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EXECUTIVE SUMMARY

Background

Fli ght tests of the Intermittent Positive Control (IPC) system have

examined the performance of an automated collision avoidance system in a

realistic flying environment. These tests were conducted for the Federal

Aviation Administration at the M.I.T. Lincoln Laboratory using an experimental

DABS sensor for surveillance and data link , and using IPC computer algorithms

provided by the MITRE/ ME TREK Corporat ion.  The tests had two principal  objec —

tives: 1) to characterize the performance of the IPC computer algorithms , and

2) to determine the manner in which pilots are able to u t i l i z e  the services

provided by the IPC system. The test program was organized in a manner that

V 
permitted design iterations to proceed during test ing : Test resul ts  were

reported to an IPC Engineering Coordination Group and algorithm modifications

or ig ina t ing  wi th in  that  group as a resul t  uf  test findings were returned to

Lincoln Laboratory for testing .

This summary serves as a brief statement of test results , conclusions ,

and recommendations . Deta i l  in support  of th is  summary is contained in the

body of the report and in its appendices .

Algorithm Validation

Al gorithm validation test ing sought to charac te r ize  the a b i l i t y  of the

IPC algorithm to issue commands which assured safe separat ion between a i r c r a f t .

V 1 

_______________________________________________ ___________________
L. — 

- —~~=~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ - -



f l i t  behavior of the IPC system was compared t o  J1e qua li~ ~t.ive cescriptions of

IPC. These descriptions have been published i n  the form of standard encounters

in which threat development and pilot responses follow prescribed patterns .

The principal characteristics of these nominal encounters are that they in-

volve two aircraft with similar speeds , both equipped for and fully responsive

to IPC commands, with neither accelerating as the conflic t develops. Flight

test results indicate that for such nominal encounters IPC consistently detects

and resolves the presented collision hazard . The only significant safety

problem with regard to nominal encounters was a tendency for some encounters

to terminate in a potential hazard in which a return—to—course executed to

recover the original heading could have precipitated a sicond collision hazard

worse than the original.

Non—nominal encounters are those which violate one or more of the standard

conditions. They may involve aircraft of greatly dissimilar speeds , accelera-

tion during conflict development, one aircraft unequipped , etc. Flight tests

indicated that f or non—nominal encounters, IPC perf ormance could be very

inconsistent . Collision avoidance commands could be late , ineffective , or

even detrimental to safety. Particular difficulties were observed in accele-

rating encounters in which the rapidly changing geometry of the confli. t often

resulted in the system issuing commands which decreased rather than increased

separation. Since pilots are typically not aware of the encounter attributes 
*

which produce resolution difficulties (e.g., the other aircraft unequipped .

uncommanded , or in a pre—existing maneuver), pilot confidence in the overall

system can easily be undermined by flying a non-nominal encounter and

observing the resulting IPC—generated commands.

-
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~\ d ct a i l e d  anal ysis  of t he  c o n f l i c t  avo id uice  logic has revealed that

there are several basic and interrelated causes for the observed limitations

of IPC etfectiveness. Among the significant conclusions are the following:

— The IPC logic does not properly analyze aircraft trajectories in a

way tha t considers all factors critical to making correct resolution

decisions .

— Excessive or counterproduc tive turns often result from the lack of

uplinking computed turn magnitudes (currently turns are continued

as long as the tracked collision parameters exceed de tec t ion

thresholds).

— The inability to resolve accelerating encounters results principally

from the attempt to achieve a lower system alarm rate by deferring

ac t ion  un t i l  a t~ me—cr i t i ea l  collision hazard  is confirmed by

tracking.

Some of the performance limitations are due to limitations imposed by the

system concept , while others are associated with the specific algorithm imple-

mentation . None of the observed major problems is likely to be resolved by

modifying a single section of the algorithm or by varying algorithm parameters

within the constraints of the existing logic. The algorithm and system

concept must be altered in a fundamental manner (see following recommendations).

• Subject  P i l o t  Test Results

The PWI service of IPC was favorably received by subject pilots as an aid

to VFR flight. Analysis of test data revealed t ha t  use of PWI resulted in a

marked improvement in the ability of pilots to visually acquire approaching

3
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threats. There appear to be no major logic issues concerLii~,~ t. ~1 , alth ou g h a

need for augmenting information given to aid p110th in avoiding blunders

in the period before visual acquisition is indicated .

