceptual abilities, not simply software know-how.  A host of work has been 

performed in psychophysics to show that humans are fairly accurate judges of length, and 

to a lesser degree, angles.  However, since there is no known literature that documents 

perceptual abilities in tasks where different scales and/or coordinate systems are 

contained in the same visual space, this is the first issue to be examined. 

Furthermore, once simple perceptual abilities have been examined, it is necessary 

to test the display in a scenario with tasks more similar to those of the intended end-

application – one that involves searching and monitoring for both expected and 

unexpected events.  The following section outlines the specific procedures implemented 

to meet these requirements. 
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3. EXPERIMENT I: THE EFFECT OF SCALE CHANGE ON MILEAGE 
ESTIMATION 

 
 
The purpose of this experiment was to determine the effects of map scale (single-

scale versus multi-scale) on mileage estimation ability.  That is, are the errors in mileage 

estimation any worse when using multi-scale maps than those when using standard, 

single-scale maps?  Three hypotheses are addressed in Experiment I: 

 
 Hypothesis 1. The introduction of multiple scales within a single map surface will 

decrease distance estimation accuracy. 
 
 Hypothesis 2. The introduction of multiple scales within a single map will 

increase distance estimation response time. 
 
 Hypothesis 3.  The introduction of multiple scales within a single map surface will 

increase subjective workload during mileage estimation. 
 

3.1 Method 

3.1.1 Subjects 
 

A total of 84 individuals (43 men and 41 women) volunteered to participate in  

this study.  Subjects were a mixture of undergraduate and graduate students studying a 

variety of disciplines at North Carolina Agricultural & Technical State University.  The 

participants’ average age was approximately 23 years old. 

 

3.1.2 Apparatus 
 

All stimuli were presented on a 17” diagonal monitor set to a display resolution of 

1024 x 768 pixels and 24 bit colors, while the CPU contained a 100 MHz Pentium 

processor.  The software collected performance data (accuracy and response times) online 
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during the experimental trials.  The experimental software was created using the rapid 

prototyping and simulation package, Rapid (Emultek Ltd., 1997). 

 
3.1.3 Experimental Design 
 

To control for asymmetrical transfer of learning, a between subjects design was 

chosen.  Subjects were assigned to one of seven treatment groups based on the order in 

which they arrived for testing (i.e., first arrival was assigned to first cell, second arrival to 

second cell, etc.).  The independent variables for this experiment were Scale Type (seven 

levels) and Target Pair (twelve levels).  The seven levels of Scale Type consisted of the 

following: One-Inch Linear, Half-Inch Linear, Quarter-Inch Linear, Half-Inch Bifocal, 

Quarter-Inch Bifocal, Modified Fisheye, and Half-Inch True Bifocal.  The last display 

condition is labeled “True” because it is the only non-linear condition that solely 

included non-linear estimations (i.e., in the other three conditions, four of the twelve 

different target pairs fell within the linear center).  The Half-Inch True Bifocal condition 

only contained target pairs that fell across the different scale boundaries.   Note that this 

seventh condition was added at a later date to ensure that any effects of non-linear 

estimations were not diluted due to a combination of linear and non-linear estimations.  

The twelve levels of Target Pair consisted of pairs of targets having different inter-target 

distances (the targets are described in more detail below). 

Dependent variables were Mean Absolute Error, Response Time, the NASA-TLX 

measure of Overall Workload, as well as its individual indices of Mental Demand, 

Performance, and Frustration Level.  While the TLX indices of Temporal Demand, 

Physical Demand, and Effort were not examined individually (it was assumed a priori 
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that these factors would not significantly contribute to overall workload differences in 

this task), they were still included in the calculation of the overall workload measure. 

3.1.4 Stimuli 
 

The background on which all stimuli were presented consisted of a 1” x 10” grid 

divided into either three, five, six, seven, nine or twelve subsections depending on the 

experimental treatment.  Targets were ¼” diameter white circles with red crosshairs 

running through their centers.  The grids were located in the center of a 17-inch diagonal 

color monitor with a black background.  Mileage scales were located beneath the grids 

(see Figures 4.1 – 4.6 below).  

 
Figure 3.1.  One-Inch Linear scale grid. 
 

 
Figure 3.2. Half-Inch Linear scale grid. 
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Figure 3.3.  Quarter-Inch Linear scale grid. 
 

 
Figure 3.4.  Half-Inch Bifocal and Half-Inch True Bifocal grid. 
 

 
Figure 3.5.  Quarter-Inch Bifocal grid. 
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Figure 3.6.  Modified Fisheye grid. 
 
 
3.1.5 Procedure 
 

Upon reporting for the experiment, participants were briefed regarding the 

purpose and basic procedures of the study, and were then asked to sign a consent form. 

Demographic data collected included age, gender and field of study.  Each participant 

was asked to subjectively rate their mathematical and spatial reasoning abilities on 

separate five-point Likert scales (ranging from “Much Below Average” to “Much Above 

Average”).  They were also asked to disclose if they had prior experience using maps for 

activities other than driving, and if so, to explain their experience.  The questionnaire can 

be found in Appendix B.  It is acknowledged that subjective ratings of mathematical and 

spatial reasoning aptitude are not terrifically reliable, however, the ratings were included 

to see if future research in this area may be warranted. 

The experimenter demonstrated the software for the subjects and explained the 

task to be performed.  Subjects were then given time to become familiar with the 

apparatus before the start of data collection, and were positioned at a “normal” viewing 

distance (approximately 24 inches) from the monitor.  Participants were instructed that 
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accuracy was most important, but to work quickly.  They were informed that accuracy 

and response time data were being recorded.  Once the individual was satisfied with their 

understanding of the task, the experimental trial was initiated. 

At the start of the task, the grid and mileage scale(s) were presented in the center 

of the screen, where they remained throughout data collection.  Following a five-second 

waiting period, a randomly selected set of two targets appeared on the grid.  Subjects 

were to estimate (as accurately as possible) the mileage between target centers based 

upon the scale(s) provided below the grid, and key in their estimate using the keyboard.  

Response times were recorded as the time lapse between target presentation and the 

moment the first key was pressed.  When the “Enter” key was pressed, the targets 

disappeared, and a five-second inter-stimulus timer began.  A different set of targets was 

presented following each inter-stimulus break. 

The location of targets with respect to the grid was varied (left, right, or center) so 

that an equal number of targets appeared in each sector (four in each).  A total of twelve 

different target pairs were presented exactly twice in a randomized order, resulting in a 

total of 24 different mileage estimates.  Randomization of target presentation was 

controlled to prevent the same pair from appearing immediately following its first 

presentation (i.e., the same pair of targets could not appear twice in a row).  The two 

estimates for repeated target presentations were then averaged to obtain twelve estimates, 

one for each target pair.  The computerized version of the NASA-TLX workload 

assessment technique was administered immediately following completion of the mileage 

estimation task. 
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3.2 Results 

Each performance measure (Mileage Estimation Accuracy and Mileage 

Estimation Response Time) was analyzed using a mixed-factor analysis of variance 

(ANOVA), where Scale Type was the between-groups factor (7 levels) and Target Pair 

was the repeated-measures factor (12 levels).  Because the administration of NASA-TLX 

was performed after the experiment (and hence only one set of measures per subject), 

workload indices were analyzed via a single factor (Scale Type) ANOVA in a between-

subjects design.  All statistical analysis was performed using the SAS software.   

3.2.1 Mileage Estimation Accuracy 
 

While the ANOVA results showed no significant differences in mileage 

estimation accuracy for Scale Type, F(6,77) = 1.65, p < .15, the effect of Target Pair was 

significant, F(11,847) = 28.82, p < .0001.  Figure 3.7 shows the relationship between the 

mean estimation error and the twelve target pairs.  The correlation between the mean 

absolute error and the actual distance between targets was also found to be significant, r = 

.395, p < .0001.  The Scale Type x Target Pair interaction was not statistically significant, 

F(66, 847) = 1.12, p < .25. 
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Figure 3.7.  Mean mileage estimation error for each of the twelve target pairs. 
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3.2.2 Response Time 
 

Due to a significant interaction between Scale Type and Target Pair, F(66,847) = 

1.81, p < .0001, no appropriate error term is available by which to calculate an F-ratio for 

Scale Type.  In this case, it is necessary to calculate a quasi-F value (designated here by 

F�) for the effect of Scale Type on response time (Keppel (1982), provides a more 

detailed discussion on the use and derivation of this technique).  The quasi-F and its 

associated degrees of freedom was calculated as F� (6,98) = 3.18, p < .007.  It is 

concluded, then, that the main effect for Scale Type on response time was significant.  A 

pairwise comparison of means (via Tukey’s Studentized Range Test) revealed the 

significant differences occurred between the Half-Inch Linear and Modified Fisheye 

conditions (means of 5.9 and 12.6 seconds respectively), as well as the Half-Inch Linear 

and Half-Inch True Bifocal (mean = 13.5 seconds) conditions.  See Figure 3.8 for a 

summary of the response time data for each scale type.  The effect of Target Pair was also 

found to be significant, F(11,847) = 16.29, p < .0001.  This data is summarized in Figure 

3.9.  Figure 3.10 and 3.11 illustrate the nature of the Scale Type x Target Pair interaction.   
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Figure 3.8.  Mean response times for the mileage estimation task. 
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Response Time for Target Pairs
Across All Scale Types
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Figure 3.9.  Mean response time values for each target pair across the seven scale 
types.  The target pairs were sorted along the x-axis in order of increasing distance 
between targets. 
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Figure 3.10.  Interaction between the scale types and the target pairs on estimation 
response time.  The targets are again sorted in order of increasing distance between them. 
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Scale Type x Target Pair Interaction for Response Time
(Grouped as Linear Versus Non-Linear)
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Figure 3.11.  Interaction between the scale types and the target pairs.  To simplify the 
interpretation of Figure 3.10, displayed response times are combined means of linear and 
non-linear scale types. 

 

3.2.3 Perceived Workload 
 

Results of the single factor ANOVA showed no significant differences in the 

Overall Workload Index (a combined measure of each of the six NASA-TLX workload 

indicators), F(6,77) = .70, p < .65.  In addition to the Overall Workload Index, individual 

workload indices of Mental Demand, Performance, and Frustration Level were examined.  

Again, no statistically significant differences were found in any of these indices; 

however, an inspection of the mean values for Performance seemed to indicate a slight 

trend towards less confidence in performance level in the non-linear scale types.  In fact, 

when grouped according to major scale types (linear versus non-linear), the ANOVA 

yielded a significant difference in the Performance ratings, F(1,82) = 18.65, p < .0001, 

where the mean rating for linear scale types was 28.9 and the mean rating for non-linear 
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scale types was 38.5  (Figure 3.12).  Although this secondary grouping and analysis may 

be viewed as a re-use of data, and hence raising the family-wise type I error, the 

computed alpha level is small enough to eliminate any concerns of falsely rejecting the 

null hypothesis. 
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Figure 3.12.  Mean performance ratings for mileage estimation task (note that lower 
numbers constitute higher satisfaction with performance). 
 

3.2.4 Individual Differences 
 

A multi-correlational analysis was performed between each of the dependent 

variables and the participants’ gender, subjective ratings of mathematical ability (MA) 

and spatial reasoning (SR), and map experience.  Results of this analysis indicated no 

significant correlations between either of the subjective abilities and response accuracy 

and response time.  However, a significant correlation was obtained between MA and the 

NASA-TLX index of Performance, r = -.25, p < .02.  A correlation approaching the .05 

alpha level was found between SR and the TLX Performance index, r = -.21, p < .06.  

Still another significant correlation was determined between map experience and the 
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TLX Mental Demand index, r = -.21, p < .05.  The interpretation of these correlations is 

provided in the discussion below.  No gender differences were found. 

3.3 Experiment I Discussion 

Results of Experiment I indicate that the combination of more than one scale 

along a horizontal axis does not have a statistically significant effect on mileage 

estimation accuracy.  Accuracy, however, was affected by the distance between target 

pairs as illustrated in Figure 3.7.  In particular, error increased as the distance between 

target pairs increased.  This finding supports what would be expected due to Weber’s 

Law, that errors increase as a constant percentage of the actual stimulus intensity or 

dimensions.  In this case, the errors were generally between 11-13% of the inter-target 

distance. 

It was found that response time increased as additional scales were included along 

the grid.  In particular, the significant differences were found between the Half-Inch 

Linear scale with both the Modified Fisheye and True Half-Inch Bifocal scale types (the 

longest response times belonging to the Modified Fisheye and the ½” True Bifocal scales, 

the shortest to the ½” Linear scale).  This increase was expected since with the addition 

of scales comes the necessity to perform additional mental calculations before an answer 

can be formulated.  Furthermore, a response time increase might be expected given the 

pure novelty of the non-linear treatment conditions.  It is quite possible that the 

magnitude of the increase would diminish with additional exposure to the non-linear 

conditions. 

The distance between the individual target pairs was also found to affect the 

mileage estimation response times.  Figure 3.9 illustrates the trend for response times to 
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increase as the distance between targets increased (which is also supported by the 

significant correlation).  The significant interaction between Scale Type and Target Pair, 

as shown in Figures 3.10 and 3.11, reveals that response times increased for all display 

types with increasing distance between targets, but the increase was more abrupt for the 

non-linear than the linear scale types.  This, again, can be attributed to the need to 

combine more than one scale in the estimation process, thereby amplifying the general 

trend seen in Figure 3.9. 

Overall Workload was not affected by the addition of scales.  This finding may be 

due to the relative simplicity of the task itself, since it was a simple perception study with 

no experimentally-imposed time restrictions.  While the individual workload index, 

Performance, did not differ significantly when the scale types were examined 

individually, an examination in which linear and non-linear scale types were grouped in 

kind, shows that the participants in the non-linear conditions felt less confident/satisfied 

in their performance level than those in the linear conditions.  This confidence difference 

exists in spite of the fact that the actual performance level (i.e., accuracy) was not 

significantly different between major scale types.  Again, this is most likely due to the 

novelty of the non-linear stimuli.  It is suggested that satisfaction levels would likely 

increase as individuals become more accustomed to working with multiple scale grids. 

Results in the examination of the individual difference data indicate a negative 

correlation between the participants’ subjective mathematical and spatial reasoning 

ability level with their satisfaction/confidence in task performance.  The negative 

correlation would seem to be counter-intuitive, however, the TLX rating scale for 

Performance ranges from 0 (Good) to 100 (Poor).  So, in essence, the more confident the 
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individual with their mathematical and spatial reasoning abilities, the more confident they 

were in their performance level (regardless of what the accuracy and response time data 

actually showed).  Based on the significant correlation between map use and the Mental 

Demand index, participants who claimed to have experience with maps (for other than 

driving purposes) seemed to think the task was less mentally demanding than those with 

no map experience, but again, there was no significant relationship with their actual 

performance level.  The lack of significant correlations between the individual 

differences and performance data may be due, at least in part, to unreliable subjective 

aptitude ratings. 

