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INTRODUCTION

This report is a brief description of the main aspects of a cqmputer simulation
model designed to mimic air/ground communications in an air traffic control
(ATC) sector. The model was developed through a joint effort of the National
Aviation Facilities Experimental Center (NAFEC) and Princeton University to
apply fast time simulation techniques and methods of time series analysis to
ATC problems (references 1 to 4). The model has been validated with field

data obtained in 1969 from the New York Control Area and additional informa-
tion collected from the Houston Control Area in 1971. The model is presently
available in a software package adapted for use in computer facilities at
NAFEC. It can be used to simulate the following nine sector functions:

HI = High-altitude enroute (radar controllers)

LE = Low-altitude enroute (radar controllers)

LT = Low-altitude transitional (radar controllers)

GN = Ground control (tower controllers)

LC = Local control (tower controllers)

LG = Local ground control (tower controllers)

DP = Radar departure control (IFR (instrument flight rules) Room radar
controllers)

AD = Radar arrival/departure control (IFR Room radar controllers)

AR = Radar arrival control (IFR Room radar controllers)

In the following paragraphs, we describe the structure of the model, input
variables, output variables, and some possible applications. More detailed
descriptions can be found in references 2 and 3.

DISCUSSION

STRUCTURE OF COMMUNICATIONS.

Before proceeding to a discussion of the model, some formulation of the
structure of air/ground communications is in order. An air/ground conversa-
tion normally consists of several transmissions (TR's) alternately initiated
by pilot and controller. In keeping with earlier work, a whole conversation
is referred to as a communication transaction (CT), so that a CT consists of
one or more TR's. The reader is advised to eep the distinction between TR's
and CT's in mind.

Obviously, while an aircraft is in sector, there are several CT's between con-
troller and pilot as shown in figure 1. From the standpoint of communications,
we adopt the attitude that an aircraft arrives at a sector with the beginning
of the first CT with the ground and leaves the sector at the end of the final
CT. Between these points in time, the communication between a single aircraft
and ground usually consists of several CT's and gaps between CT's. We refer to
these gaps as intercommunication gaps. Referring to figure 1, it is apparent
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that the number of intercommunication gaps is one less than the number of CT's,
so that specification of either automatically determines the other.

Figure 1 is essentially a picture of air/ground communigcations from the point
of view of a pilot. Since there are usually many aircraft in sector simulta-
neously, the communications picture from the point of view of the controller
is just a superposition of several diagrams like that of figure 1. This is
demonstrated in figure 2 for the case where the maximum number of aircraft in
sector between time 1 and 2 is two. Obviously, the gaps between CT's from the
viewpoint of the controller are normally shorter than those experienced by the
pilot of a single aircraft. In order to distinguish the former from the latter,
we refer to the gaps experienced by the controller as intertransaction gaps.
Thus, the pilot experiences intercommunication gaps, and the controller
experiences intertransaction gaps.

STRUCTURE OF THE PROGRAM.

The simulation model exists as a computer program written in the GPSS V and
FORTRAN IV languages. It is designed to mimic second-by-second behavior of
sector air/ground communications over periods of time in the order of hours.

A flow chart of the model is displayed in figure 3. As indicated by the blocks
of the chart, the model performs nine basic operations. These are described
below.

Aircraft arrivals (block 1) at the sector under investigation correspond to a
sample function from a Poisson process. Stated another way, interarrival
times are modeled as independent exponential variates with a common average
(AMEAN) expressed in seconds. AMEAN is an input variable that specifies the
average rate, in this case, 1/AMEAN aircraft per second, with which aircraft
enter the sector.

When an aircraft arrives at the sector, it is assigned a number of CT's
(block 2) by means of a random sample drawn from a negative binomial distribu-
tion with shifted origin and parameters P and K, i.e.,

K+r-2 PK@-p)r-1; r=1,2,3,....
K-1

For example, P and K might be estimated by the method of moments from histori-
cal data collected from a sector or group of sectors of the type being studied.
In addition to the number of CT's, an incoming aircraft is assigned a mean
intercommunication gap length (MGAP) (block 3). The natural logarithm of

MGAP is generated from a normal distribution. The mean (XM) of this distri-
bution is given by,

XM = Al + A2XN

where N is the number of gaps, one less than the number of CT's, and Al and A2
are regression coefficients determined from historical records of mean gap
length and number of gaps obtained for many aircraft passing through sectors
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of the type being studied. The standard deviation (SD) is determined from the
relationship,

CU-XM
2.5758 if A2 >0
SD =
XM-CL
2.5758 if A2 < 0

where CU and CL are upper and lower bounds, respectively, of the logarithm of
recorded mean gap lengths. These formulas are the result of examinations of
historical records that indicate the existence of patterns in the data of the
type shown in figures 4 and 5. The constant 2.5758 was chosen to insure that
99 percent of the probability mass of the normal distribution used to generate
the logarithm of the mean gap length lies between 2 XM - CU and CU in the case
where A2 >0, and between CL and 2 XM - CL when A2 <0. In either case, whenever
sampling from this distribution results in a negative number, the mean gap
length is arbitararily set equal to 1 second.

The first CT assigned to an aircraft commences as the aircraft enters the sec-
tor provided that the channel (block 6) is available, i.e., a conversation
between another aircraft and ground is not taking place. Otherwise, the CT
enters a queue (block 5) on a first-come, first-serve basis. As each CT is
completed, the model ascertains whether or not all assigned CT's have taken
place (block 7). If not, then an intercommunication gap length is randomly
selected from an exponential distribution with mean MGAP seconds (block 8).

