Contents

1 Graphs and Their Drawings

2 Paradigms for Graph Drawing

3

2.1

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

2.10 Beyond this Book

Parameters of Graph Drawing Methods
2.1.1 Drawing Conventions
2.1.2  Aesthetics

2.1.3 Counstraints
2.1.4 Efficiency
Precedence Among Aesthetics
The Topology-Shape-Metrics Approach
The Hierarchical Approach
The Visibility Approach
The Augmentation Approach
The Force-Directed Approach
The Divide and Conquer Approach
A General Framework for Graph Drawing

Divide and Conquer

3.1

3.2

Rooted Trees
3.1.1 Terminology for Trees
3.1.2 Layering
3.1.3 Radial Drawing
3.1.4 HV-Drawing
3.1.5 Recursive Winding
Series-Parallel Digraphs
3.2.1 Decomposition of Series-Parallel Digraphs

3.2.3 Detailed Description of Algorithm A-SP-Draw

il

3.2.2  An Algorithm for Drawing Series-Parallel Digraphs . .

11
11
12
14
16
17
17
18
22
25
27
29
30
30
33

41
41
42
43
52
56
60
64
65
67
72



v

CONTENTS

3.3 Planarity Testing . . . . . . ... ... .. ... ... .....
34 Exercises . .. . ... ...

Planar Orientations

4.1 Numberings of Digraphs . . . . .. .. ... ... ... ... ..
4.2 Properties of Planar Acyclic Digraphs . . . ... .. ... ..
4.3 Tessellation Representations . . . . . . . .. ... .. .....
4.4 Visibility Representations . . . .. ... .. ... ... ... .
4.5 Constrained Visibility Representations . . ... ... .. ..
4.6 Polyline Drawings . . . .. ... ... . ... .........
4.7 Dominance Drawings . . . ... .. ... . ... ... ....

4.71 Reduced Digraphs . . .. . ... ... .........

4.7.2 Display of Symmetries . . . . . ... ... ... . ...

4.7.3 Minimum Area Dominance Drawings . . . . . ... ..

4.7.4 General Planar st-Graphs . . . . . ... ... ... ..
4.8 Drawings of Undirected Planar Graphs . . . ... ... ...
4.9 Planar Orthogonal Drawings . . . . .. ... ... ......
4.10 Planar Straight-Line Drawings . . . . ... ... ... ... ..
4.11 Exercises . . . . . ..o

Flow and Orthogonal Drawings

5.1 Angles in Orthogonal Drawings . . . . . .. .. .. ... ...

5.2 Orthogonal Representations . . . . .. .. ... .. ......

5.3 The Network Flow Model . . . . . . ... ... ... ... ..

5.4 Compaction of Orthogonal Representations . . .. ... ...
5.4.1 Orthogonal Representations with Rectangular Faces
5.4.2 General Orthogonal Representations . . . . ... ...

5.5 Orthogonal Drawing Algorithm . . . . . .. .. .. ... ...
5.6 Constraints . . . . . v i e e
5.7 Bend Minimal Drawings . . . . . . . ... .. ... .. ...,
5.8 Extension to General Planar Graphs . . . . . ... ... ...
5.9 EXEercises . . . v v o e

Flow and Upward Planarity

6.1 Inclusion in a Planar st-Graph . . . . .. .. ... ... ...
6.2 Angles in Upward Drawings . . . . . . . ... .. .. .....
6.3 Embedded Digraphs . . . . .. ... .. ... ..., ... .
6.4 Single-Source Embedded Digraphs . . . . .. ... ... ...
6.5 Single-Source Digraphs . . . .. ... ... ..o
6.6 Upward Planarity Testing is NP-complete . . . . . ... ...



