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TO VISUALIZATION AND VALIDATION OF AIRPORT SIMULATIONS

Everett S. Joline

R. Dixon Speas Associates,Inc.
47 Hillside Ave.
Manhasset, N.Y. 11030

Abstract

An airport simulation system has been developed for general
use in evaluating and comparing design and operational alter-
natives of airport master plans.

A key feature of this system is the capability for producing
computer-drawn motion pictures of simulated airport operations.

Experience to date has shown that these films are very ef-
fective for detecting flaws in the model, and of instilling
user confidence in the model and the meaning of the statis-

tical results.

INTRODUCTION

The recent increase in concern over the
environmental effects of airports has
had a serious impact on the plans of
many of our major cities to construct
new airports that are needed to satisfy
the increasing demand for air travel.

These restrictions have caused a greater
emphasis on increasing the capacity and
efficiency of our present airports and
assuring that master plans for airport
expansions minimize detrimental environ-
mental effects while using the available
land resources most effectively.

Simulation of-airport surface and air-
space traffic appears to be an ideal tool
for development and evaluation of these
master plans. Simulations can be used

to determine the capacity of the airport,
to assess the operation costs to the air
carriers and to discover potential prob-
lem areas in airport operation. Opti-
mum operating techniques can be developed
for the airport, and cost/benefit anal-
yses can be performed to determine the
need for air and ground control auto-
mation equipment.

A factor that appears to have limited
the effectiveness of simulation for
airport planning applications, however,
is insufficient user confidence in the
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validity and meaning of the results. As
the selection of airport design alter-
natives typically involves many millions
of dollars, the airport planning team
must justify their selections to each
other and to higher authorities in terms
that can be readily understood by all.

Figure 1 illustrates the communication
process associated with the simulation
of an airport. The initial problem
statement and final decision are gen-

" erally made by administrative, financial,

and politically oriented individuals or
groups representing airport and city
management. The detailed airport plan-
ning is performed by professional air-
port planners who have an in-depth knowl-
edge of airport operations but may not be
familiar with computers and mathematical
models. Likewise, the simulation ana-
lyst may not be an expert in airport
operations.

A communication problem may therefore

exist between the airport planners and
management on one hand and simulation

analysts on the other.

Airport planners and, in fact, most
engineers are, in general, not suffi-
ciently familiar with mathematical
modelling techniques to make an assess-


http://crossmark.crossref.org/dialog/?doi=10.1145%2F800294.811453&domain=pdf&date_stamp=1971-01-01

VISUALIZATION -
OF RESULTS PICTURE

MANAGEMENT

FIGURE |

AIRPORT SIMULATION COMMUNICATION PROCESS

PROBLEM
STATEMENT

AIRPORT

CONCLUSIONS /

/ OPERATIONAL
VALIDATION

/

MOTION

AIRPORT
PLANNERS

STATISTICAL
RESULTS

AIRPORT
DESIGN

OPERATING
RULES

PROGRAMMERS

/DEBUG

SIMULATION
ANALYSTS &

FIGURE 2

AIRPORT
SIMULATION

ASM-2 SIMULATION SYSTEM

__—

AIRPORT AND AIRLINE
OPERATIONAL
STATISTICS

AIRLINE
SCHEDULE SCHEDULE
PARAMETERS
o scHEDULE
-0~ | GENERATOR ASM-2
| I MODEL
RANDOM ARRIVALS
SPECIAL
ROUTINES
AIRPORT
GEOMETRY
PLOTTING AIRPORT
PROGRAM l-e» GEOMETRY
PLOT

305

GRAPHICS
PROGRAM

COMPUTER
GENERATED
MOTION
PICTURES



ment of model validity from inspection
of flow diagrams and mathematical equa-
tions. Better methods are therefore
needed to validate airport simulations
and to demonstrate the validity to those
involved in making or approving the air-
port design and master plan.

