TABLE OF CONTENTS

CHAPTER I:INTRODUCTION ............................................................................................................. I-1

I-1 METHODS: VISUALIZATION TECHNIQUES FRAMEWORK................................................................I-6 I-2 PRINCIPLES: DESIGN DIMENSIONS AND STRATEGIES FOR MEASURING THE GOODNESS OF VISUALIZATION DESIGNS ..........................................................................................................................I-9 I-3 SYSTEMS: AVID � AUTOMATIC VISUALIZATION INTERFACE DESIGNER ....................................I-11 I-4 PREVIOUS WORK.........................................................................................................................I-13 I-4.1 Visualization Techniques Framework.....................................................................................I-13 I-4.2 Automatic Visualization Design..............................................................................................I-13 I-4.2.1 Automatic Visualization Systems ................................................................................................I-14 I-4.2.2 Psychophysical Studies ...............................................................................................................I-14 I-4.2.3 User Studies on Visualization Interfaces......................................................................................I-15 I-5 SUMMARY ...................................................................................................................................I-15 I-6 WALKTHROUGH ..........................................................................................................................I-16

CHAPTER II: VISUALIZATION TECHNIQUES FRAMEWORK A FUNCTIONAL DESCRIPTION.......................................................................................................II-17

II-1 VISUALIZATIONS & VISUALIZATION TECHNIQUES.....................................................................II-19 II-1.1 Object Definition Component........................................................................................... II-22 II-1.2 Transformation Component.............................................................................................. II-24 II-2 COMPOSITION.............................................................................................................................II-27 II-2.1 Object Definition Composition......................................................................................... II-28 II-2.2 Transformation Composition............................................................................................ II-31 II-2.3 Produce-Consumer Composition...................................................................................... II-32 II-2.4 Partition Composition....................................................................................................... II-33 II-2.5 Summary........................................................................................................................... II-34 II-3 VISUALIZATION TECHNIQUES DESIGN SPACE.............................................................................II-35 II-3.1 Data Transforms............................................................................................................... II-37 II-3.2 Mapping Transforms......................................................................................................... II-41 II-3.3 Graphical Transforms....................................................................................................... II-43 II-3.4 Rendering Transforms ...................................................................................................... II-46 II-3.5 Summary........................................................................................................................... II-48 II-4 CONCLUSION ..............................................................................................................................II-48

CHAPTER III: VISUALIZATION TECHNIQUES FRAMEWORK A CONCRETE INSTANTIABLE DESCRIPTION..........................................................................III-50

III-1 REPRESENTATION LANGUAGE..................................................................................................III-54 III-1.1 Visualization Elements or Properties ..............................................................................III-55 III-1.1.1 Data Concepts......................................................................................................................III-55 III-1.1.2 Graphical Objects ................................................................................................................III-56 III-1.2 Visualization Functions ...................................................................................................III-59 III-1.2.1 Object Definition Functions .................................................................................................III-59 III-1.2.2 Transformation Functions ....................................................................................................III-60 III-1.2.2.1 Mapping Transforms.......................................................................................................III-60 III-1.2.2.2 Data and Graphical Transforms.......................................................................................III-64 III-1.2.2.3 Rendering Transforms.....................................................................................................III-69 III-1.3 Input & Output Translation Functions............................................................................III-69 III-1.4 Input-devices....................................................................................................................III-72

III-1.5 Summary..........................................................................................................................III-73

III-2 VISUALIZATION TECHNIQUES INSTANTIATION SPACE .............................................................. III-73

III-3 EVALUATION OF FRAMEWORK ................................................................................................. III-78

III-3.1 Completeness...................................................................................................................III-78

III-3.2 Coverage..........................................................................................................................III-79

III-3.3 Practicality......................................................................................................................III-79

III-3.3.1 Reduces Cost of Task Tailoring ...........................................................................................III-79

III-3.3.2 Provides a New Design Methodology ..................................................................................III-80

III-3.3.3 Allows Systematic Exploration of the Visualization Techniques Design Space ....................III-80

III-4 CONCLUSION ............................................................................................................................ III-80

CHAPTER IV: DESIGN HEURISTICS

DATA COMPUTATION VS. PERCEPTUAL MAPPING ...............................................................IV-82

IV-1 AN AIRLINE-SCHEDULING EXAMPLE ILLUSTRATING THE USE OF DATA TRANSFORMS............ IV-82

IV-2 VISUALIZATION DESIGN DIMENSIONS ...................................................................................... IV-89

IV-2.1 Articulatory Distance.......................................................................................................IV-91

IV-2.2 Expressive Distance.........................................................................................................IV-93

IV-2.3 Observational Distance...................................................................................................IV-96

IV-3 DATA TECHNIQUES VS. MAPPING TECHNIQUES DESIGN GUIDELINES ..................................... IV-98

IV-3.1 Accuracy..........................................................................................................................IV-99

IV-3.2 Intermediate Tasks.........................................................................................................IV-102

IV-3.3 Availability of Perceptual Operations...........................................................................IV-104

IV-3.4 All to All Operations......................................................................................................IV-106

IV-3.5 Task Variation on Attribute...........................................................................................IV-109

IV-3.6 Task Specificity..............................................................................................................IV-111

IV-3.7 Summary........................................................................................................................IV-114

IV-4 CONCLUSION .......................................................................................................................... IV-115

CHAPTER V: IMPLEMENTATION

AUTOMATIC VISUALIZATION INTERFACE DESIGNER .......................................................V-116

V-1 TASK INTERPRETER COMPONENT ............................................................................................ V-118

V-2 AUTOMATIC DESIGN COMPONENT .......................................................................................... V-122

V-2.1 Search Strategy................................................................................................................V-122

V-2.1.1 Task Processing .................................................................................................................. V-124

V-2.1.2 Data Attribute Mapping ...................................................................................................... V-130

V-2.1.3 Post Design Processing ....................................................................................................... V-132

V-2.1.4 Summary ............................................................................................................................ V-132

V-2.2 Design Constraints ..........................................................................................................V-134

V-2.2.1 Constraint Dimension 1: Softness ....................................................................................... V-134

V-2.2.2 Constraint Dimension 2: Scope ........................................................................................... V-137