If it is determined that the CT just completed is indeed the last of the
assigned CT's, then the aircraft leaves the sector (block 9). At any rate,
the end time of the most recently completed CT and the length of the sub-
sequent intercommunication gap determines the start time of the next CT. Of
course, in the event that the channel is busy when the CT is scheduled to

take place, then the CT enters a queue and waits in turn for transmission ser-
vice. When the start time of a CT is established, the corresponding CT length
is determined in a two-step process (block 4). The first step of the process
is to establish the number of TR's involved in the CT. This is accomplished
by a random sample drawn from an empirical distribution based upon data col-
lected from one or more sectors of the type being investigated. Thereafter,
the length of each TR is obtained as a random sample drawn from a gamma dis-
tribution with parameters a and A, i.e.,

a-1 € -t/x 0 <t< =

Aal' (a)
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The parameter values are obtained from two master equations (i) and (i1).
These are,

(1) a - A =3.70 - 56.88/AMEAN (General)

=2.97 - 15.12/AMEAN (LC)

(i1) (oa-1)A =2.0 (General)
(o~} =17 (GN)
(a=-1.13)A=1.72 (DP)
(a-1.50n =1.0 (AD)

where, as already indicated, AMEAN is the mean aircraft interarrival time in
seconds. Thus, if the LC sector function is to be simulated, then appropriate
values for aqand )Aare obtained from the two equations,

a « A =2.97 - 15.12/AMEAN
(a -1) A =2.0

A listing of the program available at NAFEC is provided in the appendix.

This listing together with the description of the program structure presented
here is merely intended to provide the reader with some general idea of the
existing simulation capability. Further details including possible modifica-
tions, variations in the manner in which inputs can be supplied to the model,
justification of model formulation, etc., can be obtained from the cited
references.

INPUT VARIABLES.

As described, the model is characterized by 10 input variables, namely, AMEAN,
P, K, Al, A2, CU, CL, a, A, and an empirical distribution for the number of
TR's contained in one CT. AMEAN prescribes the mean interarrival time between
successive aircraft entering the sector, P and K determine the distribution
of the number of CT's, or equivalently, the number of intercommunication gaps,
experienced by an aircraft as it passes through the sector. The four param-
eters, Al, A2, CU, and CL, determine the distribution of gap length. Finally,
a, A, and the empirical distribution of the number of TR's in a CT specify

the distribution of CT length.

In an application of the model, all input parameters except AMEAN might be
assigned fixed values to represent a particular sector in some center such

as Houston or New York. Then several simulations could be performed cor-
responding to decreasing values of AMEAN to ascertain the effect of increasing
aircraft arrival rate on sector communications. By the same token, AMEAN
could be held constant and the effect of some other input parameter on sector
communications observed.




RESPONSE VARIABLES.

Three basic response variables are observed during each second of simulated
time. They are the sector aircraft loading (i.e., the number of aircraft that
have been handed off to the sector, but have not yet been handed off by the
sector), the state of the air/ground channel (i.e., busy or idle), and the
queuing state of each aircraft in the sector (i.e., in queue or otherwise).

An aircraft is defined to be in queue if either the controller or pilot desires
to converse with the other, but is prevented from doing so by virtue of the
fact that a conversation is presently taking place between another aircraft
and ground. Thus, insofar as the computer simulation is concerned, the third
response variable measures the lag between the instant that the first TR of a
CT is scheduled to occupy the channel and the time that it is actually carried
by the channel. In this sense, the queuing state of the channel represeats
delay in the transfer of information between air and ground.

The next few paragraphs discuss each basic response variable in greater detail
in the context of a specific simulation run. Values selected for input para-
meters in this example are as follows:

AMEAN=86 seconds P=0.495 K=3.88
Al=4.336 A2=0.032 CU=6.0
CL=3.1

The example experiment was designed to simulate New York LC sector 510. As a
result, a and X were determined from the second of master equations (i) and the
first of master equations (ii). Moreover, the empirical distribution of the
number of TR's in a CT was determined from historical records obtained from
sector 510, The simulation was allowed to run for 1 hour of simulated time
prior to the accummulation of any data in order to dissipate the influence

of transient phenomena generated by boundary conditions that exist at the
beginning of the experiment. Thereafter, data were gathered for 2 hours of
simulated time. Consequently, results obtained for the 2-hour observation
period can be viewed as representative of sample functions drawn from station-
ary random phenomena. Of course, in the event that a transient effect persists
or that values assigned to input parameters result in an explosive situation,
then the underlying stochastic processes are far from stationary. However,
such circumstances are usually reflected by very definite trends in the time
series generated by one or more of the basic response variables during the
2~hour observation period.

CHANNEL UTILIZATION AND AIRCRAFT LOADING.

From observation of the first response variable, it is possible to compute the
number of aircraft in sector per second averaged over each minute of simulated
time. The average over the t th minute of simulated time is represented by
ng, and there are 120 such averages; namely, nj through njjq. These are
illustrated for LC sector 510 in figure 6. The number of aircraft in sector
averaged over / hours of simulated time 1s just the arithmetic mean of

n] through njzg. For example, the 2-hour average corresponding to figure 6
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is 5.983 aircraft per second, and this is listed in table 1 along with the
maximum number of aircraft in sector during any second of simulated time and
the total number of aircraft handled by the sector during the 2-hour sample
period. Along the same lines, second-by-second observations of the channel
state, busy or idle, can be used to determine the fraction of the 2-hour sample
period during which the channel is busy as well as the fraction of the t th
minute of simulated time during which the channel is utilized. The latter
fraction is denoted by c¢ and is called the channel utilization; the former is
called the average channel utilization. The 120 values of channel utilization
are shown in figure 7. The average channel utilization is displayed in table 1
together with the total number of air/ground CT's generated during the 2-hour
period, and the average length of these CT's.

COMMUNICATIONS DELAY.