The results of this experiment indicate no significant detriment in mileage 

estimation accuracy, but an increase in estimation response time when using multiple 

scale maps.  This task, however, was limited to a one-dimensional estimate along a 

horizontal axis.  The next obvious step, then, is to determine if these findings are 

isotropic.  That is, are people as accurate at estimating distances at various stimulus 

orientations?  How are response times affected by target orientation?  The issue of angle 

estimation must also be addressed since this is the other principle navigation task for 

which maps are used.  Furthermore, as discussed in the literature review, various types of 

distortions can be applied to map images.  Which distortion type is best suited to these 

navigation tasks?  Experiment II was designed to explore these questions. 
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4.  EXPERIMENT II: THE EFFECT OF DISTORTION TYPE ON MILEAGE 
AND HEADING ESTIMATION 

 

The purpose of this experiment was to determine if one of two distortion types, 

Cartesian or polar, is better suited to navigation performance than the other, and to 

validate the performance findings from Experiment I in a two-dimensional domain.  

Performance in heading estimation was added to the basic paradigm followed in the 

Experiment I method.  The specific hypotheses addressed are: 

 
Hypothesis 1:  Mileage estimation accuracy will decrease when viewing targets 
on a distorted grid-type. 

 
Hypothesis 2:  Response time during mileage estimation will increase when 
viewing targets on a distorted grid-type. 

 
Hypothesis 3:  Heading accuracy will decrease when viewing targets on a 
distorted grid-type. 

 
Hypothesis 4:  Response time during heading estimation will increase when 
viewing targets on a distorted grid-type. 

 
Hypothesis 5:  Perceived workload will increase when targets are viewed on a 
distorted grid-type. 

 
 
4.1 Method 

4.1.1 Subjects 
 

Forty-eight individuals (23 men and 25 women) participated in this study.  Of the 

forty-eight, forty-two were students enrolled in a variety of undergraduate and graduate 

disciplines at North Carolina A&T State University, while the remaining six were staff 

members in the Department of Industrial and Systems Engineering at North Carolina 

A&T State University.  The average age of the participants was approximately 24 years 
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old.  All subjects were paid ten dollars upon their completion of the experiment, and 

some students were given extra credit by course instructors for participation in the 

experiment. 

 

4.1.2 Apparatus 
 

As in the first experiment, the software for this experiment was created using 

Rapid.  All stimuli were presented on a 17” diagonal monitor set to a resolution of 1024 

x 768 pixels and 24 bit colors, while the CPU contained a 400 MHz PentiumII 

processor.  The software collected performance data (accuracy and response times) online 

during the experimental trials. 

 
4.1.3 Experimental Design 
 

A between subjects design was again chosen to control for possible asymmetrical 

transfer of learning effects.  As in Experiment I, subjects were assigned to one of three 

experimental conditions based on the order in which they arrived for testing.  The 

independent variables for this experiment were Distortion Type, which contained three 

levels: Linear (L), Cartesian Bifocal Distortion (CBD) and Modified Fisheye Distortion 

(MFD), and Target Pair (representing 32 different angle/distance combinations about the 

X-Y axes).  Dependent variables were Mean Absolute Error (for mileage and heading 

estimates), Response Time (for mileage and heading estimates), the TLX measure of 

Overall Workload, as well as the TLX individual workload indices of Mental Demand, 

Performance, and Frustration Level. 
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4.1.4 Stimuli 
 

There were three different “map” backgrounds used in this experiment, one for 

each experimental condition.  The Linear condition map (used by the control group) was 

a 640 x 480 pixel rectangular grid subdivided into 80 x 80 pixel squares (Figure 4.1).  A 

red square, meant to outline a military area of operation (AOR), was drawn in the middle 

of the grid.  As in Experiment I, the targets were red crosshairs centered on ¼” diameter 

white circles.  One target was always displayed in the center of the grid, while the second 

was located at one of thirty-two locations dispersed evenly around the grid. 

 
Figure 4.1.  Standard map representation used for the Linear treatment group. 
 

 The backgrounds for the CBD and MFD conditions were created using the Matlab 

software and its image processing tool kit.  Two programs (see Appendix D and E) were 
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created to distort any bitmap image into either a bifocal or modified fisheye distorted 

bitmap image.  After prompting for the input file, the software asks the user to input the 

proportion of the image center to remain linear, as well as the scale multiplier to apply to 

the peripheral data points.  For both the CBD and MFD images, the input parameters 

were set to a 0.46 linear center and a 0.5 scale multiplier.  This resulted in a CBD image 

size of 400 x 320 pixels (Figure 4.2), and a MFD image size of 432 x 352 pixels (Figure 

4.3).  The linear center proportion was selected such that the center four grid locations 

would remain completely linear.  The scale multiplier was chosen due to the stronger 

performance of participants in the True Half-Inch Bifocal condition over those in the 

Quarter-Inch Bifocal condition of Experiment I. 

 
Figure 4.2.  Distorted stimulus employed for the Cartesian Bifocal treatment group. 
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Figure 4.3.  Distorted stimulus employed for the Modified Fisheye treatment group. 
 
 

The map scale used as the basis for mileage estimations was provided to the right 

of the grids.  Because of the uniqueness of the non-linear conditions (i.e., the 

representation of scale changes across the grids) the scale was modified to show grid 

subsection dimensions as opposed to a combination of standard one-dimensional scales.  

It was thought that the rectangular scale would be easy to understand since the grid 

subsections always represent the same area (four square miles, in this case) regardless of 

their particular shape or physical dimensions. 
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4.1.5 Procedure 
 

Upon reporting for the experiment, participants were briefed regarding the 

purpose and basic procedures of the study, and were then asked to sign a consent form. 

As in Experiment I, demographic data collected included age, gender and field of study.  

Participants were also asked to subjectively rate their mathematical and spatial reasoning 

abilities on a five-point Likert scale, and to indicate whether they had previous 

experience using maps (for other than driving purposes).  Each participant’s vision was 

tested using a standard Snellen visual acuity chart.  Only those individuals with 30/20 or 

better vision (with or without corrective lenses) were allowed to proceed to the training 

phase.  Only one individual was turned away for insufficient visual acuity. 

 
4.1.5.1 Training 

Because the task of angle estimation is not as common or elementary as distance 

estimation, it was desired to train each subject to estimate angles to a certain degree of 

proficiency before commencing with the experimental trials.  Therefore, a computer-

based training device (Figure 4.4) was developed. This device trained individuals to 

estimate twelve different angles, each a multiple of 22.5 degrees, and did not include 

those that fall on the cardinal axes themselves.  These specific angles were chosen 

because of the varying magnitude of the non-linear distortion effects that can occur at 

various angular locations about the axes, specifically in the Cartesian Bifocal distortion.  

 Trainees were instructed to use the slider switch to adjust the pointer’s position 

about the axes until they thought it reflected the presented target angle.  When satisfied 

with the pointer’s position, the “Show Me!” button was depressed which revealed the 
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actual angle.  The error in degrees was also provided in alphanumeric format as 

additional feedback.  After viewing the error information, the “Next” button was 

depressed, and another target angle was presented.  Once each of the twelve angles had 

been estimated, the absolute median error was computed and displayed to the trainee.  

Each participant repeated the training program five times before proceeding to the data 

collection phase (an earlier pilot study of 17 individuals indicated that the learning curve 

appeared to flatten out following five training trials).  The median absolute errors over 

the five trials were then averaged, and this value was recorded for inclusion in data 

analysis.  

 

 
Figure 4.4.  The angle estimation trainer. 
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4.1.5.2 Data Collection 

Following the training phase, the experimenter demonstrated the software for the 

subjects and explained the actual task to be performed.  Subjects were then given time to 

familiarize themselves with the apparatus before the start of data collection, and were 

positioned at a “normal” viewing distance (about 24 inches) from the monitor.  

Participants were instructed that accuracy was most important, but to work quickly as 

well.  Once the individual was satisfied with their understanding of the task, the 

experimental trial was initiated. 

At the start of the task, the grid and mileage scale was presented on the computer 

monitor, where they remained throughout data collection.  Following a five-second 

waiting period, a randomly selected set of two targets appeared on the grid.  Subjects 

were first queried to estimate the mileage between target centers, and key in their 

estimate using the keyboard.  Response times were recorded as the time lapse between 

target presentation (and the simultaneous query statement) and the moment the first key 

was pressed.  When the “Enter” key was pressed, the subjects were immediately queried 

to estimate the heading (i.e., the angle) between the same target pair.  Query statements 

were accompanied by the presentation of a short tone to assist in alerting the subject.  

Response time was again recorded as the time lapse between the appearance of the query 

statement and the time the first key was pressed.  Once the heading estimate was entered, 

the targets disappeared, and a five-second inter-stimulus timer began.  A new set of 

targets was presented following each inter-stimulus break. 

Thirty-two different target pairs were presented throughout each trial.  Two 

targets (one “near” and one “far”) were located close (within six degrees) to each of the 
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cardinal axes as well as the 45o diagonals, and all areas in between.  The targets close to 

the cardinal and 45o axes were designated as “On-Axis” while those falling between 

those areas were designated as “Off-Axis”.  The target distribution is shown graphically 

in Figure 4.5, while the exact numerical values for each target location is provided in 

Appendix C.  Target presentation order was randomized at the beginning of each trial.  

The computerized version of the NASA-TLX workload assessment technique was 

administered immediately following the experimental task. 

 
Figure 4.5.  Distribution of targets for Experiment II. 
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4.2 Results 

 As in the Experiment I analysis, performance measures were analyzed via a 

mixed-model ANOVA.  In this case Distortion Type was the between-groups factor at 

three levels (Linear, Cartesian Bifocal, and Modified Fisheye) and Target Pair was again 

the repeated-measures factor, this time at 32 levels.  Outliers in the data were defined as 

those data points greater than three standard deviations from the mean for each dependent 

measure.  As a result of this definition, a total of 25/1536 (1.63%) mileage estimation 

errors, and 30/1536 (1.95%) of heading estimation errors were replaced by the cross-

treatments mean for each of those variables.  No response time data exceeded the 

replacement criteria. 

 

4.2.1 Mileage Estimation Error 
 

As in the Experiment I analysis, a quasi-F was necessarily computed for the effect 

of Distortion Type on mileage estimation error.  The effect of Distortion Type was not 

significant, F� (9,102) = .69, p < .73.  However, the effect of Target Pair on mileage 

estimation was found to be significant, F(31,1395) = 21.23, p < .0001.  The graph of this 

data is shown in Figure 4.6.  As alluded to above in the calculation of the quasi-F for 

Distortion Type, the Distortion Type x Target Pair interaction was significant, F(62,1395) 

= 2.42, p < .0001.  The interaction is depicted in Figures 4.7 and 4.8.  These two figures 

represent the same information, but the data in Figure 4.8 is plotted as linear trend lines to 

help visualize the relationships among the variables. 
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Mileage Estimation Error by Target Pair
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Figure 4.6.  The effect of Target Pair on mileage estimation error.  The target pairs are 
sorted in order of increasing distance between the targets. 
 

Target Pair x Distortion Type Interaction
for Mileage Estimation Error
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Figure 4.7.  The interaction between Distortion Type and Target Pair on mileage 
estimation error.  The target pairs have been sorted in order of increasing distance 
between them. 
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Target Pair x Display Type Interaction
for Mileage Estimation Error
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Figure 4.8.  The Distortion Type x Target Pair interaction displayed as linear trend lines. 
 
 
4.2.2 Heading Estimation Error 
 

The effect of Distortion Type on heading estimation error was not significant, 

F(2,45) = 1.18, p < .32.  There was, however, a significant effect of Target Pair on 

heading estimate error, F(31,1395) = 13.04, p < .0001.  This data is shown in Figure 4.9.  

The effect of the Distortion Type x Target Pair interaction on heading estimation error 

was not determined to be significant, F(62,1395) = 1.11, p < .26. 
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Mean Heading Error by Target Pair
(Across Distortion Types)
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Figure 4.9.  The effect of Target Pair on heading estimation error.  The targets are 
arranged in order of increasing angle from the positive x-axis.  Peaks (largest errors) are 
seen in locations away from the cardinal axes, where valleys (smallest errors) are located 
when the targets fell close to the cardinal axes. 
 
 

4.2.3. Mileage Estimation Response Time 
 

The effect of Distortion Type on mileage estimation response time was 

determined to be significant, F(2,45) = 9.82, p < .0003. Mean response times for the 

Linear, CBD and MFD displays were 7.75, 12.36, and 7.40 seconds respectively.  The 

Tukey test revealed the significant difference between the CBD and the other two 

displays, where the CBD resulted in slower response times (Figure 4.10).  As shown in 

Figure 4.11, the differences between the means are even more pronounced for only off-

axis targets (Linear = 7.96, Cartesian Bifocal = 14.13, Modified Fisheye = 7.78).  The 

effect of Target Pair on mileage estimation response time was also found to significant, 

F(31, 1395) = 6.20, p < .0001.  This data is provided in Figure 4.12 below.  The 
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Distortion Type x Target Pair interaction was not found to be significant, F(62,1395) = 

1.23, p < .12. 

Overall Mileage Estimate  Response Time
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Figure 4.10.  Response times for mileage estimations across all targets. 

 
 
 

Off-Axis Mileage Estimate Response Time
(Mean, Standard Error)
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Figure 4.11.  Response times for mileage estimations to off-axis targets. 
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Mileage Estimation Response Time by Target Pair
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Figure 4.12.  The effect of Target Pair on mileage estimation response time.  The targets 
have been arranged in increasing order of distance between them.   
 
 
4.2.4 Heading Estimation Response Time 
 

The ANOVA failed to show a statistically significant difference for Distortion 

Type on heading estimation response time, F(2,45) = .18, p < .84.  The effect of Target 

Pair on the heading estimate response time was significant, F(31, 1395) = 8.00, p < .0001 

(see Figure 4.13).  The Distortion Type x Target Pair interaction was determined to be 

insignificant, F(62,1395) = .80, p < .87. 
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Figure 4.13.  The effect of Target Pair on heading estimation response time.  The targets 
have been sorted in order of increasing angle from the x-axis. 
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4.2.5 Workload Ratings 
 

Results of the single-factor ANOVA indicate no significant differences in overall 

subjective workload due to Distortion Type, F(2,45) = .22, p < .81.  Neither were any of 

the three individual workload indices examined (Mental Demand, Performance, and 

Frustration) found to be significant. 

