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I.  INTRODUCTION

Descent guidance of aircraft into high density terminal areas
presents the Air Traffic Control (ATC) system with two major .oncerns
~ safety and efficiency. Safety is quite naturally the ¢first and
foremost concern, while overall system efficiency becomes more and

more important as fuel costs and demand for services increase.

Moreover, efficier.y and safety are interrelated, especially during
peak periods. Poor system performance will likely result in
additional congestion which will, in ¢turn, produce additional
safety-related problems. Recent advancements in navigation and

guidance indicate that an aircraft, if properly equipped, can reduce
its terminal area fuel consumption ani improve its delivery accuracy
to the runway. All aircraft, however, are users of the ATC system and
must receive ATC clearances in order to execute advanced approaches.
The accomodation of these approaches by the ATC system requires a high
degree of coordination between final, approach and en route
controllers. The controllers may be aided 15 this task by digital
computers. Of particular interest are the potential improvements in
system e;ficiencq that may be derived from assisting‘the controllers
with their minute-to-minute decision-making task of sequencing and
scheduling arrivals at the runway. 7The sequencing and scheduling task
is of interest because unway vutilization i§ affected by the specific
order in which - arrivals avre served. This is a consequence of the
FAA’s weight dependent safety separations and also from the
differences in aircraft approach ant landing velocities.

One decision methodology, termed Constrained Position Shifting
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(CPS) has been proposed (1) to sequence and schedule arrivals in a
more efficient manner than first-come. first-serve. The cPs
methodology essentially determines local derandomizations of the
arrival si-eam whereby all aircraft are subject ¢to a fundamental
service constraint. This constraint requires that every aircraft be
assigned to land within a pre-specified number of positions from its
first-come, first—serve position with respect to arrival at the runway
(FCFS~-RW). As a consequence, this maximum position shift (MPS)
constraint allows the controllers <(computers) ¢to resequence the
aircraft in a manner that improves overall efficiency while ensuring

that no aircrafét is inordinately displaced.

In the joint research Interchange Number NCA-OR2353-7, the CPS
algorithm was adapted so as to be compatible wi’sh the real-time
simulation facility of ¢the NASA-Ames Research Center’s Aircraft
Navigation and GQGuidance Branch. One major eaccomplishment of this
Interchange Number NCAQ-0OR253-801 was the development g? an
event—-to-evant simulation which graphically displays ¢the CPS
methodology. The scenario adopted by this demonstration simulation was
that of the Denver terminal area (actually a region within a radius of
approximately 129 n.m, from Denver'’s Stapleton Airport). This regicn
and route structure 1is identical to that selected in the joint
NASA/Ames—-FAA Technical Center real-time simulation study uf profile
descents undertaken in July and August., 1977 (2].

A detailed description of the CPS demonstation program plus
sample output will be presented. Following the description of the

simulation this report will present a discussion on insights gained in
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regard to the implementation of the CPS methodology into the updated
ATC system. Finally, thoughts on the incorporation of the CPS
methodology into the next phase of real-time simulation will oe

offered.

IT. GRAPHICAL RISPLAY QF CONSTRAINED POSITION SHIFTING
1. INTRQDUCTION

This section describes the event-to-event simulation developed to
demonstrate the CPS methodology on a graphical display. The CPS
methodology will generally improve system efficiency whenever runway

vtilization is dependent uvpon the specific sequence of arrivals at the

TUnNWway. This sequence dependence 1s the rule rather than the
exception. A minimum interarvival time separation may be determined
for any two successively arriving aircraft. This time separation is a

function of the type, waight, capability, and route of both the lead
and following aircraft, The CPS methodology will offer improvement
over simpler strategies such as first-come, first-serve at the runway
(FCFS-RW) unless this minimum time separation is identical for each
possible pair of arrivals. Previous fast-time simulations have
demonstrated the potential gains of the CPS methodology [11].
Considerable delay rezZuction 1is indicated, especially during peak
periods. The aircraft in these prior simulations were differentiated
by their landing velocities and weight category (light, conventional

.

and heavy). The demonstration simulation described here expands ¢the
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CPS methodology ¢to include a three dimensional route structure. As
previcusly mentioned, the terminal area waypoint and route structure
is identical to that adopted in ¢the Joint NASA-FAA real-time
simulation of profile descents into Denver‘s Stapleton Airport.
Flight ¢tracks from the real-time simulation are employed as "nominal"
flight paths for the CPS demonstration.

The simulation program described here is written in FORTRAN on &
PDP 11/40 computer which drives an Evans and Sutherland "Picture
System". The graphics system is connetted to three CRTs. Tha neat
section offers an overview of the simulation program. Then,
instructions fc. running & CPS demonstration are presented, followed
by nutput and observations from sample runs comparing system
performance of the FCFS-RW service discipline to the CPSE strategy with
a maximum position shift of 4 Limitations and j;ossible extensions to
the simulation are then discussed. Finally, & descripcion and listing

of the program is provided.

2. ERCGRAM QVERVIEW

The CPS demonstration simulation may be summarized as follows:

Thirty sircraft arrive in a random fashion (to be described
later) into the Denver control area en route to Stapleton Airport.
The aircraft flight paths are reproduced from one run of the NASA~-FAA
profile descent real-time simulation of July 1977. The aircraft
identification, positiun, altitude, and velocity are indicated on the

graphical display. The data are updated every four seconds (or any

4
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multiple of four secconds if so selected at run time). Table @}
presents data on the aircraft in the simulation (type, weight,
theoretical mix percentage: route number, entrance direction, entrance
altitud and velocity, landing velocity, nominal flight time, and

whether the aircraft flies a profile descent).

Jable #1 - Aircraft Pata

ENT ENT LAND NOMINAL
A/C A/C AFFPROX ROUTE ENTER ALT VEL VEL FLIGHT PROF
TYPE WEIGHT MIX NO. FROM (FT) (KTS) (KTS) TIME DESC?

