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Arash Yousefi*, Robert Hoffman†, Marcus Lowther‡, Babak Khorrami§, Herbert Hackney**  
Metron Aviation Inc., Dulles, VA, 20166 

Mechanisms to trigger reconfiguration of airspace have not been fully explored. Such a 
trigger mechanism requires a process for gauging expected costs and benefits associated 
with a particular airspace reconfiguration and for deciding if the benefits justify the 
associated costs. To that end, one needs to quantify the changes in a demand profile to be 
able to decide the amount of change large enough that it should trigger a reconfiguration. We 
present several approaches for measuring traffic changes by incorporating aspects such as 
traffic spatial dispersion, traffic load, and traff ic directionality. Additionally, for dynamic 
sectorization, we develop metrics for measuring the cost of shifting from one sectorization to 
another. This cost is of particular importance, since the degree of change between two 
sectorization schemes can create correspondingly additional workload for human operators 
to adjust to the new sectorization.  

Nomenclature 
tx = time period  
i, j = cell index  
wt,i = traffic load for cell i at time period t 

yx ttW ,
 = traffic load change from time period tx to ty 

xtijc ,  = number of aircraft transferred from cell i to its adjacent cell j during each time period tx 

N(i) = set of adjacent cells to cell i 
si = supply of node i 
di = demand of node i 
xij = amount of commodity transferred from node i to node j 
h = index for dummy node 
ph,i = artificial cost of transferring one unit of commodity to/from a dummy node to/from other 

demand/supply nodes 

xtiA ,  = set of cell indexes such that those cells together with cell i construct a sector during time period tx 

xt
M  = number of sectors during time period tx  

d(x,Y) = distance function between point x and set Y 
E(x,y) = Euclidean distance function between points x and y 
dH(x,Y) = Hausdorff distance function between point x and set Y 
HDM(A,B)= Hausdorff sectorization difference metric between sectorization A and B 

I.  Introduction 
YNAMIC Airspace Configuration (DAC) is a major program within the Next Generation Air Transportation 
System (NextGen) to better serve user demand by dynamically providing airspace capacity where it is needed. 

DAC calls for an ability to shift airspace resources to adapt to changing traffic, weather, and controller workload 
patterns. DAC involves creating new classes of airspace, such as corridors-in-the-sky, automated self-separation 
airspace, dynamic resectorization, etc.,1,2 for dynamically managing airspace capacity based on changes in demand 
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profile. Research has been focused on development of methodologies and algorithms for optimal design of each 
concept. For example, optimal re-sectorization has been investigated given a set of historical or forecasted 4-
dimensional trajectories (4DTs).3–11 Research must be performed to develop triggers for different classes of airspace 
in response to projected changes in traffic structure and volume. Deployment or reconfiguration of each airspace 
class incurs costs for the system (especially for the human operators, including controllers, supervisors, and traffic 
specialists) to adapt to the new configurations. These costs may exceed the expected benefits. Therefore, it is 
important to perform a cost-benefit analysis well in advance of applying any DAC airspace class. Additionally, 
computation of optimal airspace reconfiguration could be an expensive experiment and may not be feasible in real 
time. Therefore, having metrics for traffic change would help identify proper times for airspace reconfiguration 
without actually performing reconfiguration computation. This can prevent an expensive computational exercise that 
provides a result whose cost is greater than its benefit.  

 Considerable effort has been invested to develop metrics for airspace complexity (i.e., Dynamic Density),12–20 
but these metrics do not directly compare two traffic scenarios, nor gauge the degree of change between them; two 
traffic scenarios with completely different patterns may have similar levels of complexity.  

An important aspect of developing a trigger mechanism is identifying a collection of metrics to measure the 
expected changes in traffic pattern and volume. Traffic characteristics can be categorized into three major 
components:  

1- Traffic volume or intensity  
2- Spatial dispersion  
3- Directionality  
 

We discuss each of these aspects, and how changes in each characteristic may justify airspace adjustment. We 
propose two sets of metrics to measure the differences in traffic characteristics between two time periods, t1 and t2. 
For instance, t1 and t2 could be two consecutive 4-hour time periods.  

In addition to metrics for traffic change, the DAC trigger mechanism should be able to measure the cost to the 
system (or human operator) for activating a class of airspace (for instance, activating a corridor during a busy 
period). This is necessary to avoid drastic changes in a short period of time that may disable the controllers’ ability 
to cope with the new configuration without significant benefit in system efficiency. Being able to measure changes 
in traffic demand from one time period to another is a key first step in implementing trigger mechanisms for DAC 
concepts. Additionally, the computational intensity of some proposed DAC algorithms necessitates limiting the 
number of scenarios for which a reconfiguration should be examined.  

