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ANALYTICAL AND SIMULATION STUDIES 
OF SEVERAL RADAR-VECTORING PROCEDURES 

IN THE WASHINGTON, D C , TERMINAL AREA 

FOREWORD 

The Air Nav~gatm” Development Board (ANDB) was estabhshed by the Departments of 
Defense and Commerce I” 1948 to carry out a urnfled develo 
the stated operatmnal requxements of the common mllltary P 

ment program almed at meeting 
clvll air navlgatlon and traffic 

control system Th,s pra,ect, sponsored and f,“a”ced by the ANDB. 1s a part of that program 
The ANDB 1s located with,” the admlnlstratlve framework of the Clv11 Aeronautics Admln- 
lstratm” for housekeepmg purposes only Persons deslr,“g to communicate with ANDB should 
address the Executive Secretary, AI= Nav,gatlon Development Board, Clvll Aeronautics 
Admmlstratlo”, W-9, Wash,“gto” 25, D C 

SUMMARY 

This report summar,ees the comparative evaluatmns of three promls,“g traffic control 
conflguratlons for the Washmgton Natmnal Airport terminal area. which 1s approalmately 40 
miles I” diameter This 40-mile diameter represents the expected surveillance-radar cover- 
age Each of the three co”f,gurat,o”s, lde”t,fled as phases 2, 6. and 7, uses wlthm this 40-mile 
area two ease”ttlally Independent control sectors (East and West), twin stacks to feed the ap- 
proach gate, and radar-vectoring technques The three phases dlffered only I” layout of 
faclhtles, in twm stacks, I” clearance llm,ts. and I” procedures A further descrlptmn of these 
factors 1s gxven I” Appendix A 

These three phases were analyzed comparatively by the use of three slmulatlve screenmg 
technques Ideal, graphical space&me (s-T), and dynamx s,mulatlon us,“g the TDEC dynamic 
simulator Agreement L” trends and I” the order of magrutude of delays between these three 
methods for the three phases are show” to be very good The correlation coefflclent between 
the average delays per 15-rmnute perzod of the graphlcal and of the dynamic slmulatlon 1s 0 98 
Thx means that (0 98)2. or 96 per cent of the var,at,a” I” delays between one 15-mmute permd 
and the next on the TDEC dynamic slmulatcr can be conclusively predxted from the graphlcal- 
slmulatlon results A statIstIca a”alys,s of the arrcraft delays shows, however, that there 1s 
little slgnlficant dlfference between phases This analysts Included the powerful analysts-of- 
var~a”ce test The simple and straightforward radar-vectormg procedures permit the random, 
high traffic rates wh,ch are employed to be handled I” the term,“al area with a relatively low 
work load and w,th a m~nlmum of delays, and httle flov control en route had to be exercised If 
the radars are r&able. any reasonable twin-stack system of radar-vectormg control can handle 
peak mstrument-flight-rule (IFR) arr,val and departure traffic on a s,“gle properly deslgned 
runway at a rate of about 50 operations per hour Use of ,“terse&“g ru”ways would increase 
this rate to about 60 to 70 aperatmns per hour 

Three random-traffic samples of 2 l/2 to 3 hours I” duratlo” were used They are based 
on a recent traffic survey at Washmgton NatIonal Alrport and are consIdered to be typxal of 
antlclpated peak arrival and departure traffx, lncludlng arcraft type d,strlbutlo”s and rates 
antlclpated for three to f,ve years hence 

On the hasls of avallable IFR data on the random spreads of the approach speeds and on 
the runway performances of different arcraft, It was evident that the use of a standard three- 
rmle radar separatm” and the use of the present layout of Washington Nat,onal Airport mstru- 
ment runway No 36 wlthout some degree of speed control would result I,, a” intolerably h,gh 
percentage of wave-offs Accordmgly, analytIca means were used to determIne the optimum 
comblnatmn of outer-marker separat,c”s and runway-exit mod,flcatlo”s which would be cons18- 
tent with the max,mum acceptance rate and traff,c Th,s was done for a 1 per cent maximum 
probablllty of wave-offs on either the &de slope or the runway The results showed that wIthout 
some small degree of speed control, nonumform (called opt,mum) m,n,murn separatmns aver- 
aging about four miles for each sequence of arrivals at the outer marker would be desirable 
Use of these optimum separations produces a theoretrcal maximum acceptance rate of about 
36 arrivals per hour, a” average mterval of 1 m,nute 40 seconds between successive approaches 
The results showed further the- urgent need for a high-speed turnoff located at 3400 feet from the 
threshold to =u”uay 36 to serve landmg traffzc I” exther dIrectlo” 
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INTRODUCTION 

Prevmus work1B2 by The Frankl,n Institute Laboratorws (FIL) and by the Technxal 
Development and Evaluatmn Center of the Clvll Aeronautics Adrmmstrstlon 3,4hss demon- 
strated that slmulatmn ,s a safe, accessible. and ,nexpens,ve tool for conductmg experiments 
,n air traffic control, which experiments ,nvolve controlled fl,ghts of groups of s,rc=sft and 
also ,nvolve the operatmn of eastmg or of proposed equipment An appreclat,on of the scale 
of the s~mulatlon tests conducted ,n the evaluat,ons described herem may be gleaned from the 
fact that, ,n Just the 54 runs on the dynannc simulator at TDEC, over 5000 slmulsted flights 
were flown through the vxmus systems Like any other tool, however, srmulatmn ,s what ,ts 
user makes It Properly applied, ,t can be a powerful aid to the skillful worker Improperly 
apphed. ,t can result ,n meanmgless or even erroneous conclusions It has been shown that 
analytical and slmphfled simulation techmques such as the FIL graphical methods (see Ap- 

. pen&x C. of tins report) are extremely useful and relatively ,nexpenslve means of evaluatmg 
and screenmg on a prelrm,nary basis the many sltuatlons, samples, procedures, ranges of 
variables. and other factors to be ,nvestlgated However. 5mce ,t IS believed that future air 
traffic control systems xv111 ,nclude human bemgs morntored by machmes or ~lce versa, ,t ,s 
,mportant that means be employed for reahstlcally representmg the rather complex response 
of the human to ixs particular sltuatmn The response and the duties of the human ,n xr traf- 
fic control are mainly funct,onal. attempts to represent h,m statlstlcally, ss a time delay with 
a normal chstrlbutlon of delay times about a measured average. for example, are usually weak 
and unreahstlc 

The TDEC dynarmc slmulatar5 ,s more expens,ve and more complex to operate than the 
graphical simulator However, ,t has a dlstmct advantage over the grapixcal slmulatar ,n that 
the human element ,s mtroduced ,nto both the air and the ground portions of the simulated sys- 
tem Thrs IS done by puttrng human bemgs ,nto the system (controllers for controllers and 
console operators for p,lots), glvlng them proper operational stlmuh and equipment. furmsh- 
,ng them ~lth a realrstlc form of operational tools for the,r response, and conductmg the ex- 
perlments as they m,ght actually occur on a one-to-one tome basis It must be reaheed. 
however, that a small number of human bemgs used ,n a hrmted number of sltuat,ons and ex- 
perlments does not completely represent the population from whch the eventual system 
operators will be drawn Consequently, care must be taken ,n properly des,gnlng the 
experiments 

The Air Navlgatron Development Board estabhshed at TDEC ProJect 6 7, the slmulatmn 
and evaluation of air traffic control Because of the ,mporthnce of properly des,grnng. con- 
ductmg, and analyzmg the srmulatmn experiments ,t was reaheed that there were many tra,Tlc 
samples, sltuat,ons, procedures, and rules requlrmg a prehmmary screenmg, a relat,vely 
expens,ve and time-consurmng mvestrgation ,f performed w,th the TDEC dynarmc simulator 
Under Contract No C13ca-412 w,th TDEC, the FIL performed a co-ordmated program ,n 
which the capab,htles of both szlmulators. the FIL grapincal and the TDEC dynamic. were ,n- 
tegrated Into a logxal concerted effort The work performed under this contract was con- 
cerned w,th preln-nmary evaluations of proposed radar-vectoring techmques at WashIngton 
Nstl.x,sl Airport (WNA), wth snalysls of the aptlmum rules for maximum traffic flow and for 
airport acceptance rates. and with des,gn of the associated experiments This ,s alhed with 
the general evaluation requirements of ANDB Prolect 6 7, which speclf,es a slmulat,on pro- 
gram for determmmg 

lSamuel M Berkow,ts, ” Analys,s of a Fixed-Block Termmal Area Air Traffic Control 
System,” Franklm Inst,tute Laboratories Report No F-2164-2, May 1951 

