


EVALUATION OF PROPOSED AIR TRAFFIC CONTROL PROCEDURES 
IN THE WASHIBGTON TERMINAL AREA BY SIMUlATION TECHNICS 

This report describes the evaluation of a number of proposed 
traffic control procedures for the WashIngton National Airport terminal area 
by maklng comparative operatIona tests on each proposal, using traffic 
slmulatlon methods. The equipment used was modlfled from the orlglnal Nava- 
screen pictorial display, and the human element, both in the air and 1n the * 

control tower, was simulated to a considerable degree. 

Seven proposed systems were tested under simulated high-density 
traffic condltlons through the use of a standard air traffx control problem 
comprising 36 inbound axcraft. The distrlbutlon of aircraft types, speeds, 
routes and entry times was set up to produce .a8 reallstx a sltuatlon as pos- 
sable. The programming or scheduling of each aircraft on each run was care- 
fully controlled to supply precisely the same traffic Input to each problem. 
All the proposed systems comprised vsrlous methods of lmplementlng radar 
vectoring procedures, in the control of &II traffic, m accordance with the 
published recommendations of Special Working Group 5 of the Ax? Co-ordlnatlng 
Committee. The various systems dlffered in the layout of radio facllltles, 
clearsnce llrmts, routing and traffx control procedures employed. 

In addltlon to the compare&w evaluation of the various systems, 
some related work was done on an lnvestigatlon of controller work-load 
capacity. These tests are described In Appendix I of this report. 

No over-all recommendations are included In this report since cer- 
taln conslderatlons (such as economIca aspects) were beyond the scope of 
this program. 

INTBODUCTION 

The lntroductlon of surveillance radar equipment as a traffx 
control aid and the increase m traffic load In the WashIngton Natlonal 
Axport terminal area, have necessitated a change in the traffic control 
procedures to take advantage of the radar equipment and to Increase the 
traffx-handling capacity of the airport The need for new procedures, 
psrtlcularly, has been apparent during instrument weather condltlons. A 
number of new traffx control procedures have been proposed. Evaluation of 
these proposed procedures normally would have necessitated trial operation 
of each one in order to obtain data on their relative merits; since a paper- 
study program would not reveal all of the information dealred. Since an 
actual operational evaluation was impractw!al, the use of slmulatlon technxs 
offered sn attractive means of collecting data which approaches that obtalned 
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during actual operations. 

As a result of work completed on the evaluation of the Nevascreen 
equipment, a plctorlal display proposed for air traffic control use, It Was 
apparent that the equipment could eaally be modified into an air traffic 
control simulator Since air traffic controllers operate the equipment, and 
other indlvlduals operate the computers and use voice communlcatlon channels 
for each aircraft being simulated, the human element 1s Introduced into the 
system to a considerable degree It has been found that the human element, 
both In the air and on the ground, 1s a major factor m the control of air- 
craft, with presently avallable equipments and facllltles. 

From work completed using the equipment for simulating air traffic 
control problems, It was believed that the equipment and methods could be 
of atd to the Office of Federal Airways In obtalnlng data on the proposed 
traffic control procedures for the Washington termlnsl area. A program for 
this work was lnltlated by the Air Navlgatlon Development Board as a result 
of a request from the Office of Federal Airways. Some of the advantages of 
using slmulatlon methods, Instead of actual flight tests, are apparent from 
the fact that approximately 2,500 simulated flights were flown through the 
Vsrlous systems during the 70 runs required for this evaluation. Even If 
the necessary alrcraft of the types simulated had been available, the costs 
Of operating such aIrcraft would have been tremendous m a program of this 
size. 

EVALUATION OBJECTIVES 

The evaluation of the vsx~ous air traffic control systems was con- 
ducted with regard to the following tentative requirements: 

1. The system shall provide a high rate of flow for inbound and out- 
bound traffic. If possible, In addltlon to landings on the ILS-PAR runway, 
the system shall permit straight-in approaches and landings on at least one 
other runway. 

2. A change In the dIrectIon of lsndlng shall not requxe a radical 
change In the jurlsdlctlon between approach control sectors, or m AFZC 
clearance procedures. 

3. The system shall entall a minImum of interference with Andrews 
Field traffic. 

4. The system shall be adaptable to exlstlng navlgatlonsl facllltles. 
5. The system shall possess slmpllclty and flexlblllty of control 

procedures. 
6. Air/ground communications procedures shall be as simple and short 

83 possible. 
7. The system shall requze a minimum of Inter-agency end Inter- 

controller co-ordlnatlon. 
8. The system shall be adaptable to the use of proposed future auto- 

matlc data transfer equipment. 
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9. The system shdll provide for low entry altitudes for ARTC use. 
10 The system shall conform to existing separation standards. 
11. The system shall be so arranged that all maneuvering necessary to 

bring arrlvlng alrcraft into the final approach path, with proper separation, 
Can be accomplished well wlthln the expected radar coverage of the terminal 
area. 

12. The system shall be able to function efficiently, during perlods 
when the radar 1s lnoperatlve. 

EQUIPMENT INSTALLATION 

The 1nstallat.tlon of the modffled Navascreen, control and recording 
equipment used for these tests 1s illustrated In Figs. 1, 2 and 3. Fig 1 
1s a floor layout of the var'1ous equipment components Fig. 2 1s the srmu- 
lated control tower, with the three controllers at the operating posltlon. 
The large plctorlsl &splay on the projection screen shows the area under 
control. This 18 projected along with the six spots slmulatlng alrcraft. 
This &splay slmulates the view normally seen on an lndlcator using radar 
lnformat1on In Fig 3, the SIX operators seated at consoles, simulate air- 
craft movements and provrde the communlcatlon contacts between the pIlots 
and the ground controllers The consoles contain computers which in turn 
operate the SIX proJectors shown at the right In Fig. 3. The operators, by 
turning the proper controls on the consoles, CM set in the position, heading 
and speed of the alrcraft Involved; and the computers ~111 automatically move 
the spots or target posItIons on the large screen until the controls are 
changed. 

Targets were set up on the screen m accordance with a schedule 
based on the basic problem Maximum utility of each target was obtalned by 
ControllIng It on final approach as far as the outer marker only, at which 
time It was removed and set up lmmedlately as another alrcraft. As a result, 
the six targets, used over and over again, provided a contmuously saturated 
traffic flow 

Time recordings of the communlcatlon channels were obtalned on an 
Ester-line-Angus recorder Photographs of the screen showlng the positlons of 
alrcraft were obtaIned at set Intervals by the use of a special 35 mm motion 
picture csmera. 

To conduct the control of a problem, two approach control sector 
posltlons were establlshed Each controller was provided with a fllghht 
progress board and a duplex channel for communication with the console oper- 
ators. Each console operator could select either conmunlcatlon channel .a8 
required. Full radio communlcatlons procedures, including the lssusnce of 
weather lnformatlon to all pllots, were used 

Slmulatlon of the air route traffx control center functions was 
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obtalned by the provIsIon of a co-ordlnator posltlon which had a direct 
Interphone comectlon with a flight data posltloc. The co-ordlnator for- 
warded Inbound flight plans to the flight data posltlon and also asslgned the 
mdlv1due.l flight plans to the console operators. The flight data posItIon, 
which was located between the two sector controllers, received and posted 
flight plan Inform&Ion on special flight progress strips and then tras- 
ferred each strip to the proper sector controller A slmplt multi-fix flight 
progress strip layout was used. The flight data posltlon also kept the CO- 
ordlnator advlsed of altitude assignments In each sector. 

Throughout the evaluation tests no attempt was made to ldeallze the 
traffic problem ~tl any way. Instead, every effort was made to keep the sit- 
uatlon as reallstlc as possible. For example, when using the tlmed approach 
procedures, pilots, who had been issued a fix departure time, did not neces- 
Sarlly leave the fix dt the precise time speclfled. In order to simulate 
present-day operations, random times were issued by the co-ordlnstor to the 
pIlots, through the use of a rofiette wheel. These random times varied from 
30 seconds early to 60 seconds late 

During each phase of the evaluation, radar failure was Slmulated 
at unannounced times. This was accompllshed by drawmg a large curtain be- 
tween the sector control posltlons and the screen This allowed the console 
operators to see their targets on the screen and to follow lnstructlons re- 
celved from the control posItIons, while the controllers were working "ln 
the blind" with only the flight progress strips as a guide In determlnlng 
alrcraft poslt1ons. When the radar became lnoperatlve, alrcraft under con- 
trol were cleared to var10~s clearance llmlts consistent with the control 
method being employed and were esslgned new altitudes as necessary When 
the sltuatlon required that alrcraft retzn to Sprlngfleld at altitudes be- 
low 3,500 feet, lmmedlate co-ordlnatlon with the departure controller was 
necessary, snce these altitudes over SprIngfIeld normally were reserved for 
departing traffic. During all cases of non-radar operation, standard ANC 
approach control procedures were employed until such time as radar Survell- 
hnce agam was avaIlable. 