This paper discusses the use of computer
drawn motion pictures as a vehicle for
facilitating communication in the air-
port planning processes. These films
improve visibility of model operations

so that the airport analyst is able to
determine if the model does indeed rea-
sonably approximate the way in which a
real airport would operate. In addition,
he can use the films to demonstrate to
management the advantages of one airport
configuration over another in a common
language. We believe this motion picture
plotting capability developed in con-
junction with the ASM-2 airport simula-
tion model represents a significant con-
tribution to the solution of these vali-
dation and demonstration problems.

The ASM-2 model simulates the airport
surface traffic from terminal gates to
runway and the airspace in the vicinity
of the airport. It is intended for use
in investigation of runway, taxiway and
terminal design and the operational
aspects of the airspace and airport for
both present and future years.

DESCRIPTION OF
ASM-2 STIMULATION

THE
SYSTEM

A block diagram of the ASM-2 simulation
system is shown in Figure 2. 1In addi-
tion to the airport model itself, the
system comprises a schedule generator,
a plotting program, and a graphics pro-
gram for generating the motion picture
films.

Inputs to the program are the schedule
generation parameters, the airport geom-
etry description, airline gate assign-
ments and any special operating rules
required for the particular airport.
Aircraft can be generated at random
intervals on a steady state basis di-
rectly from the schedule parameters or
an airline schedule can be generated and
saved for repeated use. The generated
schedule is produced in accordance with
the assigned market share and fleet mix,
percent flight continuation (e.g. over-
night, through, turnaround) of each air-
line, and the airport demand level for
the particular year being simulated.

The airport geometry input includes the
X and Y coordinates of each runway and
taxiway intersection and each terminal
gate. Each intersection and connecting
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for identi-
simulation
indicate any

taxiway segment is numbered
fication. For a particular
run it is also necessary to
desired taxiway directional constraints.
Apron and parking areas not bound by
single file rules are also identified.

Experience has shown that occasional
errors will occur in this type of input
data and that it is quite difficult to
detect these errors by proofreading
because of the large quantity of data
necessary when many different configu-
rations are being simulated. A plotting
program is used, therefore, to play back
the data in graphical form for proof-
reading before simulation is attempted.
A typical plot is shown in Figure 3.

In this plot squares indicate gate posi-
tion, while circles indicate inter-
sections or points at which aircraft
leave the taxiway to enter the apron
areas leading to a particular gate. Apron
areas used for parking or passing in
which single file rules do not apply are
enclosed in dash lines labeled with the
letter '"A'. Runways are denoted by the
letter 'R'. Other taxiway segments have
one direction or bidirectional arrows
indicating any flow constraints that
have been imposed for the particular
direction of airport operation.

SELECTION OF REAL WORLD FEATURES
AND LEVEL OF DETAIL

The determination of which airport fea-
tures and parameters must be explicitly
represented and validated in the simu-
lation depends on the use to be made of
the simulation. A simulation that is to
be used to investigate gate use, for
instance, might be quite insensitive to
accuracy of approach sequencing and
spacing features. Since the ASM-2 model
was designed for general multi-use ap-
plications it includes all important
aspects of the airport involving air-
craft operations (gates, taxiways, run-
ways and terminal.airspace) and is sen-
sitive to all airport design and oper-
ation features and parameters that can
cause aircraft delays if improperly
designed or overloaded.

Use of the model for investigation of
airport operations 1s perhaps more
important for future years than for
current years since current year oper-
ations can often be observed directly.
It is important therefore that the model
be sensitive to those parameters that may
change substantially in future years and
the validation procedures be conducted
on submodels to assure that conditions
not observable at current airports are
adequately represented.



ol ¥
L
g
;
Ll n
ae
JU Bt B Yo% B B e
Wv P 73] %ot !
7 o % o1 Y
/ Y %a a1 o
mn_ o ot So1 S
A e %er L o
;__ = /% Lot %o: 3.
5 - %ot ot -Ps
—~ - J
v.ﬁv 23 97 S
| E
T 2 .v. |||||||||||||
n.v a.v
3 5§ *¢
8o
_st . :
----- azzzzzsogIInoooooTe-

