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ANALYTICAL AND SIMULATION STUDIES 
OF TERMINAL-AREA AIR TRAFFIC CONTROL* 

FOREWORD 

The A,= Nawgatm” Development Board (ANDB) was establzshed by the Departments of 
Defense and Commerce 1” 1948 to carry out a unlfled development program auned at meeting 
the stated operatIona requrements of the common mllztary/cwl a,r “avlgatlo” and traffic 
control system This proJect, sponsored and financed by the ANDB, 1s a part of that program 
The ANDB 1s located wlthln the admu,,strat,ve framework of the Clvll Aeronautics AdmInIs- 
tratlon for housekeeplng purposes only Persons desiring to communicate with ANDB should 
address the DIrector, Air Navlgatlo” Development Board, Civil Aeronautics Admunstratlon. 
W-9, WashIngton 25, D C 

SUMMARY 

This report summar,ees the program of terminal-area sxmulatzo” work completed Jo’ntly 
at the Franklin Institute LaboratorIes for Research and Development and at the Techmcal 
Development and Evaluatlo” Center of the C,vll Aeronautics Admlnatratlo” during a “lne-month 
perlod The specific tasks Involved the setup, description, and analysis of the mathematical 
and physlcal system analogs and a determlnatlo” of the Lnteractlo” of the many variables 
Involved Advanced radar-vectonng techniques previously developed to a high degree by TDEC 
were employed As a matter of convenience the Washlngto” Natlana Alrport terminal area, 
which 1s 40 miles I” dvzxter, was used 1” establxhing certal” generalxzed problems with 
many speclflc appllcatlons and solutions 

A conflguratlon described as WNA Phase 2 was used as the main reference system I” 
this and in previous xwestxgatlons, this conflguratlon was found to be a mast effective and 
practxcal setup for a manual radar-vectoring system and yet was relat,vely ,“expe”s,ve It 
used two Independent approach-control sectors with symmetrxally located, close-~“, tw,“, ,““er 
stacks One approach controller was employed for each sector Alrcraft were vectored from 
these inner stacks to the approach gate of a s,“gle airport, which was assumed to have a single 
instrument runway with properly designed high-speed runway turn-offs, entrances, and taxways 

A multltrack conflgurat,“” know” as WNA Phase ZA was also lnvestlgated When a track- 
selectIon computer know” as EMTAC (electronx multItrack approach computer) was used and 
when It was assumed that arcraft were equpped w,th arborne plctorlal computers, ,t was 
found that traffic-control procedures were very s>mple and that the controller’s Job was 
slmpllfled to the lowest level ever attaIned I” slmulatlo” tests of high-capacity approach 
svstems Furthermore, the lntersperslng of jet traffic with co”vent>o”al axrcraft &as a smooth 
and efflclent “perat,“” which did not necessitate any slgnlfxant prcferentlal treatment or 
addltlonal workload 

Representative high-density traffic samples of e,ther arrivals only or of arrivals and 
departures,wth peak durations of one to four hours,were employed The eaper,ments Included 
theoretlcal acceptance rates ranging from 30 to 41 landings per hour and used random arrival 
rates of 35 alrcraft per hour and peak departure rates of 31 arcraft per hour Three methods 
of analyzing the problems were used, a” FIL Ideal technique, a” FIL graphxal space-time 
technique, and the TDEC dynam,c simulator Correlation among the three was found to be 
excellent for the wide variety of trafhc samples and of condltlons tested 

Tests showed that controller ,udgme”t 1s a variable factor wh,ch can have a marked L”- 
fluence anthe efkctlveness of a system It was found that various features of the WNA Phase 2 
conflguratlon provided the controllers with a relaxed system of terminal-area traffic control 
These features Included (1) clear-cut, “onconflxctlng paths, (2) sxnple, “party-ll”e,” direct 

*Manuscnpt subnutted for publlcatlo” June 1954 
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(smplex) commun,catmns, (3) Tellable radar, (4) a lxnlted degree of velocity control and of 
path-stretchmg, and (5) close-m, twn, inner stacks With these features, present systems 
could probably double their present w,trument-flight-rule (IFR) capacltles and, moreover, 
could proflt from the standpomt of safety 

Tests showed that, contrary to popular behef, stacks can be useful reservoirs and coa1e.e 
f,lters for de-random,z,ng the w,bo”nd traff,c and for mamtalmng a steady supply of alrcraft to 
the f,nal approach without alternately starving the system and then causing cumulative delays 
Furthermore, the proper “se of stacks keeps the workload at a mlnlmum Because adequate 
outer feeding stacks are available and because a practxal stack-and-fxed-block system was 
followed between the outer and ,nner twm feeder stacks, random traffic could be handled at 
theoretIca or effective densltles greater than 100 per cent for permds of more than one hour 
wIthout saturation or breakdown 

Lxmtlng the flow of arrivals to 35 per hour every hour Instead of allowmg alrcraft to 
enter the terminal area randomly at an average rate of 35 per hour for 3 hours resulted in 
s,gn,flcant decreases xn over-all delay The differences in delays were shght for short periods 
of about l/2 hour However, when random entrws were used, It was more dlfflcult to keep the 
flow constant Th,s factor increased the workload 

It was also found that when mbound traffic only was handled the capacity of the system, 
mcludmg the human element n, the manual controlling of random arrival traffic over several 
relaxed hours, varied from about 26 per hour ln a 20-mph average headwmd to 32 per hour 
in St,11 air when present 3-mile separatmn standards were used Although loadmgs exceeded 
100 per cent, the delays remamed wlthm tolerable lxnxts For short perlads of 15 mmutes to 
l/2 hour , a capacity of about 36 arrivals per hour or an average Interval of 1 minute and 40 
seconds could be achwved Compared with the theoretlcal capacltles of 32 to 39 arrivals per 
hour, on the average approxxnately 80 per cent of the ideal optxnum was approached with the 
dynarmc sxnulator In cases of rmxed arrival and departure traffic on a single properly 
desIgned runway, about 50 operatmns per hour were found feasible It 1s believed that these 
landings or mxed landing and take-off rates could also be achieved in actual aperatmn with 
adequate fac,lltles plus some addItIona tramng and a little co-operation from pilots Further- 
more, a graphxal study showed that 65 to 70 operations could be handled on mtersectlng 
runways and that a much smaller amount of controller co-ordlnatlon would be required 

On the basis of avaIlable operational data and of established probablllty concepts, 
m~nxnum outer-marker separatmns were establlshed for various outer-marker distances and 
wave-off crlterla The effect of force-feedmg a runway was also consIdered A theoretIca 
capacity of 39 landings per hour for a smgle runway was found to be about the maximum If 
present .&de-slope and runway separatmn restrwtmns, alrcraft-performance estxnates, and a 
h,gh-speed runway turn-off at 3400 feet from the approach end of the runway were used 

The steady-state traffic-delay theory now in “se was found to be Inadequate for the 
analyst of a,r traffic control Contrary to steady-state concepts, delays do not approach 
x,f,nlty when loadings approach or exceed 100 per cent Instead, they build up almost lmearly 
with t,me, and the,r treatment must be consldered on a transvent, rather than on a steady-state 
basis The number of landmg intervals or so-called “holdzng” or “service” times required to 
reach eq”,llbr,“m condlt,ons was found to be a function of loading At low loadings, the number 
of Intervals are relatively small Since low loadxngs present no problem, we are concerned 
only with peak loadmgs It was found that though the delays became Intolerable after several 
hours they did not approach mfinlty This fact 1s consldered quite xnportant in grasping a 
better perspective and a better knowledge of the fundamentals of properly deslgnmg the entire 
traffic-control system, lncludlng the en route. orlgm, and destmatmn-ax-port elements of the 
system 

Another s,gn,fxant result of these ,nvest,gat,ons concerned the amount and type of 
commun~cat,ons mvolved Even with high-density traffic such as 35 random arrivals per hour, 
It ,.,a~ found that the ccmmun~cations or sxnplev densltles, the busy times, and the number of 
messages delayed were relatkvely low, contrary to random-communlcatlon theory The orlgm 
of calls was ordered to a large degree by the direct simplex (party-line) commumcatmns and 
by the many stereotyped sltuatlons Th,s reduced the degree of randomness a great deal It 
became evident that the WNA Phase 2 or Phase 2A systems or any other s~rmlar set-ups wth 
their snnple procedures are efflclent and relaxed systems of termmal-area radar control, 
regardless of the d”rat,on or density of traffic 
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INTRODUCTION 

The work undertaken by Franklm Institute LaboratorIes under this contract was the 
supplymg of engmeenng services to the Techmcal Development and Evaluatmn Center (TDEC) 
m the techtucal supervlslon of ANDB ProJect 6 7, the Slmulatvan of Air Traffic Control Th,s 
prOJeCt speclfled a slmulatlon program for determlnmg (1) the factors which mfluence the 
acceptance rate of a termmal area, and (2) the quantltatlve effect of each of these factors and 
of different combmatlons of these factors on the acceptance rate “Factors” means both the 
physlcal environment such as alrcraft characterlstxs, alrport characterlstlcs, and traffic 
demand rates and the operatmg envxronment 

The studies undertaken under a prior contract1 were extended as a contmumg slmulatmn 
actlvlty In this actlvlty were undertaken the formulation and executmn of a co-ordxnated two- 
stage program m which the experience and capabllltles of the Franklm Instttute LaboratorIes 
(FIL) analytIcal-, the FIL graphlcal-, and the TDEC dynamic-slmulatlon techmques were 
Integrated Into a loglcal, concerted effort It 1s Intended that the results of this program van 
lead to a more conclusive and reallstlc determmatmn of those fundamentals which are 
necessary for the loglcal design of a safe and efflclent common air-traffic-control system 

The design of the associated experxnents and the prellmlnary evaluatmns were first 
undertaken with the use of analytical and graphical t?chnlques developed and described 
previously The graphical techmques emphaslee the use of S-t (space-time) curves The S-t 
cur;ve 1s a graphlcal plot m whl_ch the ordmate S 1s the proJected dlstance,or space. of the flight 
flrght path and the abscissa t 1s time A separate curve 1s drawn for each alrcraft m the trafftc 
sltuatlon, and altitude data are noted at appropriate pants A typical S-t plot of a hypothetlcal 
sltuatmn IS shown m Fig 1 This type of slmulatmn IS Inexpensxve, fast, and versatile It 1s 
especially useful m establlshmg and studymg the mdlvldual and mterrelated effects, on traffic 
operatmns, of varxous operatmg restrlctmns, separation standards, navlgatlonal-fac111tle5 
layouts, traffic flow, and traffic dlstrlbutlon The results can then be used as an Index of 
perfectIon After this screenmg. certam problems were then programmed for mvestlgatmn 
on the TDEC dynamic simulator as the next, more conclusive step - a closer approach to real 
11fe The dzfferences between the paper-and-pencil and the dynamic-slmulatmn studies are a 
good measure of the effectiveness of a system comprised of human,equlpment,and faclllty 
elements Thus callbratmn factors can be determmed 

The dynamx slmulator2 furmshes the means of slmulatlng, to a high degree, actual 
fllghts of alrcraft through any speclflc area Although the dynamic simulator 1s a more 
expensive and complex dewce to mamtaln and operate than the graphlcal simulator, It has the 
dlstmct and Important advantage of mtroducmg the human element such as controllers, 
commumcators, and, to a degree, pilots quite reallstlcally into both the air and ground portlons 
of the system 

Crltlcs of this approach may clam that much tame and money are expended to determme 
solutmns which have already been accepted on the basis of past experience, usually opmlon 
and mconcluslve data, or on the basis of actual flight tests However, flight tests are expensive 
and involve much risk They cannot ieaslbly represent the many situatmns, procedures, 
traffic compositmn, rates, and other variables to be explored It IS essential that there be 
used a ratmnal and conclusive approach m which the results not only are meaningful for those 
sltuatmns and rules under which the experiments were performed but also are capable of 
extension to many future sltuatlons with reasonable conclusiveness Slmulatmn helps to make 
this passable wlthout the usual trial-and-error constructmn, operatlonal tests, and thelr 
accompanymg long lead times and expense 

An Idea fo the scale and of the value of the slmulatlon tests described herem can be 
gleaned from the fact that m a few months of workmg time over 10.000 simulated flights were 

flown through the various tests under a wide number of condltlons The results to date show 
that this FIL-TDEC two-stage slmulatlon effort serves as a loglcal and valuable aId ln 
understandmg the basic laws affectmg traffic flow and m solving present and future ax-traffic 
problems 

1 Samuel M Berkowitz and Ruth R Doermg, “AnalytIcal and Sxnulatron Studies of Several 
Radar-Vectormg Procedures m the Washmgton, D C , Termmal Area,” CAA TechnIcal 
J;elopment Report No 222, April 1954 