We now turn to the last of the three basic response variables; namely, the
aircraft queuing state. As an aircraft enters the sector, the simulation
software assigns the number of CT's that are to take place while the aircraft

is subject to sector control and the start time of the initial CT. Thereafter,
upon completion of a CT, the software schedules the start time of the next

CT, if any. In the event that two or more CT's vie for simultaneous use of

the channel, a queue of CT's is established. As a result, the scheduled start
time of a CT and the actual start time need not coincide. As already indicated,
an aircraft is considered to be in queue whenever a scheduled CT between that
aircraft and ground is in queue. Thus, second-by-second observations of the
aircraft queuing state can be used to compute the delay between the instant

that the CT would take place in the presence of an unlimited number of channels
and the time that the air/ground channel does in fact become available. Obviously,
the delay is dependent upon the queue discipline incorporated in the simulation
software. In the case of the example used in this report, the first-in, first-
out discipline was used, and the corresponding time that a CT waited for the
channel was averaged over all CT's generated during the simulation run as well
as over only those CT's that experienced some delay. These average figures are
recorded in table 1 together with the total number of CT's generated and the
number of those that did not encounter any delay. In addition to waiting times,
second-by-second observations of the queuing state can be used to derive the
number of CT's waiting for the channel averaged over the t th minute of sisula-
ted time and the entire sample period of 2 hours. The 120-minute averagc: are
plotted in figure 8, and the 2-hour average is provided in table 1 along with
the maximum number of CT's in queue in any second. Thus, the average level of
the graph in figure 8 is .426, and the maximum of the queue lengths observed
during successive seconds of simulated time is 6.

APPLICATIONS OF THE MODEL.

The model has been used to evaluate the effect of a proposed FCC regulation on
air traffic control air/ground communications (references 4 and 5). The
regulation required transmitter identification in the form of coded tone bursts
at the beginning and end of pilot initiated TR's from privately owned aircraft.
The duration of each tone was anticipated to be between a few tenths of a second
and 1.5 seconds. This, of course, is equivalent to increasing the length of

10
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pilot-initiated TR's. These increases were incorpororated into the model. In
particular, simulation experiments were conducted for tone burst lengths of

0, 0.5, 1.0, and 1.5 seconds and the effect upon the basic response variables
was observed.

In another application, the model was used to determine the effect of aircraft
arrival rate on sector communications (reference 4). Obviously, as the rate
increases, the intensity of communications traffic and the number and length

of communication delays will eventually become intolerable. This is reflected
by the model in terms of the channel utilization and the aircraft queuing state.
The problem is to ascertain that rate or range of rates beyond which adequate
air traffic control service cannot be maintained because of demands placed

upon the communication system. In this sense, sector capacity in terms of
aircraft urrival rates can be established and compared with rates expected in
future years on the basis of air traffic forecasts.

Other applications of the model can be found in reference 4. It suffices to
say here that the ATC communication model is a highly versatile analytical
tool. In its present form, the model can be used to evaluate the effect of
changes in any of the input variables on sector communications. Moreover, by
using historical records obtained from operating sectors, the model may be
adapted to situations not covered by its present software realization. For
example, the model does not presently distinguish between pilot and ground
initiated TR's. However, as in the case of the tone burst study, it is possible
to determine from historical records (e.g. see reference 1) the proportion of
TR's initiated by the pilot. Thereafter, it is a relatively simple matter to
modify existing software so that the model does distinguish between pilot and
ground-initiated TR's.

CONCLUSTIONS

An ATC communications simulation model has been realized in the form of com-
puter software. It is a versatile analytic tool for studying second-by-second
behavior of air/ground voice communications in a specific control sector, say
New York LC sector 510, or a class of control sectors, say a typical HI sector
in the Houston Air Route Traffic Control Center. Input parameters include air-
craft arrival rate and distributions of TR lengths, number of CT's per aircraft,
and number of TR's per CT. The principal outputs include second-by-second
observations of the number of aircraft in sector, channel utilization (busy or
idle), and aircraft queuing state (waiting for an already occupied channel or
otherwise.) The model is presently available as usable software in computer
facilities at NAFEC.
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APPENDIX

PROGRAM LISTING

[ T NN R R MRy S TR |




T RFELCOCATFE CNMG30N00,HMS, 12

MR L 2 R e iR R FUNCTINN S o XM Nk ek g Ak X oo o vl o e o ol o e ok R X X R

TRCT FUNCTION RN1,D13 . . \
219541/ 4R5,2/.761 4,3/ JR53,4/,925,5/.95846/.978,7/.985,8
¢99149/.993,10/.996,411/.99R,12/1,13

PR e T STNRAGFS EEELAEREE NSRS ELLE SR RE R R AR SRR KL E X K
SCTR STNRAGF 150

(22 TR L R e T MATRICFS R e e s e e L
1 MATR X MH 60041 NAC IN SECTOR

2 MATRIX MH,120,1 ARRIVAL TIMES

3 MATR X MH 4,120,1 CT'S PER AJRCRAFT

& MATRI X MH,400,] TR'S PER CT

5 MATRI]X MH,1200,1 TR LENGTHS

6 MATRIX MH 400 41 CT LFNGIHS

“T MATRIX MH,400,1 INTERCOM, (AP LFNGTHS

8 MATRI]X MH,120,1 AC TIME IN SFECTOCR A

9 MATR [ X MH,120,1 DFPARTURE TIMFS

10 MATR(X MH, 60041 NAC IN CUEUF

11 MATP | X MH,&00,1 OUEUFING TIMES

12 MATRIX CHANNFL STATUS

FHEE R L Rk L Nk

LAMNA FVARTARLF
ALPHA FVARAPLF

SEEE R AT
INTT 1AL
INITIAL
INITIAL
INITIAL
INITIAL
INITIAL
INITIAL
INTTIAL
INMIT IAL
INITIAL
INITIAL
INTTIAL
INIT JAL
IMITIAL
IMITIAL
INITIAL
INIT IAL
IMITIAL
INTTIAL
INITIAL
INTTIAL
INITIAL
TNITIAL
INTTIAL