It became apparent early in the subjec t pilot testing that a complete

assessment of pilot response to IPC commands required an understanding of how

pilots who were uninfluenced by commands resolved conflicts by purely visua l

means. For this reason a small subset of the pilots was randomly selected

to participate in an exercise during which PWI was provided for aiding visual

acquisition , but commands were not provided . In these PWI—only tests the

pilots were instructed to take evasive actions only when they felt the situa—

tion warranted . The most significant findings of these experiments involves

the dependence of perceived urgency and threat level upon the visual evaluation

V capability at a given time. After visual evaluation , pilots typically approached

similar general aviation aircraft far closer than any radar—based system could

permit without alarm (less than 200 feet vertically and less than 1500 feet

horizontally). Such proximity is accepted because as the aircraft appro~ chi

closer , the pilot is better able to discern any existing components of mi~is

and to choose suitable maneuvers if required . Visually motivated maneuv~ r~

were apparentl y undertaken to place aircraft on non—collision courses and/or

to allow maintenance of visual contact. No effort to achieve a predeterm ined

conservative separation was evident.

In contrast with the results observed when an adequate visual evaluation

had been achieved , a tendency for early reaction was exhibited by the same

pilots in encounters with little or no visual information. Pilots with P1%I1

1

- —-V —



- ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~ 

- - -

I nd (cat ions En V ( sua l i v  obst rue ted see t o t s  tended to m ver so as to lo t ’ .i t e
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.lc t or I n  do t e rm!  iii  ng the  cx tent to wit ! tli t lit ’ p i i  ot I ee l s  Impos ed upon by t lie
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ground b.u so d ~‘o i 1 I s  ion .tVO id .u i t co  us tug the i)ABS s u r ve i l l a n c e  and da t a  l ink

i s  t’ o t l c e pt u . u i  I v  and t e c hn i c a l ly  I t ’a s tb l e .  Rut in  order t o  a c h i e v e  an a c cep t  —

ah It ’ sy s tem  des (gui , the  e f f e c t  IVcl te ’sS of the 1 PC rose lu t  Ion log ic mus t  be

ox end ed to  c-ov er  a w ide r  range of encounter situations and the  svs  t i-ni  mus t

be made ’ more eomp. I t  i b i c  w i t h  the  oh j e c t  ives and prae-ttct ’s ot  its use r s .

Ci ’ t t , l  iii t ’ t ’ l t t ’ I ns b its wli iou ai’e suggested by flight Lest exp o r ienci ’ run  c ou n t e r

to  t he  convent  tona l p h i  lo sophy o t coil is ion dVt l  idance system design. it Is

t out’ I uded I or  i ns t a n ce , t i t . i t

— It is not ptissib to to  d e s i g n  a rd i .th I t ’ c o i l  is ion avo idance  sy s tem

vii i t ’it a pp I tes contro l .  t i l l  lv a I te’r an imminent co 1 [is I on h a z a r d  is

t ’ t iua  I I t’mcei — .u t such ,i po int the  si t un t I on Is of t en  beyond t’ont ro 1

— Mi rupt . i ss tunpt  ion ol  c o n t r o l  in the t inn i seconds b e f o r e  e 1 osest

,ipp ro.t~’lt i s  incompat  ib I t ’ w i th  t h e  t r a in i n g  and lemp erm ent  of p1 L o t s .

t h e  I a  tor t ’ i i f lt  ro 1 1 s .te ’ I ivated , the  inure l ike iv a re  p i l o t s  who

h t , i v t ’ acqui red  v i s u a l  ty t ii view commands as u n n e c e s s a r y  or int ’or roe t -

I - a r t  he rmore  . t he ’  Ii Ig it maneuver  r a t e s  and Larg e  turn magn I h ide ’s

r equ i r ed  by sue Ii a s t  ra t og\ ’ make commands uua t ’c op t ab  i v  d is t’up hive

— A v o i d a n c e’ St rateg Los w h i c h  ignore or o ver r i d e’ o t h e r  f l i g h t o h j e c —

I I yes or se ’p.uL’ .ut ion assurance techn I ques (e’ . g . , A~ C or y i sun I

.i yo i t l an t ’o) may in tot fore wit Ii t host ’ t e chn iques  i i i  a way  thin I co la—

s i d e r ab l v  reduce the net s a f e t y  beiief i t s  of t in ’ sy s t em .