DC10 HEAVY 25% < SW 37,000 4%0 132 27m Os YES
B737 CUONV 20% 4 SE &9.000 460 146 27m 12s YES
B727 CONV 0% 7 NE 35,000 475 146 23m 44s YES
DC? CONV 15% 10 NW 31,000 470 1446 24m S56s YES
cvd8 CONv 10% 12 W 21,000 295 141 34m 543 NO
DHCé6é LIGHT 10% {4 N 9,000 1355 100 40m 52s NO

Note that there are six types of aircraft, with each ¢type
entering the region from a different direction. The selection of only
one type of aircra®t for each route was made portly for simplicity,
partly due to computer memory limitations, and partly due to the fact
that many of the aircraft on the computer tape were instructed to
break their profile descents and follow vectoring commands instead.
The computations required to schedule different aircraft on the same
route are nearly identical to those required for aircraft on different

routes. For an explanation, see Section Il E, describing the
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scheduling subroutine.

The simulation contains an automated scheduler which determines
the tentative runway assignment times by employing the CPE algorithm
with ¢ MPS value that is .nput at run-timc. The scheduler takes into
account the aircraft 1outes, nominal arrival times at the runway. and
weight. Assignment times are calculated such that the FAQ minimum
horizontal separation standards for co-altitudinal aircraft is never
violated. Table #2 presents the minimum separation standards enployed

in the simulation.

Table #2 - Minimym Separation Standards (n.m. J

FOLLUOWING AIRCRAFT

LIGHT CONV HEAVY

LEAD LIGHT 3 3 3
AIRCRAFT
CONV 3 3 3
HEAVY ) S 4

Whenever a new arrival enters the Denver control are¢es the
automated scheduler must revise its tenlative assignment times. At

some poiné in time as an aircraft travels towards the runway the

scheduler will change its tentative runway assignment time to a final
(fixed) assignment time. The finalization of an aircraft’s runuway
asgsignment time takes place when one o@ the followving two events
occur:

a) The entrance of any new arrival will not <change the aircraft’s

current assignment; qr b) The aircraft is within a pre-specified lead
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time from the runway. (A fifteen minute lead time is selected here as
4 reasonabie value, although a simple software revision will change
this lead time to whatever value desired. )

Delay is unavoidable whenever the aircraft compete for runway
assignments. Holding stacks, path stretching and speed reduction ar->
typical procedures for delay absorption. The simulation {dentifies
delay ebsorption by holding the delayed aircraft in place and dblinking
its symbol on the display. This simplification is necessary because
all aircraft must follow their predetermined data tracks. All delay,
however, will be absorbed prior to the final +Ffifteen minutes of
flight. Consequently, the aircraft are under strategic control in the
Tegion nearest the airport. This illustrates one advantage of the CPS

methodology: namely that the delay .will be absorbed in the outer

regions of the control area where there i¢ less traffic and (he
eircraft are relatively fuel efficient.

Finally, when 2ll1 aircraft bhave arrived at the runuay, the
simulation will output relevant statistics for the run. The next

section presents instructions for running the CPS demonstration.

3. Instructions For Ruynning a CPS Demonstration
This section presents instructions and information necessary to

run a demonstration of the CPS methodology. The following section

will present results from one such demonstration.

. — @ ae—
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A. - Brogram Preparation
1. In.ert disk titled "ROGER DEAR - CPS DEMO" into the PDP-11/40
2. Boat the system |
3. Type .R CPSDMO end then RETURN
4. To re-run 1£ is vsually necessary to re—hoot the system. I¢

a system ervcey occurs, try pain. It should run the second time.

B. - Gimulation Ipput Parameters

Six input parameters are requested at run—-time. They are:

1. CEED - This is any positive integer. The <ceed number sets
the random numsor generator. Runs moy be reproduced with minor
variations. (see NOTE at the end of this section)

2. AIRCRAFT POSITION UPDATE - This must be a multiple of 4. The
six aircraft deta tracks have positional information every 4 seconds
A larger update value will speed up the 1un, A typical wupdate value
might be 28 seconds.

3. FEINAL STATISTICS - I¢ a ‘1’ 1is ¢typed here, only ¢final
statistics will be output If any other number is tuped. then arrival
information, tentative scheduling assignments and #final assignments
will also be output. A ‘1’ is recommended.

4. INITIAL DELAY - This must be nor -negative. The first
aircraft to reach ¢the runway (not necessarily the first aircraft
erntering the terminal arca) will be delayed by the amount input (in

seconds). In this manner, an initial busy period may be established.

r-—‘
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5. ARRIVYAL RATE - This must be non-negative. Arrivals on the
same route are separated by a mini...% of 2 seconds and the greatest
intererrival time (into the terminal «rea) equals three minutes. Thus
this input parameter does not qorroupond toc an exact terminal areas
arrival rate, but to ar approximate value. A large aircraft position
vpdate value will oalso reduce the eféfective arrival rate. A value
between 39 and 4% ic appropriate.

6. MPS VALUE - This parameter determines the maximum allowabie
numbur of positions that any aircraft may be shifted from its FCFS-RW
position, I¢ MPS = O, then the arrivals are FCFS-RW. A value of MP3
= 4 {s agpropriate for the CPS run. (An MPS value greater than 4 : |11

increase the computat‘onal loed considerably.)

NQTE - if the input values for the SEED, UPDATE, INITIAL DELAY and
ARRIVAL RATE are the same, thern an identical stra2ac of aircraft will
be generated. For & typical demonstration , it is suggested that the

same parameters are input, first with MPS = O and then with NPS = 4,

C. - Gcope [nformation
Three scopes are used for this simulation. They are:

1. The Approach Scene -~ The approach scene for the Denver
terminal area is on the right hand scope in the controller room.