2 Samuel M Berkowts and Ruth R Doermg, “Comparat,ve Analysis of Termmal Area 
~~~ Traffic Control Systems - A Fixed Block System and a Movmg Block System,” Frankhn 
Inst,tute Laboratories Report No F-2256, October 1951 

3 ~~ =hard E Baker, Arthur L Grant, and Tlrey K Vxkers. “Development of a Dy*s,mc 
Air Traffic Control S,mulator. I( CAA Techmcal Development Report No 191. October 1953 

4 C M Anderson and T K Vxkers, “Apphcstmn of S~mulatmn Technrques ,n the Study 
nf ~~~~~~~~~~~~~ Traffic Control Problems, I, CAA Techmcal Development Report No 192 
November.1953 

5 
Baker, Grant. and Vvzkers, op clt -- 
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“1 1 1 The factors which influence the acceptance rate of a terminal area 

1 1 2 The quantltatlve effect of each of these factors and drfferent comblnatlons of 
these factors on the acceptance rate ‘Factors’ 1” the above means both the 
physlcal envxronment (arcraft characterlstrcs. aIrport characterlstlcs, 
demand rates, etc ) and operating envxonment ‘I 

The more speclflc problems (manly operatmnal on control functions, work loads, controller 
ads, and so forth) of ANDB ProJect 6 7 are described m a related Technical Development 
report 6 

The prehmlnary mvestlgatlons of the workmg perlad of this contract have demonstrated 
that this co-ordmated effort and, as such, the order of the screening steps yield a proper 
perspective to the loglcal use of sxnulatmn I” the evaluation of air traffic control Further- 
more. the work conducted to date 1s consIdered to be prrmamly of a prellmlnary-cahbratron 
nature and to have lad m It a ftrrn found&on for further and more conclusive study of many 
other promlsmg fundamental systems and procedures, both en route and termmal-area 

OBJECTIVES 

As a part of one of a series of related studies nntlated by the ANDB to prowde basic 
mformatmn for planning a Common System of Air Navlgatlon and Traffic Control, thw 
tnvestlgatmn was performed under Contract C13ca-412 wvlth TDEC This contract states 

“Purpose 

The general purpose of this contract 1s to formulate and perform a co-ordmated 
program m which the capabllltles of the FIL graphxal-slmulatlon techmques for 

analyzmg pertment air traffic control sltuatmns are co-ordmated with the cor- 
respondmg capabllltles and experience gamed from the TDEC dynamic simulator 

The Franklin Institute shall undertake the followmg three tasks 

Task 1 

Formulate a detalled program wlthrn the broad framework and objectIves of the 
TDEC program for slmulatlon and evaluatmn of air traffic control (ANDB Pro- 
Ject 6 7) for the purpose of evaluatmg Immediate Improvements that can be made 
m aIrport acceptance rates, at an airport such as WashIngton NatIonal. through 
the use of new control techniques and methodology applied to exlstmg traffic 
control ads 

Task 2 

Perform the slmulatxve analyses as recommended by Task 1. utlllemg the graph- 
lcal technique and mcludmg as Inputs several combmatlons of acceptance rates, 
arrival rates and dlstrlbutlons The results ~111 be used as the yardstlck for 
determmrng the ultimate that could be achieved under Ideal (ultimate) condltmns 
and ~111 also be used as the basis for recommendmg the follow-up mvest1gatlOns 
to be conducted as the next step on the TDEC dynamic snnulator 

Task 3 

Provide englneerlng servxces and recommendatzons to TDEC on ANDB ProJect 6 7 
concernmg 

a Establishment of the slmulatmn experiments, especially as to theoretlcal and 
statlstlcal problems 

‘IbId 
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“b Measurements (and conduct) during the slmulatm” experiments 
c Analysis and Interpret&o” of the results 
d Improvements I” the operatmnal performance and capabIlItIes of the dynamic 

simulator ’ 

ROLE AND INTERPRETATION OF ANALYSIS, SIMULATION, AND STATISTICS 

In air traffic control and “avlgatlon, it takes about 5 to 10 years from the conceptlo” of 
a” Idea or of a p,ece of equipment until Its final adoptm” and operatIona use How best to 
shorten and bridge this gap and how best to mtegr&e new Ideas and equlpme”t wlthout the,r 
usual mherent dxadvantages mto the rapldly changing requ,reme”ts warrant more thancasual 
study and top-level commlttee declslons The manner I” which ultimate goals I” complex 
systems can be approached most efflcIe”tly can be derived from so-called “systems analysts” 
I” which simulators and properly apphed statIstIca and mathematical techmques are useful 
ads 

To ywld the proper perspective while always conslderlng the purposes Intended, a 
systems study should Include the followng steps 

1 Descrlptlon of system Inputs (traffx samples, rates, populatm”, and such factors) 
2 Prellmmary deslg” 
3 Component analysts and operatmnal data 
4 system analysx 
5 system slm”latlo” 
6 Analysx of results and modlflcatlons toward a” optm~um system by repeating steps 2 

through 5 If found dearable 
Step 1, the statement of system ~“puts 1s worth more thought than most designers and 

planners asslg” to It Certainly the results are no m”re val,d than the ,“put Too often a 
system finally selected operates best only for Inputs which rarely or perhaps “ever occur I” 
practice Several questmns arise, therefore 

1 What are the relative merxts of slmulatlng air-traffic problems with traffic samples 
ad,usted to conform to a normal cycle of peak traffic rates, as compared with the 
method of run”,“g through several separate problems at various constant average 
arrival rates (as 1s done 1” delay theory)? 

2 If a “umber of peak-traffic samples are chosen by using different parts of a random- 
“umber table for each day, how many samples would be required and how would the 
results of the analysx vary for different days? I” other words. are one-, two-, or 
three-day peak random samples so small stat,st,cally that they cause a large varlatlon 
I” day-to-day results? 

3 If the one-day peak sample 1s the preferable Input, IS ,t possible to pick a particular 
random day out of a large “umber of days and to use only this day to study the effects 
of vary,“g the slgnlflcant parameters of the systemR If so, what 1s the most desirable 
means for p,ckl”g the standard sample day? Furthermore, what precautrons should be 
take” If th,s method 1s adopted? 

Unless reasonable answers to the above questions can be found, the valldlty of the SIIIIU- 
Iat,“” results will be doubtful Traffx-sample inputs should be represent&w enough, large 
enough, and numerous enough statlstxcally but should be co”s,stent with the candltions and with 
the srtuat,o”s to be evaluated I” order to ensure that the results ~111 not be mfluenced by the 
samples chase” Thus, there will be obtaIned reasonably reliable measures of the parameters 
bang evaluated and not merely the variable character,st,cs of the traffic samples chosen 

There are many pecu1v.r circumstances and Interrelated varxables I” this business of 
air traff,c control I” view of the prel~mmary state of the art of slmulatmn of air traffic. the 
experiences of others I” somewhat parallel analyses of telephone traffic problems were 
examined, and the best answers to the foregang questmns appeared to be 

1 ‘Inless the response to a trans,ent of a traff,c-control system under study 1s know” 
beforehand, ,t w,ll be better to conduct first a number of runs using the one-day 
peak-cycle Inputs Further, It 1s not safe to assume that the response from one 
step w,ll settle down before the next step ,s applied, particularly durmg the more 
,mporta”t permds “ear the traffic peak Under these condltmns, It would be risky to 
attempt to draw conclusmns from the steady-state response to several average 
arrival rates 
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2 A one-day peak sample plcked at random probably ,s not large enough to obtam 
results completely sutable for the design of a traffic-conttrol system o= for a 
conclusl”e eva1uat1on of various rules or other systems It appears that It ~111 
be necessary to run through a number of dally peaks w,th other randomly se- 
lected dlstrlbutlons of entry Intervals, sequences of Intervals, and sequences of 
a1rcraft types It ~111 then be possible to assess the slgmflcance that can be 
attached to the results for any smgle day 

3 However, for rough quahtatlve comparisons of traffic-cootrol systems or for 
first rough approxunatmns of the effects of varymg certazn parameters, It 1s 
probably satisfactory to pick a particular typical day and to use It as a con- 
stant Input For the actual design of a system, It was felt desirable to run 
through a number of days and to get at least a rough Idea of the d,strlbutmn of 
the xnportant evaluatmn characterlst,cs as they vary from day to day 

This corresponds to the method the Bell Telephone LaboratorIes uses ln sxnulatmg and 
in valldatmg telephone traffic problems In thelr case, they are not nearly so much concerned 
with the transient nature of the dally cycle, even for a short permd of peak loadmg, the tran- 
slent response settles down rather quckly, and the system assumes statlstxally a new steady 
state However, they do not conslder It satisfactory to obtam one figure for average delays or 
for any other pertment characterlstlc at a certam loadmg by etiendmg the txne Interval so 
that the result becomes independent of further extensmn Rather, they take a number of short 
intervals and derive the dlstr,but,on of average delays for mtervals of the chosen duratmn 
The design for the system 1s based on some arbitrary pomt on this dlstrlbutlon curve 

It was felt that, for any one step in the dally cycle of al= traffic. the day-to-day samples 
for that step would correspond to the short mtervalswhlch are studled by the Bell Telephone 
Laboratories Thus, It was recommended that a number of trans,ent peak permds sufflclent 
to obtam a farly smooth dlstrlbutmn of the day-to-day results be analyzed For rough corn-- 
parat,“= studuzs of other systems, It ~111 probably be satxfactory to p,ck a particular day’s peak 
from these results and to use It as a constant Input Later, If It 1s desired to study the effect 
of design refinements or of different rules of a particular traffic-control system, It would be 
preferable to use enough different days to show agam the dlstrlbutlon of each of the Important 
characterlstlcs 

Accordmgly, three typlcal random-traffic samples, representative of antlclpated peak 
3-hour traffic at Washmgton NatIonal Axport SeVei-4 years hence, were selected In 
order to approach the varlablllty in actual practxe of the pllots and controllers m complex 
sltuatlons and III order to average out these varlatlons for comparative purposes, each of the 
three traffic samples was =,,I, three tunes XI the TDEC dynarmc s,mulator The experiments 
were controlled to unsure that the Inputs ruere ldentlcal II, the repeat runs Controllers and 
arplane-console operators were rotated from phase to phase and from run to run in order to 
elm-an&e learmng and thus to be more representat,ve 

Step 2, prel~mrnary deszgn, requres little drscussmn except to state that experienced 
workmg-level personnel should have an xnportant role ,n the settmg up of the many problems 
This step wll glean from the,= knowledge ratxonal procedures and reasonably valid slmpllfylng 
assurnp~ons 

Step 3, component analysts and operat,onal data, loglcally comes next The tools here 
are rpanly mathematuzal Rough comparative measures of performance, the output, are then 
obtamed by re-examunng the ,n,tlal prelmunary slmphfymg assurnptmns, the Input Too 
often ,n the course of analysw, sufficient operatmnal data are lackmg While It IS very 
worthwhIle to draw on the knowledge of others, an erpernnental or operatlonal research 
program may be requred 

step 4, system analysis. follows were analytxal and statlstlcal means or simple 
analogous solutions can be used to ellmmate obvmusly poor system setbps and to mdlcate 
regions I,, wh,ch further mvestigatmn would be desirable 

With all thw done, the system must be tried and the degree of correlation between 
reality and the analytical and analogous-solution techniques establlshed This 1s necessary III 
establlshmg a cahbratlon factor which will be useful ,n extendmg and extrapolating the results 
to other sltuatlons and I,, gammg a further InsIght Into rational methods for lntegratlng new 
Ideas and systems Into the over-all scheme of thmgs to come These firm foundations are es- 
sentlal for further and mole conclusive studies of the many proposed systems. procedures, 
and facihties 1.1 a,= traffic control 

step 5 ~‘or reasons of safety and economy, no complex operating system should be 
buxlt, tr,ed. and drscarded Here 1s where sm-iulatmn 1s advantageous The system and all Its 
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attendant variables can be tried at a large reductmn oh time and cost over other methods On 
the other hand, there 1s no fmal substitute for the construction and testrng of the actual sys- 
tern That system whrch 1s finally selected from the many others 1s tested under condltrons 
as they actually are or as they will occur This 1s the end result which must be further eval- 
uated to yield the degree of valrdrty of the prior steps to lay the firm foudatlon for other 
evaluations 

In summary, It can be sad that slmulatlon permits the cut-and-try exammatron of the 
mathematical representation of a system In the selecbon of a slmulatlon techmque, logical 
assessment of other means of evaluation should also be consIdered and should always take 
into account the purposes Intended For some cases whch appear to be complex but which 
are really relatively simple when their fundamentals are studled, analysis and experience can 
be meanmgful and even conclusive When growng complxatlons m the form of nonlmearlties, 
dlscontmutres, large numbers of Interrelated varmbles, and human berngs are somewhere xn 
the system, analytical and statIstIca techmques can produce only tedmus though mexpensxve 
rough appronmatlons It 1s not Intended to imply, however, that analytlcal and statIstIca 
methods serve no useful purpose On the contrary, such methods are extremely useful and 
sometxnes vital m explormg the many sltuatlons, condrtaons. and variables to be studled by 
srmulatmn. provided their degree of vahdlty and of ccrrelatlon with reality 1s known In pro- 
portlon to the realism of the slmulatlon. the simulator can then further evaluate those Items 
previously screened It can also provide the data for determmrng the Interrelated contrlbutmns 
of the many variables. mcludrng the human 

With reference to comparative valldlty and realism, It IS often necessary to put real 
human bemgs Into the system bang simulated Several levels of realism must be dlstm- 
gushed For those systems m which declslon-makmg 1s the human’s function, It may be sat- 
Isfactory to represent his response by a time delay However, It IS llloglcal for the analyst to 
antlclpate what a controller might do m particular complex sltuatmns that require snap Judge- 
ment On the other hand, the response of a pIlot to a voiced mstructmn Involves some delay 
In thus case, then, a normal dlstrlbutmn of delay times about a measured average may be 
adequate However. If the pllots’ and controllers’ responses are functional as they usually 
are, the problem becomes dlfflcult, and attempts to represent them statlstlcally are usually 
weak and unrehkstx 

Thrs requres puttmg the human mto the simulated system, gzvmg hzm the proper oper- 
atlana stlmuh. and furnishmg hnn with operatmnal controls for his response Unfortunately, a 
few human berngs m a lImIted number of srtuatlons and experiments do not represent com- 
pletely the populatmn from whch the eventual system operators ~111 be drawn or the condo- 
tmns which may be encountered Here 1s a problem In the loglcal desagn of the experiments 
and m the mterpretatlon of the results for both the human engmeer and the statlstlcran 

The prehmmary Jomt FIL-TDEC sxmulatlon program follows tbs proper order of de- 
sign and screemng steps The results mdlcate that a firm foundation and perspective are hang 
lad for more extensive slmulatzon work on some of the more fundamental aspects of au 
traffic control, as described In the followlng sections of this report 

CONDITIONS STUDIED AND METHODS OF EVALUATION 

Constructmn of Traffic Samples 
Three random traffx samples of arrival and departure arcraft were employed m the 

analysis The characteristxq of these samples were based on a recent survey of traffic at 
Washmgton Natmnal Axrport. with the traffic arbltrarlly Increased by 15 per cent to account 
for mcreased alrcraft operations with no Jets Included for a few years hence Peak perlads 
of three typxal hours were selected so that two dynarmc-simulator runs could be completed 
m an u-hour workmg day The typxal 3-hour peak perlad Included stiflclent alrcraft to make 
the comparabve results conclusive Each 3-hour-permd sample consIsted of 73 arrrval and 
68 departure arcraft 

?he characterlstlcs for the three random samples of arrival arcraft are given In Tables 
I. II, and III 

7 Samuel M Berkowlte and Shirley D Gahuse, “Prehmmary Survey of Traffic at Wash- 
mgton National Alrport. I’ FrankIm Institute LaboratorIes Workmg Paper No 1 of ProJect 
2269-1 (Unpubhshed), October 1951 
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TABLE I 

DISTRIBUTION OF ARRIVALS ACCORDING TO SPEED CLASS AND ENTRY ROUTE 

Entry Route (See Fig 1) 

A (Lisbon to Riverdale) 
B (Beltsvllle to Rlverdale) 
c (Dover to Andrewe) 
E (Doncaster to Mt Vernon) 
F (Elkms to Sprmgfleld) 
G (Arcola to Sprmgfield) 

TOTALS 

Number of AIrcraft and Speed Type 

Slow (5) Medrum (M) Fast (F) Total 

6 6 5 17 
5 7 4 16 
5 2 2 9 
5 4 2 11 
3 2 1 6 
7 3 4 14 

31 24 18 73 

TABLE II 

DISTRIBUTION OF ARRIVALS 
ACCORDING TO SPEED CLASS AND TYPE OF OPERATION 

Type of 
Operation 

Scheduled 
Clvll-Itmerant 
Mllltary 

TOTALS 

Number of Alrcraft and Speed Type 

S M F Total 
14 IS 15 47 

7 4 1 12 
10 2 2 14 

31 24 1.8 73 

TABLE III 

ARRIVAL RATES PER HALF-HOUR PERIOD 

I Total Number of Arrivals 

TOTAL FOR 3 HOURS 73* I 
*lncludmg 14 mllrtary 

A hstmg of the three random samples of arrival arcraft 1s given m Appendix B, show- 
mg for each axcraft the txme of arrival at GO (any pomt of entry to the termmalarea and 20 
flymg miles from the outer marker). the speed class (Slow = S, Me&urn = M, or Fast = F). 
the route on whrch It enters. and whether or not It 1s a mllltary arcraft (hereafter described 
as “type”) DC-3, C-46, and twm-Beech classes are consldered to be slow aircraft, DC-4. 
Martm. and Convair arcraft ar~medmms. fast mclude Constellatmne., DC-~‘S, and 
Stratocrulsers 
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APPROACH ZONE 
INTERMEOlr\TE LONE 

““r”,““.‘; R CRUISE ZONE 

ROUTE E 
NOTE 
THE NUMBERS SHOWN ON ENTRY ROUTES $k 
FCllNG MILES TO THE OUTER MARKER ,.:Y:‘:~ ,*o.*m% m.U 

Fig 1 Terrmnal Area. Entry Amvays, and Routes to Outer Marker 
for Washmgton Natmnal Amport 

On the basis of the half-hourly arrival rates show” I” Table III, the random tmt-.es of ar- 
rival at G0 were determr”ed by use of the Pmsson formula, walth exponentA dlstrlbution and 
