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OR.TECTIVE: 

S^rsfcentury Navy, war fighting objectives include technological superiority, reduced staffing, and an 
affo^^dile foTcrOiven fte requirement of superior perfonnance with fewer personnel, the Navy has a critical need 
S retarch th?t adiesses huSian performance enhancement. The present research investigated how cognitive^ based 
desS pSic pies enhance human performance in complex technological interactive task environments. Because 
succSs Sthfs research requires knowledge of multiple disciplines, a multidisciplmary research team was required. 
oTcdlaVorative team included researchers trained in computational engineenng, computer science, cognitive 

science and cognitive psychology. 

Sspldfictal of this project was to investigate cognitively based virtual enviromnents (VE) and interfaces that 
ontimize meteorological and oceanographic (METOC) analyst training and performance during mme counter 
itZreS operational tasks. METOC personnel depend on advanced visualization tools to obtam mforma ion 
hat wi aid the r decision making in tactical plamiing tasks. These visualization systems render copious amounts 
of date in order to represent complex scientific phenomena. In the present context the data show histoncal or 
tSasted chSges in oceanographic conditions over time. In a virtual METOC visualization enviromnent, the 
analysfwas "^^^ m the simulation, which was hypothesized to allow more insight into the dynamic 
processes of coastal regions coupled with the operational task at hand. 

Analysts can interact with a VE via a virtual interface (VI) in order to build an understanding of represented 
oSolphic conditions. In other words, the analyst uses the virtual interface to focus on mfonnaton used to bu. d 

meSm'odel of the simulated environment, or a "situation model" (Durso & ^^'^-'^^^^'l'l\^^^^^^ 
is a term used to describe a person's understanding of a represented envu-onment (e.g., Doane & Sohn, 2000, 
Soane Sohn McNamara, & Adams, 2000; Sarter & Woods, 1991; Sohn & Doane 2000). In the present context, 
Se ^aly^^^^^^ situat on model of the oceanographic conditions to inform his or her tactical plamimg decision- 
m Hng ( g., determine if cloud cover allows a stealth approach to shore; rate the probability of a sonar contact 
being a mine based on oceanographic conditions impacting sonar image quality; see Trafton et al  2000). The goal 
0? the apXa'ion designer, then, is to provide analysts with interface tools that facilitate the construction of a 
stoaLTinSeTSiat wS support the highest quality tactical planning decision makmg. In other words, the virtual 
interface should enhance human analyst performance. 

The snecific focus of the project was on the scientific visualization of oceanographic data used in the study of 
lediSafion tansport   The study of sedimentation transport is important for the Navy MCM community, m 
nste" e SrSncal records of past mine contacts must be examined. For example, MCM personnel may 

need to deTermine if sediment has concealed previously detected mines smce the last time hey were encountered 
The objective of this project was to use principles of human-computer interaction and applied cognitive science o 
adiess human informat on-processing and system design issues relevant for scientific visuahzation tasks such as 
t sSdy oTSdrmeration transport. This objective included several subgoals. One set of subgoals involved the 
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design of the visualizations and the interface for that visuahzation. Another set of subgoals involved the nature of 
the virtual environment used to display the scientific visualizations. 

Desisn of the Visualization . ,, ^     ■ ^     i <. 4 
Many of the problems we face today involve complex relationships between variables representing interrelated 
nrocesses   It is computationally expensive both to model these processes and to analyze and understand the huge 
lou^t of degenerated. Often the best way to analyze these relationships is visually, with some form of graphic 
representation. I the past, it was sufficient to display any representation that the computer could render, forcing as 
mich information as possible into one image. We have reached a computational threshold where we can often 
display more information than is usefiil, and so now we are concerned with the perceptual issues of combinmg 
colors; primitives (i.e., graphical building blocks), and textures such that we can gam the greatest understanding of 

what is rendered. 

