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NASA’s Air Technology Demonstration –
(ATD-1)

• ATD-1 is the integration of 3 NASA research technologies:
1. Traffic Management Advisor and Terminal Metering: 

produces precise time-based schedules for an aircraft’s arrival 
to the runway

2. Controller-Managed Spacing: speed control tools for Air 
Traffic Controllers to better handle aircraft delay assignments.

3. Flight-deck Interval Management: avionic technologies & 
flight crew procedures for automatically achieving an 
maintaining aircraft spacing requirements.



Flight Interval Management
• FIM is a speed control 

technology that allows an 
appropriately equipped aircraft 
(the FIM aircraft) to achieve a 
desired spacing goal behind a 
target aircraft at a specified 
point (usually within 5 nautical 
miles of the arrival airport 
runway). 



Steps in FIM

1. FIM and target aircraft schedules are 
computed
2. FIM aircraft flies speeds produced by the FIM 
speed-control algorithm
3. FIM aircraft achieves a spacing goal at a 
specified location



Gaps in FIM Research
• In the near future, not all aircraft will be equipped with 

FIM technology.
• Need to understand interactions between FIM and non-

FIM aircraft in same airspace.
• FIM Human-in-the-loop (HITL) simulation studies show 

that spacing violations occur when:
• FIM aircraft is following a target on a separate route.
• The target aircraft is assigned a large amount of delay.
• The FIM aircraft is flying within a consecutive string of non-FIM 

aircraft. 



Our Scenario
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Simulation Environment
• ‘Delay’ refers to the amount of time an aircraft is 

estimated to arrive ahead of schedule.
• Aircraft absorb delay by decreasing speed throughout the 

arrival route in order to meet the schedule. 
• Computer simulation was developed in MATLAB for our 

FIM arrival scenario. 
• Computer experiment was designed to investigate what 

extent differences in delay assignments influence the 
spacing between aircraft during arrival. 



Why a Computer Experiment?
• Given our scenario of interest, we want to know 

what causes spacing violations between aircraft.
• But real-time physical experiments like this take 

LOTS of time, resources, people, etc.
• A Computer Experiment is executable computer 

code that emulates a physical experiment via 
codified mathematical relationships.



Design of Computer Experiments
• A common strategy is to use a space-filling 

design, which strategically selects a small 
number of uniformly distributed points to 
fill the experimental region. 
• Latin hypercube designs
• Orthogonal Array – based designs
• Criteria-based designs (e.g., maximin)



Delay Differential
• From a modeling perspective, the factors we are 

particularly interested in were the differences in 
delay assignments between the FIM aircraft and 
the three other aircraft
• Lead delay differential: FIM delay – Lead delay
• Target delay differential: FIM delay – Target delay
• Trail delay differential: FIM delay – Trail delay



Delay Differential
• But…we are not at liberty to explicitly select an aircraft’s 

delay.
• Aircraft delays are the result of a complex scheduling 

procedure.
• Different delays result from selecting values for the 

following five factors:
• Lead aircraft initial distance-to-go (DTGi)
• Lead aircraft delay
• Target aircraft DTGi

• FIM aircraft DTGi

• Trail aircraft DTGi

• But, these are nested!



Challenges
• Value selected for each factor directly affects the 

range of possible values for the subsequent 
factor by the nature of the aircraft scheduling 
procedure.

• Delay differentials directly depend on the values 
selected for the five continuous nested factors.

• Wind speeds and directions are used in the 
calculation of speeds and scheduled times of 
arrival. 



Filling the Delay Differential Space

How do we sample points from the left to fill space on the right? 



Course Enumeration of Delay Differential Space





Space-Filling Design
• Need a space-filling design to sample points from 

continuous nested factor space that fills the 
space of delay differentials.

• How many points is enough? Rule of thumb: 10 x 
input dimension = 30 points

• The top factor in the nested factor scheme, Lead 
DTGi, should have the most influence on the 
values of the remaining factors.



Space-Filling Strategy
1. Divide root factor range into a closed 

intervals of equal length
2. Select a point a random from the ith

interval



Space-Filling Strategy (cont.)
3. Select values of remaining nested factors 
randomly from their resulting ranges in 
sequential order:



Space-Filling Strategy (cont.)
4. Repeat Steps 2-3 until there are 10k/a 
sample design points originating from the ith
interval partition.
5. Repeat Steps 2-4 each time incrementing i
by one until 10k design points are selected. 



How many intervals? 



Selected Points (Wind 1)





Gaussian Process Model
• A Gaussian process model creates a 

predicted response surface over the entire 
experimental region using interpolation.

• Uses the assumption that any finite 
collection of responses in the design 
region is distributed as a multivariate 
Gaussian to predict the response at 
untested design points.  



Some Results
• Closest point of approach (CPA): scaled 

closest point of approach between FIM 
and other aircraft during simulation run. 
Negative values correspond with spacing 
violation. 



CPA Response Surfaces
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Insights
• Predicted surfaces were similar for all wind conditions.
• Positive and negative CPA values can be achieved by 

many combinations of aircraft delay differentials.
• Minimum CPA is achieved at a FIM and target delay 

differential of around 50 seconds across all values. 
• That is, a spacing violation is likely to occur when the FIM 

aircraft is assigned approx. 50 more seconds of delay 
than the target aircraft. 



Insights (cont.)
• Overall, CPA decreases as the FIM and lead 

aircraft delay differential increases. 
• That is, spacing violations are more likely 

to occur as the FIM aircraft is assigned 
more delay than the lead aircraft. 

• Useful for future research on FIM 
operations.



Summary
• Proposed a space-filling methodology to handle 

multiple layers of continuous nested factors 
without explicit closed form relationships.

• Motivated in the context of an aerospace 
computer simulation experiment. 

• Future work includes investigating other space-
filling criteria (e.g., minimum potential, 
maximum entropy) and more structured design 
methods for multi-layered nested factors. 



Thanks for your attention!

Questions? 