V-2.2.3 Constraint Dimension 3: Constraint Condition .................................................................... V-137

V-2.2.4 Summary ............................................................................................................................ V-142

V-2.3 Design Costs....................................................................................................................V-145

V-2.3.1 Articulatory Cost Structure ................................................................................................. V-146

V-2.3.2 Observational Cost Structure............................................................................................... V-149

V-2.3.2.1 Task processing observational cost .................................................................................. V-149

V-2.3.2.2 Data attribute mapping observational cost........................................................................ V-151

V-2.4 Summary..........................................................................................................................V-153

V-3 VISUALIZATION REALIZER COMPONENT ................................................................................. V-153

V-4 CONCLUSION ........................................................................................................................... V-154

CHAPTER VI: CONCLUSION & FUTURE WORK .....................................................................VI-156

VI-1 SUMMARY & RELEVANCY OF WORK...................................................................................... VI-156 VI-1.1 Methods: Framework of the Visualization Creation Process........................................VI-156 VI-1.2 Principles: Metrics & Heuristics for Measuring the Goodness of Visualization Designs..................................................................VI-157 VI-1.3 Systems: AVID � Automatic Visualization Interface Designer ......................................VI-158 VI-2 SCOPE OF WORK..................................................................................................................... VI-159 VI-2.1 Limitations of the Framework........................................................................................VI-159 VI-2.2 Limitations of the Metrics & Heuristics.........................................................................VI-160 VI-2.3 Limitations of the System Implementation.....................................................................VI-162

APPENDIX A: APPENDIX TO FUNCTIONAL VISUALIZATION TECHNIQUES FRAMEWORK (CHAPTER II).........................................................................................................A-164

A-1 ODT DIAGRAMMATIC NOTATION ........................................................................................... A-164 A-2 EXPLORING THE SPACE OF VISUALIZATION TECHNIQUES........................................................ A-164 A-2.1 Highlight Object Selection & Dynamic Query.................................................................A-165 A-2.2 HomeFinder System & SDM Distance Operator.............................................................A-166 A-3 CONTROL FUNCTIONS.............................................................................................................. A-173

APPENDIX B: APPENDIX TO INSTANTIABLE VISUALIZATION TECHNIQUES FRAMEWORK (CHAPTER III)......................................................................................................B-178

B-1 COMPARISON WITH PREVIOUS FRAMEWORKS ..........................................................................B-178 B-2 DATA FLOW DIAGRAMS ...........................................................................................................B-180 B-3 EXAMPLE: GENERATING AN INSTANTIATION SPECIFICATION FOR DYNAMIC QUERY SLIDERS .B-181 B-4 SYSTEMATIC EXPLORATION OF THE INSTANTIATION LEVEL OF THE DYNAMIC QUERY SLIDER TECHNIQUE ..........................................................................................................................................B-185 B-4.1 Changing the Specific Functions Used or Adding More Functions of the Same Type.....B-185 B-4.2 Changing the Translation Functions between Object Definition and Transformation Functions............................................................................B-186 B-4.3 Changing How Control Arguments are Provided as well as the Default Designer Values...........................................................................................B-188 B-4.4 Changing the Type of Input Devices Used within the Design..........................................B-189 B-4.5 Changing How Input Arguments are Provided to Input Devices.....................................B-190 B-5 EXPLORING THE SPACE OF VISUALIZATION TECHNIQUES.........................................................B-190 B-5.1 Aggregation.....................................................................................................................B-190 B-5.2 Data Drag & Drop ..........................................................................................................B-191 B-5.3 Table Lens Semantic Zoom..............................................................................................B-193 B-5.4 Summary..........................................................................................................................B-194 B-6 OTHER VISUALIZATION TECHNIQUE ISSUES .............................................................................B-194 B-6.1 Repeating Visualization Techniques................................................................................B-195 B-6.2 Integrating Visualization Techniques within a Common Workspace...............................B-196

APPENDIX C: APPENDIX TO DESIGN HEURISTICS (CHAPTER IV)................................C-198

C-1 GOMS EVALUATION FOR AIRLINE-SCHEDULING TASK IN CHAPTER IV-1...............................C-198 C-1.1 GOMS Evaluation for the Cognitive Solution of the Airline Scheduling Task..................C-198 C-1.2 GOMS Evaluation for the Pure Perceptual Solution of the Airline Scheduling Task.......C-201 C-1.3 GOMS Evaluation for the Perceptual + Data Computation Solution of the Airline Scheduling Task C-204 C-2 AIRLINE-SCHEDULING TASK DESIGN ALTERNATIVES ..............................................................C-204

C-3 TASK MODEL............................................................................................................................C-208

C-3.1 Logical Tasks (Logical Operators)..................................................................................C-209

C-3.1.1 Lookup................................................................................................................................... C-209

C-3.1.2 Compute................................................................................................................................. C-210

C-3.1.3 Find........................................................................................................................................ C-210

C-3.1.4 Comparison............................................................................................................................ C-212

C-3.2 Task Extensions.................................................................................................................C-214

C-3.2.1 Task Embeddings ................................................................................................................... C-214

C-3.2.2 Task iteration ......................................................................................................................... C-215

C-3.2.3 Task precision ........................................................................................................................ C-216

C-4 EXPLORING THE SPACE OF DATA TECHNIQUES AND MAPPING TECHNIQUES............................C-217

C-4.1 Task Structure Variation...................................................................................................C-218

C-4.1.1 University Example................................................................................................................ C-218

C-4.1.2 Task Operator Variation ......................................................................................................... C-220

C-4.1.3 Task Expansion...................................................................................................................... C-222

C-4.1.4 Embedding Structure Variation .............................................................................................. C-225

C-4.2 Task Argument Variation..................................................................................................C-227

C-4.2.1 Use of constants vs. data attribute value sets........................................................................... C-227

C-4.2.2 Use of known vs. unknown arguments.................................................................................... C-229

C-4.2.3 Change in attribute or value type ............................................................................................ C-230

C-4.3 Data Set Variation.............................................................................................................C-234

C-4.4 Summary............................................................................................................................C-236

C-5 PURCHASING A CAR .................................................................................................................C-237