Producing meaningftil visualizations now means maximizing how well the information they convey is perceived. 
What types of visual techniques will best show information about complex relationships between vanables, 
esnecially when used in combination with other techniques? Many times there is no smgle solution, but hybrid 
sXtion   s^ch as using one technique to "browse" data on a macro scale to identify areas of interes   then using 
SotCmetld to show detailed information within a smaller context ("drill down"), often provide the best answer. 
Within this context we have developed a new method for conveying information about size-fractionated 
^^e *iion ™trations (browsing) within a larger visuahzation of related variables. Accurate modeling of 
envS^nmSal processes such as sedimentation (i.e. the settling of clay, silt and sand to the bottom of a body of 
™^d aerosol distributions (e.g., precipitation, dust, pollutants, or biochemical toxms) is better achieved if the 
rncentrations are more accirately differentiated by particle size. Computing and rendering information related to 
multiple scalar fields, where before there was only a single field, is a significant challenge for the area of 

visualization design. 

One goal of our visualization design has been to enable analysts at Stennis NRL to study complex littoral region 
nrocesses such as how a Navy diver's visibility might be affected by changes m weather and the surrounding 
Tdemaiefviromnent, inching sedimentation (Keen, Vickery, Flynn, Stavn, & McBnde 2001, Vickery et al, 
2002a). Additionally, Navy MCM operations can use the information on erosion and deposition of sediment to 
understand burial characteristics of mines in specific underwater regions. 

S"tlt Sncerns about designing a visual representation of the data, analysts must be able to interact with 
the representation effectively once it is completed. In order to design a usable interface for such a visualization, the 
S's Sfon^^^^^    requirements must be understood and incorporated into the interface. The user with whom we 
were most concerned was an expert in sedimentation transport. Dr. Tim Keen. Dr. Keen has developed a 
Computational model of sedimentation transport that can calculate the charactenstics of the ocean bottom given a set 

of remotely sensed data as input. 

Dr Keen's tasks with his model are two-fold. First, he must diagnose problems in the data sets that his model 
generates based on his knowledge of oceanographic processes. Problems that he finds may be caused by errors m 
his model's calculations or by a bad set of input values. Using traditional methods of analysis, finding and 
diagnosing such problems in a data set is a time-consuming process. 

The second task Dr. Keen must accomplish with his model is understanding the state of the ocean fi-om the model's 
output. That is, he must integrate the various pieces of data mentally in order to make predictions about the fiittire 

states of the ocean. 

Cognitive task analysis is one method that has been used to understand user information requirements for the design 
of Serfaces (e.g., Endsley, 1993; Schraagen, Chipman, & Shalin, 2000). In our cognitive task analysis, we 
focused on gaining an understanding of how our SME, Dr. Keen, uses the information he has about an 
oceanographic environment to diagnose problems with his model of sedimentation transport. Our first goal m the 
S?"ifwas to determine the relationship between different pieces of information, according to our SME. Knowing 
?he relationships between aspects of the data gave us a better understandmg of when certam information would be 
imnortant for Dr. Keen to be able to access quickly. Our second goal was to develop a process diagram that 
dXS h  steps Dr. Keen took to diagno'se problems with his model. The process dia^am would also help us 
desSi an interface that could present usefiil information to Dr. Keen at the right times and m the right way. 
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Immersive Versus Nonimmersive Environments 
WiTh the increase in VE technology, some researchers have hypothesized tiiat a ^-ght-ed se^e o^^ 
VE would lead to better understanding of information presented m the VE (e.g   Slater & Wilbur, 1997). Presence 
can be thought of as the sense that the virtual world is a real environment that the user is actually standmg in and 
interacting with  When an environment is thought to offer a high sense of presence, it is referred to as an 
"immersive" environment. The impact of immersion or presence on a user's understandmg of mfonnation is also 
important to understand. Immersive systems are often very expensive to purchase and to mamtam. If a less 

mnersTve environment can support the information-processing requirements needed for the scientific visualization 
of oceanographic data as well as an immersive environment, then the Navy should consider usmg the less expen ive 
alternative  The impact of immersion on user understanding of information was examined in another experiment 

conducted for this project. 

most documented differences involve spatial cognition (e.g., Cuttmg, 1997; Loomis, Bkschovich & Beall, 1999). 
Because visualization has an inherent spatial component, it is important to understand how spatial cognition m a 

VE differs from the real world. Such differences may be important for the design of appropriate visualizations and 

interfaces in VEs. 