Several communlcatlon failures also were smmulated. Whenever this 
Occurred, the unreported aircraft were handled in accordance with paragraphs 
2 1700 and 2 1701 of the ANC Manual of Cperatlons. It was assumed that 
missed approaches would be conducted In accordance with current Forms 511, 
applicable to the Nashlngton terminal area 

Radar altitude coverage was taken into conslderatlon by using, a9 
a guide, the chart on Page 9 of the Federal Airways Manual of Operations 
I-B-~. When a target was at an altitude or In a pOSltlOn where It normally 
would not be seen by radar, stsndard ANC procedures were effected for such 
alrcraft until such time as a target was In a posltlon to be seen on a 
radar scope. 
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EVAUIATION METHOD 

In order to obtam comparative measurements on the operation of 
each of the proposed procedures, 1t was necessary to develop a standard 
traffx problem for the smulation tests. In this problem, a rea11stx dls- 
trlbutlon of arrival mtervals was obtained through use of the Poisson 
formula: 

Pn(m) = 18 e-m/n! 

where 

(1) 

P,(m) 18 the probablllty that n axcraft will appear in a given Interval 
m 1s the average number of alrcraft arrlvug during the Interval 
n 1s any lnterger between zero and xfmity 
Using data derived from this formula, Franklin Institute personnel prepared 
a number of probablllty curves, for various average hourly arrival rates. 
Their curve usug an average arrival rate of 47 anz.raft per hour was chosen 
as the basle for the standard traffx problem This dec1slon was based on a 
desire to obtain a saturated traffx flow slightly greater than the rnaxu~~~ 
acceptance rate of a single landing runway under instrument conditions. 
This curve furnIshed the distrlbutlon of arrival intervals llsted in Table 
1. 

TABLE I 

Interval 
(Sets. ) 

Average 
Interval 
(sets. ) 

0 to 20 
40 

2 60 
60 80 
80 100 

100 120 
120 140 
140 160 
150 180 
100 200 
200 220 
220 240 
240 260 
260 280 
200 300 
300 320 

10 
30 
50 
70 
90 

110 
130 
150 
170 
190 
210 
230 
250 
270 
290 
310 

Percentage of 
Alrcraft &rlvals 

23 
17 
13 
11 

a 
7 

4' 
3 
2 
2 
1 
1 
1 
1 
1 
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To obtam a randon sequence of outer-marker arrival tunes, 100 cards were 
marked m accordance with Table I, 23 cards were marked 10 (for 10 seconds), 
17 were marked 30, 13 were marked 50, etc The 100 cards were shuffled 
thoroughlg and drawn one at a tune. From this recorded sequence, a block 
of 36 consecutive arrival intervals was selected as the basis for the stand- 
ard traffic problem. 

The 36 au-craft were divided into three speed groups as follows 
11 were deslgnated slow, 15 medium and 10 fast. Thuty-six cards were marked 
accordmgly, shuffled thoroughly and drawn one at a tme. The resultmg 
sequence was recorded along with the sequence of approach mtervals. A 
slmllar procedure was used to obtain a random dlstrlbutlon of Inbound flight 
routes. Using data obtalned from operations In the WashIngton Area, the 36 
cards were marked as follows 

TABLE II 

No of Cards Route Deslgnatlon 

6 A Lisbon to Rlverdale 
5 B Beltsvllle to Rlverdale 
7 C Dover to Andrew6 
9 E Doncaster to Mt. Vernon 
2 F Elk:ms to Sprlngfleld (direct) 
7 G Arcola to SprIngfIeld 

These cards were thoroughly shuffled and drawn one at a tune. The resulting 
run was recorded with the previous Interval and speed data. Each axcraft In 
the problem was given a flight ldentlflcation, either commercial, mllltary or 
ClVil. As a result, the basx problem then comprised the following data 

TABLE III 

Aircraft 
Identlflcatlon 

E56 
P900 
FT196 
m6332 
A331 
V4529 
~612 
A414 
E453 
PI314 
E653 
Is303 
A60 

Speed 

F 
F 
M 
S 
M 
S 
M 
M 
s 
M 
S 
M 
F 

Route 

E 
G 
A 
E 
G 
B 
G 
C 
G 
F 
A 
G 
G 

Interval 
(Sets . ) 

--- 

70 
10 
30 
30 
50 

150 
50 
70 
30 

150 
50 
90 
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TABLE III (Continued) 

Alrcraft 
Identtlflcatlon Speed Route 

Interval 
(Sets . ) 

T358 F G 10 
NAL4 M C 10 
~416 M E 50 
AF4211 M B 10 
v347 M A 50 
N13 s B 10 
X487 M E 90 
ES11 F A 50 
x51 s E 230 
~456 S E 130 
sAM49g8 F E 10 
NAL458 F E 30 
~424 F C 10 
~647 S C 70 
v377 M C 10 
A~p42 M E 130 
MO93 F C 50 
X498 S F 30 
p300 M B 30 
X808 S A 10 
m777 F C 50 
J-593 E B 10 
E371 S A 50 

These data were used to derive the basic S-t (space-time) curve for the 
problem In drawing thu curve, three speed zones were designated In order 
to provide a fairly reallstlc but standard deceleration of each alrcraft 
from crulslng speed to approach speed. The crulslng speed zone extended 
Inbound to a line ten miles from the outer marker; the IntermedIate speed 
zone extended from this line to another line five miles from the outer 
marker, the approach speed zone extended from the latter 1ln.e all the way 
to the touchdom pomt. The speeds of all alrcraft In the problem were set 
up as follows: 

TABLE IV 

Speed 
Classiflcatlon 

Fast 
Medlum 
Slow 

Crummg 
mph 

290 
240 
180 

Zone Speeds 
Intermediate 

mph 

220 
193 
150 

Approach 
mph 

150 
140 
120 



Following the technique developed by the Franklin Institute in their 
a1r traffic control studies, three transparent templates were usea for p1ott1ng 
the space-tme relatronsh1ps of all nlrcraft III the problem. This basrc S-t 
curve, which 1s illustrated in Fig. 4, formed the Input program of the traf- 
flc in the standard problem. Fundamentally, It showed the arrival times and 
approach lntervsls whrch could be expected If no traffic control were exer- 
cased, and If each aircraft took the shortest practical flight path to the 
outer marker. Normally, the shortest practicable flight path was considered 
to be a straight line from the holding fix to the outer marker; except that 
aIrcraft which had to turn more than 90 degrees to line up with the approach 
course were requlred to complete a right angle base leg of 2 l/2 miles, ox- 
tendlng from the outer marker. Distances on all flight routes were calibrated 
In accordance with this base leg requirement For the convenience of the 
console operators, the outlines of the approach and lntermedlate speed zones 
also were printed on all terminal area maps used in this study. 

Smce the basic S-t curve did not take Into account the delays 
which would be lnevltable lf standard aepsratlon were provided between alr- 
craft, a second S-t curve was prepared. This curve, which was designated the 
"adjUsted" curve snd 1s shown In Fig. 5, lndlcated the optimum approach se- 
quence and arrival times of all alrcraft, assuming that perfect control 1s 
exercised and standard separation 1s used between ollalrcraft In the problem. 
These adJustments were made assuming that: 

1. The separation between all alrcraft entering a sector 1s 1,000 feet, 
and 1s maintaIned until the alrcroft are on the flnal approach path. 