2 Richard E Baker, Arthur L Grant, and Tlrey K Vlckers. “Development of a Dynamic 
Air Traffic Control Sxmulator, I’ CAA Techmcal Development Report No 191, October 1953 



Fig 1 Sectmn of Typxal S-t Representatmn 

OBJECTIVES 

The scope of these termmal-area mvestlgatmns was lmuted by contract tm,e, budget, and 
the avalablhty of assoctated simulation equipment and personnel It became necessary to 
conslder certax, fundamental questIons and crltena and then to list them ,n an order of relative 
unportance Consequently. the conslderatlon of certain lmmedlate and semlacadem,c problems 
Indicated the needs (1) to be sure that the experunents are desIgned to produce the very 
maxunum of lnformatlon from each run, and (2) to set up mathematical analogs and descr,ptlons 
of the many variables uwolved, ,nclud,ng the unpredictable human Judgment Although corn- 
pletely ratlonal formulas might not be forthcomIng u,,medlately, the development of sern,- 
emplrlcal relatlonshlps would be valuable and would permit short extrapolat,ons beyond the 
quantltatlve values actually determined 

It was evident that the crlterlon relating to loading (demand versus capaaty, or acceptanc 
rate) was bas,c and needed further study, because the complexity had outrun generally accepted 
mathematical techmques Studies to date have shown that loadmg. or density, per se 1s almost 
meaningless as far as delays are concerned unless (1) eqmhbrlum condltlons have been reach 
(2) the duration of the loading 1s consIdered, and (3) the actual or effective over-all system 
capacity IS known Since air-traffic capaaty and demand are fluctuating variables of relatively 
short periods, equlllbr,um can be expected to occur rarely and then only at low loadings, there- 
fore the study of equlllbrlum condltlons 1s of academic interest only In th,s work, atienttlan 
was devoted to the more practical and meamngful transient condltlons slightly below and above 

so-called theoretlcal saturation, a loading ( 
arrival rate lof 1 0 acceptance rate In developing an over-all 

terminal-area system crlterlon, the results of these analytxal and s,mulatlve studxes were 
closely correlated with the theory of the build-up of queues as treated by Kendall, Palm, 
Pollaczek, and others 3 

3Thls has been treated partly by Carl Hammer, ” Transients and Steady State for Tower- 
Controlled Stacks of Axcraft.” 
March 26, 1953 

FIL Working Paper No 3, Prolect 2343, (LImIted Dlstr,butu,n) 
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It 1s recogmzed that the design of expenments ,n air-traffic-control simulat,on ~,volvmg 
the numerous random variables IS quite dlfflcult However, slgmflcant statIstIca results may 
be obtalned by lxnltlng the number of randor parameters to those which have overrIdIng 
Lnfluence on the traffic flow 

The FIL Ideal analysis shows the best a system can do with only the one rule of n,aln- 
talnlng the speclfled separations at the outer marker This method corresponds somewhat to 
applicable transient-delay theory, except that use 15 made of part~ular representative random 
samples of traffic ln,stead of theoretically InfInIte samples 

The FIL graphIca analysis shows what can best be done for the particular system or 
conflguratlon being studled and Includes the requirement (and consequent delays) for followmg 
speclflc axways. speeds, descent rates, arcraft turmng rates, holdmg patterns, separation 
rules, and other such llmltatlons that might occur ln reality If the declslons. judgment, and 
transfer of Information by the human elements such as controllers and pAAs were perfect 

The dynamic-slmulatmn exporlments, as the next step, are a closer approach to realism 
but are more expensive, and the differences between the graphlcal and dynamic results then 
reflect the effect of the human element on the system 

The FIL-TDEC slmulatlon program under dlscusslon was directed toward lnvestlgatlon of 
the following speclflc factors- 

1 The effect of the sequence of arrival lnterxals on alrcraft delays 
2 The correlation between Ideal-, graphlcal-, and dynamic-simulator results to determlne 

the degree of conclusiveness with mhlch the dynamic results, and evrntually results ln actual 
practlre. can be predIcted on the basis of Ideal or graphxcal results The posslblp extrapolation 
of these results for other sltuatlons and condltlons was also lnvestlgated 

3 The effect of hmltLng the random flow of arrivals to 35 for each hour, as against the effect 
of allowlng the peak flou of alrcraft Into the terminal area to be random (at an average rate of 
35 per hour for 3 hours) 

4 The effect of lnterspersmg departures on single or Intersecting runways and the effect of 
lntermlxing landmgs and departures as against segregating them by groups 

5 The effects of each partxular conflguratlon and the system, ,nclud,ng faclhty layout, 
traffic rules, and the human factor, on system efflcxncy and the amount of delay chargeable to 
each factor 

6 The carrelatIon betueen commumcatlons densltles, waltlng times. number of messages, 
and lengths of commumcatlons and arcraft delays 

7 The range of varIatEon in the efflclency of experienced controllers and the effect of twne 
on duty, traffic rates, and traffic loading on lndlvldual efflclency 

8 The performance or relative efflclency of controllers In manually vectoring alrcraft to 
the outer marker while malntalmng safe but not too conservative separations 

9. The determlnatlon of the length of traffic samples required to approach equlllbrlum and 
the effect of demand and capacity on this factor 

10 The slgmflcance of other parameters such as the number of operatxons moved per hour, 
per half hour, and per 15 mmutes and the correlation between various parameters such as the 
number of alrcraft in the system versus the number of alrcraft being delayed 

11 The determlnatlon of the Ideal, graphIcal, and dynamic acceptance rates or capacltles 
which are effective for the various conditxons of vand. types of traffic samples, lengths Of 
traffic samples, and separatmn rules 

12 The determlnatlon, for system efflclency, of a valid comparative Index such as an 
effective acceptance rate, the arcraft delays. or the controller workload 

13 The advantages and disadvantages of provldlng the approach controllers with a type of 
computer, multIpath-selectvan devxce for asslgnmg arcraft tracks between the inner feedlng 
stacks and the outer marker 

14 The determlnatlon of the most effective methods of lntegratlng Jet alrcraft Into the 
40-mile-diameter approach system of a terminal area while makIng due allowance for their 
high crulslng speeds. hxgh crulslng altitudes, and large rate of fuel consumptxon and the effect 
of such Integration on controller workload, safety, commumcatlons, and delay to other alrcraft 

15 The establishment of mathematical analogs to describe the lnteractlons of the vanables 
Involved and the determlnatmn of the degree of conclusiveness of these analogs in descnblng 
and predlctlng actual sltuatmns of the present and future 

16 The determmatlon of outer-marker separations which can be used mosi safely and 
effectively for present-day dlstrlbutmns of random-aircraft performance 

17 The effect of the location of the outer marker on these separations 
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Fig 2 Sxnulator Approach-Control Arrangement Including EMTAC 

18 The determlnatlon of the benefits to be obtamed from the use of a lImIted degree of 
speed control on the glide path 

19 The effects of usmg nonumform separations for various sequences of slow, medium. 
and fast aircraft as compared with using constant but conservative separations regardless of 
sequence 

20 The determlnatlon of the resultmg effects of feedlng the runway at Increased rates 

ESTABLISHMENT OF CONFIGURATIONS. RULES, PROCEDURES, 
AND TRAFFIC SAMPLES 

Terminal-Area ConfIguratIon 
In all termmal-area conflguratlons employed In these slmulatlon tests, the arrival 

altitudes and holdmg patterns were arranged to permit use of standard mIssed-approach 
procedures and proper nonconflIctIng departure routes and altitudes 

WNA Phase 2 Twin-Stack Conflguratzon 
The termznal-area twin-stack conflguratlons analyzed In prmr FIL-TDEC sxnulatlon 

work were Identlfxed as WNA Phases 2. 6, and 7 and were described U-I a previous report 4 

4 
Berkowitz and DoerIng, op clt 



Fq 3 WNA Phase 2A Terrmnal-Area Multltrack Confxguratmn 

Two approach controllers were employed I,, the dynamc tests, one for the east sector and one 
for the west sector Although the delays in Phase 2 were slqhtly less than those xn the other 
two phases for the particular condltmns (0 wmd and theoretical arrival loadmg of 97 per cent 
for one-hour peak) tested, they were of little slgmfxance statzstlcally Insofar as delays and 
capacity were concerned However, the close-m syrnmetr~cal layout of the Phase 2 mner 
stacks facllltated the Job of establlshmg prec,se separatmn between alrcraft Furthermore, 
with present separation standards, ldentlflcatlon and co-ordmatlon problems v,ere held to a 
rnlnlmll~~l since no more than an optx,-,um number of three axcraft need ever be en route 
simultaneously between the inner fixes and the approach gate This fact also helped in allowng 
for sandwchlng of departures between arrivals at hqh rates 

Another advantage of Phase 2 over the others was that the A-B x,ner fixes lay closest to 
the m~nxnurn paths between the mqor entry airways and the approach gate (outer marker) 
This made for less “dog-1eggmg” and thus for smaller over-all delays during short periods of 
heavy loadq or longer periods of lighter load,ngs Therefore, except for Groups 1 and 2 of 
the sxnulatron program, the Phase 2 conflguratax was featured in the comparative vwestl- 
gatlons of this contract per,od A group 1s defllned as a set of ccndltlons w,olwng the type and 
composrt1on of the traffw sample, the set of separations used, and the wind condltlons 

WNA Phase 2A Multltrack System 
The basic Phase 2 conflguratlon was modlfled to evaluate a system which used a speaal 

approach computer, cockpit plctorral computers. and the associated less complicated com- 
munlcatlons Conceived by TDEC personnel, this system was !-z,own as the Phase 2A multltrack 
system It 1s dycrlbed ,n another report5 and 1s dIscussed further in TechnIcal Development 
Report No 222 Phase 2A was essentially the sane as Phase 2, except that, ratead of polnt- 
to-pelt vectorrng mstructlons. four standardxeed approach tracks 6, 7 l/3, 6 2/3, and 10 m11es 
1x1 length were prowded between the u,ner A-B twin ho1du-q fxes and the outer marker These 

5 
C M Anderson and T K Vlckers, 

Termmal-Area Air Traffx Control Problems,” 
“Appllcatxon of Sr,,ulatux, Technques III the Study of 

CAA TechnIcal Development Report No 192. 
November 1953 

6 
Berkowitz and DoerIng. op clt 
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Fig 4 Random D1strlbutmn of Approach Speeds 

tracks were used as a sort of movmg-block system for conventional piston-engined amcraft 
An approach-control computer especially developed by TDEC for this purpose was used by the 
approach controllers Figure 2 IS a photo of the srnulated arrangement of the computer panel, 
associated radar scopes. east- and west-sector layout, 11mlted data-transfer device. and other 
components 

For Jets. a srnple let-letdown path was promded between the outer fixes and the outer 
marker for the cases where Jets cannot make a straight-1n approach, and an mner Jet f1x was 
established 13 m&s south of the outer marker at F1x C See Fig 3 The rules which were 
assumed to be 1n effect for Jets were as follows 

1 They would cruise at an alrspeed of 400 mph, with an intermediate speed of 300 mph and 
an approach speed of 180 mph 

2 The average en route descent rate would be 3000 fpm 
3 Approaches would be started from the outer approach fixes at 20,000 feet, and the axrcraft 

would descend to 8000 feet by the time they reached the Inner C fix 
4 Descent would be made at an indicated a1r speed of 300 mph and would slow to 180 mph 

for the last stage of the approach 
5 Turns would be made at half standard rate. 1 l/2 degrees per second 
6 Any holding necessary would be done at 20,000 feet at approach speed 
7 The straight-In final-approach path to the outer marker would be at least 13 miles long 
8 The approach-control system would establish an Irrevocable landmg-sequence number 

before the Jet descended below 20,000 feet altitude As seen zn Fig 3. Jet tracks between the 
znner fix and the outer marker were 13. 16, 19, and 22 miles long 

Rules for Departure Separatmns 
Rules for lnterspers1ng departures on a single runway are given in Technical 

Development Report No 222 

Optxnum Outer-Marker Arrival Separatmns and Wave-Off Probabilltles for 5 3-M& Glide 
Slope With No Speed Control 

Prior probablllty analysis showed that, because of present random variablllty In alrcraft 
performance durmg IFR condltlons, the attempted use of a uniform radar separation of 3 mile 
would result 1n an abnormally high number of wave-offs At Washington NatIonal Airport, this 
condltlon applred to the 5 3-mile glrde slope and to Runway 36 