Numerous theories have been developed about how people keep track of the elements of their enviromnents in the 
real world  Two of the major theories in the literature are the configural theory and the egocentnc theory of spatial 
rnmition ' The configural theory states that people keep track of objects in space around them by storing 
nffr^ln lu'Ebject-to^objec^ relationships they encounter (e.g. Sholl & Nolin, 1997). Such information 
™o the formation of "cognitive maps," that can be considered mental representations that have the properties of 
Sels of an eTviromnent. Cognitive maps are believed to be allocentric, or independent of any specific orientation 
taken by the person in the environment. The egocentric theory states that people keep track of the relationships 
between objects in an environment and their own body's position m the enviromnent (e.g., Wang & Spelke, 2000). 
T^egocS theory suggests that object locations are represented in transient "snapshots." These snapshots can 

be recfnedXn a pSson is not in an enviromnent, but they can only be recalled from the particular orientation m 

which they were "taken." 

Given these two theories and the previous research on spatial cognition performed in the real world, we conducted a 
se7of smdies to determine what representations were used when performing spatial tasks ma VE. Our investigation 
led to a study of the strategies people can use in order to effectively navigate in VEs, and the results from that study 
may guide future work on designing navigation tools for VE interfaces. 

Taken together the results of our efforts produced valuable information about the design of scientific visualizations 
and interfaces for the visualizations. Although our objectives focused on scientific visuahzation of oceanographic 
data, much of our work should generalize to other areas of scientific visualization. 

APPROACH: 

For this research program, our goals included designing visualizations, designing the interface for the visualization, 
stadying the nature of spatial cognition in the virtual enviromnent used to display the scientific visualizations, as 
well afstudying the impact of immersion on understanding scientific data presented m a VE. Our apphed emphasis 
included visits to Pensacola MCM facilities to talk with METOC analysts (e.g., LTjg Jay Jones at 
NAVTRAMETOCFAC) and visits to NAVO and NRL at Stennis to talk with METOC analysts there (e.g.. Dr. 
Timothy Keen and Steve Lingsch at NAVO Stennis). The goal of these discussions was to determine the content 
and nature of the information these analysts use during their decision-making process. The results fi-om these 
discussions and formal task analyses, coupled with our theoretical findings, enabled us to develop cognitively based 
design principles for MCM METOC VEs and Vis. The specific details of the approach we used for each of our 
goals will be discussed in turn. 

Design of the Visualization .     ,.     .      ,     .,,       r i 
The approach for the visualization portion of this project was to develop new visualization algonthms for complex 
physical problems and to compare them with other state-of-the-art techniques m terms of rendermg speed and user- 



nerceived effectiveness. User studies comparing the new visualizations to the state-of-the-art techniques were 
developed w^^^^^^^^^^      on the interactivity of the visualizations, as well as on the effectiveness of the visualization 
rameansTf presenting information to the users. Further information on the visualization can be found online at 
htlp://WWW.F.RC.MsSt3tn.F.du./~rvickerv/. 

For the dlsig/of theTnterface, a cognitive task analysis was performed to help understand the information 
requirem S and procedures for studying sedimentation transport in the littoral ocean enviromxient. The cognitive 
ask analysis began with several interviews with our SMB. Following the mitial mteiviews, we used several 

SLTques to gaAer more information about how the SME used his model to analyze sedimentation transport data. 
SeSst technique was a hierarchical card-sorting task. In this task, the SME was given many index cards, each 
havLg ie name'of one variable written on it. The SME was asked to group the index cards by greates smiilarity 
and to label the resulting groups. The SME then combined the groups based on greatest similanty and labeled he 
new larger groups. This process continued until all the index cards were m one large group labeled varmble 
ThI'result of this grouping was a hierarchical sorting of the variables that could be used to represent he SME s 
representatior^^^      sedimentation transport domain (Doane, Pellegrino, & Klatzky, 1990). Figure 1 shows the 
knowledge representation diagram that resulted from this task. 