 
4.2.6  Individual Differences 
 

A correlation analysis (across all display types) was performed between the 

variables supplied on the participants’ pre-data collection information sheets and the 

performance measures, as well as between the angle training session errors and the 

performance measures.  Only significant and “near-significant” results are supplied here.   

Average angle training error positively correlated with both mileage estimate 

error, r = .36, p < .02, and heading estimate error, r = .57, p < .0001.  Training error was 

found to be negatively correlated with mileage estimate response time, r = -.31, p < .03.  

While not achieving the .05 significance level, there seems to be an indication of a 

relationship between the subjects’ perceived mathematical ability and heading estimate 

error, r = -.27, p < .06., as well as between perceived spatial reasoning ability and 

heading estimate response time, r = .26, p < .07.  The only gender difference appeared in 

the correlation between gender and mileage estimate response time, r = -.27, p < .06, 

where women responded faster than men.  The implication of these correlations is 

addressed more fully in the following section. 
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4.3 Experiment II Discussion 

 This experiment was designed to determine which of two distortion techniques 

(Cartesian Bifocal or Modified Fisheye) resulted in the least performance degradation on 

the basic navigation tasks of mileage and heading estimation.  Prior to running the 

experiment, it was hypothesized that, due to the maintenance of its rectangular shapes, 

the CBD would result in better performance in the mileage estimation task, while the 

MFD would be better suited for heading estimations since the polar conversion maintains 

the angular relationships between points inside and outside the undistorted area. 

 Contrary to the original hypothesis, no differences were found between any of the 

display types in mileage estimation accuracy.  This result is consistent with the results of 

the first experiment, but it was originally theorized that the estimations, particularly to 

off-axis targets, would become worse due to the more realistic, 2-dimensional nature of 

the task, and the odd shapes produced by the distortion techniques.  Specifically, it was 

thought that the CBD display would be better suited to the mileage estimation task than 

the MFD display since all distorted areas retain a rectangular shape.  In retrospect, 

however, one could argue that the polygonal grid shapes produced by the MFD, albeit 

smaller, more closely resemble the squares of the Linear display than the stretched 

rectangles produced in the CBD.  Therefore, the dimensions of the MFD grid subsections 

are more uniform than those of the CBD, and that uniformity apparently aided in the 

estimation accuracy. 

Similar to the trend noted in Experiment I, the errors in mileage estimations 

tended to increase with an increase in inter-target distance (Figure 4.6).  The data does 

not follow a clean, straight line due to the influence of the angular displacements of the 
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targets.  Generally, the smaller errors were associated with angles located within a few 

degrees from the axes.  This is readily explained: when close to the axes, the only thing 

required to determine a mileage estimate was to count the grid lines and multiply by the 

scale factor (two, in this case).   As targets moved away from the axes, more guesswork 

was involved to determine the mileage.  The Distortion x Target Pair interaction as 

revealed in Figure 4.7 shows the familiar increase in mileage estimation error with inter-

target distance.  In addition, the trend lines plotted in Figure 4.8 indicate that while the 

error in the Linear and CBD display conditions seem to parallel each other, the errors 

obtained when using the MFD display increase at a faster rate.  This may be a result of 

the gradual change in scale at the interior boundary of the modified fisheye distortion, as 

opposed to the more abrupt change seen in the Cartesian distortion. 

As in the first experiment, response times to mileage estimation queries were 

longer in the CBD than the Linear display.  Interestingly, though, response times in the 

MFD condition were not significantly different than the Linear display group.  One 

would expect that, as with the CBD display, response times would be longer in the MFD 

group than the control group since additional mental calculations are required to 

formulate a response.  But, as mentioned above, it is suggested that the uniformity of the 

distorted area of the MFD display actually assisted the participants in formulating 

responses, while the dimensional inconsistencies inherent with the CBD display hindered 

responses by requiring additional mental processing.  Furthermore, the need to visually 

scan less physical space in the non-linear display groups than in the Linear condition may 

have reduced the time required to formulate responses.  It is proposed that this time 

reduction was adequate to account for the additional mental calculation times of the MFD 
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group, but not enough to make up the difference in the BFD group.  As might be 

expected, the mileage estimation response times to off-axis targets were longer than those 

located close to the axes, just as the estimation errors increased for off-axis targets (see 

Figures 4.10 and 4.11) – counting grid lines is faster than estimation. 

In terms of response accuracy, data from the heading estimate queries did not 

support the investigator’s original thought that differences would be found in heading 

estimation errors between the two distortion types.  This was somewhat surprising since, 

in a Cartesian distortion, entities within the distorted area physically move to some 

degree from their original locations dependent upon their proximity to the cardinal axes 

and the 45o diagonals (the further the entity from the cardinal axes as well as the 45o 

diagonals, the greater the angular displacement).  It was thought that the CBD 

representation would, therefore, be misleading in terms of angular positions of targets.  

Since the MFD converts the map into polar coordinates prior to the distortion, angular 

positions of points on the map are maintained regardless of their position relative to the 

axes. 

The only variable having a significant effect on both heading estimate error and 

response time was Target Pair.  Figure 4.9 shows that the heading error fluctuated with 

the angular position of the targets with respect to the axes.  In particular, the smallest 

errors occurred for targets within a few degrees of the cardinal axes, as might be logically 

expected.  Likewise, heading estimation response times were faster for targets closer to 

the axes. 

As in the first experiment, no differences in subjective workload were found 

between display types.  This indicates that the two distortions examined here do not 
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appreciably increase (nor decrease) the subjective workload associated with these two 

perception tasks.  From the correlation analysis of individual differences, it can be seen 

that subjects who performed better during the training session were more accurate in their 

mileage and heading estimates during the experiment.  This makes intuitive sense.  Also, 

those with better training scores, and those with a higher subjective opinion regarding 

their mathematical and spatial reasoning abilities generally took longer to make their 

estimates.  While not conclusive by any means, it is suggested that the individuals with 

stronger analytical skills took a longer time to analyze the problem before deciding on a 

response (since they “knew” they could figure it out correctly), whereas those with less 

analytical abilities “took their best shot”, and therefore did not spend as much time 

formulating responses. 

This experiment was performed to determine which of two distortion types is best 

suited for the map navigation tasks of mileage and heading estimation.  While mileage 

and heading estimate accuracies did not differ, the response times for mileage estimations 

were roughly two-times longer in the CBD than either the Linear of MFD displays.  None 

of the statistical analyses were able to distinguish the MFD display group from the Linear 

display group.  This is an encouraging result for the modified fisheye distortion, however, 

these tasks were simple perception tasks performed on rather bare backgrounds.  These 

findings need to be validated on a more realistic map background utilizing common 

military symbology.  Further, it is unclear at this juncture whether there is reason to 

believe that non-linear displays will have some benefit in small-screen, military 

applications.  A test examining the ability of the non-linear display to provide a greater 
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sense of battlefield awareness through an increase in context will help answer this 

question. 
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5.  EXPERIMENT III: PERFORMANCE TESTING 
 

The goal of Experiment III is two-fold: first, the findings of Experiment I and II 

(perception of mileage and heading) need to be validated on a more realistic map 

background.  If earlier results hold true, there will be no differences in accuracy between 

the MFD display and a linear map display.  Second, there is a need to examine the 

proposal that non-linear displays can improve performance on a battlefield monitoring 

task through the simultaneous display of detail and context.  In particular, it is 

hypothesized that use of a non-linear map display will lead to the detection of a greater 

proportion of critical events, faster detection of critical events, a reduced level of 

perceived workload, and require less interface manipulations (e.g., use of scroll bars, 

mouse, etc.) than the use of a traditional map display.  Coupled with the perception tasks, 

the hypotheses are stated as follows: 

 
Hypothesis 1: Mileage estimation accuracy will not be affected when using the 
non-linear map display. 

 
Hypothesis 2: Mileage estimation response time will not be affected when using 
the non-linear map display. 
 
Hypothesis 3: Heading estimation accuracy will not be affected when using the 
non-linear map display. 
 
Hypothesis 4: Heading estimation response time will not be affected when using 
the non-linear map display. 
 
Hypothesis 5: The number of detected critical events will increase through use of 
the non-linear map display. 

 
Hypothesis 6: Critical event detection response time will decrease through use of 
the non-linear map display. 
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Hypothesis 7: Perceived workload will be reduced through use of the non-linear 
map display. 

 
Hypothesis 8: The number of required interface manipulations will be reduced 
through use of the non-linear map display. 
 
 

5.1 Method 

5.1.1 Subjects 

A total of thirty individuals volunteered to participate in this experiment.  

Fourteen were United States Military Academy (USMA) cadets, fourteen were U.S. 

Army officers presently serving as USMA faculty and staff, while the remaining two 

were U.S. Army officers serving in the Army ROTC department at North Carolina A&T 

State University.  The cadets were enrolled in undergraduate psychology classes, and 

received extra course credit for their participation.  The average age of cadets was 

approximately 19 years, while the officers averaged approximately 32 years old.  Of the 

thirty participants, two officers and two cadets were women.  Gender and rank 

(cadet/officer) differences were coded to control for possible confounding effects within 

the data analysis. 

 

5.1.2 Apparatus 
 

The software for this experiment was created using Rapid, and was presented on 

433 MHz Pentium III personal computers.  The monitors measured 17” on the 

diagonal, and were set to a screen resolution of 1024 x 768 pixels displaying 24 bit 

colors.  All performance data was collected by the software during the experiment. 
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5.1.3 Experimental Design 
 

A between subjects experimental design was incorporated for this study.  Cadets 

signed up for one of two time periods based upon conformity with their individual 

schedules, and the availability of time slots.  Data collection with the cadets took place in 

a computer laboratory over the course of one afternoon in two separate one-hour sessions.  

An unbiased individual assigned the treatment to the two groups according to the results 

of a coin flip.  Consequently, the first group was assigned to the control group and the 

second to the experimental group.  The data collection session with the USMA officers 

took place approximately 2 months later, and was conducted in a similar fashion.  The 

ROTC faculty performed the study two weeks later in an office setting. 

The independent variables in this experiment were Display Type, of which there 

were two (a linear map with pan and zoom capabilities (P&Z) and the Modified Fisheye 

Distortion (MFD)); and Target Location, of which there were eight.  Dependent variables 

were mean absolute error (for mileage and heading estimations), response times to 

mileage and heading estimation queries, the proportion of correctly detected critical 

events, response time to critical events, the total number of interface manipulations, and 

subjective workload (using the NASA-TLX overall workload index and its individual 

indices). 

 

5.1.4 Stimuli 
 
The map background used in this experiment (see Figure 5.1) measured 1024 x 

768 pixels, and was a standard bitmap image format.  The original map scale was 

1:500,000.  The map was divided into nine equal sectors, and a different area of operation 
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(AO), designated by green ellipses, was drawn in each.  Friendly units were designated 

by blue, and the enemy by red.  An initial friendly to enemy relative force ratio of 3:1 

was set up in each of the AOs.  The friendly unit with an “X” in its center represents a 

ground track military base, while all other symbols represent armored units. For purposes 

of this experiment, the military base was considered as having negligible force, therefore 

it contributed nothing to the friendly force in that AO.  Red crosshairs in each AO 

represented strategic targets, while the yellow circle in the map center designated an area 

of responsibility for which the commander (i.e., the subject) was in charge. 

 
Figure 5.1.  Mock battlefield map. 
 
 

 The control group’s display (Figure 5.2) consisted of a linear map with standard 

pan and zoom map interface mechanisms of horizontal and vertical scroll bars, and a 
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zoom button. Each of these controls was mouse activated.  The display window itself 

measured 640 x 480 pixels, a typical display size found in many commercial and military 

display systems.  When the zoom button was pressed, the display would toggle between 

the original 1:500,000 scale map, and a 1:1,000,000 (512 x 384 pixels) scale map.  

Queries for mileage and heading estimations were displayed in the message center at the 

top of the display, and were announced by a flashing red light behind the “MESSAGE 

CENTER” text. 

 
Figure 5.2.  The control group’s display interface. 
 

The interface for the MFD display (Figure 5.3) was identical to that of the control 

group with the exception that there was no zoom button.  The experimental group’s map 

was created using one of the same Matlab programs discussed in Experiment II.  The 
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diameter of the linear zone (inside the yellow circle) was selected as a third the size of the 

original map’s vertical dimension, and the non-linear area was scaled down by a factor of 

0.5.  Following the distortion, the MFD map measured 638 x 510 pixels. 

 
Figure 5.3.  The Modified Fisheye Distortion display interface.  A query for a mileage 
estimate is displayed in the message center. 
 
5.1.5.  Procedure 
 

Upon reporting for the experiment, each participant’s vision was tested using a 

standard Snellen visual acuity chart.  All subjects had 20/30 or better visual acuity.  

Those individuals who wore corrective lenses were allowed to use them during the vision 

testing.  Once all participants had arrived, they were briefed regarding the purpose of the 

study, and were then asked to sign consent forms.  Demographic data collected included 

age, gender and field of study.  As in the previous two experiments, participants were 
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also asked to subjectively rate their mathematical and spatial reasoning abilities on a five-

point Likert scale, and to indicate whether they had previous experience using maps (for 

other than driving purposes).  Once all forms were completed, the subjects performed the 

angle training sessions in the same manner as Experiment II.  Upon completion of angle 

estimation training, the participants were briefed on the procedures of the experimental 

task, and were allowed to familiarize themselves with the interface before the initiation of 

data collection.  As part of the familiarization process, a short practice session was run to 

demonstrate each type of experimental task. 

 
5.1.5.1 Experimental Tasks.  At randomly selected time intervals (which ranged 

between 15 and 40 seconds), subjects were queried via the message center to provide 

either a mileage estimation or heading estimation to one of the strategic targets on the 

battlefield.  The query order was randomly selected, but was identical for each subject.  It 

was explained that the origin of the estimate was always the center of the ground track 

military base in AO Grizzly.  When queried, subjects were to locate the appropriate 

target, and as accurately and quickly as possible, type in their response to that query.  

Responses were entered by pressing the “Enter” key.  Mileage was to be entered to the 

nearest tenth of a mile, while heading was to be entered to the nearest degree.  By the end 

of the task, subjects were queried to estimate mileage and heading to each of the eight 

targets on the battlefield.  Response times and estimation errors were recorded in their 

data files. 