2. Aircraft on the fmal approach path are separated by at least three 
miles at all times. 

3 All aircraft descend at a rate not to exceed 500 feet per minute. 

In the evaluation runs, the: exact outer marker arrival time of each 
alrcraft was recorded by means of a multi-channel Esterline-Angus recorder. 
This actual arrival time was compared with the theoretIca arrival time of 
the ssme aIrcraft on the basic S-t curve, and also with the arrlvol time of 
the alrcraft on the adJusted S-t curve of the theoretically perfect air traf- 
flc control system. These comparisons were used to obtain the following 
measurements. 

1. The "absolute delay," which 1s the difference between the theoretl- 
Cal s3XYval time on the basic S-t curve and the actual srrlval time of the 
alrcraft concerned. This delay represents the excess of flying time re- 
qUlred over that required via the shortest practical flight path with no 
trsr? 1c. 

2. The "system delay," which 1s the difference between the arrival time 
On the adJusted S-t curve and the actual arrival time of the aircraft. This 
delay represents the excess flying time required beyond that theoretlcally 
necessary to bring m the aIrcraft with proper separation from other aircraft, 
and also constitutes an index of the efflclency of the traffic control system 
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being tested. 

Actually, neither of these delays can be compared with the traffic 
delays being recorded In present air traffic control operations, Inasmuch as 
present delay records cover only that portlan of time during which the air- 
craft 3s being held at a holding fix. The two types of delays computed during 
this evaluation study Include not only the holding time, but also the time 
lost durlng path stretching and velocity control. A graphic comparison be- 
tween the various types of delays 1s shown in F?g 6. 

Divlslon of Control 
The area covered In the slmulatlon tests 1s a circle of 17 miles 

radius, centered on the Washington NatIonal Alrport. This circle represents 
the proposed Washington Cermlnsl area, and colncldes with the expected sur- 

I veIllance radar coverage at this location. 

Normally, two controllers shared the work load of handling arrlvlng 
traffic. In the early stages of this evaluation, an Inner controller and an 
outer controller were used. This system was ultimately discarded because the 
shlftlng of the control of each alrcraft from outer to inner controllers re- 
qulred conslderable co-ordlnatlon at the point of change of Jurlsdlctlon. 
This changeover required re-ldentlflcatlon of the var3ous alrcraft by the 
inner controller, as well as a frequency change by the pllot. The resulting 
operation produced IntermIttent overloadlng of the Inner controller. The 
subsequent dual-sector system was developed m order to ellmlnate these 
dlsadvsntages. It establlshed two control sectors which operated Independently 
of each other until such time as It was necessary to perform co-ordlnatlon to 
determine the sequence and spacing of arrivals on the flnsl approach. With 
the exceptIon of Phase I of this evaluation, standard altitude separation of 
1,000 feet was used between all alrcraft arrlvlng In a sector, and was 
malntalned until such aircraft were on the fIna approach course and separ- 
ated by at least three miles. In all phases, no effort was made to provide 
altitude separation between alrcraft arrlvlng m one sector and those arrlvlng 
In the other sector. 

In order to provide fixed control boundarIes for two sectors which 
could feed equally well the approach paths of Runways 36 and 15, the clrcu- 
1s.r terminal control area was dlvlded along the south course of the Washlng- 
ton ILS (approach path to Runway 36) and the 330-degree radial of the Wash- 
ington THOR (approach path to Runway 15). This dlvlslon, Illustrated m F'lg. 
7, was used In all phases of the study except Phase V. The east sector formed 
by this dlvlslon was designated Sector A and the west sector was deslgnated 
Sector B. Each sector was provided with a separate communlcatlons channel 

Normally, inbound alrcraft enterng Sector A came under the furls- 
dlctlon of the Sector A controller, while Inbound axcraft entermg Sector 
B came under the Jurlsdlctlon of the Sector B controller. However, the 
standard traffic problem used m these tests Included several surges of 
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mbound traffx cnterlng one sector. ThlS type Of situation w&8 alleviated 
by a sample system of cross-feedlng or transferrlng excess alrcraft Into the 
opposite sector. Normal cross-feedlng routes are illustrated In Flgs. 8, 9 
and 10. It should be borne In mind that cross-feedlng was employed not aa a 
regular control procedure, but only as a means of rellevlng exces~lve work 
loe.2,~ caused by surges of traffx into one sector, and served as a very use- 
ful aid In the smooth handling of traffx peaks Whenever cross-feedmg was 
employed, 1,000.foot altitude separation was pi-on&d between the axcraft 
being transferred, end other alrcraft m both sectors, Unix1 the transferred 
alrcraft entered the sector to whxh It had been dlrected. During the trans- 
fer period, the necessary separation required the co-ordlnatlon of both 
controllers. 

Instrument Approach Axis 
Each proposal was tested for approach operations to Runway 36. In 

these tests, axcraft were guxled to the outer marker, at which point It was 
assumed that the pllot woul& complete approach either by reference to the ILS 
or through use of the PAR system. 

It was assumed that all mrlltary alrcraft completed approach to 
Washington National Alrport unless the weather permitted them to make straight 
ln visual approaches to Bolllng Field, m whxh case no basic changes were 
required m the control procedures prior to the time such aircraft reached 
the outer marker. 

In maklng the almulatlon tests for southeast approaches on Runway 
15, alrcraft were lined up with the 150~degree radial of the WashIngton 
termlnel omnlrenge and were guulded to an lmaglnary radio fix 5.3 miles from 
touchdown. At this point It was assumed. that the pllot would complete let- 
down to mlnlmum altitude either by reference to the THOR or by further guld- 
ante from the ASR system. 

Provlslon for Departures 
Because of a shortage of Navascreen targets, lt was possible to run 

only inbound traffx through the evaluation tests. However, the importance 
of malntainlng a high rate of departure flow was not overlooked. This factor 
was handled by provldlng, In all phases of the evaluation, deflnlte departure 
channels which could function continuously without interference from Inbound 
traffx, except for momentary take-off restrxt1ons caused by landing ax- 
craft. In addltlon, arrlvsl routes and holding patterns were arranged to 
provtde sufficient ax space for departures to proceed on normal aeparture 
routee wnlle radar contact was being established. Normal departure channels 
under the restrlctlons encountered are shown in Fig 11. 

Varlatlon between Runs 
In each run recorded, every effort was made to keep the problem 

Input the same. However, controllers were rotated from run to run In order 
to equalize some of the personnel varlatlons. Each problem w&8 handled as 
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expeditiously as possible by the sector controllers, who made their declslons 
a8 they went along. Therefore, in a problem as complicated as this one, dlf- 
ferent alrcraft did not always follow the same sequence in successive runs 
due to differences In the declslons made by the controllers in the rapidly 
chsnglng sltuatlons of the problem. Although each console operator handled 
the ssme axcraft at the start of each problem, dlfferencos in the landing 
order soon produced varlatlons in the asslgjxment of axcraft ldentificatlons 
in the later stages of each problem. For example, m Phase I the arrival 
times of one alrcraft, chosen at random, 111 su runs were as follows. 24:26, 
25:12, 25.12, 25:30, 25:54 and 27:26. 

TESTS CONDUCTED ON PHASE I PROPOSAL 

Holding Fixes 
In the orlgmnal proposal, four holding fuses were used, namely, 

RIverdale marker, Andrew6 range, Mt. Vernon marker and Sprlngfleld marker. 
Before testing this proposal, It was found desrrable to move the Mt. Vernon 
marker to a point on the southwest course of the WashIngton range, 11 miles 
from the outer marker. This relocation was necessary In order to avold the 
necessity for using altitude separation between au-craft at Mt. Vernon and 
alrcraft en route from Sprlngfleld to the outer marker. The new arrangement 
provided maneuvering area for adJuStlng the approach Intervals of the latter 
aIrcraft. In evaluating this proposal, it was assumed that RIverdale, Andrews, 
Potomac Heights and SprIngfIeld would be used as flns.1 clearance llmlts by ARTC 
with standard altitude sepsratlon provided between alrcraft at each fix. 

Dlvlslon of Control 
The WashIngton terminal area was divided into two approach Control 

sectors as previously described and as illustrated In Fig. 7. This dlvislon 
provided each sector with two of the clearance limits llsted above. Since 
altitude scparatlon was used only between the aircraft at each fix, rather 
than between all alrcraft In each sector, each controller had under his con- 
trol, at times, two stresms of traffx proceeding through the same altitude 
levels. It was the controller's responsiblllty to malntaln approved separa- 
tion between such alrcraft and always to have at his command a safe plan Of 
alrcraft dlverslon whxh could be employed quckly In case of radar fallure. 