APPENDIX D: APPENDIX TO IMPLEMENTATION (CHAPTER V) .......................................D-246

D-1 STRUCTURAL & CONTENT MATCHING .................................................................................... D-246

D-2 TRANSLATING A FUNCTIONAL DESIGN FROM AVID�S DESIGN COMPONENT INTO A COMPLETE

SPECIFICATION.................................................................................................................................... D-247

D-3 VISUALIZATION REALIZER COMPONENT ................................................................................. D-251

D-3.1 Graphical Object Realizer..............................................................................................D-251

D-3.1.1 Single axis layout................................................................................................................ D-254

D-3.1.2 Non-unique positionals ....................................................................................................... D-255

D-3.2 Functional Realizer.........................................................................................................D-256

D-3.2.1 Primitive visualization functions ......................................................................................... D-256

D-3.2.2 Connectors.......................................................................................................................... D-257

D-3.2.3 Input devices....................................................................................................................... D-257

D-3.2.4 Composite visualization functions....................................................................................... D-258

D-3.3 Summary & Scope...........................................................................................................D-259

D-4 INTERACTIVE FUNCTIONS EDITOR........................................................................................... D-259

APPENDIX E: USING GOMS TO EVALUATE OUR AUTOMATIC DESIGN SYSTEM.........E-262

E-1 TASK 1: FIND TASK FINDING A �GOOD� UNIVERSITY BASED ON GRADUATION RATES AND TEST

SCORES.................................................................................................................................................E-265

E-1.1 Design 1...........................................................................................................................E-267

E-1.2 Design 2...........................................................................................................................E-269

E-1.3 Design 3...........................................................................................................................E-270

E-1.4 Design 4...........................................................................................................................E-273

E-1.5 Design 5...........................................................................................................................E-276

E-1.6 Design 6...........................................................................................................................E-279

E-1.7 Design 7...........................................................................................................................E-282

E-1.8 Summary..........................................................................................................................E-285

E-2 TASK 2: COMPUTE TASK COMPUTE TOTAL NON-SALARY BENEFITS DISTRIBUTED BY A SET OF

UNIVERSITIES.......................................................................................................................................E-287

E-2.1 Design 1...........................................................................................................................E-289 E-2.2 Design 2...........................................................................................................................E-290 E-2.3 Design 3...........................................................................................................................E-291 E-2.4 Design 4...........................................................................................................................E-293 E-2.5 Design 5...........................................................................................................................E-299 E-2.6 Design 6...........................................................................................................................E-303 E-2.7 Design 7...........................................................................................................................E-306 E-2.8 Summary..........................................................................................................................E-310 E-3 TASK 3: COMPARISON TASK + SIMPLE COMPUTATION EVALUATING THE RELATIONSHIP

BETWEEN STATE SIZE AND VOTING RESULTS.....................................................................................E-315

E-3.1 Design 1...........................................................................................................................E-316 E-3.2 Design 2...........................................................................................................................E-318 E-3.3 Design 3...........................................................................................................................E-320 E-3.4 Design 4...........................................................................................................................E-322 E-3.5 Design 5...........................................................................................................................E-323 E-3.6 Design 6...........................................................................................................................E-325 E-3.7 Design 7...........................................................................................................................E-329 E-3.8 Summary..........................................................................................................................E-334 E-4 TASK REFINEMENT AND SORTING ............................................................................................E-336 E-5 WHY GOMS?...........................................................................................................................E-340 E-6 CONCLUSION ............................................................................................................................E-341

APPENDIX F: ENHANCING READABILITY WITH GRAPHICAL & RENDERING TRANSFORMS.................................................................................................................................... F-343

F-1 READABILITY PROBLEMS ......................................................................................................... F-343 F-1.1 Occlusion.........................................................................................................................F-343 F-1.2 Density.............................................................................................................................F-344 F-1.3 Dwarfing..........................................................................................................................F-345 F-1.4 Spatial separation............................................................................................................F-345 F-2 READABILITY SOLUTIONS ........................................................................................................ F-345 F-2.1 Constant Graphical Methods...........................................................................................F-347 F-2.2 Additive Graphical Methods............................................................................................F-347 F-2.3 Multiplicative Graphical Methods...................................................................................F-348 F-2.4 Linear Positional Rendering Methods (Point of View Navigation).................................F-348 F-2.5 Non-linear Positional Rendering Methods (Distortion)..................................................F-348 F-3 APPLYING GRAPHICAL AND RENDERING METHODS TO READABILITY PROBLEMS ................... F-349 F-3.1 Occlusion.........................................................................................................................F-350 F-3.2 Density.............................................................................................................................F-350 F-3.3 Dwarfing..........................................................................................................................F-351 F-3.4 Spatial separation............................................................................................................F-351 F-4 GRAPHICAL AND RENDERING TRANSFORM GUIDELINES .......................................................... F-351 F-4.1 Relevance of Readability Problems with respect to Tasks...............................................F-352 F-4.2 Continuity........................................................................................................................F-353 F-4.3 Individual vs. Group Readability.....................................................................................F-354 F-4.4 Object spatial proximity...................................................................................................F-354 F-4.5 Reversibility.....................................................................................................................F-354 F-4.6 Learning...........................................................................................................................F-355 F-5 CONCLUSION ............................................................................................................................ F-356

REFERENCES.........................................................................................................................................358

LIST OF FIGURES

CHAPTER I:INTRODUCTION ..............................................................................................................I-1

Figure I-1: Cognitive design for the airline-scheduling task (Note that the flights are not all shown here because the table is very large) .....................................................................................................I-2

Figure I-2: Perceptual design for the airline-scheduling task Each line represents a flight with origin and destination city mapped onto the y-axis and arrival and departure time mapped onto the x-axis. This is the best design that gets generated when ONLY mapping operations are considered by the automatic system. I.e. this is the best possible design from current state of the art systems. .................................................................................................................................I-3

Figure I-3: Design generated when data processing operations are integrated into the automatic visualization system. The full data set is considered here but data transforms are applied by the automatic system to filter the data set so that only relevant flights are shown. The total downtime before the meeting for the flights from LAX to ORD is shown on the left chart and the total downtime after the meeting for the flights from ORD to BOS is shown on the right chart. .....................................................................................................................................................I-4