CONTENTS v

9.3
9.4
9.5

6.6.1 Tendrils and Wiggles . . . . ... ... ... .. .. .. 201

6.6.2 An Auxiliary Undirected Flow Problem . . ... ... 202

6.6.3 Upward Planarity Testing . . . . . .. ... ... ... 205

6.7 Further Issues in Upward Planarity . . . . .. ... ... ... 209
6.7.1 Outerplanar Digraphs . . . . . ... ... ... .... 209

6.7.2 Forbidden Cycles for Single-Source Digraphs . . . . . 209

6.7.3 Forbidden Structures for Lattices . . . . . . ... ... 210

6.7.4 Some Classes of Upward Planar Digraphs . . . . . .. 212

6.8 Exercises . . .. . ... ... 212
7 Incremental Construction 215
7.1 Planarization . . . . .. ... ... 000 L 215
7.1.1 Incremental Planarization . . . . ... ... ... ... 216

7.1.2  Constraints in Incremental Planarization . ... ... 216

7.2 Interactive Orthogonal Drawing . . . . . . ... .. ... ... 218
7.2.1 Interactive Drawing Scenaria . . ... ... ... ... 220

7.3 Exercises . . . ... ..o 238
8 Nonplanar Orientations 239
8.1 Biconnected Graphs . . . . . ... . ... .. L. 240
8.2 Extension to Connected Graphs . . . . . .. ... ... .... 253
8.3 Drawing Graphs of Degree Higher than Fowr . . . .. . ... 258
8.4 ExXercises . . ... ... i e 262
9 Layered Drawings of Digraphs 265
9.1 Layer Assignment . . . . ... ... .. ... .......... 269
9.1.1 The Longest Path Layering . . . ... ... ... ... 272
9.1.2 Layering to Minimize Width . .. ... . ... .. .. 272
9.1.3 Minimizing the Number of Dummy Vertices . .. . . 278
9.1.4 Remarks on the Layer Assignment Problem . . . . . . 279

9.2 Crossing Reduction . . . . .. ... ... ... . ...... 280
9.2.1 The Layer-by-Layer Sweep . . ... .. .. ... ... 280
9.2.2 Sorting Methods . . . ... ... ... ... ... .. 282
9.2.3 The Barycenter and Median Methods . . . ... ... 284
9.24 Integer Programming Methods . . . . ... ... ... 289

9.2.5 The Two-Layer Crossing Problem on Dense Digraphs 290

9.2.6 Remarks on the Two-Layer Crossing Problem . . . . . 292
Horizontal Coordinate Assignment . . . ... ... ... ... 293
CycleRemoval . . ... ... .. ... ... ... ....... 294
Exercises . . . ... .. .. ... 300



vi CONTENTS

10 Force-Directed Methods 303
10.1 Springs and Electrical Forces . . . . .. ... ... ...... 305
10.2 The Barycenter Method . . . . ... ... ... ... ... .. 309
10.3 Forces Simulating Graph Theoretic Distances . . . . . . . .. 312
104 Magnetic Fields . . . . . .. ... .. ... ... ........ 313
10.5 General Energy Functions . . . . . . .. ... ... ... ... 316
10.6 Constraints . . . . . . . . . .. ... 321
107 Remarks . . . . . . .. 322
10.8 Exercises . . . . . . . ... ..o 324

11 Proving Lower Bounds 327
11.1 Exponential Area Lower Bounds . . . . ... . ... ... .. 327
11.2 The Logic Engine . . . . . . ... ... ... ... .. ..... 331

11.2.1 The Logic Engine. . . . . . .. ... ... ... .... 332
11.2.2 Logic Engine and a Graph Drawing Problem . . . .. 335
11.2.3 Other Problems which Simulate the Logic Engine . . . 338
11.3 Exercises . . . . . . .. 340

A Bounds 341

Al AreaBounds ... .. ... .. .. ... . ... ... 341
A1l Areaof Drawingsof Trees . . . . . .. ... ... ... 342
A.1.2 Area of Drawings of Planar Graphs. . . . . . . .. .. 345
A.1.3 Area of Upward Planar Drawings of Planar Digraphs . 347
A.1.4 Area of Drawings of General Graphs . . . . . .. . .. 347

A.2 Bounds on the Angular Resolution . . . . .. ... ... ... 347

A.3 Bounds on the Numberof Bends . . . . .. ... .. ..... 350

A.4 Trade-Off Between Area and Aspect-Ratio . . . . . ... ... 350

A.5 Trade-Off Between Area and Angular Resolution . . . . . .. 353

A.6 Bounds on the Computational Complexity . . . . . . ... .. 354

Bibliography 359

Index 389