For this reason. nonuniform (called opt1murn) separations were denved, and minimum 
outer-marker separations corresponding to each sequence of speed classes were asslgned 
These optrnum separations, which averaged out to about 4 miles, reduced the probablllty of a 
glide-slope wave-off to about 1 per cent under saturated traffic condltmns A total probab111ty 
of 1 per cent wave-offs on the ghde slope was establlshed as the criterion A probable sepa- 
rat1on of less than 2 5 miles on the glide slope was presumed to result 1x1 a wave-off Table I 
shows the maximum theoretlcal acceptance or runway feeding rates possible with the use of th 
optimum separatmns to feed proJected Washington Natmnal Airport peak-hour traffic samples 
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optimum separatmns to feed proJected Washmgton Natmnal Alrport peak-hour traffflc samples 
which consxt of the followmg dlstrlbutmn of arcraft categones 

Slow 29 per cent to Washmgton Natmnal Airport, 14 per cent to Bollmg Field 
Total 43 per cent 

Medium. 30 per cent to Washmgton Natmnal Axport, 3 per cent to Bollmg Field. 
Total 33 per cent 

Fast 22 per cent to Washmgton Natmnal Axport. 2 per cent to Bollmg Field 
Total 24 per cent 

Slow axcraft Included DC-3, Lodestar, Twin Beech, and C-46 arcraft. the medlnm category 
represented Martm, Convau, and DC-4 types, fast arcraft mcluded DC-6, Constellatmn, and 
Stratocrmser types No ,et arcraft were mcluded 

Even with these optimum outer-marker separatmns, It was found that the present layout 
of WNA mstrument Bmway 36 caused the number of probable runway wave-offs due to the 
runway-occupancy rule still to be too high at approximately 16 per cent Analysis showed that 
an addrtmnal high-speed exit located at 3400 feet would be needed This exit could serve both 
dlrectmns of the 6800-foot mstrument runway and would reduce the theoretIca number of 
probable runway wave-offs to about 2 per cent The existence of this addltmnal runway cut 
was assumed in all subsequent analyses therefore, and the 2 per cent runway wave-off 
probablllty was considered acceptable in view of the assumptions and the theoretical nature of 
the analysis 

The lmpllcatmns of the precedmg probabllltles are evident Large random spreads of 
aircraft performance ,n IFR condltmns contrlbute slgnlhcantly to the conservatwely large 
separatmns used m a safe traffic-control system As shown later m this report, mcreasmg the 
acceptance rate Just a little can appreciably reduce delays durmg peak traffx permds 
Accordmgly. other optrmum outer-marker mxnmurn separatmns were derived m which a very 
lImIted degree of speed-control on the glide slope ~,a?. assumed. See Table II For lack of a 
better term, these separatmns are called speed-control optimum separatmns 

In the prevxus derlvatmn of the optimum separations when no speed control was used, 
the dlstrlbutmns of the performance variables were found from actual measurements to be 
normal, Gaussian, cut off at the 2 l/2 m pants The symbol Q 1s the standard devmtmn, which 
1s equal to the square root of the average of the squares of the performance devlatlons about 
the mean This means that about two-thuds of all of the alrcraft have a dlspersmn in 
performance wlxch falls wlthm + 1 standard dewatmn about the mean, 95 per cent lie wlthm 
;t 2 standard devlatmns, and about 99 per cent lie withm l 2 l/2 standard devlatmns. f 2 l/20 

In derwmg the speed-control optimum separations and m computmg the resultmg 
probable &de-slope wave-offs, It was assumed that the arcraft performance dxtrlbutmns with 
speed control wculd be normal truncated types and would be truncated at the l 1 l/4 0 pomts 
instead of at * 2 l/2 c as 1x1 the random case The standard devmtmns used were based on 
avaIlable IFR operatmnal data on the spread m @de-slope air speeds, IO mph for slow, 12 mph 
for medmm, and 12 8 mph for fast alrcraft These random normal and truncated speed-control 
dlstrlbutmns are shown ln Fig 4 

Analyt~ally, control was exercised by the assumptmn of the speed-up of 
aircraft speeds on the left-hand side (Fig. 4) between the - 2 l/2 u and the - 1 
(shaded) to the - 1 l/4 fl point, llkewse. aircraft on the right-hand side 



and + 1 l/4 Q pants (shaded) are assumed to have been slowed down to the + 1 l/4 r pomt Thus 
we have a normal truncated dlstrlbutlon of approach speeds with a maximum over-all spread 
between - 1 l/4 (T and t 1 l/4 m in average glide-slope alrspeed of 25 mph for slow, 30 mph 
for medium, and 32 mph for fast arcraft 

PhysIcally mterpreted, this means that If a DC-3 were found to be flymg down the glide- 
slope at such a speed as 140 mph the pilot would be asked to slow down but no aIrspeed figure 
would be stated It seems reasonable that he might slow down to perhaps 132mph lndlcated 
awspeed LIkewIse It seems reasonable to assume that If a Constellation were approaching 
at 120 mph there would be no obJectlo* to adwslng that pllot to speed up, for analytical pur- 
poses, It might be assumed that he speeds up to 134 mph, whxh 1s still below the Constellation’s 
mean approach speed of approximately 150 mph Although these cases are relatively rare, they 
must be taken mto account m the over-all picture because the controllers must consxder them 
In establlshlng safe,yet not too conservat,ve,separatlons It may be argued that m the case of 
the Constellatmn the Increased speed of 134 mph IS still too slow for this type of alrcraft In 
such a case, If the pllot speeds up even more It 1s so much the better for the analysis 

Speed-control optimum outer-marker munmum separations, shown In Table II, were 
establlshed on the assumption that all arcraft In the mfmlte traffic samples land at Washmgton 
Natlonal Alrport It 1s seen that,wlth these separatmns and with the small degree of speed 
control assumed. the total probablhty of ghde-slope wave-offs 1s 1 3 per cent m zero wind 

Speed-control optimum outer-marker separations under 20-mph-headwInd condltmns 
were established for the sequences mvolvmg mllltary arrivals whxch are fed through the 
Washmgton National Airport outer marker, descend to clrcllng altitude, and go to Bollmg or 
Anacostia fields These separatmns are shown along with the zero-wind separatmns m Table 
III. which also shows the previously determmed no-speed-control optimum outer-marker 
separatmns 

Optimum Separatxons for 3 0- and 7 0-Mile Outer Marker-to-Runway Distances 
In the probablllty analysis described, optimum nonuniform separations for both zero and 

20-mph headwind with and wlthout the small degree of glide-slope speed control were estab- 
lashed for only the 5 3-m& glide slope similar to that of Washmgton Natmnal Airport, and any 
separatmn of less than 2 l/2 m&s on the glide slope was presumed to result In a wave-off 

In order to explore the effects of shortemng or lengthenmg the glide slope, slmllar 
probablllty analyses were also performed for glide-slope lengths of 3 and 7 miles and optimum 
outer-marker separatmns were establlshed for both the speed-control and the no-speed-control 
condltlons Inasmuch as future practices, radar dependablllty, pllot educatmn, and other 
variables may permit smaller glide-slope separations as low as 1 l/2 miles. the analysis was 
extended to determine the correspondmg optimum outer-marker separations This latter 
analysts mcluded the 5 3-m& distance. smce m the prevmus study only the 2 l/2-mile 
mmimum separatmn was consldered as the wave-off crltermn 



As in the previous analyses, the crltermn used for determmmg the outer-marker 
separatmns was a total of no more than about 1 per cent of probable &de-slope wave-offs for 
the none sequences of &w. medun, and fast arcraft A total of 18 condltlons were thus 
analyzed For each of the three outer-marker distances (3 0, 5 3,and 7 0 moles), two condltlons 
(speed control or no speed control) of &de-slope performance were assumed, and for each of 
these SIX condltmns, three m,n,mun, &de-slope separatmns (2 l/2, 2,or 1 l/2 m&s) were 
consldered 

It should be pomted out that the probable &de-slope wave-offs considered in these 
studies are chargeable to the traffx-control system Itself with all Its rarmfxatwns and 
antwlpated random arcraft performance These probable wave-offs do not Include wave-offs 
caused by pllot error or pllots’ choice to go around agam. The appllcab>llty of the available 
data and assumptmns employed are necessarily lx-mted In order to keep the studies as 
reahstlc as possible, these data are used and extended to other sltuatmns only where they are 
considered reasonably v&d Consequently, the results are mdzcatlve of relatave effects but 
have quantltatlve xnplxcatmns 

The theoretlcal optxnum outer-marker separatrons for the 18 cond~tmns of outer-marker 
distances, performance dlstrlbutmns, and glade-slope wave-off crlterra are summarrzed III 
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Fig 6 TheoretIcal Maximum Acceptance Rate as a Functmn of Glide-Slope Mlmmum Separation 
and Outer-Marker Separations 

Table V Also shown In this table are the resultxng theoretIcal acceptance or runway feedlng 
rates per hour from 29 5 for the outer-marker distance of 7 mzles to 62 2 for the 3-m& outer- 
marker distance It 1s assumed for analytIca purposes that all aIrcraft, mcludmg the mllltary, 
land at WashIngton National Alrport Figure 5 IS a plot of outer-marker optxnun separatmns 
for the mne sequences of slow, medium, and fast axrcraft as a fun&on of outer-marker 





Fig 7 Number of Landmgs as a Functmn of Feedmg Rates to the Runway With Zero Wmd 

distance to the runway F,gure 6 cross-plots the data to show the theoretIca acceptance rates 
as a functmn of outer-marker d,stance with the glide-slope wave-off separatmn mm~mum as 
the Independent parameter, and as a functmn of glide-slope wave-off separatmn m~rnmurn with 
the outer-marker distance as the mdependent parameter 

The data are suffwently comprehensive on a comparable basis to permit mterpolatmn 
for other outer-marker-to-runway dxtances, glide-slope muuma, and axcraft-performance 
dxstrlbutmns Shorter outer-marker distances. smaller acceptable &de-slope rn~nnna, and 
less spread I,, alrcraft performance perm,t smaller separatums and thus permit Increased 
acceptance rates These trends are clearly shown or, Fq 6 Even relatively small changes 
yield slgrnficant gams 

In thxs prelumnary study, It ~111 not be argued whether the shorter glide-slope lengths 
are sufflclent for pilots to lme up on the localleer and ghde slope, whether pllots ~111 submit 
to the very small degree of speed control described prevu,usly, or whether the 2- or even 
1 1, 2-m& m~nunum separation on the glide slope 1s acceptable It suffxes that the gams are 
slgnlfzcant and therefore deserve serious conslderatmn in vlev, of the complexltles and cost 
Involved in mcreasmg the capacity of present axrports and arways “la addltmnal alrports, 
runways. and radm facllltleh Certamly a httle pllot educatmn and apprecmtmn of the ated 
lmpllcatmns, plus the use of zero readers and the use of automatic or semlautomatlc approach 
couplers.‘l offer attractive posslbllltws for achxvmg these gams 

Effects of Force-Feedmg the Runway at the Higher Acceptance Rates 
In view of the descrtbed increase m acceptance or runway feedmg rates and m view of 

prewous studies showmg the possible pyramldmg of probable rumvay wave-offs at hqher 
feedmg rates, these force-feedmg effects were further analyzed The runway analyzed was 
Washmgton Natmnal Alrport Runway 36 with an assumed high-speed ent at 3400 feet, the rules 
and random runway-performance dlstrlbutmns were gxven ln Techmcal Development Report 
No 222 8 A probable runway wave-off was presumed to occur If a succeedmg landing alrcraft 
appeared beyond the wave-off pant (1000 feet from the runway threshold) before the precedmg 
landmg arcraft cleared the runway 

‘C M Anderson, N R Snnth, T K Vlckers, and M H Yost, “A Prelmunary InvestI- 
gatlon of the Appllcatmn of the Tangent,al Approach Prmc~ple to Air Traffic Control,/ CAA 
TechnIcal Development Report No 149, October 1951 (Lxmted Dxtnbutmn) 

8 Berkowitz and Doermg. op c,t 
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The results are shown In Fig 7 m a plot of successful landings per hour as a function of 
the runway feedmg rate The shaded portmn of the graph mdlcates the number of probable 
runway wave-offs The percentage of theoretlcal wave-offs ranged almost exponentially from 
1 2 per cent for the feedln rate of 29 5 per hour with a 7-mile outer-marker distance, no 
speed control, and the 2 1 7 2-m& glide-slope mnumum separatmn to 45 4 per cent for the 
feedmg rate of 62 2 per hour with a 3-rmle outer-marker distance with speed control and the 
1 1/2-m& glide-slope mxumum separation It IS shown that with present rules, unless even 
more plenttlful and more Judlcmus spacmg of high-speed runway exits are made, force-feedmg 
the runway at rates higher than about 36 arnvals per hour yields very few more landmgs (39 
maxlmurn) Further force-feedmg yields even fewer successful landmgs At any rate,probable 
runway wave-offs of more than about 5 per cent are consIdered Intolerable This 5 per cent 
figure, although too high In actual practice, 1s considered negllglble m these analytlcal studies 
m view of its theoretIca nature and the llmltatlons m the assumptmns made 

