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Automation Procedures for Air Traffic Management:
A Token-based Approach

S. Devasia !

Abstract

A token-based Air Traffic Management paradigm is pre-
sented that enables the de-coupling of: (1) the Air Traf-
fic Control System (ATCS) task to maintain safety; and
(2) Airline Operational Center (AOC) goal to choose
optimal flight paths. Under the token-based paradigm,
each local area (sector) issues tokens that permit en-
try to that region of space over an assigned period of
time. The number of tokens is limited by the ATCS
to guarantee admission and safe passage to the desti-
nation point in the sector within a pre-specified time-

“interval. The token-based paradigm allows AQOCs to
freely trade the tokens between different aircraft and to
choose desirable flight paths by choosing the sequences
of sectors (as long as the AQC can procure the needed
tokens). Although, the aircraft is forced to fly alongres-
tablished routes in each sector, the flexibility in choice
of sectors may meet the AOC’s needs for freedom.

1 Introduction

A critical challenge in Air Traffic Management (ATM)
is to provide Airline Operational Centers (AOCs) the
freedom to choose flight routes while ensuring safety.
Lack of flexibility in choice of flight routes implies
that AOCs are unable to adapt and optimize opera-
tions to accommodate emerging situations like chang-
ing weather patterns, missed connections, and enroute
traffic congestion — this can substantially increase op-
erational costs. To provide more freedom to AQCs, the
Federal Aviation Administration (FAA) is considering
a shift to the Free Flight Paradigm for ATM. The exact
structure of the Free Flight Paradigm is currently be-
ing debated and can range from (a) complete freedom
in choosing flight trajectories to (b} freedom in choos-
ing flight segments along established route structures.
However, the free-flight paradigm also increases the
complexity of maintaining safety — a task performed
by the Air Traffic Control System (ATCS). Therefore,
automated ATM approaches are needed to handle the
complex inter-dependence of safety and flexibility.
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2 G.Meyer?®

We present a token-based ATM paradigm that enables
the de-coupling of the two main ATM tasks: (1) main-
taining safety at the local level that can be assigned to
the Air Traffic Control System (ATCS) and (2) opti-
mal choice of the Bight paths, which is the goal of Air-
line Operational Centers (AOCs). Under the proposed
paradigm, each local area {sector) issues tokens that
permit entry to that region of space over an assigned
period of time. The number of tokens is limited by
the ATCS to guarantee admission to the sector during
the alloted time-span, and safe passage to the destina-
tion point (output point) in the sector within a pre-
specified time-interval. This paradigm allows AQCs to
freely trade the tokens between different aircraft and
to choose desirable flight paths consisting of sequences
of these regions (as long as the AOC can procure the
needed tokens). Thus, the proposed paradigm decou-
ples the ATCS’s task of maintaining safety from the
AQCs optimization objectives; and enables a type of
free-flight that may be acceptable to the AOCs.

The article discusses two key aspects of the proposed
paradigm: {1) the release of tokens by ATCS such that
aircraft safety can be maintained (through conflict reso-
lution and scheduling procedures); and (2) token-based
choice of flight paths by the AQCs.

2 Token-based Approach

If AQCs are allowed to freely choose flight segments,
then there is a possibility that too many aircraft could
come to a specified sector leading to congestion, sim-
ilar to rush hour slow-downs in freeways. Congestion
can cause significant safety problems in ATM. To avoid
such congestion, currently ATCS controls the overall
flight plans of aircraft. Current approaches have lim-
ited flexibility; it is challenging for AOCs to negotiate
with each other to choose optimal flight plans.

To allow AOCs the flexibility of choosing flight seg-
ments while limiting the rate of arriving aircraft at a
sector, we propose that each sector issue tokens for air-
craft that is valid over a specified time interval — the
number of tokens issued depends on the capacity of
the sector. Limiting the aircraft admitted to a sector
to those with valid tokens allows the sector ATCS to
maintain safety. On the other hand, AQCs are allowed



the freedom to choose (or change) flight segments pro-
vided they have sufficient tokens for the chosen routes.
Such a token-based paradigm allows AQCs to freely
trade the tokens between aircraft, and thereby have
the flexibility to optimally handle changing operating
conditions. Thus, the token-based paradigm decouples
safety (ATCS task) from optimization (AOC goal).

2.1 AOC and the Token-Based Approach

As in current ATM paradigm, let the flight plan of the
aircraft be composed of movements through a sequence
of sectors in the airspace (see Figure 1); where each
sector is controlled locally to maintain safety. AOCs
should be allowed to choose (or change} a flight plan
if sufficient tokens can be procured — the number of
tokens needed is discussed, next.

