N~
o
o
N
>
>
E
—
®
=
e
D)
()]
o
c
()
£
()
(@)]
®
C
]
S
O
=
©
S
|_
<
<
N~
Q
o
(@]
S
>
LLl
~~
()]
.}

Airspace Complexity Measurement: An
Air Traffic Control Simulation Analysis

Parimal Kopardekar
NASA Ames Research Center

Albert Schwartz, Sherri Magyarits, and Jessica Rhod es
FAA William J. Hughes Technical Center

US/Europe 7 ™ Air Traffic Management Seminar
Barcelona, Spain
July 3, 2007




Outline

Background

Study Motivation and Objective
Experimental Method

Results

Conclusions

Recommendations for Future Work

N~
o
o
N
>
>
E
—
®
=
e
D)
()]
o
c
()
£
()
(@)]
®
C
]
S
O
=
©
S
|_
<
<
N~
Q
o
(@]
S
>
LLl
~
()]
.}




Background

Number of aircraft is used as an indicator of sector-I| evel
workload in the US

— Monitor Alert Parameter (MAP) is an upper bound
A number of factors affect controller workload

— Number of potential conflicts, climbing/descending aircraft, and hand-offs;
heading and speed differences; presence of weather; etc.

Workload is subjective and complexity metrics attempt to
represent the workload using objective factors
Complexity Definition
— Collective effect of all factors that contribute to sector level air traffic
control difficulty or workload at any given time

Need for Complexity Metric
— Traffic flow management
— Airspace configurations
— Scenario consistency

N~
o
o
N
>
>
E;
—
®©
=
e
D)
()]
o
C
()
£
()
(@)]
®©
c
]
S
O
=
©
S
|_
=
<
<
N~
Q
o
(@]
S
>
LLl
~~
()]
)




Motivation and Objective

* Motivation

— 2003 study* showed that complexity metrics performed differently at
different facilities and performed least well for the Cleveland Center data

* Objective
— Conduct further validation of complexity metrics using Cleveland Center
airspace in a high-fidelity simulation environment
 Incorporate Reduced Vertical Separation Minima

« Have participants actively controlling traffic
» Use faster update rate of System Analysis and Recording (12 seconds)
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» Kopardekar, P., and Magyarits, S., 2003, Measurement and Prediction of Dynamic Density,
US/Europe 3 Air Traffic Management Seminar, Budapest.



Complexity Variables

» Total 52 unique variables

— Picked variables from previous studies conducted by FAA, NASA,
Wyndemere, and Eurocontrol

— Included 9 additional variables
 Example Variables

— Monitoring related : Aircraft count, number of aircraft/occupied volume,
climbing and descending aircraft

— Decision-making related : Separation criticality, angle of convergence,
speed variance, time to conflict

— Communications : Proximity to sector boundary
— Data entry/record keeping : Number of speed and altitude changes
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Experimental Method

Participants
— Six certified professional controllers and one supervisor from Cleveland Center
— Average 12 years of experience controlling traffic at Cleveland Center

Scenarios
— 3 sectors: two high altitude and one low altitude
— Each scenario was 75 minutes in duration
— Each sector was operated by Radar and Data controllers

Laboratory and Equipment

— FAA Technical Center: Display System Replacement (DSR), User Request
Evaluation Tool (URET), and Voice Switch and Communication System (VSCS)

— Workload assessment keypads were used to enter complexity ratings
— Pseudo-controllers provided hand-offs to and from the surrounding sectors
— Pseudo-pilots acted as pilots of simulation aircraft
Procedure
— Total nine scenarios
— Four scenarios were each shown twice during simulation
— Weather rerouting scenario was shown once
— Controllers conducted all tasks as they would in real-world

N~
o
o
N
>
>
E;
—
®©
=
e
D)
()]
o
C
()
£
()
(@)]
®©
c
]
S
O
=
©
S
|_
=
<
<
N~
Q
o
(@]
S
>
LLl
~~
()]
)




Study Airspace

Sector - 04

14
12
14

el | sector 48: FL240-310, MAP
Sector 04: FLO00-240, MAP
Sector 66: FL240-320, MAP
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Experimental Method

» Data Collection
— Controllers provided complexity ratings at 5-minute intervals on 1 to 7 scale
— Total complexity ratings = 693

— Data Reduction and Analysis Tool (DRAT) calculated complexity variable
values at the corresponding 5-minute intervals

« Data Analysis

— Multiple linear regression method was used to identify the strength of
relationship between the complexity variables and complexity ratings

» Step-wise regression method was used

— Regression analysis studies relationship of dependent variable (complexity
rating) and independent variables (complexity variables)

Y= oF 1XF o2XF gXgt Xt s Xt g Xg .