random sequencing of the tmne mtervals 

Ths mi3?iYo!w 
bee” well v&dated I” surveys co”- 

ducted I” the past by FIL and other mvestlgatms For large numbers of aircraft, the 
probablllty P”(m) that 1. 2. 3. or n amcraft wxll appear I” a give” Interval 1s kve” by the 
Pmsson formula. 

P,(m) = 0 , (1) 
n’ 

Where 

m = average number of amcraft arrrvlng durmg the interval. 
n = any number from zero to infimty, 
P = probablhty, 
e = exponential 

If over a suffmently long period of time the average rate of artivals is m, the probability 
of one arrlvr” between txne t and t + dt IB mdt The probabrbty of “o amcraft arriving I” P 
tune t IS e-m B If a” arcraft arrives at time t = 0, the probablkty of the next o”e arriving 
between tmr.e t and t + dt Is 

P = me-mtdt, (2) 

%bid 

%n-’ 

10 E Ci Bowen and T Pearcey, “Delays ,n the Flow of Air Traffic,” Journal of the Royal 
Aeronaut%cal Society, April 1948 

11 D E. Olshevsky, “Airport Time Utilization Eqtipm 
% 

t. Phase 1 -Systems Engineering 
Study,” Cornell Aeroneut~cd Laboratorxes Report No ~-6.2 -P-l, March 1950 
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Where 

P = the probablhty of a” Interval of t seconds ( t = 10, 30, 50, seconds) between 
aircraft arrlvlng at GO’ 

dt = the dlfferentlal of txne, 

m = the number of arcraft arrlwng during the permd, dlvlded by the length of the permd (here 
the length of the period 1s 1800 seconds, 30 mmutes) 

Equatlo” (2) produces a plot of the frequency of occurrence of Intervals between success~vc 
arrivals, and the plot IS exponential L” form This means the most probable Intervals are small 
ones, and there 1s a tendency for random arrivals to appear I” pairs or m groups more often 
than expected 

Once the probabllltles of the possible mtervals were computed from Equatm” (2). the 
random sequence I” whch these Intervals occur was determined by using Tlppetts’ Tables of 
Random Numbers l2 When this sequence was determIned, the txne a” arcraft arrived at GO 
was found 

The other characterlstlcs of speed class, route, and type were asslgned by agam usmg 
Tlppetts’ Tables of Random Numbers, the probablllty of occurrence here bang merely the 
percentage of cases havmg the desired characterlstlcs These percentages were based on the 
data given XI Tables I and II The speed class and the route were assigned first. m one opera- 
tmn. then the type was asslgned I” three steps, first to the slow axcraft, then to the medium 
axcraft, end finally to the fast arcraft 

A hstmg of the three samples of departmg arcraft 1s also give” I” Appendix B The 
over-all characterlstlcs of these samples, also based on the traffic survey made at the Wash- 
lngton Natmnal AIrport end arbltrarlly mcreased by 15 per cent, are shown m Table IV 

TABLE IV 

DEPARTURE RATES PER HALF-HOUR PERIOD 

Permd of 
Operatmn 

(hour) 

0 l/2 to 
l/2 to 1 
1 l/2 to 1 
1 l/2 to 2 
2 l/2 to 2 
2 l/2 to 3 
3 to 3 l/2 

Total Number of Departures 

5 (mcludmg 1 mllltary) 
8 (mcludmg 1 mlhtary) 

11 (1ncludlng 2 m1Mary) 
14 (mcludlng 3 mlbtary) 
17 (mcludmg 4 mlhtary) 
13 (Includmg 2 rml~tary 

8 (mcludmg 2 mlhtary 

The extra half-hour period of departures 15 given to unload the system, s~“ce arrival alrcraft 
of the third hour nught well be delayed Into the fourth hour The Intervals between departxng 
arcraft were drawn from the Pmsson dlstrlbutmn, usmg the data given II-I Table IV, I” the same 
manner as were the Intervals between arrival arcraft The type was asslgned randomly 
according to the percentage of m,htary and nonrml~tary types shoyn 

After a number of trial runs were made at TDEC. It was declded to elxmmate the first 
half hour It was fou”d that the elapsed tune for runnmg three-hour samples (Includmg brleflng, 
setup, and mamtenance tame) was such that It was extremely dlfflcult to get I* two runs per 
g-hour work day wIthout loss of co”t,“ulty. and further, It was too fatlgung for the simulator 
controllers and the arcraft-console operators It uias also found that, s~“ce there are so few 
arcraft 1x1 this period, the droppmg of the fxst half hour had little or no effect on the over-all 

12 See the lntroductm” to these tables for detalled InstructIons for their use 
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results Accordmgly. the traffic samples finally employed dropped the first half hour end 
started wth arrival No 8 and departure No 6, a total 2 l/Z-ho ur traffx sample which Included 
66 arrivals end 63 departures, oiwh~h 53 are arrivals fbr WashIngton Nat&al AIrport and 51 
are departures from It The other operations were m or out of Bollmg or Anacostla fields 

Condltmns Investigated and Traffic Rules 

A Condltmns Investigated 

Imtlally. It was planned to mvestlgate the followmg twelve combmatmns of traffic 
samples. wind condltlons, and arrival end departure traffxc 

For Zero W,nd For 20-MPH Headwnd. 

1 Sample No 1, arrivals only 7 Sample No 1. arnvals only 
2 Sample No 2, arrlvale only 8 Sample No 2,arrxvals only 
3 Sample No 3. arrivals only 9 Sample No 3, arrivals only 
4 Sample No 1, arrivals and departures 10 Sample No 1 , arrivals and departures 
5 Sample No 2, arrivals and departures 11 Sample No 2. arrivals and departures 
6 Sample No 3, arnvals and departures 12 Sample No 3, arrivals and departures 

Because of delays in the constructlo” of the apparatus needed to smxulate a 20-mph headwmd 
and because of other higher prmrlty work. the analysis of the 20-mph-headwmd condltmns on 
the TDEC swnulator was postponed beyond the term of this contract The results of the Ideal 
analysis for all candltmns are Included later m this report 

For the purposes of the Ideal analysis of the zero-wmd condltzons, It 1s xnmaterlal what 
routes, patterns, or rules other than the rule requlrmg speclfrad outer-marker separations ax- 
craft follow For the ZO-mph-headwmd condltons, in addltmn to the outer-marker separatmns 
It 1s only necessary to know whet are the shortest paths on each of the fgutes m order to 
determme the length of txne It takes to traverse these shortest routes 

In the graphIcal-slmulatmn analysis, however, It 1s necessary to know the routes and 
patterns the arcraft follow and to have and follow rules which apply all the vray from the 20- 
rmle pomt of entry to the termmal area GO to the outer marker G1 In this report, three traffic- 
control configurations for the Weshmgton Natmnal AIrport termmel area are considered 
These conflguratmns, referred to es Phases 2. 6, and 7, are described m Appendix A, and the 
particular rules which apply to each phase are included there 

GraphIcally, each of the three phases for the WashIngton NatIonal AIrport was analyzed for 
each of the sxx afore-mentIoned zero-wmd condltmns, making eighteen combmatlons Each of 
these eighteen combmatmns was run three times (54 runs) with the TDEC simulator, and the 
controllers end the console operators were rotated from run to run I” order to elmnnate some 
of the varmtlons due to the human factors 

B Traffic Assumptmns end Rules 

These rules are based on available data applicable to these purposes end on certain arbl- 
trary swnpllfymg asaumptmns necessary for the meaningful comparative evaluations The 
average true elr speeds for the distance GO to the runway end assumed for the three axrcraft 
speed classes are hsted m Table V 

TABLE V 

AVERAGE TRUE AIR SPEEDS 

AIrcraft Average True Air Speeds 
Speed IO-mle 5-Mile 5-M&l= 5 3-Mile 
Tw= Crusrng Zone Intermediate Zone Approach Zone Fmal Approach 

‘y” bph) bph) b-d 
F 
M 240 190 140 140 
S 180 150 120 120 

Based on the average speeds shown in Table V.,the undelayed tunes to traverse the 20 fly- 
mg rmles from GO to Cl m zero wmd are for fast. 326 seconds, for medium, 373 seconds, end 
for slow, 470 seconds 

“For a description of the Ideal analysis, see Appendix C of this report 
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With a 20-mph headwmd on runway 36 and with the assumptmn that there 1s no drift due to 
the cross-urmd components, the undelayed times to traverse the 20 flymg nnles from Go to G1 
(outer marker) along each of the z.1~ designated Washmgton Natmnal Axport entry routes, Fig 1, 
are presented in Table VI 

All rmhtary operations ~111 land or take off from either Bolkng Fxld or Anacostla Naval 
Air Statmn It IS presumed, therefore, that rmhtary arrivals ~111 be controlled the same as 
Washmgton National Airport commercial arrivals until they pass the outer marker. They uzll 
then depart from the final-approach path and will no lOnRer be accounted for M~htary 
departures are Ignored 

TABLE VI 

UNDELAYED FLYING TIMES FROM Go TO Cl 

Aircraft Route A Route B Route c Route E Route F 
TYP= (seconds) (seconds) (seconds) (seconds) (seconds) 

F 306 308 336 356 326 
M 346 346 384 411 374 
S 427 427 485 531 471 

The mlnlmum outer-marker separations fmally are prescribed and yield t 
theorctlcal acceptance rate for a mlnlmum probablhty of wave-offs on the ghde path (no more 
than 1 per cent due to any traffic rules and no pilot errors as such) These are lmted later ,n 
Table XVIII and are heremafter referred to as optzmum separatzons at the outer marker The 
dlscussron of the derlvahon of these separations and the consrderatmns leadmg to therr a 
acceptance are contamed 1n a later section of tis report 

All operatmns are for Washmgton National Airport mstrument runwmy 36 
An arrival delay IS defined as any add~tmnal time requxed to traverse the 20 flying rmles 

from Go to Gl ln conformrig to the outer-marker separations or to any other rules speafled 

Traffic Rules, Smgle Runway 

A In Zero Wmd 
1 For a Washrigton National Alrport take-off followed by a Washmgton Natronal Axport 

landmg an average of 30 seconds 1s assumed for the time taken by a departure of any 
type to (a) proceed from Its ground checkout pant at 100 feet from the lrve runway, If 
the ground pre-take-off check 1s completed, (b) reach the runway. (c) lme up. (6) stop, 
(e) rev up, and (f) barely start rolhng at the release of Its brakes Ths 30 seconds 1s 
called “lme-up time vN 

The next landmg arcraft should be no closer than approumately 3 3/4 mules from 
the threshold of the runway (that 15, no more than approximately 1 l/2 rmles past the 
outer marker) at the time the precedmg take-off arcraft just starts Its 30-second 
Ime-up Tins will ensure that ln the worst possible case the next landmg arcraft ~111 
be no closer than 2 l/2 rmles from the runway at the time the take-off arcraft Just 
starts Its take-off roll (This conclusion IS based on calculations usmg the average ap- 
proach speeds with no speed control ) Therefore. the next landmg arcraft cannot be 
past the outer marker by more than the number of seconds mdlcated in Table VII prlo= 
to or after the 30-second lme-up 

TABLE VlI 

MINIMUM TIME SEPARATIONS FOR LANDING AIRCRAFT 
WHEN INTERMIXED WITH TAKE-OFFS UNDER ZERO-WIND CONDITIONS 

hrcraft 
TYP= 

F 

t-- 
M 
S 

Time Past Outer Marker Tome Past Outer Marker 
Prmr to 30-Second Lxx-Up at Time Take-Off Aucraft Starts Roll 

(seconds) (seconds) 

36 66 
42 72 
54 a4 

2 For a Washmgton National AIrport take-off followed by a Washmgton Natmnal hrport 
take-off, a minrmum separataon of 55 seconds at take-off clearance 1s requred 

3 For a Washmgton N&one.1 Airport landing followed by a Waslungton Natmnal Airport 
take-off. the take-off aircraft cannot start its take-off roll until 60 seconds after the 
preceding landing arcraft has passed the runway threshold 
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4 For a Washington Natmnal Airport take-off followed by a mllltary arrival, the Washmg- 
ton National AIrport take-off 1s clear to go at any time 

5 For a WashIngton National Airport take-off followed by a mllltary take-off, the Wash- 
mgton Natmnal Alrport take-off 1s clear to go at any time 

6 For any sequences Involving mllltary take-offs and mllltary arrivals (that IS, a *Ill- 
tary take-off followed by a mlhtary take-off, a mllltary take-off followed by a mllltary 
arrival. and wee versa), neglect the military take-off 

B In a 20-mph Headwmd 
1 For a Washmgton Natmnal AIrport take-off followed by a Washmgton Natmnal Axport 

landing, the succeeding landmg aircraft should be no closer than approxrmately 3 l/2 
mxles from the runway threshold at the time the precedmg take-off arcraft starts its 
30-second lme-up Therefore, prior to or after the 30-second lme-up time, this suc- 
ceedlng landmg alrcraft cannot be past the outer marker by more than the number of 

, seconds shown III Table VIII 
TABLE VIII 

MINIMUM TIME SEPARATIONS FOR LANDING AIRCRAFT 
WHEN INTERMIXED WITH TAKE-OFFS DURING LO-MPH HEADWIND 

AIrcraft Time Past Outer Marker Time Past Outer Marker 
VP= Prior to 30-Second Lme-Up at Time Take-Off Alrcraft Starts Roll 

seconds (seconds 
F 49 79 
M 53 83 
S 71 101 

2 For a Washmgton Natmnal Alrport take-off followed by a Washmgton National Alrport 
take-off, a mmlmum separation of 60 seconds at take-off clearance 1s required 

3 For a Washmgton Natmnal Axport landmg followed by a Washmgton NatIonal AIrport 
take-off, the take-off arcraft cannot start its roll until 65 seconds after the precedmg 
landmg arcraft has passed the runway threshold 

4 For combrnatlons of WashIngton Natxonal Airport and mllltary arrivals and departures, 
the procedures are the same as I” rules 5 and 6 for Zero Wind 

ANALYSIS OF PROBABLE GLIDE-SLOPE AND RUNWAY WAVE-OFFS 

Method of Analysis 
The method used m this analysis generally followed the method outllned by L R Phllpott 

I* ANDB Techmcal Memo No 3l4 and summarized as follows (1) all the alrcraft m a sample 
are divided mto successive pars. (2) the time at which each arcraft reaches various locatmns 
along the ghde path and on the runway IS computed, (3) the determlnatlon of whether the second 
alrcraft of each pair 1s at a safe distance from the first or of whether it should be waved off 1s 
made from the computations of step 2 Some modlhcatlons, consIdered to be less general and 
accordmgly more reallstlc. were made I” the Phxlpott method These modlflcatlons mclude 
(1) probable arcraft-performance varlatlons gathered from available IFR operatmnal data. 
(2) the SubJugatlon of certain variables to others, (3) the use of present minimum separatzons 
consistent with safety and with typical random traffic samples, (4) actual rather than ldeallzed 
glide-path and runway conflguratmns for Washmgton Natmnal AIrport. shown m Fig 2 

Only those elements associated with the type of IFR traffic represented by the three traf- 
flc samples, with the physical layout of the ghde path and the runway. wulth the prevmusly de- 
scribed rules, and with probable arcraft performance varlatlons were consldered III the analy- 
51s No attempt was made to take pilot errors Into conslderatlon. nor was any speed control 
assumed All varlatlons m speed were varlatlons chosen at random from given dlstrlbutlons 

The samples used were the 2 l/2-hour Washington NatIonal Alrport traffic samples which 
are dlscussed prevrously and are given m Appendix B The particular approach-gate (outer 
marker Cl) arrival sequence and arrival times, along with pertment departure times, were 
obtamed from the data of the Ideal analysis 

The variables used III this analysis were presumed to follow a normal distrlbutlon, and 
their sequence was selected at random In those cases where the dlstrlbutmns were not sym- 
metrlcal about the mean, those parts of the drstrlbutmn on either side of the mean were con- 
sldered normal All variables were consldered to be Independent of the particular random 

14LaVerne R Phllpott. “The External Acceptance Rate of an AIrport, An Analysis.” ANDB 
Techmcal Memo No 3, June 22, 1951 
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selectmn of the other variables wrth the exceptIon of the touchdown pant. the probab&ty of 
which was assumed to be a function of the touchdown speed These variables Include the error 
m arrival time at the approach gate, Cl, the average approach speed from G1 to the wave-off 
pant, the touchdown speed, the touchdown point. and the deceleration rate on the runway 

Data on the glide-slope and runway performance dlstrrbutmns were obtained from pub- 
lashed and unpubkshed CAA stop-watch, photo-recorded, and National Advisory Commzttee for 
Aeronautxs (NACA) type V-G-H recorder data obtained under a wide variety of IFR condltmns 
at many busy alrports, mcludmg Washrngton National Approach-speed data, for mstance, were 
based on V-G-H records of 1170 Martin 2-0-2’5, 163 Convair-240’s, 131 Douglas DC-~‘S, and 
176 Boemg Stratocrmsers Factual data on arcraft-landmg and runway performances were oh- 
tamed from CAA raw data from the stop-watch records of 996 landmgs of all arcraft types 
under both IFR and visual-flight-rule (VFR) conddlons at Washmgton Natmnal. LaGuardla. 
Chlcago Mldway, Willow Run, and Cleveland axports With the use of these data where appll- 
cable, the random performance dlstributmns used for the prevmusly mentioned variables are 
shown m Table IX The first number glvee 1s one extreme of the normal dlstrlbutloh cut off at 
one 0 01 probablhty level, the second 1s the mean, and the third number IS the other extreme 
cut off at the other 0 01 robablllty level (that IS, the first and tbrrd numbers represent 2 l/2 
standard dewatmns, 2 1 P 2 o, below and above the mean) 

xran 
mm 

s 

w 

F 

(S’U) 

0040 
0 165 
0 293 

0040 
0 215 
0390 

0 alo 
0 235 
0400 

The WashIngton Natmnal Alrport mstrument-landing-system (ILS) glide-slope and runway 
No 36 confrguratmn are shown m Fig 2 The hnal-approach. landmg. runway. and runway-ent 
sequences are broken down Into seven stages 

Stage 1 Approach gate Gl to wave-off. variable 
Stage 2 Wave-off to touchdown, variable 
Stage 3 Touchdown to start of bralang and reverse thrust. constant at five seconds for all 

types and condrtmns 
Stage 4 Start of braking to release of brakes at the particular taxI speeds, variable 
Stage 5 Tad Interval on the runway. dependent on runway exit available for the partrcular 

exit speed 
Stage 6 Process of leavmg the runway. 

Use constant 8 seconds for exit from G 
NO 

and GN for all types 
1 
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Fig 2 ‘I-Stage Breakdown of Approach to Runway 36 at Washmgton NatIonal Axrport 

Use constant 12 seconds for exit from GN2 for all types 
Use constant 5 seconds for eut from GNU and GN for all types 
Use constant 10 seconds for exit from GN4 for al Q types 

Stage 7 Report and observatmn of an arcraft clear of the active runway and ,ssuance of 
clearance to the next operatmn. constant at 6 seconds for all exits and all axcraft 

Rules 

a 

b 

B 

h 

Assumed for the Experiment 
The followmg rules are pertment to this analysis 

The wave-off pant 1s 1000 feet from the runway threshold and 2000 feet from normal 
touchdown Overshoots up to 200 feet beyond the wave-off pant ~111 be permlsslble 
Runway-cut overshoots up to 50 feet are permissible except 111 the cases of those air- 
craft usmg the exxts designated at GN3 and GNP , where loo-foot overshoots are 
permlsslble 
Runway exits are located as mdlcated m Table X, with maximum r,,,,wa)-exit speeds as 
shown 