Arrival Control Procedures - North Lsndlng 
Normally, axcraft arrlvlng over RIverdale were vectored on a down- 

wind leg of 180 degrees. Aircraft arrlvlng over Andrew5 range were vectored 
on a 190~degree track from Andrews. This was done In order to give such ax"- 
craft ample tune to descend from the relatively high crossing altltudes re- 
qulred over Andrews. In order to avold using excessive air space in the 
flight path of these aIrcraft, most arrivals over Andrews were requested to 
reduce to an mtermedlate speed imedIately after leaving the Andrews range. 
AIrcraft arrlvlng over Sprlngfleld were vectored on a southeasterly heading 
toward the final approach course. These axcraft required constant attention 
to avold possible conflict with alrcraft at Potomac HeIghta, whxh might be 
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at the 6sme altitudes as those off Sprlngfleld. AIrcraft arrlvlng over 
Potomac Relghhts were vectored, whenever possible, directly to the outer 
marker. In other cases, they were vectored Into the approach sequence using 
easterly headings from the Potomac Holghts marker to the approach course. In 
a few Instances, where a possible conflxt with traffx being vectored from 
Sprlngfleld was apparent, aIrcraft arrlvlng over Potomx Heights were delayed 
momentarily by maklng a 360-degree turn at the fix. Thr normal flight pat- 
terns and mlnlmum altltudes are shown in Fig. 12. Cross-ftied patterns are 
illustrated In Fig. 8. 

Inbound Control Procedures - Southeast Landing 
Whenever possible, alrcraft en route from Lisbon or Beltsvllle to 

RIverdale were given a rl@t turn toward a point where the base leg could be 
started. Aircraft arrlvlng at Rlverdele were cleared to leave that fix on e 
downwind leg of 330 degrees. Aircraft arrlvlng at Andrew5 were given a 350- 
degree hcadlng XI order to take them well test of the WashIngton air space 
reservations. After reaching the vlclnlty of RIverdale, these alrcraft were 
turned to a downwind leg of 330 degrees. Alrcraft srrlvlng at Potomac He1ght.s 
or Sprlngflsld ware vectored on a northerly heading until they passed the 
northwest course of the WashIngton range, after which they were turned toward 
the final approach course. Because of this routing, the traffx flow resembled 
a 2-fix Bystem, since the Axdrews traffic had to be posted at RIverdale end 
the Potomac Heights traffic had to be posted at SprIngfIeld. Altitude separ- 
atlon was ubed between all alrcraft m the vlclnlty of RIverdale and In the 
vlcmlty of Sprln@eld. The normal traffic patterns and mInImum altitudes 
used are shown m Fig. 13. 

Emergency Procedures 
In event of radar failure, the dual-sector system reverted to an 

Inner-outer sector arrangement. The Sector A controller assumed control Of 
the stack at the outer marker and the Sector B controller assumed control of 
all outer fixes. 

At the time of radar fallure, alrcraft already on final approach 
were permitted to continue approach provided controllers were certain that 
such dlrcraft could malntaln more than three miles longltudlnal separation 
from each other while III flight. Other alrcraft III Sector A were cleared 
directly to the outer marker with altitude seperatlon from each other. AZ-- 
craft In Sector B were started back toward Sprlngfleld and Potomac Heights 
to hold at these fixes until altltudcs became available for them et the outer 
marker, Since the southwest course of the Waahlngton range was not used as a 
departure route, It was possible to send axcraft to Potomac Heights for 
holding at 1,500 feet, wlthout co-ordlnstlon with the departure controller. 
7%~ procedure was useful when an alrcraft had to be removed from the final 
approach path due to a possible trsfflc conflxtlon. 

Standard timed approach procedures were utlllzed by the Outer 
marker controller In clearing alrcraft for IX approaches. When radar sur- 
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veillance was restored, alrcraft holdlng in the outer marker stack were 
fanned out x&to the east and west sector patterns, and the dual-sector 
vectoring system was resumed. 

Rtsults 
The data taken from the number of runs made on thle phase of the 

tests are tabulated m Table V The average delays that each axrcraft en- 
countered are shown UI Fig 35. The photograph of the screen, =n Fig. 14, 
shows the locatlon of the alrcraft In the vectorxng pattern at one period 
during the test. An actual S-t curve, derived from data observed during the 
problem, 1s shown by Fig. 15. Flight paths actually used during the test 
are plotted In Fig. 16. These data were taken from the recording made by 
the camera during the evaluation. 

ObservatIona 
The following observations were made during the study on Phase I 

1. Due to a lack of suffxlent ax space in which to vector zlrcraft 
from Sprlcgfleld to the outer marker, the 4-fix operation does not appear 
practxal unless the Mt Vernon marker 1s relocated. In the tests run on 
this phase, It was assumed that the Mt. Vernon marker was moved four miles 
souThwest, to Potomac Heights. After studying the flight paths of these 
tests, It was believed that the marker should be moved an addltlonal three 
miles southwest In order to malntaln adequate separation between axcraft at 
this marker and axcraft Inbound from Sprlngfleld. Fig. 13 shows the recom- 
mended location of the marker 

2. Thxi system would be slightly less adaptable than 2-fix systema for 
the lnstallatlon of automatic data transfer equpment, as It would require 
four posting boards Instead of two. 

TESTS CONDUCTED ON PRhSE II PROPOSAL 

Holding Fzxes 
It was assumed that two low-power VHF omnxanges were installed In 

the vlcm1t.y of the outer marker One LVOR was located 4 rmles east and 1 l/2 
miles south of the outer marker and deslgnated Fx A. The other station was 
located 4 miles west and 1 l/2 mllcs south of the outer marker and deslgnated 
Fix B This lnstallatlon provldad dual holding stacks in proxlmlty to the 
outer marker and twin holdlng patterns which paralleled the flnal approach 
course. It was assumed that these two fixes are used as flnsl clearance 
limits by air route traffic control with standard sltltude separation provided 
between axcraft an-lvmg m each sector. Normal holdmg altitudes at Frx 
A were 3,000, 4,000 and 5,000 feet. Normal holding altitudes at Fix B were 
2,500, 3,500 and 4,500 feet 

Dlvlslon of Control 
The WashIngton terminal area was dlvlded Into two approach con- 

trol sectors a8 previously deocrlbed and as Illustrated In Fig. 7. 
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Arrival Control Procedures 
Th18 system wa8 adaptable only for landings to the north, and wa8 

not evaluated for southeast landlugs. Normally, alrcrdft arrlung over River- 
dale and Andrew8 were cleared v1& duect routes to FIX A, while aircraft ar- 
rlvlng over Mt Vernon and Sprlngfleld. were cleared v=a Lrect routes to FIX 
R In or&r to keep the holding stacks equalized, occa81onally It wab neces- 
sary to Cross-feed alrcraft from R1verdale direct to FIX B and from Mt. Vernon 
direct to Fix A, as illustrated in Fig. 17. 

TImed approach procedures were used in unloading holding axcraft 
from the twin stacks. Each holding axcraft recclved advance notxe as to when 
to leave FIX A or B southbound. Normally, fix depsrtureo were staggered sl- 
ternately from the two fixes. Radar vectoring then was used to establish the 
approach Intervals between aircraft and to turn such aircraft Into the final 
approach course. The x-ea requred for adjustment of the approach interval 
=S shown lri Fig. 18 

Emergency Procedures 
in the event of radar failure, axcraft already oli flnel approach, 

with proper longxtudlnnl separation, were permltted to continue approach. 
No change of sector Jurladlctlon was required during non-radar operation. The 
approach Interval was lengthened somewhat In order to have the No. 2 alrcraft 
Just leaving the fix southbound at the time the No. 1 alrcraft w&u expected 
to report over the outer marker, Inbound. On receipt of the latter report, 
the No. 2 axcraft then we6 cleared for approach. Using this system, It was 
soon dlscovercd that approach u-&ervals Increased progressively, due to in- 
creasing lengths of the "trombone" patterns, because nlrcraft were allowed 
to leave the holdrng fixes southbound considerably ahead of the time when they 
cOuld be cleared for approach. Taking thx into conslderatlon and adJustlng 
the fix departure time, It was found that approach Intervals during non-radar 
OperatIona constantly averaged between 2 l/2 and 3 mmutes. 