After examining the hierarchy of variables, we watched the SME perform his diagnostic tasks. The notes taken 
from that process were used to build an initial process diagram showing the steps the SME used to examine the 
oceanographic environment. This diagram was refined through interviews and more observations of the SME 
pSoS Ms tasks. The purpose of this process diagram was to inform our interface design by descnbing when 
and how information was used during the task. 

Figure 2 shows the process diagram for the portions of the SME tasks on which we focused. Specifically, it shows 
fhe process oTsearching for and diagnosing anomalous points in an oceanographic data set. Based on the cognitive 
Sk Saly is we designed storyboaris for an interface and refined our ideas by using rapid prototyping tools and 
fu4er discisions wift the SME. The interface was later tested, and the results of the tests are discussed m the 
"Immersive Versus Nonimmersive Environments" sections of this report. 

Immersion Versus Nonimmersive Environments ^,        . ■, r, .    ,„„„ 
Once the interface design was finalized, it was implemented in two systems. The systems used were a flat-screen 
comnuterrd a four-w^ed Cavernous Automatic Virtual Environment (CAVE). Figure 3 shows the flat-screen 
Sn ofle ^n^^^rface and the visualization, whereas Figure 4 shows the CAVE version of the mterface and he 
visualization. These systems were chosen because of the relative .^^""^^ of' Wrsion irjerent m their use. That 
is the flat-screen computer is not generally considered as immersive as a CAVE (Cruz-Neira 1998). By 
Implementing the interface in two systems that differed in levels of immersion, we could test the impact of 
immersion on the scientist comprehension of the visualization. 

When the interfaces were completely implemented, our SME served as a subject in an experiment investigating the 
impact of level of immersion on scientific data comprehension. Before the experimental tasks were given to the 
SME he was frained to use both interfaces. Training consisted of having him perform simple tasks that required 
tiie u^e of each part of the interface in turn. For example, he was first asked to navigate to a specific pomt m the 
ocean environment. This meant that he had to use the navigation function of the mterface such as manipulating the 
wand i™cXvE or using the mouse to press the movement icons in the flat-screen interface. Once the SME was 
trained on both interfaces, the experimental tasks began. 

The tasks used in the experiment were designed to test the SME's comprehension of the data being visualized For 
each task a certain point in an ocean environment was manipulated to cause an anomaly m the data. For example, 
the SME might be presented with an environment in which the ocean bottom was composed of fine silt   The 
anomalous point m^ht have a very coarse mud in place of the silt, changing the properties of the currents, sediment 
en^inment etc   The SME would first have to find the anomalous point m the environment, then diagnose what 
caused the anomaly. In the previous example, that would involve determining that the sediment coarseness had 
been manipulated for the anomalous point. If the SME felt he could not make progress on any part of a task, he 
LXZs hints from the experimenter. While he used each interface, we recorded the amount of time it took our 
SME toSommands, find anomalous points, and diagnose problems. These reaction times were compared across 
the systems, as were the number of hints required to solve the problems accurately. 
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Figure 1. Representation of SME's conceptual structure of the variables involved in sedimentation transport. 

Snatial Coenition in Virtual Environments 
Real-world studies of spatial cognition have focused on understanding the underlying mental representations used 
bytd""^2S^^^^^^ space (e.g., Shelton & McNamara, 1997; Sholl & Barte s, 2002). In order 
to examine the ways that people navigate in VEs, our research adapted a research paradigm used for studymg spatial 
cognition in the real world (see Wang & Spelke, 2000). The paradigm we used contrasted the configural and 
egocentric theories of spatial cognition. These theories predict different effects of being disoriented m an 
environment  According to the configural theory, a person represents the configuration of an enviromnent through 
object-to-object relationships instead of through self-to-object relationships. Thus, the configural theory suggests 
that people should still be able to access the relative positions of objects m an envKomnent, even after losmg their 

sense of orientation. 