Where a runway exit can be made where the maamum runway-e,& speed 1s 5, 10, 15, or 
20 mph, the mrnimum tan speed IS 20 mph for all types 
Where a runway exit can be made where the maxxmurn runway-exit speed is 30 mph, the 
m,mmum taa speed is 30 mph 
Alrcraft with less than 2 l/2 rmles of separatron from the preceding arrcraft on the ILS 
glide slope wwrll be waved off (glide-slope wave-off) Two and one-half m11es 1s 
apfvoumately hnlf the &stance from the outer marker to the wave-off pant 
Only one arcraft at a time is permitted to occupy the block betareen the wave-off point 
and the runway etit, includmg arcraft being observed or those reported clear of the 
active runway A vlolntron of thi6 rule will probably result in P ranway wave-off 
For analytical and cumputatim~al purposes, waved-off aircraft will be reintroduced into 
the eyetem by executing a 180. turn at the wave-off pant. climbdug back to 1500 feet of 
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TABLE X 

I Runway Exit 

LOCATIONS OF R 

Distance From 
Normal Touchdown 

(feet) 

970 

1260 

2900 

4000 

5650 

3400 

Uh 
l- 

IWAY EXITS 

(=&I 
15 

15 

5 

30 

10 

30 

Ent Speed 

(*% 

15 

15 

5 

30 

10 

30 

S 
b-4-4 

15 

15 

5 

20 

10 

20 

altitude for approximately 51 miles at their average approach speed, and executmg another 180’ 
turn back to G 
either the rem reduced wave-off arcraft or succeedmg arcraft may be delayed to suit the J 

On the basis of first-come, first-served arrangements at the outer marker, 

prescribed outer-marker mlmmurn separation for that particular sequence 

Results 
In order to explore the effects of the use of the present CAA umform rmnlmum radar- 

separatmn rule of three miles, an analyszs was made of the probable wave-offs due to the ghde- 
slope and runway-block-occupancy rules prewously speclfxed It utlhzed the three random 2 l/2- 
hour samples of arrivals only for the condItto* of no wind The three-m& umform-separatmn 
rule establishes at the outer marker separatmns sufflclently large to ensure that at all times all 
alrcraft have a mlmmum separation, based on their average approach speeds, of three miles 
between the outer marker and the runway. thus, faster alrcraft followrng slaver arrcraft re- 
qulre more than three miles of separation at the outer marker. and slower aircraft following 
faster arcraft require a mmlmum of three miles of separatmn at the outer marker The three- 
mile. umform, mmlmum separations used for the nme sequences of slow, medium, and fast air- 
craft are given in Table XI On the basis of the distrlbutlon of the three arcraft types (42 per 
cent slow. 33 per cent medium, 25 per cent fast) and on condltlon that there are no wave-offs. 
this gives a computed maxImum acceptance rate of 41 3 arcraft per hour, an average mterval 
between arcraft of 1 minute 27 seconds It should also be noted that the proposed exit. GNP. 
was not consldered m this or m the lmmedlately followmg analyses The use of thus exit 1s 
dIscussed later 

The total number of probable wave-offs out of the 198 landing aircraft of the three samples 
includmg those wave-offs remtroduced Into the arrival traffic samples. was 75, as summarized 
ln Table XII Because thus was a prohlbltlvely high percentage of wave-offs. the three arrival 
samples were analyzed for four-mile, umform, mmxnum separations as shown In Table XIII 
The maxImum theoretIca acceptance rate was 31 9 alrcraft per hour, an average mterval 
between arcraft of 1 mmute 53 seconds 

The results showed no glide-slope wave-offs, however. there were 42 total runway 
wave-offs. as summarleed m Table XIV 

In order to obtam the maximum theoretical acceptance rate and still conform to the pre- 
scribed glide-slope 2 l/2-mile mmlmum-separatmn rule, a 3 l/2-mile uniform mmlmum 
separatmn was explored It was found that the probablhty of glide-slope wave-offs was still 
bo high. being appronmately 10 out of the 198 landmgs Therefore, m an effort to obtain the 
maumum glide-slope acceptance rate for a wave-off probabrhty of no greater than one per cent, 
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TABLE XI 

OUTER-MARKER 3-MILE UNIFORM hIINIMUM SEPA 

jequence+ Time Separatmn 
at Outer Marker+* 

(seconds) 

FF 72 
MM 77 
ss 90 
MF 81 
SM 100 
SF 104 
FM 77 
FS 90 
MS 90 

Average 33 I 
* MF means Medium followed by fast. SM means slow followed by medmrn. SS means slow 

followed by slow, etc 

LTIONS WITH ZERO WIND 

**Based on average approach speeds of 150. 140, and 120 mph for F, M. and S, respectively 

TABLE XII 

TOTAL PROBABLE WAVE-OFFS FOR 3-MILE UNIFORM-SEPARATION RULE 

Number of Wave-Offs Total 
Due to Number 

Runway-Occupancy of 
Rule Arrivals 

I 

Total 
Number 

of 
Landmg 
Alrcraft 

il 10 31 
S 2 8 

Total 17 58 273* 19a*+ 

+ This ~rrludes those wave-offs reintroduced (198 + 58 t 17) 
**Including 40 military 

TABLE XIII 

OUTER-h%ARKER 4-MLLE UNIFORM MLNIMUM SEPARATIONS WITH ZERO WIND 

Sequence Time Separation Distance Separation 
at Outer Marker at Outer Marker 

(seconds rmles 
FF 96 40 
MM 103 4’0 

ss 120 MF 105 :: 
SM 126 49 

SF 128 53 - FM 103 40 
FS 120 
MS I20 t: 

Average 4 3 

, 



Frg 3 Delay as a I?unctmn of Loadmg 

TABLE XIV 

TOTAL PROBABLE WAVE-OFFS FOR 4-MILE UNIFORM-SEPARATION RULE 

Arrcraft Number of Wave-Offs Number of Wave-Offs Total Number Total Number of 
Speed Due to 2 l/2-Mile Due to of Arrivals Landrng Arrcraft 
Class Glide-Slope Mmima Runway-Occupancy Rule 

li 
0 
0 :: 

S 0 7 

Total 0 42 240* 19g** 

f 240 : 198 landmgs t 42 wave-offs remtroduced 
**Includmg 40 mrlrtary 

TABLE XV 

OPTIMUM OUTER-MARKER MINIMUM SEPARATIONS WITH ZERO WIND 

Sequence Time Separatron 
at Outer Marker 

(seconds) 

97 
104 
122 
108 
130 
131 

92 
83 

Drstance Separatmr 
at Outer Marker 

(mrles) 

40 
40 
41 
45 
51 
57 
36 
28 
3 1 

Average 41 

1 

a theoretrcal probabihstrc analysis was undertaken usmg Z+ theoretrcally mfrmte sample of arrrv- 
sls to determme optimum nonuruform outer-marker nnmmum separatmns for each bf the nme 
sequences of slow, me&urn, and fast aircraft 

Thrs snslysrs assumed that aircraft were bemg fed through the outer marker QS fast es 
prescribed mmrmum-drstance separations would permrt Then, for each of the nme possrble 
sequences of slow, medrum, and fast arrcraft all posarble combmstfons of the performance 
varrables with therr associated probsbrlitaes were examined for gkde-slope wave-offs Thrs 
process wss repeated for each sequence untrl the mmrmurn outer-marker separatmn wpch 
yielded closest to 1 per cent wave-offs wss found 

On the assumphon that all arrivals mcludmg the rmlrtary land at Washington Natrenal Al=- 
port, optimum mmimum separatmns at the outer marker were determined ss shown m Table XV 
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F,g 4 Acceptance Rate as a finct,“” of Separatmn 

The max,mum theoret,cal acceptance rate us,“g these cpt,mum zero-w,nd, outer-marker 
separatmns ,s 33 8 arcraft per hour, as compared w,th 31 9 per hour for the 4-mile u”,form- 
separation rule 

It may be argued that such a” ,“crease of approxnnately two arcraft per hour I” the 
acceptance rate 1s ,“s,g”,f,ca”t when the mental gym”ast,cs requ,red of the controllers I” 
properly vector,“g arcraft (wh,le remember,“g the separatmns for the “,“e sequences of S, M, 
and F a,rcraft among the many other interrelated funct,o”s of the controllers) ,s compared 
w,th the relat,vely s,mpler task of ma,nta,“,“g the un,form 4-mile m,“,mur” separatmns HOW- 
ever, ,t w,ll be recalled that traff,c ,“puts wh,ch are of appreaable duratmn and wh,ch approach 
or exceed a load,“g of 100 per ce”t (load,“g = arr,val rate d,v,ded by the acceptance rate) can 
result ,” ,“tolerable delays wh,ch approach ,nf,n,ty, as show” ,n F,g 3 It should be panted out 
that ,” actual operatmnal practxe the delays would be eve” worse s,“ce ,t ,s physically nmpos- 
s,ble for the controllers and the p,lots to approach the degree of perfect,“” of the analytical . 
stud,es For a g,ve” arrrval rate, the lower the acceptance rate IS, the h,gher will be the 
load,ng. and the h,gher the acceptance rate, the lower the load,“g Consequently, as small a 
decrease as two arcraft per hour ,” the acceptance rate could result I” a s,g”,f,ca”t ,“crease 
,n delays ,f the traffic rates we,-e hLghly saturated and were of apprecmble duratmn Thx con- 
d,t,on ,s further illustrated qual,tat,vely as pants A and B I” F,g 3 Such a co”d,t,on ,5 most 
u”des,rable from the sta”dpo,“t of maa,mum ut,l,aat,or, co”s,ste”t w,th the rules and safety 
cr,ter,a, of both the fac,l,t,es and the a,rspace 

It could be argued that the max,mu,n acceptance rate should be determ,“ed on the bas,s of 
the max,mum number of successful la”d,“gs per hour. regardless of the number of probable 
wave-offs F,g 4. although out of scale, ,s presented for d,scuss,o” purposes 

The shaded portm” of F,g 4 denotes probable wave-offs and the unshaded portmn the suc- 
cessful land,“gs It IS apparent that the greatest “umber of successful la”d,ngs per hour, and 
therefore the max,mum external acceptance rate, ,s obtamed at pant A However. th,s 1s 
accomphshed by “force feed,“g” and results I” a” ,“tolerably h,gh percentage of wave-offs 
These wave-offs are chargeable to the traff,c control system ,&elf and do not ,nclude the 
probable wave-offs caused by lack of p,lot prof,c,e”cy These probable pilot wave-offs, 
although not analyzed here. must also be re,“troduced They thus cause a further back,“g up 
of the already saturated load,ng parameter and consequently ,“troduce a further cha,n reactlo” 
of h,gher delays Certanly, these add,t,o”al delays and the hrgh percentage of wave-offs are 
,“tolerable I” actual c,v,l operatmns, although m,l,tary operatmns m,ght tolerate them, 
depend,“g on the type of operatm” and the calculated r,sk 

The next step concerned the use of the zero-w,nd opt,mum outer-marker separatmns 
of Table XV to determme for the same three 2 l/Z-hour samples of arr,val-only traff,c the 
probable wave-offs due to the runway block-occupancy rule The zero-wnd results are given 
,n Table XVI 
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TABLE XVI 

PROBABLE WAVE-OFFS FOR OPTIMUM OUTER-MARKER SEPARATIONS WITH ZERO WIND 

Arrl”d Number of Wave-Offs Number of Wave-Offs Total Number Total Number of 
Sample Due to 2 l/2-M,le Due to of Arr,vals* Land,“g A,rcraft 

Gl,de-Slope M,“tma Runway-Occupancy Rule 

1 0 a 74 66 (1x1 13 m,l ) 
2 0 12 66 (,ncl 14 m,l 
3 0 11 :,” 66 (1ncl 13 ml1 I 

1+2+3 0 31 229 198 (l”C1 40 m,l ) 

*Includes wave-offs remtroduced (229 = 198 + 31, etc ) 

Although the total of 31 runway wave-offs for the three arr,val samples ,s srgn,f,ca”tly 
less than the 42 runway wave-offs computed for the 4-m& umform-separatmn rule, It ,s strll 
mtalerably high Accordmgly, the result,ng ru”way-t,me and -d,stance d,str,but,ons were 
exammed. and ,t became ev,dent that the eats to Wash,ngton Nat,onal A,rport runway 36 were 
poorly angled and located Further. rt was see” that th,s runway bottleneck could be allev,ated 
s,mply by addmg a high-speed eat at 3400 feet, shown “II F,g 2 as GNP Thxs ex,t could serve 
both runways 36 and 18 and could accommodate approxlmately 70 per cent of the land,ng a,r- 
craft on a” over-all probabil,ty bas,s F,gs 5 through .3 show these theoretical runway-t,me and 
-d,sta”ce d,str,but,ons Note on F,gs 6 and 8 the excellent agreement between the CAA 
stop-watch operational data and the correspond,“g average results obtarned from the probab,l,ty 
*n*lyses 

The “ext. and m”re conclus,ve step ,n the analysis mvolved the use of these optimum 
outer-marker m,“,mu,-n separatrons for zero wnd, a theoretrcally ,,-if,“,te saturated sample of 
arrival-only traff,c (cons,st,ng of 42 per cent slow, 33 per cent med,u,n, and 25 per cent fast 
arcraft). the assumptmn that all arrcraft mclud,ng m,l,tary land at Wash,ngton Nahonal Airport. 
the previously prescr,bed rules and var,ables, and the assumpt,o” that the afore-mentmned 
3400-foot runway eat eusts ,n CdCdatZ”g the probab,kty of runway wave-offs The results are 
show” ,” Table XVII 

Although the 3 3 per cent total probahllrty of runway wave-offs and ghde-slope wave-offs 
1s ““w greater than the ar,g,nally prescribed 1 per cent and I” v,ew of the assumptmn that the 
traffic sample ,s mfamtely saturated (and actual traffic samples are most decidedly not), the 
assumpt,o” that the m,ktary arcraft land at Washington Natmnal A,rport (when ,n reality all 
but the most important personages land at Bollmg or Anacost,a), the fact that some of the 
probable ru”way wave-offs were caused by a matter of a few seconds (mathemat,cal analyses 
make no proves,“” for exerc,s,“g Judgment as ,n actual practice). th,s 3 3 per cent wave-off 
figure ,s bel,eved acceptable for the analytical purposes ,nte”ded 

On the bas,s of the 1 per cent max,mur” probab,l,ty of glide-slope wave-offs. optimum 
outer-marker m,mmum separations were also computed for the ZO-mph-headwnd cond,t,o”s 
Further. sl”ce the rules prevmusly outlined spec,f,ed that all m,l,tary arr,vals land at erther 
Bollmg or Anacost,a, 3-m,le rather than opt,mum separatmns were established for all 
sequences ~“volvl”g m111tary arr,vals Table XVII1 sum,nar~zes the outer-marker separations 
for all possible sequences of arcraft arr,vals under both the zero and ZO-mph w,nd co”d,t,““s 
Note that the waghted acceptance rate 1s 36 1 arr,vals per hour for zero w,“d w,th a” average 
,“terval of 1 m,“ute 40 seconds and ,s only 29 g per hour for the 20-mph wind cond,t,on because 
of the add,bonal t,me ,nvolvcd in trCAVSXl"g the 5 3-mile g1lde slope This ,mpl,es that higher 
acceptance rates can be aclueved with shorter glide slopes. a fact borne out by simple 
arrtbmetlc 

AcCord,“gly, with the util,eation of the stated opt,mum separations and of the assumed 
3400-foot ru”wav eat. the wave-off probabllit,es for the three 2 l/Z-hour traffic samples were 
apalyzed for the’rules- and for the tielve conditions outl,“ed previously The results are show” 
1” Table XIX It will be noted that the only probable wave-off occurred in Sample No 2 for the 
zero-w,“d co”d,tion This was due to the runvray-occupancy rule 



Fig 5 Cumulative Dlrtribukmn of the Use of Runway 36 Eats 
at Washington Natmnal Airport 

Fq 6 Comparative Cumulative Distnbutions of the Use of Runway Exits 
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Fag 7 Cumulative Distrlbutmus of Time Required by Various-Speed Aarcraft 
From Wave-Off Pant to Emt Prom Runway 36 

at Washington Natmnal AIrport NOTE. AddItional Edt Assumed 
at 3400 Feet From Runway Threshold 
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TABLE XVII 

sequence 

ss 
SM 
SF 
MS 
MM 
MF 
FS 
FM 
FF 

Per Cent 
1 
T 

SUMMARY OF PROBABLE WAVE 4 )FFS* 

Opt,mum Outer-Marker Probablllty of Wave-Offs 
M~nrnum Separatmn on Glide Slope 

(seconds (per cent) 
122 0 18 

Probablllty of Wave-Offs 
Due to Runway-Occupancy Rult 

prr cent 
0 29 
0 61 
0 65 
0 13 
0 20 
0 22 
0 04 
0 09 

130 
131 

94 
104 
108 

83 
92 

0 14 
0 10 
0 14 
0 11 
0 08 
0 11 
0 08 

97 
otal Probablllty 

0 07 

1 01 

0 10 

2 33 

*Test Condltrons Theoretically mfuute sample of arrivals, zero wmd, all WNA landmgs, 
OPtlmum outer-marker separatmns, and 3400-foot exit assumed on WNA runway 36 

I 
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TABLE XIX 

SUMMARY OF PROBABLE WAVE-OFFS FOR 2 l/L-HOUR TRAFFIC SAMPLES 
r I 

Sample 
Number L Sample 
Number L Wmd Wmd Arrivals Only Arrivals Only Arrivals and Departures 

Number Number Number of Number of 
Ghde-Slope Ghde-Slope Runway-Occupancy Runway-Occupancy Glide-Slope 

(mph) (mph) 
Wave-Offs Wave-Offs 

Runway-Occupancy 
Wave-Offs Wave-Offs Wave-Offs wave-offs 

1 0 0 0 0 0 
20 0 0 0 0 

2 0 0 1 0 1 
20 0 0 0 0 

Test Condltlons Optimum outer-marker munmum separations and 3400-foot elpt assumed on 
WNA Runway 36 Each arrival sample consisted of a total of 66 arcraft. each departure sample 
consisted of a total of 63 arcraft 

r-3 j 66 l*jJ if 
*Samples of Arrivals Only 

0 wi.r 
Awl& 

rmlepsa 

b= c=t) 

9.4 
91.4 
91.4 

91.4 

@a9 8.77 1.16 95.7 
80.9 C3 5.65 97.9 
89.4 10.65 0.91 93.6 
83.7 7.24 95.7 

74.2 a.77 5.74 
74.2 6.27 4.94 
71.2 10.65 6.75 

73.2 6.48 

06.4 
92.4 
b.9 

00.9 

ld I 

2: 6.39 6.07 
0.77 6.01 

6.16 

20-m 
ApDlmt 

Delayed 

(per cent) 

*.3 
97.1 
91.4 

94.3 

(dmtee) 

15.93 
11.62 
17.38 

H 

15.93 
ll.62 
2-E 

x3.93 
u.62 
22.05 
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I 

35 

47 

64 

1 633 

457 
4 67 
5.81 
502 

10 3 
u9 
16 3 

DISCUSSION OF THE RESULTS15 

Ideal Analysis With Zero- And 20-Mph Headwmd 
HIghlIghts of the Ideal analysis of the three traffic samples of arrivals only and the three 

samples of arrivals plus departures are shown u, Tables XX, XXI, and XXII A delay 1s defined 
as any addltmnal time requred to meet the speclfwd outer-marker or runway separations be- 
yond the txne normally requwed with no other traffic mvolved An operation 1s def,ned as e,ther 1 
an arrival or a departure Table XX lists the Ideal-analysis delays for the samples of arrivals 
only under the condztlons of both zero wind and ZO-mph headwmd Tables XXI and XXII list the 
Ideal delays for the samples of arrivals plus departures for the zero-wmd cond,bon and the 
20-mph wxnd, respectively 

Note the large varlatlons between samples :hen like condltlons are compared, note also 
that sample No 3 had the highest delays in practically every perlad except in a few cases durmg 
the hour 1 to 2 When this occurred, the delays backed up appreciably and conslatently Into the 
next half-hour per,od where the traffic mput was less Th,s 1s evidence of the cautmn that must 
be exercised 1x1 malung comparisons when usmg only one random-traffic sample 

It 1s also seen that the delays for the condltxon of a 2O-mph headwmd are about double the 
correspondmg delays for the zero-wmd condltlon The maxxnum theoretIca acceptance rates 
are 29 8 per hour and 36 1 per hour for 20-mph wmd and for zero wmd, respectively, a dlffer- 
ence of about 20 per cent The 22- and 25-mmute rnaxxmn-n delays Incurred durmg the 20-mph 
headwmd conditions are of speclal Interest, since ,t 1s expected that ,n actual practice these 
delays ~111 be at least twice agam as large This further bears out the importance of keepmg 
the acce,ztance rates as high as possible and the work load as low as possible Related to the 
acceptance rate, of course, 1s the controllers’ work load and proflclency uncertamtles. stram. 
and such condltrons result in conservatism, thus decreasmg the operatmnal acceptance rate and 
baclang up delays 

GraphIcal Analysis of Washmgton Nalaonal AIrport Phases 2, 6, and 7 at Zero Wind 
The three Washington National Axport twm-stack phases 2. 6, and 7 described in Appen- 

dlx A were graplucalIy analyzed for the three traffic samples of arrivals only and for the three 
traffic samples of arrivals plus departures Because of a shortage of tnne, only the zero-wmd 
condltlon wgs mvestigated The perhner,t results are tabulated as absolute and System delays 
on Tables XXIII through XXVIII ~~,,-+rlsons of the absolute delays of the three phases are 

u9 
16 3 