Figure I-4: GOMS estimated total time for solving the airline-scheduling task for a data set of 135 flights. Detailed GOMS sequences for each design are presented in appendix C-1. ............................I-4

Figure I-5: The four phases of the visualization creation process ................................................................I-6

Figure I-6: Highlight technique specification. The input-device bounding-box is used to select a set of objects. These objects (selected-objects) are extracted from the bounding-box device using the get-values function. We then get the color values from all of the selected objects using a subsequent get-values function. Finally we change all of the color graphical values to red using the assign function................................................................................................................I-7

Figure I-7: Three components within AVID ..............................................................................................I-11

CHAPTER II: VISUALIZATION TECHNIQUES FRAMEWORK

A FUNCTIONAL DESCRIPTION.......................................................................................................II-17

Figure II-1: Visualization generation process consisting of four transformation classes (data, mapping, graphical, and rendering) across three different realms (data, graphical, output media)................................................................................................................................................II-20

Figure II-2: Example visualization with house data. Each mark represents a house data concept.

The x-axis shows date_sold; the y-axis shows selling_price; and color shows neighborhood..........II-20

Figure II-3: A visualization technique is defined in this work to contain two components (object definition and transformation). Object definition can be achieved through enumeration or functional description. Transformation can be achieved through data, mapping, graphical, or rendering functions. The transformation functions can be further divided based on their goals. ......II-21

Figure II-4: Dynamic Query Sliders applied to house data. Each bar encodes a house data concept; x-axis encodes date_on_market and date_sold; y-axisencodeshouse_address.There are two dynamic query sliders [Ahlberg, 1992], one allows users to place constraints on the num_rooms data attribute and the other allows users to place constraints on the selling_price data attribute. Houses that do not fulfill constraints become non-visible as in (b). ...........................II-22

Figure II-5: Map showing the different parking lots at CMU (borrowed from http://www.cmu.edu). Clicking the next-lot button will cause a predefined parking lot to get highlighted red (e.g. morewood parking). Subsequent presses to the next-lot button will cause subsequent parking lots to get highlighted.........................................................................................II-23

Figure II-6: Visualization system that allows re-mapping of data attributes to the two positional axes. Each mark in the visualization represents a house data concept. Currently the x-axis is set to encode date_sold and the y-axis is set of encode selling_price................................................II-24

Figure II-7: TableLens System [Rao, 1994] (borrowed from www.inxight.com).....................................II-25

Figure II-8: Example rendering visualization techniques..........................................................................II-26

Figure II-9: Simple aggregation technique. Text encodes house_address. By using this technique users get to select a set of house data concepts using a bounding-box and aggregate or group them together to form an aggregate object (e.g. aggregate_obj_0). Unlike techniques in the previous section, this aggregation method utilizes multiple transformation methods including a graphical transform to highlight the selected objects and a data transform to summarize the underlying data concepts of the selection. .........................................................................................II-27 Figure II-10: Object definition composition for the multiple constraint dynamic query technique shown in Figure II-4. The diagrammatic conventions and notations used in the specifications in this chapter and the next are described in appendix A-1. ..............................................................II-28 Figure II-11: HomeFinder system [Tweedie, 1994] (borrowed from

http://infoeng.ee.ic.ac.uk/~lisat/LisaDir/att.html). There are five single-axis aligned charts and a mark in each chart represents a house data concept. This system uses object definition composition to integrate the object sets selected by the three sliders and the single set of radio buttons. We then count the number of times a house appears in the combined set, and use this count_attribute to set the color for a given house concept................................................................II-29 Figure II-12: Functional specification for the HomeFinder system shown in Figure II-11. ......................II-30 Figure II-13: Object definition composition on the object selection and dynamic query slider technique. The resulting technique ONLY colors those objects that are selected within the bounding-box as well as passes the constraint set on the slider.........................................................II-31 Figure II-14: Transformation composition for two different selection techniques with different visual feedback effects. The resulting technique colors and enlarges the objects selected by the bounding-box...............................................................................................................................II-31 Figure II-15: Transformation composition for the simple aggregation technique shown in Figure II-9. Transformation composition is used here to combine a data transform for creating the aggregate object as well as the graphical transform that highlights the objects within the aggregate, red....................................................................................................................................II-32 Figure II-16: P-C composition. The computed value from the producer technique (i.e. mean selling_price) is piped into the object definition component of the consumer technique and is used to select other objects in the visualization based on the computed mean selling_price............II-32 Figure II-17: P-C composition applied to the modified value-painting technique. Text here encodes house_owners....................................................................................................................................II-33 Figure II-18: Partition composition applied to the dynamic query slider technique. Here we use partition composition so that we can enlarge the focus objects (i.e. the objects that pass the slider constraint) and simultaneously contract objects in the context-set (i.e. objects that did not pass the slider constraint)............................................................................................................II-33 Figure II-19: Two different technique descriptions that achieve the same effect. Both techniques highlight objects selected by the bounding-box or the slider, red.....................................................II-35 Figure II-20: The two components that form a primitive visualization technique � object definition and transformation.............................................................................................................................II-36 Figure II-21: Range dynamic query technique. In the example visualizations above, each mark represents a house data concept. The x and y positions of the marks corresponds to the geographic location of their respective houses. Objects are selected here by setting constraints using the two sliders at the bottom of the interface, which allow users to set threshold constraints on the selling_price data attribute and the num_rooms data attribute. The red bounding-box is then drawn so that it encapsulates all of the selected objects (i.e. all objects that pass the slider constraints)..........................................................................................................II-40

CHAPTER III: VISUALIZATION TECHNIQUES FRAMEWORK A CONCRETE INSTANTIABLE DESCRIPTION.......................................................................... III-50

Figure III-1: Diagrammatic representation of the five-step instantiation augmentation process for the object highlight technique. Additions made in each step are shown in gray..............................III-52

Figure III-2: Example visualization containing house data. Each mark represents a house data concept. The x-axis shows the date-sold data attribute; the y-axis shows the selling-price data attribute, and hue shows the neighborhood data attribute................................................................III-56

Figure III-3: Example visualization of house data. Hierarchical breakdown of graphical objects in this visualization is shown in Figure III-4. X-axis in left-most chart shows selling-price; xaxis in middle chart shows date-sold, shape shows neighborhood, and saturation shows salary; text in right-most table shows house-owner. Y-axes for all three regions show houseaddress data attribute.......................................................................................................................III-57

Figure III-4: Container hierarchy for visualization in Figure III-3.......................................................... III-58

Figure III-5: Example region layout schemes (borrowed from [Chuah, 1995])......................................III-58

Figure III-6: House data-type to bar graphical-class mapping applied to the entire visualization.