It IS obvious that with xnrnment mcreases In termmal-area capacity, more attentmn 
should be pad first to the runway layout and next to the airport layout mcludmg loadmg rzmps. 
tax1 strips, and warm-up pads m order that any potentml gams do not result m other, more 
sermus bottlenecks 

Formulatmn and Constructmn of the Traffic Samples 
Type I Samples (One Hour Peak of 35 Arrivals) 

In prevmus work, three futurlstlc traffic samples of arrival and departure arcraft were 
employed 9.1° They were based on a traffic survey of IFR and visual-flight-rule (VFR) actlvlty 
at Washmgton Natmnal Axport These samples, designated as Type I, were ongmally of 
three hours duratmn and Included a one-hour loadmg permd, a one-hour peak permd, and a 
one-hour unloadmg permd The half-hourly rates for each of the three samples are shown in 
Table V 

After a number of trial runs, It was decided to ellmlnate the first and last half-hours 
because they proved to be of little consequence for camparatlve purposes These Type I 
samples had a one-hour peak period of 35 arrivals, a half-hour loadmg period. and a half- 
hour unloadmg permd - a total of 2 hours duratmn, hours l/2 to 2 l/2 on Table VI All three 
samples had sxnllar over-all characterlstlcs such as rates, dlstnbutmn of arcraft types, 
and dlstrlbutmn of entry pomts and dlffered only ln the random dlstrlbutmn and sequencmg of 
time Intervals, arcraft types, and entry pomts The arrival samples conslsted of 43 per cent 
slow (29 per cent to Washmgton Natmnal Airport and 14 per cent mllltary), 32 l/2 per cent 

medium (30 per cent to WashIngton Natmnal Alrport and 2 l/2 per cent rmlltary), and 24 l/2 
per cent fast arcraft (22 per cent to Washmgton Natmnal AIrport and 2 l/2 per cent mllltary) 
No Jets were Included Twenty-four per cent of all arrivals were presumed to enter on route 
A, 22 per cent on route B, 12 per cent on route C, 15 per cent on route E, 8 per cent on route 
F. and 19 per cent on route G 

9 Berkowlta and Doermg. op clt 

10 Ruth R Doermg, “Procedure for Constructing Traffic Samples,” FIL Workmg Paper 
No 1, ProJect 2343, February 6, 1953 (Lxnlted Dlstrlbutmn) 
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Some of the groups (Groups 1 through 4 and Groups 14 and 22) of the slmulatmn work 
programmed on the present contract employed these Type I, one-hour-peak samples, as 
outlmed later m this report 

Type II Flow-Control Samples 
Three 2-hour, three 3-hour, and three 4-hour samples with 35 arrivals scheduled for 

each hour were constructed They were made up from the peak hours 1 to 2 (35 arrivals) of 
the three Type I samples and are called Type II flow-control samples No Jets were Included 
In the present FIL graphtcal and Ideal analysis, 2-hour. 3-hour, and 4-hour Type II samples of 
arrivals were used The dynamic-simulator experiments used only the 3-hour samples (see 
sectmn of this report entItled “Program of Slmulatmn Experiments”), a total of 105 arrivals 
at 35 per each hour The Type II samples were constructed as mdlcated m Table VII, and no 
loadmg or unloadmg permds were mcluded 

Two wmd condltlons were specified m the slmulatmn experiments, zero wmd and 20-mph 
headwmd SIX Type II. 3-hour samples of arrivals were prepared for use at TDEC 2 wind 
condztmns x 3 random samples 

Type IIJ Flow-Control Samples 
The three Type II, 3-hour samples of arrivals were modlfxd to substitute four Jet 

alrcraft durmg each hour and were therefore called Type IIJ Four of the 35 arnvals durmg 
each hour, a total of 12 Jets for the 3-hour period of 105 arrlvals,were changed arbltrarlly 
from their orlgmal random speed classes to the Jet class These Type IIJ samples were 
used m connectmn with the Group 5J runs and utlllzed the Phase & multltrack conflguratmn 
shown m Fig 4 

Type III, No-Flow-Control Samples 
Three new 3-hour random samples of arrivals were constructed for use m the Ideal-, 

graphlcal-, and dynamic-sxnulatmn tests They are called Type III no-flow-control samples 
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Fig 8 Queue Theory Showing Expected Delay of Alrcraft Arrlvmg at Time t for Several 
System Loadmgs 

because the arrival rates for each permd are random accordmg to Poisson’s rule, with an 
average rate of 35 per hour for the total 3 hours a total of 105 aircraft No Jets were 
Included The over-all characterlstxs of these random samples were the same as those used 
In the Type I samples of arnvals 

AgaLn. smce two wmd condltmns (zero wind and 20-mph) were speclfled, SIX Type III 3-h< 
samples of arrivals (3 random samples x 2 wmd condltmns) were constructed for use at TDEC 
The resultmg random half-hourly and hourly arrival rates are as shown In Table VIII 

THEORETICAL TRANSIENT AND STEADY-STATE DELAYS 

Intraductmn 
In past years, several air-traffic-control studies dealt with the estlmatmn of delays 

Because of the dlfflculty of actually measurmg delays, the mvestlgators here and abroad have 
turned to mathematical models for their predlctmns The model most frequently used 1s 
the one developed for telephone traffic by Fry, Molma, and others It has been reasoned 
that a termma area with a common glide slope 1s very slmllar to a telephone system 
with a smgle trunk Therefore, the steady-state telephone delay theory was readily adapted 
by many mvestlgators to air-traffic delay theory 

There are two DbJectlons to such an approach First, the utlheatlon or loadmg of a 
telephone channel can never exceed 100 per cent because In the telephone system loadmg 1s the 
proportlon of time m which the channel 1s used In air traffic control, loadmg 1s measured as 
a ratlo of Input (arrival) rate to output (acceptance) rate It 1s therefore possible, and It 
frequently happens, that the loading exceeds 100 per cent, especially for relatively short 
periods of time (one or two hours) 

Second, the telephone delay theory assumes that the permd bang exammed IS In 
statIstIca equlltbrlum Whereas this assumptmn may hold for telephone traffic In which 
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Fig 9 Queue Theory Showmg Average Delay of All Alrcraft Durmg the Trne From 0 to t for 
Several System Loadmgs 

thousands of calls a== processed ,n a few mmutes, It does not necessarily hold true I=, ax= 
traffic control where 35 o= 40 IFR arrivals o= less per hour may saturate an alrport 

In view of these obJectma to the currently popular mathematical delay model, we have 
adopted here the mole recently developed “queue theory ‘I (The dlctww.ry defines queue as a 
“waltmg lme “) The build-up of a stack 1s more analogous to the bu,ld-up of a queue than It 1s 
to that of telephone delays Furthermore, the queue model mcorporates the Input-output aspect 
of termmal-area control and Includes the relatxonshlp of duration of loadmg to delays with no 
assumptmn about statistical equllibrmm 

The Model 
In order to brmg out the fundzmentals of the model. the stochastic process l1 of landmg 

arcraft ,n a terminal area may be described rather simply as follows, 

AIrcraft a==~ve essentially at random at the perimeter of the termmal area, from which 
pomt they are dlrected to the outer marker and down the glide slope via some prescribed path 
However, the restrlctmn 1s made that once a plane has gone through the outer marker Into the 
glide slope the next alrcraft xv111 not be permItted to follow UI less than a given permd of time 
This m~nlmum separation trne durmg whxh each arcraft in a sequence monopolizes the glide 
slope ~111 here be called the se=v~ce time 

When the interval between arrivals 1s shorter than th,s se=v1ce time, some arcraft are 
forced to delay. o= to form a queue Regardless of the form of delay, be It holdmg, vectorlug, 
o= speed control, It ~111 be assumed m this case that a delayed arcraft enters a stack In the 
case of a large number of delayed arcraft, they may sp111 over mto outer stacks o= may even 
be delayed en route Because thus splllage 1s not relevant to the analysts. It 1s assumed that 

11 A stochastic process IS one that can be described ,n general by averages, although the 
prec~e outcome a,= the mternal dlmensmns cannot be predicted with certamty 



Fig 10 Queue Theory Showmg Average Delay as a Fu”ctmn of Loadmg 

all delayed aircraft enter one stack or queue which has an lnfmlte capacity Such a slmpllfl- 
catmn does not detract from any reallsm. yet It supplies a cleaner model with which to work 

One further restrlctmn put Into this model 1s that the service time or separatmn be a 
constant for all aIrcraft using a give” awport Although this factor 1s not precisely true, the 
effects of the dlstrlbutm” of actual separatmns are not appreciably different, as shown I” 
Appendx A. and this restriction does not sermusly affect the preclsm” of the model 

The mechanics of the model are described by the stochastic matrix dzscussed I” Appendix 
A This matrix approach describes the dlstrlbutmn of stack size at any grven time I” terms of 
the condltmns at tlie begInnIng of the congested permd When the orlgmal matrix 1s known, the 
condltmns at any trme t are described by ralsxng the matrix to the tth power. time IS measured 
I” the number of elapsed sevnce times 

Calculation of Delays 
In order to obtain a CornprehensIve picture of delays. seven matrlces (0 3, 0 5, 0 7, 0 9. 1 0. 

1 2. and 1 5) were formed for the followzng values of l , when 

6 = loadmg = 
arr,val rate 

acceptance rate = density 

While the matrIces were easily obtamed, the ralslng to higher powers presented a problem Wher 
the matrwes, especially for the higher values of 6 , were raised as hlch as the 32nd power, their 
smes became formidable and unwieldy It was lmpractlcal to carry the expanslo” any further 
on desk calculators 

For thx reason, a different approach was used for obtammg these higher powers The 
matrlces were expanded to the 16th power, and curves were fitted to the expected stack size 
See Appendix A Subsequent slmulatmn tests mdlcated that the extrapolatmns resultmg from 
thx proJectlo” of curves produced fairly r&able estimates of expected stack size for 
moderately large values oft such as 100 With an acceptance rate of 30 arrivals per hour. 
90 Intervals represent three hours, a” acceptance rate of 35 per hour gives 105 Intervals I” 



three hours Therefore, the bmld-up of air-traffic delays for a permd of about three hours 
can be described by this method 

This extrapolation method helped in the determmatmn of the expected delays and the 
average delays Unfortunately, It provided no measure of the dlstrlbutlon of delays around 
the expected values Such dlstrlbutlons were left for later study 

There IS a difference I,, the delay curves for values of E less than 1 0 and for those 
values equal to or greater than 1 0 For E C 1 0, the average delays approach asymptotic 
values The rate of approach and the asymptotic value attalned depend solely on the magmtude 



Fig 11 Average Delay as a Functmn of Effective Loadxng 

of E These asymptotes are precisely the delay figures given by the eqmllbrmm formula for 
telephone traffic 

& =&. 

where 

D = average delay 

E = loadmg 

t. = mlnlmum separatmn or service tune 

Figure 9 shows that equllbrlum sets UI quickly for small values of E , but for 0 9 5 E < 1 0, 
the steady-state characterlstlcs are not qute reached even after 100 Intervals (3 hours) On 
the other hand, for values of El1 0 there are no asymptotx values and no eqml~brnm, condl- 
tmns It IS seen that for these values of c greater than 100 per cent loadmg the delays become 
mfmlte, but only If the saturatmn contmues for an mf,mte duratmn However, for relatwely 
short permds of tmne these curves (Figs 8 - 10) provide a good approxnnatm, of the expected 
fmnte delays One hundred service tnnes 1s relatwely short, mathematically speakmg, 
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Fig 12 Comparison of Average Delays for Ideal-, GraphIcal-, and Dynamic-Simulator 
Analysis, WNA Phase 2. Type I Samples of Arrrvals 

however, 100 sernce tmnes (average separatmns) of 2 mmutes 1s 200 mmutes, or 3 hours and 
20 mmutes From the standpomt of traffic control this 1s a very long permd of tnne 
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Fig 13 Comparison of Average Delays for Ideal-, Graphmal-, and Dynamic-Simulator 
Analysts. WNA Phase 2, Type I Samples of Arnvals 

Validation of Theory 
Whenever any new theory 1s set forth, one n,-,med~ately asks how well It conforms to 

reality Since both a theoretIca aspect and a sunulatmn or emplr~al aspect were mvestqated, 
It was possible to compare mathematical results with those from smnlat,on 
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Fig 15 Comparison of Average Delays for Ideal-, GraphIcal-, and Dynamic-Simulator 
Analysis, WNA Phase 2, Type I Samples of Arrivals Plus Departures 