15The average delay per amcraft throughout th,s report ,s calculated on the basis of the 
average for all arcraft, mcluding those not delayed 



Illustrated m Figs 9 through 12 An absolute delay 1s the total delay. It represents the total 
txne In excess of that for the shortest route with no other traffic System delay 1s defined as 
the delay attributable to the system and IS the absolute delay rmnus the Ideal delay, In other 
words. system delay 1s the delay due to the entue system of traffic, routes, rules, conflguraixon. 
and so forth, m excess of the Ideal delay 

Table XXIII hsts the absolute d clays of the phases for the three different traffic samples 
of arrivals only In Table XXIV, the three samples are averaged and the phases are compared 
on the basis of absolute delays and system delays Figs 9 and 10 show comparmons of the ab- 
solute average and maxlmun delays for the average of the three traffic samples of arrivals 
only Fig 10 1s presented m the form of a tune series of average delays for arrivals Ln each 
successive 15-mmute permd Phase 2 appears to be the most efflcrent on the basis of average 
delay per arrival as examples, when comparing absolute delays, phase 2 16 more effluent than 
phase 7 by about 14 per cent whereas when comparmg system delays, phase 2 1s more efficient 
than phase 7 by about 29 per cent 

When the average delays of Table XXILI are compared with the correspondmg Ideal delays 
of Table XX, It is seen that the magnitudes of the delays drffer markedly between samples 
However, there 1s no correla~on between the Ideal and the graphlcal insofar as the order of 
rankmg 1s concerned, m the Ideal the order Is 3 > 2 > I, whereas In the graphical It was UsUaUy 
1>3>2 
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SDMMARYOFABSC~LVPE~SPS~~IVALI~ELAPS~~ICAL~YSISOF~ES~,~,~D~ 
KE~OSAWLFS OFARRIVAL ONLYAiTIZ UMIER CmITONs OFZEROWIND 

AND OFTIMliMOWLTR-MARKETi MIKiXIMSEPARATIONS 

35 

47 

66 

Phase 

I 

r Absolute Delays 
Average Number MeXk 

welay per Of Delay 
Aircraft Aircraft 

* DelFLyd* 
(mlnutee) (per cent) (minutes) 

5.03 09.5 15.60 
5.40 92.4 16.55 
5.58 89.5 17.25 
5.69 15.68 
6.09 2:: 17.1-l 
6.55 91.5 20.25 
4.39 84.4 15.68 
4.81 67.9 17.17 
5.11 83.8 20.25 

Syetem Delq 

6.91 
7.78 
8.M 
5.03 
6.52 
9.60 
5.03 
6.52 
9.60 

*Average of 3 smples. 
ACE+- Abeolute delay8 FI total delay. System delay. absolute minus ideal delay. 

66 1. 
1 5% 
2 3 39 
3 4 23 

V-W 4 39 

606 
5 75 
6 41 

6~ 

47-l 
4 a1 
4a4 
4 a1 



m-7 P= xrm 
%z 
:z 
24 
2% 
3.57 5 34 
3% 

2 41 
3 10 
4.95 

3.35 

302 ‘I5 0 
2.43 
350 2; 
2% 83 9 

z 
2.Y 
3u 

2.05 
3.69 
2% 

*utoe 
m 
9 39 
6 32 

7% 
9.35 
9.99 

7.58 
9.35 
998 

1 

. 



Fxgs 11 and 12 show the comparisons between phases of the absolute delays per opera- 
tmn for the average of the three samples of arrivals plus departures Tables XXV, XXVI, and 
XXVII list for each sample and for the average of the three samples the delays of the arrivals. 
the delays of the departures, and the welghted averages of the arrivals and departures (opera- 
tmns) for the samples of arrivals plus departures Table XXVIII lists the absolute and system 
delays for the averages of the three traffic samples by operatmns, rt shows little choice 
between phases 

Arrival absolute delays on Table XXV (samples of arrivals plus departures) are shown 
to be tdentlcal to the arrival absolute delays on Tables XXIII and XXIV This 1s because, m the 
graphIca analyszs, perfect knowledge and-perfect executmn, mcludmg the probable arcraft per- 
formance on the glide slope and on the runway. are assumed Therefore, in conformance with 
the departure and arrrval separatmns defmed m the prevmus sectmn of this report. arrivals 
were accepted at the outer marker Just as m the case of arrivals only and, when necessary. 
departures were held on the gound until a sufflclently long gap of time appeared between 
arrivals, then the departures were Interspersed to sut 

The resultrng departure delays are relatively small, as seen m Table XXVI This mser- 
tmn techmque therefore offers attractive posstbllltles from the standpant of over-all safety, 
economy, and efflclency If, as III the present operatmnal practxce. arrival separatmns were 
mcreased to allow more frequent mterspersmn of departures on smgle runways, the departure 
delays would decrease However, the over-all delays would back up and tend to pyramid be- 
cause the acceptance rate would essentially be decreased Furthermore, delays m the axr cost 
much more m decreased safety and economy than delays on the ground There are several 
possible methods of achlevmg m practice this technique of mterspersmg departures The 
simplest 1s to cut down the spreads of aircraft performance, perhaps by some form of speed 
control such as an automatic or semaautomatzc approach coupler Another method could be by 
use of a type of rate-of-closure. speed-mdwatmg, and approach-sequencmg PAR radar 

Comrarwm of Tables XXV, XXVI, XXVII, and XXVIII (graphIca results) wth Table XXI 
(meal results) shows that the departure delays in the graphlcal analysts are much less than 
those III the Ideal analysts Accordingly. the delays per operatmn are less graphlcally than 
Ideally. as shown m Flgs 21 through 23 This condltmn results from the fact that the Ideal 
analysts as described in Appendix C expllcrtly follows the prmrrtles and separations, based on 
average arcraft performance and drscussed an the prewous sectmn, arrivals or departures are 
delayed accordmgly, therefore As dlscussed prevmusly, the princrple of perfect knowledge 
and perfect executmn m the graphlcal analysis permits enough flexlblllty to Intersperse these 
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S-Y OF AESOLUIE mD sYsm 0PERATIolm mLAl3 FOR ORApgIcAL z4mmsIs 
OF PE4SEs 2, 6, AAD 7 UXNG SAMPLES OF ARRIVAIS PLIE DEPARTWES 

UNIIEX col?oITIo~ OF ZERO WnD .mD omm om-UARm sEPmTIm 

1 to 2 

1 to 2 l/Z 

l/2 to 3 

*Average 01 
I 
es 

l- 
I 
L Al 

AVerage 
Delay 

per 
Lircraft’ 
:mimte s 1 

2.:: 
4:3e 

4.9 
4.a 
5.14 

3.93 
3.94 
4.09 

09.6 

iit:: 

15.63 -0.42 
17.17 -0.59 
20.25 -0.26 

84.0 15.68 -0.36 
06.0 17.17 -0.36 
02.6 20.25 -0.21 

departures more effxwntly wlthout bang penalized by a separatm” large enough to take care of 

15.68 -0.25 
lb.55 -0.07 
17.25 0.18 

em Delg 
numbsr 

- 6.0 
- 5.4 
- 7.2 

- 4.6 
- 42 
- 6.2 

- 1.2 
0.8 

- 2.6 

4.18 
5.05 
5.75 

- 0.62 
O.&l 
3.95 
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the worst c*s.?, as L” the Ideal To a lm-ated degree, tbls fleub,hty 1s also found 1” actual 
practice 

It must be remembered that the Ideal-analysis techruque 1s meant to be merely a co”ve”~- 
’ ent and simple mathematrcal tool for explormg the theoretIca effects of randomness. the con- 

struction of typical peak-permd traffic samples, various traffic rates. separatm” rules, and 
other such factors The only Ideal crlterlon 1s that random arrivals and departures are some- 
how delayed a” amount Just suffxlent to meet the outer-marker and runway mlmma and to be 
consistent wulth the speclfled prmrlty rules In the graphxal analysis, the steps requred to 
meet these rules are followed realrstxally, ,ust as they rmght occur I” actual practice or I” 
snnulatlon airways are followed, descent rules and distances to descend are computed. altitude 
and distance separatmns are observed, flnlte stack,“g tunes and tnnes to complete 360’ turns 
are accounted for where reqmred, lxmts of turning and of vectoring are estabhshed, and so 
forth 

Agam upon reference to Tables XXIII, XXV, XXVI, and XXVII, the differences I” dehys 
between traffic samples ~11 be noted eve” though these samples are Identical I” construction 
and differ only I” the mternal randomness ,n the sequencing of the exponential tune mtervals, 
of the arcraft types, and of the entry pants Several glaring examples are evident In Table 
XXIII (arrrvals only), the average absolute delay per arrival for sample No 2 in phase 2 for 
the permd 1 to 2 l/2 hours IS 4 22 minutes The correspondxng delay for sample No 1 in phase 
7 1s 8 52 rrunutes Tbs would mean that phase 2 1s better than phase 7 by m”re than two to one 
On the other hand, comparlso” of the 4 23-minute average delay of sample No 2 for phase 7 
with the 7 lg-mmute average delay of sample No 1 of phase 2 shows that phase 7 ,s now the 
most efficient by about 70 per cent As a matter of fact, the averages for the three traffic 
samples for the permd of 1 to 2 l/Z hours show a” absolute delay of 6 55 minutes per arraval 
I” phase 7 a,,,’ 5 69 minutes for phase 2. a drfference of only 15 per cent, a percentage whxh 1s 
staixetic~lly mslgnlfrcant Comparisons of phases eve” by like samples also show such ~“COP- 
sxtencles, although to a lesser degree This fact further emphasizes the cautmn that must 
be exercised I” makmg comparative evaluatmns with single. though relatively large. random 
s ample 5 

In compar~o” of the delays of operatons (arrwals plus departures) in Table XXVIII with 
the correspondmg Ideal delays on Table XXI , It IS aga” “oted that there 1s no correlatm” in 

i 



Fig 12 Average Absolute Delays (GraphIcal A”alysls) 

order of rank between samples In some cases the average delays follow 1, 2 > 3, then 3 > 2 > 1. 
and so on I” both the Ideal and graphlcal analyses and with no consistent agreement 

Dynamic-Simulator Results for Washmgto” Natmnal AIrport Phases 2, 6, and 7 With Zero W,“d 

A Delays. 
Each traffic sample was run three tunes m the dynamic simulator, makmg a total of mne 

runs per phase l’aenty-seven runs were made usmg the three samples of arrivals only, and 
twenty-seven were run using the three samples of arrivals plus departures 

Tabnlatlo”s and illustrations of the more perhnent results are given I” Tables XXIX 
through XXXIV and in Figs 13 through 23 Table XXIX lists, for the samples of arr,vals only, 
the absolute delays “n each lndlvldual ru” and the averages of the three runs per sample ac- 
cordmg to the partxular phase The varzat~ons between repeat runs and samples are agam 
evidenced. thus re-emphas,zmg the danger of assessing results on the basis of single runs or 
0” the basxs of averages of smgle lzke or unlike random samples or both 

Table XXX summarizes the data of Table XXIX by averagIng the results of all runs and 
samples per phase and by the” comparmg the three phases through the l,sti”g of the absolute 
delays, the system delays, and the differences between dynamzc-sunulator and graphcal- 
sunulator delays Casual observation of the data mdlcates that there are slvficant differences 
1” the magnitudes of the average delays for the three phases However, on a” absolute-delay 
basis these differences are less than 8 per cent Ths amount 1s ms,gnrfrcant since It 1s prob- 
ably less than can be attributed to chance when the variable contrlbutmns of the humans I” the 
system and the effects of the random. though relatrvely large, traffic samples are considered 
Further compar~on of the phases on the basrs of system delays shows phase 2 to be most 
efficient by about 13 per cent Further checkmg with the comparable graptical results shows 
reasonably good agreement However, whether these differences are slgruficant or not remalns 
questaonable at tis time 

In Table XXX, the drfferences between the dynanxc-srmulator and the graphrcal results can 
be considered t” be crrterra or ,“dices of merit 1” assessmg the work load and the ahlity of the 
controllers and pllots in actually handhug traffic 1” each particular phase or method of control- 
llng traffic This means that the larger the differences are, the more ddhcult the traffic IS to 
handle, sl”ce in the graphical malysls perfect Imowledge, perfect executm”, and u”lu”lted tm-,e 
to make the best decision 1” each instance dictate that the graplxcal delays are the lowest pos- 
sible that are consistent wulth the particular rules, samples. and co”&tmns belug used It would 
be premature i” this prel~~~“~y work t” attempt to calibrate these crxteria f”r c”mP*r*tlve- 
evaluatm” purposes However, for reference purposes It is noted that by c=“Parl”g the dyn=lc 
graphcal sunulator differences in average delays per arrival for the period l/Z t” 3 hour=, for 
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example, phase 7 was eas,er to handle than phase 2 by g = 1 35. or 35 per cent On the other 

hand, comparison of the absolute average delays shown on Table XXX for the same permd showa 

phase 2 to be more eff,crent than phase 7 on an over-all-delay basis by s= 1 035. or 3 l/2 

per cent Further compar,sm of system (absolute numm Ideal) delays shows phase 2 to be more 
4 22 

effIcaent than phase 7 by m - - 1 06, or 6 per cent Cmnparmms of the ratms of the average 

delays of all the dynamc-smulator results with the graphrcal results for the average of all 
permds and all phases show that the dynamac smt-,ulator approached about 75 per cent of the de- 
eree af perfectmn of the graphxal. phases 2 and 6 rated 72 per cent. and phase 7 rated best, 
79 per cent 

Certamly much more expenmental data must be obtaaned before any sunula~on. analyttcaL 
and stakstxcal tools can be properly calrbrated w,th a reasonable degree of valldlty Meamvh~le. 
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results must be interpreted cautzcusly 
ables to be lnvestlgaged 

There are many more condltlons and ranges of varl- 
Hasty mlsuse and mismnterpretatvan of prellmlnary data can result 

I” erroneous co”cluslo”s 
Tables XXXI and XXX11 list for the samples of arrivals plus departures the arrival-and- 

departure absolute delays for each in&vldual run and the averages of the runs according to the 
particular phase I” Table XXXlII, the data of Tables XXXI and XXX11 are summarleed by aver- 
aging the results of all samples and runs according to the different phases. these data are pre- 
sented I” the form of absolute and system delays for the arrivals and departures separately 
The fact that the departure-system delays are negative 1s attributable to the fact that the Ideal 
analysis followed explrclt and mflexlble rules, as discussed previously 

The same drfferences between mdlvldual ru11s. lrke and unhke samples, and other varla- 
taons discussed I” the foregang for the samples of arrivals only also exst ,” these arrival- 
plus-departure data and ~111 not be discussed further However. when correspon&ng graphlcal 
results are compared wth the dynamic-simulator results, It 1s noted that the arrival delays 
went up appreciably I” the dynanuc-sunulator runs where arrival delays were held constant by 
using the departure- interspersion techruque I” the graphxal analysis At the same tune. the 
dynamrc-sxmulator departure delays were usually less than those 1~ the graphlcal analysrs 
Ths difference resulted from the fact that TDEC controllers used the usual degree of co”serva- 
tlsm I” provldrng larger arrival separations than those used for arrrvals only Such consenratrsm 
IS typlcal of present-day, single-runway practice where large variations ln probable perform- 
ance must be taken into account if wave-offs are to be mxurmzed However, rt decreases the 
acceptance rate and causes the arrrval delays to increase more than the decrease 1” departure 
delays This condrtlon 1s undesirable 

A more meanmgful comparxo” of the results for the samples of arrivals plus departures 
1s show” I” Table XXXIV in the form of delays per operation It 1s seen that where a httle 
choice between phases was rnphedior the case of arrivals only. there was eve” less choice o” 
the basis of operatmns 1” the samples of arrivals plus departures Eve” the differences between 
the graphxal and dynamic-sxnulator results reman fairly constant 

The over-all ratzo of dynamic to graphlcal average delays per operation for all periods 

! 
showed the dynamx sunulator approached the degree of perfectron of the graphlcal by about 6 6 
per cent, phase 2 rated 65 per cent, phase 6 rated 63 per cent, and phase 7 rated best at 69 per 
cent 

Further Illustratxons of the dynarmc-sunulator over-all results and comparisons with 
graphlcal and Ideal data are show” in Figs 13 through 23 Figs 13 and 14 are bar graphs of 
the comparison between the three phases of the dynamic-srmulator absolute average and maid- 
mum delays averaged out for all ~UTLS and samples Figs 15 through 23 show the comparasons 
of the average absolute delays between phases, between corresponding grapiucal, dynarmc. and 



Fig 13 Average and Maximum Absolute Delays Fig 14 Average and Maximum Absolu 
Per A~ZLV~~ (TDEC DY~S~IC slmuihr) Per Operatmn (TDEC Dynamic Simulator) 

Ideal delays, and so forth, all m the form of tzne series of average delays per arrival or per 
operatmn m each successive 15-mmute period The agreement between the graphlcal and the 
dynamic-simulator results, the dliferences, and the index of merit dIscussed previously should 
all be noted These time-series presertatmns show how the delays in the system bmld up and 
back up with the particular txne and traffic rates They also show that appreciable dxfferences 
exist between phases for short saturated periods of 15 or 30 mmutes, even though the delay 
data averaged out for permds of one or more hours show relatively little difference Whether 
or not these 15- or 30-mmute permds are of any slgmfrcance 1s beyond the scope of tbs work 
However, the delays occurrmg during these short permds of rather infrequent occurrences are 
somewhat crm-lar to those whxh the Bell Telephone LaboratorIes classify as “grade-of- I 
servlcz Are short periods. or infrequent occurrences, gr both, the condltmns for wluch the 
system should be desrgned? If so, what grade of service 1s acceptable for other condxtmns or 
perrads? The answers to such questmns are qute controversial and should be judged at much 
higher levels 

B Communlcatmns 
Pertment data on communlcatmns densltaes per channel, average communicatrons tune 

per arrcraft, average message length, and average number of messages per aircraft for the 



FL&! 15 Average Absolute Delays Per 
Arrl~ai (TDEC DP~~IC slmuihr) 

Fig 16 Average Absolute Delays Per 
Arr~~d (TDEc Dynamo slmuiat0r) 

var,ous phases and channels are g,ven ,n Tables XXXV and XXXVI and ,n Fqs 24 through 28 
Table XXXV and Figs 24 and 25 are for the samples of arrivals only Table XXXVI and Fqs 
26, 27. and 28 are for the samples of arrivals plus departures Fig 28 1s presented as the com- 
blned densrty of the east and west approach-control sectors (channels 1 and 3) III the form of the 
time serves dIscussed previously, the build-up of commumcatmn densltles per phase with trme 
and traffic rates can be follo\ued and further correlated wrth the tune series of delays per 
phase shown I,, Fxgs 16 and 17 

Four communlcatmn channels were sxnulated, east-sector approach control. west-sector 
approach control, axport ground control. and a channel for center-to-tower transltmn In addl- 
tlon, 1x1 place of the usual flxght-progress boards and strxps, a two-dlglt llmlted-data-transfer 
device was used between the center and the tower and between east and west approach-control 
sectors ,n the tower 

As in the case of delays, the commun,catmns data show that there 1s little or no d,ffer- 
