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Introduction

• Why simulate air traffic controller and 
automation performance?



Complement Traditional 
Design Techniques

• Complex human-machine system design

TRACON Control Room

En Route (Center) 
Control Room

“Pseudo-pilot” Room

1. Formulate concepts
2. Construct prototypes
3. Conduct large-scale    

simulations, part-task 
studies

4. Conduct field studies

• Expensive, time-
consuming, iterative

Airspace Operations 
Laboratory (AOL)

Not shown:
Flight Deck Display 

Research 
Laboratories

• Simulations promise inexpensive means of understanding concept 
safety/risks to complement human-in-the-loop research



ATC Tool Design

• Mismatched air and 
ground automation
– Aircraft Flight 

Management Systems 
(FMSs) enable precise 4D 
flight

– Air traffic controllers lack 
tools

– Instead use inefficient 
tactical methods or 
introduce large ‘spacing 
buffers’



Potential Contributions

• Practitioner roles and responsibilities
• Controller strategy and tool interactions
• Airspace and traffic effects
• Potential errors and error effects
• Effects of other constraints
• Robustness mechanisms
• Safety/risk assessment
• Scenario identification, training requirements, and 

performance baselines for human-in-the-loop studies
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Beliefs
– Task context
– Situation

CATS 
Activity 
Model

Skill Library Control Rules

Constraints

Traffic Display/
Aircraft

Agent 
Hub

CATS ATC Agent

‘Belief
Transformer’

Traffic state
Handoff requests/accepts
Flight plans

Target/data block 
information

Flight plans/Updates

Clearances
Handoff requests/accepts
Updated flight plans

Task context

Situation

Updated
situation

Current 
activity

Traffic assessments
Clearance values

Traffic assessments

‘Problem’ aircraft

UpdatesUpdates
Values Values

Clearances

(Other ATC 
Agents)

Augmented Multi-Agent Architecture

Air Traffic Simulation



Handoff 
Needed?

Activity Model
Executable 

Plan?

Conflict?

Spacing Problem?

Do plan or 
adapt plan

Descent 
Needed?

Make plan 
to resolve

Issue 
clearance 
or plan to 
resolve

Issue 
clearance

Yes

No

Yes

Yes

Yes

No

No

No

Activity Model and ‘Control Flow’

• Maintain situation awareness
– Monitor traffic display
– Scan aircraft

• Determine aircraft to work
• Manage handoffs

– Accept aircraft
• Accept handoff
• Roger check-in

– Initiate handoff
• Inform other controller
• Issue frequency change

• Manage descents
– Issue descent clearance

• Manage separation
– Evaluate separation clearance options
– Issue separation clearance

• Manage spacing
– Evaluate spacing clearance options
– Issue spacing clearance

• Manage nonconformance
– Re-issue clearance

Non-conformance?

Handoff accept 
needed?

Do handoff

Re-issue 
clearance

Accept 
handoff

Yes

Yes

Yes

No

No
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CATS ATC Agent Beliefs
Task context – ‘context 

specifiers’

Always
Display needs scanning
Looked at traffic display
Have aircraft to work
Know which aircraft to accept
Know which aircraft to hand off
Know which aircraft to descend
Factors identified (refers to conflict 

aircraft)
Spacing aircraft identified
Know which aircraft to clear (separate)
Know which aircraft to space
Know which aircraft is not conforming

Check_cross_flow_spacing [time] 
[aircraft]

Check_within_flow_spacing [time] 
[aircraft]

Check_conflict [time] [aircraft]
Check_descent [time] [aircraft]
Cross_flow_spacing [aircraft clusters]
Within_flow_spacing [aircraft clusters]
Conflicts [aircraft clusters]
Sector_aircraft [aircraft]
Plan_exec [aircraft]

‘Situation’ context –
• beliefs about current situation •
memory for ‘problem status’
• prospective memory for plans



Spacing Control Rules
- for achieving required in-trail spacing within 
flows, and across flows that merge

• If excess spacing, speed up/plan to match speeds

• If insufficient spacing:
– If no aircraft in front of front or behind back, stagger 

speeds

– If no aircraft in front of front, but aircraft behind
back, speed lead aircraft up

– If aircraft in front of front, but not behind back, slow 
back aircraft

– If aircraft in front of front, and behind back, require 
vectors (handle as conflict using separation control 
rules)