Fig 16 Comparison of GraphIcal-Analysis Average Delays; WNA Phases 2 and 7, Type I 
Samples of Arrrvals and of Arrivals Plus Departures 



Fig 17 Comparison of Ideal-, GraphIcal-. and Dynamic-Simulator Average Delays, WNA 
Phase 2, Type II, 3-Hour Flow-Control Samples of Arrivals 

Figures 8 and 9 show that for the condltmns of E < 0 9 the delays are relatrvely small 
and the system reaches statlstlcal eqmllbrlum rather quckly The predlctmn of delays under 
these condltmns 1s therefore of little Importance, and, lf necessary, It can be accompllshed 
with little error through the equllbrxum formula However, for loadmgs of greater than 90 
per cent, delays Increase rapldly with txne It 1s preasely this area of congestmn that 
concerns us most, because most complamts occur under these condltmns 

Figure 10 1s a cross-plot of Fig 9 and shows the relatmnshlp of density, or loadmg, to 
estimated delays The three different permds of congestvan shown are 35. 70, and 105 servxce 
times These seemingly arbitrary lengths were chosen because most of the slmulatmn runs 
conslsted of 105 landmgs and had a constant or average arrival rate of 35 per hour for three 
hours Thus, these three curveS correspond to the Sxnulatmn delays for the periods of one, 
two, and three hours of arrivals The smnulatmn delays as a fun&on of effectxve density are 
shown m Fig 11 Smce the acceptance rate varxd for each condltmn and St each level of 
slmulatmn, the actual or effective acceptance rate for each case was used whenever It dlffered 
from the theoretIca Ideal rate It 1s obwous that the Slopes of the three curves m thlr figure 
agree with those of the theory, Fig 10. but that the delays are less for any given density This 
discrepancy m the magmtude of delays may at fust Seem sermus, but actually the two sets of 
curveS are virtually ldentlcal except for a shift by 10 per cent along the XL-zus Thus, If we 
add 0 10 to each value of E on the delay curves of the mathematical modeLFIg 10,or If we 
subtract 0 10 from the other set, Fig 11. the two sets of curves become ldentlcal 

This shlftmg of Scale appears to be necessary, but the authors can at present offer no 
logical reasons for It A number of tests applied both to the model and to the sunulatlon results 
mdlcated that both sets of data are accurate More work IS necessary to JUStlfy this scale- 
shlftmg on a sound basis In the meanttlme, an apparently valid techmque has been found to 
describe delays for relatxvely short permds St high levels of loadmg It 1s agam emphasleed 
that m mathematical terms the permd 1s relatively short, m practice, 100 landmgs ~111 we a 
relatively long period of time 
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Fig 18 Comparison of Ideal-, GraphIcal-, and Dynamic-Simulator Delays: WNA Phase 2, 
Type II, 3-Hour Flow-Control Arrivals 

Fig 19 Comparison of Ideal-, GraphIcal-, and Dynamic-Simulator Delays, WNA Phase 2, Type 
III, 3-Hour Flow-Control Arrivals 
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Fig 20 Comparison of Ideal-, GraphIcal-, and Dynamx-Sxnulator Delays, WNA Phase 2. 
Type Ill, 3-Hour Flow-Control Arrivals 



were undertaken durmg this contract perlad as mdlcated in Table IX The acceptance rates 
are for the optimum separations derived for the 5 3-m& outer-marker distance and for the 
2 I/2-m& glide-slope mlnlmum All mllltary aperatIons mere presumed to land or to take 
off at Balling Au Force Base or at Anacosha Naval Air StatIon Inbound mllltary aIrcraft were 
governed only as far as the outer marker and were then dlscontmued The correspondmg 
calculations of the acceptance rates were welghted to suit 

The flnal dynamic runs (Groups 5A, 5B, and 5J as listed m Table VIII) mvolvlng the 
Washmgton NatIonal AIrport Phase 2A multltrack layout with the electronic approach-control 
computer, the alrborne plctorlal computers. and the Type IIJ samples were not completed m 
time to report in detail 

The selectmn of the groups to be analyzed Ideally, graphlcally, and dynamlcally was 
based on a design of experiments planned to yield a maxlmnm of slgnlflcant mformatlon with 
the fewest number of experiments and condltlons 

FIL-TDEC Program of Experiments 
In order to stablhee the results three samples, random mternally but with slm~lar over- 

all characterlstlcs, of each sample type were used In the dynamic-simulator runs, each 
Type I sample was run 3 times and each Type II, IIJ, or Ill sample was run twce This 
repetltlon was done to explore some of the varlabllltues expected In practice and to then average 
them m order to make slgnlfxcant comparisons To elmxnate learnmg, controllers were 
changed or posItIons were rotated m repeat runs of any sample In addltlon, the runs were 
programmed so that the second or third repeat runs of each sample were not consecutive 

The program of Ideal, graphIcal, and dynamw tests for the aforementioned groups of 
condltlons IS given m Table X Durmg the prewous contract period, the groups llsted as A 
through F were performed Ideally, graphlcally. or dynamIcally and Groups 1 and 2 were 
analyzed Ideally only These groups are also llsted m Table X for convement reference The 
acceptance rates shown are the maximum theoretical landmg capacltles per hour 

Excludmg Groups A through F, a total of 25 groups are listed Thirteen of these groups 
were tested on the dynamic simulator. a total of 90 runs 36 runs on Groups 1 through 4 (9 runs 
per group, 3 Type I samples times 3 runs per sample) and 54 runs on Groups 5A. 5B, 5J, and 
Groups 6 through 11 (6 runs per group; 3 Type II, Type IIJ. or Type III samples times 2 runs 
per sample) Twenty-one groups were analyzed graphically, and 21 groups (not the ldentlcal 
21 analyzed graphlcally) were analyzed Ideally 

SIMULATION RESULTS 

Presenttatlon of Data 
Tables Xl, XIV, and XV list the pertment delay results of the Ideal-. graphlcal-, and 

dynamic-slmulatlon analyses. respectively Table XVI shows a comparison of typlcal 
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Fig 21 Comparmm of Ideal-, GraphIcal-, and Dynamc-Smulator Delays, WNA Phase 2, 
Type II. 4-Hour Flow-Control Arrivals 

vanabxllty between samples and repeat runs for Group 6 when these three sunulatlon techmques 
are used Table XII shows a comparison, by the Ideal techmque. of average delays for Group 23 
when constant or vanable tune separatmns are used Table XIII shows the effect, on average 
delays,for Group 19, of random resequencmg of the tune xntervals Throughout thrs report, 
average delay refers to the average for all ancraft,mcludmg those not delayed A delay 1s 
defmed as that addltmnal tnne requred to meet the speclled separatmns beyond the tune 
imrmally requued when no other traff,c 1s mvolved Data shown on Table XIV compare both 
the WNA Phase 2 and WNA Phase 7 delays for Groups 1 and 2 All other data are for WNA 
Phase 2 only 

The delay results obtamed by Ideal and graphlcal sumulatmn techmques for the first and 
second hours of the 2-hour samples used m Groups 12, 15. and 20 (Type II samples) were not 
affected svgmfmmtly by the traffzc of the third hour in comparable Groups 10, 16, and 7 (Type II 
3-hour samples). therefore, they are not lIsted Also. the delays of the third hour, obtamed by 
Ideal and graphIca sm-mlatmn, zn all groups usmg the Type II, 3-hour samples were not 
affected svg,~fmntly by the arrivals of the fourth hour 



Fig 22 Comparison of Typical Varmblllty m Average Delays Between Traffic Samples and 
Repeat Runs, GraphIcal- and Dynamxc-Sxnulator Analysis of Group 10, WNA Phase 2 

All figures lxted hereafter far average delays are presented in the form of a txne series 
of average delays for those arcraft scheduled to arrive or depart in each 5uccessLve 15-minute 
period Figures 12 through 15 show comparisons of the Ideal-, graphIcal-, and dynamic- 
simulator average delays for Groups 1, 3, 4, and E and Groups 2, 4, 22, and F on WNA Phase 2 
Flgure 16 compares the WNA Phase 2 and Phase 7 average delays for Groups 1. 2, E, and F 
The data on Groups E and F (performed on previous work) are shown on some of these figures 
for convenient comparison and reference 

Comparisons of the Ideal-, graphical-, and dynamx-sumulator average delays (WNA 
Phase 2) for Groups 6, 7, 10, and 16 (Type II, 3-hour flow-control samples of arrivals) are 
shown in Figs 17 and IS, Groups 8, 9, 11, and 18 (Type III, 3-hour random samples of arnvals) 
are shown in Figs 19 and 20 Figure 21 compares the Ideal- and graphlcal-analysis average 
delays for Groups 13, 17. and 21 (Type II, 4-h our flow-control samples of arrivals) 

Figure 22 shows another example of typlcal varlablllty in both graphlcal- and dynamlc- 
sxnulator average delays between traffic samples of characterlstlcs which are sxnllar over- 
all but which doffer in internal randomness and between dynamic-sunulator repeat runs on an 
ldentlcal sample, Group 10 was used as the example 

Figures 23 and 24 compare the graphlcaI- and dynamic-sunulator dlstrlbutlons and 
tlmewlse averages of the TIGTAMS for Groups 6. 7, and 10 (Type II, 3-hour flow-control 
samples) and Groups 8. 9, and 11 (Type III, 3-hour random samples), respectively A TIGTAM 
1s defxned as a Tune Interval Greater Than Asslgned Mmlma In order to load the system, the 
first half hour IS excluded No quantltatlve data on the Group 5A. 5B. and 5J dynamic runs 
are given masmuch as some of the orlguw.1 runs were made under adverse condltlons and the 
necessary reruns were not completed ln tune to report here However a brief discussIon of 
the qualltatlve xnpllcatmns IS given m the next sectmn of this report 

D~scusslon and Interpretation of the Results 
Measures of Effectiveness 

Insofar as this study was concerned with operatIona research in terminal-area traffic 
control, one of the vital tasks was to define proper measures for dlscrlmmatmg between 
proposals The measures chosen had to ( a measure the effects of particular rules and ) 
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Fig 23 Comparison of GraphIcal- and Dynamc-Smulator Dlstnbutmns and Txne Averages of 
TIGTAMS, WNA Phase 2, Type II, 3-Hour Flow-Control Arrival Samples 

conflguratmns. (b) measure the human factors mvolvmg controllers: (c) determme the effects 
of changmg rules and procedures, and (d) 
and type of cornmumcatmns 

establish the effects of (a), (b), and (c) on the volume 

Toward these ends the most direct measure 1s capacity, ,n number of movements per 
unit tnne Smce one of the ultnnate suns of air-traffic control 1s to move as many airplanes 
as possible as quckly and as safely as possible. such a rate measure of system effxlency 
provides the most direct basis for dxscrmunatmn between systems Therefore, the acceptance 
rate or capacity at the outer marker was one of the cr,term used ,n this study 

Another valuable efficiency measure 1s alrcraft delay, whxch takes Into account not only 
capacity but also demand and shows the effects of the mterrelatmnshlp of these two factors 
In many respects, delay 1s a more meanmgful measure of effectiveness than 1s capaaty alone 
First of all, It provides a quantltatwe basis for assessmg cost A capacity that 1s too low for 
the demand results m long delays, and the cost to alrlme operators 1s high not only I,, operatmg 
costs but also ,n busmess lost through n,convenlence to passengers On the other hand, a 
capacity that 1s more than adequate for the number of arrivals may result m httle or no delays, 
but the cost of prowdmg and mamtammg the high axport capacity may be unreasonable on a 
per-axplane basis Therefore, expected delays provide a sound basis for determmmg the 
capaaty needed to provide some optwnum grade of service 

Sensltlvlty 1s another feature of the delay measure Whereas a small difference in 
capacity between two systems may appear negllglble, a high congestmn may show the dxfferences 
in delay to be appreciable Although any measure may show up gross differences, delays show 
up finer, more subtle dxssumlarltles 
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Fig 24 Comparison of GraphIcal- and Dynamic-Simulator Dlstrlbutmns and Time Averages of 
TIGTAMS. WNA Phase 2, Type III, 3-Hour Flow-Control Arrival Samples 

Several other measures were recognized but were not used explicitly For Instance. 
safety and ease of operatmn are xnportant requlsltes m any system Although safety was 
assumed to be constant In al-1 systems and the safety aspects were taken into account in the 
prescribed separations, the ease-of-operation aspect was dIscussed In more detail in previous 
reports12.13 when the techmques of the relaxed system were hrst evolved 

The results of this lnvestlgatmn are therefore presented from two paints of VICW 
capacity as measured In the acceptance rate (number of arcraft per hour) and the InteractIon 
of demand mlth capacity as measured by delays (minutes and number of serwce times) 