1NdNI AYLINO03I9 LYOJHIV Q300D

€ *OId

307



The ultimate master plan configuration
for an airport may evolve over a period
of 30 years. During this time the air-
craft mix may change appreciably with
higher percentages of wide body jets and
the introduction of STOL or VTOL for
short haul travel. The model therefore
must be shown to be sensitive to the
effects of this mix variation. As cur-
rent airports cannot usually be observed
operating with these future mixes, vali-
dation of approach separations, for
instance, must be performed on pairs of
aircraft types in an arrival stream
rather than an average taken over the
total population of arriving aircraft,

For purposes of discussing the features
that must be included, the ASM-2 model
can be subdivided into 6 submodels:

.. The approach sequencing and spacing
model accepts aircraft an hour before
Tanding and simulates progress via
the feeder fix and approach path to
the landing threshold.

The landing model picks up the air-
craft at the threshold and simulates
the deceleration, exit selection,
and turn-off processes.

.. The taxi flow and management model
includes route selection algorithms,
intersection priority rules, taxi
speed regulation,segment capacity
constraints, and special routines
for management of flow over bidi-
rectional taxiway segments.

The runway management model provides
for the assignment of arriving and
departing aircraft to the appropriate
runways, the designation of runway
operational mode (e.g., landing only,
takeoff only or mixed) and the se-
quencing of operations on dependent
(e.g., crossing or close parallel)
runways.

.. The takeoff and departure model simu-
lates advancement of the aircraft
to the runway, and takeoff and de-
parture from the airport including
consideration of airspace constraints
along the departure route.

.. The gate and parking management model

includes assignment of ailrcraft to
gates and provisions for holding of
aircraft when gates of a particular
airline are full.

In order to determine features to be
included in the model and requirements
for validation, a rough sensitivity
analysis was made for each of the 6
submodels with respect to the following

5 potential applications areas:
- comparison of terminal configurations
- comparison of taxiway configurations
- comparison of runway configurations

- comparison of ground control alter-
natives

- comparison of approach control alter-
natives

A rough estimate was also made of the
greatest effect each model feature or
parameter could have on the overall
estimate of airport capacity.

Table 1 shows some of the more important
parameters for each of the 6 submodels.

A basic validation parameter as shown in
the table has been selected for each
submodel as the variable that seems to
be most meaningful in relating submodel
performance to the model as a whole. 1In
some cases the sensitive parameters can
be related to the basic validation par-
ameter in a quantitative way (designated
by Q) while other cases of a discrete

or logical nature, perhaps involving
human decisions or historical practice,
are more ideally validated by having ex-
perienced controllers and pilots view
the operation to see if it conforms to
reasonable (though generally unwritten)
operating procedures. This type of
validation procedure is designated by
'V' for 'visual'. As over half of the
sensitive model features are capable of
visual validation, the application of
computer~-drawn films to display model
operation for this purpose is apparent.

DEPTH OF SIMULATION

In representing the real world the depth
of simulation and use of empirical versus
physical models is an important tradeoff.
The design of the approach spacing and
runway turnoff selection models illus-
trate the considerations involved.

The spacing between successive arrivals
at the runway threshold or the selection
of runway turnoff, for instance, could
be modeled quite simply by collecting
empirical data at one or more airports,
developing a statistical distribution
function, and basing the spacing or exit
selection on a random variable having
the prescribed distribution function.
This technique, however, is not sensitive
to:

. Alircraft Mix
Approach geometry variations
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. Physical aircraft characteristics
. ATC regulations and practice

When only near-future investigations are
to be conducted and when it is possible

to calibrate the simulation against the
present operation of the subject airport,
this approach might seem reasonable.

Even in these circumstances, however,
important relationships affecting airside-
efficiency, such as the correlation of
aircraft type and runway turnoff, may be
missing.

The other extreme in the modelling of
these operations is to use a purely
deterministic model based strictly on
aircraft physical parameters such as the
manufacturers' recommended approach
speeds and maximum runway decelerations,
and on ATC regulations such as minimum
spacing on final approach. This approach
would be sensitive to the parameters
described above but would not recognize
the differences that exist between reg-
ulations and actual practice which result
from the randomness in human motivation
and behavior. Also, in certain cases
regulations are not sufficiently specific,
and the model must rely heavily on empir-
ical data describing current operational
practice.