Bv contrast according to the egocentric theory, a person must access self-to-object relationships in order to recall 
fhe poSs of objecfs in spacl Thus, the egocentnc theory suggests that people should lose their ability to access 
the relative positions of objects following disorientation. If this theory is correct, then when information about self- 
position is lost, accessing self-to-object relations should become difficult. 
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i^/gwre 2. Process diagram for SME's analysis of anomalous points in oceanographic data. 

In order to determine which type of representation people are using in the VE we had subjects learn the locations of 
sbc obiects ta a^rtual world  Figure 5 shows an example of a subject studymg the locations of objects m the 
civronce the^b erts had leSned the locations, they were asked to indicate the object locations when the 
obiecte were occluded from view. This was first done while the subjects were oriented m the enviromnent and ater 
Se hrwere di^^^^^^^^       wearing a blindfold. Figure 6 shows an example of a blindfolded subject pointing to 
rSt u JinTthe wTnd. From subject responses, a configuration error was calculated. Configuration error was 
St toTescnbTthe tendency for a sublet to recall the object-to-object relationships accurately. The difference 
n conCaSn ei^^^^ oriented and disoriented phases indicated the type of spatial representation the subject 
Ts usiS TtheSubjects showed an increase in configuration error following disonentation, this indicated the 
Sect was uing an egocentric representation. If the subject showed no increase m configuration eiror  his 
nd cldL ubjert was using a configural representation. Findings from our initial study showed that there are 
svtSiinSual differences in the types of representations used by individuals when they navigate m a VE. 
?"L subjects were shown to use stl^ategies to improve their performance on spatial tasks. Our investigation 
SSkl coSon in VEs later expanded into a study of the types of strategies subjects could use to perform 
Sal tasSSa VE. We specifically examined how strategies used by subjects were affected by the type of 

representation they were using. 
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Figure 3. Screenshot of the flat-screen version of the interface and the visualization. 

Figure 4. Screenshot of the immersive CAVE version of_the interface and visualization. 
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Figure 5. Example of a subject studying the locations of objects in the spatial cognition experiment. 

Figure 6. Example of a blindfolded subject indicating the locations of objects in the spatial cognition experiment. 
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A CrOMPLISHMENTS (throughout award period); 

We Sartfdty frnTeSing a basic system to visualize the available scalar and vector variables produced by the 

I   zSr^s method suffered from two major shortcomings: Sedimentation particles of vastly different sizes 
tvfdttved asThTsan^^^^^      and there were too many colors to distinguish distinct^ between the different scalar 
Sds  TheSt? he a^orithm was enhanced to view multiple related scalars more effectively by mcoiroratmg a 
better range of colors and sizes (Vickery et al., 2002b). In the enhanced version, color is used to separate up to 20 
SlaSd sSrs or "bins" (in this case differentiated by grain size) into 4 general categones (representing clay, silt, 
sanT anTg   vel)   wkin the categories, varying size glyphs (i.e, visualization constructs used to represent scalar 
vies) show the magnitudes for each bin.   Smaller glyphs show magnitudes for smaller gram size bins and larger 
XTs for llrger grak size bins. This combination of color and size provides two levels of detai to help the 
fist det rSSe fte types of sediment present in the water. The addition of logarithmic scaling to the computation 
rlrenuXof glyphs and how they are allocated to different regions withm the VE was another major 

enhancement. 

To determine if our implemented visuaHzation method was effective for viewing large datasets, we chose two 
cr°tSa™teractivity in the VE and effectiveness as an infonnationvisuah^^^^ Because our 

SXeSSofrXs the infoimation as particles, we compared the mtera^^^^^^^ fhis'lS hl'ed us 
two of the most common methods for displaying particles m the VE Vickery et al  2003a . This study helped us 
Sm ne how parameters needed to be set to maximize the interactivity of our implementation We were able to 
sho™ ormethod was at least as interactive as the other two in the worst case, and up to 44 times more 

interactive in the best case. 