Using the same 15-40 second random time intervals, the friendly to enemy force 

ratio was occasionally changed (decreased) in one of the nine AOs by either adding an 
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enemy unit, or removing a friendly unit.  Participants were not notified of these changes – 

it was their responsibility to constantly monitor the battlefield to detect the changes.  As 

soon as they detected a decrease in the initial 3:1 force ratio, subjects were to respond by 

clicking the left mouse button over the affected AO.  After the button was clicked, the 3:1 

force ratio was restored.  If the change went undetected for a period of ten seconds, the 

3:1 force ratio was automatically restored, and a “miss” was recorded in their data file.  

The experimenter explained that these tasks (estimations and force change detections) 

should be considered to be of equal importance, and they should respond accurately and 

quickly to queries as well as force ratio changes. 

The control group was able to view whichever scale map they chose when 

looking for changes in force ratios, but targets were not displayed on the 1:1,000,000 

scale map.   This forced the subjects to switch to the 1:500,000 scale map to respond to 

system queries.  While arguably artificial, because the experimental task itself did not 

require use of detailed map information (such as identification of roads, military 

obstacles, civilian areas, etc. common in real life), the targets essentially served as 

detailed information, and therefore, were withheld to keep the participants from 

concentrating solely on the zoomed-out map.  The software logged the amount of time 

spent looking at each of the maps so that participants’ monitoring behavior could be 

compared to the various performance measures. 

 

5.2 Results 

As in Experiment II, outliers were defined as those values in excess of three 

standard deviations from the mean for each dependent variable.  Once identified as an 
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outlier, the data points were replaced by the cross-treatments mean for that variable.  As a 

result of this rule, the following totals were replaced: 5/240  = 2.1% mileage estimation 

errors; 2/240 = .83% mileage estimate response times; 3/240 = 1.25% heading estimation 

errors; and 3/240 = 1.25% heading estimate response times.  Performance measures were 

assessed via a mixed-model ANOVA, with two levels of Display Type (the between 

groups factor) and 8 levels of Target Location (the repeated measures factor).  Workload 

ratings were analyzed by a single factor ANOVA with two levels of Display Type (Pan 

and Zoom (P&Z) and Modified Fisheye). 

 

5.2.1  Mileage Estimation Accuracy 

No significant effects on mileage estimation accuracy were found for Display 

Type, F(1,28) = .84, p < .37.   There was a significant difference in mileage estimation 

accuracy due to Target Location, F(7,196) = 2.52, p < .02 (see Figure 5.4), however, a 

Tukey test was unable to distinguish differences between the means.  The interaction 

between Display Type and Target Location was not significant, F(7,196) = .32, p < .95. 
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Figure 5.4.  The effect of Target Location on mileage estimation accuracy.  The areas of 
operation are arranged in order of increasing distance to their targets. 
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5.2.2  Mileage Estimation Response Time 

The ANOVA result for mileage estimation response time by Display Type was 

determined to be insignificant, F(1,28) = .0002, p < .99.  The difference in mileage 

estimation response time due to Target Location was found to be significant, F(7,196) = 

4.38, p < .0002.  The Tukey test revealed that response times to the targets in AO Cobra, 

Wolf, Cheetah, and Mongoose were significantly longer than the response times to the 

target in AO Puma (Figure 5.5).  The Display Type x Target Location interaction was not 

determined to be statistically significant, F(7,196) = .57, p < .79. 
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Figure 5.5.  The effect of Target Location on mileage estimation response time.  The 
areas of operation are arranged in order of increasing distance to their targets. 
 

5.2.3  Heading Estimation Accuracy 

While the effect of Display Type was not found to be significant, F(1,28) = .22, p 

< .64, Target Location did have a significant effect on heading estimation accuracy, 

F(7,196) = 11.35, p < .0001.  The post hoc comparison (Tukey) determined the 

following:  Heading errors to targets in AO Mongoose, Fox and Tiger were higher than 

those in AO Wolf, Puma and Weasel; heading errors to targets in AO Cobra, Cheetah, 
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Wolf and Puma were higher than to those in AO Weasel (Figure 5.6).  The Display Type 

x Target Location interaction did not have a significant effect on heading estimation 

accuracy, F(7,196) = .76, p < .62. 
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Figure 5.6.  The effect of Target Location on heading estimation error.  The areas of 
operation are arranged in order of increasing distance to their targets. 
 

5.2.4  Heading Estimation Response Time 

The effect of Display Type on heading estimation response time was not found to 

be statistically significant, F(1,28) = 1.78, p < .20.  The effect of Target Location on the 

heading estimation response time was significant, F(7,196) = 11.90, p < .0001 (refer to 

Figure 5.7).  The interaction between Display Type and Target Location was not found to 

have a significant effect on heading estimation response time, F(7,196) = .74, p < .64. 
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Heading  Estimation Response Time  by Target Location
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Figure 5.7.  The effect of Target Location on heading estimation response time.  The 
areas of operation are arranged in order of increasing distance to their targets. 
 
 
5.2.5  Number of Detected Critical Events 

Due to concerns over violating the normality assumption when examining the 

detection of critical event data, the differences were analyzed via a Wilcoxon rank sum 

test.  The results indicated no significant differences between display types: Z = .59, p 

<.55. 

 

5.2.6  Critical Event Detection Response Time 

The mixed model ANOVA was conducted on the response times for each of the 

critical events properly identified within the allotted timeframe (i.e., less than ten 

seconds).  Due to missing values, the general linear models procedure (Proc GLM) was 

used as opposed to the standard ANOVA procedure.  The result for Display Type was 

statistically insignificant, F(1,28) = 1.17, p < .29.  The effect of Target Location on 

critical event detection time was not significant, F(7,126) = 1.25, p < .28.  The interaction 
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between Display Type and Target Location was also insignificant, F(7,126) = .85, p < 

.55. 

 

5.2.7  Perceived Workload 

A single factor ANOVA was run on the NASA-TLX combined workload index as 

well as each of its six sub-measures.  The effect of Display Type on the combined 

workload index was not statistically significant, F(1,27) = .01, p < .93.  Further, none of 

the individual workload indices were determined to be significantly different between 

displays: Mental Demand, F(1,27) = 1.09, p < .31; Physical Demand, F(1,27) = 3.46, p < 

.08; Temporal Demand, F(1,27) = .45, p < .51; Effort, F(1,27) = .51, p < .48; 

Performance, F(1,27) = .21, p < .66; and Frustration, F(1,27) = .49, p < .50.  

 

5.2.8  Number of Required Interface Manipulations 

Due to the smaller map size in the MFD, no interface manipulations were actually 

required to complete the task in that treatment group (in fact the controls were 

inactivated); therefore, no inferential statistics were computed for these variables.  

However, for general comparison purposes, the P&Z (control) group required a mean of 

approximately 78 (standard deviation = 51) manipulations in order to successfully 

accomplish the experimental task.  This total was further broken down into the number of 

pans (mean = 46, standard deviation = 52) and zooms (mean = 31, standard deviation = 

9).  The large standard deviation in panning points to different monitoring behaviors of 

subjects within the P&Z group: some subjects fixated on the small-scale map, and only 
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switched to the larger scale map when queried for navigation data, while others chose to 

interact more with the larger scale map through panning. 

 

5.2.9  Individual Differences 

A correlation analysis was conducted between the participants’ demographic data 

and their corresponding performance and workload measures.  Demographic data 

included in the analysis consisted of the following variables: gender, perceived 

mathematical ability, perceived spatial reasoning ability, mean training error, and rank 

(cadet versus officer).  Of these, no significant correlations whatsoever were found 

between gender or perceived spatial reasoning ability.  The results of those variables 

found to have significant correlation coefficients are provided in Table 5.1 below, and a 

more detailed discussion is provided in the following section. 

 

Table 5.1.  Significant Experiment III cross-treatment correlations. 
Correlation Pearson r R2 p n 

Perceived Math Ability with TLX Frustration -.388 .151 .038 29 
Perceived Math Ability with TLX Combined Workload -.387 .150 .038 29 
Training with Median Heading Error .399 .159 .029 30 
Rank with TLX Temporal Demand -.593 .352 .001 29 
Rank with TLX Effort -.550 .303 .002 29 
Rank with TLX Frustration -.411 .169 .027 29 
Rank with TLX Combined Workload -.766 .587 .0001 29 
 

 

5.3 Experiment III Discussion 

As stated earlier, the purpose of this experiment was to first, validate the findings 

of Experiment II on a more realistic map background, and second, to determine the 
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effectiveness of the non-linear display at enhancing the detection of random critical 

events through the simultaneous display of detail and context. 

As in Experiment II, no differences were found in mileage and heading estimation 

accuracy between those participants using the traditional display interface and those 

using the MFD display.  Likewise, the response times to mileage and heading estimation 

tasks were not found to be significantly different between display types.  Given these 

results, Hypotheses 1-4 were supported; therefore, it has been shown that the use of a 

modified fisheye display is not more detrimental to the performance of these specific 

navigation tasks than is the use of a traditional linear display.  The main finding in regard 

to the performance measures was that distance to the target appears to influence accuracy 

and response times for both mileage and heading estimations.  As stated in discussions 

for the previous experiments, these are not particularly surprising findings.   

The chief proposed advantage of the non-linear display was that the simultaneous 

display of detail plus context would enable operators to more readily detect the 

occurrence of critical events across the battlefield. This experiment failed to show such 

an effect, since there was no significant difference in either the number of detections or 

the time required to detect those events.  Therefore, Hypotheses 5 and 6 were not 

supported.  It is quite possible that differences may have been found if the standard 

interface operators were not allowed to flip between map scales, however, this was a 

realistic situation (perhaps with the exception that the file transfer speed on congested 

networks in an operational setting may be slower than flipping between two bitmaps 

residing on the same hard drive). 
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Perceived workload was unaffected by the non-linear display.  It was believed 

that use of the non-linear display would reduce subjective workload since less interface 

manipulations would be required to perform the experimental task.  According to the 

results of the correlation analysis, one factor affecting perceived workload appeared to be 

Rank.  Overall, the officers participating in this experiment rated the workload lower than 

the cadets.  A possible explanation of this is that the officers may have been exposed to 

more difficult challenges in their military careers than the cadets, therefore, they 

perceived the task to be less difficult overall.  It is suggested that, had the task been made 

more difficult (e.g., through increased tempo or less time for event detection), more 

differences in workload between display types would have been found.  On the other 

hand, it is worthwhile mentioning that the MFD did not lead to additional subjective 

mental demand in the calculations of mileage and heading estimates.   

Because the map in the MFD display fit completely within the bounds of the 

display window, the final hypothesis regarding the number of interface manipulations 

could not be formally tested, since no display interaction was required of the participants 

within that group.  It would be of particular interest to perform similar measurements on a 

larger map whose boundaries would have exceeded those of the display window (i.e., 

both the traditional and non-linear displays would have required manipulation to perform 

the task).  This was an unplanned limitation of this experiment, and deserves to be 

revisited in the future. 
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6.  GENERAL DISCUSSION AND CONCLUSIONS 
 
Advances in electronic sensor and communications technology are now allowing 

the U.S. Army to collect and disseminate battlefield information to commanders and their 

staff on a near real-time basis.  It is envisioned that these technologies will allow the 

Army to gain an information advantage over the opposition, which in turn can increase 

their operational tempo and lethality.  However, for soldiers to take full advantage of this 

information, advanced display tools must be developed that are capable of displaying 

relatively large amounts of data in an efficient and meaningful manner.  Problems with 

required bandwidth, resolution requirements, display cost, portability issues, and physical 

workspace constraints all play a roll in preventing the Army from taking full advantage of 

newly available data. 

One specific problem area lies in the display of map data for battle planning and 

decision-making.  Brigade level commanders are accustomed to viewing large, high 

resolution, paper maps to develop and maintain their mental images of the ongoing battle; 

however, typical solutions generally involve traditional pan and zoom displays, where 

users are required to make a tradeoff between the display of detail or context.  The focus 

of this research was to determine if non-linear displays could be used to provide a 

stronger awareness of the battlefield (and its associated entities), without negatively 

affecting other typical uses for maps, like distance and heading estimations. 

Non-linear display techniques have seen rather widespread application in the 

domain of information visualization (e.g., graphs, data clusters and network diagrams) 

and various text-based applications, but the available literature focuses primarily on the 

computational algorithms, and very little has been reported on the advantages for the end-
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user.   Especially given the nature of this intended application (tactical mapping), it is 

crucial that design parameters are determined based upon human perception capabilities, 

and that the proposed advantages of the end product are validated through end-user 

performance testing. 

The main findings of this dissertation research indicate the following key points: 

1.  Multiple scales can be combined on a single map image without adversely 

affecting mileage and heading estimation accuracy. 

2.  A modified fisheye distortion display results in faster response times to 

navigation queries than a Cartesian bifocal map display. 

3.  In comparison to traditional, single-scale map displays, use of a modified 

fisheye distortion does not lead to an increase in response times to either mileage 

or heading estimations. 

4.  Perceived workload does not increase when using non-linear maps compared 

to traditional, single-scale maps. 

 
 

6.1 Recommendations for Future Work 

While several successes of non-linear maps were shown, perhaps the most 

disappointing result was the lack of evidence that non-linear maps can improve small-

screen monitoring performance (i.e., detection of random events) through the 

simultaneous display of detail plus context.  This result is primarily believed to have been 

a function of the limited map size used in the third experiment.  Had the non-distorted 

map been “much larger” than the viewing window, perhaps the critical event detection 

advantage would have been apparent.  The quantification of “much larger,” particularly if 
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found to be related to the awareness of events occurring in one’s surroundings, is a matter 

that deserves special attention in future research efforts. 

There are several other avenues to approach here, both militarily and 

commercially.  In terms of the military, the question remains as to the scalability of non-

linear displays.  In other words, it would be important to know if the positive results 

obtained here could be replicated at lower levels of the Army echelon where the 

battlefield is more dynamic (i.e., moves at a faster tempo), and the displays are smaller, 

such as a hand-held or body-worn display device.  Another important issue to examine is 

the relative position of the distorted and non-distorted zones within the display, and how 

that may impact tasks such as aircraft navigation, target detection and land navigation.  It 

is quite likely that the best positions are task dependent, and perhaps even user 

dependent. 

Commercially, it seems that electronics miniaturization has led to the inundation 

of our daily lives with wireless phones, pagers and personal planners.  Users seem to 

flock to the systems that can provide the most information in the smallest space.  These 

devices may be able to benefit from non-linear display techniques.  Automobile 

manufacturers are beginning to place computerized mapping/navigation systems in our 

vehicles.  These systems could directly benefit from the research performed here. 