Results 
Data for the Phase II tests are shown in Table V. The average 

delays encountered during this phase are ohown in Fig. 36. The photograph 
of Fig. 19 shows a typical problem prtisentcd during this phase. F'lg 20 
shows the recorded flight paths followed by the simulated axcraft during 
this phase 

Observetlons 
The following eddltlonal observations were made during the Phase 

II study 

1 This system required a relatively small amount of communxatlons 
time, as navlgatjon all the wc3y m to the holding fxx usually wa8 zccompllshed 
by the pllot ln3tezd of by the radar controller. This setup greatly reduced 
the work load of the controller since It was not necessary for him to con- 
centrate on the ldent~fxatlon, hendlng and posltlon of all xrcraft inbound 
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to the holding fixes. Consequently, he was under less mental strain and also 
had more time to devote to other duties. 

2. As may be seen in Fig 20, this system requlrcd the smallest amount 
of maneuverlng air space of any system tested. Since all Inbound fllghht 
routes went directly to the holding fixes, a conslderable portlon of aIrCraft 
descent was accomplished ln the holding stacks, umteod of on long vectoring 
rollteo. In congested me&s, this feature 1s advantageous in dvoldlng Inter- 
ference with the normal flow of traffic to and from other ,i:rports =n the 
vlcinlty. 

3. In this system, radar vectoring usually was employed only for the 
adJustment of approach intervals along the relatively short flight path from 
the holding fixes to the outer marker. The arr,angement of this approach 
system, which 1s Illustrated III Fig. 18, permltted consIderable flexlbl1lt.y 
In the adJustme& of approach Intervals. 

4. The rate of aircraft departures from the holding fix at Intervals 
of one departure every 1 l/2 mrnutes had to be adJusted occas~onclly to keep 
the "trombone" approach patterns properly fllled. The bsslc purpose of the 
close-XI dual stack arrangement was to provide a means of llmltlng the flow 
of aircraft into the approach channel to a rate compatible with the landing 
acceptance rate of the system 

>* In this phase, control operations reached their peak of efflclency 
when the number of alrcraft In the "trombone" patterns was Just sufflclent to 
keep the approach path supplled with alrcraft at the mlnlm'um spacing Interval. 
As the shortest approach path from a holding fix to the outer marker was 
approximately 6 miles, while approach speeds vcarzrled from 120 to 150 mph, at 
least 2 alrcraft had to be m the approach patterns simultaneously In order 
to malntaln an efflclent spacing close to the 3-mile mInImum. With three 
aircraft in the approach patterns, the approach path could be well supplled 
with alrcraft at the mInImum mterval. Since alrcraft could not be accepted 
at the approach gate (outer masker) at a rate higher than this saturation 
rate, there was nothIng to be galned In speeding up fix departures to get 
more than three alrcraft into the "trombone" patterns. Any further Increase 
XI the number of alrcrsft in these patterns loaded up the communlcatlons 
channels and mm-eased the controller's work load by glvlng him more aircraft 
to control and a larger area to watch. This obviated the basic advantages 
of the twin-stack system BY forcing aircraft to fly longer common approach 
paths, It also tended to lengthen the approach mterval. 

TESTS CONDUCTED ON PHASE III PROPOSPJ, 

Holding Fixes 
It was asswried that RIverdole and Mt Vernon would be used by air 

route traffic control as flnsl clearance llmlts, with standard altitude ssp- 
aratlon provided between alrcraft at each fix. 

Dlvlslon of Control 
The WashIngton terminal area was dlvlded Into two control sectors 

as previously explained and as shown In Fig. 7 This dlvlslon provided each 
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sector with one of the clearance lmita lrsted in the preceding paragraph. 

Arrival Control Procedures - North Landing 
Alrcraft srrlvlng over RIverdale were vectored on a downwInd leg 

of 180 degrees. Aucraft arriving over Andrewn range followed a direct 
course toward Rlverdale until radar contact was establlshed, at whxh tune 
they were turned Into the downwind leg of the pattern. If radar contact 
was established before such aucraft left the Andrewe range, these axcraft 
were vectored on a lpO-degree heading to lose altitude, then turned on base 
leg before they reached the edge of the tsrmlnal area. To conserve au 
space, pllots usually were requested to slow down to an lntermedlate speed 
lmmedlately titer lsavlng Andrews range. 

Axcraft approaching Mt. Vernon from over Doncaster usually were 
vectored on an easterly heading toward the flnal approach course. Aircraft 
ai-rlvlng over Sprlngfleld usually proceeded directly to the Mt. Vernon 
marker, at which point they were vectored on a downwlnd leg of 180 degrees 
until they could be fltted Into the f1ns.l approach sequence. Normal flight 
rOuteS are illustrated in Fig, 21. Cross-feedmg routes are illustrated in 
Fig. 8. 

Prrlval Control Procedures - Southeast Landing 
Whenever possible, aircraft en route to Rlverdale from Lisbon or 

Beltsvllle were given a right turn toward a point where base leg could be 
started. Au-craft arrlvlng at RIverdale were cleared to leave that fix on 
a downwxd leg of 330 degrees. Au-craft srrlvmg over Andrews followed a 
du-ect ADF course to Rlverdale, at which point they were turned on a down- 
wind leg of 330 degrees. Aucraft arrlvlng over Sprlngfleld or Mt. Vernon 
were vectored on a northerly heading until past the northwest course of the 
WashIngton range station, after which they were turned toward the flnal ap- 
proach course. Normal fll&t patterns and mlnlmnm altitudes are the same 
as those shown In Fig. 13. Cross-feeding routes sre illustrated m Figs. 9 
and 10. 

Emergency Procedures 
In event of rader fallure, the dual-sector system reverted to an 

mnner-outer sector arrangement The Sector A controller assumed control of 
the outer marker stack and the Sector B controller assumed control of the 
outer fixes. 

At the the of radsr fall-e, aircraft already on final approach 
were permItted to continue approach , provided controllers were certarn that 
such alrcraft could malntaln more than three miles longltudlnel separation 
between each other. Other au-craft In Sector A were cleared directly to the 
outer marker, malntalnlng altitude separation. Due to the proxlmlty of Mt. 
Vernon and the outer marker, it was not considered safe to hold aircraft at 
these fixes, at the same altltudes slmulteneously. This fact presented a 
problem as to the dlsposltion of Sector B axcraft In the event of radar 



failure, since they could not be cleared to hold at their previous clearance 
llmlt, If other aircraft were cleared to hold at the same altitude levels at 
the outer marker. In this case, dlsposltlon of Sector B sxrcraft required 
quick co-ordlnatlon with the Center, m determlnlng whether such alrcrzft 
could be sent temporarily to Indlpau Head or, preferably, SprIngfIeld These 
axcraft were re-cleared to the outer mnrker as soon as sJlt%ble altitudes 
became avallable for them at that fix. 

Stsndard tlmed approach procedures were utlllzed by the outer 
marker controller In clearing aircraft for ILS approaches. When radar sur- 
velllance was restored, alrcraft In the outer marker stack were farned into 
the east and west sector patterns, and the dual-sector vectoring system was 
resumed. 

Results 
Data for Phase III are llsted In Table V. The delays encountered 

a-e shown ln Fig. 37. 

Observations 
1. Use of Mt. Vernon as a clearance llrmt m a purely vectoring system 

was not very satlsfoctory due to the short dlstonce between Mt. Vernon and 
the outer m;trker. This arrangement produced occasional compllcatlons In the 
traffx patterns lr. the vlclnlty of Mt. Vernon and, In turn, increased the 
comnunxatlons work load to a relntlvelg high figure. 

2 Simultaneous holding could not be accomplished at the same levels 
at the Sector B clearance llmlt and the outer marker. Hence, this system 
was less adaptable for non-radar operations than some of the other phases 
tested 

TESTS CONDUCTED ON PHASE IV PROPOSAL 

Holding Fixes 
It was assumed that the Sprlngfreld marker and the Andrews range 

would be used as final clearance llmlts by alr route troffx control, with 
standard eltltude separation provided at each fix. 