Recommendat ions

Throug hout t h i s  r epo r t  many sugges t ions a re ’ presented I or Improving I PC

p er f o r ma n c e In i .tr I i cu lar  ar e a s .  But  convergence of the  [PC dos i gn is tuti l ik e  iv
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to be achieved through a mere addition to the existing logic of independent

fixes to local problems. Instead , a global strategy for system evaluation

must be formulated. The remainder of Part I recommends direc tions for

system evolution which can result in an acceptable and implementable design .

Recommendations R ,~~rding the System Concept

1. Provide more information to pilots prior to the need fo r  urgent

or mandatory commands.

— in the current logic no information concerning the  hazards

created by maneuvering in particular directions is provided

until after a hazardous closure rate has been established .

Often this is too late for effective commands. Pilots should

be informed whenever maneuvers would precipitate encounters

which the system might not be able to resolve ,

— More comprehensive and precise PWI information is needed

to allow pilots to make proper decisions prior to visual

evaluation. The first step in this direction should be to

provide more precise information concerning threat relative

altitude.

2. Recognize recovery encounters as a pr oblem and a t temp t to issue

commands w h i c h  w i l l  assure’  dec i s ive  r eso lu t ion  with a s ing le sequence - -~

o t commands.

— I ’liIs s t r a t egy  would a v o i d  the excess ive  con f l i c t  d u r a t i o n s

a s s oc i a te d  with multip le’ sequences of commands.

— This strategy would also avo id the tendency of IP C to  turn

straight and level encounters into maneuvering encounters.
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1. Specify the reqLired maneuver magnitud~ - to the p ilot.

— Such specification reduces the required deviation from

intended course.

— The resolution of multiple encounters and the ability of the

system to resolve a pair encounter without creating a secondary

encounter with a third aircraft is facilitated . IPC can then

be extended to greater traffic densities than would otherwise

be possible.

— Pilots and controllers wish to anticipate the effect commands

will have upon navigational objectives and other control objec-

tives. This is impossible to do if maneuver magnitudes are

unknown.

d. Turning aircraft past optimum escape headings and back into

conflict can be avoided ,

4. Resolve more encounters with minor heading changes at earlier lead

times.

— Such co~~tande are more acceptable to pilots than large magnitude

turns given at the last instant. They are less likely to inter-

fere with visual search.

— Disruption of structured traffic flow is minimized and there— ‘

fore the ability of IPC to operate in conjunction with the

existing ATC system is enhanced .

— Resolution of multiple encounters or resolution of pair

encounters without creating a secondary encounter with a third

aircraft is facilitated .

8
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Utilize additional In format iou  to enhanc e c o m p a t i b i l i t y  of IPC con-

t ro l  w it h  p i lot  o bj e c t i v e s

— Utilize the DABS data link to p e r m i t  the p i l o t  to accept

r e spons ib i l i t y  fo r  visua l s e p a r a t i o n  whie ’n visual acquisition

has occurred. Any system without this capability will very

l i ke ly  i~roduce unaccep table  r e su l  Is i i i  a t t e m p t i n g  to reso lve

encounters  I n v o l v i n g  VFR a i r c r a f t .

— Cons ider the use of o the r  i n fo r m a t ion ( e . g .  , f l i g h t dos t  inn —

t ion~ phase of  f i  i g l it , s h o r t — t e r m  i n t e n t , a i r c ra f t  type /pe r -

fo rmance , e t c . )  in order  to enhance c o n t r o l  compat i b i l i tv .  This

may be requi red  in order to extend IPC i n t o  ai rspace where

co l l i s ion  pro tec t ion  is most needed .

Rec om end~~~ions Re~ ard in C A l ~~~~ithmic Le~~~~

1. Make conflict detection a function of the comp lete dynamics  of t he

encounter.

— Start earlier for more difficult gi’oiile’tries and issue restric-

tive commands earlier in g e o m e t r i e s  f o r  which  r eso lu t ion  success

is maneuver—sensitive .

2. Evaluate command effectiveness bef ore command issuance.

— The current log ic’ sometimes issues commands which are obviously

i n e f f e c t i v e  due to dynamic  considera t ions . Valuable  t ime may

be wasted before  addi t iona l ac t ion  is t aken .