Requires
planning

‘front’ and 
‘back’ refer to
aircraft in
roles bound to
current aircraft



Separation Control Rules
- for resolving conflicts and effecting merges

If front directly in front and no aircraft behind back:
– If merge, plan to merge
– Otherwise, plan minimal offset

If front directly in front and aircraft behind back:
– If merge, plan to merge
– Otherwise, plan minimal offset and plan to match vectors for 

aircraft behind back
If front in front sequentially and no aircraft behind back:

– If merge, plan to turn in to merge
– Otherwise, plan to vector and turn back

If front in front sequentially and aircraft behind back:
– If merge, plan to turn in to merge
– Otherwise, plan to vector and turn back and plan to match vectors 

for aircraft behind back

• Multiple aircraft conflicts
– Only handle in cases of merge, using plan to merge or plan to turn in 

to merge

All require planning



Plan ‘Steps’ That Comprise Control Plans

• Lateral dimension:
– Delay vector
– Match planned lead delay vector
– Turn back vector
– Match planned lead turn back 

vector
– Return to heading
– Return to route
– Direct-to
– Meter fix direct-to
– Return to route-merge

• Vertical dimension:
– Climb temporary altitude
– Descend temporary 

altitude
• Speed dimension:

– Match lead speed
– Match lead mach
– Accelerate
– Accelerate-mach
– Decelerate
– Decelerate-mach
– Allow to pass

- each plan step contains execution conditions and roles 
(e.g., ‘front’) bound to plan at formulation time



Plan Adaptation and 
Execution Conditions

– Delay vector
• If handed off, send direct to next waypoint
• If close to Meter Fix, send direct to meter fix
• If planned time, execute as is

– Match planned lead delay vector
• If handed off, send direct to next waypoint
• If close to Meter Fix, send direct to meter fix
• If back aircraft null, execute as is
• If back aircraft doesn’t have a plan to turn out, 

execute as is
• If planned time, execute as is

– Turn back vector
• If handed off, send direct to next waypoint
• If close to Meter Fix, send direct to meter fix
• If planned time, execute as is
• If not excess spacing or insufficient spacing, 

abandon
– Match planned lead turn back vector

• If handed off, send direct to next waypoint
• If close to Meter Fix, send direct to meter fix
• If front aircraft null, execute as is
• If front aircraft doesn’t have a plan to turn back, 

execute as is
• If planned time, execute as is
• If not excess spacing or insufficient spacing, 

abandon

– Return to heading
• If handed off, send direct to next waypoint
• If close to sector bounds, execute as is
• If close to Meter Fix, send direct to meter fix
• If not excess spacing or insufficient spacing, abandon

– Return to route
• If handed off, send direct to next waypoint
• If close to sector bounds, execute as is
• If aircraft has passed the next fix, send direct to the 

following fix
• If close to Meter Fix, send direct to meter fix
• If not excess spacing or insufficient spacing, abandon

– Direct-to
• (not used- superceded by return to route)

– Meter fix direct-to
• (not used- superceded by return to route)

– Return to route-merge
• If handed off, send direct to next waypoint
• If front aircraft has passed the next fix, execute as is
• If aircraft has missed it’s slot, re-plan to merge
• If have required merge spacing and aircraft has been on a 

vector for at least 60 secs, execute as is



Example Spacing Operations

1. Identify ‘sector aircraft’ AAL630, 
AAL508, and AAL497

2. Identify ‘within-flow spacing’ problem 
for AAL630 and AAL508

3. Bind AAL630 to role ‘back’ in AAL508; 
bind AAL508 to ‘front’ in AAL630

4. No higher priority problems, so access 
control rules; arrive at strategy ‘speed 
up/plan to match speeds’

5. Accelerate AAL630

6. When proper spacing achieved, 
execute ‘match lead mach’ plan by 
issuing clearance for AAL630 to match 
speed of AAL508

Traffic Flow Direction



Example Separation (Merge) Operations
1. Identified AAL6080 in conflict with 
UAL1114, UAL1114 in front sequentially, 
no aircraft behind AAL6080

2. Identified merge at UKW, executed 
‘plan to turn in to merge’ strategy: 
AAL6080 to heading 095, plan for ‘return 
to route - merge’