D1vlslon of Control 
Ine WashIngton termIns area was dlvlded Into two approach control 

sectors as prevlounly descr;bed and as Illustrated In Fig. 7. This drvlslon 
provided each sector lath one of the clearance llmlts. 

Arrival Control Procedures - North Lsndlcg 
Axcraft arrlvlng over RIverdale proceeded on a direct course 

toward Andrcws range, until radar contact was established, at which time 
they were turned on downw&nd leg. Axcraft arrlvlng over Andrew6 were 
vectored on a lyO-degree track In order to descend from tne relatively high 
crossing altitudes required over Andrews. 1n order to avold using excessive 
ax space 1n the vectoring of these axcraft, most arrIvala were requested 



to slow down to an mtermea1at.e speed 1mmea1ate1y after leaving the Anarews 
range. 

AIrcraft approaching Mt. Vernon from Doncaster usually were vectored 
0~ an easterly heading toward the ILS course. Axcraft arrlvlng at Sprmg- 
field were vectored on a southeasterly heading toward the 13nal approach 
COG%-se a-d sometImes turned on a 180~degree downwind leg uatll they could 
ce fitted into the approach sequence. Normal flrght patterns and mlnlmum 
altitudes are shown m Fig, 22. Cross-feedlng patterns are shown m Fig. 8. 
Because of the dlsadvrintages which soon became apparent in the operation of 
this system, and the fact that more effxlent systems already had been tested, 
no attempt wm made to test the operstlon of the Sprlngfleld-Andrew5 system 
1n vectoring au-craft to a southeast landing. 

Results 
Data for Phase IV are llsted in Table V. The delays encountered are 

shown =n F1g. 38. A photograph showing typlcal locatlons of auxraft ln the 
pattern 1s shown ln Fig. 23. The drawing in Fig. 24 was made from photographs 
taken during the tests. 

Observations 
1. The main disadvantage of this system lay in the fact that a m=nl- 

mum altitude of 5,000 feet was requxred over the Sector A clearance llmlt at 
the Andrews range This requrement 1ikewx.e raised the mulmum alt]tude of 
all alrcraft arrlvlng over Filverdale. As a result, this system had the high- 
est entry altitudes of any system tested. 

2. Because of the extremely high entry altitudes, radar coverage was 
regarded as poor. 

3. The large number of altitude vacating reports greatly mcreased the 
commmcatlons work load. 

4. Tine required in makmg the long descents increased delays. 
5. The necessity for long comzzon flight paths in Sector A raised the 

approach Interval to the highest recorded in any phase tested 

TESTS CONDUCTED ON PHASE V PROPOSAL 

Holding Fixes 
In the orlglnal proposal, two holding fixes were used, nonely, the 

Sprlngfleld marker and Mt Vernon marker. However, both of these fixes were 
on the ssme side of the ILS course, with the Mt. Vernon marker blocklng the 
normal vectoring path of au-craft approaching from Sprlngfleld. For this 
reason the Mt. Vernon marker was moved to Potomac Heights as previously ex- 
planned in Phase I 

Dlvlslon of Control 
Considerable thought was given to the dlvlslon of sectors but no 

satisfactory solution was found because both holding fixes were on the same 
side of the approach course to Runway 36 cmd also on the same side of the 



approach course t0 RunWay 15. 

In all other systems tested, the dlvislon of sectors shown in Fig. 
7 made possible the establlslxncnt of two separate trcfflc patterns whxh could 
oprate independently up to theu confluence on the flnnl approach. B 2CBUR& 
of the 1-sldcd arrangement of holding fixes in thu proposal, It was not 
&OAO able to establish any workable clear-cut sector dlv?oux which would per- 
nit two sectors to feed alrcraft to the flnal approach path in xn orderly 
sequence wlthout crossing boundarIes or conilxtlng with aircraft of the 
opposite sector. 

The best compromise was the dlvlslon llluzrtratcd in Fig. 25. This 
dlvlslon was based on the proposed crlterla regarding au space requrements 
of ho1dln.g patterns. It still was inadequate in provldlng xulependence for 
two trzfflc patterns because the arrangement of clearance llmlts made It 
practically unposslble to operate anther pattern m saturated trnffx con- 
dltlons wlthout cross?ng the sector boundxy lines. This dlvlslon also rule3 
out the posslblllty of uzlng a Z-sector systen to vector urcreft for south- 
east approaches on Runway 15. 

Arrival Control Procedures - North Lsndlng 
AIrcraft arrlvlng at Rl‘rerdele procmededduect to the compass lo- 

cator at the middle marker, thence du-ectly to SprIngfIeld, on ALF courses 
At i:om& point west of the muldle marker they v&r& vectored ofi a southeast 
heading towed the flnal approach course. If possible, alrcrnft In radar 
contact over findrtiws were turned to a 190~degrte heading to lose altitude 
and were slowed to u?cermed~ate speed. Andrew6 arrivals not In radar contact 
proceed&don 2 du-cct AEF course to Potomac Heights. h'hencver possible, air- 
crfift approzchlng Potomac Heights from the south were vectored toward the 
flnal approach COWse on 3n easterly hezdmg. Aircraft arrlvlng over Sprlng- 
field were cleared on an easterly or sofitheasterly heading toward the flnnl 
approach covrse before being fltted Into the flnzl approach sequence. Normal 
flight routes are shown in Fig 26. Cross-feedu3.g routes arc illustrated In 
Fig. a 

Because of the disadvantages which soon becsme appszent =n the oper- 
atlon of this system, and the fact that more workable systems had already 
been tested, no attenpt was made to test the operation of the Sprlngfleld- 
Potomac Heights system in vectoring aIrcraft to a southeast l,tndmg. 

Results 
Data for Phast V are llstzd In T-tble V. X&lays &i-count&red 7ar& 

shown in Fig 35. 

Observations 
1. Thf furctlonal dmadvintage of this system was that the clearance 

llnlts for both sectors were located on the same old& of the final ?pproach 
course. This arrangement produced extremely mefflclent traffic-flow patterns 
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as neither pattern had unrestrxted acce98 to the fx~al approach path. Be- 
cause of this lack of flexlblllty in sdJust1ng approach intervals, the re- 
sultlng intervals were large. 

2. Au-craft in the vlcln1t.y of the southwest couree of the WashIngton 
range requred constant attention to avoul conflxtion betwhen the two pat- 
terns. The traffx flow became very complxated in this area. This in turn 
increased the communlcatlons work load conslderably, 

3 Because of the lnevltable overlapplng of traffx patterns, It be- 
came dlfflcdt at tunes for the Pl+$ht Data posltlon to determIne whether 
various altitude levels should be reported a6 vacant, partuxlarly III the 
vlclnity of Potomac Heights As a result, altitude levels bult up to a 
maxmum of 10,500 feet m this phase This, III turn, reduced the percentage 
of alrcraft under radar surveillance, further IncreasIng the communlcatlons 
work load. 

4. Because of Interference between the flight patterns of the two sec- 
tors during heavy traffx condltlons, constant concentration and co-ordlnatlon 
was required on the part of both sector controllers in order to avoid traf- 
flc confllctlons. There were many times when this c&racterlstlc of the sys- 
tem would have produced a hazardous sltuatlon ln case of sudden failure of the 
surveillance radar. 

TESTS CONlXJCTED ON PHASE VI PROPOSAL 

Eoldlng Fixes 
It was assumed that the SprIngfIeld marker and the Rlverdale marker 

would be used &e final clearance lunlts by air route traffic control with 
standard altxtude separation provided at each fix 

Dlvlslon of Control 
The WRstlngton terminal area w&8 divided Into two approach control 

sectors a8 previously descrIbea and a8 llluotrated 1% Fig. 7 This dlvlelon 
provided each sector with one of the clearance llmlts. 