Among all DAC airspace classes, dynamic resectorization is the most mature.3–11 Therefore, in this paper we 
focus on quantifying the cost of dynamic resectorization. Although the examples used in this paper deal primarily 
with DAC concepts for sectorization, other airspace classes require similar metrics to guide airspace 
reconfigurations.  

II.  Metric Definition 
At the 2008 DAC Triggers Workshop at NASA Ames Research Center, researchers identified a number of 

different triggers for airspace change,21 such as natural user demand changes, traffic flow management events, 
airport reconfigurations, FAA policy changes, and so on. To narrow the focus of this paper, we assume that these 
changes are implicitly captured in a future projection of traffic demand, specifically 4DTs. 

In order to capture the different manners in which air traffic can shift from one time period to another, we first 
examine the core possibilities for changes in traffic pattern. Figure 1 illustrates abstract representations of these 
different possibilities. Each category reflects one or a combination of three fundamental factors when measuring 
traffic topology (traffic volume or intensity, spatial dispersion, or directionality). According to these possible cases 
we develop a set of metrics that could gauge major scenarios in traffic shift. 
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A. Traffic Change Metrics 
A convenient way to capture traffic topology (for both intensity and pattern) 

is to decompose the airspace into small cells and compute metrics for each cell 
using the forecasted or historical tracks (see Figure 2). Similar decomposition 
techniques have been used for partitioning the airspace into sectors and air route 
traffic control centers. Yousefi et al.3, 4 computed the traffic load for each small 
cell as total number of radar hits in each cell for a period of time and used a 
transfer metric defined as the number of aircraft transferred between pairs of 
adjacent cells. These are then used to cluster cells into sectors and centers. We 
use a similar approach to develop three types of traffic change metrics that 
capture each of the factors identified above.  

 
1. Traffic Directionality and Load Metrics 

We define traffic load metric (
21 ,ttW � as an aggregated value of absolute 

changes in traffic load for each cell i from t1 to t2:  

     �
=

-=
n

i
itittt wwW

1
,,, 2121

              (1) 

where itw ,1
 and itw ,2

represent traffic load (for example, total number of radar hits) within cell i during times t1 

and t2, and n is the total number of cells within the airspace under study. Calculation of this metric is best illustrated 
in Figure 3. 

We define the traffic directionality metric 
21ttC  to measure the overall change in traffic direction from one 

period to the next:  
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A.   B.   

C.          D.  

E.  
Figure 1. Examples of traffic shift within a given airspace volume. A. Change only in traffic volume or 

intensity. B. Change only in traffic directionality. C. Change only in spatial dispersion of traffic. D. 
Change in direction and spatial location. E. Change in directionality and spatial dispersion. 

 
Figure 2. Example of 

airspace decomposition to 
cells for computing metrics. 
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where
xtijc , is the number of aircraft transferred from cell i to its adjacent cell j during each time period tx, and 

N(i) represents the set of adjacent cells to cell i. Calculation of this metric is best illustrated in Figure 4. 

 

 
2. Earthmover Metric for Spatial Dispersion 

In this section another metric is described to measure the changes in traffic spatial dispersion using the 
earthmover metrics approach.22 This metric is intended to be particularly sensitive to the type of traffic shift 
(heading) as depicted in Figure 1E. Again the airspace is decomposed into cells as illustrated in Figure 3, and the 
difference between the number of radar hits for each cell during two time windows is calculated, which can be 
positive, negative, or, zero. The total number of radar hits during two time periods may also be different. 

This metric calculates a measure of distance between two different distributions of radar hits for two time 
periods. In the spirit of other earthmover metrics, we compute the amount of work required to transform one spatial 
distribution into the other through a series of small operations. In our case, the operation is to transfer radar hits from 
an airspace hex cell to one of its neighbors. We compute the minimal amount of radar hit movement required to 
transform one distribution into another. As will be shown, a complication arises when the two distributions being 
compared have differing numbers of (total) radar hits.  

In order to calculate the metric, we solve an instance of a transshipment problem on a network as follows. 
Centers of the hex cells tiling the airspace are considered to be nodes of a network. Each node is connected to its 
neighbors in the same manner that hex cells are connected in the original tiling of the airspace. The radar hit 
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Figure 4. Traffic directionality measurement. 