3. Also, DAL323 in conflict with AAL6080: 
DAL323 to heading 245, plan for ‘return 
to route - merge’

4. NOW, repeatedly assess AAL6080’s distance to merge point versus 
UAL1114’s, and DAL323’s versus AAL6080’s

5. Eventually find required spacing between UAL1114 and AAL6080,
execute AAL6080’s ‘return to route - merge’ plan: AAL680 direct to UKW; 
finally, DAL323 direct to UKW to complete merge

Merge Point



Test Environment

• Airspace:

SPS ADM

UKW

FL240

TRACON

• Distributed Air/Ground arrival traffic scenarios



Performance Assessment
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Error-Generation
for Safety Assessment

Probabilistic Error 
Mechanisms for Monte Carlo-
style Safety Analyses:
1. ‘Forget’ a belief, or confuse 
aircraft in belief for another aircraft

2. Confuse ‘front’ and ‘back’
aircraft during control rule 
application

3. ‘Misread’ displayed information, 
or ‘incorrectly recall’ information

4. Confuse clearance type or 
contents when issuing a clearance

Airspace violations

Interesting results:
• Error-chaining effects

• Inherent error-tolerance of agents 



Trajectory-Centered Simulator 
(TCSim) Fast-Time Simulations



CATS ATC Agent Integration



TCSim Concept

Aircraft FMS 
trajectories

Automation Air Traffic Controller 
Agents

Predictions
Time-to-fly estimates Clearances

Advisory tools

3º Glideslope

Stabilized

1000 ft AGL

Final Flap Extension

Level Decel

Speedbrake
Decel on Flight 
Path Angle

2º Decel

Computed 
Flight Path 
Angle to Decel
Point

AT Speed/AT 
Alt Restriction

AT/ABOVE 
Speed 
Restriction

AT/ABOVE 
Altitude 
Restriction

NOT TO SCALE

• Also supports scenario    
visualization & generation



TRACON Control Problem
• TRACON operations 

– Limited ability to control traffic 
without inefficiencies/ flow 
disruptions

• ‘Continuous Descent 
Approach’
– Provides fuel/noise benefits
– Throughput limited by poor 

predictability

• LNAV/VNAV trajectory-
based operations
– Predictability with suitable tools
– En route concept compatibility

• Aircraft adhere to metering 
schedule

Feeder Sector

Feeder Sector Merge Point

Runway Threshold

Northwest Arrival
Metering Fix

Southwest Arrival
Metering Fix

Final
Sector

Merge Angle



Analysis Methodology

• Establish baseline traffic flow metrics
– Remove variability, examine route-related factors

• Examine disturbance effects
– Perform Monte Carlo simulations with prediction and flight 

execution errors

• Assess control authority
– Assess control possible with particular clearances in specific 

domain
• Analyze performance with air traffic controller agents

– Exercise control strategies in Monte Carlo simulations, compare 
metrics with domain analyses

Domain focus
Strategy focus



Candidate TRACON 
ATM Concepts

• Assume coordinated meter fix schedules that 
account for TRACON flight time and runway 
wake vortex spacing

• How well can TRACON speed adjustments 
compensate for schedule deviations?
– Working hypothesis:  Automatically generated speed 

advisories can reduce required spacing buffer to 
acceptably small values

• Variations:
– ‘Control points,’ predicted ETA locations, cancel one 

or more restrictions?
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Test Scenarios
• Charted approach 

transitions
• Traffic

– Twenty aircraft
– Two Heavy’s, Four 

757’s, Fourteen Large’s
– At least five from 

Northwest, Southwest

• Scheduling
– No compensation for 

final approach 
compression effects

• Disturbances
– MF crossing - N(0, 15)
– Landing speed - N(0, 5)
– Predicted winds
– Flight technical errors



Test Scheme

• Metric
– Additional spacing buffer required to eliminate 

separation violations

• Process
– Generate scenario
– Schedule aircraft with proper wake vortex spacing
– Increment ‘additional spacing buffer’ .25 nm, repeat

until no separation violations
– Introduce disturbances, repeat
– Introduce air traffic controller agents issuing speed 

advisories (slow-downs ONLY) to null runway ETA-
RTA differences, repeat



Results
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• Speed advisories help 
reduce required spacing 
buffer, but don’t eliminate 
effects of deviations