ence between phases The small differences that do occur are no greater than should be 
expected by chance 

Exammatmn of the data reveals the follo,.,,ng rnterestmg facts The air-borne personnel 
talk about 70 to 80 per cent as much as those at the ground statmn There 1s a difference be- 
tween samples ,n the amount of commun~catrons sample 2 carries far less communlcatlons 
than the other two samples m the west sector and far more than the other two m the east sector 
when both air and ground durrng all phases and runs are consldered There 1s an apparent dlf- 
ference between phases III ground commun~cat,ons. with phase 7 havmg the most live t,me m the 
west sector Thrs was caused by several irregular cucumstances Durmg all three runs of 
sample No 1 durmg phase 7. departure control was handled on the same channel as the west 
sector, and durmg run 18 of phase 7, the air traffic control channel broke down and was combmed 
with thas same ground channel ,n the west sector With these lrregularltles accounted for, there 
was no slgnlflcant difference between phases 

Further examlnatmn of the data shows an apparent drfference m the amount of talkmg. that 
IS, there appears to have been less talkmg when both arrivals and departures were handled than 
there was when only arrivals were rnvolved Thrs was due to the fact that durmg the r,,ns mvol- 
“In&! only arrrvals, there were more airplane consoles avarlable than durmg the runs ,nvol.,~ng 
both arrivals and departures, therefore It was possible to start the arrival arcraft further out 



I” the problem and thus have them under actual sxnulated control for a longer tune 
Consequently this added to the total amount of commurncatmns 

In summary, over-all exarmnatmn of the communxat~ons data shows that use of the 
llmlted-data-transfer device between the center and the tower and between sector controllers 
III the tower, plus some form of sector-control radar-vectormg procedures m the tern-u-al area, 
results m srnple cornmumcatmns which can be handled for a good number of years to come with 
low density and work load on only a few channels and with present equpment The unpllcatmn 
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IS apparent The effect of sxmpllfymg procedures (assummg no attendant decrease in safety) 
can often Ilievlate and sometimes elmxnate many barraers. some of which are usually Inherent 
because of unorganlaed attempts to alleviate some other deflclency In the studies described 
In thus report. there was httle flow control exercised or necessary In feedIng arcraft mto the 
termmal area The simple. StraIghtforward, direct-control procedures allowed the random 
high traffic rates employed to be absorbed m the tern-anal area with a relatively low work load 
and wxth a rmmmurn of delays 
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IDEAL ANALYSIS OF USE OF 3-MILE SEPARATION 

Wlthout a fine degree of speed control. use of the three-mile umform separatmns from the 
outer marker to the runway ylelded an abnormally hrgh percentage of probable wave-offs For 
purposes of reference and for settmg up the proper order, sequence, and outer-marker arrival 
txnes in the wave-off analysis >t was necessary to analyze the 3-mile rule Ideally At the t,me 
this was done. the entlre 3-hour sampl6oi traffic were used. none of the probable wave-offs 
were remtroduced The rn~-uxn separatmns for the zero-wmd condltmn were g,ven I,, Table 
XI. the m,nunum separatmns durrng the 20-mph headwmd are shown ,n Table XXXVII 

Use of the 3-mile separatmn rule ywlds a theoretIca maxunum acceptance rate of 41 3 
arrcraft per hour in zero wxnd and 35 0 arcraft per hour ,n a 20-mph headwmd. ,f lt 1s assumed 
that there are no wave-offs A summary of the arrival delays using the three 3-hour samples 
of arrivals only and samples of arrivals plus departures 1s shown ln Tables XXXVIII and XXXIX 
Both the zero-wmd and ZO-mph-headwmd condltmns are Included. and no wave-offs were relntro- 
duced Prevmusly described rules for the mterrruang of departures were used All mllltary 
operatmns were presumed to land or to take off at Bolhng or at Anacostla Agam it should be 
noted that the arrival delays for the 20-mph-headwmd condltlon are more than double those of 
the zero-wmd condltzon Further camparlsons of the samples of arrivals only with the samples 
of arrivals plus departures show that smgle-runway r,krspersmn of departures increases the 
delay of the arrivals by about another 50 to 60 per cent 

GRAPHICAL ANALYSIS OF MODIFIED PHASE-2 PROCEDURES 

Phases 2, 6. and 7, are essentmlly moving-block systems where aircraft are “vectored” 
(controlled by radar) when necessary all the way from the run of the 40-mile dmmeter to the 
znner twm stacks and to the auport Although moving-block systems produce smaller delays 
than other systems. at least on an analytical baas, they can nnpose severe work loads on the 
humans 1x1 the system when some practxal type of computx.g and when fhght-path planrung 
dences are not available In addltmn, when the performance of both controllers and pilots 1s not 
up to the usual high standards, the number of commurucatmns. repeats, and other factors might 

Fig 17 Average Absolute Delays Per Operation 
(TDEC Dynamo Simulator) 

Fig 18 Average Absolute Delays Per 
Arrival. Phase 2 (Ideal. Graphxal. 

and TDEC Dynxnrc Simulator) 
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&-e&down of tower-and-a,r data not .“S,hbk Runs used samples Of srr,“da only 
affect the over-all results by offsethng the benefits derived from the most effxlent systems 
In order to reach some cmpromlse. the relative merits of a system with both fmed and moving 
blocks were mvestlgated graphlcally It was believed that such a system would reduce the work 
load and thus marntam top efficiency without addltmnal personnel and unproven equpment, at 
the same tnne mantarung or bettering safety standards 

In this fixed-movrng-block system, It 1s assumed that the portion of the terminal area up 
to and mcludlng the twin feeder stacks and holdmg patterns would be operated somewhat as a 
fmed-block system The portmn between the twm stacks, the outer marker, and the alrport 
would operate as a movmg-block system and would use the optimum and mIdmum radar 
separatmns descrabed previously 
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Fig 19 

-1 I I I GkAPH’lCAl’, ,n I.4 \ 
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Fig ZCI Average Absolute Delays Per Arrwal. 
Phase 7 (Ideal. Graphical, and 

TDEC Dynamrc Smulator) 

F,g 21 Average Absolute Delays Per Operatmn Fq 22 Average Absolute Delays Per Operahan 
Phase 2 (Ideal, Graphical, and Phase 6 (Ideal, Graphical, and 

TDEC Dynamc Simulator) TDEC Dymnuc Simulator) 
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TABLEXXXVII NOTE 
&RRIVALS PLUS OEPc..RT”RES 

OUTER-MARKER MINIMUM SEPARATIONS 
OPTIMUM OUTER-MIRIER sEPmAT10Ns *Pm ZERO WlNO 

USLNG 3-MILE UNIFORM RULE ~~~~~~~l~/~I~l’l~l’~l’~l~l~l~l~/ 
WITH ZO-?,lPH HEADWIND 

Sequence 

FF 

MM 

ss 

MF 

SM 

SF 

FM 

FS 

MS 

Average 

une separatmn 
(seconds) 

83 

90 

108 

95 

122 

127 

90 

108 

108 

hstance Separatlor 
(mrles) 

30 

30 

30 

34 

41 

46 

30 

30 

30 

33 

Fig 23 Average Absolute Delays Per Operation 
Phase 7 (Ideal. Graphxal, and 

TDEC Dynamic Smulator) 

Where holding fxes 1~ relatwely close to the m,mmurn path of amcraft entermg a system 
from any dmectmn. m~nnnum delays ~111 occur Therefore, no excessive detours and the con- 
sequent cumulative backmg up of delays to ancraft from opposite dnectmns ~111 result when It 
IS necessary to route traffx to the twin stacks as clearance limits for possible holdmg Smce 
the A and B twm stacks of phase 2 be closer to the muum~m paths than those of the other two 
phases, It was selected as the best configuratmn for the partial-fixed-block and partlal-movmg- 
block procedures See Fig 33 m Appendix A Furthermore. It v,as felt that syn-metr~cally 
located stacks smpllfied handhug procedures Also. the less the distance to be vectored, the 
less the varmbakty Although the distance from the A and B stacks to the outer marker 1s rela- 
tively small, It was felt that there was still a sufficient degree of flexlbllrty to put the random 
arrivals of a fxed-block system mto a sequence, even during peak congestmn periods 

Table XL summarlses the pertment delayresults of the graphical analysrs For purposes 
of ldeniaficatmn, the fxed-moving-block system IS called phase 2 (a). Only the zero-wmd con- 
dltion was analyzed, and the related results of the orvgmal movmg-block graphxal analysis of 
phase 2 are repeated for purposes of convenient comparison Figs 29 and 30 show the txne- 
serves cmnpar~sons for the samples of arrivals only and for the samples of arrivals plus 
departures Optmum outerm-marker nunnnum separatmns were employed 

The results show that from the standpomt of delays to arrivals only, phase 2 is more 
efflcrent than phase 2 (a) by about 30 per cent, on the basis of delays per operatmn. phase 2 1s 
better by only tl per cent Agun, the cautmn that must be exercised m judging the ments of a 
system by using only one traffx sample, even though it is a relatively large one, should be borne 
III mmd For example, compar,son of the average delays per operatmn for the permd 1 to 2 l/2 
hours shows 5 5 minutes for phase 2 when sample No 3 is used and 5 2 mmutes for phase 2 (a) 
when sample No 2 18 used This comparison indicates that phase 2 (a) is superior to phase 2 by 
6 per cent, contrary to the over-all comparison which averaged out all samples and permds 

When It 1s considered that the delay per operatmn provides a more realistic erlterion 
for cmparmg smgle-runway (or possibly intersecting-runway) operation at Washmgton National 
Amport, the &per cent penalty of phase 2 (a) appears to be neglxgible in view of 1% potential 
smpkclty of operatmn The over-all l fftciency wxth live controllers and pllots may more than 
offset thin 8 per cent, which &er all is indicative only of the relative merits of the phases on an 
analyt~al md not on BP over-all-eymtem baais Further stvdy of some practical aspects of the 
use of a moving-block system between the inuer twm stacks and the outer marker reveal that. 



Fig 24 Average Communtcatron Love Tnne Fig 25 Average Channel Densltles and Message 
and Number of Messages Per Aircraft Length Per Aircraft. Arrivals Only 

(TDEC DISC slmukhr) (TDEC Dy-nam~cS~mulatar) 

a Separation between amcraft can be effected by using graduated series of fixed tracks 
between the feeder stacks and the outer marker This device 1s called a mu&track 
system By means of a smple computing dence. the controller can compute gate tnnes 
at the outer marker and can select the particular approach track for each amcraft to 
enable It to arrive over the approach gate with the proper separatmn from other a~=- 
craft The fired and relatively short and simple approach tracks make it possible for 
controllers and aircraft to achreve this gate tm,e within P small tolerance. the controller 
need only learn from the computer which fixed track is to be followed He would then 
simply transmit these headmg rnstructmns to the amcraft from a radarscope overlay 
wwlthout the usual mental calculations and resultmg conservatism 



Fig 27 Average Channel Densltles and Message 
Lengths Per AIrcraft, Arrrvals Plus Departures 

(TDEC ~~~~~~ simulator) 

b Anborne p~torml &splays showng the various approach tracks could further reduce 
the over-all work load and the amount of an/ ground commurucatmns reqmred The 
controller, havmg determmed the proper track from the computer, would assxgn the 
track to be followed 
tracks 

The pllots could then navigate t&en own way along the assigned 
In this way. the controller would function manly as a monitor and would stand 

ready to overrlde the system at any tune if necessary Since the lowest altitude 1s 2500 
feet at the holdmg fixes and 1500 feet at the outer marker. an arrcraft with unsafe 
separation can always be turned back to 15OQ feet at one of the holdmg fixes 

Prelnnmary tests of a system snnllar to that of phase 2 (a) have been conducted at TDEC. 
and the results were qurte satisfactory TDEC personnel have also Integrated mto the system 
an apparently smooth and efficient method of combnung Jet-typelrlth conventmnal propeller- 
type alrcraft The detals and results are pubhshed elsewhere 

16 Anderson and Vlckers, op clt 
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STATISTICAL AND THEORETICAL ASPECTS 

Sigmfrcance of the Delay Parameters, 5affic Samples, and Delay Theory 
The precedmg data show that the number and the magmtude of the varxatmns between the 

average delays per arcraft for the varmus traffx samples mdlcate an acceptably good repre- 
sentatmn of the random variations antlclpated m day-to-day al? traffic The backmg up of de- 
lays from the peak hour 1 to 2 to the next half-hour period for certam samples and condltmns 
should also be consldered, along with the fact that httle or no correlatmn exists between the 
average delay per aircraft and the maximum delay or the percentage of aircraft delayed Even 
in the ideal analysis, almost all of the arcraft operations are delayed because the traffic-loading 
rates are high, m cases of high traffic rates, the use of the percentage of arcraft delayed 
therefore becomes meanmgless for indicating trends The maximum delays depend more upon 
the posltronmg of large time mtervals wltbm the random samples, and although they are of 
operatmnal Interest they cannot be used as a meanmgful basis for compara~ve-evaluatron 
purposes 

The results of the Ideal analysis show that for the samples of arrzvals only the average 
delays for the ZO-mph-headwmd condltmn (maximum acceptance rate = 29 8 per hour) are more 
than double those for the zero-wind condatmn (maumum acceptance rate = 36 1 per hour) For 
the samples of arrivals plus departures, the correspondmg delays are nearly double For the 
traffic samples, rules, and procedures outhned m tbs report It can be expected that m actual 
operatmn the delays ~111 be twice agan as large 

It was prevmusly stated that different systems of air traffic control do not always react 
proportmnally to different random samples of traffic Thus. It 1s risky to use one representa- 
tlve random-traffic sample to determme the relative merits of any given air traffic control 
system The questmn arises whether the three random-traffic samples provlously outlmed were 
suffxxent to ensure that they would yield an acceptable degree of statlstlcal stablhty A plot Of 
average delays versus loadmg (the arrival rate dlvlded by the acceptance rate) for each partlcu- 
lar sample showed great variation between samples and showed dispersal wlthm samples How- 
ever. a similar plot averagmg the delays of the arrivals of the peak hour 1 to 2 for the three 

Fig 29 Average Absolute Delay Per Arnval, 
Phases 2 and 2 (a). Arrivals Only 

(GraphIcal Analysis) 



4.9 

SUMMARY OF ARRIVAL DELAYS FQR IDEAL ANALYSIS TEjiiX ARRIVAL TRAFFIC ONLY 
DNDE.8 CCBDITICNS OF 3-m WEWRM SEPKLATION AT ZWO- Ai%‘!J 20-m KIND 

I 1 I I 
Period Of 
Operation9 

(ho=) 

lto2 

fLrrivals Dd*y Of Delay Delay Of Delay 
P=r All-Cl-& per Aircraft 

Aircraft Delayed Aircl-aft Delayed 
(m.lnutee) (per cent) (minutes) (minutes) (per cent) (minutes) 

35 1 2.16 82.9 6.60 4.14 88.6 u.48 
2 1.54 80.0 4.42 2.98 91.4 63 
3 2.04 85.7 6.58 3.60 88.6 10.20 

AVerage 1 91 82.9 5.87 3.64 89.5 9.42 

1/2 to 

2 1/2 

Oh3 

9 1 1.51 65.5 6.60 3.29 84.5 U.48 
2 1.13 70.7 4.42 2.19 es.0 6.57 
3 1.6s 6g.o 6.55 3.69 82.6 11.05 

APe?Tege 1.44 60.4 5.87 3.06 83.4 9.70 

73 1 1.30 61.6 6.60 2.74 75.3 Y.48 
2 0.93 60.3 2: 1.77 69.9 6.57 
3 1.41 60.3 3.02 71.2 Y.05 

AVerage 1.2l 60.7 5.m 2.51 72.1 9.70 

NCJBl The arrival delaye far the 20-mph edition are shout double those for the zero-WLnd 
condition even thou& the theoretical acceptance ratesof 41.3 per hour far zero vind 
and 35 per hour for 2O-!a& headnina were not appreciably lowered. 

samples of arrivals only or of arrivals plus departures for the two wmd conditions and for 
both the 3-mile-urnform and the optimum-mlmmum separatmns at the outer marker produces 
a smooth curve, as shown In Fig 31 Thus, not only are the three traffic samples sufflclent to 
represent day-to-day varxatmns but they are also sufficient to reduce the Influence of random- 
ness on the valldlty of the subsequent evaluatmns The sharp Increase m slope with loadmg 
in F’lg 31 15 also worthy of bemg noticed At this one-hour peak arrival rate of 35 aircraft 
per hour, mcreasmg the loading from 80 to 100 per cent doubled the delays 

As a measure of the effect of usmg operational vectormg procedures wzth live controllers 
and pilots, the average of the results for zero-wind phases 2, 6. and 7 (7 24 mmutes. more than 
double agam that of the Ideal) on the TDEC dynamic simulator is also plotted m Fig 31 Also 
shown are the corresponding graphical-analysis delays for the average (5 3 *mutes) of all 
samples and all phases Until further runs planned for future programs are made for the 
conditmns of higher and lower acceptance rates, the trend and the callbratmn factor cannot be 
determlned conclusively 

The correlation coefflclent between corresponding graphical and dynamic-slmulatcr 
average delays for each 15-minute petmd In any phasefos an average of three samples is 0 98 
This means that the observed data conflrm the vahdlty of the followng lmear relatronshlps 
This high correlatmn holds for both the delays per arrrval In the samples of arrivals only and 
the deln). per operatmn in the samples of arrivals plus departures 

For Arrivals Only 
Dynamic-Simulator Average Delays = 1 12 + 1 11 x graphxal 

For Arrivals Plus Departures 
Dynamic-Simulator Average Delays = 0 88 + 1 42 x graphical 



;:: 
4.67 
4.66 

91.4 l2.18 
94.3 9.37 
91.4 14.72 

92.4 l2.09 

5.m 89.7 16.52 
3.75 94.8 9.37 
6.06 87.3 a.08 
5.26 90.8 15.66 

5.43 86.3 16.52 
3.15 86.3 9.37 
5.38 83.6 2l.ca 
4.65 85.4 15.66 

Delay 

The foregang emplrlcal relatlonshlps yield an accurate estimate for any loadmg except 
extremely low ones, which are unimportant 

When the average delays for 15-mmute periods are bang predlcted, the standard errorl” 
estlmatlng dynamic-simulator results from graphIca results 1s only 43 seconds for the samples 
of arrivals only, for the samples of arr,vals plus departures, the standard error or devlatlon 1s 
61 seconds When estimated on a” hourly basis, the results are eve” better 

When peak arrival rates persist for long permds such as five hours or more, the system 
~‘111 start to break down This LS evident from delay theory,l’ll l8 as show” m F,g 32 I” delay 
theory. It 1s assumed that traffic samples are milmte and have Poisson-dlstrlbuted average ar- 
rival rates The system theoretlcally starts to saturate at a loadmg of about 90 per cent or 
more Certamly, I” operatIona practxe this saturation ~111 occur at a much lower loading 
Agal”. determmatlon of the cahbratro” factors awaIts further testrng on the dynamic and graphI- 
cal simulators No cross plott,“g of the Ideal-analysis of Fig 31 and of the correspondmg 