CINTTIAL
INITIAL

e p—

-~

MH,A0N0 , 1
EER R LR

1.0/(0.97=15,1

g ek s ek

XL $PNR] ,2 8RR
XL $PNR?,0,495
XL ¢PGAP] 44,336
XLS$PGAP? 40,037
XLAPN3T]L 0.0
XL$PNRTI2 40,0
XL SPGAM] 40,0
XL$PGOAM? 40,0
XL SAMFAN 4RA, 00
XH10,510

XF $ONF ,4RG49
XF&TWN 25701
XF ¢ THRFF ,R52 K]
XF$FNIR 452693
XFSFIVF,2529
XFESIX,1RA23
XF$SFVFNM,44035
XLEMGAP,0,0
XFEXYAC 0
XFETIMF,0
XFITRL,0O
XF$TGAP,O
XFENTR O
XF$IAT,0O
XFICOUMNT 40

XH1 410

VARTARLFS R
2/XL $AMEAN)

(1.0/XLIPGAMD+2 ,0)=XL $PGAM? k
R SAVFVALUES B g R T e T L

K FNR CT/AC

P FOR C1/4AC

Al FNR GAP LENGTHS

A? FOR GAP LFNGTHS
CAMPILING NNLY
COMPILING NNLY
CNOMPILING NNLY
CAMPILING NNLY

MEAN INTERARRIVAL TIMF
SECTNOR NUMRER

RANDOM NUMBER GENFRATNRS

MEAM GAP LENGTH

4 OF CTS PER AC

CT LENGIHS

TR LENGTHS

INTERCNNM, GAPS

# OF TR'S PFR (T
INTERARRIVAL TIMFS
SFCOND COUNTFR F(P MATR [X
MATRIX UNIT COAUNTER

JLJIl MAvAILAVLEL WU
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EE 2 B 2R R 2 2 Rl R

-

" W

INIT AL
INTTIAL
INITIAL
INTTIAL
INTTJAL
INTTIAL
INTTIAL
INITIAL
INTITIAL
INTTIAL
INTTIAL
INJTIAL
TNTTTAL
INTTIAL

SIMULATE

XH2,2?
XH2-XHG .0
MH1(1-600,1),0
MH2(1-120,1),0
MH2(1-120,1),0
ME4(1=-400,41),0
MHS(1=-1200,1),0
MHAE(1=400,41),C
MHT(1=40041),0
MHE(1=-120,1),0
MHG(1-120,41),0
MELIN(]1=600,41),0
MH]I1(1-400,1),0
MH12(1=-600,41),0

STAT NUTPUT UNIT CNIINTFR
MATRIX OUTPUIT COUNTFRS
INITIAL MATRICFS

SIMULATION T T T e T R

—

DFETERMINFE GAMMA PARAMFTFRS AT RFEGINNING NOF SIMULATINN

GFNFRATFE
SAVFVALIIF
SAVFVALUF
TFRMINATE

GFENFRATFE PNISSNN
GENFRATF
.GATF LR
LOGIC S
HEL PR
ANVANCE
LNGRIC R
MA RK

SAVFE ANN TARULATF TIMF OF ARRIVAL

ASS IGN
SAVFVALIIF
MSAVFVALLF
ENTFR

1991 425,0
PCAED JVSLAMDA 4 XL
PGAM] yVEALPHA, XL

ARRIVALS AT SPECIFIFD RATF

19991594PF,1PL
1
1

FXPOMAMEANSXL yTATIXF,SEVENSXF yANFEXFy TWOASXFy FIIREXF

XFS$JAT
1

3,AC1,PF

3441 ,XH
29XH3,1,C1 4MH
SCTR

MARK TIME NF ARRIVAL .

ARRIVAL COUNTFR
TABULATE ARRIVAL TIME
ENTER THE SECTMR

DFTERMINFE THF NIMRER NF CT FRNM A NEG, RIN, DSN, WITH SHIFTED NRIGIN
SIRNAR] ,PMR] $XL ¢PNR2EXL yXACSXF yONESXF 4 TWON&XF, THREES XF

HEL PR
SAVFVALIF

VMSAVEVALUF 3,XH3,] 4XF$XAC yMH

ASSIGN

GFNFRATFE MFAN (AP LFENGTH FNR EMTFRING

NF THE NUMRFR N
SAVFVALIIF
MEL PR
ASSIGN
TRANSFFR

XAC4+41,XF

1y XFSXAC 4PF

F C1S ASSIGNED,
XAC=414XF

TABULATE CTS PFR AJRCRAFT

AIRCRAFT, AS A FUNCTION

NUMBRER NF GAPS

GAPM,PCAP] $XL ¢PGAP; SXL ¢y XACSXF yMGAPSX L, TWNEXF, THREES XF

19 XL $MGAP,PL
»SCTS

SKIP GAP FNR FIRST CT i
BESE AVAILADLE LW 3

A-2




&

& ANDVANCFE JNTFRCOMMIMICATION GAP TIME, THEN FNTER NUIFUIF,
SEI7F CHANNEL WHEN AVAJLARLE.