We have iust completed a pilot study on the effectiveness of our method as an information visualization technique 
for browing Sgf datasets   The information obtained is being used to design a formal user study that wdl focus on 
how weTth! reSed scalar values are represented as texture mapped glyphs, and also how well the method compares 
with another state-of-the-art visualization methods (Vickery et al., 2003b). 

We have also enhanced an existing library of VE interface programming tools, called widgets, that can be used to 
Itowpe boft   developer's graphical interface, as well as a custom interface to support specialized user stadies 
(Brou & Doane 2003). One particularly useful widget was created as an aid to help ana ysts understand the effect 
SlogaritSc scaling on the visualization of scalar variables with a range of values too large to represent Imearly. 
This interactive widg'et maps scalar values to a color-mapped legend such that *e andyst can see the exact value of 
the scalar field represented by a specific color on the logarithmic scale (Noble et al., 2003). 

fntfpStSmentSon transport analysis involved examining printouts of 2-D slices of the ocean in an area^ 
These slices showed numerical values for one variable at regular intervals m an ocean region. Because the analy is 
SimSaSranspo^ required a mental model of the status of many variables m an area and how the variables 
interacted, the traditional method of analysis was an extremely demanding task. 

In our approach, we first completed a cognitive task analysis for an oceanographic sedimentation transport expert. 
FroS analy is, we generated a knowledge representation diagram and a process diagram on which an interface 
desSn was based. We predicted that the time required for sedimentation transport analysis of a littoral region 
woSbe significantly decreased by using a VE with the interface designed from our task analysis becau^^^^^^^^^ VE 
Tnd interface would facilitate the effective building of a qualitative mental model of the littoral region (Trafton et 

al., 2000). 

Our interface design was implemented in both a nonimmersive and an immersive environment   Our SME described 
olinterface as "an order of magnitude better" than the traditionally used system for sedimentatton transport data 
Sr Because the interface was implemented in multiple types of systems, we were able to use it m a sttody of 
l^fSLtonmrnorsion on the comprehension of scientific visualizations. The details of that sttidy are reported m 
the "Immersive Versus Nonimmersive Environments" sections of this report. 



Immersive Versus Nonimmersive Environments .       r    ■   ..-r     ■     r „+,-^„o 
The Suite of Ae experiment examining the impact of immersion on comprehension of scien ific visua iza^ions 
show3 thatlmmersion did not enhance comprehension of scientific visuahzations, as the SME was able to 
corplet  aU t"n both the immersive and the nonimmersive environments. Further, the SME took longer to 
cZle   the tasks and required more hints about the tasks when he used the immersive environment to study the 
ZSatons   Figure 7 shows the mean amount of time needed by the SME to locate anornalous pointe in the 
tasWeTnd nimersive environmente. Figure 8 shows the mean number of hinte needed for solving tasks m 
™?env?onments   The SME reported that both the immersive and the nonimmersive environmente were 
Superior toTetSdlnal methods of data analysis. The resulte of this study are currently being prepared for 

publication. 
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Figure 7. Mean time required (in seconds) for the SME to locate anomalous points in the oceanographic data using 
the immersive and nonimmersive environments. 

^:S:5SdZ:^eiS=:gSLg spatl. cogmtion during this pr,ect. The ^ e^rm^i^ed 
that there are individual differences in the representations that people use to navigate in VBs. That is, about 1/3 of 
t sSctTwe t ^d formed configural representations of the VE, whereas 2/3 formed egocentnc representations. 
FurS the subjecte who formed egocentric representations were able to employ a strategy of assuming a famihax 
oSention (i.e. recalling an egocentric snapshot of a previously viewed onentation) m order to perform the object 
SL™n task effectively following disorientation. Figure 9 shows an example of a subject who is initially 
frcSe p "^    experimental environment before being disoriented. Follow ng disorientation, the subject 
mShf ssume a familiar or an unfamihar orientation. These two possibilities are illustrated on the right side of 
Slure 9   On the top right the subject points as if facing a familiar orientation (i.e., towards the plant); on the 
bottom right the subject p'ointe as if facing an unfamiliar orientation (i.e., towards the television). Subjecte using 
an egocentric representation chose orientations that were more familiar than subjects who used a configural 
r™ent"tion. This familiar orientation strategy facilitated their recall of object loc^ions, even though their sense 
of orientation in the environment had been lost. Figure 10 shows the mean distance firom a famihar orientation 
chosin by configural and egocentric subjects. Our second experiment showed that subjects who initially used a 
STar orLtatSn strategy could not perform the task effectively if they were not allowed to use that strategy. The 
experiments on spatial cognition have led to three conference papers and one paper under review for publication m 
Spatial Cognition and Computation. 
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Figure 8  Mean number of hints needed for the SME to complete tasks accurately in the immersive and 
Smmersive en^Snments. In each case, the SME required hints about the location of anomalous pomts m the 