Front-Loaded Schedule
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• Do speed advisories work 
better if there are more 
opportunities to use them?
– 15 s front-loading



Acceleration Allowed
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Small Meter Fix Deviations

• N(0, 7.5), no landing speed 
deviation
– Speed advisories may be 

enough
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TCSim CDA Flow Set Up Results
(2004 Flight Tests)

• Safe miles-in-trail spacing at CHERI for each wind 
condition
– Requires no ATC intervention with CDA aircraft
– Accounts for all possible wake vortex spacing pairs

• DC8 following B767 is limiting case

– Add additional buffer to values below to for setup errors

NONE MEAN TWO-SIGMA QUARTERING

10 11 14 14



Safe Miles-in-Trail Capacity
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Center

TRACON

Automatic Information Exchange:
• Broadcast aircraft ADS state and FMS trajectory whenever it changes.
• Uplink TMA meter fix times (RTAs or STAs).

Flight crew of equipped aircraft uses CDTI/FMS to 
manage RTA and fly VNAV Precision Descent from 
TOD to the meter fix at the TRACON boundary. If 
path stretching is needed, crew may downlink a 
trajectory request.

Controllers use automation tools (conflict probe, timeline, descent advisories, trial 
planning) to monitor en route and arrival aircraft, and to fine tune the arrival plan. 
They may issue speed or route clearances by voice or datalink to aircraft, which would 
override an existing RTA clearance.

Flight crew may use CSD tools to construct conflict-free, user-
preferred routes and plan RTA compliant descents. Route changes are 
downlinked to ATC for approval. 

At the freeze horizon (160nm from 
meter fix), TMA-like scheduler
generates a final schedule of meter fix 
arrival times  for arriving aircraft. These 
times may be uplinked to aircraft as 
RTA clearances.

Controller may issue a Precision Descent VNAV 
clearance to the meter fix coupled with either an 
RTA or speed profile.

Controller uses trial planning tools to review 
downlinked trajectory requests. If acceptable, uplink
response clears aircraft to fly requested trajectory. 
Rejected requests require followup communication 
by voice.

Scenario Events:
CE-11 TRACON Self-spacing

TRACON controllers can clear 
pilots merge behind and then follow 
a designated lead aircraft.

Pilots use CDTI & FMS 
guidance  to merge 
behind and then follow  a 
designated lead aircraft.

TRACON controllers use 
advisory tools to help set up the 
merge, to determine the self-
spacing interval and for 
conformance monitoring.





Example Results from Applying Analysis 
Methodology with ‘Planning Agents’
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Future Research Directions I

• Controller strategy-tool interactions
• Constraint representation
• Workload assessment



ATC Strategies

• Crucial for action prioritization
– Control solutions (‘vectors first’)
– Problem simplification and workload management (‘match speeds’)
– Addressing conflicts (‘head-on’s first’)

• What strategy-tool combinations are suitable for controlling traffic 
with particular characteristics?

• Under what conditions (i.e., what combinations of factors such as 
wind-prediction errors beyond a certain limit or initial traffic spacing 
less than some amount) do particular strategies cease to be effective?

• Can air traffic controllers revert to current operations smoothly as the 
situation warrants (i.e., is the system robust to the full range of 
conditions that may arise)?



Constraints

Charted Route Structure

Arrival Aircraft 
Types/Sequence

Initial Spacing/ 
Clearance

Pilotage

Aircraft 
Equipage

ATC Support 
Tools

ATC Control 
Strategies/
Methods

ATC Sector
Configuration/ 

Staffing

Regulations/
Separation Minima

Pacing/Workload

• Realistic ATC agents…
– Maintain ‘picture’ that captures dynamic constraints
– Respond intelligently to them



Workload Measures

– Sector aircraft
– Spacing problems
– Separation problems
– Pending plans and differences in plans
– Conformance monitoring problems
– Pending handoffs
– Pending handoff accepts
– ...

Workload = 
weighted 
function of:



Further research II

• Controller agent validation studies using 
CE11 controller performance data

• Disturbance models
• Operational errors and safety/risk 

assessment
• Integration with related work



Conclusion

• Simulating air traffic controller and automation 
performance can shed light on new air traffic 
management concepts and complement human-in-
the-loop research

• Additional research is required to model how 
controllers adapt strategies to maintain safety 
while satisfying a range of task demands in the 
face of environmental disturbances
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