 
Figure 3. Traffic load metric. 
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differences for each cell are assigned to be the supply or demand of the corresponding node; negatives are 
designated as supply nodes and positives as demand nodes. If the difference between radar hits of two periods for a 
cell is zero, the corresponding node is a transshipment node (see Figure 5). The cost of moving one unit of 
commodity (radar hit) between two neighboring nodes is assigned to be one. The imbalance between supply and 
demand due to the total difference of positive and negative radar hits between two periods is treated by adding a 
dummy supply or demand node, depending on the shortage of supply or demand. The dummy node will be directly 
connected to other ordinary nodes of the network via dummy arcs with high costs (see Figure 6). 

 
Then the transshipment problem is formulated as follows: 

( , )G N A= is the underlying network, N = set of nodes, and A =set of arcs. Note that G is a digraph, and 

for every pair of nodes in the network, ,i j NÎ , both ( , )i j and ( , )j i  belong to the network.,S D, and, T are 

accordingly sets of supply, demand, and, transshipment nodes( )S D T NÈ È = . is =Supply of nodei SÎ , 

jd = Demand of nodej DÎ , and ijx =amount of commodity (radar hits) transferred from i to j . In case of 

supply or demand imbalance we introduce,h =dummy node (supply/demand), ,h ip = the artificial cost of 

transferring one unit of commodity to/from the dummy node to/from other demand/supply nodes. Note that if a 
supply dummy node is added to the network, the only dummy arcs that need to be added connect h to demand 
nodes, ( , ),h j j D" Î . If a dummy demand node is added, we need 

to add ( , ),i h i S" Î . 
The mathematical formulation of the transshipment problem when 

a dummy supply node is added is as follows: 

min. ,
( , ) ( , )

ij h j hj
i j A h j A

z x p x
Î Î
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Although the transshipment problem presented above is an integer 
program, it is easily solvable using linear programming techniques due 
to the special structure of the constraints which makes the results of 
the linear program integral. 

�

 
Figure 5. Transshipment network for earthmover’s distance problem, created by differences of radar hits 

for sectorizations in two consecutive time periods. 

 
Figure 6. The network has three 
units of extra demand, which is 

satisfied by adding a dummy supply 
node with three units of supply. 
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The relative values of the objective functions of the problems corresponding to consecutive time periods 

constitute the metric for spatial dispersion, .
2121 tttt zzD -=   

Consider four consecutive time periods,1 2 3 4, , ,t t t t , where 1z corresponds to the integer program comparing 

1 2,t t , and 2 3,z z correspond to comparing other consecutive periods. If 3221 zzzz -<<- , one can conclude 

that the flow pattern shift from 1t  to 2t and 2t to 3t  is much more significant than the flow pattern changes between 

2t to 3t  and 3t to 4t . 

3. Hex Cell Size Considerations in Computation of Traffic Change Metrics  
The size of the hex cells used to compute the traffic change metrics is an important consideration. Large cells 

cannot capture the changes in traffic spatial distribution, while cells should be large enough so that small deviations 
from trajectories would not be perceived as traffic change. Required Navigation Performance (RNP) defines how 
accurately the crew and aircraft can maintain their course to stay within a certain containment range from their track 
centerline. This implies that track location changes within the containment range of RNP requirement are not 
perceived (by system operators and in this case the controllers) as track changes. This is illustrated in Figure 7; for 
RNP-2, changes in track location occur when aircraft deviate more than 4 nm from their track centerline in either 
direction. Within the NextGen timeframe, RNP is planned to gradually improve (decrease) to 2 nm in the en route 
environment.23 Therefore hex cell size of 4 nm seems reasonable for computation of traffic change metrics. 

 
4. Composite Traffic Change Metric 

To have composite single metric that captures all the factors in traffic change, the above mentioned metrics 
could be combined. One way to combine three traffic metrics to create a single composite metric is to derive their 
linear weighted sum: 

 
21212121 tttttttt DCWTS gba ++=  (4) 

where coefficientsa , b , and �  are to be adjusted based on the associated cost that each factor creates for the 
system (particularly human operator) to adapt to the new situation. One way to calibrate these coefficients is by 
performing Human-In-The-Loop (HITL) experiments to understand exactly how air traffic controllers respond to 
shifts in traffic patterns. The premise is to provide the controllers with a series of traffic scenarios, each 
corresponding to shifts in traffic similar to those seen in Figure 1. For each scenario, the controllers would rate the 
difficulty of traffic shift using a predefined scaling scheme. With this information, regression analysis can then be 
performed to adjust the coefficients � , � , and � . While single values for each term would be convenient, it is more 
likely that there will be a range of possibilities for each coefficient. 
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Figure 7. RNP definition24. For RNP-2, track changes within the containment rage of 4 nm are 
not perceived as traffic change. 
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B. Sectorization Difference Metrics 
The amount of workload that resectorization creates for controllers arises from many different factors:*  

�  Change in sector shape: It takes time for controllers to comprehend significant changes in sector shape.  
For example, transforming from a simple polygon to a complex polygon with many sides creates 
additional workload.   