\
Figure 1: Flight Plan as a Series of Sectors

Let the flight plan require an aircraft to pass through
sectors Vp,V1,V2,...Vn (see Figure 1). Then the
arrival time interval T(Vi) at any sector (Vi, & =
1,...,N) can be determined if the time-for passage
(Vi) and maximum anticipated delay §(Vi) in each
sector is known apriori as

T(Vz) (T, T + Ag) (1)

k-1 k—1
where Ty := Y (Vi) Ap == 3 (Vi) (2)
i=0 =0
The AOC needs to procure tokens for access into each
sector Vi during the anticipated arrival time interval
T(Vi). The ATCS may limit the number of tokens js-
sued based on safety considerations {discussed in Sec-
tion 3); however, the AOCs should be allowed to di-
rectly negotiate and exchange tokens with each other
to optimize their operations.

To enable the token-based paradigm it is necessary
to quantify the following two characteristics of each
sector: (1) the maximum capacity of the sector; and
(2} the maximum delay accrued when passing through
the sector.

3 Sector Capacity and Delay

The number of tokens issued by ATCS for a sector
should be such that safety can be assured. The goal
is to quantify the maximum number of aircraft that
can be handled in the sector (i.e., the sector capacity)

and the maximum delay (the uncertainty) that could
be added when passing through the sector.

Sector capacity and delay depends on the procedures
used for conflict resolution and aircraft scheduling.
Several works have focused on the development of auto-
mated systems for air traffic control. For example, au-
tomation tools to schedule and resolve conflicts for air-
craft arriving at an airport terminal has been developed
by researchers at NASA Ames Research Center [1}.
These are applicable for terminal radar approach con-
trol (TRACON} and for air route traffic control center
(or Center). Researchers are also developing automa-
tion tools to resolve enroute conflicts in Centers under
the free flight paradigm {see, e.g., [1, 2, 3, 4, 5, 6]}
In contrast, the current article studies conflict resolu-
tion and scheduling on established routes. Simplified
models and example sectors are used to quantify capac-
ity and delay in automated ATCS; however, the pro-
posed procedures can be extended to general sectors

(sce, e.g., [7]).

3.1 Sector Description

Sector V' We begin by spatially discretizing a given
sector and its routes. Let the routes in a sector be
considered as a directed graph (digraph [8]) of order
Ny with vertex set

V={'Ul,’lf2,..-11NV}

and set E of directed edges of the from a = (v;,v;)
where v; is called the initial vertex and vy is called the
terminal vertex of the edge a.

Assumption 1 It is assumed that there is ot most one
edge between any two vertices.

Output and Input Vertices The set Vg of vertices
with zero outdegree (where outdegree is the number of
edges issuing from a vertex [8]) is called the output set
Vo which is epumerated as Vo = {vo,1,%,2,---to,n, }
Similarly, a set V7 of vertices with zero indegree (where
indegree is the number of edges entering a vertex) is
called the input set V;.

Subgraphs of V' The set Vg is defined as the set of all

subgraphs of the above directed graph with the same
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vertex set V', such that (1) the outdegree of each vertex
is at most one and (2) the set of vertices with zero
outdegree (i.e., the output set of the subgraph) is the
same as the output set Vo of the original graph V. It
is noted that the edge set £ of any subgraph V in Vo
is a subset of the edge set E of the original directed
graph V,ie, ECE .

State-Transition Map The state-transition map
A(V) of a subgraph V € Vo is defined as the matrix
A{V) = 045, (i, = 1,2,...,Ny) such that a; ; = 1 if



(v;,%;) is an edge of V; otherwise a;; = 0. The set of
state-transition maps of subgraphs in Vo is defined as
Ao.
transpose of the adjacency matrix of a graph [8].)

Server State At any time step K, the state of the
server is denoted by a column (Nv x 1) vector
T

X(K) = zny (K ()

where x;{K) represents the number of ajrcraft occupy-
ing vertex V;,

[22(K) z2(K) ...