Finally, a domain that may be a candidate for the use of non-linear display 

techniques is that of air traffic control.  As aircraft travel towards their destination, flight 

information on the aircraft are handed from one controller to another as the plane crosses 

from one sector of airspace to the next.  If further research indicates that the monitoring 

of large environments on small displays can benefit from the added context of non-linear 
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displays, it would seem that controllers’ performance (route planning, re-routing of 

aircraft, etc.) could be enhanced, particularly in periods of high traffic volume, through 

earlier detection of aircraft approaching the air space for which they are responsible.  

Likewise, if the Federal Aviation Administration eventually approves the concept of “free 

flight,” pilots may gain a stronger sense of other aircraft in their surroundings when 

viewing a non-linear display. 

In closing, the work reported here extended the application of non-linear displays 

to an experimental tactical mapping system.  While previous system development efforts 

have been machine-centered, concentrating on computational efficiency, this design 

effort was user-centered, incorporating user perceptual capabilities in the specification of 

design parameters as well as the system evaluation/validation stage.  While event 

detection benefits were not found, the investigator believes that future research linked 

more closely with non-distorted map size will indeed reveal differences. 

On the positive side, no significant differences were observed in response times or 

accuracies to heading and mileage estimations between a modified fisheye distortion 

display and a traditional linear map display.  This finding (or, “non-finding”), from the 

navigation standpoint, is in and of itself valuable information regarding the feasibility of 

incorporating non-linear views into small-screen mapping systems.  That is, non-linear 

displays do not adversely affect navigation performance.  It is also readily apparent that 

use of a non-linear display results in less need to physically interact with the interface – 

an advantage for military vehicle applications where the use of a keyboard and mouse is 

difficult and error-prone due to excessive motion.  However, further testing of event 

detections, where display size relative to map size is varied, should be conducted before 
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making decisions as to the overall merit of incorporating non-linear displays into tactical 

mapping systems. 
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8.1  Appendix A:  North Carolina State University Informed Consent Form 



 85 

North Carolina State University 
INFORMED CONSENT FORM 

 
Nonlinear Display Performance Testing 
 
Principle Investigator: Daniel N. Mountjoy    Faculty Sponsor: Sharolyn A. Converse 
 
You are invited to participate in a research study.  The purpose of this study is to compare the abilities of 
individuals to estimate mileage and heading information between targets presented on various types of map 
displays.  This study also addresses the issue of situation awareness on small map displays. 
 
INFORMATION 
You will be asked to supply some basic information about yourself (e.g., age, sex, major), and your 
perceived abilities in math and spatial reasoning.  You will then have your vision screened using an eye 
chart.  You will then be asked to complete a computer-based training session to improve your ability to 
estimate various angles.  Following completion of the training session, you will be shown the main task to 
be performed in this experiment.  During the experiment, you will be asked to estimate mileages and 
headings between two targets on a mock battlefield.   You will be asked to perform these estimations both 
quickly and accurately.   Throughout the task, you will also be asked to detect changes in friendly-enemy 
force ratios in areas of operation located across the battlefield.  After completing the task, you will be asked 
to complete a subjective workload assessment survey.  You will be shown your task results before you 
leave.  The entire process should take approximately fifty-five minutes. 
 
RISKS 
There are no know risks or discomforts associated with this research. 
 
BENEFITS 
While there are no direct or immediate benefits to the participants, the data gathered here may help in 
designing digital map displays used by the US Army.  Participants will also gain some insight into 
experimental methods employed in human factors evaluations. 
 
CONFIDENTIALITY 
The information in the study records will be kept strictly confidential.  Data will be stored securely and will 
be made available only to persons conducting the study unless you specifically give permission in writing 
to do otherwise.  No reference will be made in oral or written reports which could link you to the study. 
 
COMPENSATION 
For participating in this study you will receive one (1) experiment credit.  If you find it necessary to 
withdraw from the study prior to its completion, you will still receive one experiment credit. 
 
EMERGENCY MEDICAL TREATMENT  (Not applicable). 
 
CONTACT 
If you have questions at any time about the study or the procedures, you may contact the researcher, Daniel 
N. Mountjoy, at 422A McNair Hall, North Carolina A&T State University, or 336-334-7780.  If you feel 
you have not been treated according to the descriptions in this form, or your rights as a participant in 
research have been violated during the course of this project, you may contact the Dr. Gary A. Mirka, Chair 
of the NCSU IRB for the Use of Human Subjects in Research Committee, Box 7906, NCSU Campus. 
 
PARTICIPATION 
Your participation in this study is voluntary; you may decline to participate without penalty.  If you decide 
to participate, you may withdraw from the study at any time without penalty and without loss of benefits to 
which you are otherwise entitled.  If you withdraw from the study before data collection is completed your 
data will be returned to you or destroyed. 
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CONSENT 
I have read and understand the above information.  I have received a copy of this form.  I agree to 
participate in this study. 
 
Subject's signature_______________________________________Date _________________ 
 
Investigator's signature__________________________________Date _________________ 
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8.2  Appendix B:  Pre-Data Collection Information Survey 
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Non-Linear Display Performance Testing:  Information Survey 
 

 
Age: _____ 
 
Sex:  M    F   
 
Major: ____________________________ 
 
 
1.  How would you rate your mathematical abilities?  
 
A. Much above average 
  B. Slightly above average 
  C. Average 
  D. Slightly below average 
   E.  Much below average 
 
2.  How would you rate your spatial reasoning abilities 
 (your ability to mentally manipulate and visualize  
patterns/objects in space)?  
 
  A. Much above average 
 B. Slightly above average 
  C. Average 
  D. Slightly below average 
  E.  Much below average 
 
3.  Do you have any experience using maps in situations besides driving purposes (for 
example, hiking, airplane navigation, military experience, etc.)?    Y    N 
 
If yes, please explain:______________________________________________________ 
________________________________________________________________________
________________________________________________________________________ 
 
 

Please Do Not Write Below This Line 

 
Visual Acuity Test Results 
Left Eye Right Eye 

  
 
 
 
 

 
Angle Training  Absolute Median Error 

Trial 1  
Trial 2  
Trial 3  
Trial 4  
Trial 5  

Average Error  
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8.3  Appendix C.  Experiment II Target Distribution 
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Experiment II Target Distribution 

Target ID Distance (Miles) Heading (Degrees) 
A 4.4 5 
AA 7.1 358 
B* 5.1 29 
BB* 7.6 35 
C 4.6 43 
CC 6.7 48 
D* 4.2 71 
DD* 5.6 68 
E 4.1 88 
EE 5.5 92 
F* 4.6 112 
FF* 5.9 115 
G 4.0 131 
GG 5.7 140 
H* 5.0 156 
HH* 7.9 160 
I 5.2 182 
II 6.5 176 
J* 4.3 202 
JJ* 6.7 203 
K 4.8 227 
KK 7.2 222 
L* 3.9 250 
LL* 5.5 252 
M 4.1 273 
MM 5.0 265 
N* 3.9 293 
NN* 5.7 294 
O 4.5 309 
OO 7.2 317 
P* 5 334 
PP* 6.7 333 
* Denotes off-axis targets 
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8.4  Appendix D:  Matlab Code for Bifocal Non-Linear Map Generation 
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% nldisp11 non-linear display program 
% generalized program to do bifocal display on any bitmap image 
% version 1.1 
 
disp('Non-Linear Bifocal Display 1.1'); 
disp('  Mountjoy & Marshak, Federated Laboratory - Sytronics'); 
 
clear all; 
 
%bring in object map information 
inname=input('Input file for non-linear display = ','s'); 
outname=input('Output file for non-linear display = ','s'); 
 
 
pxlin=input('Proportion of horizontal dimension to be linear = '); 
pylin=input('Proportion of vertical dimension to be linear = '); 
xsf=input('Scale factor for horizontal non-linear zone = '); 
ysf=input('Scale factor for vertical non-linear zone = '); 
 
 
[oimage, map]=bmpread(inname); 
 
omaxy=size(oimage,1); 
omaxx=size(oimage,2); 
 
disp('Original Image Size HxV'); 
disp(omaxx); 
disp(omaxy); 
 
% transform parameters 
 
% size of linear area and non-linear scale factors 
linx=omaxx*pxlin; 
liny=omaxy*pylin; 
 
disp('Proportion and actual size of the linear horizontal zone'); 
disp(pxlin); 
disp(linx); 
disp('Proportion and actual size of the linear vertical zone'); 
disp(pylin); 
disp(liny); 
 
% old image center 
ocx=omaxx/2; 
ocy=omaxy/2; 
 
% new image size, center, linear bounds 
nmaxx=linx+((omaxx-linx)* xsf); 
nmaxy=liny+((omaxy-liny)* ysf); 
 
disp('New image Size HxV '); 
disp(nmaxx); 
disp(nmaxy); 
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nimage=zeros(nmaxy,nmaxx); 
ncx=nmaxx/2; 
ncy=nmaxy/2; 
 
% calculate linear area translation factor 
tx=ncx-ocx; 
ty=ncy-ocy; 
 
%define zones in old image 
xlul=ocx+(.5*linx); 
xlll=ocx-(.5*linx); 
ylul=ocy+(.5*liny); 
ylll=ocy-(.5*liny); 
 
% define zones for the new image | remember, all transfer values are 
negative  
nxlul=xlul+tx; 
nxlll=xlll+tx; 
nylul=ylul+ty; 
nylll=ylll+ty; 
 
% now calculate new position for each point 
for x=1:omaxx 
 for y=1:omaxy 
  %transform x coordinate from old image to new 
  if x < xlll 
   nx=nxlll-(xsf*(xlll-x)); 
  elseif x > xlul 
   nx=nxlul+(xsf*(x-xlul)); 
  else 
   nx=x+tx; 
  end; 
 
  % transform y coordinate from old image to new 
  if y < ylll 
   ny=nylll-(ysf*(ylll-y)); 
  elseif y > ylul 
   ny=nylul+(ysf*(y-ylul)); 
  else 
   ny=y+ty; 
  end; 
 
  % check dimensions are in bounds, if not, make them so 
  if nx < 1 
   nx=1; end; 
  if ny < 1  
   ny=1; end; 
 
  % now move color from old image to new 
  nimage(ny,nx)=oimage(y,x); 
 
  end; 
 end; 
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% draw in the linear limits 
for nx=nxlll:nxlul 
 nimage(nylll,nx)=0;  
 nimage(nylul,nx)=0; 
 end; 
for ny=nylll:nylul 
 nimage(ny,nxlll)=0; 
 nimage(ny,nxlul)=0; 
 end; 
 
%visualize new display and write to file 
figure; 
imshow(nimage,map); 
bmpwrite(nimage,map,outname); 
 
% draw in the linear limits on original image and plot 
for x=xlll:xlul 
 oimage(ylll,x)=0;  
 oimage(ylul,x)=0; 
 end; 
for y=ylll:ylul 
 oimage(y,xlll)=0; 
 oimage(y,xlul)=0; 
 end; 
figure; 
imshow(oimage,map); 
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8.5  Appendix E:  Matlab Code for Modified Fisheye Non-Linear Map 

Generation 
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% nldisp24 non-linear display program 
% generalized program  of polar algorithm which can operate on any 
bitmap image 
% uses collapsing picture algorithm to reduce memory requirements 
% version 2.4 
 
disp('Non-Linear Modified Fisheye Display 2.4'); 
disp('  Mountjoy, Marshak & Darkow, Federated Laboratory - 
Sytronics'); 
 
clear all; 
 
true=1; 
false=0; 
black=0; 
 
%bring in object map information 
inname=input('Input file for non-linear display = ','s'); 
outname=input('Output file for non-linear display = ','s'); 
 
 
plin=input('Proportion of vertical dimension to be linear = '); 
sf=input('Scale factor for non-linear zone = '); 
 
 
[oimage, map]=bmpread(inname); 
 
omaxy=size(oimage,1); 
omaxx=size(oimage,2); 
 
disp('Original Image Size HxV'); 
disp(omaxx); 
disp(omaxy); 
 
% transform parameters 
 
% size of linear area and non-linear scale factors 
linrad = ((omaxy/2)*plin); 
 
 
disp('Proportion and actual radius of the linear zone'); 
disp(plin); 
disp(linrad); 
 
 
% old image center 
ocx=omaxx/2; 
ocy=omaxy/2; 
 
% new image size, center, linear bounds 
nmaxx=(2*linrad)+(2*(sf*(ocx-linrad))); 
nmaxy=(2*linrad)+(2*(sf*(ocy-linrad))); 
ncx=nmaxx/2; 
ncy=nmaxy/2; 



 

 97 

nimage=zeros(nmaxy,nmaxx); 
difx=ocx-ncx; 
dify=ocy-ncy; 
 
disp('New image Size HxV '); 
disp(nmaxx); 
disp(nmaxy); 
 
imshow(oimage,map); 
 
% transfer linear center intact 
for x=ocx-linrad:ocx+linrad 
 for y=ocy-linrad:ocy+linrad 
  nimage(y-dify,x-difx)=oimage(y,x); 
  end; 
 end; 
figure; 
imshow(nimage,map); 
 
 
% transfer oldimage smartly to new image 
for y=1:nmaxy 
 disp(y); 
 for x=1:nmaxx 
  ptmove=false; 
  cx=x-ncx;cy=y-ncy; 
  [th,nr]=CART2POL(cx,cy); 
  if nr > linrad 
   or=((nr-linrad)*(1/sf))+linrad; 
   [ox,oy]=POL2CART(th,or); 
   otx=ox+ocx;   
   oty=oy+ocy; 
   ptmove=true; 
   if (otx < 1) | (otx > omaxx) 
    ptmove=false;end; 
   if (oty < 1) | (oty > omaxy) 
    ptmove=false;end; 
   end; 
  if ptmove == true 
   nimage(y,x)=oimage(oty,otx); 
   end;  
  end; 
 end;  
 
 
%visualize new display and write to file 
figure; 
imshow(nimage,map); 
bmpwrite(nimage,map,outname); 
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8.6  Appendix F:  Task Description Provided to Experiment III Participants 
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Non-Linear Map Display Experiment: Task Description 
 
Introduction 
 
This experiment is designed to examine the effectiveness of different types of digital map 
displays for battlefield navigation and monitoring.  In particular, the study examines your 
ability to estimate distances and headings to strategic targets, as well as your ability to detect 
the occurrence of critical events across the battlefield.  Since this is a between-subjects 
experimental design, only half of you will be using the experimental display while the other 
half will use a more traditional map interface. 
 
Scenario 
 
The battlefield is divided into 9 different areas of operation (AO).  Within each AO is 
symbology reflecting several friendly and enemy armored units, and (with the exception of 
AO Grizzly) a single target reference point denoted by a red crosshair. In their initial state, 
each AO reflects a friendly to enemy force ratio of 3:1.  The friendly unit with the “X” in the 
center in AO Grizzly is a ground track military base, and for purposes of this exercise, should 
be considered as negligible force (i.e., contributes nothing to the friendly force in that AO). 
 