�  Change in sector orientation: For example, changing a sector from north-south orientation to an east-
west orientation. 

�  Change in sector neighbors: Realizing neighboring sectors is an important factor in a controller’s 
situational awareness. It is important for controllers to know the upstream and downstream of their 
sector traffic.  

�  Changes in aircraft ownership: Instantaneous re-sectorization requires hand-in actions by controllers to 
accept the control of aircraft within new sector, and also requires hand-offs of aircraft that are far from 
the new sector boundary. Coordinating these hand-offs must be started a few minutes before the change 
happens.  

�  Change in sector range (size): This is particularly important because controllers must spend time to 
zoom-in, zoom-out, and re-shuffle the aircraft data-blocks. 

�  Change in number of sectors: Adding or removing sectors requires significant changes in controller 
positions and could create significant complexity. 

�  Traffic load during the transition: During times of high traffic load, there is no time for controllers to 
assimilate changes in their sectors. This seems to be one of the most important factors. 

In this paper we only quantify the changes in sectors shape and number. We formulate two types of metrics to 
measure the amount of difference (or similarity) between two sectorization schemes. 

1. Shared-Cell Metric 
Consider two sectorization schemes during time periods t1 and t2 as depicted in Figure 8, where each color 

represents a sector. There are three sectors during t1 (left figure) and two sectors during t2 (right figure). Similar to 
traffic change metrics, we decompose the sectors into small cells (for simplicity we consider rectangular cells for 
explaining the concept). It should be noted that the sectors do not have to be generated using cell-based optimization 
techniques, and any sectorization (set of polygons) can be decomposed into cells.  

For each cell i and time period jt , let set 
jtiA ,  represent the set of cell indices such that those cells, together 

with cell i, construct a sector during time period 
jt . As depicted in Figure 8, we have

1,1 tA = {1, 2, 5, 6, 9, 10, 13, 

14} and 
2,1 tA = {1, 2, 3, 4, 7, 8, 11, 12, 15, 16}. 

 
Cells that remained in the same sector as cell i from t1 to t2 are represented by

21 ,, titi AA � . For example, for cell 

i in Figure 6, we have { }2,1
21 ,1,1 =tt AA � . This means that only cell 2 remained in a same sector as cell 1. The 

                                                           
* These factors are based on observations and discussions with controllers during a re-sectorization HITL at NASA 
Ames Airspace Optimization Lab on July 2009. 
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Figure 8. Using shared cells in sectors for developing a sectorization difference metric. 
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cardinality of this set when summed over all the cells, �
=

=
n

i
tititt AAR

1
,, 2121

� , represents how many cells did not 

change sectors after re-sectorization.  
In order to investigate the upper and lower bounds of R , consider an airspace with c sectors, each of which is 

decomposed into ni cells (i=1…c) for two consecutive time periods t1 and t2. If sectorization remains identical in 

both periods, then 22
2

2
1 ... cnnnR +++= , where cnnn ,...,, 21 indicate the number of cells within each sector. 

Consider the unlikely scenario in which c sectors change to n cells from t1 to t2 (i.e., every cell being a sector). This 

drastic change will result in nR
n

=+++= ����� 1...11 . Assume now that we have another unlikely scenario of having 

one sector composed of n  cells during the first time period and having the same single sector encompassing all cells 

during the next time period as well. The value of Rwould be 2... nnnnR
n

=+++= ����� . 

Though not establishing a very tight bound, for simplicity we consider the lower bound on R to be n  and upper 

bound to be 2n : 2

1
,, 21

nAAn
n

i
titi ££ �

=

� . It is apparent that such a measure scales with n and is sensitive to the 

size of the cells we use to decompose the airspace. Therefore, in order to further limit our measure, we divide the 
metric by n and invert it to arrive at a shared-cell metric for sectorization difference: 

 
nAA
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,, 21

³³

�
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�
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Higher values of this metric indicate larger differences between two sectorization schemes. Note that such a 
measurement is independent from the number of sectors in each design and measures the degree of difference 
between two sectorizations, even when the number of sectors changes.  