oceanographic visualization. 
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Fi2ure 9  Diagram of a subject selecting a high or low distance from a familiar orientation   On the left, a subject 
ma^ nitially h?ve a heading in which the plant is directly in front of him or her. If, after disorien^ation, the subject 
Sme Sant is still in front of him or her (i.e., top right figure), that subject is described as having a low 
d tree Sa familiar orientation. If, after disorientation, the subject assumes a novel orientation, m which the 
planTJ nS front of him or her (i.e., bottom right figure), that subject is described as having a high distance from 

a familiar orientation. 
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Figure 10. Mean distance from a familiar orientation selected by subjects as a function of mental representation in 

the spatial cognition experiment. 

rONCT,USI0NS: 

SSta^ii'g ™^^^^^ processes in a VE is a difficult problem with no single solution. Effective 
SSSSr^Es ifdes^^^^^ by understanding the context of the problem and the relationships between 
Z£s to detemine the information desired. The best visualizations are often combinations of existing methods 
toSy fheIXmation based on the amount of detail required. Hence some techniques work best to browse 
dSa oSrYlarge area. These techniques can be used to identify specific grid locations where higher detail 
techniques can be used to obtain more specific information. 

In this project we discovered that the texture mapping algorithm was most effective for browsing large areas to 
undSnd global changes in sediment concentration at a glance. More detailed techniques were used to show the 
breakdown of related scalar variables for specific grid locations. It is this combination of techniques used m the 
proper context that has provided the most complete information for the analyst. 

V^TfJ^^^^^ approach to the design of the virtual interface, we successfully built a tool that 
Sates a^cientist's ability to perform oceanographic data analysis. Our interface was designed to lessen the 
ment f w^^^^^^^^^ use^^ giving memory support tools and shortcuts based on the information requiremente^ 
Ihe scierfic visualization t^sks. Our SME found the use of our interface to be superior to the traditional methods 

of oceanographic data analysis. 

Immersive Versus Nonimmersive Environments . ^     .     ,.     . ,   , 
In our experiment on the impact of immersion on the comprehension of scientific visuahzations we recorded 
eactbSes to complete tasks in an immersive and a nonimmersive version of our interface   An analysis of those 

r Son times showed'that the SME required significantly more tirne and more ^^^^'^^^^^]>^^^X^^^^^^^ 
immersive CAVE environment. Both of these findmgs can be explained by the fact that the SME  got lost   in the 
"zation in the immersive condition. That is, with so many data points m view at one time, the SME had 
SuS spotting the areas of interest in the visualization (see Figure 7). This finding is importarit for at least two 
reasons   First we failed to support the idea that immersion leads to better comprehension of scientific data. 
Second; the findings suggest that more research is required to understand when an immersive VE can be superior to 
a nonimmersive environment. 
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SsSr ^St^^S£on have shown there are ind:vMual diffbrences in the way people 
Inresent^l^^^^^^^^^ as they navigate in a VE. That is, about one-third of our subjects appeared to use a 
ZSml rS^ whereas two thirds of our subjects showed evidence of using an egocentric representation. 
FuSheTeopTe us      an egocentric representation were able to use a specific strategy to complete our spatial 
tLk fouS Sr^^^^^^^^       This strategy consisted of assuming a famihar orientation m the environment and 
ecaltogTodei^^^^^ snapshot in order to respond to object location queries^ Future research m interface 
desS VE nav?gatio/ be Tble to take advantage of our findings. Because subjects can generate appropriate 
strategies that opfimize the u!e of their mental representafions, an interface design might incorporate elements that 

facilitate the use of such strategies. 