— Two models: model based on complexity variables and model based on
aircraft count

— P-value threshold of 0.05 was used to decide significance of a variable

— Five variables with Variance Inflation Factor (VIF) > 10 was excluded from
the model as it represented strong intercorrelations
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Results — Significant Variables

» Total of 17 out of 52 Variables were statistically  significant

» Eight variables, same from 2003 model, were foundt o0 be statistically
significant

— Aircraft count (E)

— Sector volume (E)

— Standard deviation of speed/mean of speed

— Time-to-conflict (E)

— Horizontal proximity measure (E)

— Heading variance (E)

— Aircraft count within a threshold distance from a sector boundary

— Squared difference between aircraft headings and major axis direction of the
sector weighted by sector aspect ratio
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Notes:
» (E) refers to the variables that were also found important in European complexity research
» Variables listed in blue color are within top 5




Results — Significant Variables

* Nine additional significant variables

— Number of aircraft with predicted horizontal separa tion under 8 nmi
— Angle of convergence in a conflict situation

— Number of aircraft/occupied volume [may be a result of RVSM]

— Proximity of conflicting aircraft with respect to separation minima

— Number of aircraft changing altitude (E)

— Conflict resolution difficulty based on crossing angle (E)

— Number of aircraft with 3D Euclidean distance between 0-5 nmi excluding
violations

— Number of aircraft with 3D Euclidean distance between 5-10 nmi excluding
violations

— Squared difference between aircraft heading and direction of major axis
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Notes:
* (E) refers to the variables that were also found important in European complexity research
» Variables listed in blue color are within top 5
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Results - Regression Analysis

Coefficient of Determination (R 2) Values

 Both new and old complexity models represented complexity ratings better
than aircraft count model

 The new model is more representative of complexity ratings than previous
model

« Aircraft count model in the current study performed better than 2003 study

< Models All Sectors
S

=

’3{ Current Study Complexity Model 0.69
a

E Aircraft Count Model 0.46
(9p)

% Previous Study Complexity Model 0.32
=7 (2003)

‘2% Aircraft Count Model 0.13
%

o

<

<

(]

S

I

(7))

D
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Results — Regression Performance

Complexity
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Actual
Ratings
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Complexity model tracks actual complexity ratings better than aircraft
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Results - Regression Performance
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» About 50% predictions are within £ 0.5 of actual complexity rating
* About 95% predictions are within £ 1.5 of actual complexity rating
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Results — Regression Performance
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Complexity Ratings

MAD increases with increase in complexity rating, most likely because of
limited samples at higher complexity
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Conclusions

Regression analysis shows 17 out of 52 variables are
statistically significant for modeling complexity

— Top 5 Variables: aircraft count, sector volume, number aircraft under 8
nmi from each other, convergence angle, standard deviation of ground
speed/mean speed

New complexity model represents complexity ratings bet ter than
previous model for the study sectors

Both new and previous complexity models represented
complexity better than the corresponding aircraft count models

In the new complexity model,
— About 50% of the predictions are within + 0.5 of actual complexity ratings
— About 95% of the predictions are within + 1.5 of actual complexity ratings
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Recommendations For Future Work

Examine relationship between increased levels of auto
and complexity

Develop methods for predicting complexity in advance
— Trade-off between predictability and flexibility
Examine relationship between complexity and operation

Establish limits for instantaneous complexity and su
complexity

mation

al errors
stainable
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Questions? Comments!

Email: pkopardekar@mail.arc.nasa.gov
Phone: (650) 604 2782
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Dynamic Density Metrics

ATC Tasks:  Monitoring, Decision Making, Communicati ng, Data
Entry/Record Keeping

WJIHTC variables:

— Aircraft count and density, convergence recognition index, separation criticality
index, degrees of freedom index, coordination, sector volume, number of aircraft
predicted under 8 nm from each other, heading variance, variance and mean of all
aircraft altitudes, aspect ratio

NASA variables (1):

— Number of climbing, descending, and cruising aircraft, horizontal proximity, vertical
proximity, time-to-go to conflict, speed variance, conflict resolution difficulty

NASA variables (2):

— Number of aircraft with heading change greater than 15 degrees, number of
aircraft with speed change greater than 10 knots, number of aircraft with altitude
change greater than 750 knots, number of aircraft with 3D Euclidean distance
between 0-10, 0-25, and 25-40 nm

Metron/Wyndemere variables:

— Aircraft count divided by usable volume, number of aircraft with predicted
separation, the angle of convergence, number of aircraft in close proximity to a
potential conflict situation, count of altitude and heading changes, count of aircraft
within a threshold distance from a sector boundary, squared difference between
the heading of each aircraft and direction of the major axis

Total unique 52 variables

18



Statistical Significance

» Regression analysis studies relationship of dependen t variable
(complexity) and independent variables
Y= ot 1Xp+ 2XoF 33Xzt 4 XpF 5Xgt Xt X7+ g Xg
T gXgT gXgt 10Xt Xt ppXp
o3 Xizt Xyt 5 X5t 16 Xe T 17 X7

o follows the t-distribution (similar in shape as normal
distribution but shorter and wider than normal distribut lon)

* If is non-zero, that means the corresponding variable
statistically significant (statistical evidence)

N~
o
o
N
>
>
E;
—
®©
=
e
D)
()]
o
c
()
£
()
(@)]
®©
c
]
S
O
=
©
S
|_
=
<
<
N~
Q
o
(@]
S
>
LLl
~~
()]
)

19



Results - Regression Equation

Complexity =
1.20
+ 0.31*Aircraft count
+ 14.13*(Number of aircraft/occupied volume)
— 0.007* proximity of conflicting aircraft with resp ect to their separation minima
— 0.0002*sector volume
— 0.51*number of climbing aircraft
— 2.57*horizontal proximity measure
— 1.55*time-to-go to conflict
— 1.9*ratio of standard deviation of speed
+ 3.65*conflict resolution difficulty based on cros sing angle
— 0.40*number of aircraft with 3D Euclidean distance between 0-5 nm excluding violations
— 0.15*number of aircraft with 3D Euclidean distance between 5-10 nm excluding violations
+ 0.65*angle of coverage between aircraft in a conf lict situation
— 1.27*number of aircraft within a threshold distanc e of a sector boundary
+ 0.026*Squared difference between aircraft heading  and the direction of sector’s major axis
+ 0.44*Number of aircraft with predicted horizontal separation
+ 0.003*Variance of all aircraft headings in a sect or

- 3.0E-07*Squared difference between heading of each  aircraft in a sector and director of major
axis
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Complexity = 0.69 + 0.36*Aircraft count

20



N~
o
o
N
>
>
E;
—
®
=
e
D)
()]
o
c
()
£
()
(@)]
®
C
]
S
O
=
©
S
|_
<
<
N~
Q
o
(@]
S
>
LLl
~
()]
.}

Top 5 Variables

Sector Count

Sector volume

Number aircraft under 8 nmi from each other
Convergence angle

Standard deviation of ground speed/mean ground speed

21
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Results - Regression Performance

. ._ T T T
-4 -3 -2 -1 0 1 2 3 4

Difference Between Predicted and Actual Complexity

—e— Percentage
- -8- - Cumulative Percentage

* 50% predictions are exact

» 95% predictions are within = 1 actual complexity ratting
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Metric Description Equations Variables Notes

ADI Aircraft Density IfN>2 C,, = N/V,, N = number of aircraft Bounding polyhedron

IN=1.C, =C V, . = Volume of the bounding | created by using algorithm to
P find the convex hull.

fN=2 C, =N/V. pquhed_ron_ formed by the ! .
- / aircraft inside the sector /f\; 1= 2000& ?_llld 1s two _
Ve =r(r+dy, X, +Ah) Ah =vertical neighborhood times the minimum vertical
parameter ' separation.
7 = horizontal neighborhood . {lonm if en route
parameter 6 nm, if terminal

7 1s based on if the aireraft 1s

d,, =horizontal separation , ,
en route or in the sector of its

hy, =vertical separation

destination.
In units of 1/nm
AD2 Aircraft Density by C,=N/V,_,. N = number of aircraft In units of 1/nm
Sector V..., = Volume of the sector
CRI Convergence Algorithm: C, = Z CRI;

Recognition Index Calculation of CRI for 1:

If aircraft not within VERT SEP (1000 ft) and CRI MAX DISTANCE (50 nm), CRI=0

[f absolute difference of the headings of 1,j 1s less than 15 degrees and for 1 or j the heading differs
from the heading of the connecting segment by less than 30 degree, CRI=10

[f the absolute difference mn headings of 1, 1s less than 30 degrees, linearly extrapolate 1,J’s
position for 125nm. From this , estimate the time each aircraft will reach the extrapolated point. If
the distance between flights at the smallest of these times is less than 10 nm, use
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CRI, = [ 7 Adjusted Convergence Angz’e}

30
See Table 2 for Adjusted Convergence Angles
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Results - Regression Performance