Assumption 2 An aircraft occupies a vertez of the
graph V at each time step K and moves through one
edge during each time step. Furthermore, it is assumed
that there are no conflicts if the value of any row of the
server state X (K) is less than or equal to one, i.e.,

I X(K) o = |lz;(K) < 1.

max
=1,2,...,Nv

Remark 1 This assumption can be changed to aircraft
occupying a set of vertices at every time step, for ez-
ample, to account for aircraft with different speeds [9]

State Equation Given the server state X(K) at time
step K, and a subgraph V € Vo the server state is
uniquely mapped into the next time step as

X(K+1) = AVX(K) (4)

where A(V) € Ap is the state-transition map of V

3.2 Aircraft Flow Through the Sector

Agent Types Aircraft entering the sector is assigned
an agent type based on the input vertex and output
vertex. Each agent type AT'(k),k=1,2,...,Nar is of
~ the form AT(k) = (Vin,k> Vout,k) With the input vertex
Vin,k € Vi and the output vertex vous,k € Vo. The set
of agent-types is denoted by AT

Input Map The input-map By for agent type AT(k)
represents the vertex at which the aircraft arrives into
the sector. The input-map Bj, is the server state X
with a one at the row corresponding to the input vertex
Vink a0d zZero elsewhere,

" Assumption 3 FEach agent type in the set AT has a
distinct input verfer. The set Vi of input vertices is
enumerated as V1 = {v;1,vi2,..-vi,N, }.

Remark 2 This can be achieved by splitting the in-
put stream upon eniry into the sector such that aireraft
seeking different output vertices are in different queues.

Agent-types for a given Output Vertex Given an
output vertex, v, x, let the index of Agent-types with
output vertex v,x be enumerated as l(vo,m),m =

(It is noted that the state-transition map is the-
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L,...,Ny,,. Here N, , is the number of Agent-
typeﬁ with output vertex Up k- Int the above example,
N"-'n-r-l =n

Expected Arrival Time (ETA) The expected time
of arrival (ETA) of aircraft is used to define an ETA-
input ETA(K) = eta,,(K), m=1,2,..., Nar which
definés the arrival of different agent types at the sector
boundaries

etan(K) = 1 ifan aircraft of agent type AT (m)
has an expected time of arrival K

0 otherwise

N-Density for an Output Vertex For a positive in-
teger N, the density d of the ETA input for output ver-
tex vo is defined as the maximum number of aircraft
wanting to exit at v, with expected time of arrival in
any N-time interval, i.e.,

Nv),' N-1
B(N,vop) =  mox Zl Zo etayy, . m) (K + 5)
m=1 j=

It is noted that the N-density is always less than or
equal to IV times the number N, of agent-types with
vk as the exit vertex, i.e., 8(N,vx) < NN,,.

M-modified Scheduled Arrival Times (STA)
Given an ETA-input (ETA(-)), a M-sghifted STA in-
put is defined as a rearrangement of the ETA-input
with the arrival time of each aircraft delayed between 0
and M time steps (with only one aircraft of each agent
type arriving at any time instant). The rearranged in-
put stream is denoted by STAM(") = stap{K), m =
1,2,...,Nar with

stan,(KY = 1 if an aircraft of agent type AT (m)
has a scheduled time of arrival K

0 otherwise

3.3 The Conflict Free Scheduling Problem

Given an ETA-input (ETA(-)) the M-delay conflict
free scheduling problem is defined as finding (1) a M-
modified STA-input ST A (+), and (2) a sequence from
the subgraphs V (-} from the set V¢ such that the fol-
lowing three conditions are satisfied. In the following,
the movement of aircraft from each agent-type through
the sector is described by (for eachm =1, 2, » Nar)
forall K =1,2,...

Xn0) = 0
XK +1) AV(K))Xm(K) + Bmstam(K)

1. The aircraft move through the sector without con-
flicts

f om=Nar X ()|, < 1 forall K=1,2,...



2. An agent-type may not exit the sector from the
wrong exit vertex,

n(K) = ConXn(K)=0 foral K=1,2,..;

where Cj, is the wrong-output-vertex map Cj, for agent
type AT(k); it is the transpose of the server state X
with zeros everywhere except for ones at the row corre-
sponding to the all the output vertices in Vo which are
different from the agent-type’s output vertex vgus k.

3. There exists a number N* such that any aircraft
will pass through the sector within N* time-steps.

3.4 Examples

‘We consider two examples to illustrate capacity and de-
lay associated with (1) intersecting flows; and (2} merg-
ing flows.

Example 1: Intersecting Flows

Consider the following example sector shown in Fig-

ure 2. The vertex-set for this sector is V =
{v1,v2,...,v5}, its edge set is

E = {{Ul,ﬂa}, {'Ulv'v'l}a {'UZ-IUS}! {'Ug,'vs},
{vs,us}, {va, vs}, {va,v6}, {va, 07},

{vs,ve}, {vs, v}, {ves, w7}, {ve, vs}},  (B)

and with output set Vo = {v7,vs}.

vl vli vl!
vjk"“ v, -\-V4 v31—-»."4
NI

]

v5 / ‘vﬁ :"Tb v5 vb v7
VBT Subgrup ¥,

Figure 2; Intersecting Flows

Two subgraphs V;, V% are also shown in Figure 2, which
have the following state-transition matrices.