Changing the number of sectors could be a more complex change than keeping the same number of sectors, 
though this should be validated by HITL studies. To magnify the amount of change when the number of sectors 

changes from one period to another, one could multiply Eq. (5) by a multiplier 1
21

+-
e

tt MM , where 
1t

M and 

2t
M are the number of sectors during t1 and t2, exponent 1³e  magnifies the impact of the multiplier, and the 

number 1 is included to avoid zero values for the multiplier: 
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The value for exponentemust be determined against measured perceived workload during HITL simulation 
where some sectors are removed or added during a resectorization exercise. For the lack of this type of study, in this 
paper we select 2=e . 
2. Hausdorff Distance Metric 

Next, we describe a metric to measure the similarity between two partitionings of the same airspace based on the 
Hausdorff distance (Grégoire and Bouillot 1998).25 In general, this can be defined for any metric space, but we 
assume that the metric space is the Euclidean space (ordinary 2- or 3-dimensional space), and that the metric is the 
standard distance measure E. For instance, for the standard x-y plane, the distance between two points x = (x1, x2) and 
y = (y1, y2) is given by: 
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 ( ) ( ) ( )2 2

1 1 2 2,E x y x y x y= - + -  (7) 

The Hausdorff distance is a measure of the distance between two sets, X and Y. Before we define this metric, we 
first define the distance function d between a point x and set Y: 

 ( ) ( ){ }, inf ,
y Y

d x Y e x y
Î

=  (8) 

If Y is a finite set, then we compute E(x,y) for every point in Y, then taking the smallest of all such distances. One 
can think of this as the distance between x and the nearest point of Y. Next, we define the Hausdorff distance for two 
(nonempty) sets X and Y as follows. For each point x in X, compute the distance function d. Then take the maximum 
(supremum, actually) value over all points x in X. More precisely: 
 

 ( ) ( ){ }, supinf ,
y Yx X

D X Y e x y
ÎÎ

=  (9) 

Intuitively, if every point in X walked over to Y in the most direct route possible, then this metric is the farthest 
any of the points would have to walk. Since D(X, Y) may not equal D(Y, X), we compute the Hausdorff distance 
metric H as the larger of the two:  

 ( ) ( ) ( ){ }, max , , ,Hd X Y D X Y D Y X=
 (10) 

Figure 9 illustrates the Hausdorff metrics for distance between a point and a set and between two sets. 

 
Finally, we use the Hausdorff distance between sets to define the difference of two sectorizations. Let A and B be 

two sectorizations* of a space. Let 

1 2

1 2

, ,...,  the set of polygons in sectorization 

, ,...,  the set of polygons in sectorization 
m

n

a a a A

b b b B

=

=
 

Then for each polygon (sector) ak, we set its Hausdorff distance to B as follows: 

 ( ) ( ){ }
1..

, min ,k k jj n
h a B H a b

=
=  (11) 

Intuitively, this gives us the distance from ak to the nearest and most similar polygon in B. A final sectorization 
difference metric is defined as the sum of all such h values over all ak. in A, that is: 

                                                           
* For our purposes, we assume a sectorization to be a partitioning of a space into a finite set of polygons. 

 

Y
x

Y
x

X

Hausdorff distance between point x and set Y. Hausdorff distance between set X and set Y. 

 
Figure 9. Example of Hausdorff distance between a point and set (left) and two sets (right). 
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 ( ) ( )
1...

, ,k
k m

H A B h a B
=

= �  (12) 

Intuitively, for each polygon ak, the value h is how well ak aligns in shape and distance with its most similar 
polygon in B. Higher values are less similar. By summing over all polygons ak, we obtain a measure of how similar 
sectorization A is to sectorization B. Again, higher values indicate dissimilarity, and a score of H = 0 indicates a 
perfect match. Strictly speaking, when A has more polygons than B, we find that ( ) ( ), ,H A B H B A³ . Therefore, 

the final metric should be computed as the maximum of H(A, B) and H(B, A):  

 ( ) ( ) ( )
1... 1...

, max , , ,k j
k m j n

HDM A B h a B h b A
= =

� 	
= 
 �

� 

� �  (13) 

This metric has several desirable properties:  
�  Commutative: ( ) ( ), ,HDM A B HDM B A= . 

�  ( ), 0 if and only if   . HDM A B A B= =  

�  Triangle inequality: ( ) ( ) ( ), , ,HDM A B HDM B C HDM A C+ ³ . 

The triangle inequality property is a generally useful mathematical property for metrics. Intuitively, we can 
explain why it is desirable for our sectorization difference metric as follows. Suppose we have three sectorizations, 
A, B, and C. Further suppose that A closely resembles B, and that B closely resembles C. Then in a consistent metric, 
we would expect A to somewhat resemble C; the triangle inequality would be violated if A wildly differed from C.  