graphIcal- and dynamic-simulator results IS made with the delay-theory data of F,g 32, because 
they are not comparable The results of the srmulatron work described I” th,s report are for 
flnlte and more reallstlc transient traffic samples of relatively short duration and with the usual 
buldmg up to a peak and a subsequent droppmg off Whrle traffic 1s buxldmg up, the system 1s 
JW.t startrng to approach some degree of stablhty with delays for thrs short permd dlstrlbuted 
exponentrally as expected However, I” the latter part of the ru”s, the traffic begrns to saturate 
the system, levels off, and then drops off to almost “othmg Smce this behawor 1s typxal of 
present and possibly of future peak-traffic rates, the system wvlll “ever be I” a steady state 
This means that delay theory cannot be used wlthout some emplrlcal modlilcatmn Study of the 
frequency dlstrrbutmn of the srmulatmn-delay results shows that these delays do not follow the 
Po~seon law Further exammatmn of these dlstrlbutmns pomts up why the delays do not follow 
the theoretIca delay curvee. the delays come from at least two d,ffere”t populatmns 

17Bowe” and Pearcey, op at 

“T Pearcey “Delays L” the Landrng of Air Traffx,” 
Society. December i94a 

Journal of the Royal Aeronautical 
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NOTE 

Fig 30 Average Absolute Delay Per Operatmn 
Phases 2 and 2 (a), Arrivals Plus Departures (CrapInca Analysrs) 

x 
:I - Y 

I 

x 

Fig 31 Average Delay Per Arrival as a Fimckm of Loadmg 
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Intervals Between Successive Operatmns 
Data on the average mtervals between s~ccessxve operatmns were comp&?d from the 

dynamc-smulator runs Only a one-hour permd I” whxh there was always a” avalablllty of 
arrcraft was used For the samples of arrxvals only, the average Interval between success,ve 
approaches on the dynarmc simulator was 1 mmute 53 seconds for phase 2, 1 mmute 56 seconds 
for phase 4 and Zmlnutes 1 second for phase 7 Corresponding graphlcal-srmulator data showed 
no slgnlilcant dlfierence between phases and averaged about 1 m,“ute 45 seconds 

For samples of arrivals plus departures I” the dynamuz smulatcr, 52 operatmns per hour 
were handled for the average of all phase 2 runs, 51 3 per hour for phase 6 runs, and 50 per 
hour for phase 7 runs Comspondmg graphlcal results agal” showed no apprecmble difference 
between phases and averaged about 56 operatmns per hour on the single runway 

In the dynamc-smulator runs ,wth ax-rival and departure arcraft rntermmed on the smgle 
runway No 36 the average time for two successive landmgs was 128 seconds When a take-off 
was Interspersed between arrivals. the average xnterval between the two approach arcraft was 
144 seconds ‘Ihe average trme between successive take-offs was 65 seconds On the basis of 
these irgures, a take-off adds only 16 seconds pi Inserted between two landings but adds 65 
seconds If one take-off follows another lhereiore. It can be concluded that when a backlog of 
arrivals and departures emsts. by far the most effluent handUng 1s to alternate landmgs with 
take-offs rather than to handle a few landxngs and the” a few take-offs 

Conduct of the Dymm~c-Smmlator Experrments 
In order to uncover possible clues about varlatmns between repeat runs, a” exanunatmnof 

alrcraft separatmns was made Table XVIII llsted the m~mmum trme separatmns at the outer 
marker for the various arrival sequences of S. M, and F arcraft as based on average approach 
speeds of 120. 130. and 150 mph, respectzvely Data on the outer-marker arrival t”-,-,es were 
checked for sunulator tzme mtervals smaller than these assIgned ml”m-,a. Such mtervals were 
defmed as TILTAM’s, or lime Intervals Less ThIhanAssqned Mmuna Only those of 15 seconds 
0= mOre and of 25 seconds or m”re were tabulated as bang svgruflcant Fliteen seconds repre- 
sents approxrmately one-half mrle and 25 seconds slxghtly less than one mile of separatmn at the 
average approach speeds g,ve” 

COl@ARISCN OF ABSOLIW ARRIVAL DELUS m W1C.G AlpALpsIS OF PHASES 2 m 2(A) 
16ItG ARRIVAL-PLE-DEPAFYl’W& PULPPIC UWDEB COWI!CIOUS OF ZERO WIilD 

AR’D OFTIKUM OWlER-MAFZZR SEPARATIQlR 
I 4 I&%ximunl Average 

Delay Delay 
per 

T 
Aircraft 

(minutes) (rdmtes) I ( 

15.65 6.78 
10.78 7.27 

Pheee 2(A) 
NlSSbZ Maximum 

Of JJ=w 
Afrcraft 

Del-d 
per cent) (mFnutes) 

94.3 
97.1 
Pl.4 
94.3 

15.85 
14.67 
15.13 

95.7 15.85 
97.9 14.67 
83.6 16.75 

95.7 

67.9 15.85 
92.4 14.67 
86.4 16.75 

88.9 
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TABLE XL1 

COMPARISON OF ABSOLDTE DEPARW DELAPS FCR GRILPBICAL AiYALySLS OF PHASES 2 Ah’D 2(A) 
UXNO APZTPAt-PLW-DEPARTURE W&TIC UKDm CONDITIOW OF ZERO WIND 

AND OPTIMOM OUJYZ-t&‘.RXER SE?ARATIONS 

Period of 
cpsrat ions 

1 to 2 20 1 1.69 70.0 
2 2.97 80.0 
3 1.64 85.0 

Average 2.0-i 78.3 

1 to 2 l/2 33 1 2.96 61.6 
2 3.57 84.9 
3 5.34 90.9 

AYerage 3.96 05.9 

l/2 to 3 51 1 2.41 78.4 
2 3.10 82.4 
3 4.55 90.2 

AVET4F ( 3.35 1 83.7 

The results are shown m Tables XL111 and XLIV for the 2 l/Z-hour samples of arrivals 
only and for samples of arrivals plus departures The correspondmg average delays per ar- 
craft for the permd of hours l/2 to 3 are shown for comparison, It 1s seen that the number of 
TILTAM’s durmg the runs mvolvmg both arrivals and departures were much less than those 
for the samples of arrivals only Thrs was due to learnmg, to better dlsclplme. and to the 
larger arrival separatmns employed by TDEC controllers in mterspersrng departures However, 
no slgmficant relatmnshrp exists between the number of TILTAM’s and the average delays 
Furthermore, the number and magmtude of the TILTAM’s had httle effect on the over-all 
results 

Smce the controllers were rotated from run to run. an exammatmn was made of the 
delays of those arcraft handled by each controller, but no statlstlcal relatIonstip between 
delays and controllers was found The effect of rotatmg the console operators was exammed. 
agam wth negllglble effect on the over-all results 

Relationship Between Average Delay and Commumcatlon Density m Dynamic-Simulator Runs 
An analysis of variance was performed on the delays of arrival arrcraft By this method 

the varlatlon caused by any of the slgmficant variables such as controllers, phases, and traffic 
samples 1s isolated and can be compared wth the random residual error The results show 
that the varlatuxas m delays between repeat runs and between traific samples overwhelm any 
effects of changing the phases It 1s concluded, therefore, that the changes m samples and the 
particular moods of the controllers (as durmg repeat runs)affected the delays more than the 
locatmn of the twn stacks or the procedures associated wth each sample In fact, the over-all 
differences between phases are no more than should be expected by chance 

However, TDEC controllers had often remarked that there were slgmficant differences 
I” their work load for the various phases Smce these &fferences might show up ITL the com- 
mumcatmns data. the commumcations densities for the peak hour were compared No consx- 
tent relatmnshlps between delays and commumcstmns load were found A comparxcn between 
the average delay per arrival and the densltles of commurucations per phase for the average of 
all runs of the samples of arrwals plus departures 1s shown m Table XLV as an example 



Fig 32 TheoretIcal Average Delay as a Functmn of Loadmg 

General Impressums and Conclusmns 
Air traffic control swnulatlon programs can be set up for either one or both of two basic 

reasons (a) for comparing different methods of control and the effectiveness of new equprmnt, 
techmques. and the llke, or (b) f or makmg estm-mtes of what a given method or piece of 
equprnent ~111 do ,n actual operatmnal practice 

In either case, some sort of valldatmn 1s necessary Wlthout proper vakdatmn, the results 
may be meanmgless The TDEC dynamc sunulator and the FIL graphxal sunulator are very 
useful for malung comparisons. but more mtenslve programs and comparisons usmg actual 
operatmn are necessary III order for the results to be more rehable Comparisons of the 
average delays for all runs, samples, phases, and permds show that the dynamc-smulator 
results for the samples of arrivals only approached those of the graphical by about 75 per cent, 
for the samples of arrivals plus departures this ratm was about 66 per cent, on the basis of 
average delays per operatmn 

Two types of traffic samples should be used >n the dynarmc smnulatcr The first has a 
short, saturated permd. and the second 1s a longer, more reahstlc sample with a build-up, a 
peak, and a levelmg-off permd The type of sample depends on the smnulatron ob]ectlve For 
approxmatlve comparxon purposes, the short, heavily loaded sample should suffice FO7 
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TABLE XL11 

COMPARISON OF ABSOLDIE OPE?.ATIOh’S DELUS FCIR GRAPEICAL ANALYSIS OF PZASES 2 AND 2(A) 
U3ING ARRIVAL-ZIG-DXPARTE TWFFIC uM)ER CONDITIOiW OF ZERO WIXE 

AND OPTIMUM OUTER-MARJZ3 SEPARATION5 
, 

Period of Number of Sample Phaee 2 Phase 2(A) 
Operations Operations Nmber Average Delay 1 NLmbW Of 1 Average Delay ( Nmber of 

per Aireraft Aircraft Delayed per Aircraft Aircraft Delayei 
(hour ) (minutes) (per cent) (minutes) (per cent) 

1 to 2 55 1 4.7 85.5 5.0 85.5 
2 4.0 87.3 . 
3 3.2 03.6 

::; 92.7 
87.3 - 

AVe-fFLge 40 85.5 4.9 88.5 

1 to 2 l/2 80 1 5.4 90.0 5.7 90.0 
2 4.0 
3 5.5 E 

5.2 93.8 
5.6 91.2 

AVWELge 5,o 89.6 5.5 91.7 

l/2 to 3 117 1 4.2 t34.6 4.3 02.1 
2 3.3 84.6 4.3 89.7 
3 4.4 02.9 4.5 03.0 

AT%-age 4.0 84.0 4.4 65.2 

estimates of realrty (especially In termmal-area systems usrng radar-vectoring), the bnger, 
more reahstx samples should be used Tlus longer sample should Include a qluck buld-up 
of traffic, followed by an hour or so of operatmns at the maxunurn rate antlclpated for the 
future. as was done m the experunents described in this report However, the results of the 
dynarmc-sunulator runs show that the total lengths of the traffic samples can be cut to two 
hours wIthout any sacrifice m statIstica slgrnficance 

The present method of usmg three sn-mlar, but random. samples with three runs per sarn- 
ple seems adequate It pernuts the measurement by statxtlcz.1 tools not only of the differences 
between methods of control, but also of the effects of day-to-day varmtmns m traffic (samples) 
and of different controllers and pllots, or of dlfferlng moods of the controllers and pilots (runs) 

The man crlterla for determmmg dtiferences between traffic systems, equpment, and 
other varmnts are 

a The average delay and dzstrlbutmn of delays, for slgmflcant permds 

‘1 
b The time under control per arcraft 

(c The commun~catxon density or control density (communrcatvan live tune per arcraft 
avIded by tnne under control) 

(d) Number of controllers and controller work load 
Delays for the period 1 to 2 l/L hours are greater than for the period 1 to 2 hours, 

although the arrival rate 1s about 31 per hour for the perxod 1 to 2 l/2 hours and about 35 per 
hour for the hour 1 to 2 This difference in delays 1s due to the peak hourly traffic baclung up 
Into the next half hour where the arrival rate 1s appreciably less than the maximum thecretxal 
acceptance rate of 36 arcraft per hour However, In comparing delays between samples. 
phases, and runs, It 1s noted that the average delays and varlatzons between runs are JUSt about 
the same comparatively, so that elther length of period 1s adequate for evaluatmn purposes 

The alrborne traffic talks about 70 to SO per cent as much as the ground Because tlus 
figure 1s almost the same as most commumcat~ons data obtaIned from nonradar operations, It 
appears that radar control should not change the commumcatlon prcture as drastlcally as some 
private line (ATCSS) exponents belleve In the future. however, the content of simulator 
communwations should be examned for realism 
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CONCLUSIONS AND RECOMMENDATIONS 

Review of the Results 
With prolonged peak traffic and present sermarbltary safety rules, use of the CM 

uniform-radar-separation rule of three miles wulll result in an abnormally high percentage of 
probable wave-offs both on the glide slope and on runway No 36 at Washington Natmnal AIrport 
unless some Iurm of speed control 1s used Use of the optimum mimmum separatmns averagmg 
about four rnlles at the outer marker,descrlbed prevmusly In this report, mll reduce the prob- 
ablllty of a glide-slope wave-off to less than 1 per cent However. even with these optm-am 
separatmns, the present layout of uxtrument runway No 36 1s such that the number of wave-offs 
due to the runway-occupancy rule ~111 still be too high at approximately 16 per cent An addltmn- 
al high-speed exit located at 3400 feet from the runway threshold IS recommended This edt 

could serve both dlrectmns of this 6800-foot runway and would reduce the probable number Of 
runway wave-offs to 2 per cent 
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The m-aplicatmns are evident Large random spreads of arcraft performance ,n the a,= 
and on the ground contrlbute slgnrficantly to the large rn~n~n,urn separatmns required of a safe 
traffic control system The use of some form or degree of speed control, the use of Zero 
readers. or the us= of some type of display or computer ads and momtors ~111 reduce these 
spreads It 1s also possible that semiautomatic or fully a”tomat,c p,lots and approach ~,u~lers 
rmght reduce these spreads to almost nothmg Then traffic controllers could reduce the,= 
guesswork and conservatism 11, properly handhng traffic 11, heavy IFR weather and =n”ld accord- 
m&y increase the acceptance rate The manner xn which the magnitude of delays 1s affected by 
a small change I,, the acceptance rate dunng peak loa&ng should be recalled Ho,.,ever, a further 
analysis of the runway problem would be necessary to effect these larger acceptance rates The 
mcreased Input rate from the glide slope +,I the runway would then require an eve,, more J”d,c,o”s 
locatmn and spacmg of runway exits 

When a backlog of arrivals and departures exxts, the most efflc,ent handlmg on a angle 
runway 1s the alternation of landmgs with take-offs rather than the handlmg of fxst a few landmgs 
and then a few take-offs 

Delays and commurucatmns loads for the three Washmgton Natronal Alrport phases 2, 6. 
and 7 were relatively low While some runs dlffered widely from others, the averages for the 
three runs and the three samples were stable Furthermore, there was httle choice between 
phases except during small saturated permds where phase 6 was slightly less effiaent than the 
other two It IS concluded that any reasonable type of +,x,-stack termmal-area vector control 
slmllar to the phase 2, phase 6, or phase 7 confzguratmns can handle peak hours of traffic 
averagmg about 50 operatmns per hour on a smgle runway for several years to come, If the 
radar 1s always rehable This statement m,plles that httle flow control ,s necessary, most 
rearrangement Into sequence can be accomplrahed III the termmal area A conf,g”ratmn s~rn,- 
lar to phase 2. v/vlth feeder fxes located close to the ,-n~rurn”m fhght paths and with a 
combmatlon of fxed blocks up to and mcludmg the feeder fxes and moving blocks thereafter, 
shows prorruse for reducmg the work load 

Development of Mathematical Techmques 
Because these snnulatmn processes are slow and labormus, It 15 mxportant that the traf- 

flc designs are planned to produce the maximum of mformat,on from each run At the same 
tune, the statlstlcal analysts of each run and of the varlatmns between runs should be as thorough 
as possible and should “se the most powerful techmques avaIlable If air-traffx engmeermg 1s 
to become or 1s to approach a scwnce, attempts should be made to set up mathematical descrlp- 
tlons or analogues of the mteractmns of the many variables mvolved Although completely 
rational formulae do not seem to be xnmedmtely forthcommg, the development of sem~emplr~al 
relatmnshlps would be valuable. short extrapolatmns beyond the few quantltatlve values thus far 
determmed by sxnulatlon could be made with the “se of well-v&dated cahbratmn factors 

The development of mathematical formulae to describe air-traffic flow 1s not easy Lltera- 
ture on the subject mcludes the works of Bell, Bowen. Pearcey, Palm, Crommelm, Pollaczek, 
Erlang, Fry, and Rmrdan Unfortunately, the treatises on the SubJect are too ldeakzed, and 
extensions of these studies are reqmred to comprehend the many srtuatmns and the short, firute, 
peak permds of mlxed traffxc peculmr to al=-traff,c flow and control In the development of 
these mathematrcal formulae, close checks should be made so that theory ~111 not stray too far 
from realxsm Moreover, checks should be made agamst actual fl,ght results II, order to v&date 
both sxnulatmn and theory Certarnly the problems are challengmg ones for whrch there 1s 
muned~ate need for solution 

Future Sxnulatmn Actlvltles 
Properly used, sm,ulatmn 1s a safe and useful substitute for conductmg experiments m 

a,= traffic control, which experiments involve controlled flxghts of arcraft and mvolve the 
operatmn of equlpment which may or may not already exist It has been shown that analytxal 
and slmplrfied sxnulatmn techmques such as the FIL graphrcal simulation are extremely useful ad 
are melrpens~ve means of evaluatmg and screenmg on a prelmnnary basis the many sltuatmns 
procedures, ranges of variables. and other factors to be explored 

The prelmwary mvestlgatlons to date demonstrate that the JOl"t TDEC-FIL sxnulat1on 
actlvltles yield a proper perspective m the assessment of the relative mervts of proposed systems 
of traffic control This work was of a prelmnnary nature, however: and ~nzt a firm foundation 
was lad for further and more conclusive evaluatzons of many other fundamental systems and 
procedures Although the crrrelatmns between the Ideal. graphlcal-, and dynamic-simulator 
results a=e cons&ently good, the callbratmn factor for extendmg these results to other sltuatmns 
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and procedures 1s not considered conclusive enough as yet It 1s therefore recommended that 
subsequent programs be undertaken to evaluate the effects of 

1 
2 
3 
4 

2 
7 
8 
9 

10 
11 
12 
13 

The mtroductmn of Jet arcraft 
The mtraductmn of slower aIrcraft. to be designated VS for very slow 
The mtroductmn of hellcopters 
The use of outer-marker separatmns smaller than the presently used optimum and with 
some degree of speed control 
Higher traffic rates of longer duration 
Changes m the descent rules of 500 fpm and 1000 fpm 
Downwmd approaches 
Condltmns of headunnd 
Termmal-area en route and departure control 
Airport-surface control 
Combmatmn fixed- and movmg-block systems 
Airport shutdown and gradual decrease or mcrease m acceptance rate with weather 
Use of mtersectmg runways for landmgs and take-offs 

The assumed arcraft performances and random dlstrlbutmns used In thrs analysis were 
based on data avalable at the time of wrltmg Some of these data were extensive and others 