2. The Final Scene — The fino)l controller’s scene is located on

the left hand scope in the controller’s room.
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3. Backup Scope - The black and white scope by the terminal may
be used to Adisplay either the apprcach or final scene. If the
function Switch 1 is set , then tho' backup scope will show ¢the
appro&ch ascene. I¢# Bwitch 1 is not set, then the final scene will be
displayed.

Qther Gwitches
Two other switches may be used for the demonstration.
SWITCH 3 - If Switch 3 is set, then & region indicating an extension
of the runway is displayed on both approach and final scenes.
SWITCH & ~ If Switch 6 is set, then the run will be frozen after the
next wupdate. To continue the run, merely turn Switch & off and hit
RETURN. If desired, the simulation coan step ¢through ¢the run by

leaving Switch 6 set and hitting the RETURN for each update.

D. - Qutput Informatjon
At the conclusion of the run, output information is sent to the line
printer. An explanation of the output is as follows:

1. .LAND# - The order of the arrivals at the runway is listed

2. ENT# -~ This number identifies the order in which the aircraft
eriter the terminal area.

3. FCFS# -~ Thﬁs number identifies the First-Come, First-Serve
number of the ajrcraft with respect to arrival at the runway. I¢ MPS

equals O, then LAND# and FCFSH# are identical.



Page 11

4. ID - The airline tag is randomly selected. The number
following the tag is the same a3 the aircraft’'s ENTH The aircraft is
of standard size unless the ID is followed by an "L" (signifying o
light aircraft) or an "H" (signifying a heavy Jet).

9. ROUTZ - Six aircraft types and routes are represunted here
The routes, aircraft types and the theoretical percentages for each
type are as follows:

ROUTE @ - CC10 (Heavy) - From the southeast - 254
ROUTE 4 - B737 ~ From the northwest - 20%

ROUTE 7 - B727 - From the northeast - 20%

ROUTE 10 -~ DC? - From the southeast - 195%

ROUTE 12 - CVS8 - From the west - 10%

ROUTE 14 - DHC6 (Light) - From the north -10%

6. ENTER - This number is the aircraft‘s terminal area entrance
time (in seconds).

7. NOMARR -~ This is the aircraft’s nominal arrival time at the
runway (in seconds).

8. SCHED - This is the aircraft’s scheduled arrival time at the
runway (in 4econd|).

@?. DELAY -- This js the aircraft’s delay (which wequals the
difference between the aircraft’s scheduled runway assignment time and
the aircraft’s nominal runway arrival %time).

10. TYTOGO ~ This is the flight time remaining for an aircraft

that has received its final assignment at the runuway.
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11. DELABS - This is the amount of delay that the aircraft has
absorbed prior to rrceiving its final assignment.

1. DEL2GO This is the amount of Jalaq that the aircraft must
still absord after receiving its final assignment and prior to
arriving at the runway.

NOTE - All aircraft will receive final assignments at least 15 minutes
grior to touchdow 1t tht runway. This lead time parameter is fixed,

but may be altered by a software change.

Qther Qutput

The output also includes the total delay for ail 30 aircraft, the
average dclay for each aircraft, and the effective terminal area
arrival rate, which signifies how many aircraft enter the system per
hour.

I# the response to the question regarding the output of final
statistics only is anything other than a "1", then the simulation will
output information on each aircraft as it enters the terminal region
(identification, route, first-come, first-serve number at the time,
and the nominal arrival time at the runway). In addition, the revised
tentative axsignments are listed. Information is also output whenever
@ tentative assignment is finalized. This information includes the
aircraft identifﬁcation. route, FCFS-RW number, ¢time when final
assignment was delivered, runway sequence position, scheduled arrival
time, total delay, delay already absorbed. and delay to be absorbed.
Appendix #1 includes a complete output for the demonstration described

in the next section.
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4. (PS - GAMPLE DEMONSTRATION

This section presents a sample demonstration of the CPS
methodology as adaptud to the Evans and Sutherland graphics system.
The demonstration consists of two nearly identical simulation runs
which differ only in the value selected for the MPS parameter. In the
first run MPS is set equal to O, which corresponds to sequencing the
arvivals in their FCFS-RW order. The second run will select a MPS
valuve of 4 Differences in the two runs will be observed ir order to
gain insight into the <characteristics of the CPS methodology. In
addition to the standard output, photographs of the displays at

selected times throughout the two runs will be included

A. The Setup

The responses to the input questions are the same for the two
runs (with the exception of the MPS value). Consequently., the arrival
process (entrance time, aircraft type, route, etc.) will be identical

for each run. These input values are as follouws:

1. SEED - The seed number for this demonstration is 1777, The

regultant traffic mix 1is:

AIRCRAFT NUMBER

ROVTE TYPE SIZE GENERATED PERCENT
2 A DC10 HEAVY 7 23. 33
4 B™37 CONV 7 23. 33
7 B727 CONV 8 26. 67
10 DC9 CONV 3 10. 00
12 cvse CONV 2 6. 67
14 DHCé6 LIGHT 3 10. 00
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2. UPDATE INTERVAL - The update interval equals B seconds.

3. ARRIVAL RATE (approximate) - The input value for the arrival rate
is 45 aircraft per hour. The arriva) process is not quite Poisson since
aircraft that are on the same rcute must be sepavated initially by 92
seconds. Also, the maximum interarrival time is set to three minutes

As a consequence: the thirty aircraft in the demonstration all arrive
within 35 minutes, which corresponds to an effective arrival rate of
52.84 aircraft per hour. The value selected is on the high side,
since heavier arrival rates illustrate the differences between FCFS-RW

and the CPS methodology more dramatically.

4. INITIAL DELAY - An initial delay of five minutes is selected. A
positive initial delay forces the first aircraft to be delayed which
establishes an initial busy period. Since the simulation run is
limited to ¢thirty aircraft, the vuse of an initial delay will more

accurately represent peak period conditions.