Another desirable property of this metric is that it automatically accommodates two sectorizations with differing 
numbers of sectors (polygons). For each “extra” sector, a penalty is added approximately equal to one value of h.  

For ease of computation, we processed only vertices of polygons. Specifically, we assumed that given two 
sectors (polygons) a and b, the Hausdorff distance (a minimum value) between a and b will occur between a pair of 
their vertices. (This assumption would fail, for instance, if for a far point of a, the nearest point of b were in the 
middle of an edge. The Hausdorff concept would not fail, but the Hausdorff computation would be slightly off; 
technically, we are computing a reasonable approximation of the Hausdorff metric.) The algorithm we applied for 
computing this metric is given in following steps. 

Step 1. Input sectorizations A and B, and let their sectors (polygons) be indexed via 1 2 1 2, ,...,  and , ,...,m na a a b b b , 

respectively. For ease of implementation, replace each polygon with its set of vertices. For instance, a1 will become 
the set of vertices that defined polygon (sector) a1. Assume that m >= n, and if not, reverse the roles of A and B. 

Step 2. Populate an (m × n) matrix M as follows. Let entry M(k, j) be the ‘distance’ between set ak and bj. See 
Step 3 for how to compute this value.  

Step 3. For every a in ak, find the nearest point b in bj, and designate this distance as d(a, b). Then compute the 
largest such value over all a in ak. Here, use the ordinary Euclidean distance function.  

Step 4. Having populated M, add a column in which each entry k is the minimum value of the kth row of the 

original matrix. That is, ( ) ( ){ }
1..

, 1 min ,
j n

M k n M k j
=

+ = . Each such entry is the distance from set ak to 

sectorization B.  
Step 5. Sum the last column of matrix M to arrive at the difference between sectorization A and sectorization B. 

That is, output this final value: 

 ( )
1..

, 1
k m

M k n
=

+�  (14) 

III.  Metric Computation and Analysis 

A. Traffic Shift Metric Results Using Synthetic Data 
To test the defined traffic shift metrics and explain their behavior, we devised a set of synthetic traffic data that 

represents different aspects of traffic change as outlined in Figure 1. Traffic change metrics are computed for each 



9th AIAA ATIO Conference, 21-23 Sep 2009  
Hilton Head, South Carolina 

 
American Institute of Aeronautics and Astronautics 

 

 

11 

set of the synthetic data and the results are analyzed. Due to the lack of research for coefficients � , � , and �  in 
Eq. (4), we only compute the three individual metrics. 

Figure 10 shows a sequence of synthetic traffic data in which only traffic direction is gradually changed from the 
baseline case at t0 (far left) to t1,…,t3 , and Figure 11 shows different traffic change metrics normalized to their 
maximum values. The blue dots in Figure 10 indicate the traffic position updates.  

 
As shown in Figure 10, the only metric that captures this change is the traffic directionality (

21ttC �. This 

behavior is expected, since the spatial distribution and traffic load stays the same and only directionality is changing. 
Hence earthmover and traffic load metrics are indifferent to this traffic change. This certain change in traffic may be 
particularly important in triggering flow corridors and may not be very important for justifying a resectorization.  

 
Figure 12 and Figure 13 illustrate an example of traffic metric for splitting traffic and change in spatial 

dispersion. It is apparent that all three metrics follow a similar trend and indicate more or less equal changes in 
traffic configuration. This example could trigger any of the DAC concepts as the spatial dispersion of traffic is 
changed.  
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Figure 11. Traffic shift metrics for change in traffic direction 

t0 t1 t2 t3t0 t1 t2 t3  
Figure 12. Synthetic data for splitting traffic. 

t0 t1 t2 t3t0 t1 t2 t3  
Figure 10. Synthetic data for change in traffic direction only. Arrows indicate the traffic direction and 

blue dots indicate the position hits. 
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In Figure 14 and Figure 15, only the traffic volume is gradually increased from the baseline. Since the spatial 

distribution of traffic remains the same, in earthmover metric each cell becomes a source for supplying commodity 

to its own. Hence the transshipment cost is zero, and the objective in Eq. (1) reduces to �
Î

=
Aji

ijxz
),(

, which is the 

same as the traffic load metric as defined in Eq. (2). Similarly, since there is no change in traffic configuration, the 
transfer metric follows the exact same trend as traffic load and earthmover.  