— The al gor i thm ’s evalua t ion  of the  reso lu tion  dyn a m i c s  should

be comp lete enoug h to recognize obvious d i f f i c u l t i e s  and to

9
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issue i n i t i a l  commands which have h ig h  probability of b e ing

adequate or at least not complicating subsequent control.

3. Allow the logic to issue “go straight” commands (e.g., m a i n t a i n

heading )

— This is sometimes the only acceptable hor izon ta l  command fo r

slower a i r c r a f t  in conflic t with a faster aircraft. It may

also be a required command for the proper resolution of multiple

a i r c r a f t  encounters .

•~ . Use staged resolut ion in al l  appropr ia te  dynamic s i tua t ions.

- Most encounters can be resolved by maneuvering only one aircraft.

This is how collision hazards are normally averted today in

both VFR and IFR f l i gh t .

— Staged resolution offers a potential for a significant reduc t ion

in the  rate of positive commands in both VFR/VFR and IFR/ IFR

encounters.

5. Develop a turn  rate  estimation capab i l i ty  and u t i l i z e  this  es t imate

in the resolution logic.

— The current turn rate detection fLag is not appropriate for this

application and cannot be used in the resolution logic .

— Currently, resolution proceeds on the assumption tha t  a l l  a i r —

craft are flying straight at the time commands are selected .

Modification of the resolution strategy on the basis of

detected maneuvers will avoid many problems with the present

approa.h.

10
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6. Utilize three—dimens ional resolution tactics whenever appropriate.

— Three dimensional logic offers a means of cleanly resolving

certain climbing/descending encounters which are otherwise

difficult to resolve .

7. Provide for explicit consideration of surveillance errors.

- These errors are neither isotrop ic nor homogeneous.

— Fixed algorithm thresholds are therefore inappropriate for

achieving safe separation with minimum disruption of normal

flight.

11
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1. ~N I’RODLciION

1.1 Test Objec tives

Flight tests of the Intermittent Positive Control (IPC) collision

avo idance system were conducted at the M . I . T .  Lincoln Laboratory between

October 1974 and February 1977. The objectives of the tests were twofold :

to validate the IPC algorithm design by determining that it provided

acceptable performance, and to evaluate the ability of typical general avi-

ation pilots to utilize the services provided by the system.

The IPC concept subjected to test was developed jointly by FAA/OSEM and

the MITRE/METREK Corporation . Reference 1 describes the basic elements of

this concept. Computer algorithms were developed first for single DABS sensors

(Ref. 2) and later extended to include cooperation among several sensors

(Ref. 3). The single—sensor algorithms tested during the IPC flight tests

can be viewed as a subset of the multisite algorithms .

Flight testing was carried out in accordance with a Flight Test Plan

(Ref. 4) which emphasized the need for both algorithm validation and subject

pilot tests.

In an effort to achieve meaningful and comprehensive results , an

iterative testing method was adopted . Test procedures and the system

design were modified in response to test experience and the modifications

subjected to further testing. Test results were reported frequently to the

IPC engineering coordination group which included representatives from M.I.T

Lincoln Laboratory, FAA/SRDS , FAA/ NAFEC , and MITRE/METREK. Al gorithm modif i-

12
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~‘at ions wer e  i r : ~~V~~l lv  Llt ’VO Lo ped b~’ ~t1lRl- /ME TREK ~or submiss ion to the

group. Interim flight test results , including initial validation experi-

ence , were reported in Ref. 5. The present report includes an overview of

all tooting , an analytic perspective on v a l i d a t i o n  r e s u l t s  and an o v e r a l l

assessment of the viabi l .  it ~ of the  IPC concept

1.2 Organ ization of the Report

A summary of those features of the IPC concept  which  are most i m p o r t a n t

fo r  understanding the significance of test results is provided in S e c t io n  2.