B. The Qutput

Tables #3 and #4 present the summary output for the FCFS-RW run
(MPS = O) and the MPS = 4 run respectively. (Appendix #1 contains the
complete output for each run.)

A number of observations and comments‘ are in order. First,
notice ¢that in the MPS = 4 run the average delay for an aircraft was
reduced from 237. 20 seconds to 194 53 seconds (an approximate savings

of 18%). The savings were realized by a more effective utilization of
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the ruriway. Note: for instance., th‘t WAIL s the 29th and last
aircraft in the busy period for both runs. In ¢he FCFS-RW run, WA21L
is scheduled to land at 4160 seconds, as compared to 4072 seconds 1in
the MPS = 4 run. Thus the same 29 aircraft are serviced faster in the
MPS = 4 case:, which implies &n incvease in capacity. (I¢ the busy
period were to continue, additional arrivals would benvfit from thise
88 second improvement in runway utilization.) The potential increase

in capacity that results from employing the CPS methodology is closely

related to the range of minimum interarrival time separations between
successively arriving aircraft. For example, if all aircraft
‘interarrival time separations are identical, then there would be no
possible improvement over FCFS-RW. In general, the CPS methodology
will be more likely to shift an aircraft with a large range of
interarrival time separations. For instance, as & consequence of the
weight—-depencent separation distances established for following heavy
Jets, the CPS methodology will tend to "bunch® heavy jets together
wherever possible. Whether or not a bias exists towards forward or
rearward shifts can not be determined until the apecific trafiic mix
is known. The "bunching" together of heavy aircraft is evidenced in
the PSS = 4 run. In ¢this particular sample, the "bunching" is
accomplished via rearward shifts, although in other circumstances
forward shifts would be utilized. Notice that five of the seven heavy
Jets are shifted rearward and that all other aircraft are either

sequenced in their FCFS-RW position (17 aircraft) or are shifted



Page 18

forward (8 aircraft). In peak periods, the improvements in runuay
utilization will typically offset any delay caused by rearward shifts.

For instance, WARQ9H is sequenced 27th in both runs. The MPS = 4 run,

however, schedules WA29H 8688 seconds sooner than the FCFS-RW run.
Light and slow aircr ft will also experience & greater extreme of
position whifts, although the limited demonstration presented here has

too small a sample to produce any observable trends

C. CPO Demonstration —~ Bhotograephs

In order to illustrate the progress of the aircraft through the
" terminal arce, this section presents photographs taken at four
identical time instants selected €from each demonstration run.
Actually, five photographs are presented from each run. At 28 min 16
sec (1496 sec) snapshots of both approach and final displays were
taken. Only the final display is seen in photographs taken at 41 min
36 sec (2496 sec), 54 min 24 sec (3264 sec) and 59 min 4 sec (3544
secC). The approach scene includes a region of approximately 250
square n.m., while the final region contains approximately 90 square
n. m. For reference, & 3 n.m. cross is shown in the left center of
the displays. Photographs numbered 1 through S5 <correspond ¢to the
FCFS-RW run, and those numbered & through 10 correspond to the MPS = 4
run, The approach display is seen in photographs 1 and b.
Twenty—three aircraft may be identified, although those aircraft in
the near vicinity of the runway are better observed in the final scene

photographs numbered 2 and 7 respectively. Note that the aircraft
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shown in the final scenes are all properly separated by the automated
scheduler (recall that the final 19 minutes of flight is essentially
strategic). In comparing the two sequences of photographs, one might
observe that there is little to distinguish between the two runs.
This point is significant in the respect that the CPS methodology need
not place an extra burden on the final controllers (as compared to
sequencing in a first-come, first-serve manner). In other words,
provided that the aircraft absorb their delay fifteen minutec prior to
touchdown, the MPS = 4 gequence is no more compiicated than FCFS-RW.
As a matter of fact, ¢the MPS = 4 gequence might even be easier to
implement, since the CPS methodology will tend ¢to group similar
aircraft together, whereas the FCFSE-RW sequence is subject to all the

vagaries of the random arrival process.

D. CPS Demonstration —.gim;tggiong and Extensionsg

This section presents a discussion on limitations and possible

extensions to the CcPS demonstration simulation as currently
configured. Section III will also discuss extensions, but in
reference to the design of a real-time simulation study. Future

extensions to this simulation may nevertheless be wuseful as a
developmental aid #for a real-time simulation study. Three magor
limitations of the current simulation ére discussed below. In
addition, an attempt is made to estimate the ef‘lort required to expand
the simulation.

The first major limitation is related to the number and mix of

aircraft. The use of six aircraft types arriving from separate
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directions has succeeded in providing sufficient diversity to offer a
good overview of the CPS methodology. For more vealigmn however,
extensions should be performed that will allow more than 30 aircraft
in a run and will include a traffic mix more reprenentative of the
region to be simulated The addition of more aircraft will require a
simple software change. Adding more aircraft types and/or routes is
conceptually easy, but it is doubtful that the PDP-11/40 could handle
many more data tracks without exceeding its memory limits. Also, an
expansion of the scheduling subroutine is required for each additional

aircraft type and/or route.