were llmlted for these partxular purposes, because a wade variety of condltmns were lumped 
together Also, data are meager on the actual behavmr of arcraft durmg periods of IFR m com- 
plex sltuatmns and when under radar-vectormg control It 1s strongly urged that a program be 
undertaken for obtammg these operatmnal data at an aIrport such as WashIngton Natmnal where 
certam radar-control procedures are m actual operatmnal use The valldlty of the results of 
the analyses LS no better than the mltlal assumptions These data are vital, therefore, prior 
to any large -scale expansion of these analytIca and slmulatmn activltles 

Certam long-range fundamental mvestlgatmns should be undertaken usmg a more flemble 
type of dynamic simulator to evaluate the contrlbutmn to the system of varmus sltuatmns, 
techmques, and devices such as radar traffic displays. clutter on radar scopes, Its occurrence, 
degree, and other condltmns, DME, transponders, all equipped or partially equipped. colors for 
ldentlficatmn. data-transfer equipment, direct-view storage-display tubes, bright-tube displays. 
personnel requirements m towers and centers, plctorlal computers, commumcatmns techrnques. 
and computers for controllers 

The foregomg 1s a partial 1ls.t of the many sltuatmns, techmques, and varzables to be ex- 
plored In any logical assessment and planrung of thmgs to come It 1s ewdent that they fall Into 
two general categories (1) procedures and systems of the present and the near future, some 
with local or llmlted applxatmn and others with more general appllcatmn. and (2) certam funda- 
mental mnvest1gatrons of techmques and eqmpment applicable, for the most part, to a common 
system five to ten years hence 

The task of carrymg out the two proposed types of sxnulatlon programs, plus certam other 
local slmulatlon evaluatmns for CAA Office of Federal Axways , 1s a rather lmposmg one which 
cannot be undertaken with the present dynamic simulator at TDEC First, the present dynamic 
slmulatar should be modified and supplemented to 

1 Provide at least twelve consoles for termmal-area problems, 
2 Provide at least twenty-four consoles for en route problems, 
3 Increase the accuracxes of the computmg devices. 
4 Provide for turns other than standard-rate turns. 
5 Provide means for degradmg the scope to simulate clutter, preclpltatlon. and other 

mnterferences. 
6 Provide means for pilots to determme thex posltmn other than by vlewmg the screen, 
7 Provide random generatmg devices to automatIcally feed representative normal 

dlstrlbutlons of speed, rates of descent, and other varxables mto the computers, 
8 nr.vlde means for slmulatmg the alrport proper 

Second, =teps should be taken to study and to prepare specdlcatmns fo* the de=g* and 
procurement of another simulator to evaluate the more fundamental aspect* of future aI*- 
traffic cantrol I* =tudylng and preparmg these speclfxcatmns, conslde*atmn should be gl’Je* to 
the means for evaluatmg the many proposed techmques and equipment, which Include those out- 
lined in the foregomg, and to conslder 
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1 The capabllltres of evaluatmg traffic congestmn, both en route and m the terminal area, 
and to consrder the flexlblllty required In the types of displays, 

2 The abxkty to evaluate a multlpllclty of paths, talung full advantage of the actual paths 
avalable, with the ad of a computer type of path selector, 

3 Color-TV p?oJectlon techmques, 
4 Design with regard to the statlstlcal parameters and thar slgmfxcance, automatic data 

recordmg and processmg, 
5 Ranges of radar safety beacons at 20. 50. 100 m&s. and so forth 
6 Beacons wvluch reply only on request rnstead of havmg continuous response, 
7 Altitude coverage usmg radars with elevatmn mformatmn, also the value of range and 

altitude mformatmn with or wlthout elevatmn data, 
8 Radar safety beacons with altitude mformatmn, 
9 Fundamental air-to-ground mformatmn and commumcatmns such as aural versus visual, 

10 Party-lme versus private-kne commun~catxons, 
11 Plctorlal R-O computers, 
12 Others, as the need arIses 

APPENDIX A 

DESCRIPTION OF PHASES 2, 6. AND 7 

General Descrlptmn and Procedures 
Phases 2, 6, and 7 are three twm-stack conflguratmns which had been proposed for the 

Washmgton Natmnal AIrport termmal area They are essentially movmg-block systems wlthm 
a termmal area approximately 40 miles m diameter. Each conflguratmn consists of a two- 
sector dlvlsmn of control feast and west) with twin Inner feedmg stacks for holdmg and feedIng 
Inbound arcraft to the outer marker when necessary during heavy-traffx condltmns Co”sls- 
tent with the separation rules (essentially 3-m&, or optrmum mxumum radar separatmns, or 
1000 feet altrtude), arcraft are radar-vectored to the outer marker ather directly vm mnu- 
mum fhght paths, via the prescribed alrways, via the Inner feedmg stacks, or by any combma- 
tlon to suit No two axcraft m the same sector and en route to the Inner fixes are permltted 
to occupy the same altitude at the same time 

The three phases dlffered only m layout of the mner feedmg stacks and m their associated 
procedures The two control sectors are operated mdependently of each other by a controller 
unttll such time as co-ordmatlon 1s requxed to arrange arrivals m sequence and to space them 
to the outer marker This sector dlvlsmn and layout of faclktles are shown m Fxg 1 and m 
Figs 33, 34, and 35 

It was assumed that all m&tary arrivals would complete their approaches at either 
Bollmg or Anacostla after havmg passed the Washmgton Natmnal AIrport outer marker Arrlp 
al routes, aIt,tudes, and holdmg patterns were arranged to permit use of standard mlssed- 
approach procedures and proper, nonconfllctmg, departure routes and altitudes Mnumum 
entry altitudes were 3500 feet m the east sector (routes A, B, and C) and 3000 feet m the west 
sector (routes E, F, and G) 

Medium and slow arcraft descend at an average rate of 500 fpm and fast alrcraft at 
1000 fpm Where a fast arcraft 1s followmg a medium or a slow one on the same route or at 
the same hol&ng hx, the fast axcraft descends at 500 fpm Fast arcraft can descent at thelr 
lOOO-fpm rate at all times between the mner holdmg fixes and the outer marker All arrival 
arcraft must be at 1500 feet altitude when they reach the outer mhrker 

Phase 2 Twm-Stack ConfiguratIon 
It was assumed that two symmetrIcally located low-power VOR’s were mstalled m the 

vlcxuty of the outer marker. as shown III Fig 33, to be used as final ARTC clearance llmlts 
One LVOR was located 4 miles east and 1 l/2 m&s south of the outer marker and was deslg- 
nated as FIX A The other LVOR was located 4 miles west and 1 l/2 miles south of the outer 
marker and was designated as Fix B Arrival arcraft entermg on routes A and B could not 
descend below 3500 feet until they passed RIverdale (RVD) Alrcraft entering on route C mam- 
tamed at least 3500 feet altatude until they passed Andrew* Radm (ADW) AIrcraft entering 
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Fig 33 Phase 2 Configuratmn 

on routes F and G mamtamed at least 3500 feet until they passed Sprin keld (SRI) Amcraft on 
route E could descendto 2500 feet before reaching Mount Vernon (MTV ‘i 

Minm’mm altitudes at the A and B Turin stacks were 2500 feet Normally, aircraft arrivmg 
over RIverdale and Andrew’s were cleared via direct routes to FIX A. arcraft arnnng over 
Mt Vernon and Sprmgfleld were cleared *11 direct routes to Fix B Occasionally alrcraft could 
be cross-fed from RIverdale Qrect to FIX B and from Mt Vernon to FIX A, If necessary 

Phase 6 Twin-Stack Configuration 
It was assumed that the Sprmgfield and Riverdale markers would be used as fmal clearance 

limits Location of fixes and normal flight patterns are shown on Fig 34 Alrcraft arrlvmg 
over ~~~~~~ followed a dxrect autnmau~&rectioPfinder (ADF) course toward Riverdale wit11 
contact ~5s establlshcd. at which time they were turned into the down-wind leg of the pattern 
If radar contact was established before they left the Andrew5 range, these plrcraft were vectored 
to suit proper separations and required altitude let-downs and were then turned on the base leg 
Whenever poesable. aircraft approaching Mt Vernon from Doncaster were vectored toward the 
final-approach course OD. an easterly headrng Aircraft arriving over Springfield were vectored 
0~ a southc&&rly headmg prior to being turned on the downwind leg 

The minimum oltltude for aircraft on routes A and B was 3500 feet until they passed River- 
dale; for akcraft on route C, it was 3500 feet until they passed Andrewus, and for aircraft on 
route8 F and G. it was 3000 feet until past Springfield Aircraft on route E may descend to 2500 
feet before reaching Mt. Vernon llrrcraft on routes C or E to Rlperdale or Springfteld could not 



60 

Fig 34 Phase 6 Conflguratmn Fig 35 Phase 7 Configuration 

descend below the mu-a-nun altitudes for these fixes until past them 

Phase 7 Twm-Stack Configuration 
It was assumed that an LVOR was Installed 111 the v,cunty of Plscataway (P I S) as shown 

in Fig 35 Thzs mstallataon, together with the one at Mt Vernon, formed a symmetrical twxn- 
stack system These two fxxes were used as fmal-clearance lmnts Alrcraft over Rlverdale or 
Andrew5 normally proceeded to Plscataway on dxrect ADF courses Ancraft from Sprmgfield 
went to Mt Vernon on a direct MF course All rules were slmllar to those of phase 2, except 
for the substitution of the phase 7 Mt Vernon and Plscataway loner fxres for the B and A rnner 
fixes of phase 2 

APPENDIX B 

LISTING OF TRAFFIC SAMPLES 

Tables XLVI, XLVII, and XLVIII list the three random-arrival samples and Tables XLIX. L. 
and LI Ilst the three random-departure samples used ,n these snnulatlon studuss The,r over- 
all characteristics were given under “CondLtions Studied and Methods of Evaluataon” of this 
report Sample No 1 of arnvals was used wltb sample No 1 of departures, and so on 

The routes designated as A, B. C, E. F, and G in thq arrival llstmgs were shown in Fig 1 
Speed classes are shown as S. slow, snmlar to DC-3, M. mednam. surular to Convair or 
Martin, and F. fast, sirmlar to DC-6 or Constellation 
termmal area 20 flylug rules from the outer marker 

Go was defined as any point in the 
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CoMpARlsCN OF AVERAGE ARRIVAL DFUB WITE CmCATIOFI DEi%?ITY 
FOR DYBAKIC SmTa 

Conditiona of Testbz- 
Arrivals plus departwe, zero vind; hour of operation 1 to 2. 

Average 
Abeolute Delay 

Per Arrival 
(minutee) 

conmlMication Deneitp Ccmmunication Density 
Channel 3 Eaet Sector channel 1 west sector 

11.5 27 23 
12.4 2-f 30 
12.6 25 37 

9.8 
11.4 
10.7 

0.2 

36 
42 
37 

19 
17 
18 

33 28 

31 24 

20 32 
9.3 
7.1 

9.8 32 23 
Il.0 33 23 
10.1 30 29 

wne figure0 ior each semple mre the average Of three mJla. 

APPENDIX C 

IDEAL AND GRAPHICAL METHODS OF ANALYSIS * 

In the Ideal analysis, It 1s presumed that random traffic can be controlled Ideally by 
effectmg speclflc delayswhererequred These delays are based on perfect knowledge and 
perfect execution m the handlmg of arrival and departure traffic while conformmg with the pre- 
scribed nnnunum separation and hrst-come, hrst-served rules The assumed average- 
performance data are used throughout In the case of arrival traffic, the first arcraft due to 
arnve at the outer marker ~111 be the first to land, regardless oi entry altitude. entry pomt. 
and tme of arrival at the boundary of the termmal area The boundary in this mvestrgatlon 1s 
consldered to be 20 flymg mules from the outer marker and 1s designated as GO No speed-ups 
are used to close gaps m arrival times 

An out-of-scale s-T graphcal lllustratlon of the method mvolved in the Ideal analysrs of 
a hypothetical sample of arrivals only IS shown on Fig 36 The solad s-T lmes represent the 
unaltered, undelayed s-T traverse over the 20 flymg miles from Go. entry to the termmal area, 
to Gl, the outer marker The dashed lmes represent the delays devised for each case and 
necessary to meet the prescrxbed separation mmm-na at Cl for the particular sequences of S, 
M, or F arcraft on the basis of the first due to arnve at G1 ~111 be first to be brought m for 
landmg It should be noted here that an Ideal analysis need not be done grapbwally Fig 36 IS 
presented for purposes of lllustratlon only As an example, an Ideal analysis for a partm,lar 
random-trafhc sample of arnvals only 1s performed with smple arlthematlc by 

“DetaIled descrlptlons of the methods can be found u, FrankIm Institute LaboratorIes 
Reports Nos F-2164-2 and F-2256 



Fig 36 Graphical Illustration of Acceptance Order and Delays at Outer Marker 
(Arrwals Only) 
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(!I Notmg the txnes of arrival ” GO . . (L, AddIng me average 1”-rruk traverse tunes for the particular au-craft type 
(3) Acceptmg the unaltered order of arrwal at Gl I. - 
(4) Uetermlnlng what delay tnnes. If any, are necessary to meet the correspondmg 

outer-marker trme momma 

Fig 36 Indicates that madequate separatmn at Cl would result, accordlug to the GO entry 
tunes for No 2 M and No 3 F arcraft If these arcraft retawed their respective comparatwe 
speeds and posltmns. therefore, No 3 F 1s delayed by an amount ,ust sufflaent to meet the 
part~ular outer-marker tu,,e mn,unu,,, Entry No 4 S 1s fifth to land at Cl and entry No 5 F 
LS fourth to land, because No 5 F, a faster axcraft. IS scheduled to arrive at Gl before No 4 S. 
a slower arrcraft However. because n-adequate tmne separatron at G1 would evlst for this order 
of arrival and for the resultmg sequence of FS at G1, entry No 5 F 1s unaltered but entry No 4 S 
1s delayed to sut Further, It should be panted out that should the delaymg bf entry No 3 F 
result m n-adequate separatzon at Cl between No 3 F and No 5 F. No 5 F would also have been 
delayed to sut but would still be No 4 to land However, thx would result III an even larger 
delay of entry No 4 S. which 1s stall No 5 to land For purposes of clarity. this case 1s not 
shown III Fig 36 

An out-of-z-ale s-T graphxal lllustratmn of the method mvolved m the Ideal analysts and 
of the order of runway acceptance of a hypothetical sample d arrivals and departures from the 
outer marker, Gl, up to and mcludmg the runway, 1s shown in Fig 37 Average performance 
data and rules, as outlmed ,n a previous se&on, are used throughout 

It 1s seen that No 1 arrival, a fast arcraft, arrxved at the outer marker at a tnne less 
than 36 seconds before No 1 departure was scheduled to start Its 30-second kne-up tune No 1 
departure 16 cleared as No 1 runwsy operation and departs accordingly, and No 1 arrival 
comes III next as No 2 runway operatmn Su,ce the No 2 departure 16 scheduled to start its 
lme-up at a tune less than 30 seconds after the preceding No 2 arrival has crossed the runway 
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Fig 37 Graphxal Illustration of Acceptance Order and Delays (Arrivals Plus Departures) 

tbreshUd. rt 1~ delayed an amount just sticlent to meet the 30-second rule and thus becomes 
No 3 runway operatmn Proceeding, No 2 arrival (medium) arrrves at the outer marker at 
such a hme that the scheduled hue-up time of No 3 departure would be greater than 42 seconds 
later Therefore. No 2 arrival 1s given clearance to land as No 4 runway operatmn, and No 3 
departure 1s delayed an amount sufficient to start its take-off at just 60 seconds after tb.u pre- 
cedmg arrival has crossed the runway threshold No 3 departure then becomes No 5 runway 
0p.Y*t%l 

It 1s next seen that No 3 arrival (slow) would arrive at the outer marker more than 54 
seconds before No 3 departure starts its delayed lme-up tune No 3 arrival is delayed to 
exactly sut the 54-second rnterval ad becomes No 6 runway operation It should be pointed 
out that If No 3 departure’s line-up time were scheduled instead of delayed, the No 3 arrival 
would have been accepted first, and no delay would have been impoBed on it However, because 
the No 3 departure’s originally scheduled line-up time occurred before the outer-marker Ume of 
No 3 arrival, No 3 departure 1s first served 

The scheduled line-up time of No 4 deparhrre occurs at more than 30 seconds after the 
precedmg delayed arrival No 3 crosees the ruawry threshold. Thersfore. No 4 departure in 
clear to go and becomes runway operation No 1 Since more than 55 seconds S,iBtS between 
the scheduled undelayed hue-up time of No 4 ad No 5 departures. No 5 departure io then 
cleared LB runvry operation No 8 

The Ideal analysis differs from the theoretxal analysis used by other investigators in the 
past in that It considers representative random samples of traffic as they might occur from day 
to day and not r,themetically infinite average traffic rate It alao considers dltferencen in air- 
craft speeda aad in separation requirements by rcceptiag aircraft landing mequences according 
to the particular times of arrlvrl of the aircraft at the outer marker and by subsequent delayingof 
the aircraft t-a suit As such, the ideal analysis kan been demonstrated in previous inventx@ior.a 
for ANDB to be L more realistic and. coasequently, P more conclusive criterion for evaluation 
purpose. in the dctenntnrtion of significant trenda. Thim is especially important in the 
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determmatmn of the sultablhty of one, two, three. or more representative random-traffic 
samples for proper use 1” the prel~mx,ary design of a traffic control system or for a reasonably 
conclusive prehmlnary evaluation of varl”“~ proposed procedures, rules, or other systems 

In the graphlcal method of a”alys,s. perfect knowledge and perfect executm” 1s assumed 
This Includes the probable varlatlons I” performance on both the @de slope and the runway 
However, contrary to the Ideal method, the procedures requred to meet altitude, lateral, outer- 
marker, runway, and other separatmns are followed step by step as they might occur I” the 
dynamrc simulator and I” actual practice Lxnlts of turmng, finite stachng times, times to 
turn and to vector, and so forth are followed by prOJeCt,ng the x and y flight co-ordmates of the 
arcraft wzth tn,-,e The human element IS ignored except 1” cases of previously described 
constant tnne delays whrch are assumed for observations, tnne for malung declsmns. and txne 
for reactmn 

GraphIcal analyst 1s basically the plottxng on a grid of wbch the ordmate s 1s the pro- 
Jetted distance and the abscissa T IS the tmx of the path of an arcraft as It travels through 
certa,” airways and paths of a give” traffic-control conf~guratlon and system This method gives 
a continuous physxal picture of the procedures followed and of the declslons made to meet the 
parhcular rules and layout Where the path 1s on a specific axway, the slope of the s-T curve 
1s the projected speed of the arcraft at that pomt A constant slope mdacates constant velocity 
Where a” arcraft must delay, a wavellke trafe (suusadal If the arcraft circles) 1s shown on 
the s-T grid Colors are used to ldentlfy different axways and entry paths, and various dashed, 
salld. and broken lines Identify altltuder 