 
Figure 16 and Figure 17 illustrate an example in which a flow of traffic is gradually rotating, resembling changes 

in traffic heading and spatial dispersion. This change in traffic configuration could trigger different classes of 
airspace such as re-sectorization or corridors. The traffic load and transfer metrics are almost the same for all three 
cases, whereas the earthmover metric is low for the first and third cases and very high for the second case.  

Baseline 2X 5X 10X
t0 t1 t2 t3

Baseline 2X 5X 10X
t0 t1 t2 t3  

Figure 14. Synthetic data for increased traffic volume. 
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Figure 13. Traffic shift metrics for splitting traf fic. 
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Figure 15. Traffic shift metrics for increased traffic volume. 
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Figure 18 displays a gradual change in traffic heading when one would expect a monotonic increase in traffic 

change metric. As depicted in Figure 19, the transfer and traffic load metrics display such monotonically increasing 
behavior whereas the earthmover metric decreases from t1 to t2, which should ideally increase as the traffic heading 
is changing more significantly. 

 

Baseline Rotate 45° Rotate 90° Rotate 135°
t0 t1 t2 t3

Baseline Rotate 45° Rotate 90° Rotate 135°
t0 t1 t2 t3  

Figure 16. Synthetic data for rotating traffic. 
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Figure 17. Traffic shift metrics for rotating traff ic. 

t0 t1 t2 t3t0 t1 t2 t3  
Figure 18. Synthetic data for gradual change in heading. 
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Lastly, Figure 20 and Figure 21 illustrate another change in traffic pattern. This example resembles traffic 

reroutes around an obstacle, for example a weather front or Special Use Airspace (SUA). It is apparent from the 
figures that as traffic shifts more, all three metrics monotonically increase and this is an expected behavior.   

 

 
Overall, the behavior of traffic metrics computed from the synthetic data validates the original assumptions in 

developing the metrics. In the next section we present results of computing traffic metrics and investigate their 
performance using historical NAS data. 
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Figure 19. Traffic shift metrics for gradual change in heading. 

t0 t1 t2 t3t0 t1 t2 t3  
Figure 20. Synthetic data for splitting traffic   
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Figure 21. Traffic shift metrics for splitting traf fic. 
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B. Sectorization Difference Metrics and Traffic Shift Metrics Using Historical Traffic Data  
In this section we use a set of historical NAS data for Dallas Forth Worth (ZFW) and Memphis (ZME) Centers 

during a severe weather event and compute all traffic and sector difference metrics. We use the cell-based Mixed 
Integer Programming (MIP) sectorization method3, 4, 8 to sectorize these two centers for six three-hour time periods 
from 10:00 AM 5/27/2008 to 04:00 AM 5/28/2008. As shown in Figure 22 and  

Figure 25, both ZFW and ZME are heavily impacted by weather during the selected period. The sectorization 
algorithm calculates the numbers of sectors for each time bin so that a maximum workload value is not surpassed, 
resulting in varying numbers of sectors based on the traffic for that day.  

The sectorization change metrics are displayed in Figure 23 and Figure 26 for both centers. As depicted by the 
figures, there is a high correlation between the shared-cell and Hausdorff metrics. One should note that these two 
metrics are derived using completely different methodologies, and the fact that they both exhibit similar behaviors 
indicates their sensitivity to changes in both sector shape and number. 

Figure 24 and Figure 27 display both traffic change and sectorization difference metrics for ZFW and ZME. All 
of the traffic change metrics follow almost the same trend for this historical track data, whereas for the synthetic 
data, we showed that by artificially creating extreme cases of traffic shift, these traffic metrics can behave differently 
and display different behavior. It is evident that in actual traffic data the extreme cases of traffic change (as 
resembled in synthetic data) are not dominant factors, and when different aspects of traffic change are mixed, the 
traffic change metrics behave similarly. 

Another important observation from Figure 24 and Figure 27 is the high correlation between the traffic change 
and sectorization difference metrics. Again these metrics are measuring entirely different quantities, and the fact that 
they correlate this well could be thought of as a first-order validation of sectorization difference metrics. In other 
words, during a weather event or any other dynamic traffic pattern, one does not need to first sectorize a piece of 
airspace and then evaluate the cost of sectorization by calculating the sectorization difference metrics. Instead, only 
traffic change metrics can be computed and analyzed to discover extreme changes in sectorization.  

 

 
 

 
 

Figure 22: Example of dynamic sectorization using MIP method every 3 hours for ZFW, during a severe 
weather disruption. 
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Comparison of Sectorization and Traffic Metrics for  ZFW
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Figure 24. All traffic change and sectorization metrics for ZFW. 