The success of the  test  program requi red  development of a comprehens ive  t e s t i n g

capahil Ltv includ ing hardware elements , so f t w a r e  e lements , t e s t  p r o c e d u r e s ,

and d a t a  an~il ~~sis techn iques .  Many near miss  encounters were r e q u i r e d  to

f u l l y exercise  the  IPC log ic and to t e s t  m o d i f i c a t i o n s . An over ~’ iew o f the

t es t  bed facilities and the scope of the tes t  a c t i v i t ie s  is provided in

Sect ion  3. The p resen ta t ion  of f l i ght  tes t  data  has been divided into two

parts: algorithm validation and pilot response analysis. The algorithm vali-

dation section (Section 4) discusses the ability of IPC to utilize DAB S data

to determine a i r c r a f t  t r a j e c to r i e s  and the ab i l i t y  of the logic to issue

i n s t r u c t i o n s  which achieve the system con t ro l  ob j ec t i ve s .  The p i l o t

utilization section (Section 5) discusses the a b i l i ty  of pilots to  properly

Ut ii I Z O  IP C s erv ices  and the a cce pt a b i l  ttv of system Performance from the

pil ot ’s point of view .
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- i  or~Ier to unde r s tand  the  h c t t . t v t o r  o t  t he  I)’~ ~~~~~~~~~~ i , on no l v t  L~’ o 1

technique for the analysis of aircraft relative motion was developed. This

technique is described in Appendix A and is freely used in this report to

interpret test results. It is recommended that the reader desiring an in—depth

understanding of flight test results familiarize himself with this appendix

before reading Section 4 and refer back to the appendix as needed to understand

the analysis techniques being app lied to particular problems . Appendix B con—

rains a compilation of subject pilot responses to post—flig ht questionnaires.

Appendix C consists of a number of examples of flight test encounters which

illustrate certain phenomena discussed in the text .
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, i m i.i an  (Pt ’ d i  s p l .t v  . F trst • t l i t ’  p ilot is ass Istod by means of .1 p i lo t  war n i n g

*
ins t  i i t m ’ s ’ m i t  or P W I i n  t h e  v isut.m 1 ~icqu isi t ion of nearby  t r a t  I i .’

S, ’ s-o nd , p i i . ’ t s re.’ c t v i ’ I PC commands wh icit spec l i v  maneuvers to he tinder—

. ik omi t 0 re~ .’ I ye ,‘ont 1 t o t  s i  t u.t t ions . PW I sexy Ice and reso h i t  ion se’rv Ice ~t r.’

norm .i  I Iv pm cv t.Ie.i .on . ’ t i n t e ’ut I v  t h roug h a common display . Opt ions f o r  a I’W 1 —only

50 t v  i.- . .mn.I I or PW 1 w a r n  I ne~s .iga inst not i— Mo de C a i r c r a f t  are  ment ione’d (Re f

• p p .  •‘ — 2 ‘‘ 
• b u t  no des ign t or such opt ions I t . in  heet t  documented .

.‘.1. I’W l

l im e [PC .1 Isp l , m v  (Fig. 2—1) contains .i r i n g  of 16 PWI I igh t s  . ‘rhre’e lights

i t , ’ Locat ed .11 e . i c t t  s~~t 12 ,‘ lock p o s i t  j o l t s . The! s’lock po sit Ion m d  (,‘ d t e’5 the

n ~‘ Ia L i v , ’ be,tr 1mg .‘1 the t rat’ f I.’ . [‘he cent  ral. li ght .1 t eac h c lock pt,s it ion

i s  m i s , ’,! t~~ F t a t  t i c  t h at  i s  w i t h i n  + 600 feet of own alt Itud e . The upper and

lower 1 iglit s tud i. ’at e’ t r a t  f t c  w h i c h  is above or b e low the  co— .t I t  i t tide hand bit t

w I t Ii in 2 m)0L~ t cc t of own .tl t i t  ude

PW I in . I  i c at  i ons  arc Intended to  .tss 1st the 
~
‘ I l o t  in v i s u a l ly  t i c qu i r  tug

p r o x t m m n t : e ’ t r a t f  Ic .  The’v ,tre not In tended to pros’ ide enough inforniat ion t or

so ( o c t  ion ct  avoidance’ maclouvers and .iro not t o  h.’ used t or such purposes

i s v  p i lo t s  ( R o t .  6 . p .  7 t  . Two types ,sf PWI ,ire’ Possilsic . The ordinary

I’W I (015W1’) t akes  the f o r m  of ,i st ead~’ 1 ight .tt  t lie a p p r o p r i a t e ’ pos i t  ion .