Arrival Approach Control Procedures - North Landing 
Ailroraft arrlvlng over Riverdale were vectored on a downwind leg of 

180 degrees. klrcraft arrlolng over Andrew6 followed s direct ADF cou1‘8e 
toward Rlverdale until radar contact was establlshed, at which time they were 
turned xto the downwind leg of the pattern. If radar contact was eotabllshed 
before such axcraft left the Andrews range, these alrcraft were vectored on 
a 190-degree heading to lose altitude, then turned on base leg before they 
reached the edge of the terminal area. To conserve au- space, pilots usually 
were requested to slow down to IntermedIate speed unmedlately after leaving 
Andrew8 range. Whenever possible, aircraft approaching Mt Vernon from Don- 
caster were vectored toward the flnal approach couree on an easterly heading. 
Alrcraft arrlvlng over Sprlngfleld were vectored on a southeasterly heading 
prior to being turned on the downwlnd leg. Normal flight oaths and mu-unum 
altltudep sre showr in Fig. 27. Cross-feedIng routes are illustrated x 
F1g. 0. 
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Arrival Control Procedures - Southeast Landing 
Whenever possible, au-craft en route to RIverdale from Lisbon or 

Beltsvllle were given a right turn to a pox& from which a base leg could be 
started. AIrcraft arrlvlng at RIverdale were cleared to leave that fix on a 
domwmd leg of 330 degTee8. Axcraft arrlvlng over Andrew6 followed a direct 
ADF couive to RIverdale, at whxh point they were turned on a downWInd leg 
Of 330 aegreas. Aircraft arrlvlng over Mt. Vernon followed a direct ADF 
COUPBO toward SprIngfield. All au-craft errlving at Sprlngfzld departed 
that fix on a northtrly heading and continued until they passed the northwest 
course of WashIngton range statlon, after which they were turned toward the 
flnal approach course. Normal flight patterns and rn1nlm.u altltudes are shown 
in Fig. 28 Cross-feedlng routea are Illustrated =n FIga. 9 and 10. 

Emergency Procedures 
In event of radar failure, the dual-sector system reverted to the 

Inner-outer sector arrangement. The Sector A controller assumed control of 
the outer marker stack and the Sector B controller assumed control of the 
outer fixes 

At the tune of radar failure, axcraft already on final approach 
were permltted to continue approach provided controllers were certain that 
such aucraft could malntaln more than three miles longltudmal separation 
from each other. Other axcraft m Sector A were cleared directly to the 
outer marker, malntalnlng altitude separation from each other. Aucraft m 
Sector B were turned back toward SprIngfIeld to hold temporarily until altl- 
tudes became avallable for them at the outer marker 

Standard tuned approach procedures were utllued by the outer 
marker controller III clearing au-craft for ILS approaches. When radar mr- 
Telllance w&a restored, aucraft holding in the outer marker stack were fan- 
ned out Into the east and west sector patterns and the dual-Hector vectoring 
system was resumed. 

Results 
Data for Phase VI are llsted m Table V The delays encountered 

are shown m Fig 40. Fig. 29 shows a typxal prcblem presented during tnls 
phase and 1s a photograph of the display. Fig. 30 w&6 drawn from photographs 
taken durzng the tests and shows the flight paths used by the simulated ax- 
craft lcvolved. 

Observations 
1. This system had the low?& approach lntervels, the lowest commuxl- 

catlons Lazes, the lowest delays and the lowest entry altitudes of any Of the 
2-fix veccorlng systems tented. 

2. Because of the balanced arrangement of the holding fixes In relatloa 
to the flnal approach path to Runway 15, this Bystem had the lowest approach 
Intervals of ary phaoe tested, for southeast approaches. 
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TESTS CONDUCTED ON PKASE VII PROPOSAL 

Holding Fixes 
It was assumed that an LVOR wan installed in the vlclnlty of Plscat- 

away. This u,stallatlon, together with Mt. Vernon, formed a symmetrical twui- 
stack system. These two fixes were used as final clearance luruts by au 
route traffx control, with standard altitude separation provlded between 
axcraft at each fz. Normal holding altitudes at Mt. Vernon were 2,000, 
3,000 and 4,000 feet, at Plncataway 2,500, 3,500 and 4,500 feet. 

Divlslon of Control 
The Washington termu-d arca wa8 drvlded Into two sectors as pre- 

vlously described and &o illustrated in Fig. 7. This dlvlslon provded each 
sector with one of the clearance limits. This system was addptable only for 
landings to the north and was not evaluated for ooutheast landings. 

Arrival Control Proceaures 
Aircraft over RIverdale or Andrew8 proceeded to Plscataway on 

alrect mF COU~S~B, Alrcraft from Sprlngfleld proceeded to Mt. Vernon on a 
alrect ADF COW9e. Normal flight routes, mlnlmum dtltuaes ana cross-feeding 
routes are illustrated m Fig. 31 

Emergency Procedures 
In the event of radar failure, no change in sector JWlealCtlO~ was 

necessary Wlthout radar, approach lnttrvals had to be lengthened somewhat, 
but still averaged less than three minutes. 

When the radar wa8 not in opcratlon, the system wan operated. as 
follows 

The No 1 axcraft was cleared for approach, and was cleared to 
desced to flnal approach altltuae as soon &s the pllot reported leaving the 
holding fox. Based on this report, the No. 2 alrcraft then was issued a time 
to leave It8 hold-Lng fix inbound This tune, whxh provded an mterval of 
at least two minutes, w&u figured so a8 to place this axcraft not more than 
one minute past the holding fix at the time the No. 1 aircraft reported 
passing ihe outer marker inbound. The No. 2 axcraft reported leavmg Its 
holalng fix and was held at a mlnlm:?Jn holding altitude until the Ko. 1 au- 
craft repoyted passug the outer merker mbound. On RCelFt Of this report, 
the No. 2 alrcraft was umnealately cleared for approach and descended to 
flnsl approach altrtude. 

Results 
Data fcr Phase VII are lzsted in Table V. The delays encountered 

durmg this phase are shown in Fig. 41. A typlcal problem presented by this 
phase 1s shown in the photograph of Fig. 32. Ihti flight paths used by the 
slmulated axcraft are plotted In Fig 33. 
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Observations 
1. This system requred the lowest communxatlons time of any system 

tested. 
2. With this arrangement of fixes, as lllustratea In Fig. 34, control 

operations with radar worked most efflclently when there were at least two 
and not more than three aircraft In the approach patterns between the holding 
fues and the outer marker. Approach Intervals were as low as any recorded 
for any 2-fix system tested 

3 The arrangement of the holding patTerns In this system was beluxed 
superior to the arrangement used in the Phase II twm-stack system XI that It 
produced less lnterfcrence with WashIngton departure routes. However, there 
was a posslblllty that the Phase VII holding patterns might produce occasional 
Interference with traffic proceeding to and from Andrew6 via the southern 
route. 



APPFNDIX I 

Notes on Effect of Work Load on Au Traffic Controllers 

Method 
In order to determine the effect of a greatly :ncreased work load 

on controller effxlLncy, a number of run3 were made with a single controller 
handling all control operations in both sectors. In the:SL tests, the Phase 
I and Phase 11 systems were used Control techniques were the 6eme a8 those 
previously described for these phases except that 311 air/ground COIWUnlCa- 
txons were haridled on a sugle duplex channel. 

Results 
Data for these tests are compared with data for the corresponding 

2-man operations in the followug Table VI 

TABLEVI 

Land- No. of 
w3 Con- No of *comm. 

RUll- b-01- Chan- Channel 
Phase way lera nels Load '$ 

I 36 1 1 72 
(Four 
FIX) 36 2 2 39 

II 36 1 1 67 
(him 
Stack) 36 2 2 39 

Total Delays 
36 Axcraft Ave. __--l-j 
Abso- SYS- Apct. 
lute tern Int. 

559.53 220.43 1.45 1.21 

491.:54 152.44 i 41 1 26 

717 22 326:12 1 54 1:21 

574:39 253.29 1.48 1:29 

Ave. A/G 
coum. 

Time per 
AIrcraft 

*Average percentage of time each communxatlons chaznel was in u6e, &B de- 
termlned by the formula 

C 
L'Z 

where 

L = Communxatlors channel load 
C = Total communxatlons 'cue 
R = Total running time of problem 
N = I'+mbL-r of communxatlons channels 

Conclusions 
1. In maklng thtz orlglnal evaluation runs of Phases I through VII, the 

number of alrcraft handled slmultanaously by one controller avcraged three, 
and occasxxally reached four. The purpose of studying l-men operation wae 
to find out whether efflclency would drop when the controller had a steady 



25 

work load of SIX axcraft. 
The controllers who made these runs had acqured a considerable 

degree of Sk111 before they tackled l-man aperotlon of this saturated traffx 
problem. Although they managed to keep the traffx sltuatlon under control 
at all times, both the approach intervals and delays Increased. Average 
oormunxatlons tlmc per alrcraft decreased allghtly due to the fact that 
weather, wind and runway lnformatlon usually was given to ox alrcraft slmul- 
tar,eously In the 2-man operations, this lnformatlon norrrtilly was given to 
onlji two or three au-craft at a time. 