Comparison of Sectorization Metrics for ZFW

0

20

40

60

80

100

120

1 2 3 4 5
Sectorization time period (3 hr increment) compared  to initial sectorization

N
or

m
al

iz
ed

 M
et

ric
 V

al
ue

Normalized Hausdorff Normalized Shared Cell

 
Figure 23. Hausdorff and Shared cell metrics for ZFW.  
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Figure 25: Example of dynamic sectorization using MIP method every 3 hours for ZME, during a severe 
weather disruption. 
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Figure 26. Hausdorff and shared-cell metrics for ZME. 
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IV.  Conclusions and Future Work 
DAC trigger mechanisms will require valid metrics for measuring the amount of change in traffic pattern and 

density. Traditional traffic complexity metrics (e.g., dynamic density) assess traffic conditions, but not the amount 
of change in traffic. In this paper, we presented two traffic change metrics. We used synthetic flight data and 
historical flight data to confirm that the metrics correctly capture the important aspects of traffic change over time. 
Operationally, these metrics would be applied on future (forecasted) traffic patterns to assist controllers in deciding 
if and when resectorization should be performed (e.g., several hours from current time).  

Metrics that report future traffic changes should be mapped into resectorization cost and benefit estimates. That 
is, for a given amount of traffic change (or type of traffic change) at a future time period, what would be the cost of 
resectorizing and how much benefit would the system receive? To date, DAC research has focused largely on 
automation of good sector design, and is just beginning to assess the transition cost and human-factors issues 
associated with moving from one sectorization to another. Upon determining these costs, a true resectorization 
trigger could be formed by looking at difference or ratio of benefit and cost. But before benefit and cost can be 
computed for a given operational scenario, one must first know what type of sectorization would result at a future 
time, if a resectorization were performed.  

In principle, the quality of a hypothetical sectorization scheme can be determined simply by creating new sectors 
for the future time period and analyzing it. However, the results would be highly dependent upon the resectorization 
algorithm used. Furthermore, these algorithms can be very computationally intensive. Therefore, to avoid explicit 
resectorization in an operational setting, the method we have adopted in this paper is to quantify the amount of 
sector change that would occur at a future time without actually performing the resectorization. For this reason, we 
have developed two resectorization metrics to quantify the difference between two sectorization schemes. These 
were also validated using synthetic and historical flight data. In practice, the two sectorizations would be the sectors 
in place now, and sectors that could be in place at a future time.  

Together, our traffic change metrics and sectorization difference metrics comprise what we call trigger metrics. 
The metrics presented in this paper provide a significant step in capturing the relation between changes in traffic 
patterns and changes in sector design. 

Three lines of research should be pursued to complete the connection between these trigger metrics and 
cost/benefit of resectorization. One is to find the mathematical relation between a given traffic change metric and a 
given sector difference metric. For purposes of developing a DAC resectorization trigger, if such a relation can be 
established, then we circumvent the need to perform hypothetical resectorizations – only traffic change patterns need 
to be examined inside the resectorization trigger.  

The second line of future research is to map sector changes into controller transition cost. This will involve 
factors such as number of handoffs made (formerly controlled flights passed to an adjacent sector) and added 
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Figure 27. All traffic change and sectorization metrics for ZME. 
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controller workload. It may be possible to pass directly from a traffic change metric to controller transition cost 
without computing interim sector difference metrics. However, controllers may find it desirable to know how much 
of a sector change can be expected at future times. Also, since much human factors research must be done to assess 
transition costs, we have for now assumed a correlation: the larger the visual change from one sectorization scheme 
to another, the more work controllers would have to do in adjusting to it. So an alternative interpretation of our 
sectorization difference metrics is that they serve as a surrogate for controller cost until the human factors are better 
understood. Human-in-the-loop experiments should be conducted to determine how closely they match. 

Lastly, a metric must be computed for the benefit of switching to a new sectorization as opposed to staying with 
the current one. Since the ultimate goal of DAC is flexibility in airspace configuration whenever possible, benefits 
are probably best estimated as a flight delay reduction: forecasted delays and reroutes under the new sectorization 
minus forecasted delays and reroutes in the old (current) sectorization. With properly designed resectorization 
algorithms, a new sectorization is bound to improve the situation for airspace users; the question is whether it 
justifies the cost (to controllers) of the transition. For this reason, benefits must be viewed in light of cost. The two 
metrics will doubtless have disparate units, which may make it challenging to blend them in a single resectorization 
trigger.  
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