¥

“

® v & oW

T

SGAP ADVANCF XF$TGAP WAIT TIL GAP CONMPLFTED
SCTS MARK 4PF MARK TIME IN OUFUF
OUFLIF SCTR
RATF LR v
. LNGIE S 2
SCTR SFIZE CNTRL SEI1ZF THE CHAMNEL
NEPART SCTR
TARUILATFE TIME TN OLFUF
SAVFVALIIF 94 ,] ¢ XM MIIMRER OF NIIFIIFING TIMFS
MSAVEVALUIF 11 4XHG,] MP4LPF (MH TARULATE TIMF IN OUFUF
GEMERATF CT LFNGRTH “
TR'S PRR CT FRNAM FMDJRICAL NISTRIRUTION ) g
TR LFNGTHS FRNM (CAMMA NSN,
SAVFEVALUF  TINF 0, XF
SAVFVALIIF NTRFNSTRCT,XF TR'S PER CT
SAVFVALIIF  &44,] 4XH COUNT OF CT'S
MSAVFVALIIF & 4XHb& 4] ¢ XFSNTR (MH TARUILATE TR*'S PFR CT
ASSIGN 2+ XFSNTR ,PF )
STRL HEL PR MSSCG4PRAMY SXL JPORAMOSXL ¢yNTREXFyTRLEXF (FIVFEXF,SIXS$XF
SAVFEFVALUF G441 ,YH COUNT OF TRt'S
MSAVFEVALIIF S ,XHS 41 JXFSTRL yMH TABULATE TR LFNGTHS
SAVFVALUF TIMF+,¥F$TRL 4XF ADD TR LENGTH TN €T LFNGTH
LPNp 2PF 4STRL LOOP FOR MNRF TR'S [N CT
MSAVEVALIIF 69XHG 4] ¢ XFST IMF (MH TARULATE CT LEMGTHS
HOLD CHANNEL FNR (FMATH NF CTy THEN FRFF CHANNEL .
ANVANC E XFSTIMF WAIT TIL CT COMPLFTFD
IMPNSF MANDATNRY GAP NF |1 SFCOMND REFNRF CHANNEL IS AVAILARLF,
SPLIT 1sTESTI
RFLFASF CNTRL FREF CHANNEL
ANVANCF 1 KEEP CHENNEL CLFAR FOR 1 SECOND
LNGIC R 2
TERMINATF
GFNERATF INTFRCOMMUINTICATINNS GAP FROM FXPON, DSN, GI1VEN MEAN
GAP { FNATH FNR THF ATRCRAFT,
GAPS MUST RF AT LFAST OMFE SFECOND AND NN MOARE THAN 700,
TEST]1 TEST NF PF],K1,SKIPR NN GAP [F NO CT'S RFEMAILIN
SAVFVALIIF  MGAP,PL T, XL RETRIFVE MmEAN GAP LFENGTH
TEST2 HFLPR FXPONGMGAPSXL ¢ TGAPSXF g THRFEFSXF o THNSXF yFNIIRS XF, FIVESXF
TFST LF XEETGAP 700, TFEST?2 IF DVFR 700, TRY AGAIN
TEST LF XFSTGAP,1 ,SAVFA IF LESS THAN 1, SFT TO 1
SAVFVALIF TGAP,1 4, YF
SAVF6 SAVFE\VALLUR 6441 o XH COUNT GAPS

MSAVEVALIF ToXFAy1 YFSTGIP MH TARULATE GAP LENGTHS




Lnne 1PF,SGAP LOOP TN MAKE MMRE CT'S

]

¢ TARULATF TIMFE N SECTNR IF AJRCRAFT FENTERED NDURING SAMPLF PFRIND

SKIPR TFST G PF3,3460N,SKIP)
CAVFVALLIF T44] o XH

FSAVEVALUF B XHT 41 4M] ¢MH

COUNT OF TIMFS TN SFCTNR

TABULATE TIMES IN SFCTOR

L

s TARJILATF NFPARTIRF TIMFS

SKIP] SAVOVALIF  B4,] ¢XH
VMSAVEVALUIF G XHR, 1 4,1 MH

COUNT NOF DFPARTIIRFS

TARIILATE DFPARTIRF TIME
E

* LFAVFE THF SFCTOR

L FAVF SCTR

TFRMINATF
S e S MAC STATS e e e L
¥ THIS SFCTION NF THFE PRNGRAM KEFPS TRACK NF THF NUMBRER NF

ATRCRAFT M THFE SFCTOR [N FACH SFCOND AND HAS THF NATA PUNCHED
FNR LATFR BANALYSIS,

o

FENERATF 1se2BNY 49240 SECOND TIMFR

SAVEVALLIFE  COUNT4+,K1 4XF COUNT SECONDS

MCAVEVALLIF ] ¢XFECNIINT 4] 4S) ¢MH TARUILATE NAC [N SFCTOR
MSAVFVALUF 10 XFECOUINT 31401 4MH  TARIILATE NAC IN QUFUE |
MEAVFVALIIF 124¥FSCMINT 41 4F1 yMH  TARIJLATE CHAMNEL STATUS
TERMINATF

GFENERATF 600 494200 ,4,1,0 TEN-MINUTE TIMFR
SAVFVALIIF 144K 4XH MATRIX NUTPUT UNIT

HEL PC TIMES g MHT (141 ) gMHINE T4 1) yMHLIZ(1,1),XHL XFSONE ,XFETWN
SAVEVALUF  CNUNT KO 4 XF SET SFCOAND CNUNT TN ZERD
TERMINATF

RENERATF 3ANN 4, 7200, ,3,0 HOUR TIMER

SAVFVALIIF 24 ,K],XH STAT NUTPUT UINTT

HMELPC PASS2 XH? JXFINME XFSTUN ¢ XFSTHREF JXFEFNIIR 4 XFSFIVF

SAVFVALIE  3-9,0,XH SET CNUNTS RACK T0O ZERO

TERMINATF

CEMERATE 3ENO 3 426NN 4] 4440 INITIAL MATRIX CLFARER o

SBVFVALIIF  3=0,04XH
TERMINATF

SET CAWNTS TN ZFRN

T T T T T e e T IMFR e
AFNFRATF 3600
TFERMINATF 1
START 14NP
RFESFT
START ?
L nyTPUT EERLER XXX ER XX BB ABATRE S S SRR S LR R YRR R Y
REPNRT
FJFCT