The ASM-2 model employs a combination of
these statistical and deterministic sub-
models so that the important parameters
are explicitly represented, with empir-
ical data used to establish the random
variations with respect to the deter-~
ministically derived norm.

DATA GATHERING

Radar_photography has been used exten-
sively to gather data for calibration of
the ASM-2 model. Airport Surveillance
Radar (ASR) and Airport Surface Detec-
tion Radar (ASDE) are photographed using
a motion picture camera synchronized to
expose one frame per radar sweep. These
films can be played back at faster-than-
real-time speeds to obtain speed and
spacing information for aircraft in the
terminal airspace and on the surface of
the airport. Aircraft type identification
is added from manual observation, and the
data are processed using various sorting
and statistical routines to develop data
such as the following for use in model
calibration:

Distribution of approach spacing over
outer marker and runway threshold by
pairs of aircraft type.

. Distribution of average speed on final
approach by aircraft type.
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. Distribution of over-threshold speed
by aircraft type.

. Distribution of average runway
deceleration by aircraft type.

When new regulations are introduced by
the FAA such as the recent wake turbu-
lence regulations on the spacing of
lighter aircraft with respect to heavy
jets, it is necessary to obtain new data
to determine the revisions required in
the model. Because of the importance

of the heavy jet regulations with respect
to future airport capacity, additional
ASR radar data were obtained recently at
Chicago's O'Hare Airport. This airport
was selected because of its high activ-
ity level, extensive heavy jet traffic,
and availability of ASDE radar.

The ASDE data obtained at O'Hare were of
great value in modelling the deceleration
and runway turnoff process. ASDE radar
provides aircraft position each second
during runway deceleration. These data
can be used to derive the velocity and
acceleration profiles of aircraft and

the distribution of turn-off speeds used
with angled and right-angle runway exits.

For modelling of flow in the taxiway
system it was considered desirable not

to require entry of explicit aircraft
routing as an input to the model as it is
a rather burdensome task to work out the
best routes from each runway exit to each
terminal gate. Furthermore, this ap-
proach does not lend itself to extension
to adaptive routing when required. A
shortest route algorithm was included in
the model to allow an aircraft to find
its way from any intersection to any
other intersection or gate position via
the shortest route consistent with di-
rectional constraints placed on taxiway
use.

To allow for specification of warious
directional constraints, the taxiway
segments connecting the intersections
(nodes) are assigned one of the follow-
ing designations:

+ Single file positive direction
- Single file negative direction

B Single file either direction

D Dual lane, one positive and
one negative direction

A Apron or wide segment allowing
passing.

Each of the above except the 'A' type
connects two nodes while the 'A' type
connects two or more nodes. Directional
constraints are normally assigned as a



function of the airport operational con-
figuration which in turn varies with
wind direction and demand level. 1In the
computation of the shortest route only
legal directions are employed. Sequences
(or trees) or bi-directional segments
present special problems in logic design
to assure efficient use of these segments
without allowing blocking conditions to
develop for the taxiing aircraft.

TYPICAL APPLICATION OF MODEL

The importance of some of the model's
design features can be illustrated by
considering an application.

A typical application of the simulation
was a master plan study for the expan-
sion of Sky Harbor International Airport
in Phoenix, Arizona.

In the preliminary airport master plan-
ning stages the city's planning group
developed three alternative terminal
configurations and a three-phased plan
for expansion from the present to the
final master plan level. The ASM-2
simulation was then used to develop a
time-table for the phased improvements
to provide the runway and terminal ca-
pacity required to meet the anticipated
demand growth and to evaluate, with
respect to airside operations, the
relative efficiency of the three pro-
posed concepts.

The first stage of development for the
three terminal concepts is shown in
Figure 4. Airport design and opera-
tional features that differ among the
concepts and were evaluated by simula-
tion included:

Need for single or dual taxiway ad-
jacent to the north runway

Number of north/south cross taxiways
required

. Bi-direction or dedicated direction
of cross taxiway use

. Split of north and south facing gates,
or south, east, and west facing gates.