Tasks 
 
1.  Throughout the course of this experiment, you will occasionally be queried (via the 
message center at the top of your display) to provide either a mileage estimation or heading 
estimation to one of the strategic targets on the battlefield.  The origin of your estimate is 
always the ground track military base in AO Grizzly.  When you are queried, you are to locate 
the appropriate target, and as accurately and quickly as possible, type in your response to that 
query.  Enter your response by pressing the “Enter” key.  The backspace key can be used to 
change your response before it is entered.  Mileage should be entered to the nearest tenth of a 
mile, while heading should be entered to the nearest degree.  Response times and estimation 
errors are recorded in your data file. 
 
2.  On occasion throughout the course of the experiment, the friendly to enemy force ratio will 
be changed (decreased) in one of the nine AO’s by either adding an enemy unit, OR removing 
a friendly unit.  You are NOT notified of these changes – it is your responsibility to constantly 
monitor the battlefield to detect the changes.  As soon as you detect a decrease in the initial 
3:1 force ratio, respond by clicking the left mouse button ONCE over the affected AO.  After 
you click the button, the 3:1 force ratio will be restored.  If the change goes undetected for a 
period of 10 seconds, the 3:1 force ratio will be automatically restored, and a “miss” will be 
recorded in your data file.  “False alarms” (clicking on an AO when the force ratio has not 
changed) are also recorded. 
 
Goal 
 
Both of these tasks (estimations and force change detections) should be considered to be of 
equal importance.  Your goal in these tasks should be to respond accurately and quickly.  You 
should strive to detect all force ratio changes quickly, but minimize false alarms. 
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8.7  Appendix G:  Experiment I SAS Code and Output 
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                                                        The SAS System                        07:35 Thursday, March 8, 2001 

253 

 

                                                Analysis of Variance Procedure 
                                                    Class Level Information 
 
Class    Levels    Values 
 
SUBJECT      84    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 
                   39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 
                   74 75 76 77 78 79 80 81 82 83 84 
 
TREAT         7    1 2 3 4 5 6 7 
 
TARGET       12    1 2 3 4 5 6 7 8 9 10 11 12 
 
 
                                           Number of observations in data set = 1008 
 
 
                                                        The SAS System                        07:35 Thursday, March 8, 2001 
254 
 
                                                Analysis of Variance Procedure 
 
      Dependent Variable: ERROR 
 
      Source                  DF          Sum of Squares               Mean Square          F Value            Pr > F 
 
      Model                 1007               416.78336783                0.41388616              .               . 
 
      Error                    0                  .                         . 
 
      Corrected Total       1007               416.78336783 
 
                        R-Square                       C.V.                  Root MSE                         ERROR Mean 
 
                        1.000000                          0                         0                         0.67213790 
 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    6                17.17171766                2.86195294              .               . 
      TARGET                  11                68.14508063                6.19500733              .               . 
      SUBJECT(TREAT)          77               133.42083559                1.73273812              .               . 
      TREAT*TARGET            66                15.88955913                0.24075090              .               . 
      SUBJEC*TARGET(TREAT)   847               182.15617483                0.21506042              .               . 
 
Tests of Hypotheses using the Anova MS for SUBJECT(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    6                17.17171766                2.86195294             1.65            0.1444 
 
Tests of Hypotheses using the Anova MS for SUBJEC*TARGET(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TARGET                  11                68.14508063                6.19500733            28.81            0.0001 
      TREAT*TARGET            66                15.88955913                0.24075090             1.12            0.2466 
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                                                Analysis of Variance Procedure 
 
      Dependent Variable: RT 
 
      Source                  DF             Sum of Squares               Mean Square          F Value            Pr > F 
 
      Model                 1007       55161921166.56740000         54778471.86352270              .               . 
 
      Error                    0                  .                         . 
 
      Corrected Total       1007       55161921166.56740000 
 
                        R-Square                       C.V.                  Root MSE                            RT Mean 
 
                        1.000000                          0                         0                      9986.67658730 
 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    6        6238852292.26191000       1039808715.37698000              .               . 
      TARGET                  11        4131966796.32937000        375633345.12085200              .               . 
      SUBJECT(TREAT)          77       22515328599.30540000        292406864.92604500              .               . 
      TREAT*TARGET            66        2750421602.97615000         41673054.59054770              .               . 
      SUBJEC*TARGET(TREAT)   847       19525351875.69450000         23052363.48960390              .               . 
 
Tests of Hypotheses using the Anova MS for SUBJECT(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    6        6238852292.26191000       1039808715.37698000             3.56            0.0037 
 
Tests of Hypotheses using the Anova MS for SUBJEC*TARGET(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TARGET                  11        4131966796.32937000        375633345.12085200            16.29            0.0001 
      TREAT*TARGET            66        2750421602.97615000         41673054.59054770             1.81            0.0001 
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                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: ERROR 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
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                                              Alpha= 0.05  df= 77  MSE= 1.732738 
                                          Critical Value of Studentized Range= 4.282 
                                            Minimum Significant Difference= 0.4697 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TREAT 
 
                                                     A            0.8727    144  3 
                                                     A 
                                                     A            0.8621    144  2 
                                                     A 
                                                     A            0.6675    144  5 
                                                     A 
                                                     A            0.6191    144  4 
                                                     A 
                                                     A            0.6042    144  7 
                                                     A 
                                                     A            0.5533    144  1 
                                                     A 
                                                     A            0.5260    144  6 
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                                                Analysis of Variance Procedure 
 
                                     Tukey's Studentized Range (HSD) Test for variable: RT 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 77  MSE= 2.9241E8 
                                          Critical Value of Studentized Range= 4.282 
                                            Minimum Significant Difference= 6101.5 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TREAT 
 
                                                     A             13465    144  7 
                                                     A 
                                                     A             12576    144  6 
                                                     A 
                                             B       A             11495    144  5 
                                             B       A 
                                             B       A              9747    144  4 
                                             B       A 
                                             B       A              8571    144  3 
                                             B       A 
                                             B       A              8180    144  1 
                                             B 
                                             B                      5873    144  2 
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                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: ERROR 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 847  MSE= 0.21506 
                                          Critical Value of Studentized Range= 4.635 
                                            Minimum Significant Difference= 0.2345 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     A           1.21881     84  8 
                                                     A 
                                             B       A           0.99149     84  7 
                                             B 
                                             B       C           0.84750     84  12 
                                             B       C 
                                             B       C           0.82452     84  5 
                                             B       C 
                                             B       C           0.77060     84  6 
                                                     C 
                                             D       C           0.68327     84  9 
                                             D       C 
                                             D       C   E       0.62429     84  11 
                                             D           E 
                                             D       F   E       0.53512     84  2 
                                             D       F   E 
                                             D       F   E       0.48369     84  4 
                                                     F   E 
                                                     F   E       0.39583     84  3 
                                                     F 
                                                     F           0.34815     84  1 
                                                     F 
                                                     F           0.34238     84  10 
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                                                Analysis of Variance Procedure 
 
                                     Tukey's Studentized Range (HSD) Test for variable: RT 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
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                                              Alpha= 0.05  df= 847  MSE= 23052363 
                                          Critical Value of Studentized Range= 4.635 
                                             Minimum Significant Difference= 2428 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     A           12355.0     84  8 
                                                     A 
                                                     A           11825.2     84  6 
                                                     A 
                                                     A           11482.3     84  11 
                                                     A 
                                                     A           11433.8     84  7 
                                                     A 
                                                     A           11378.2     84  12 
                                                     A 
                                                     A           11281.8     84  5 
                                                     A 
                                             B       A           10661.8     84  4 
                                             B       A 
                                             B       A           10201.2     84  9 
                                             B 
                                             B       C            8476.2     84  2 
                                                     C 
                                             D       C            7412.9     84  3 
                                             D       C 
                                             D       C            7295.6     84  10 
                                             D 
                                             D                    6036.2     84  1 



 

 105 

 
 

8.8  Appendix H:  Experiment II SAS Code and Output 
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                                                        The SAS System                        07:41 Thursday, March 8, 2001   
1 
 
                                                Analysis of Variance Procedure 
                                                    Class Level Information 
 
Class    Levels    Values 
 
SUBJECT      48    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 
                   39 40 41 42 43 44 45 46 47 48 
 
TREAT         3    1 2 3 
 
TARGET       32    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
 
 
                                           Number of observations in data set = 1536 
 
 
                                                        The SAS System                        07:41 Thursday, March 8, 2001   
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                                                Analysis of Variance Procedure 
 
      Dependent Variable: MILESE 
 
      Source                  DF             Sum of Squares               Mean Square          F Value            Pr > F 
 
      Model                 1535               929.79864995                0.60573202              .               . 
 
      Error                    0                  .                         . 
 
      Corrected Total       1535               929.79864995 
 
                        R-Square                       C.V.                  Root MSE                        MILESE Mean 
 
                        1.000000                          0                         0                         0.80329751 
 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2                 6.70592139                3.35296069              .               . 
      TARGET                  31               214.27125971                6.91197612              .               . 
      SUBJECT(TREAT)          45               205.83576075                4.57412802              .               . 
      TREAT*TARGET            62                48.88839033                0.78852242              .               . 
      SUBJEC*TARGET(TREAT)  1395               454.09731777                0.32551779              .               . 
 
Tests of Hypotheses using the Anova MS for SUBJECT(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2                 6.70592139                3.35296069             0.73            0.4861 
 
Tests of Hypotheses using the Anova MS for SUBJEC*TARGET(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TARGET                  31               214.27125971                6.91197612            21.23            0.0001 
      TREAT*TARGET            62                48.88839033                0.78852242             2.42            0.0001 
                                                        The SAS System                        07:41 Thursday, March 8, 2001   
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                                                Analysis of Variance Procedure 
 
      Dependent Variable: HEADE 
 
      Source                  DF             Sum of Squares               Mean Square          F Value            Pr > F 
 
      Model                 1535             93108.13959056               60.65676846              .               . 
 
      Error                    0                  .                         . 
 
      Corrected Total       1535             93108.13959056 
 
                        R-Square                       C.V.                  Root MSE                         HEADE Mean 
 
                        1.000000                          0                         0                         7.25360026 
 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2               372.33766888              186.16883444              .               . 
      TARGET                  31             18527.94373848              597.67560447              .               . 
      SUBJECT(TREAT)          45              7110.68635605              158.01525236              .               . 
      TREAT*TARGET            62              3160.70021445               50.97903572              .               . 
      SUBJEC*TARGET(TREAT)  1395             63936.47161270               45.83259614              .               . 
 
Tests of Hypotheses using the Anova MS for SUBJECT(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2               372.33766888              186.16883444             1.18            0.3172 
 
Tests of Hypotheses using the Anova MS for SUBJEC*TARGET(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TARGET                  31             18527.94373848              597.67560447            13.04            0.0001 
      TREAT*TARGET            62              3160.70021445               50.97903572             1.11            0.2596 
                                                        The SAS System                        07:41 Thursday, March 8, 2001   
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                                                Analysis of Variance Procedure 
 
      Dependent Variable: MILESRT 
 
      Source                  DF             Sum of Squares               Mean Square          F Value            Pr > F 
 
      Model                 1535       76886801268.48950000         50089121.34755020              .               . 
 
      Error                    0                  .                         . 
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      Corrected Total       1535       76886801268.48950000 
 
                        R-Square                       C.V.                  Root MSE                       MILESRT Mean 
 
                        1.000000                          0                         0                      9167.35677083 
 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2        7836542884.89583000       3918271442.44791000              .               . 
      TARGET                  31        5907578326.82289000        190567042.80073800              .               . 
      SUBJECT(TREAT)          45       17947137471.09370000        398825277.13541600              .               . 
      TREAT*TARGET            62        2342070431.77085000         37775329.54469120              .               . 
      SUBJEC*TARGET(TREAT)  1395       42853472153.90620000         30719334.87735210              .               . 
 
Tests of Hypotheses using the Anova MS for SUBJECT(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2        7836542884.89583000       3918271442.44791000             9.82            0.0003 
 
Tests of Hypotheses using the Anova MS for SUBJEC*TARGET(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TARGET                  31        5907578326.82289000        190567042.80073800             6.20            0.0001 
      TREAT*TARGET            62        2342070431.77085000         37775329.54469120             1.23            0.1117 
                                                        The SAS System                        07:41 Thursday, March 8, 2001   
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                                                Analysis of Variance Procedure 
 
      Dependent Variable: HEADRT 
 
      Source                  DF             Sum of Squares               Mean Square          F Value            Pr > F 
 
      Model                 1535       24064435249.73950000         15677156.51448830              .               . 
 
      Error                    0                  .                         . 
 
      Corrected Total       1535       24064435249.73950000 
 
                        R-Square                       C.V.                  Root MSE                        HEADRT Mean 
 
                        1.000000                          0                         0                      6488.76302083 
 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2          37437397.39583580         18718698.69791790              .               . 
      TARGET                  31        2815965341.40628000         90837591.65826710              .               . 
      SUBJECT(TREAT)          45        4798757364.84375000        106639052.55208300              .               . 
      TREAT*TARGET            62         565043135.93746900          9113598.96673338              .               . 
      SUBJEC*TARGET(TREAT)  1395       15847232010.15620000         11360022.94634850              .               . 
 