12 Berkowlte and Doermg, op clt 

13 Anderson and Vlckers, op clt 
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The Three Stages of Simulation 
WIthIn the llmlts Just establl hed I I 

t L this study may be questxoned The firs- 
:he merits of the three stages of slmulatlon used In 
stage, or Ideal analysis, determInes the maximum 

possible acceptance rate with a given set of prescribed separations The second stage, or 
graphIca analysis, determmes what the system can handle when the eulstlng alrways, fllght- 
separatmn rules, types of alrcraft, and descent rates are consIdered The third stage, or 
dynamic slmulatmn, In addltlon to the above factors considers the human Judgments and 
estnnates, aIrcraft performance, lncludmg rates of turn and varxable speeds, and the effects 
of usxng standard communlcatmns Thus the three stages are three successively more 
complete approxlmat1ons to reality 

The merit of using this multilevel approach to sxnulatmn may also be questmned One 
feature of this method 1s that the systemic and the human factors can be isolated and measured 
The most direct measure of these effects 1s seen m the effective acceptance rates (EAR) at 
each level This EAR was calculated by measuring the average time between each successive 
outer-marker crossing when the system was loaded The average separation (in seconds) was 
then dlvlded Into 3600 This quotient gives the max~rrum possible arrivals that could be handled 
In an hour Cantrastmg with effective acceptance rate 15 the IpaxLmum theoretical rate, which 
1s theoretical in that It presumes that alrcraft could rrake good any path or speed in order to 
appear at the outer marker exactly wIthIn the prescribed separation Tai,le XVII gives the 
resulting EAR for the three levels of sxnulatlon at 0 wind and at ZO-mph wmd and for the two 
sets of prescribed separatmns The two sets of samples, flow control and random, were not 
dlfferentmted because the average EAR for both groups did not differ by more than 0 1 arcraft 
per hour It should be noted that the Ideal EARS are the maxxnum theoretlcal acceptance rates 

System Effects 
Several lnterestmg facts can be gleaned from Table XVII First, the system effects as 

measured by the difference between Ideal- and graphIcal-analysis delays Increase as the 

Fzg 25 System Effect as a Function of Maximum TheoretIcal Acceptance Rate 
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traffic-Input rate Increases Th,s relatmnsh~p 1s shown ln F,g 25, where it 1s seen that the 
system would have a negllglble effect at a theoretlcal maximum acceptance rate of 15 to 20 
per hour but that ,t produces x-.creasmgly greater reductmns in the EAR at theoretIca rates of 
30 to 35 or more Therefore. the system seems so flexible that force-feedmg 1s possible with 
some system resistance The resistance seems to increase exponentmlly with the degree of 
farcmg From the rate mdlcated by the graph 11, Fig 25, this counteractIon of the system 
makes It mprobable that when the present separatmn rules are adhered to a sustamed accept- 
ance rate in actual practxe could exceed about 35 landmgs per hour Vlolatlons of these 
separatmn rules are qmte frequent 11, practxe, however. there are many cases where flexl- 
blllty in ,udgment would not seem to aolate the Intent of the safety requrement or of the 
prescribed separatmn of 3 m&s minimum A more direct measure of svstem reactlon 1s 

F,g 26 Marm~um Delay as a Functmn of Effective Density 
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shown ln Figs 23 and 24 Essentmlly, TIGTAMS are added separations enforced by the system 
rules. the randomness of arcraft arrivals. and the ablhty of arcraft to pull out of the mner 
fixes and fly the prescribed tracks The graphlcal-tnne series clearly shows that the TIGTAMS 
Increase for Groups 7 and 9, 10 and 11, and 6 and S with theoretical acceptance rates of 31 6, 
3b 1, and 38 5 perhour, respectlvcly 

The human effects were measured by the difference between the dynamic results and the 
graphlcal results One of the ccndltmns (Groups 15. lb, 18. and 19, Type II samples, ZO-mph 
wmd. and no speed control) was not run dynamically because It would have resulted m an 
unreallstxally high congestmn However, the high density that resulted from the one ZO-mph- 
wind condltmn (with speed control and with a theoretIca acceptance rate of 31 6) apparently 
caused a determratmn m the controllers’ performance In the 0-wmd condltmn, the controllers 
were able to operate at an effective loadmg of about 115 per cent for several hours and yet 
mtssed the perfectmn of the system by about one and a half arcraft per hour, a truly credltable 
feat On the other hand, m the 20-mph-wmd condltmn at an effective density of 134 per cent, 
the dynamic acceptance rate dropped to 2 7 aircraft below the graphIca rate although the drop 
might have been less than one arcraft per hour for thus lower theoretlcal acceptance rate To 
Illustrate this effect, Figs 26, 27, and 28 are presented to show the average and maxnnun 
delays produced m Ideal, graphlcal, and dynamic analysts as a functmn of effective or 
theoretIca density for the one- and three-hour permds 

Traffic Fluctuatmns 
Another advantage of the three-stage sxnulatmn program 1s the predlctablllty of delays 

with the fluctuatmn of the mcommg traffic rate For reallstlc problems where traffic builds 
up to a peak and then declmes, It 1s possxble to run snnulatlon studies at the lower, less costly 
levels and from these studws to predict what the delay picture would be at the higher levels 
and in reality In a prevmus report l4 It was panted out that a high degree of correlatzon 
(98 per cent) exists between the tune series of delays of the three stages This fact 1s of great 
importance because the expense of snnulatmn Increases with the mtroductlon of more and more 
realism Therefore, the most economIca slmulatmn program would establish the effective 
acceptance rates between the three stages and would then run more extensive tests at one of 
the more elementary levels 

14 Berkowtz and Doerlng. op clt 



Fig 27 Average of Maxxnum Delay as a FunctIonof Theoretlcal Loading, Types I and II Flow- 
Control Arrival Samples 

Before such a program 1s undertaken, however, It should be remembered that each step 
toward realism reduces the EAR Therefore a constant Input rate mcreases the effective 
congestmn at each level For prolonged samples at high congestxon, as were used m this study, 
thx effective density 1s of cntlcal xnportance in maklng time-orlented estxnates of delays 
For accurate predxtlon, It 1s necessary that both stages have effective densltles on the same 
side of 1 0, both should be less or both should be more As an example. Fig 18 shows that the 
Ideal level was of little value III predlctmg delays of the two higher levels for Groups 6 and 10 
but that the Ideal level of Group 7 and the graphIca levels of all groups provided good pre- 
dlctmns of the dynamic, more costly stage The reason for the dlssxnllarlty m the one case 
and the correspondence m the other 11es 1x1 the delay curves referred to prevmusly There It 
can be seen that delays for congestmn less than 1 0 reach some equlllbrlum value, whereas a 
density of greater than 1 0 results in a constant build-up of delays The two Ideal sets, Groups 
6 and 10, were both run at densltles less than the crltlcal 1 0 and therefore do not reflect the 
mcrease m delay at the higher levels reached In sxnulatmn tests which were run at densxtles 
greater than 100 per cent All the runs at the higher densltles show mcreasmg delays as time 
progresses Because delays buxld up almost lmearly, the only difference between one set and 
the next IS the slope of the bmld-up Once these slopes have been determmed for each level, the 
simpler level can be used for predlctmg the more complex one 

At low densltles, the delay sltuatmn very closely follows the arrival sltuatlon That IS, 
a surge of arrivals In one permd causes an mcrease in delay for the next permd, and a decrease 
III the number of arrivals 1s reflected m a decrease III delays This relatmnshlp IS shown m 
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Fig 28 Average Delays for Random and Flow-Control Arnvals as a Functmn of Effective 
Density 

F’lgs 12 and 13, especially m the Ideal- and graphical-analysis curves However, 1n the two 
dynamx-slmulatlon curves for the ZO-mph wmd condltlon m which the effective density was 
more than 120 per cent, the delays contmued to accumulate even after the arrival rate 
decreased 

Fig 29 Conflguratlon of WNA Phase 2 



Fig 30 Conflguratmn of WNA Phase 7 

Human Conslderatmns 
As has already been pox&d out, on the average the controllers’ performance decreases 

the acceptance rate of the system to only a small degree However, there 1s a large amount of 
vanab~llty between the performances of the same controllers on the same problem, and the 
differences In degrees of experience m this type of control 1s startlmg A typlcal example of 
the differences between smnllar samples and repeat runs of ldentlcal samples was shown m 
Fig 22 and Table XVI In fact, several runs In which uutramed men did the controlling had to 
be ellmlnated from the data because the results, In terms of delays and vlolatlons, were so 
unrepresentative Puttmg untrained controller personnel In live and heavy IFR traffic sltuatlons 
1s not considered representative or at least should not be tolerated In actual operations 

The only explanation that can be given for tins high varlainhty 1s that the preclslon of 
spacing arcraft properly at the approach gate during high loadings 1s very crltxcal Although 
the prlnclple of using twin close-In stacks permits a lugh degree of preclslon, Increases as 
small as IO seconds xn the average effective separation can cause large zncreases In delays 
under high congest,on 

This relat~onshlp between delays and separations 1s shown vlvldly In Tables XV and XVI 
ln the rows headed Delays and TIGTAMS (T Ime Interval Greater Than Asslgned Mmnnd 
Those teams which attained the lower TIGTAMS In effect created the higher acceptance rates 
and the lowest delay rate A few seconds difference ln the TIGTAMS between ldentlcal runs 
resulted In many minutes difference In average and maximum delays Each arcraft In a run 
was assigned a TIGTAM value If (a) the outer-marker time separation between It and the 
preceedlng arcraft was greater than the prescribed or assigned separation and (b) rt was 
delayed The second restrlctlon assured that a TIGTAM would not be ascribed to an alrcraft 
sxnply because It did not arrive soon enough These TIGTAMS give a chrect measure of the 
preclswn with which controllers can meet the prescribed separatxms In effect, a larger 
TIGTAM m&cates a lower effective acceptance rate, and a small value lndlcates a tagher EAR 
and, therefore, system eff,czency 

The rows headed TILTAMS (Time Intervals Less Than Assigned Mxumum) lndlcate the 
number of vlolatmns of the prescribed mlmrnurn separations Offhand, nne may consider these 
dangerous from the safety angle of air traff,c control However, It must be realized that no 
human could posslblymamtam exactly the required separations There 1s bound to be some 
varlatlon about these values If exactly zero TILTAMS were to be attamed. the controllers 
would have to mantan such conservatively large average separations resulting m large 
TIGTAMS over and above what are already prescribed for safety’s sake that the effective 
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acceptance rate would be reduced drastically The most eas,ly reached compromise between 
the necessity for zncreasmg acceptance rates on the one hand and the necessity for mamtamlng 
safety requxementts on the other seems to be that some TILTAMS can be tolerated, provided 
that they are small and mfrequent As Tables XV and XVI show, this 1s precisely what 
occurred at TDEC As a matter of Interest, one-half mile on a 12-Inch radar scope covermg 
40 m&s diameter 1s only about 3/16 of an Inch 

Because of th,s lower separatxx, llmlt needed for safety and because of the need for a 
small average separatmn for maximum aIrport capacity, It 1s desirable to reduce the amount 
of var,ab,l,ty in meetmg the required separations Th,s problem can be solved most directly 
by such techmques as multltrack layouts and special approach computers These simple 
devices would serve two purposes fxst. 1,ttle trammg would be required before a controller 
could attain max,mum eff,c,ency and thus small varlablllty with this vectoring system, second, 
there would be little tendency for traIned controllers to get rusty from lack of practxe 

Randomness Versus Flow Control 
There has been much dlscuss,on in recent years about the merits of derandomwmg 

traffic to decrease tcrmmal-area delays It was possible to make partial measurements m 
thw study to throw some light on this SubJect because our two sets of samples were purely 
random and Included a predetermmed number of arrivals per half hour and per hour arrlvmg 
at random wlthm the half hour To be sure, this second group constitutes flou control at a 
very low level, but the results show some derandomlzatmn at work Figure 28 shows plots of 
average delays as a functmn of effective loadmg for each of these two sets of samples after 
one hour and after three hours As can be seen, for a per,od of one hour there 1s only a minor 
difference between these sets, however, after three hours the minor degree of flow control 
tends to reduce delays for the loadmgs greater than 100 per cent Here agam IS shown the 
value of usmg delays to measure effectiveness The smallest differences can be detected by It 