‘seR%s (PSS SIM(

TINN MONFL FNF ATC VFRRAL COMMUNICATINNS SYSTFM saxsx
TRANSPORTATINN PRNGRAM
NEPT, NF CIVIL FNGIMEFR ING

syt VAL




.-

* PRINCETON (INTVFRSITY
* MPARCH, 1974
s \
*

2 TEXT INPUT PARAMETERS = SFCTOR #XH10,2/XXX #
£

5 TEXT (1) AJRCRAFT INTFRARRIVAL TIMES: FYPNNENTIAL WITH MFA=
Moo= BXLY 2/ XXXX JXXXE SFCONNS

5 TFXT (2) TRANSACTINMS PFR AJRCREFT: SHIFTFN NFGATIVF RINNMX
TAL WITH K = #XL2,2/XYXXXXH AMD P = #XL442/XXY XXXE

5 TEXT (2) TRANSMISSINNS PFR TRANSACTINN: FMPIRICAL NISTRIRI=
TION

5 TEXT (4) TRANSMISSINNS LFENGTHS: GAMMA WITH P = #XL2,2/XXX,.*
XXXXFE AMD ALPHA = #XL O,/ XXX XXXXH

5 TEXT (NNTF: GAMMA PARAMFEIERS NDFTFRMINMEN FRMM FXPFCT=
EN ARRIVAL RATF) .

5 TEXT (51 INTFRCOMMUMICAT ION GAP LENGTHS ARE A FUNCTINN OF #
TRANSACTINNS PFR AIRCRAFT
X
© SIMULATION RFSPNANSF — 2 HNOLIR ANALYSIS

=

* (1) SFCTNR AJRCRAFT LNADING :

10 TEXT NUMRER (F AIRCRAFT INFNTIFIEC IN SFOCTOP = #S]1,5/XXXX#
10 TEXT AVFRAGF NIIMRFR NF AIRCRAFT PER SECNANND = #S],3/ XXX, XXX%
L}

10 TEXT MAX IMUM NIIMRFER OF AIRCRAFT PER SECNNN = #S]1,8/XXX#

£

* (2) COMMUNICATINNS CHANNEL LNADING

10 TEXT AVERAGE CHANNEL UTILIZATINN = BF] 42/ X XXX#

10 TEXT TNTAL MUMRER NF TRANSACTIONS = #F),3/XXXX#

10 TEXYT AVFRAGFE LFNGTH OF TRANSACTIONS = #F1 447/XXX XXX# SECON=
S

3 -

. (3) CHANNFL OUFUFING FFFFCTS

10 TEXT AVERAGF TIME M OUFUF = #01, 7/XXXX  XXX# SFECONDS

10 TEXT AVFRAGFE TIMF FXCLIDIMG ZFRO ENTRIFS = #0O] 4B/ XXXX XXX #%
SECONDS

10 TEXT TOYAL FNTRIFS INTN OUFIF = #0]1,4/XXXX #

10 TEXT NIIMRER (F 7ZFR( ENTRIFS (NNN=WAITING) = #0] ,5/XXXX#

10 TEXT PERCFNT NF 7FRN FMTRIES = §#01 ,6/XXX X #

.10 TEXT AVFRAGFE MIMRER NF AITRCRAFT [N QUFIIF = #01,3/XXX XXX#
10 TFEXT MAY MM NMIIMRER NF AJRCRAFT IN QUENF = #0),2/XXX#

FJFC
:tvtta#vitmlctaa¢zr:z:xm&m:nn FND e T s T s
END

BLE COPY
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SIRRNNT INF FXPOAN(FY 3 IX 411 412412,164)
R=RANDII T]1)

X=(=FX)*ALOG(R)

IX=x+0,5%

RFTUIRN

FND

FIINCTION RANDII X))
1Y=1X%6553Q
IFLTIY)S 64K
1Y=1Y+2164T74R3KLT+])
A RANDLI=]Y
RANNIIZRANNIIZ 45 (K] 3F=-9
I¥X=1Y
RETIIRN

I

END

SIBRMTINFE SURNMRY (K 4P NX 411,12 ,132)
IMPLICIT RFALXAR(N)
RFAL K
ne=p
NK =K
R=RANDII(T])
NR=R
I=0
X=0,0
NC M= NP ExNK
NY=NC1M
IF (NPCUM LT, PR) GN TN 10
NY=(¥+0,5)
RFTIIRN
10 1=1+)
X=1.,0%]

Nx=x
ny=NY&((NK+NX=1,0N0)/NX)
NDCUM=NCLIMENY (] ,ONN=NP ) =20 X
1F (MCUM LT, DR) AN TN 10
NY=(X+0,5)

RFTIIRN

FND




T

TP D T T g T

[VHKNﬁNtr.-

SIMRAUTINFE CAPMIAL A2 ,N,Y,11,12)
Cli=RA, 0
CL=3,1

XVM=A1+A2%N

IF(A2 .LF, 0,) GO TN 1
SN=(ClLI=XM)/2,575R

GN TN 2 «
SN=(YM=-CL )/2.5758

X=RMORM( 1)

XY= (XESN)+ XM

IF(XY JLF. 0,) XX=0,
Y=FXP{ XX)

RFTUIRN

FIINCTION RMORM( IX)
SiHIM=0,0

nn § ’31017

SHM=S LIM+RANDLI( TX)
RNORNM=SIIM=FA N
RFTIURN

END

SIRRNUTINE MSSAIP] P2 N NTIMFE,[1,12)
CALL SURGAM(PL4P24X411,12)

NT JMEaX+0,5

IF (NTIMF JLT. 1) NTIMF=]

RFTUIRN
END

B mm

B

AY 7 2
% '
¢ y i

:

]

1

’

i

)
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SIRROUTIMFE SHRLAMIK (A (X ,13,14)

RFAL K

THIS SURRNUTINE GENFRATFS RANNOM VARI ATES FR(M A GAMMA NSN, WITH
GFNFRAL FORM
K K-1
A X  EXP(-AX)
FI(X) =

GAMMA (K )