The second major limitation to the CPS demonstration is related
to the fact that the CPS algorithm is totally automated. In order to
implement the CPS methodology., it will be necessary ¢to develop an
interactive decision-making process with the controller. This
includes procedures for the controller to input requests and
constraints that the computer will consider when determining its
tentative assignments. In addition, a controller—-computer interface
will be necessary to finalize the runway assignments. The programming
effort required for this extension is quite large. The general
scheduling problem with controller interaction is non—-trivial for all
but the simplest types of constraints. Also, it will be necessary to
add another display that will present the scheduling information to
the controller. Once again, it is doubtful that the PDP-11/40 could

handle the added software on a stand-alone basis
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The third major limitation ¢to the current demonsiration is
related ¢to the actual ¢light paths placed on the graphic displays.
Since the flight paths are pro-dotormﬁnod and fixed, the only way ¢to
delay an aircraft has deen to litornilq stop it in its track until its
delay period had elapsed. Other aircraft that were following the
delayed aircraft wouled have to be held as well in order to avoid
overtaking. The expansion of the simulation tc include realistic and
variable +flight paths would require access to a pseudo-pilot rouvtine
such as ¢that employed in ¢the jJjoint NASA-Ames - FAA real-time
simulations. Towards ¢this end, the CPS demonstration has be"n
designed to interface directly with the Sigma computer that drives the
pseudo-pilots. Only minor modifications will be required tc display
the pseudo—-aircraft, but a considerable effort will be reqiured to
adapt the scheduler.  Another major task will be the develogment of
ATC procedures for delay absorption.

To summarize, most extensions to the current simulation reguire

eithegr considerable additional programming or access to larger
computers or both. One area of interest which could tupport
independent investigation is the development of the

controller—-computer interface required for interactive sequencing and

scheduling.
E. CPS Pemonstration - Program Rescription
This section descraibes the demonstration program. Appendix #2

contains a complete listing of the main program and the subroutines.
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In addition to the main program, 17 subroutines are included. These
subroutines fall into one of five categories: 1) intitializations 2)
display processing; 3) eircraft contrul, 4) sequencing and

scheduling computations; and 9) output control. Table #35 lists and
briefly describes the subroutines associated with ¢the first three

categories, and Table #6 does the same for the last two categories.

Table #9 - Subrouting Rescriotion

Categories 1), ), and I3
1) Initialization Subrgutines -

SPINIT - This subroutine sets up the direct access files for the
six types of aircraft

SETUPR - This subroutine requests the input parametere for a
demonstration run.

2) Display Processing Subroutines -

BLDESX - This subroutines draws the routes and waypoints on the
Evans and Sutherland graphical displays.

ACDRAW - This subroutine draws the proper aircraft symbols and
flight data tags on the displays.

FRMSGX ~ In the profile descent simulation, this subroutine drew
the +flight data table on the display. In the demonstration program,
FRMSGX does not process any data.

3) Aircraft GControl Subrovinzs -

SIGIOX -~ In the profile descent simulation, tnigs subdbroutine
controlled ¢the PDP link to the Sigma computer (and the pseudopilots).
In the demonstration simulation SIGIOX calls subroutine UPDS.

UPD8 - This subroutine vupdates the aircraft positions as
referenced by the direct access files. Also, aircraft that have
landed are remove by UPDB.

GENERB - This subroutine randomly selects the charai teristics of
the next arrival.

INITDL - This subroutine determines if a new arrival must incur
an initial delay.
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Table #4& - Subroutine Descriotions
Categories 4) and 2)

4) Geguencing and Scheduling Subroutines -

SORT- This subroutine sorts the latest arrival into its FIFS--RW
position.

GETSET - This subroutine determines the set of aircraft that are
to be scheduled during an iteration of the CPS algorithm.

GETPRM - This subroutine selectt ¢the next permutation ¢to be
tegsted from the set of aircraft determined by GETSET.

FEZTSY -~ This subroutine tests tie latest permutaion +o determine
whether or not it violates any of the sequencing constraints.

SKEDUL ~ This subroutine schedules the runway assignment times
for each feasible permutation. The schedule upholds tne FAA minimum
separation distances for co-altitudinal aircraft.

COMPAR = This subroutine tests and saves the best of ¢the
feasible permutations.

MKEFNL - This subroutine dete.mines when an aircraft (v *%to
receive its final assignment.

S5) Qutput Control Subroytine -

OUTR - This subroutine controls the data that are output during
and after the simulation run.

.

The program also includes a number of subroutine calls and
commands that control the Evans and Sutherland "Picture System”.
Table #7 lists without explgnation those system commands that are
vutilized in the demonstration program to drive the graphical displays.
For additional information, refer to the proper "Picture System"

operations manuval.
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Jable 87 - Picture Sustem Commands

PSINIT CHAR PoP
PUSH STARTC READC
NUFRAM SCOPE ENCODE

VWPORT WINDOW DRAWZD
ISWSET MOVETO LINETO
TEXT BLINK

The subroutines in category 4) are nearly identical to those
written for the CPS algorithm wunder Interchange No. NCA-OR233-7.
Thore is, however, a significant change in the scheduling subroutine,
SKEDUL. Consequently, this subroutine will be described in greater
detoail. DBasically, the scheduling subroutine determines t¢the runuay
assignment times for & particular feasible permutationof arriving
aircraft via an interactive process. To elucidate, the rutway
assignment time for a following aivrcraft depends on the type and route
of both the lead and following eircraft, and the runway assignment
time of the lead aivrcraft. The routes of the lead and following
aircraft are important because the point of closest approach between
the aircraft must be determined. In the CPS demonstration simulation,
the closest approach between two successively arriving oaircraft will
occur at one of six merge points (including the runway). I¢ the
fullowing aircraft is overtaking the lead aircraft, then the merge
point will be at the runuway. I¢ the lead aircraft is faster, then an
the opening situation exists, and the closest approach will occur at
the first intersection of the aircraft routes. The closest approaches

are defined in the subroutine SKEDUL by the array MERGE.
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Once the point of closest approach has been established, the
interarrival time separation {3 determined by calculating the
difference between the following oir#ra?t’s travel time to the runwaey
and the lead aircraft’s travel time to the runuway, assuming that the
aircraft start at their point of closest approach. (Of co_rse, the
following aircraft will be behind the lead aircraft by the appropriate
FAA separation minimum. ) The remaining travel time for each aircraft
type ot each merge point is contained ir the array TYTOGO. A third
dimensiuon is required to differentiate testween the various FAA
separation wminima that might be in effect. A parameter SEP is
vtilized to distinguish between these minima. When SEP equals 1, ¢the
time to ¢travel is calculated from the merge point. A GEP value of 2
corresponds to following a conventional aircraft, while SEP=3
corresponds to following a heavy jet, and finally SEP=4 corresponds to
following a light aircraft. In order to add more aircraft ¢types vour
different types of aircraft on the same rocute it is necessary to
determine the merge points for the added aircraft with every other
aircraft in the system. Also, the remaining travel time from any
merge point must be calculated for each separation minimum. While
these <calculations are straightforward, there is a definite increase

in the time required to cet up the terminal aree scenario.
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111, “celementation of Comruter-Assisted Seauencins and Schedulins