STrTNTFTCANCE: 

A cratSeh^^^^^^^^^^ processes such as sedimentation (i.e.. clay, silt and sand) and aero ol 
Midons (eg  precipitation, dust, pollutants, or biochemical toxins) is better achieved if the conceritrations are 
mor atrS^ feentiated by particle size. Computing and rendering infonnation relating to multiple scalar 
Mds raShan just a single field as before is a significant challenge for this area, especially when the desired 
result is to understand related variables underlying complex physical processes. 

The benefits of our research included an enhanced knowledge of emerging computer technologies that may become 
nrevS n trfoture. Another benefit is an improved understanding of the specific components of VR teclmology 
LwoS<^^e most helpful in information visualization. Thus, firture development can focus on using specific 
mecha^sms o?VEs toLprove analysis. The final result would be better visualizations for scientific inquiry. 

?ht™fch wetokto design our interface was to use principles fi-om human-computer interaction and cognitive 
scienTe   Our interface was shown to facilitate a scientist's ability to perform data analysis using scientific 
S uaSations   This fmding supports the idea that the use of cognitive theories as design prmciples is a viable and 
Si Sproac^^^^^^^ of interfaces. Further, our task analysis produced a knowledge representation diagram 
Td a pToces diagram thatTre still being used to gmde fiiture work on scientific visualizations for oc^^^^^^^ 
data aLlysis. That is. these documents will enhance interface designs beyond the scope of this project. 

Immprtive VersusNonimmersive Environments i.-   j ^   • 
ZfinX'hat immersion does not necessarily enhance comprehension of remotely sensed oceanographic data is 
I^MZIZ^ for the Navy. If immersive displays do not provide fiirther information to scientists, then 
vSzations can be developed on less expensive, nonimmersive systems. This also implies that fiature work m 
Te development of visualizations can focus on optimizing the presentation of information m nonimmersive 

formats. 

Alternatively future research can investigate the applications for which immersive displays would be more usefiil. 
oL po Sty i^ that immersive displays would be better suited to scientific visualizations m which an analyst 
had to view a changing environment  In our studies, the analyst could make inferences about the ocean based on 
skgle time-steps. When the task requires the viewing of multiple time-steps, an advantage for immersion may 

appear. 

Svatial Cosnition in Virtual Environments ^,   ^ i      ■ ^ + 
iSual differences in spatial representations used to navigate in virtual environments must be taken into account 
when designing any system that requires navigation. This is particularly true when the designer needs to make 
toobf™igation available to the users. Future research needs to investigate how designers can ftilly account for 
Sividua" differences in spatial cognition in the design of virtual interfaces. It is likely that different sets of tools 
will better facilitate effective navigation for users with each type of spatial representation. 

Another issue addressed by this research is the use of VEs in training. As VE technology has increased, there has 
been a push to use virtual worlds as training environments. The benefits of using VEs m this way seem numerous 
(To   Loomis et al., 1999). For example, training a firefighter in a virtual bmlding is much safer than traimng one 
ht;eal burning building   These potential benefits will not mean much, however, if the trainmg m a VE does not 
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transfer to the real world. Our findings indicate that many subjects used strategies ma VE to enhance their ability 
to nerfom obiect ocalization. More research on how these strategies are applied m the real world is needed to 
eXSe desfgn S V^^^^^^^ tools. Alternatively, reliance on VE navigation tools that are not available m 
hl^ eal worlS^^ lead To performance during training that is unachievable in the real world. These POJ-bihties 
n ist b TuXd m'ore careMly and weighed into the design of VEs used for training m any real-world task. 
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