Both chart regions within the visualization inherit this mapping relationship. The x-axis of left chart shows selling-price; x-axis of right chart shows house-lot-size and y-axis of both charts show house-address..............................................................................................................III-61

Figure III-7: The same visualization design as Figure III-6 except that a house data-type to bar graphical-class mapping is applied to the left region and a house data type to mark graphicalclass mapping is applied to the right region..................................................................................... III-62

Figure III-8: The same visualization design as Figure III-6 except that a house data-type to mark graphical-class mapping transform is applied to particular graphical objects in the left chart including Woodwell-6663, Ivy-704, Penham-6828, and Kipling-5454............................................III-63

Figure III-9: SDM lift objects technique ................................................................................................. III-65

Figure III-10: SDM thin objects technique.............................................................................................. III-65

Figure III-11: Example of a dynamic query slider technique that allows users to select various distributor data concepts based on the number of employees (num_people) working at each site.................................................................................................................................................... III-75

Figure III-12: Example dynamic query slider technique with selectable data attribute constraint .......... III-76

Figure III-13: Example dynamic query slider technique with color and size feedback on the selected objects................................................................................................................................ III-77

CHAPTER IV: DESIGN HEURISTICS

DATA COMPUTATION VS. PERCEPTUAL MAPPING ...............................................................IV-82

Figure IV-1: Solving the airline-scheduling task fully perceptually (Casner�s solution). Each line represents a flight with origin and destination city mapped onto the y-axis and arrival and departure time mapped onto the x-axis. This is the best design that gets generated when

ONLY mapping operations are considered by the automatic system. I.e. this is the best possible design from current state of the art systems.......................................................................IV-83

Figure IV-2: Casner�s analysis of the perceptual procedure a user must perform with a visualization to achieve the airline-scheduling task (Task IV-1).....................................................IV-84

Figure IV-3: Our hybrid data transform and mapping transform design for solving airlinescheduling task. Here only the flights that fulfill the city and meeting time constraints are shown. Computation of the total downtime for the best flights is left to the user.

Time_before_meeting is mapped to the x-axis of the left chart and time_after_meeting is mapped to the y-axis of the right chart. To perceptually compute the total downtime users add the shortest bar length in the left chart with the shortest bar length in the right chart.....................IV-85

Figure IV-4: GOMS estimated total time for solving the airline-scheduling task using a pure cognitive, pure mapping, and a hybrid data + mapping design........................................................IV-86

Figure IV-5: Visualization for finding flights with low total-downtime, low total-cost, and low duration. Because there are trade-offs that must be made among the three attributes, this task is best performed through perceptual perusal..................................................................................IV-88

Figure IV-6: Interaction Framework model presented by Abowd and Beale [Abowd, 1991]. This framework is used to measure the effectiveness of various visualization interfaces in this work.................................................................................................................................................IV-89

Figure IV-7: Breakdown of articulatory distance. Gray highlighted rectangles indicate the dimensions that are taken into account in our prototype automatic presentation system described in chapter V. .................................................................................................................... IV-91 Figure IV-8: Input devices with different effectiveness properties ......................................................... IV-92 Figure IV-9: Breakdown of expressive distance. Gray highlighted rectangles indicate the dimensions that are taken into account in our prototype automatic presentation system described in chapter V. .................................................................................................................... IV-93 Figure IV-10: Encoding house neighborhood with saturation, This encoding has low data correctness because saturation is an ordered graphical property while neighborhood is not an ordered data attribute. By using saturation to encode neighborhood we are falsely implying an ordered set of neighborhood values when actually there is none................................................IV-95 Figure IV-11: Breakdown of observational distance. Gray highlighted rectangles indicate the dimensions that are taken into account in our prototype automatic presentation system described in chapter V. .................................................................................................................... IV-96 Figure IV-12: Graphic for determining the total benefits for associate professors by getting the difference between total compensation (blue bar) and total salary (red bar) ................................... IV-99 Figure IV-13: Data computation design for accurately computing total benefits

for associate professors.................................................................................................................. IV-100 Figure IV-14: Pure mapping design for accurately computing total benefits for associate professors....................................................................................................................................... IV-100 Figure IV-15: Data computation design for computing total benefits for associate professors and full professors. In this case both total benefits have been pre-computed and are shown as stacked bars. ............................................................................................................................................... IV-103 Figure IV-16: Pure mapping design for computing total benefits for associate professors and full professors. In this case, we need to perform the entire task perceptually. Initially we must get the bar differences of the first two bars (red and green) and the last two bars (blue and purple). We must then sum up these differences to get the total benefits...................................... IV-103 Figure IV-17: Data computation design for computing average number of teaching staff per university. In this case the average number of teaching staff has been pre-computed and the results are shown on the x-axis......................................................................................................IV-105 Figure IV-18: Pure mapping design for computing average number of teaching staff per university. In this case the average number of teaching staff must be perceptually estimated by finding an average line across each cluster of bars................................................................... IV-105 Figure IV-19: Data computation design for computing total downtime and total cost for all pairs of flights that fulfill our airline-scheduling criteria. Total downtime is pre-computed and encoded on the x-axis while total cost is pre-computed and encoded as saturation......................IV-107 Figure IV-20: Mapping design for computing total downtime and total cost for all pairs of flights that fulfill our airline-scheduling criteria. Time_after_meeting is mapped on the x-axis of the left chart, time_before_meeting is mapped on the x-axis of the right chart, and flight_price is mapped to saturation in both charts...............................................................................................IV-108 Figure IV-21: Data computation design for computing total number of votes in each state and ranking the three political parties based on the number of votes received. Total_number_of_votes has been pre-computed and is shown on the x-axis of the left chart. Party_ranking has also been pre-computed and is shown in the right table..................................IV-110 Figure IV-22: Mapping design for computing total number of votes in each state and ranking the three political parties based on the number of votes received. The #_votes_for_Republican_party is mapped to the x-length of the red bar, the #_votes_for_Democratic_party is mapped to the x-length of the green bar, and the #_votes_for_Independant_party is mapped to the x-length of the purple bar. Total votes can be derived by looking at the combined length of the stacked bar and party ranking can be derived by comparing the three differently colored bar lengths for each state. ............................. IV-110 Figure IV-23: Data computation design for finding the best university based on out-of-state-tuition, graduation-rate, and student-faculty-ratio. Thresholds for each condition can be entered through the three sliders and those universities that fulfill the threshold conditions are pre-computed and shown............................................................................................................... IV-112