1. Introduction

The air traffic control susten which incorrorates
comruter-sssisted seauercing and schedulingd will evolve from the
current swstem with one furdamental difference - the control of the
@ircraft will be in a time-based frame of reference as orrosed to the
current distance-oriented refererce. This section examines the swstem
reauirements necessary to surrort computer-assisted seauencing and
scheculing, Also rresented is an overview of a3 time-based swstem from
the rersrectives of both rilots and controllers. For simerlicitw, the
overview will initially assume that the aircraft will be seauenced and
scheduled in their first-comer first-serve order with resrect to
arrival at the runwaws (FCFS-RW). Nextr» the sustem characteristics for
FCFS-RW will be comrared to those resultind from more efficient
seauencing s*ratedies. Finally, some imrlementatiorn-reluted desisn
considerations will discussed.

In a8 time-based control sustem the aircraft will be instructed to
reach a8 rarticular point in the asirsrace at a diven roint in time. As
a conseuueﬁcev the effectiveness of a8 time-based control concert will
in larde measure be dererndent uron the aircraft deliverw accuracy (1in
srace and time). Techrnolodgical advarnces in the fields of
communications data rrocessind and navidation mav be utilized to
rrovide the necessary accuracyd. For instancer a digital data link

between the rilots ard controllers may be wused to reduce ri1lot
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response time to commands., This data link can also exchanse 8 wealth
of other information. As a conseauence the swstem’s surveillance and
tracking caraebilities maw be dreatlw enhanced. Frocessed data misht
be uslinked to the aircraft to offer sround-based assistance to
aircraft lacking sorhisticated navisational instrumentation. A
cockrit dismlaw of traffic information is another swstem carabilitw.
Such @ displaw might be used to assist in the safe seraration of
aircraft and in the maintenarnce of the orderly fl&w of traffic.
Instrumentation such &s area navigation (RNAV) will also assist the
pilot in delivery accuracw. Those aircraft eauirred with four
dimensiornal area navisation (4D-RNAV) will be able to traverse the
terminal area with little controller intervention. Aircraft without
AD-RNAV may still be controlled in timer rrovided that the ATC
system’s data processing and communicstion carabilities are emrloved
to suprrlement the aircraft’s own navidational svstem. The
instrumentation reauired for these arwlications are either available
today or maw be available in the near future. The next section
exrlores the deneral characteristics of a swstem desisned to

incorrorate these technolodical advancements.

2. Time-Based Control - A Sustem Querview

This section rresents an outlire of the prorosed time-based
control swatem from the rersrectives of both the arrivind aircraft and
the controllers. For this discussion 1t is assumed that the aircraft

are carable of sufficient delivery accuracw to rermit time-based
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control. In gderneraly aircraft that have sdreater variabilitw in
delivery maw be dealt with by 1ncreasina the surroundins time buffer
that the asutomated scheduler establishes for safetw. An added time
bufferr howiverr» aight increase delaws to such 2n extent as to make
the time-based srrroach undesirable., (Onlw a full-blown snalwsis of »
srecific svstem will pmrovide the answer to this auestion.) Thas
discussion &also assumes that the aircraft are (0 be seauenced in a
firet-comer» first-serve manner (FCFS). To be rreciser the FCFS
discirline reauires the srecification of a reference roint in the
airsrace (e.s. the roint of swstem entrancer» the runwaw “hresholidr the

outer marker» etc.). In generals the arrival seauence (and swstem

efficiencw) is influenced by the reference roint selection. This is a
conseauence of the variations in aircraft carabilities and arrroach
routes. Since the runwaw is the sustem’s bottlenecitr FCFS-RW will be
the FCFS discirline with the sreatest runwaw caracitw. The swstem
overview is inderendent of the FCFS reference rointy althoush the
@aircraft delaw will be sensitive to this selection. The followins is
@ dgeneral overviewr since any attenprt to identify svstem
srecifications at this stade of develorment is rremature. To besin

the seauence of events from the rersrective of an arriving aircraft is

as follows!
1. ArpProximately 25-40 minutes srior to the arrival at the runwayr the

sround-based comruter reauests Jany urdates to the current data o0

aircraft turer carabillaities and arrrodgch route.
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2, If there is sufficient condestion such that delaw is unavoidsble,
then the aircraft will receive instructions to absorb the delaw while
#t the hisher altitudes (uwhere the aircraft is relatively Tuel
efficient).

3. Following the initial delaw absorrtion (if anw)r the aircraft
receives its descent clearance on a srecified route. A tentative
arrival time is erovided and if so0 eauirredr the aircraft’s on-board
navisetional sustem will determine the sircraft’s most efficient
trajectorw. A cockrit disrlaw of treffic might be emrlovwed to helr
one aircraft follow another.

4, Approximately .5 to 20 wminutes rrior to touchdown the aircrafi
receives its final runwaw assigrment time. Th. assidriment will become
firalized if either a) no other aircraft can enter the swstem with a
earlier FCF8 number} or b) a rredetermined lead time has been
reached. It the aircraft’s final sssignment time differs from its
current tentative assisrmerts the aircraft will either wutilize its
on-board navisational carabilities or controller commands or both to

revise its current tradectoru.