2. The drop In over-all efflcxncy was caused by the fact that the 
single controller WBD 60 occupied In keeping all aucraft properly ldentlfled, 
In handling the almost doubled communlcatlons load and 1n keeping all flight 
progress strips properly posted, that he was unable to devote sufflclent time 
to the precise Epaclng of axcraft on the flnsl approach Therefore, It 
appears that, from the standpolnt of control efflclency, 61x alrcraft are too 
many for one max to control simultaneously XI a vectoring system of thu type, 
using present separation standards and wlthout radar ldentlfxations. 

3. The human element 18 OX of the moat important varIablea in the traf- 
flc control system and probably one of the least understood. Different con- 
trollers vary widely III efficiency depandlng on tralnlng, temperament and 
recent expexence Even the same controller may show a conalderable day-to- 
day or hour-to-hour varlntlon While It 18 not believed that slmulatlon test 
runs can reproduce all of the factors whxh make up the JOb and atmosphere of 
actual IFR traffx control, It 1s believed that If a certain increase 1~ work 
load results In a decrease in controller efflclency during slmulatlon tests, 
then the added strains and dlstractlons of such an Increase during actual 
traffic control would likely resul t m an even greater decrease In effxlency. 
It 18 Important, then, that any system be desIgned to avold over-loading 
controller personnel much beyond the point at whxh theu peak efflclency 1s 
reached. This may be done by restrxtlng the number of alrcrX?t released to 
approach control at one time. In order to avold starving the approach system, 
this number should be large enough to keep the approach gate supplied mth 
a steady stream of alrcraft at the mullmum approach Interval. It can be de- 
termmed zpproxlmately by the following empulcal formula. 

as 
K=(s)tL (3) 

I 
where 

N = Optimum number of axcraft under approach control 
D = Dlstence of normal vectoring path from farthest ARTC clearance limit, to 
the approach gate, in miles 
S = kpFrOaCh speed of slowest aircraft uBmg the system m miles per hour 
(Note The quanttty ba lndxates the number of minutes required for this 
au-craft to proceed fr5m clearance llrnlt to approach gate) 
L = Muru!um time, in m:nutes, required for an alrcraft to leave a holding 
pattern 2t an i,?TC clearance lunlt Thx 18 normally thr-e minutes for a 
standesd i-minute race track pattern, or two mlntites for a standard 1-mmute 
race track pattern 
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I = Approach interval in minutes. For mlxcd alrcraft of the types used in the 
Waahlngton aimlllatlon tests, three miles aeparatlon produced a theoratlcal 
approach Interval of 1 l/2 mmutea. 

Exnmple' The vectoring path from the farthest ARTC clea.r,ulce llmlt to the 
outer marker 18 12 mllea. The mlnlmum approach speed IS 120 mph. A 2-minute 
holding pattern 1s used at the clearance llmlt (L = 3). The dealrod approach 
interval 16 1 l/2 mlnutca. Subatltutlng these values in Equation (3), 

Therefore, ax aIrcraft betwwn the outer llmlta of the holding patterns and 
the outer marker would saturate the system Any further lncreaae In the num- 
ber of aucraft would tend to Increase the approach control work load, wIthout 
mcreasing the efflclency of the system. 

Even with only 81x alrcraft cleared to approach control aimultan- 
eously, there are occaa1ona when all alx mlghht be Inbound Into the as-me sector. 
The purpose of the cross-feed system &a used in the proposals tested 1s to 
provide a meau to alleviate this surge by transferrIng excess alrcraft to 
the control of the other sector. Thea procedure tends to equalue the work 
load end prevent overloading one controller and one control frequency to the 
point where effxlency =a impaued. 

Another problen encountered by the controller m attempting to ob- 
tsln the maximum effxlency of the system =a the determlnatlon of the effect 
of headwud on the scparatlon requred between ox-craft. This problem 18 
well Illustrated by Fig. 42 In the case shown, a slow alrcraft 18 followed 
by a faster nlrcrtit. A larger separation la requred over the outer marker 
when & heLdwInd exlata over that required during a calm wind condltlon 1n 
order to mxntaln the requred 3-mile aeparatlon at touchdown. Under present 
conditlona, the separation on the approach path must be estunatcd by the con- 
troller Kurd this estimate normally is made with a large safety factor, thus 
lncreasug the average approach Interval. 
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LEGEND 

A POWER SWITCHES H CONTROL DESK 
B TIMING UN,T I “A” SECTOR CONTROLLER 
C PROJECTOR RACK J FLIGHT DATA POSITION 
D OPERATOR CONSOLES K “8” SECTOR CONTROLLER 
E CLOCK L RECORDER 
F COORDINATOR M RECORDING CLOCKS 
G SCREEN 

(OPERATING POSITIONS ARE SHAOEO) 

FIG I NAVASCREEN LAYOUT FOR WASHINGTON TERMINAL AREA STUDY 









FIG 6 BASIC, ADJUSTED, AND ACTUAL SPACE- 
TIME CURVES FOR A SINGLE AIRCRAFT, 
SUPERIMPOSED IN ORDER TO SHOW THE 
RELATIONSHIP BETWEEN ABSOLUTE 
DELAY, SYSTEM DELAY, AND STACKING DELAY 



FIG 8 SECTOR CROSS-FEEDING 
ROUTES, NORTH LANDINGS 

FIG 9 SECTOR CROSS-FEEDING ROUTES, 
/*. ,, *,% “**I .Iy / ALyAIoI ‘,*li” ,“m.*.~s *n,m* 

SOUTHEAST LANDINGS 



FIG IO SECTOR CROSS-FEEDING ROUTES, 
SOUTHEAST LANDINGS 



- ‘IN&L LETDOWN 

FIG 12 FLIGHT PATTERNS, NORTH 
LANDINGS (PHASE I) 

FIG 13 FLIGHT PATTERNS, SOUTH- ‘.. * I*r”, mI Iy r ..,., ,*lrr ,13*1.mL, _,.*. 
EAST LANDINGS (PHASE I) 
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FIG 17 TWIN-STACK FEEDING SYSTEM (PHASE 2) 
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FIG 18 TWIN-STACK APPROACH SYSTEM (PHASEZ) a-mm 







FIG 21 FLIGHT PATTERNS, NORTH 
LANDINGS (PHASE 3) 
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FIG 25 SECTOR DIVISION (PHASE 5) 

FIG 26 FLIGHT ROUTES (PHASE 5) 



FIG 27 FLIGHT PATTERNS, NORTH 
LANDINGS (PHASE 6) 

FIG 28 FLIGHT PATTERNS, SOUTHEASl 
LANDINGS (PHASE 6) 
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DCA 0 0 

MINIMUM HOLDING 
ALTITUDE 2000 
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NOTE 
SHADING INDICATES AREA NORMALLY USED 
FOR ADJUSTMENT OF APPROACH INTERVALS 

FIG 34 TWIN-STACK APPROACH SYSTEM (PHASE 8) 
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5 50 MI NOTE 
IN CALM WIND CONDITION, A 120 MPH 
AIRCRAFT FOLLOWED BY A I50 MPH 
AIRCRAFT SHOULD HAVE 4 25 MILES 
SEPARATION WHEN OVER THE OUTER 
MARKER IN ORDER TO MAINTAIN 3 
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WITH 30 MPH HEADWIND ON FINAL APPROACH, 
GROUND SPEEDS OF 120 MPH AIRCRAFT AND 
150 MPH AIRCRAFT ARE REDUCED TO 90 MPH 
AND 120 MPH RESPECTIVELY PRECEDING 
AIRCRAFT SHOULD HAVE 4 75 MILES SEPARA 
TION, WHEN OVER THE OUTER MARKER, 
IN THIS EXAMPLE 

IIi-iI 
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MINUTES 

42 EFFECT OF HEADWIND ON SEPARATION REQUIRED BETWEEN 
AIRCRAFT ON ILS APPROACH AT WASHINGTON NATIONAL AIRPORT 