The runway assignment logic was deter-
mined to be a sensitive parameter in
determining delays as it influences taxi
distance, use of cross taxiways and
relative allocation of delay between the
north and south runways. Since the
north runway was not designed to accom-
modate heavy jets, all heavy jet oper-
ations were constrained to the south
runway. Because of this, airlines oper-
ating large aircraft were assigned to
southerly gates with air taxis, local
airlines and general aviation located
near the north runway. When arriving
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and departing, an aircraft was assigned
to the runway most convenient to its
gate position unless the queue length
differential was greater than three, in
which case it would use the runway with
the shorter queue.

Simulation runs were conducted for a
matrix of 12 configurations in all; each
of the three basic terminal configura-
tions sized for four future time periods
(1983, 1990, 2000, and 2015).

A schedule of arrivals and departures

was prepared for each of the above design
years by means of a schedule generation
program. The schedule duplicated the
forecasted total demand and hourly pro-
file while preserving the forecasted
market share, the characteristic fleet
mix, and ratio of overnight, through,

and turnaround flights for each airline.
The statistics developed for each con-
figuration included utilization and
delays at nodes, segments, terminal
gates, runways, and runway turnoffs by
hour of the day and by airline. Numbers
of taxi miles, taxi stops, and total cost
of delays were also computed.

Figure 4 shows typical figures for taxi-
way utilizations and delays for the first
phase of development. Delays (indicated
by numbers in circles) are shown to
develop on the westerly cross taxiway
where aircraft from two terminals enter
the taxiway in the same area.

A profile of runway delays for the north
runway (8L) and south runways (8R) is
shown in Figure 5 while Table 2 sum-
marizes the total taxi and gate delays
for the three concepts.

The computer-drawn motion picture pro-
duced in conjunction with the simulation .
proved to be very useful in confirming
the validity of the simulation and al-
lowing the city officials to visualize
the operational alternatives being con-
sidered. A film was produced for the
peak hour from 8 to 9 a.m. for five of
the most important simulation runs. A
few frames are shown in Figure 6.

IMPLEMENTATION OF THE MODEL

The ASM-2 simulation system has been
implemented on the IBM 360 series com-
puters. Runs have been made on 360-85,
360-75, and 360-65/67 to date. Core
requirements vary from 300k to 450k bytes
depending on the size and activity of the
airport. Running time is less than 1
minute per day of simulation on the 360-
85 for the simulation itself.

The simulation and schedule generator are



FIG, 4
RECORD OF TRAFFIC FLOW AND DELAY

CONCEPT B
. L 1 )
e )0 \QV/\C/SQW/ o [:_“_:] \
,Qh_”iii'::]%:j?}jt_“:‘fv_.‘ - ‘é - = : -’L - —’"-‘ ==~

{
|
[0
OPERATIONS LEGEND
AR CARRIER T84 ! 4 WUMBER OF ARCRAFT LEMG TAXPMKY
GENERAL AVIATION 396 @ DELAT W MITES
neo

1

o ] Gz N s 0 G R ] R

o OC T

CONCEPT C

e ————

200 i) tn
G NN S ~ 7= N 7/ | S )

|

|
|
| |
S el L IC Lm_k —

zzzz ANDneS

EL . 5__7?‘:7 e

CONCEPT B-C

Ci]i —\@{7 230y ] ] n

—
=

i F{“

A G A N 225 i Y, B

T80 TREOF

i | ) 1 )

312



*Topou Teor3zAreue ayjz zod Xerep obexsar ajnuTw y buronpoad puewag 93e3S ApealSy