[0 0 00000 0]
000CO0O0OO00
01 0000O0O0
_ 10000000
AV} = oo 100000 6)
00001000
0002106000
L0000 O0O0OT1O0 0|
[0 0 0 00 00 0]
00 0000O0O0OD
106000000
_ 0010000 ¢OC
Az} = 01 00O00D0OGOD (7)
00010000
00 GO0DT1OD0TC
0000100 0|

Solution to Example 1

The scheduling problem can be solved for any ETA
(without rescheduling) with each aircraft passing
through the sector in four time-steps as follows.

X (0)
Xn(K +1)

0
A(K)Xn(K) + Bpetan(K)
forall K = 1,2,... (8)

where
A(K) = A(I:/l) if K is an odd integer
A(Vz) if K is an even integer ()

It is noted that the intersection requires additional
space around the intersection point, and also requires
changes in speed (because distance between vertices v;
and v; may not equal the distance between vertices v,
and vy.

Solution to General Intersections

The intersection of multiple flows can be solved, for
example, by rearranging them such that only two flows
intersect at any point in space provided sufficient space
is available for such re-arrangements (i.e., the density of
intersections allows such re-arrangements). Then each
intersection can be solved using the scheme in Example
1. Thereby, the solution to the two intersecting flows
example can be extended to generalized intersections.
Thus, general intersections can be rearranged to allow
aircrafts pass through the sector with zero-delay. The
maximum capacity of each agent-type in the sector is
the rate at which they can exit the server, i.e., one per
time step.

Example 2: Merging Flows

Consider the example sector shown in Figure 3. The
vertex-set for this sector is V = {w1,va,...0aq1}, its
edge set is

E = {{vj,vil{vs,vn+1}, 7=12,...,n},
with output set Vo = {vo1 = ¥ny1}-

.O _____ V'.‘O v O V.BO ..... v o

4y

v{f+l) VD
Sector graph, V Subgraph, V(k)

Figure 3: Merging Flows

We define n subgraphs with each subgraph V, allowing
aircraft in vertex vy to go through while others are
held at the current location as shown in Figure 3; the
general subgraph Vi, has the following state-transition
matrix (for all k = 1,2,...,n)



A(V)
a,;(k)

aij(k), (5,7 =1,2,...,n+1)
1ifi=j,j#kandj#n+1
1ifi=n+1,j=k

0 otherwise

(10)

Il

Solution to Example 2

The central idea is to hold all aircraft and let the
aircraft with the lowest expected time of arrival pass
through the merge vertex v,4: (if there are multiple
such aircraft then the one on the vertex with the low-
est index is allowed to pass first).

If the N, ,-density of the ETA input is less than or
equal to N, , then there exists a (N,,, ~ 1)-delayed
STA input such that each aircraft pass through the
sector with at most (Ny,, — 1) delay. The nominal
time through the sector is 3 (for this particular exam-
ple). The (N,,, — 1)-delayed STA input is found from
the ETA input by delaying an aircraft in agent-type ¢
(which seeks to enter the sector at vertex v; and leave
the sector at vertex vny1) till vertex v; becomes empty.
If vertex v; is empty then the aircraft is allowed to en-
ter the sector at vertex v;. At any time K let the Spo 4
denote the set of vertices between 1 and n which have
aircraft with the smallest arrival time (K). Then, the
flow in the sector is chosen as

Xa(0) = 0
Xm{K+1) AKYXm(K) + Bmstam(K)
for all K =1,2,... (11)
where
A(K) = A(Vi) wherel <k < nis the lowest

index of vertices in Sgra;and
k = 1if Spr4 is empty

Remark 3 The merge solution can be generalized, as
long as the number of verfices between the input and the
output vertices v, 18 the same for all egent-types with
the same output verter. This can be accomplished, for
example, by changing speeds, by modifying the routes,
or by re-defining the entry point to the sector at which
the ETA to the sector is defined.

Remark 4 The above example illustrates o fundamen-

tal limitation of the merge — it always introduces un-
certainty in the time-needed to pass through a sec-
tor. Such uncertainty is unavoidable even when speed
changes are allowed, and is inherent to a merge.

Capacity and Delay in a General Sector
Given input and output vertices and a set of agent-
types, let routes be established in the sector such that
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1. Each agent-type has a different input vertex.

2. Agent-types with different output vertices do not
merge inside the sector.

3. Agent-types with the same output vertex merge
at a single vertex in the sector such that the num-
ber of vertices between the merge point and the
input vertex is the same for all Agent-types ar-
riving at that merge-point.

