Table of Contents

Chapter 1: INEroduction ........ ..o ——————————————— 1
1.1, Scope Of RESEAICH ... 2
1.2, Summary of ContribUtioNS ... 6
1.3.  Organization of the Dissertation ..., 7
Chapter 2: Literature REVIEW .......oovieeeeiiiiiiiiinirrcesss s s s s 9
2.1. National Airspace Traffic Density ISSUES ..........ccccciiiiiiiie 10
2.1.1.  Ground Delay Program .........cccoooviiiiiiiiiiie et 10
2.1.2. High Density Airports and Slot Lotteries..........cccccooceeiiiiiiiiiiee 10
2.1.3. HUDDING ... 12
2.1.4. International TerroriSM ........coo i i 13
P2 ©7o ]| 11710 o I 1Y =T o3 (o] o S 15
2.2.1. Separation Standards ..o 15
2.2.2.  Miles-in-trail SPaCING ..........uciiiiiiiiieeece e 16
2.2.3. Conflict PrediCtion ............ueiii e 16
2.24  Center-Tracon Automation SyStem ...........ccccccuuuiiiiiiiiiiiiiiiiiiiiiiiiiieiens 18
2.2.5. DIireCt-t0 TOOIS......coiiiiiiiiie e 19
2.3. Collaborative Decision MaKing ...........uueiiiiiiiiiiiiiiicee e 20
2.3.1. Ground Delay Program Enhancement ..................uuuiiiiiiiiiiiiiiiiiiiiiiiiiens 20
2.3.2. NAS Performance Measurements...........cccccevveeeiiiiiiiiei e 22
2.4, UBIlIY TREOIY . .. s 22

Vi



2.5. Applications Background ............oooiiiiiiiiiiiiiiiiie e 28
2.5.1. SPace LaAUNCRES ........oooiiiiie e 28
2.5.2. Weather SYStemMS..... ... 31
2.5.3. Time-dependent Traffic MONItOring ............ccccuuuiiiiiiiiiiiiiiiiiiie 31
2.6. Relationships Between the Present and Previous Research.................ccccceeo. 32
2.6.1. Airspace Occupancy Model...............uuiiiiiiiiiiiiiccec e 32
2.6.2. Aircraft Encounter Model...........oooiiiiiiiiiie e 34
2.6.3. Preliminary Airspace Planning Model.................cccooiiiiiiiiiiiiiiiiiiiiiies 36

2.6.4. Proposed Airspace Planning and Collaborative Decision Making
Model (APCDM) .....coiiiiieeeeeeeeeeeeeeeee ettt 39
Chapter 3: Probabilistic Aircraft Encounter Model (PAEM) ..........coerveeennnnnn. 42
3.1.  Conflicts between Aircraft Based on Realized Trajectory Errors ........................ 42
3.2.  Errorsin Aircraft TrajeCtories........coouvvuuiiiiiiiiiiieeee et 44
3.2.1. Rectangular Region with Random Three-Dimensional Errors............... 46
3.2.2. Cylindrical Region with Wind-Induced Errors .............cccccoiviiiiiiiiiinnnnnes 51
3.3, Conflict Probabilities ............uuuuiiei e 56
3.4. Threshold Conflict Probabilities and Severity Levels..........ccccciiieeiiiiieieeiinn, 61
3.5.  Some Implementation COMMENtS ..........cccoeeiiiiiiiiiiiiii e 62
Chapter 4: Conflict Resolution and Sector Workload Formulations................. 65
4.1. Occupancy Workload Constraint Formulation .............cccccccceiiiiiiiiiiiiee 65
4.2. Alternative Occupancy Workload Constraint Formulation ..............cccccccceeeeee. 69
4.3. Conflict Resolution Workload Formulation................coooiiiiiiiiii e 72
4.4. Discretized Time Slot Workload Formulation..............cccooeiiiiiiiiiiiiiieeeeee 73
4.5. Continuous Time Workload Formulation with Conflict Buffers........................... 74
4.6. Valid INEQUAIILIES ......coeeeeiieeee e 80
4.6.1  Alternative Conflict Modeling Strategies............cccoeeiiii, 80
4.6.2. An Efficient Scheme for Generating Cs .......cooovvviiiiiiiiiiiiiiiee e 86
4.6.3. Additional Valid Inequalities ............cccoeiiiiiiiiiiiiiii e 88

Vi



4.7. Alternative Conflict Constraint Formulation ............ccooveieoi e 91

4.8. Generalized M-ineqUAlItIES .........covvuiiiieieiiieeece e 96
4.9. Additional Modeling CONSIIUCES ........coooiiiieieeee e 98
Chapter 5: Collaborative Decision Making and Equity Considerations.......... 100
5., COSEMOEI ... 100
o Tt It R 1 701 100
5.1.2.  Flight Arrival Delay COStS..........uuuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeees 100
5.1.3. Total Flight Plan CoSt.........ccooiiiiiiieeee e 104
5.2.  Collaboration EffiCIENCIES ..........uuuuuiiiiiii e 106
5.3. Collaboration EQUItIES: A PreViEW........cccoiiiiiiiiiiiiiiiee e 108
5.4. Equity Model FOrmulation ............. ... 110
5.5. Alternative Equity Model Formulation ... 112
Chapter 6: Airspace Planning and Collaborative Decision Making Model ..... 117
6.1.  Model FOrmulation.......... ... 117
6.1.1.  First Formulation (APCDM-1).........uuuiiiiiiiiiiiiiiiiiiiieieieieeieeeeeeeeeeeeeeeeeeee 117
6.1.2. Second Formulation (APCDM-2)..........ciiiiiiiiieiieecieee e 119
6.2. Objective Function Parameters ............cooooeeiiiiiiiiiiiiicceeeeeeeeee e 120
6.2.1. Airspace Monitoring Penalty Function...............ccccuvvviiiiiiiiiiiiiiiiiiineee. 120
6.2.2. Peak Airspace Monitoring Penalty Function................ccccevviiiiiiiinnnnee. 121
6.2.3. Conflict Resolution Penalty Function............cccoovviiiiiiiieee 122
6.2.4. Collaboration Efficiency and Equity Penalty Factors........................... 123
6.3. Passenger Load EStimates. ... 124
Chapter 7: Computational Results ... 125
7.1.  Analysis of the PAEM ModEl ..........ooovuiiiiiiiice e 126
7.1.1.  Preliminary Test Data..............uuuuuiiiiiiiiiiiiiiiiiiiiiiiieeeeees 126
7.1.2. Probabilistic Trajectory Deviation Realizations....................euvviiieeennene. 127
7.1.3. Evaluation of the PAEM Model Performance..............ccccuuvvvvveviveeeenneee. 131
7.2. Analysis of the C; and C4 Conflict Constraint Formulation ...............ccccccoeiennii. 136

viii



7.3. Analysis of the CDM Representation............ccooooiiis 141

7.3.1.  Analysis of Parameter D,y «ccocoeeeeeieeiiiiieee e 141

7.3.2.  Analysis of Parameter E° ... 143

7.3.3.  Analysis of Parameter ff...........uuuuuuuumiiiiiiiiiiiiiiiiiiiiiiii 145

7.4. Analysis of Conflict Risk Probability Thresholds ..., 147

7.5. Summary of Computational RESUILS ...........ccooiiiii s 150
Chapter 8: Summary, Conclusions, and Recommendations for

Future Research......... i 153

8.1.  Summary of CONtrDULIONS ... 153

8.2. Recommendations for Further Research, Development, and Testing.............. 154

] = =Y 0 U= 156

T 161