S5, The final 13-20 minutes of flight is essentiallvy automatic. The

rilot wight emerloy 8 cockerit disrlay of traffic to monitor the
surroundind aircraft and inform the controller of anw difficulties.
Otherwiser the aircraft will follow its revised tradectorwy until
touchdown (or until the final controller actives alters the aircraft’s

final arsrroach).
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Now consider an aircratt’s progress throush the terminal area
from the controller’s persrective., Once again 1t 1s assumed that the
aircraft are carabls of accuratelw following the controller’s
commands. The seauence of events as seen by the controller is as
follows!

1. Arrroximatelw 25-40 wminutes prior to arrivel at the runwaw the
ground-based comruter reauests an urdate to the aircraft’s data file.
The file contains information resgsrdind the aircraft’s twre,
carabilities and arproach route.

2, The dround comruter next calculates the aircraft’s nominal arrival
time st the runuway and determines the amcunt of unavoidable delsuy (if
anv). Unavoidable delav mew be defined as that delaw which aust be
incurred under normal circumstances. The controller will suerlw the
rilot with instructions as to how the delaw should be absorbed.

3, The e@rriving asircraft’s FCFS seauence is determined and its
tentative runwaw assisnment time is colculated by an sutomated
scheduler. The automated scheduler utilizes the aircraft sizer twrer

router &nd carability data to comrute runwaw assisnment times that

urhold the FAA‘s minimum seraration reauirements and also pmrovide s
sufficient buffer to account for deliverw inaccuracies.

4. The tentative assidgrment times are finalized bw the controller
arpProximately 15-20 mirutes erior to touchdown . Either the
rredetermined lead time has been reached or the entrance of additional

aircraft will not alter the aircraft’s current runway assignment time.
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5. After the final assisnment has beern provided, the final controller
misht revise the aircraft’s tradectorwr but in general the final
controller will erimarilu monitor the aircraft with final sssisnaent
times to insure that thew remain on schedule.

These two rersrectives have assumed that the sircraft are
seauenced bw @8 FCFS discirline (with resrect to a siven refererce
roint). For anw rarticular seauence the asutomated scheduler will
determine the aircraft runwawy assisnment times such that safe
seraration is alwaws maintained. A revision to the current FCFS
seauence misht be reauired when 8 relativelu fast aircraft enters the
gustem. (That is unless the FCFS reference roint is the swstem
entrance.) When such a situation arises the automated scheduler must
also revise its sssignment times. Aircraft with FCFS arrival tines
less than that of the fast new arrival will retain their current
assignmentrwhile aircraft with dreater FCFS arrival times will be
shifted resrvard bw one rosition. As a conseauencer the airsrace may
be viewed &8s consistind of an inner stratesic control resion and an

outer dwnamic control resion. Aircraft in the inner resion will have

fixed ascisnment times while aircraft in the outer resion have
tentative assisnment times. The boundarw between the two redions will
be determined by the time reauired for the fastest aircraft to flw the
shortest arrival route. If the boundarw is too close to the runwaur
the controllers may wish to define their own boundary bw recuiring the

aircraft to recieve their final assidrnments a3 dgiven lead time rrior to
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touchdown. The effect of such & lead time would be to stabilize the
inner redion at the rossible exrense of seauencins arrivals in
something other than @ strict FCFS order. (This situstion oarises
whenever a8 new arrival has @a FCFS number lower than that of an
aircraft that has aslreadw received its final assisnment.) Since the
FCFS discirline with @ ron-zero lead time results in seneral
reseauencing and rescheduling, and since the resultins seauence misht
not be strictly FCFSy the auestion arises as to whether other
seauencing discislines might be utilized with similar characteristics
but srester efficiencw. These other stratedies misht consider the
sircraft orcoratina characteristics that the FCFS discirline does not

(such as weisht class differentiation). The next secticn exrlores the
swstem characteristics of more flexible seauencinsg and schedulins
discirlines such as Constrained Fosition Shifting (CPS8). OF rarticular
interest are the differences and similarities between the CPS
discirlines and FCFS as rerceived by the controllers and rilots.

3. Qepgrational Comearigon of FCFS and CPS Stratedies

The first-comesr first-serve stratedw is rerceived as 8 °fair® and

efficient service discirline, Such » stratesy maw be observed in
numerous service swstems (e.d, banksy rost officesr theatre box
officesr» wtc.). In terms of efficiencyr when individual service times
are inderendent and statiornaruys then the total FCFS service time for a
siven set of customers will be no greater than any other seauencingd

strategy. In the ATC sustem» howeverr service times will be
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inderendent onlw 1if all aircraft have the same orerating
characteristics. Due to the differences in aircraft velocities and
the FAA’'s weisht derendent seraraticrn minimsr the total service time
for & particular set of arrivals will senerallv derend uron the’
srecific runwaw secuence selected., As 8 result, seauencing stratesies
such as Constrained Fosition Shifting (CFSH) willy when comrared to
FCFS reduce averasse delaw and increase runway caracity. In other
woi'dsy FCFS wmew be ‘°fair'y but not nrecessariluy efficient. This
section comrares the orurational characteristics of FCFS-RW to the CPS
methodoloswv. 0f interest are the adartations recuired to imrlenment
the CPS methodolodw as orrosed to FCFS-RW (as described in the
revious section). Recall that the CFPS stratedw establishes a maximum
rosition shift (MPS) rarameter which limits the rumber of rositions
that anwv aircraft might be shifted (forward ov rearward) from its
FCFS-RW rosition. The MF'S constraint will cause a local
‘derandomization® of the arriva)l stream that will twricallvy reduce

total delsw and increase aircraft throuﬂhpuﬂ. In actualitgr ‘“he FCFS

discirline 1is & CPS stratesw with MPS=0., Thus this discussion will

focus on the swstem resronse as MFS ircreases from 0. A représentativo

value for the MPS rarameter in an actual swstem might be 4 or S. MPS

values much sreater than S tend to be ineauitabler i.e.» the averade
delay for certain classes of aircraft will incresse rather than

decrease.