The xnplxatmns of this fmdmg are far-reachmg Fnst, even the coarsest level of flow 
control can have nothmg but beneflclal results Second, It should be realized that en route flow 
control xv,11 not necessarily reduce over-all delays to axcraft, It prlmarlly transfers the 
termmal delay further out and, at times, rmght even make the delay even mgher because It 
could conceivably decrease the degree of preclsmn of feedmg the termmal area Third, even 
delays at a departmg axport are delays from the standpomt of lnconvenlence but seem to be 
much more econom,cal and safer from the vvzwpolnt of the alrlme operators Therefore, some 
technique for predlctmg the number of arrivals at an alrport and for subsequently reschedulmg 
arrivals, as necessary. to avold extreme congestion would be of slgnlflcant benefit to the 
system The best feature of such a program IS that the schedulmg need not be very precise for 
the advantages to be felt 

Interrmxmg Landmgs Wtth Take-Offs 
S,mulat,on tests were made w,th landmgs and departures mtermxed on a smgle runway 

See Tables XI. XIV, and XV and Figs 14, 15. and 16 These tests perrmtted study of the tech- 
mques for handling the double-purpose single runway For the condltlons of 0 wmd and optimum 
separat,ons, ,t was found that the average separation time between two successive landmgs was 
about 120 seconds When a take-off mtervened, the separation between the landmgs was about 
140 seconds The average runway separation between two successive take-offs was 65 seconds 
On the basis of these figures, It seems obvious that the most eff,aent method for mtermwng 
landmgs and take-offs when there IS a backlog of both IS to alternate them, a take-off requires 
65 seconds when followmg another take-off but adds only 20 seconds when Interspersed between 
two landmgs This alternatmg procedure resulted ln a smgle-runway capacity of 50 to 55 
operatmns per hour 

For the 20-mph-headwmd condltlon and smgle-runway operatvan, arrival separations had 
to be Increased anyway It was therefore found covenlent and efflclent to mtersperse de- 
partures between successive arrivals with no addltlonal delay to the arrivals This alternatmg 
procedure resulted m 45 to 50 operatmns per hour on the smgle runway 

A brief graphical analysis on the use of mtersectmg runways (one for landmgs. and one 
for take-offs) showed that about 70 mlxed operatmns per hour were possible Furthermore, 
It was evident that approach- and departure-controller co-ordmatlon m,ght be reduced very 
much until the amount 1s even less than for a dual parallel-runway conf~guratxzn 

Speed Control 
One reason for the large outer-marker separations and for the conservatism used today 

1s the random varlabxllty in speeds between alrcraft This varlatlon makes It dlfflcult to 
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mamtam a precise separation between two alrcraft even when the,= types and rated speeds are 
known In prescr,b,ng present-day separations this factor af ignorance must be taken mto 
account 

To ,nvest,gate the poss,bzl,t,es of reducmg the spread ,n arcraft performance. a degree 
of speed control was mtroduced and new separatmns were determmed A small sample of the 
trend of the results was shown I” Table XVII It 1s see” that at the ,deal level these new 
separations led to a” ,mprovement of 2 4 a,rcraft per hour When the system and human effects 
were added, the xnprovement Increased another 0 7 per hour ,” zero w,nd These results may 
seem ms,gn,f,cant, but the delay curves of F,gs 17 through 20 and F,g 27 prove that they are 
not The add,t,onal safety factor resultmg from this small amount of speed control should also 
be borne ,n mind For reference, Table XVIII 1,sts the group numbers that are comparable m 
every respect except for the difference ,n separations By companng the s,mLxr groups ,n 
F,gs 17 through 20. ,t can be venfled that the seem,“gly xnslgn,f,cant increase ,n acceptance 
rate mtroduced by speed control had a marked effect ,n reduc,ng the delays, espec,ally at h,gh 
loadmgs 

Effect of Reseque”c,ng the Exponentml T,me Intervals of a Traffic Sample 
Table XIII showed the effect of rearrang,“g ,nto new sequence the exponential time 

intervals of the second sample of the Type III. 3-hour random samples of arr,vals It should 
be observed how the arrival rates fluctuated for each hourly permd and correspondingly how 
the Ideal-analys,s delays varied Th,s ,s JUSt a sample of the caution that must be exerc,sed 
,n mak,ng comparlsans between smgle s,m,lar, but mternally different. random traffic samples 

Comparison of Delays of WNA Phase 2 and WNA Phase 7 Conflguratlons 
F,gures 29 and 30 illustrate the differences between these two conflguratmns It 1s seen 

that the locat,ons of the Phase 2 mner f,xes lay closest to the m,n,mum fhght paths for the 
var,ous entry aIrways and also perm,tted more flex,b,llty for radar gu,dance, which 1s commonly 
known as vectnrmg The delay results of the graph,cal analys,s are shown I” Table XIV and 
F,g 16 The differences between the two are small under the cond,t,ons of zero wmd and 
h,gher theoret,cal acceptance rates (lower loadings) for either arrivals only or for arnvals 
and departures Phase 2 appears to be the more eff,c,ent by a small percentage wh,ch 1s 
statlstlcally lns1g”lflca”t However, at the lower acceptance rate under cond,t,ons of a 20-mph 
headwmd and higher loading, the differences are more pronounced 

Commumcat,ons Results 
The h,gh-density dynamic-s,mulator runs of three hours placed some llm,tatlons on the 

degree of accuracy of the latest results The high number of arcraft delays and the length 
of the runs made It necessary at txnes to keep the experiments gomg wIthout usable a,rplane 
consoles and their 1,ve p,lots (e,ght consoles were available) Instead, when an arplane console 
became avalable, a,rcraft were fed mto the experiments at those pomts ,n space and t,me 
correspondmg to where they should have been accordmg to the program scr,pt Consequently, 
some of the routme commumcatmns, the resultmg channel busy t,mes, and other var,able 
cond,t,ons could not be mcluded or m&grated properly w,th the rest of the 1,ve s,mulat,on 
workload There was little slgnlflcant difference between groups, samples, or repeat runs 
Table XIX ,s presented to show commumcatlons workload ,n the form of channel dens,t,es, num- 
ber of messages, and commun,cat,“g t,me for the two approach sectors and the adJOmlng Atr 

e Traff,c Control (ARTC) sector, the data shown are for the averages of the two Sample 
No 2 runs of Group 10 and are typ,cal of the other groups and samples It IS seen that eve” 
though the traff,c load,ng exceeded 100 per cent for three hours, average denslt,es of approach- 
control commun,cat,ons per sector for the entlre period were only about 33 per cent and never 
exceeded 48 per cent for any l5-mmute penod and that the average commumcatmg time (a,= plus 
ground) per a,rcraft was about 85 seconds 

Contrary to random-commumcatmn theory. the var,ous channel dens,t,es, numbers 
of messages delayed, busy txnes, amount of conversatmn, and other commumcatmns var,ables 
were low Present commurncat~on theory 1s based on the assumptmn that calls occur at 
random, but s,mulat,on tests md,cated that ,n the WNA Phase 2 type of termmal-area traff,c 
control there are a large number of stereotyped sltuatmns such as a f,aed block ,n space 
between outer and ,nner f,xes. a f,xed block I” alt,tude separat,ons, and party-l,ne simplex 
commumcatlons Such s,tuat,ons cause a high degree of redundancy m the commun~at,ons 

“d a low lrr,tab,llty factor Th,s result ,s supported by the fact that there were very few 
’ y t,mes ,n the air-to-ground end of the party lme, and ,t was seen that the or,g,nat,on of 
‘hP calls followed a defxnte pattern and were not by any means random 
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Dynamic-Sxnulatlon Tests of Controller’s Approach Computer, Airborne Plctorlal Computers, 
and Integration of Jets, Groups 5A, 59, aid 5J 

No detailed quantltatlve results are reported The prototypal electronic multltrack 
approach computer (EMTAC) was found to be operatmg Improperly, and certam other adverse 
condltmns were also encountered durmg sorre of the SIX runs scheduled for each group Some 
repeat runs were made, but the analysis of the data 1s not sufflclently complete at the time of 
wrltlng The computer malfunctions were subsequently engmeered out of the pratotypal model, 
and its operation was satisfactory 

The results obtamed to date by the use of EMTAC showed that the approach procedures 
were very simple When It was assumed that pIlots fallowed their computer-asslgned tracks 
by usmg airborne plctarlal computers with radar momtorlng and shght but Infrequent cor- 
rectmns by the controllers where necessary, the controller’s Job was slmpllfled to the lowest 
level ever attamed ln slmulatlon tests The equipment was simple to operate, and personnel 
of the clerk grade could operate EMTAC efflclently after only 5 to 10 minutes of dual 
mstructmn 

It became obvious that with this decrease ln workload one controller could handle the 
usual functmns of the two approach controllers (east and west) Some runs recently made 
employed only the smgle approach controller, and the results look very encouragmg 

It also IS noteworthy that m the runs mvolvxng the mtegratlon of Jets with conventional 
arcraft (Group 5J, using either one or two approach controllers), the delay results and 
communlcatlon workload were consistently and slgnlflcantly less than m those comparable 
groups mvalvmg only conventional arcraft 

CONCLUSIONS 

1 Generally speakmg, the results to date of the Joint FIL-TDEC program of slmulatlon 
actlvlty have ylelded a wealth of lnformatlon In a relatively quick and mexpenslve manner and 
an a rigorous sclentlflc basis, the program has uncovered many requlsltes for the design of 
safe and efflcxnt common terminal-area traffic-control systems Some of thus InformatIon 
would be lmposslble to obtam by other means or in some cases would have been inconclusive 
Many of the prmclples Involved can be extended to other areas of the navigable aIrspace and to 
ground faclhtles and have an lmmedlate applicatmn toward lncreasmg system capaaty 

2 For a wide variety of condltlons such as types of traffic, traffic rates, traffx durations, 
acceptance rates, wmd condltlons, and constant and variable separatxons, the correlation 
between the FIL analytical and graphlcal analyses and the TDEC dynamic-slmulatlon techmque 
1s excellent Thus techmques have been establlshed whereby many of the termmal-area 
problems relatmg to delays, capacity, and such factors can be solved by the mexpenslve 
analytical and graphical techmques wlthout resortmg to large-scale dynamic sxnulatlon or 
to actual flight tests 

3 A prellmmary determlnatmn of the mathematical formulas was made to describe and to 
evaluate air traffic flow on a reallstlc basis The results were vaIldated by the graphlcal- 
and dynamic-slmulatmn results Classical steady-state theory was shown to be totally 
Inadequate and mlsleadmg for high traffic densltles and traffic peaks approachmg and exceedn 
loadmgs of 100 per cent, mfmlte delays occur only with mfmlte traffic congestlon, a fact which 
15 of no practical Interest m aI* traffic control 

4 As a matter of convemence, a confIguratIon described as WNA Phase 2 was used as the 
reference termmal-area radar system, and many speclflc problems which had many generalize 
appl,catu,ns could be evaluated This conflguratxon was found to be a most practical and 
effective one With the simple party-lme simplex communlcatlons, clear-cut, nonconfllctlng 
paths, reliable radars. a very lImIted degree of speed control, and radar vectoring, WNA 
Phase 2 was found to be a relatively stralghtforward and relaxed system of termmal-area 
traffic control An over-all average for arrivals only of about 32 per hour could be handled m 
zero wmd on a smgle runway for several hours Th,s capacity 1s based on (a) the use of 
present IFR radar-separation mmlma of 3 mzles, (b) the assumption that en route control 
could feed the mner stacks Ideally at the top level all of the time, and (c) the use of previously 
described wave-off conslderatlons In the case of mlaed arrival-and-departure traffic, 50 or 
more IFR aperatIons could be handled on a single mstrument runway, by far the most e 
sequence was the alternatIon of landmgs with take-offs rather than the moving of a few 
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and the” of a few take-offs For short permds of 15 mmutes to a half hour, approxm,ately 36 
random arrivals per hour could be landed at a” average mterval between successive approaches 
of 1 minute and 40 seconds, correspondingly, about 50 to 55 mrxed arrival-and-departure 
operations could be moved on a single runway A total of about 65 to 70 operatmns per hour 
was found feasible for mtersectmg runways and required very little co-ordlnat,o” 

5 Optimum outer-marker separatmns for outer-marker distances of 3 to 7 m,les with or 
wIthout speed control were established for the condltm” of a maximum probablllty of &de- 
slope wave-offs of 1 per cent 
be 2 l/2, 2, or 1 l/2 m&s 

In addltmn, the glide-slope wave-off crlterm” was assumed to 
The theoretlcal acceptance rates ranged from 29 per hour for the 