Figure IV-24: Mapping design for finding the best university based on out-of-state-tuition, graduation-rate, and student-faculty-ratio. Student-faculty-ratio is mapped to the x-axis, graduation_rate is mapped to the y-axis, and out_of_state_tuition is mapped to saturation.

The best universities are those in the upper-left corner of the display, with low saturation. ........IV-112

Figure IV-25: Identical design as Figure IV-24 but applied to a larger data set. As a result there is significantly more occlusion making it difficult for us to accurately view the saturation values on the marks as well as read the university names.............................................................IV-114

CHAPTER V: IMPLEMENTATION

AUTOMATIC VISUALIZATION INTERFACE DESIGNER .......................................................V-116

Figure V-1: Three components within AVID that correspond to the three stages in the automatic design process: 1) Task interpretation, 2) Visualization design, and 3) Design Realization .......... V-117

Figure V-2: Example task specification.................................................................................................. V-119

Figure V-3: Task argument structure...................................................................................................... V-121

Figure V-4: Task class structure............................................................................................................. V-122

Figure V-5: Flowchart of AVID search strategy. Consists of two main phases: 1) task processing phase and 2) data attribute mapping phase ..................................................................................... V-124

Figure V-6: Task operators and their corresponding visualization functions ......................................... V-125

Figure V-7: Partial search tree of house example task............................................................................ V-126

Figure V-8: Example designs generated corresponding to the 6 terminal nodes in the search tree in

Figure V-7....................................................................................................................................... V-127

Figure V-9: Visualization design illustrating the different composition types. There is cluster composition in the left chart between the labels and the marks. There is double-axis composition in the right chart between the marks and the bars. There is single-axis alignment between elements in the left-chart and those in the right-chart. These composition types were first introduced by Mackinlay [Mackinlay, 1986a, 1986b]............................................................. V-131

Figure V-10: Perceptually inexpressive design of the house task in Figure V-2. This is because date_on_market is mapped to the x-axis of the left chart and date_sold is mapped to saturation on the left chart. This makes it difficult to compute the duration on market because there is no perceptual operator for comparing the difference between positional and saturation values............................................................................................................................. V-135

Figure V-11: Mapping transform designs for house search task on selling_price, number_of_rooms and date_on_market ......................................................................................... V-136

Figure V-12: Design with neighborhood and selling_price mapped to integral properties (hue and saturation). This makes combined search on both these data attributes easier because only a single emergent property (i.e. color) needs to be attended to......................................................... V-139

Figure V-13: Mixed task processing methods for the AND operator in the house search task. The date_on_market condition is pre-computed and mapped to the x-axis of the left chart, the num_rooms condition is pre-computed and mapped to hue on the left chart, however, the selling_price condition is performed perceptually by mapping selling_price to the x-axis on the right chart.................................................................................................................................. V-140

Figure V-14: Using similar task processing methods for the AND task................................................. V-141

Figure V-15: Example graphical object class specification for interval bar grapheme .......................... V-144

Figure V-16: Visualization design with no �objectness� constraint. I.e. it is not possible to associate which house mark in the bottom chart corresponds to which house bar in the top chart................................................................................................................................................ V-145

Figure V-17: Mapping costs ordered based on data attribute class and graphical property class........... V-151

these operators ultimately combine to produce a visualization design (external representation). ................................................................................................................................C-208

Figure C-8: Increasing trend....................................................................................................................C-212

Figure C-9: Design solutions for total cost computation task (Task C-2). ..............................................C-219

Figure C-10: Encoding the same data as Figure C-9 but with bars instead of text..................................C-219

Figure C-11: Computing the difference between out-of-state-tuition and room-&-board-costs............C-221

Figure C-12: Computing the ratio between out-of-state-tuition-costs and room-&-board-costs.............C-222

Figure C-13: Design solutions for expanded total cost computation task (Task C-4) .............................C-223

Figure C-14: Design solutions for expanded find task (Task C-5) ..........................................................C-224

Figure C-15: Data computation design for Task C-6 In this design the automatic design system is able to utilize the embedding structure of the task to filter the design so that only those universities with in-state-tuition less than room-&-board-costs are shown. This cuts down on the number of elements that have to be shown significantly, producing a more easily interpretable display. In-state-tuition values are then shown on the x-axis of the bar chart............C-226

Figure C-16: Design solutions for find task in Task C-7.........................................................................C-228

Figure C-17: Design alternatives for Task C-8........................................................................................C-229

Figure C-18: Finding universities where the department with the most faculty is also the department with the most funding. The two mapping alternatives are less effective compared to the data computation solution because in both the mapping designs the find task may not be fully pre-attentive while in the data computation design it is very easy to identify the universities with the same top faculty and funding departments. In addition, this information is very well integrated into the design without increasing complexity by much. ............................C-232

Figure C-19: Mapping design where out-of-state-tuition-cost is mapped to the blue bar x-lengths and room-&-board-cost is mapped to the red bar x-lengths for a set of universities. In the data set with Rich-University there are severe dwarfing problems on the bar lengths making it difficult to accurately estimate cost values. .....................................................................................C-234

Figure C-20: Same data set as Figure C-19 but showing the pre-processed difference values between out-of-state-tuition-cost and room-&-board-cost instead of the original cost figures.