Orerationallyr when an arrcraft enters the sustem the rilot 19
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concerned with the aircraft’s runwey assignment time and how much
delay might be 1ncurred., The milot is not necessarilw interested 1in
the sircraft’s FCFS-RW number. This is esrecially trus when emrlowins
CFSs since it is auite rossible for an asircraft to be shifted rearwird
and wet have an edrlier ruwavy assisnment time. For the most rart,
the rilots will not rerceive arny major differances in orerations when
MPS incraases from'o to 4 or 5. There will be the rotentiasl for some
aircraft to have dreater delaw with & larser MFS value becwsuse of the
rossibility of rearward shifts. The increase in maximum delaw can be
urrer bounded bw MFSXT,» where T resresents the maximum interarrival
time seraration between successivelw arriving aircraft. For examrler
if T eauals 3 minutes and MPS=4, then 12 wminutes 1is & conservative
urrer bound on the additional delaw that any aircraft misht receive.
During reriods of heavw traffic it is auit? likely that the increases
in aircraft throusherut with CPS will more than offset any increases in
delay caused by rearward shifts. Another effect of increasing the MFS
value will be a chanse in the boundarwy between the irner and outer

control resions. As MPS increases the rotential for resecuencind also

increases and conseauently the runway assignments wil)l be finalized
later - therebw moving the inner resion boundary closer to the.runuau.
An  arrrorristelw selected lead time migiht wminimize this effect. In
redard to traffic flowr the CFS methodolody might actually make the

rilots’ merding tasks easier, This 15 due to the tenrnderncy for the CFS

methodolody to drour like ai1rcraft., This clustering effect mayw aid
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traffic flow sirnce it is denerally easier to follow an aircraft with a
similar velocitw rrofiler esrecirally when assisted bw & cockeit
disrlawv.

Tha differences in the FCFS-RW and CFS discirlines are more
rronounced for the controllers than the rilots. Actuailwe the
differences are sisnificant in the outer control resion but not the
inner control redgion. In the inner control redior, all aircra®t have
received their final runwaw assisnment timesr and since these aircraft
will not be resewuencedy the service discirlire will no lonser be a
factor. In the outer control resion the aircraft receive tentative
assignments. When 3 new aircraft enters the svstem the tentative
assignments maw have to be revised, Utilizina the FCFS-RW stratesw
the reseauencing and reschedulind is straightforward. All @eircraft
with nominal arrival times dreater than that of a new arrival will be
shifted rearward one rosition. The reseauencing task becomes wmore
comerlex when a non-zero MFS is emrlowed. The MPS value rlaces a
constraint on the eixtent of shifting from FCFS-RWr and in seneral,

more than one feasible seauence will exist. As @8 conseauencer the
controllers must srecify the criteria to be used to determine which of
the feasible seauences are most favorable. This srecification maw be
accomrlished either imrlicitly (by surrluing ob.dectives and weishts to
the automated CFS aldorithm)s or exrlicitly (bu designing an
1nteractive algorithm which solicits added constraints or obJectives

from the controllers). The co..trollers will be able to adiust their
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tentative assisrnments for rrecticel reasons whein & non-zero MFS value
15 emrlovedr while using the FLFS-RW stratesy the controllers will be
3 rassive element 1n redard to the seauencins decisions. 0f course
the algorithms develored to interact with the controllers must be
carefully Cesisned and tested to zscertain their wrotential for both
efficiencyw and succes~ful imrlementation. The finsl section will
offer insishts into the desisgn of this intersctive swstem.

4, Inrlementation-Related Design Considerations

A succesful time—-based control swstem must coapine the best
elements of both cuomruters and controllers. The data rrocessing
carabilitw should be utilized to raridlw determine the best seauence
and schedule subJect to perticulsr controller-imrosed constraints.
The contrcller should be utilized to surrly those constraints that,
based uron exreriencer will result in an orderlw flow of traffic. In
addition to determiring effective decision-making obJectivesr the
desisner of the time-based ATC swystem must be concerned with a number
of imrlementation mrroblems. Of course externsive swatem develorment
and testing is necessarw errior to anw asctual imrlementation. Some of
these issues rertain to the desisn of s seneral ATC sustemr while

other auestions must be related to the erarticular terminal ares sys‘em
to be desisned., This section concludes bw listing some of these

imrlementation concerns.

1. What procedures are the aircraft to follow to sbsorb delaus? How

will these procedures derend uron the amount of delawr the aircraft’s
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cCarabilities, the aircraft’s location» and the surrounding traffic.

2, How sccuratelw are the nominal flisht raths folloued? What should
be done with an aircraft that falls benind schedule? Are there anw
sreed-ur procedures? How far behind schedule must an sircraft be

before the tentative seauence is revised?

3. How should the svstem handle missed arrroaches? What rrotocol
thould be adorted to resieauwnc. missed grrrosches? UWhat will harren
to the assigrments and flisht raths of the other aircraft?

4. How does the suystem resrond whern an aircraft has an esergency
situation? Can rriority service be rrovided wher recessarw? What
will harren to the other aircraft in this situstion?

S. What harrens in the evert of a computer outade or 8 unwaw closure?
What emrotocol will be established for the aircraft to follow? How
should the svstem restart iteelf once the ~srobiem has been resolved?
6. What ainimum instrumentation should be rewuired before an aircraft
is rermitted to enter a high densitw termiral area? How will the
svsten mix the lesser eauirred aircraft with those that are more

advanced and sorhisticated? Are anw srecial errocedures reouired?
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