7-mile outer-marker distance when a 2 l/Z-m& glide-slope separatx,” was used as the 
mln~mum to 62 per hour for the 3-mile outer-marker distance when the 1 l/Z-mile &de-slope 
separatmn was used as the m,“~mum Prababzllty analyses were undertaken to determme the 
effects of mcreasmgly force-feeding at these higher rates a angle Instrument runway such as 
Washmgton Natmnal Axport 36 with a hypothetIca high-speed exit added at 3400 feet The 
studies showed that the probable runway wave-offs pyrarmded to the pant where feedmg the 
runway at landing rates greater than 36 per hour resulted I” very few more successful landmgs 
(39 per hour) and subsequently eve” fewer, the percentage of probable runway wave-offs varied 
almost exponentially from 1 per cent for a feedmg rate of 29 landmgs per hour to 45 per cent 
at a feedzng rate of 62 per hour Because of the theoretIca nature of the work and because of 
the accuracy of the assumptmns, it was concluded that a 5 per cent figure I” theory mxght 
correspond to a “egllglble figure I” practxe This would yield a successful runway landing 
rate of about 36 per hour I” actual operatmns 

6 The xnpllcatmns are evident Slgnlfxant gans I” higher landmg rates can be achieved with 
rather small changes such as shorter glide slopes, smaller allowable glide-slope separatmns, 
and a very llmlted degree of speed control However, the higher feedIng rates induce a” 
Intolerable percentage of runway wave-offs unless runway layouts are slgmflcantly Improved 
Means of achlevlng shorter glide slopes and smaller acceptable separatmns,of educatmg pllots 
to appreciate the effects of the small degree of speed control, and of ,udxmusly locatmg eve” 
more high-speed runway exits should be give” serious conslderatmn The small changes can 
yield, at httle cost, slgnlfxcant gains that could otherwIse be attalned only by the constructmn 
and lmplementat~o” of new runways, axways, and alrports 

7 The use of the radar type of terminal-area traffic-control system described as WNA Phase 2 
with close-~” twl” feeder fxes or w,th any other slm~lar twin-stack system resulted 1” simple 
commu”,catm”s procedures and low workloads Tests of a multItrack conflguratm” lnvolvzng 
the use of a controller’s approach computer and of arbor”= pxtorlal computers showed eve” 
further simpllclty and reductlo” of workload, furthermore the mtegratm” of jet traffic caused 
no addItIona delays or increase I” workload 

RECOMMENDATIONS FOR FUTURE SIMULATION ACTIVITY 

Much has been learned about termxnal-area control The best way to make the en route 
and alrport elements compatible w,th the potenttally high terminal-area capacity deserves the 
most serious conslderatlon At the same time, other factors relating to terminal-area control 
should also be studled If the long-range pant of v,ew IS properly take” Also, certam Items of 
equipment, new techniques, new axcraft types, and other lnnovatlons are bemg Introduced and 
should be Integrated Into the over-all scheme 1” the most eff,c,e”t manner It 1s recommended 
that the present plans, faclllt,es. and techniques for sm,ulatlo” be carefully studled and 
extended I” a” orderly manner to suit the solutm” of many other problems Accordmgly, a 
comprehensive program should be undertake” to 

a Investigate the pertment aspects of safety and efflclency assac,ated with the proper 
handling of present and future traffw I” both en route and terminal areas Conslderatlo” 
should be given to the effects of 

(1) Introductmn of other arcraft types such as very slow (VS) and hellcopter (H) and of a 
heavier concentratxon of jet (J) types 

(2) Changes I” present separatmn standards 
(3) Multxple arway, arport, and runway operatmns 
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(4) Varmus traffic rates and duratmns 
(5 
(6 I 

AIrpart conflguratmn and control of surface traffic 
Co-ordlnat,on between en route, approach-, and departure-control functv,ns 

(7) Centralized versus decentralleed control and displays 

b Evaluate thoroughly under a wide variety of condltlons the systemic contrlbutlons of such 
various equlpment and ads to navlgatmn and air traffic control as are under conslderatlon 
for development and use in the near future These include 

(1) 

(2) 
(3 

3 
I;, 
(6) 

Symbohc data-transfer and display dewces such as lrnlted data-transfer devices and 
Type C Boards 
ATC slgnalllng system of visual communlcatu,ns 
Cockplt plctorlal displays and computers 
Prxnary and secondary radar 
Approach computers or trrnng devices for traffx controllers 
Plctorlal displays xxludlng bright-tube displays and new displays such as the type 
bang developed at Camp Evans, New Jersey 

c Prepare d&a&d requremrnts and speclfxatlons for the design and development of new, 
or expansxm of present, dynamic-slmulatlon facllltles in order to properly set up and 
evaluate the hsted factor and many other problems. canf,gur.&ons, and systems 
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APPENDIX A 

SOME FURTHER ASPECTS OF THEORETICAL TRANSIENT DELAYS 

Operatmn of the Model 
A verbal descrlptlon of the stochastic process for landmg arcraft m a termmal area has 

been given It was stated that aIrcraft arrive at random times, subJect to some constant 
arrival rate, and pass through a gate (the outer marker) at prescribed mmumum Intervals 
Such a series of events can be consldered stationary and non-Markovlan By defmltlon. a 
system 1s Markavlan If Its present state depends only upon its xnmedlately preceding state but 
not upon earher states However, If we measure txne ,n units of serv,ce times, the end of each 
service tune can be consIdered a point of regeneration and the whole process can be treated as 
a Markov chain The followxng 1s a descrlptlon of the air-traffic model from this paint of view 
It should be reahzed that this 1s only one of many possible models For a more complete 
treatment a list of references 1s given at the end of this appendix The paper by Kendall 1s 
particularly lnterestlng and cornprehensIve 

A zero stack exists at the begx,nu,g of the first service tune If no arcraft arr,ve at 
the outer marker during this interval, there xv111 be zero alrcraft in the stack at the begInrang 
of the second Interval If one arcraft arrives, It proceeds down the glide slope The stack 1s. 
still zero at the start of next Interval Two arrivals dunng the first period permit only one 
to start Its descent The other ~111 be in the stack at the start of second period The system 
progresses in a sxnllar fashion 

Mathematically, thx process can be written as follows 

.Q,(O) = PO + Pl 

.0,(l) = P2 

.Q,(2) = p3 

..QJN) = PN + 1 (1) 

Equatu,n (1) 1s read as follows starting with a 0 stack, the probablllty that at the 
begxuung of the second Interval there ~~11 be N alrcraft I,, the stack 1s equal to the probablhty 
that N + 1 arcraft arrive at the outer marker during thx first Interval 

Sxnllar sets of equations may be wrItten for tnitlal stacks of one, two, three, and on for 
any number Finally, all these equations can be wrltten more succinctly In matrix form 

OrIgInal 
Stack 
S1Z.Z 

(1) 

Subsequent Stack Size (J) 

0 1 2 3 

P. + P1 

P. 

0 

0 

P2 P3 P4 

Pl P2 P3 

P. Pl P2 

0 PO Pl 

N Ntl 

PN t 1 

PN 

PN - 1 

PN t 1 

P 
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This matra shows the probablllty that any orlglnal stack slee I will change to any sub- This matra shows the probablllty that any orlglnal stack slee I will change to any sub- 
sequent stack size 1 dunng one serwce txne sequent stack size 1 dunng one serwce txne Each Pk Each Pk value m the matrix gives +he probablllty value m the matrix gives +he probablllty 
of k arrivals during any one servlce time of k arrivals during any one servlce time 

In this model, Pk In this model, Pk follows a Poisson dlstrlbutlon follows a Poisson dlstrlbutlon The Poisson formula reads The Poisson formula reads 

wtth a mean value of E for the loadmg on the system. where 

arrival rate 
E = acceptance rate 

The tth power of the stochastic matrix describes the probabllltles that any orlgmal stack 
size 1 has, after t intervals. evolved to a subsequent stack size J Therefore, expansmn of 
the matrtx to varmus powers describes the fluctuations ln stack size after any given number of 
elapsed Intervals For values of E < 1 0, the transxtmn matrlv when expanded ta high powers 
eventually becomes ldempotent That ~5, no matter how many twnes the flnal matrix 1s multi- 
phed by Itself, the product matrix remains the same This fmal matra describes the equtllb- 
rlum condition of the telephone delay model However, such a condltkon never occurs when 
l > 1 0 The matra contmues to change as the powers mcrease and as the sprectral density 

continually moves to the right As time progresses, It becomes decreasmgly probable that the 
stack size ~~11 ever return to 0 or 1 or 2, or to slmllar small values 

Calculation of Delays 
As previously mentIoned, the calculatmn of delays by this method 1s accompllshed directly 

through the “powermg up” of the proper stochastic matrices Although ln theory these matnces 
are of lnfmlte dxnenslons. very little error 1s Introduced If the probabllltles are recorded to 
only 4 decxnal places and If any smaller probablhtles (P < 0 0005) are considered as 0 This 
reduces the matrix to tractable dxnensmns This 1s a prodlglous task for the higher powers 
which describe fluctuations in delay after long duratmns of system loadmg Therefore, the ex- 
pansmn was carr,ed only to the 16th power Curves were then fltted to these 16 pomts and 
extrapolated to higher powers This analytIca approach seems valtd. especially smce graphlcal 
eatrapolatlon on log-log paper produced very slm11z.r results 

As can well be surmised, two types of flttmg curves were needed one for E C 1 0 and the 
other for E > 1 0 The fmal equatmns are given In the following 

In all equations, t refers to the number of service txnes d_urlng which the system loadmg 
has contmued It should be noted that for C < 1 0 both S and S tend to the equlllbrlum formula 

D= c2 
(3) 

2(1-E) 

because t--- D 1s the average delay m unLts of service times 

E < 10 

Expected stack size at tune t 

2 bt 
zt = E (= - 1) 

2(1 - c )(ebt - E ) 

where the values of b depend on E as follows 

c 

(4) 

b 

0 3000 

0 OBOO 

0 0047 

05 

07 

09 
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Average stack size during perlad O-t 

St = 2 t(T-c)[ d!+ In (~9”: :)I (5) 

10 0 3877 (t) O 7049 0 5865 S 

12 0 5095 (t) O 8o84 0 5530 s 

15 o 7226 (t) ’ a928 0 5283 S 

Variable Separatmns 
The techniques used m this Ttudy are based on a constant servlcc time However, al* 

traffic control does nof use a constant outrr-marker separation It talors the separations to 
each sequence of two arcraft For Instance, a fast alrrraft followmg d slower one certamly 
needs a larger separation thdn a slow aircraft following a fast. If the safety requirements of 
the system are to be met Therefore, the questmn arIse as to how much devlatlon from theory 
can be expected because of these vanable separations 

The pertinent Pollaczek-Khmtchkne formula 1s 

St=& [ l+Var>] (6) 

St 15 the average delay during the perlad from zero to t Tame IS agaln measured in units of 
servlcc trne5 The h, are the variable service tnnes with average K 

This formula demonstrates that in theory a constant time separation IS most efflclent and 
any varlatlon 1s bound to increase delays The words “ln theory” were used here advisedly In 
air traffic control, the only constant separatmn that would meet the safety requirements 1s the 
largest of the variable scparatlons (fast following slow) This larger separation reduces the 
acceptaxe rate and, in effect, increases delays The questmn then arIses as to which mcreases 
delays more a larger constant separation or vanable separatmns with a smaller average 

One small example should answer this questmn The optimum separations for 0 wmd and 
no speed control, as llsted m Table II. mdlcate that the average of the variable scparatlons 1s 
about 100 seconds The largest 1s 138 seconds Wzth an arrival rate of approximately 30 per 
hour (an average arrival mterval of 120 seconds), the resulting densltxs would be, correspond- 
mgly. 83 per cent for the variable separatmns and 114 per cent for a constant separation of 138 
seconds The average delays for one hour for these tuo densltles are about 0 8 and 2 5 service 
times respe&vely Therefore, it 16 seen that the constant servxce time results m delays about 
300 per cent greater than the variable separatmns On the other hand, the Pollaczek-Khmtchme 
formula mdlrates that these variable separations mcrease delays by about 2 4 per cent over 
what they would be If a constant lOO-second separation were used It 1s therefore obvious that 
I” air trafflr control the variable separations resnlt in a higher acceptance rate and m lower 
delays Furthermore, they do not cause any slgnlflcant over-all varlatlon from the constant 
service-tmne model See Table IX The delay p,cture 1s adequately glvcn by the slmphfxd 
model. 

For a more complete descnptlon of the dlstrlbutlon of ?5r-traffic separatlons,the reader 
1s referred to the Franklin Institute Report by Carl Hammer In that paper can be found a 
theoretIca treatment of delays when (a) the service times of the system are constant for each 
sequence of two alrcraft (slow-fast, medium-slow, fast-fast, and so on) and (b) the sequencmg 
of several types of aIrcraft results m several of these constant separations 

15 Carl Hammer, “Transients and Steady States for Tower Controlled Stacks of Aircraft,” 
FIL Workmg Paper No 3,(LxmtedDlstrlbutmn) 
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