Note that in this case it does not matter whether Rich-university is included or not, the difference distributions of the two data sets are comparable. I.e. the dwarfing problem is no longer an issue in the data transform design....................................................................................C-235

Figure C-21: Data computation design for car purchasing task A (Task C-10) The top cars are shown for each car picking category. While this design is very simple and easy to interpret it does not allow us to flexibly take all four car picking attributes into account simultaneously........C-238

Figure C-22: Designs for car purchasing task B (Task C-11). Design (b) is more effective than design (a) because in design (b) it is easy to lookup the score sums and in addition, the individual scores are also given so that we may examine each criteria separately. .........................C-239

Figure C-23: Data computation design for car purchasing task 3 In this design users get the flexibility to enter in filtering thresholds for each of the four car picking attributes through slider input devices. The system then pre-computes all cars that fulfill those threshold conditions and then only displays those cars. This produces a much cleaner and effective design compared to the previous designs in Figure C-22. In addition, in this interface the user may weigh each of the four car picking attributes differently (e.g. place more importance on horsepower and less on price) by setting more or less stringent thresholds. In Figure C-22, each of the four car picking attributes are weighed equally and users are not given the ability to alter this weighting. .....................................................................................................................C-241

Figure C-24: Mapping design-1 for car purchasing task 3 Mapping design that shows the original four stock picking attributes to the user. Engine-size is mapped to the x-axis of the left chart and min-price is mapped to the saturation; city-mpg is mapped to the x-axis of the right chart and horsepower is mapped to saturation. Desirable cars are those with long (large enginesize), unsaturated (low min-price) bars in the left chart and short (low city-mpg), saturated

(high horsepower) bars in the right chart. This design is significantly more complex in terms of number of elements and difficulty of interpretation compared to Figure C-23. In addition the saturation encodings does not allow for accurate value lookups or comparisons .....................C-243

Figure C-25: Mapping design-2 for car purchasing task 3 Mapping design that shows the original four stock picking attributes to the user. min-price is mapped to the x-axis of chart 1 (left-

most chart), city-mpg is mapped to the x-axis of chart 2, engine-size is mapped to the x-axis of chart 3, and horsepower is mapped to the x-axis of chart 4 (right-most chart). Desirable cars are those with short bars in chart 1 (low min-price), short bars in chart 2 (low city-mpg), long bars in chart 3 (large engine-size), and long bars in chart 4 (high horsepower). This design is more accurate than Figure C-24 because all values are encoded on the x-axis (i.e. no saturation values are used). However this design is also less integrated and requires significantly more eye movement, display space, and display navigation.......................................C-244

APPENDIX D: APPENDIX TO IMPLEMENTATION (CHAPTER V) .......................................D-246

Figure D-1: An example pair of visualizations that match based on both structure and content.

Structurally both designs have two charts, one of which is a bar chart and the other a scatterplot. In terms of content, both designs contain the same data attributes (object-name, selling_price, neighborhood, owner_salary) and graphical property classes ( 2 positionals, and 2 retinals)................................................................................................................................. D-246 Figure D-2: Connecting all visualization functions within a node state from innermost task to outermost ........................................................................................................................................ D-247 Figure D-3: Making task class modifications depending on whether we want to show the find task results either through object filtering or by mapping its results to a graphical property................. D-248 Figure D-4: Adding in any necessary translation functions.................................................................... D-249 Figure D-5: Adding in input arguments to the visualization functions................................................... D-250 Figure D-6: Initialization functions for the slider input device............................................................... D-251 Figure D-7: Visualization graphical objects and their corresponding Inventor nodes............................ D-252 Figure D-8: Inventor scene graph of visual structure design .................................................................. D-254 Figure D-9: Single axis visualization design with and without realizer layout algorithm ...................... D-255 Figure D-10: Non-unique positional visualization design with and without realizer layout algorithm......................................................................................................................................... D-255 Figure D-11: An example description of a visualization function.......................................................... D-256 Figure D-12: An example description of a connector............................................................................. D-257 Figure D-13: An example description of an input device....................................................................... D-258 Figure D-14: An example description of a composite visualization function......................................... D-258 Figure D-15: Functional specification editor.......................................................................................... D-260

APPENDIX E: USING GOMS TO EVALUATE OUR AUTOMATIC DESIGN SYSTEM.........E-262

Figure E-1: Representing search results using text labels with �Y� or �N�. Such results can be preattentively searched on through pattern matching. ..........................................................................E-284 Figure E-2: Representing search results using text labels with �distinguish� or �don�t_distinguish�.

Such results can be pre-attentively searched on through length matching.......................................E-284 Figure E-3: GOMS estimated total time for Task 1 (search task). The designs are ordered based on increasing cost on the x-axis. The y-axis shows the GOMS estimated total time in msec. All pink bars indicate pure mapping designs (i.e. designs that can be generated with current state of the art automatic design research). All other bars are designs made possible by work outlined in this thesis................................................................................................................................................E-285 Figure E-4: GOMS estimated total time for Task 2 (computation task). The designs are ordered based on increasing cost on the x-axis. The y-axis shows the GOMS estimated total time in msec. All pink bars indicate pure mapping designs (i.e. designs that can be generated with current state of the art automatic design research). All other bars are designs made possible by work outlined in this thesis................................................................................................................................................E-311 Figure E-5: Hybrid design where total benefits are pre-computed for full and associate professors (left chart) but not for assistance professors (right chart)................................................................E-312

Figure E-6: Hybrid design where total benefits are pre-computed for only full professors (left chart) and the computation for associate and assistance professors (right chart) as well as the final summation task must be performed perceptually. ...................................................................E-313

Figure E-7: GOMS estimated total time for Task 3 (comparison task). The designs are ordered based on increasing cost on the x-axis. The y-axis shows the GOMS estimated total time in msec. All pink bars indicate pure mapping designs (i.e. designs that can be generated with current state of the art automatic design research). All other bars are designs made possible by work outlined in this thesis................................................................................................................................................E-335

Figure E-8: List of universities ranked based on their computed total-benefit values.............................E-337

Figure E-9: Visualization design where the total benefit values are sorted and the sorted rankings are mapped to x-position.....................................................................................................................338