100

—&— Percentage

- @ - Cumulative
Percentaage

r I I I
-3 -2 -1 0 1 2

- b

Difference Between Predicted and Actual Complexity

* 50% predictions are exact
* 95% predictions are within £ 1 actual complexity rating
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Metric Description Equations | Variables | Notes
SCI Separation Algorithm: €, =maxy (3—SI'y
Criticality Index ' T Z( )
AZ . J@ax? +ar?)
. : . SIV +SIH SEP VERTICAL SEP LATERAL
If en route or in terminal domain: S7 = S = = S =
If n Oceanic domain:
AY . AX . AZ
ST - SILO + SIVA+SIV _ Longitudnal _Minima  Lateral _Minima Vertical _Minima
3 3
Critical separations calculated iff SIH <4 and SIV <2
See large algorithm chart
DOFI | Degrees of Algorithm: C; = (2~ DOF, }
Freedom Index J
Initial value: DOF, =12
If STH <4 and SIV <2, subtract two from available DOF if within vertical (within 10001t ) or
horizontal (within 5 nm) neighborhoods
Subtract one DOF for each aircraft that is too close to the sector boundary (less than 5 nm).
See Table 3.
CTIlL Coordination C, = Z (10 - c, )2 ¢, = time for aircraft i to be In units of min”
Taskload Index 1 ieF within 5 nm of the sector

boundary, in minutes
F = the set of all indices of
aircraft that are predicted to be
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Table 1
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Table 2
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Table 3
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Term Description Estimate Std Error t Ratio Prob>|t|
Intercept 1.2035908 0.233088 5.16 <.0001
AC Aircraft count 0.3157462 0.025022 12.62 <.0001
AD1 Number of aircraft/occupied volume of airspace 14.131972 4.977504 2.84 0.0047
SClI Proximity of conflicting aircraft with respect their separation minima -0.007039 0.002824 -2.49 0.0129
SV Sector volume -0.000267 4.18E-05 -6.39 <.0001
Cc2 Number of climbing aircraft -0.517344 0.136599 -3.79 0.0002
Cc9 Horizontal proximity measure 3 -2.575776 0.59082 -4.36 <.0001
c1 Time-to-go to conflict measure 1 -1.550238 0.464715 -3.34 0.0009
C15 Ratio of standard deviation of speed to averagedspe -1.901624 0.458784 -4.14 <.0001
C16 Conflict resolution difficulty based on crossinggén 3.6584241 1.490403 2.45 0.0144
S5 l(;l)tjcrlrlt:j?rr]gfv?;:;%f;;vith 3-D Euclidean distance begw 0-5 nautical miles -0.406443 0.115448 352 0.0005
s10 l:;crlr;t:j?rr]é)fv?;:;;f;;vith 3-D Euclidean distance begw 5-10 nautical miles -0.151261 0.060155 251 0.0122
WCONVANG The angle of converge between aircraft in a canglimation 0.6512409 0.125299 5.2 <.0001
WBPROX Count of number of aircraft within a threshold diste of a sector boundary -1.27544 0.561373 -2.27 0.0234
WasP dection of the major s ofthe Sector.eighhadhe sector aspeet raro, | 00760912 | 0002641 1069 <0001
NUMHORIZ Number of aircraft with predicted horizontal sepimraunder 8nm 0.44 63046 0.081356 5.49 <.0001
HDGVARI Variance of all aircraft headings in a sector 0.0039505 0.001197 3.3 0.001
AXISHDG Squared difference between heading of each aiierafsector and direction of 3.01E-07 8.56E-08 352 0.0005

major axis
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Aircraft Count

11

Actual Rating
07

- = DD model 07

- = = Aircraft
Count Mode

o7l
Actual Rating

03

DD model 03

- - - - Aircraft
Count Model
03
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Frequency
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Results - Frequency of Ratings

300

250

200 -

150 -

100 -

50

—— Actual rating freq

—— DD rating freq

3 4

Complexity Ratings

5
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Percent

Cumulative

Percent

-4 0 0

-3 0 0

-2 1.88 1.88
-1 25.97 27.42
0 49.49 78.21
1 18.61 95.81
2 3.32 99.27
3 0.29 99.56
4 0.43 99.99

Total 100
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DYNAMIC DENSITY
ATC Tasks

o ATC tasks include:
— Monitoring
— Decision Making
— Communicating
— Data Entry/Record Keeping
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Value Percent Cumulative Percent
-2 1.31 1.31
-1 22.22 23.53
0 51.63 75.16
1 18.95 94.11
2 4.58 98.69
3 0.65 99.34
Total 100

Difference of 0-1 was treated at 1, other differences were rounded up
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