Tests of Hypotheses using the Anova MS for SUBJECT(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TREAT                    2          37437397.39583580         18718698.69791790             0.18            0.8396 
 
Tests of Hypotheses using the Anova MS for SUBJEC*TARGET(TREAT) as an error term 
 
      Source                  DF                   Anova SS               Mean Square          F Value            Pr > F 
 
      TARGET                  31        2815965341.40628000         90837591.65826710             8.00            0.0001 
      TREAT*TARGET            62         565043135.93746900          9113598.96673338             0.80            0.8652 
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                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: MILESE 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 45  MSE= 4.574128 
                                          Critical Value of Studentized Range= 3.428 
                                             Minimum Significant Difference= 0.324 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TREAT 
 
                                                     A            0.8850    512  3 
                                                     A 
                                                     A            0.8017    512  1 
                                                     A 
                                                     A            0.7232    512  2 
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                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: HEADE 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 45  MSE= 158.0153 
                                          Critical Value of Studentized Range= 3.428 
                                            Minimum Significant Difference= 1.9041 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TREAT 
 
                                                     A            7.8814    512  2 
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                                                     A 
                                                     A            7.2006    512  3 
                                                     A 
                                                     A            6.6789    512  1 
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                                                Analysis of Variance Procedure 
 
                                  Tukey's Studentized Range (HSD) Test for variable: MILESRT 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 45  MSE= 3.9883E8 
                                          Critical Value of Studentized Range= 3.428 
                                            Minimum Significant Difference= 3025.1 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TREAT 
 
                                                     A             12355    512  2 
 
                                                     B              7746    512  1 
                                                     B 
                                                     B              7401    512  3 
 
 
 
                                                        The SAS System                        07:41 Thursday, March 8, 2001   
9 
 
                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: HEADRT 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 45  MSE= 1.0664E8 
                                          Critical Value of Studentized Range= 3.428 
                                            Minimum Significant Difference= 1564.2 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TREAT 
 
                                                     A            6709.4    512  2 
                                                     A 
                                                     A            6386.1    512  3 
                                                     A 
                                                     A            6370.9    512  1 
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                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: MILESE 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                             Alpha= 0.05  df= 1395  MSE= 0.325518 
                                          Critical Value of Studentized Range= 5.358 
                                            Minimum Significant Difference= 0.4412 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     A            1.4667     48  31 
                                                     A 
                                             B       A            1.4394     48  26 
                                             B       A 
                                             B       A   C        1.3765     48  18 
                                             B       A   C 
                                             B   D   A   C        1.3469     48  19 
                                             B   D   A   C 
                                         E   B   D   A   C        1.2532     48  23 
                                         E   B   D   A   C 
                                         E   B   D   A   C F      1.2260     48  27 
                                         E   B   D   A   C F 
                                         E   B   D   A G C F      1.0979     48  32 
                                         E   B   D   A G C F 
                                         E   B   D   A G C F      1.0521     48  24 
                                         E   B   D   A G C F 
                                         E   B   D   A G C F      1.0506     48  11 
                                         E   B   D     G C F 
                                         E   B   D   H G C F      1.0115     48  30 
                                         E       D   H G C F 
                                         E   I   D   H G C F      0.9892     48  3 
                                         E   I   D   H G   F 
                                         E   I   D   H G   F      0.9242     48  15 
                                         E   I   D   H G   F 
                                         E   I   D   H G   F      0.9198     48  16 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
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                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                         E   I   D   H G   F 
                                         E   I   D   H G J F      0.9062     48  28 
                                         E   I       H G J F 
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                                         E   I   K   H G J F      0.9015     48  22 
                                         E   I   K   H G J F 
                                         E   I   K   H G J F      0.8621     48  8 
                                         E   I   K   H G J F 
                                         E   I   K L H G J F      0.8196     48  7 
                                             I   K L H G J F 
                                             I   K L H G J F      0.7925     48  2 
                                             I   K L H G J 
                                         M   I   K L H G J        0.7312     48  10 
                                         M   I   K L H G J 
                                         M   I   K L H G J        0.6990     48  20 
                                         M   I   K L H G J 
                                         M   I   K L H G J N      0.6692     48  14 
                                         M   I   K L H   J N 
                                         M   I   K L H   J N      0.6027     48  21 
                                         M   I   K L     J N 
                                         M   I   K L O   J N      0.5487     48  6 
                                         M       K L O   J N 
                                         M       K L O   J N      0.4769     48  4 
                                         M       K L O   J N 
                                         M       K L O   J N      0.4744     48  17 
                                         M       K L O     N 
                                         M       K L O     N      0.4637     48  12 
                                         M         L O     N 
                                         M         L O     N      0.4148     48  25 
                                         M         L O     N 
                                         M         L O     N      0.3902     48  29 
                                         M           O     N 
                                         M           O     N      0.3162     48  9 
                                                     O     N 
                                                     O     N      0.2346     48  1 
                                                     O 
                                                     O            0.1315     48  5 
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                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     O 
                                                     O            0.1167     48  13 
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                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: HEADE 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                              Alpha= 0.05  df= 1395  MSE= 45.8326 
                                          Critical Value of Studentized Range= 5.358 
                                            Minimum Significant Difference= 5.2353 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     A            13.958     48  24 
                                                     A 
                                             B       A            13.702     48  8 
                                             B       A 
                                             B       A   C        13.255     48  26 
                                             B       A   C 
                                             B   D   A   C        13.021     48  32 
                                             B   D   A   C 
                                         E   B   D   A   C        11.021     48  2 
                                         E   B   D   A   C 
                                         E   B   D   A   C        10.915     48  16 
                                         E   B   D   A   C 
                                         E   B   D   A   C F      10.065     48  18 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F       9.660     48  11 
                                         E   B   D   A   C F 
                                         E   B   D   A G C F       8.809     48  23 
                                         E   B   D     G C F 
                                         E   B   D     G C F       8.596     48  15 
                                         E       D     G C F 
                                         E       D   H G C F       8.277     48  12 
                                         E       D   H G   F 
                                         E   I   D   H G   F       8.000     48  10 
                                         E   I   D   H G   F 
                                         E   I   D   H G J F       7.825     48  7 
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                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                         E   I   D   H G J F 
                                         E   I   D   H G J F       7.787     48  27 
                                         E   I       H G J F 
                                         E   I   K   H G J F       7.213     48  28 
                                         E   I   K   H G J F 
                                         E   I   K   H G J F       7.188     48  3 
                                         E   I   K   H G J F 
                                         E   I   K L H G J F       7.043     48  31 
                                         E   I   K L H G J F 
                                         E   I   K L H G J F       7.042     48  19 
                                         E   I   K L H G J F 
                                         E   I   K L H G J F       6.894     48  30 
                                         E   I   K L H G J F 
                                         E   I   K L H G J F       6.729     48  14 
                                         E   I   K L H G J F 
                                         E   I   K L H G J F       6.660     48  22 
                                         E   I   K L H G J F 
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                                         E   I M K L H G J F       6.042     48  6 
                                             I M K L H G J F 
                                             I M K L H G J F       5.667     48  4 
                                             I M K L H G J F 
                                             I M K L H G J F       5.319     48  20 
                                             I M K L H G J 
                                             I M K L H G J         4.313     48  1 
                                             I M K L H   J 
                                             I M K L H   J         3.277     48  17 
                                             I M K L H   J 
                                             I M K L H   J         3.255     48  29 
                                             I M K L     J 
                                             I M K L     J         2.809     48  25 
                                               M K L     J 
                                               M K L     J         2.660     48  9 
                                               M K L 
                                               M K L               1.978     48  13 
                                               M   L 
                                               M   L               1.830     48  21 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
15 
 
                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                               M 
                                               M                   1.310     48  5 
 
 
 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
16 
 
                                                Analysis of Variance Procedure 
 
                                  Tukey's Studentized Range (HSD) Test for variable: MILESRT 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                             Alpha= 0.05  df= 1395  MSE= 30719335 
                                          Critical Value of Studentized Range= 5.358 
                                            Minimum Significant Difference= 4286.1 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     A             12872     48  32 
                                                     A 
                                             B       A             12366     48  24 
                                             B       A 
                                             B       A   C         11949     48  18 
                                             B       A   C 
                                             B       A   C         11695     48  31 
                                             B       A   C 
                                             B   D   A   C         11233     48  27 
                                             B   D   A   C 
                                             B   D   A   C         10940     48  23 
                                             B   D   A   C 
                                         E   B   D   A   C         10791     48  19 
                                         E   B   D   A   C 
                                         E   B   D   A   C         10716     48  28 
                                         E   B   D   A   C 
                                         E   B   D   A   C         10293     48  20 
                                         E   B   D   A   C 
                                         E   B   D   A   C         10213     48  22 
                                         E   B   D   A   C 
                                         E   B   D   A   C          9830     48  8 
                                         E   B   D   A   C 
                                         E   B   D   A   C          9708     48  11 
                                         E   B   D   A   C 
                                         E   B   D   A   C F        9480     48  26 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
17 
 
                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F        9435     48  15 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F        9420     48  10 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F        9393     48  30 
                                         E   B   D   A   C F 
                                         E   B   D   A G C F        9348     48  2 
                                         E   B   D   A G C F 
                                         E   B   D H A G C F        9197     48  14 
                                         E   B   D H A G C F 
                                         E   B   D H A G C F        9163     48  7 
                                         E   B   D H A G C F 
                                         E   B   D H A G C F        9020     48  16 
                                         E   B   D H A G C F 
                                         E   B   D H A G C F        9015     48  3 
                                         E   B   D H A G C F 
                                         E   B   D H A G C F        8784     48  12 
                                         E   B   D H   G C F 
                                         E   B   D H   G C F        8456     48  4 
                                         E       D H   G C F 
                                         E       D H   G C F        8000     48  21 
                                         E       D H   G C F 
                                         E       D H   G C F        7964     48  6 
                                         E       D H   G C F 
                                         E       D H   G C F        7881     48  17 
                                         E       D H   G   F 
                                         E       D H   G   F        7210     48  9 
                                         E       D H   G   F 
                                         E       D H   G   F        6960     48  25 
                                         E         H   G   F 
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                                         E         H   G   F        6588     48  29 
                                                   H   G   F 
                                                   H   G   F        5382     48  1 
                                                   H   G 
                                                   H   G            5100     48  13 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
18 
 
                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                   H 
                                                   H                4954     48  5 
 
 
 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
19 
 
                                                Analysis of Variance Procedure 
 
                                   Tukey's Studentized Range (HSD) Test for variable: HEADRT 
 
                                  NOTE: This test controls the type I experimentwise error rate, but generally has a higher 
                                        type II error rate than REGWQ. 
 
                                             Alpha= 0.05  df= 1395  MSE= 11360023 
                                          Critical Value of Studentized Range= 5.358 
                                            Minimum Significant Difference= 2606.4 
 
                                  Means with the same letter are not significantly different. 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                                     A            8697.1     48  10 
                                                     A 
                                             B       A            8488.3     48  26 
                                             B       A 
                                             B       A   C        8170.4     48  8 
                                             B       A   C 
                                             B       A   C        8160.8     48  32 
                                             B       A   C 
                                             B   D   A   C        7889.2     48  27 
                                             B   D   A   C 
                                             B   D   A   C        7636.7     48  28 
                                             B   D   A   C 
                                             B   D   A   C        7505.8     48  11 
                                             B   D   A   C 
                                             B   D   A   C        7419.6     48  16 
                                             B   D   A   C 
                                         E   B   D   A   C        7372.9     48  22 
                                         E   B   D   A   C 
                                         E   B   D   A   C        7367.5     48  12 
                                         E   B   D   A   C 
                                         E   B   D   A   C F      7255.4     48  7 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F      7235.4     48  24 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F      7208.3     48  14 
                                                        The SAS System                        07:41 Thursday, March 8, 2001  
20 
 
                                                Analysis of Variance Procedure 
 
                                        Tukey Grouping              Mean      N  TARGET 
 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F      7061.3     48  20 
                                         E   B   D   A   C F 
                                         E   B   D   A   C F      7011.3     48  31 
                                         E   B   D   A   C F 
                                         E   B   D   A G C F      6920.8     48  6 
                                         E   B   D   A G C F 
                                         E   B   D   A G C F      6808.3     48  23 
                                         E   B   D   A G C F 
                                         E   B   D   A G C F      6790.4     48  30 
                                         E   B   D   A G C F 
                                         E   B   D H A G C F      6677.1     48  15 
                                         E   B   D H A G C F 
                                         E   B I D H A G C F      6389.2     48  4 
                                         E   B I D H   G C F 
                                         E   B I D H   G C F      6030.8     48  19 
                                         E     I D H   G C F 
                                         E     I D H   G C F      5846.3     48  18 
                                         E     I D H   G C F 
                                         E     I D H   G C F      5749.6     48  2 
                                         E     I D H   G   F 
                                         E     I D H   G   F      5513.8     48  1 
                                         E     I D H   G   F 
                                         E     I D H   G   F      5452.1     48  29 
                                         E     I D H   G   F 
                                         E     I D H   G   F      5346.3     48  3 
                                         E     I   H   G   F 
                                         E     I   H   G   F      4801.3     48  13 
                                               I   H   G   F 
                                               I   H   G   F      4661.3     48  17 
                                               I   H   G 
                                               I   H   G          4330.8     48  5 
                                               I   H 
                                               I   H              4079.6     48  9 
                                               I 
                                               I                  3900.0     48  25 
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8.9  Appendix I:  Experiment III SAS Code and Output 
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7+( 6$67+( 6$6 6<67(06<67(0 1 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
                             CLASS LEVEL INFORMATION 
 
CLASS    LEVELS    VALUES 
 
SUBJECT      30    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
                   24 25 26 27 28 29 30 
 
TREAT         2    1 2 
 
TARGET        8    CHEETAH COBRA FOX MONGOOSE PUMA TIGER WEASLE WOLF 
 
 
                    NUMBER OF OBSERVATIONS IN DATA SET = 240 
 
 
                    GROUP   OBS   DEPENDENT VARIABLES 
 
                      1     240   MILESE MILESRT HEADE HEADRT 
 
                      2     170   DETECT 
 
 
NOTE: VARIABLES IN EACH GROUP ARE CONSISTENT WITH RESPECT TO THE PRESENCE OR 
      ABSENCE OF MISSING VALUES. 
 
                                 THE SAS SYSTEM                                 2 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
DEPENDENT VARIABLE: MILESE 
 
SOURCE                  DF    SUM OF SQUARES      MEAN SQUARE  F VALUE    PR > F 
 
MODEL                  239     7195.77260682      30.10783517      .       . 
 
ERROR                    0         .                . 
 
CORRECTED TOTAL        239     7195.77260682 
 
                  R-SQUARE              C.V.         ROOT MSE        MILESE MEAN 
 
                  1.000000                 0                0         6.35995837 
 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1       80.26110504      80.26110504      .       . 
TARGET                   7      362.32870444      51.76124349      .       . 
SUBJECT(TREAT)          28     2682.44219296      95.80150689      .       . 
TREAT*TARGET             7       45.77759306       6.53965615      .       . 
SUBJEC*TARGET(TREAT)   196     4024.96301132      20.53552557      .       . 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJECT(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1       80.26110504      80.26110504     0.84    0.3678 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJEC*TARGET(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TARGET                   7      362.32870444      51.76124349     2.52    0.0167 
TREAT*TARGET             7       45.77759306       6.53965615     0.32    0.9451 
                                 THE SAS SYSTEM                                 3 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
DEPENDENT VARIABLE: MILESRT 
 
SOURCE                  DF    SUM OF SQUARES      MEAN SQUARE  F VALUE    PR > F 
 
MODEL                  239     10020611961.3       41927246.7      .       . 
 
ERROR                    0                .                . 
 