Figure E-10: Visualization where the total benefit values are mapped to bar x-lengths.............................338

Figure E-11: Visualization where the universities are ordered on the y-axis based on total-benefits and in addition the total-benefit values are mapped to bar-lengths....................................................339

Figure E-12: Visualization where the universities are ordered on the y-axis based on total-benefits and in addition the total-benefit values are mapped to text labels......................................................339

APPENDIX F: ENHANCING READABILITY WITH GRAPHICAL & RENDERING

TRANSFORMS.....................................................................................................................................F-343

Figure F-1: Augmented search algorithm for our automatic design system AVID. Additional steps take into account readability issues and how to solve them............................................................. F-357

LIST OF TABLES

CHAPTER II: VISUALIZATION TECHNIQUES FRAMEWORK A FUNCTIONAL DESCRIPTION.......................................................................................................II-17

Table II-1: Summarization of composition types ......................................................................................II-34 Table II-2: Data visualization techniques ..................................................................................................II-38 Table II-3: Goal categories of data visualization techniques.....................................................................II-39 Table II-4: Mapping visualization techniques ...........................................................................................II-41 Table II-5: Goal categories of mapping visualization techniques..............................................................II-42 Table II-6: Graphical visualization techniques..........................................................................................II-44 Table II-7: Goal categories of graphical visualization techniques.............................................................II-45 Table II-8: Rendering visualization techniques .........................................................................................II-46 Table II-9: Goal categories of rendering visualization techniques ............................................................II-47

CHAPTER III: VISUALIZATION TECHNIQUES FRAMEWORK A CONCRETE INSTANTIABLE DESCRIPTION..........................................................................III-50

Table III-1: List of object definition functions ........................................................................................III-59 Table III-2: List of mapping transformation functions ............................................................................III-61 Table III-3: List of data and graphical transformation functions.............................................................III-67 Table III-4: Input and output translation functions..................................................................................III-70 Table III-5: Input-device Query functions...............................................................................................III-72

CHAPTER IV: DESIGN HEURISTICS DATA COMPUTATION VS. PERCEPTUAL MAPPING ...............................................................IV-82

Table IV-1: Semantic distance for computing the total benefits for associate professors ..................... IV-101 Table IV-2: Semantic distances for total benefits task (Task IV-2)....................................................... IV-104 Table IV-3: Semantic distance for finding average number of teaching staff for a set of universities.. IV-105 Table IV-4: Semantic distance for an airline-scheduling task which balances total downtime and total cost......................................................................................................................................... IV-109 Table IV-5: Semantic distance for finding the total and individual sales .............................................. IV-111 Table IV-6: Semantic distance for finding a house based on price, size, and distance to workplace .... IV-113

CHAPTER V: IMPLEMENTATION AUTOMATIC VISUALIZATION INTERFACE DESIGNER .......................................................V-116

Table V-1: Task inputs and outputs.............................................................................................................120 Table V-2: Summary of actions taken based on task output and embedding status ....................................129 Table V-3: How Information amplifies cognition (from Card et al.[Card, 1999])......................................133 Table V-4: Data transform constraints for each task class...........................................................................142 Table V-5: Mapping design constraints for each task class.........................................................................143 Table V-6: Input devices considered in AVID with their cost properties (* indicate no constraints on an input device property)..........................................................................................................................147

APPENDIX C: APPENDIX TO DESIGN HEURISTICS (CHAPTER IV)................................C-198

Table C-1: Tasks and their input and output arguments ......................................................................... C-209

APPENDIX E: USING GOMS TO EVALUATE OUR AUTOMATIC DESIGN SYSTEM.........E-262

Table E-1: Summary of all GOMS operators used in the evaluation sequences listed in this appendix ..........................................................................................................................................E-264

APPENDIX F: ENHANCING READABILITY WITH GRAPHICAL & RENDERING

TRANSFORMS.................................................................................................................................... F-343

Table F-1: Expressiveness and effectiveness of graphical and rendering transforms with respect to readability. + : Readability issue is supported reasonable well; - : Readability issue is not supported well; �empty� : Readability issue is not supported;* indicates the transparency property only....................................................................................................................................F-349

LIST OF TASKS

CHAPTER IV: DESIGN HEURISTICS DATA COMPUTATION VS. PERCEPTUAL MAPPING ...............................................................IV-82

Task IV-1: Airline-scheduling task. The user is trying to find flights to enable a meeting to be held in a layover airport en-route to a destination and to minimize time spent at the layover airport before and after the meeting. ........................................................................................................... IV-82 Task IV-2: Task for determining the total benefits given out to full professors and associate professors....................................................................................................................................... IV-102

APPENDIX C: APPENDIX TO DESIGN HEURISTICS (CHAPTER IV)................................C-198

Task C-1: Subtask extracted from Casner�s airline-scheduling task [Casner, 1991] ..............................C-214 Task C-2: Computing the total cost for attending a university................................................................C-218 Task C-3: Change in task operator from addition to difference...............................................................C-220 Task C-4: Expanded university total-cost task........................................................................................C-223 Task C-5: Expanded tuition-cost and room-&-board-cost find task........................................................C-224 Task C-6: Change in task embedding structure from Task C-5 (Note that we represent the university set with { � } here to make the task specification easier to read. However, the data set used is the same as all previous examples in this section)..........................................................C-226 Task C-7: Find task with a constant argument.........................................................................................C-227 Task C-8: Find task with an unknown task argument..............................................................................C-229 Task C-9: Finding the most prosperous department in each university based on funding and faculty size.......................................................................................................................................C-231 Task C-10: Car purchasing task A...........................................................................................................C-237 Task C-11: Car purchasing task B (Note that in this task specification we assume that the min and max values for each data attribute have been pre-calculated)..........................................................C-238 Task C-12: Car purchasing task C...........................................................................................................C-241

APPENDIX E: USING GOMS TO EVALUATE OUR AUTOMATIC DESIGN SYSTEM.........E-262

Task E-1: Search for universities based on the average SAT and ACT scores of attending students as well as graduation rates...............................................................................................................E-265 Task E-2: View the total benefits given to faculty for a set of universities.............................................E-287 Task E-3: Sort a set of universities by their total benefits.......................................................................E-314