WHFN K [S AN JNTFGAFR, THF GAMMA NSN, IS FOUTVALRNT TN THF FRLANG
DN, , WHICH ARJSFS AS A SUM NF K FYXPONFNITIAL VARTATFS VITH FXPFECTFN VALIIF
174, THFRFFNRFE, THF FRLANG VARIATF X IS FOUAL TN 1/A TIMFS THE LOG NF THE
PRANICT NF K PANNAM VARIATFS FROM A UINJF(RM (0,]1) NSN,,

WHFEN K IS NOT AN INTFGFR, AN APPRNXIMATF TFCHNINUF MUST RE LISED .,

LFT K=M+D WHFRF M JS THF SMALLFST INTEGFK CONTAINEN IN K AND O IS THF
RFEMA[NNFR, SINCF THF FXPFCTFND VALIF, VARIAMCF, AND THIRN CFNTRAL MNARNT
OF GAMMMA VARTATFS ARF LINFAR FUMCTINNS (F Ky AN APRRNXIMATF TFCHNIOUFR
FNR AFNFRATING GAMMA VARIJATFS WITH PARAMETER K IS TN GFNFRATE A MIXTIRF

e

S R — < e

OO OO OO0 ON

20

NF GAMMA VARTIATFS, CHNNSING M WITH PRNR,
THF APPRNXIMATINN [MPRNAVFS WITH INCRFASING
REF. = 'COMPUTFR SIMULATION TFCHNIQUES!

(1-0)
Ke

NAYLNR, RALINTFY, RURDICK, CHU
JOHN WILFY & SONS, 1966 87-90
M]l=K
M2 =M]+]
O=K=FLNAT(M])
KK =M]

IF (0 ,FO, 0,0) GN TO 10
T=RANDU(13)

IF (T JLE. 0O) kKK=M2
TR=1,0

NN 20 =1 ,kKK

R=RANDUI(I4)

TR=TR2R o,
X=(=ALOGITR))/A _'5-«\2
RETIIRN " %\
END . <
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100

101

200

SURRAUYTINE TIMFS( IVALUIF, JSAVFF,JSAVFH,IFAC,ISTN,FSTN, IDUF,
B FOUFGILNG,TTARZFTIAR G TUISFLTUSEF yFUSF o IMAX  IMAXR I MAXH, [MAXRH,
& FSAVFL ,IMAYL FMAXRL ) \
INTFRFR%2 1SAVFH,TLNG, TUSF, IMAXRH
REAL =R FNIIFE FUSF
RFAL®64 FSTN,FSAVFL 4 FMAXRL
DIMENSINN JTVALUHFIA) 3 JSAVEFI2) s ISAVEHI2) 4 JFACL2),ISTNL2),FSTO(2),
FINUFR(2) JFOUF(2 Y ILNGI2)  ITARI?2) 4yFTAR(2)4yIUSF(2),TUSFF(2),FIISE(2),
EIVMAX(2) g IMAXA(2 )G IMAXH(2) JIMAXKH(2) FSAVELI2) 4IMAXLI?),FMAXRL(2)
INTFEER 2(4A00)KFY(2)/14,10,12/
NIUINTT=TSAVEH(])
IC=COLUMN NUIMRFR
IR=RNW NIIMRFR
1C=1
1CN=]
K=6 e
L=1
nn 200 1J4K=1,3
N=KFY(JK)
JK=K=(N=]1)+L
NN 106 TR=1,A00
JELIMAXHIJYK ) 422 JCNX(JR~1)+(IC~1)))/2
ZUTR)=IMAXRKH(J)
WRITF(NIINIT,101) 2
FARMAT (4012
CONT INUF
RFTUIRN
END

= . en P AYY ARG 'y N { UPYI
O RYYAEL Y & n
ntCt AV MLABLE Lu?

| A SR
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SIRRPNUTINF PASSO( TVALUIF, 1SAVFF,ISAVFH,IFAC,ISTN,FSTN,I0UF,
E FOUF G ILNG G TTARGFIARGTIISFLTUSFF 4FUISF,IMAX y IMAXR,IMAXH, IMAXRH,
% FSAVFL ,IMAXYL FMAXRL ) | \
INTFORER22 JSAVFH L TLNG, 1USE, IMAXBH
RFALXR FNIIF FIISE
RFAL%4 FSTN,FSAVFL FMAXRL
DIMENSTINN JTVALIF(A) g ISAVFF(2),ISAVEH(2), JFAC(2),ISTN(2),FSTN(2),
SIOUE(2) JFOUE(2) 3 TLNGE2) o ITAR(2) JFTAR(2) 4 TUSF(2) 4 TUSFF(2)FUSE(2),
t]wax(?).!"A)Fl?)'lMAXH(?lolMAXFHl?)'FSAVPL(?)'IMAXL(?D'FMQXRL(2)
IMTEAER Z2( 1200 ) NIG ) KFYN(Q)/3,3,4,5,4,6,7,R,9/

e — - ————

100

101

300

102
200

IMTFGER KFEYMIQ) /233,644,546 4,79R,9,11/

NIINJT=]SAVEH(2)
I€C=1

ICN=]

K=6&

L=1

nn o100 1=1,9
KM=KFYN(])
N(T)=]SAVFEH(KN)
WPITF(NUNTIT,101)
FNRMAT(9]S)

nn 200 1=1,9
KM=KFYM(])
NR=N(T1)
JK=KE(KM=1)+L
DN 300 JR=],NR

N

JEOIMAXH( UK ) +2% LTCN=(LTR=1)1+(IC-1)))/2

Z(IR) =IMAXRHL(,))
WRITF(NIUNIT ,102)
FARMAT(1615)
CONT INUF

RETIIRN

END

(Z7(M),M=],NR)
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SURRNITINF FXPAN(FY o IX 11 412412,14)