CORRECTED TOTAL        239     10020611961.3 
 
                  R-SQUARE              C.V.         ROOT MSE       MILESRT MEAN 
 
                  1.000000                 0                0         18592.8333 
 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1          45485.07         45485.07      .       . 
TARGET                   7      574014962.93      82002137.56      .       . 
SUBJECT(TREAT)          28     5699365464.27     203548766.58      .       . 
TREAT*TARGET             7       74135287.20      10590755.31      .       . 
SUBJEC*TARGET(TREAT)   196     3673050761.87      18740054.91      .       . 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJECT(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1     45485.0666656    45485.0666656     0.00    0.9882 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJEC*TARGET(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TARGET                   7     574014962.933     82002137.562     4.38    0.0002 
TREAT*TARGET             7      74135287.200     10590755.314     0.57    0.7837 
                                 THE SAS SYSTEM                                 4 
                                                     14:24 FRIDAY, MARCH 16, 2001 
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                         ANALYSIS OF VARIANCE PROCEDURE 
 
DEPENDENT VARIABLE: HEADE 
 
SOURCE                  DF    SUM OF SQUARES      MEAN SQUARE  F VALUE    PR > F 
 
MODEL                  239     9067.13569958      37.93780627      .       . 
 
ERROR                    0         .                . 
 
CORRECTED TOTAL        239     9067.13569958 
 
                  R-SQUARE              C.V.         ROOT MSE         HEADE MEAN 
 
                  1.000000                 0                0         8.21129167 
 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1        8.59952042       8.59952042      .       . 
TARGET                   7     2257.83692958     322.54813280      .       . 
SUBJECT(TREAT)          28     1077.91054167      38.49680506      .       . 
TREAT*TARGET             7      151.58556958      21.65508137      .       . 
SUBJEC*TARGET(TREAT)   196     5571.20313833      28.42450581      .       . 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJECT(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1        8.59952042       8.59952042     0.22    0.6401 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJEC*TARGET(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TARGET                   7     2257.83692958     322.54813280    11.35    0.0001 
TREAT*TARGET             7      151.58556958      21.65508137     0.76    0.6200 
                                 THE SAS SYSTEM                                 5 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
DEPENDENT VARIABLE: HEADRT 
 
SOURCE                  DF    SUM OF SQUARES      MEAN SQUARE  F VALUE    PR > F 
 
MODEL                  239     9978116540.16      41749441.59      .       . 
 
ERROR                    0               .                . 
 
CORRECTED TOTAL        239     9978116540.16 
 
                  R-SQUARE              C.V.         ROOT MSE        HEADRT MEAN 
 
                  1.000000                 0                0         16793.7875 
 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1      263616016.50     263616016.50      .       . 
TARGET                   7     1630903254.60     232986179.23      .       . 
SUBJECT(TREAT)          28     4144460310.78     148016439.67      .       . 
TREAT*TARGET             7      101828972.93      14546996.13      .       . 
SUBJEC*TARGET(TREAT)   196     3837307985.35      19578101.97      .       . 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJECT(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1     263616016.504    263616016.504     1.78    0.1928 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJEC*TARGET(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TARGET                   7     1630903254.60     232986179.23    11.90    0.0001 
TREAT*TARGET             7      101828972.93      14546996.13     0.74    0.6358 
 
 
 
                                 THE SAS SYSTEM                                 6 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: MILESE 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 28  MSE= 95.80151 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 2.897 
                     MINIMUM SIGNIFICANT DIFFERENCE= 2.5884 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TREAT 
 
                              A             6.938    120  1 
                              A 
                              A             5.782    120  2 
 
 
 
                                 THE SAS SYSTEM                                 7 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
           TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: MILESRT 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
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                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 28  MSE= 2.0355E8 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 2.897 
                     MINIMUM SIGNIFICANT DIFFERENCE= 3772.9 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TREAT 
 
                              A             18607    120  2 
                              A 
                              A             18579    120  1 
 
 
 
                                 THE SAS SYSTEM                                 8 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: HEADE 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 28  MSE= 38.49681 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 2.897 
                     MINIMUM SIGNIFICANT DIFFERENCE= 1.6408 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TREAT 
 
                              A            8.4006    120  1 
                              A 
                              A            8.0220    120  2 
 
 
 
                                 THE SAS SYSTEM                                 9 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: HEADRT 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 28  MSE= 1.4802E8 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 2.897 
                     MINIMUM SIGNIFICANT DIFFERENCE= 3217.3 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TREAT 
 
                              A             17842    120  1 
                              A 
                              A             15746    120  2 
 
 
 
                                 THE SAS SYSTEM                                10 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: MILESE 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 196  MSE= 20.53553 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 4.333 
                      MINIMUM SIGNIFICANT DIFFERENCE= 3.585 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TARGET 
 
                              A             7.757     30  TIGER 
                              A 
                              A             7.580     30  CHEETAH 
                              A 
                              A             7.497     30  FOX 
                              A 
                              A             6.857     30  COBRA 
                              A 
                              A             6.130     30  MONGOOSE 
                              A 
                              A             5.986     30  WOLF 
                              A 
                              A             4.893     30  WEASLE 
                              A 
                              A             4.180     30  PUMA 
 
 
 
                                 THE SAS SYSTEM                                11 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
           TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: MILESRT 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 196  MSE= 18740055 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 4.333 
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                     MINIMUM SIGNIFICANT DIFFERENCE= 3424.7 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TARGET 
 
                              A             20547     30  COBRA 
                              A 
                              A             20179     30  WOLF 
                              A 
                              A             19787     30  CHEETAH 
                              A 
                              A             19777     30  MONGOOSE 
                              A 
                      B       A             17713     30  WEASLE 
                      B       A 
                      B       A             17288     30  TIGER 
                      B       A 
                      B       A             17240     30  FOX 
                      B 
                      B                     16212     30  PUMA 
 
 
 
                                 THE SAS SYSTEM                                12 
                                                     14:24 FRIDAY, MARCH 16, 2001 
 
                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: HEADE 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 196  MSE= 28.42451 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 4.333 
                     MINIMUM SIGNIFICANT DIFFERENCE= 4.2178 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TARGET 
 
                              A            11.461     30  MONGOOSE 
                              A 
                              A            11.091     30  FOX 
                              A 
                              A            11.069     30  TIGER 
                              A 
                      B       A             8.750     30  COBRA 
                      B       A 
                      B       A             8.694     30  CHEETAH 
                      B 
                      B                     6.592     30  WOLF 
                      B 
                      B                     6.241     30  PUMA 
 
                              C             1.791     30  WEASLE 
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                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: HEADRT 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                       ALPHA= 0.05  DF= 196  MSE= 19578102 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 4.333 
                     MINIMUM SIGNIFICANT DIFFERENCE= 3500.5 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TARGET 
 
                              A             20523     30  COBRA 
                              A 
                              A             19909     30  CHEETAH 
                              A 
                      B       A             18435     30  FOX 
                      B       A 
                      B       A             18095     30  MONGOOSE 
                      B 
                      B       C             15631     30  WOLF 
                              C 
                              C             14232     30  TIGER 
                              C 
                              C             13957     30  PUMA 
                              C 
                              C             13569     30  WEASLE 
 
 
 
 
 LEVEL OF  LEVEL OF     ----------MILESE----------   ----------MILESRT--------- 
 TREAT     TARGET     N     MEAN           SD            MEAN           SD 
 
 1         CHEETAH   15   8.56000000    8.15508606     20482.6667    7673.80281 
 1         COBRA     15   8.15333333    5.32378312     20789.3333    8384.21260 
 1         FOX       15   8.30666667    6.67077492     16718.6667    5045.39092 
 1         MONGOOSE  15   5.92000000    3.27309377     20265.3333    8262.11134 
 1         PUMA      15   4.65333333    4.79402406     15472.0000    5629.45214 
 1         TIGER     15   8.33466680    4.74977550     17713.8667    3494.96025 
 1         WEASLE    15   5.41200000    3.79885359     16890.6667    6203.14605 
 1         WOLF      15   6.16600027    6.00045662     20300.0000    8364.43833 
 2         CHEETAH   15   6.60000000    4.40713707     19092.0000    6992.27656 
 2         COBRA     15   5.56000000    4.98351568     20304.0000    6392.40710 
 2         FOX       15   6.68666667    6.00973813     17761.3333    5449.92512 
 2         MONGOOSE  15   6.34000000    4.63385060     19288.0000    6219.12626 
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 2         PUMA      15   3.70666667    4.81448212     16952.8000    5795.93655 
 2         TIGER     15   7.18000013    7.45981603     16862.6667    3959.92689 
 2         WEASLE    15   4.37333333    3.97033044     18534.6667    7142.49443 
 2         WOLF      15   5.80666667    6.05150119     20057.3333    5982.14900 
 
 LEVEL OF  LEVEL OF     -----------HEADE----------   ----------HEADRT---------- 
 TREAT     TARGET     N     MEAN           SD            MEAN           SD 
 
 1         CHEETAH   15    9.2713333     4.7822886     20462.6667    6750.96550 
 1         COBRA     15    7.2166667     5.5322647     21902.6667    8761.18996 
 1         FOX       15   11.7453333     6.0514660     20362.6667    7946.55673 
 1         MONGOOSE  15   12.3280000     3.6933283     18241.3333    6316.19898 
 1         PUMA      15    6.7493333    10.2839511     14496.0000    5697.16822 
 1         TIGER     15   12.0713333     5.8723844     16208.7333    5302.92788 
 1         WEASLE    15    1.3440000     0.9532411     14109.9333    3209.54470 
 1         WOLF      15    6.4786667     4.4662174     16950.6667    6487.04144 
 2         CHEETAH   15    8.1173333     2.9362013     19355.2667    6499.56408 
 2         COBRA     15   10.2833333     8.3044022     19142.6667    7586.54398 
 2         FOX       15   10.4360000     2.7291699     16508.0000    4580.72234 
 2         MONGOOSE  15   10.5946667     5.9339145     17949.3333    6400.02619 
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                         ANALYSIS OF VARIANCE PROCEDURE 
 
 LEVEL OF  LEVEL OF     -----------HEADE----------   ----------HEADRT---------- 
 TREAT     TARGET     N     MEAN           SD            MEAN           SD 
 
 2         PUMA      15    5.7333333     4.9203175     13417.3333    5645.16919 
 2         TIGER     15   10.0666667     4.7126981     12254.6667    3127.01105 
 2         WEASLE    15    2.2386667     1.8752861     13028.0000    3456.56146 
 2         WOLF      15    6.7060000     6.3181799     14310.6667    4056.01399 
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                         ANALYSIS OF VARIANCE PROCEDURE 
 
DEPENDENT VARIABLE: DETECT 
 
SOURCE                  DF    SUM OF SQUARES      MEAN SQUARE  F VALUE    PR > F 
 
MODEL                  169     602628049.412      3565846.446      .       . 
 
ERROR                    0              .                . 
 
CORRECTED TOTAL        169     602628049.412 
 
                  R-SQUARE              C.V.         ROOT MSE        DETECT MEAN 
 
                  1.000000                 0                0         2510.94118 
 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1       7954980.523      7954980.523      .       . 
TARGET                   7      33323919.340      4760559.906      .       . 
SUBJECT(TREAT)          28     114662223.175      4095079.399      .       . 
TREAT*TARGET             7      27312729.588      3901818.513      .       . 
SUBJEC*TARGET(TREAT)   126     419374196.787      3328366.641      .       . 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJECT(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TREAT                    1     7954980.52288    7954980.52288     1.94    0.1744 
 
TESTS OF HYPOTHESES USING THE ANOVA MS FOR SUBJEC*TARGET(TREAT) AS AN ERROR TERM 
 
SOURCE                  DF          ANOVA SS      MEAN SQUARE  F VALUE    PR > F 
 
TARGET                   7     33323919.3398     4760559.9057     1.43    0.1988 
TREAT*TARGET             7     27312729.5879     3901818.5126     1.17    0.3234 
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                         ANALYSIS OF VARIANCE PROCEDURE 
 
            TUKEY'S STUDENTIZED RANGE (HSD) TEST FOR VARIABLE: DETECT 
 
           NOTE: THIS TEST CONTROLS THE TYPE I EXPERIMENTWISE ERROR RATE, BUT 
                 GENERALLY HAS A HIGHER TYPE II ERROR RATE THAN REGWQ. 
 
                        ALPHA= 0.05  DF= 28  MSE= 4095079 
                   CRITICAL VALUE OF STUDENTIZED RANGE= 2.897 
                     MINIMUM SIGNIFICANT DIFFERENCE= 636.95 
                       WARNING: CELL SIZES ARE NOT EQUAL. 
                      HARMONIC MEAN OF CELL SIZES= 84.70588 
 
           MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 
 
                 TUKEY GROUPING              MEAN      N  TREAT 
 
                              A            2714.9     90  2 
                              A 
                              A            2281.5     80  1 

 
 
 



 

 120 

9.  GLOSSARY 
 
Battlefield Awareness: Awareness of the elements and events on the battlefield at 
any given time. 
 
Bifocal Display: Display distortion technique that results in two distinct areas of 
focus, with one focus area shown at a higher magnification than the other. 
 
Cartesian Distortion: Display distortion that results from a compression of x and y 
coordinates within a designated image area.  To maintain connectivity between image 
points, x coordinates are compressed along the horizontal (x) axis, y coordinates along 
the vertical axis. 
 
Fisheye Display:  A display distortion technique that results in the image being 
magnified to a specified degree at a single point.  Adjacent areas are continuously 
magnified to a lesser degree resulting in a fisheye lens view, similar to looking at the 
image through a convex mirror.  No portion of the magnified image is completely in 
focus. 
 
Non-Linear Display/Mapping: A display in which more than one scale and/or 
coordinate system are combined within a single map display. 
 
Non-Linear Magnification: “Nonlinear magnification is a term that reflects the 
fundamental process that is central to the many techniques which have been described 
in the literature under such names as "fisheye views" "distortion-oriented presentation" 
and "focus+context". The basic characteristics of nonlinear magnification are non-
occluding in-place magnification which preserves a view of the global context.” 
http://www.cs.indiana.edu/~tkeahey/research/fad/fad.html#intro 
http://www.cs.indiana.edu/~tkeahey/research/nlm/nlm.html 
 
Polar Distortion: An image distortion technique that converts Cartesian coordinates 
points outside a designated magnified area to polar coordinates. 
 
Situation Awareness: The perception of the elements in the environment within a 
volume of time and space, the comprehension of their meaning, and the projection of 
their status in the near future (Endsley, 1995a).  See section 2.4.1 for other possible 
definitions. 

 