4. All intersections are of the form in Example 1.

Then, the sector capacity is determined by the number
of aircraft attempting to pass through a given output-
vertex (N, ,) as
J(N"o,m 'Uo,k) < Nvu,k (12)
If the capacity constraint is not violated then the max-
imum delay D(v, ) for an aircraft with output vertex
Vo i8 determined also by the number of aircraft at-
tempting to pass through a given output-vertex (N,_,}
as
D(wo) = Ny, — 1 (13)

which is the uncertainty in passing through the sec-
tor. It is noted that D(v, ) = 0 if there are no flows
merging into the output vertex v, k.

Remark 5 The solution to the merge uses an M-
modified STA-input that is obtained by rescheduling the
expected time of arrivals — each expected arrival time
could be delayed by upto M-steps. Such rescheduling
implies that each inpul stream into the sector has M
buffers before entry into the server. Such buffers can
be developed using loops, speed changes, or by increas-
ing the flight paths.

Maximum Number of Tokens Issued If a sector
satisfies the above four conditions, then the tokens is-
sued by the sector must be such that the number of
arriving aircraft satisfies Eq. 12. The maximum un-
certainty in the passage time through the sector (i.e.,
delay in each sector) can be quantified in terms of the
number of aircraft arriving at the same time (Eq. 13).

4 Discussion

Decoupling Safety and Flexibility The major ad-
vantage of using the proposed token-based appreach is
the decoupling of safety and optimization. The number
of tokens issued can be used by the ATCS to limit the
number of aircraft arriving at a sector in a given pe-
riod of time to enable guaranteed safety. However, the
ability to trade tokens between aircraft allows AOCs to
optimally adapt to changing operational conditions.



Free Flight by Choosing Sectors The token-based
paradigm can allow AQCs to choose a flight route by
choosing the sequence of sectors the aircraft passes
through (provided it can acquire the necessary tokens).
Although, the aircraft is forced to fly along established
routes in each sector, the freedom in choice of sectors
may meet the AOC’s needs for flexibility. Furthermore,
if ATM is automated, then the number of routes could
be increased in each sector, and the routes could be
optimized to account for changing weather patterns.

Intersections Vs. Mergers The examples illustrate
that intersecting flows could be resolved without addi-
tion of uncertainty in the time needed to pass through
a sector {provided speed changes are aliowed). In con-
trast, merging flows always lead to uncertainty in the
time needed for passage through a sector -— even if
speed changes are allowed. The uncertainty depends on
the number of flows merging into a single flow. Such
uncertainty will exist also in continuous flows of air-
craft, and is unavoidable because of simultaneous entry
of multiple aircraft that want to merge into the same
flow.

The uncertainty in travel time grows linearly with the
number of mergers. Merging is often used because re-
duction in the number of flows entering a sector tends
to make ATM problem easier to handle (such merg-
ers aiso occur in the current hub-and-spoke approach).
However, it is advantageous to avoid mergers in ATM
whenever possible to reduce uncertainty.

Capacity and Tokens If the capacity of the sector is
exceeded then the token-based approach will fail unless
excess buffer capacity is available in each sector. Or in
other words, a fraction of the capacity should be re-
tained to handle emergencies. The capacity of a sector
may also change due to changing weather conditions.
In such cases, re-routing of aircraft and cancelations of
fights may be unavoidable. Under the proposed token-
based paradigm the ATCS could reduce the value of
each token {e.g., by half) and thereby reduce the total
number of tokens. The approach, however, empowers
AOQOCs to negotiate with each other for the remaining
tokens. While current ground-hold policies can be ex-
tended to accommodate such negotiations, the token-
based approach provides a vehicle for such negotiations.

Future Work In this article speed changes and sim-
plified models of sectors were used to quantify capacity
and delays of sectors. Such guantification of capacity
and delay is needed for the token-based approach. Such
investigations should also be performed without speed
changes (for protocols that only use changes in head-
ings). Similarly, limitations in the implementation of
such automation procedures need to be investigated,
and robustness of such automation schemes needs to
be studied.
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5 Conclusions

A token-based ATM paradigm was presented that en-
ables the de-coupling of the two main ATM tasks: (1)
maintaining safety -— an Air Traffic Control System
Task; and (2) optimal choice of flight paths — an Ajr-
line Operational Center (AOC) Goal. The token-based
paradigm allows AQCs to freely trade the tokens be-
tween different aircraft and to choose desirable flight
paths consisting of sequences of these regions (as long
as the AOC can procure the needed tokens). Although,
the aircraft is forced to fly along established routes in
each sector, the freedom in choice of sectors may meet
the AQC’s needs for flexibility.
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