Ava 40 ¥NOH Ava 40 ¥NOH

22 02 8l L bl 2l [o]] 8 9 22 02 8l 9l bl 2l ol 8 9
1 I 1 1 ) 1

r T I 1 T T 1

~

d¥IO0Hd * os

Q
”©

HNOH ¥3d SNOILVH3dJO
S

HNOH ¥3d SNOILvY3dO

dVJIOHd *

Ava 40 ¥NOH Ava JO ¥NOH
2202 8 9 vl 2 O 8 9 22 02 8 9 H 2 o0 8 9

48 AVMNNY 78 AVMNNY

‘NIN-AV130 39VH3IAY
‘NIN -AV130 39VH3IANY

8 Ld3ONOD — AV )V3d V NO ¥YNOH A9 AV13Q IDVHIAV
S *VId

313






TABLE 2

RESULTS FROM SIMULATING
PEAK DAY OPERATION
WITH FIRST STAGE TERMINAL DEVELOPMENT

MINUTES OF DELAY

Delay Taxi Miles No. Aircraft Using

Concept Taxi Gate Cost($) Stops Taxied Crossover Taxiways
B 73 984 21,242 930 952 109
C 71 1087 17,087 860 900 294
BC 96 927 20,233 933 910 93

written in SIMSCRIPT II Plus while the
plotting and motion picture graphics
routines are written in FORTRAN IV.

Choice of simulation language was guided
by the desire to allow modelling to be
performed directly in a high level lan-
guage by analysts with a minimum of sup-
port from the programming staff in order
to minimize the associated communication
problems. SIMSCRIPT with its special
simulation implementation and debug fea-
tures was therefore chosen over FORTRAN.

Also, the general purpose format of
SIMSCRIPT appeared to be preferable to
the more structured form of GPSS since
the model contains many special purpose
routines for report generation, data
input, routing of aircraft and gener-
ation of graphics output in addition to
the queuing model type routines.

With SIMSCRIPT, additional capabilities
can be added to the model as it is used
and improved over the years without re-
design or even recompilation of the basic
program,

The motion picture plotting routines
compute the position of each aircraft
once each second and plot the correspon-
ding aircraft figures on the face of a
cathode ray tube. The cathode ray tube
is photographed and the resultant high
density black and white negative is op-
tically combined with a color negative
of the airport plan view to produce the
final film. When projected at 16 frames
per second, an hour of ainport operation
can be shown in about four minutes.

COMPARISON WiIH ANALYTICAL MODELS

A considerable amount of work has been
done on the formulation of analytical
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models for computing runway capacity

and delay. The steady state formulation
of the process for relatively simple
queue disciplines employs closed form
results based on queuing theory (1) (2)
while the analytical models that accom=-
modate time varying demand are generally
formulated as Markov processes requiring
solution of sets of differential state
transition equations(3). While these
analytical techniques are considerably
more efficient than simulation with
respect to computer time for idealized
configurations of runways, they do not
treat the taxiway system and terminal
gates that, along with the runways,
comprise the total airport. Also it may
be quite difficult to incorporate seem-
ingly minor operational changes in air-
port operation without completely re-
vising the model. The direct correspon-
dence between the simulation model and
the real world, on the other hand,
facilitates changes and modifications in
the model without the need for major
surgery.

It would appear therefore that both
techniques will continue to be used:
analytical techniques for capacity
estimates of runway configuration, and
simulation for detailed design of the
total airport layout and operation.

A check of the simulation results ob-
tained for the year 1983 simulation of
the Phoenix Sky Harbor International
Airport using the steady state model of
reference 1 resulted in a practical
hourly capacity (PHOCAP) of 60 operations
per hour for the north runway and 48
operations per hour for the south runway,
under the assumption that the north run-
way handles both general aviation and

the smaller air carrier,while the south
runway handles only air carrier including



all heavy jets. Although it is somewhat
difficult to compare steady state with
time varying results these capacity
ratings which are based on a four minute
average delay appear quite reasonable
when compared with the simulation re-
sults in Figure 5.

CONCLUSION

The use of computer-drawn motion pic-
tures has proven to be a useful tool for
visualization and validation of airport
simulations. It would appear that this
technique would also be of value for
simulations in other areas such as
studies of other types of transportation
systems, production lines, and other
processes where it is necessary to work
closely with experts in the subject
technology and to communicate with them
in a common language.
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