R=RANDU(TL)
X=(=FX)=ALNG(R)
IX=x+0,5
RFTIIRN

END

FUNCTION RANMDIN IX)
[y=1x%55639

IFLIY)IShh
IY=1Y+214T4R3ALT+])
RANDII=]Y
RANNIIZRANNIIZ (4 L5 KK] 3F=-9
Ix=1Y

RFTUIRN

END

e

SURRCUTINF SURNRY (K 4P yNXy JT412 4121

IMPLICIT RFAL%R(N)
RFAL K

ne=p

DK =K

R=RANDU(T])

NR=R

1=0

X=0,0

NC M= NP %ENK
NY=NCLIM

IF (PCUM LT, PR) GN TN 10
NY=(X¥+0,5)

RETURN

I=1+)

X=1,0%]

Nx=x
NY=NYE((NK+NX=1,0NN)/NX)
NDCIM=DCLIMENY (] ,ONN=NP ) %% X
IF (PCUM LT, NR) D TN 10
NY=(X+0,.5)

RFTUIRN

END

A-11
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SIMRNUTINE CAPM(A] 4A2 4N,Y,I1,12)
Cli=h,0
CL=3,1

XM=z=A]+A2%N

IF(A2 LF, 0,) GO TN 1
SN=(ClLI=XM) /22,5758

Gh TN 2 s
Sh=(¥M-CL)/2.5758

X=RMPRM(T1)

XY= (XESN)+ XM

IFIXY LF, 0,) XX=0,
Y=FXP(XX)

RETURN

END

FUNCTION RMPRM( IX)
Si1iM=0,0

PN § [=1,12

SUM=S (IM$#RANN( TX )

LRNOARM=SIIM=A ,0

RFTIIRN
END

SIRRNAUT INF MSSGIPL 4P?2 NyNTIMF,11,12)
CALL SURGAM(P]4P24Xy11,12)

NT IMFaX+0,.5

IF (NTIMF .LT. 1) NTIMF=1

RFETUIRN

ENn . » \.

A-12.
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SIRRAUTIMF SURGAM(K 4A 4X 312,14

RFAL K

THIS SUIRRNUITINF GFNFRATFS RANNDOM VAR ATES FRMM A GAMMA NDSN, WITH
GENFRAL FNRM
S K K=-1
A X EXP(-AX)
FiX) =

GAMMA (K)

WHFN K IS AN INTFGRR, THF GAMMA NSN, [S FOUTVALRANT TN THF FRLANG
NSN,, WHICH ARISFS AS A SIM NF K EXPNNFN1IAL VARTATFS ¥ [TH FXPFCTFN VALUF
1/8, THFRFFNRR, THF FRLANG VARIATF X [S FOQUAL TO 1/A TIMFS THE LOG OF THE
PRANMICT NF K PANNNAM VARIATFS FROM A HINJF(RM [Ny]) NSN,,

WHEN K IS NOT AN INTFAFR, AN APPRNOXIMATFE TFCHNINEFE MUST RE LISED .

LFT K=M+0 WHFRF M ]S THFE SMALLFST INTFGFK CONTAINEN [N K AND O IS THF
REMATNNFR, SINCF THF FXPFCTFND VALUF, VAR[AMCF, ANN THIRN CFNTRAL MN4FENT
NF GAMMMA VARJATES ARF LINEAR FUNCTINNS (F K, AN APRROXIMATE TFCHNIOUF
FNR AFNFRATING RAMMA VARJATFS WITH PARAMETFR K JS TN GFNFRATE A MIXTIHIRE
NF GAMMA VARJATFS, CHNNSIMG M WwITH PRNR, (1=-0) AND M+1 WITH PROR, Q.
THFE APPRNXIMATINN [MPRNVES WITH INCRFASING K,
REFe = 'COMPUTFR SIMILATION TFCHNTOQUES?
NAYLNR, RAL INTFY, RURNDICK, & CHI
JOHN WILFY £ SNNS, 19K PP, RT7-90

M]=K

MO =M]+]
N=K=FLOAT(M])

KK =M]

IF (0 FO, 0,0) GN TO 10
T=RANDU(I3)

IF (T JLE, 0O) KK=M?
TrR=1.,0

NN 20 =1 ,KK
R=RANDUI( 14)

TR=TR=%R
X=(=ALOG(TR))/A

RETIRN : s A iy
BE5T AVABLE COP
Po— ;h'lwn-‘.\U‘-L J




SIRRNAUTINF TIMFS( IVALUF, ISAVFF,ISAVFH,IFAC,ISTN,FSTN, JOUF,
5 FOUF L ILNG 4 JTARGFTAR G TUSF, TUISEF 4FUSE 9 IMAX 3 IMAXR , I MAXH, [MAXRH,
& FSAVFL,IMAXYL FMAXRL) s \
INTFAFR%:2 JSAVFH,ILNG, IUISE, IMAXBH
RFAL =R FOIF ,FUSF
RFAL*4 FSTN,FSAVFL 4FMAXRL
NDIMENSION JVALUF(A) 4 ISAVFF(2) 4 ISAVEH(2), JFAC(2),ISTN(2),FSTO(2),
FINUF(2) JFOUF(2 Y, ILNGI2),ITAR(?2)FTAR(2),IUSF(2),IUSFF(2),FLISE(2),
EIMAX(2) yIMAXR(2 ) IMAXH(2) 4 IMAXRH(2)FSAVEL(2),IMAXL(2),FMAXRL(2)
INTFCER ZIAO0) 4KFY(2)/1,10,4,12/
NUNTT=]ISAVFH(1)
p IC=CNLUMN NIMRFR
= IR=RNW NIJMRFR
IC=1
ICN=]
K=6h el
L=1
NN 200 1JK=1,3
N=KFY(IJK)
JK=K=(N=])+L
NN 100 IR=],600
JEIMAXH(JK) +2%( ICN=(JR=1)+(IC-1)))/2
100 Z(IR)=IMAXRH(J)
WRITF(NUNIT,101) 2
101 FARMAT(4012)
200 CONT INUE
RFTUIRN
END

N
S

A- 14 .