The O W L  m e l  i c , i t  es t r a i t  ic which  ar t ’ not ot tmtned i ate conce rn  ( R e t .  I

p .  2 — 1 ’ )  antI t hus  the’ OPWI does not r eq u i r e  the immedia te  a t  t en t  ion of t h e ’

*A P WI i s  somet im e s  r ef e r red  to .ts a p r o x i m i ty  warn i ng Indicator.

-
~~~~~~~ 
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MESSAGE SHOWN IN P H O T O :
T R A F F I C  I O C t . OCO C O - A L T I T U D E

V W k  LU !

DON ! ~~~~~ A~~~s I!

- ~ I1T~ IN EACH BEAR ING SECTOR -

V i i”  — ‘.G ~~* -

T R A F~ -c 500 to 2000 f t  ABOVE

TRAFFIC WITHIN 500 ff  ON
OW N AL TIT UDE

“ it , Io ~ I - 4V ’)I~~A NCF COMMANDS 

V 

T R A F F I C  500 to 2000 f t BELO W

/ CI, 1MB STEAD Y LIG HT

X CL MW 
TRA FFIC NOT Of IMMEDIATE CONCERN

~~~~~~~~~ 
T R A F F I C  OF CONCERN

DON T DESCEND ~~~~~~~~~~~~

\PuSl.EO TO RECEIVE TESTPILOT ACKNOWLEDGME NT BUT TOISS PAT TE RN ON DISPLAY

Fig.2—l. IPC display utilized in flight testing.
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p i l o t .  I”ts r t im is x ’caso u the OPWI need not be’ ice’ompan led by i n  au d i o  a la ’r t

( R e f .  6 , P .  6) . iloweve ’r , t he p i l o t  1 m m  e ’xp t ’ e’ t od t o  c l a ck  fu r  t h e’ p m - i ’si’nc e’ ot  n i t

OPW I b t ’for e  i n i t i a t i n g  any maneuver .  11 1 r a i l  i .  i s  [mI d t ented  UI f l i t ’ C I I  x s ’ i - t l on

o I Is i s  intended maneuve r , the ’ p [l o t  should a t t e m p t . to m m. ’ qu I re I 1 (Ri ’ I . I

p. 2— 6 )  . I f  the p Il ot f,m ii s to no qu Ire tht. ’ I nd lOmi ted t r a f t  i . ’ l i t ’  h t m l  v ni aneuv e ’r

is he mmci ’s f i t  ( R e f .  5, j . 7) .

The f l a s h i n g  I ’WI (FI’ W I )  i s  I ssued when air craft are’ on d i r e c t ,  or ia’ .ir

i- o i l  is ion courses (Re t . 6. p .  8) .  I t  r equ i r e ’ s immed ia t e  p i l o t  m i t t e n t i o m i  and

[S accompanied by an audio alarm . ‘I’Iti.’ p I t o  I shioti Id acquire t. Iii ’ h i d  I cmi  ted

t r a f f  it ’ as scion as p o s s i b le .  After visual mi cqu i.s it ion , 11am p ilot mmmiv m i t  int e

F m y  evasive’ maneuver lie deems appropriat e (Ref. 6, p. 8) . I t  is i nte’msdod

tha t  a re ’asouahl  e per iod  o t  t ime be pro~ ided for  p [lo t s  t o  resolve ’  t h e

co I I t s  ion h i . i -za rd he fore  IPC comma nd s appear (Re’ I . I • p 2 _ 9)  . ‘l’li is  e ’nab i t ’ s

p i l o t s  to maneuver  accord itig to the i t  own w [she’s r ath e  i i_ han  he’ lu g to Id how

to maneuv er  by t I m e  s v 51 e’mmi . I f  the p i l t I  I chooses not  to  fli,lmietive ’ r , t he’ I”l’W I

w i  I I at I en st p r e p a re  Iii mmm for prons p I e ’xe. ’t t t  I on of n i m y  u ’OHiflI;i m i t t s  wt i  I t ’hl  ;ippe ’ml r

(Ret. 7, p. 2— !).

1~ ~2 Commands

‘I’w s  t vpe s  of [PC ‘ommands arc ’ t o s s  l b  I t ’ : mio gn I Iwo ( ‘‘d ‘is ‘I ‘‘ ) command s and

pos i t  I we ( ‘‘ tb ’’) c’ommanei s . N egat  [ye commands ti c disp layed by I ighi t Lug a reel

‘‘X’’ at  I iii ’ ~os it ion  co i-r espond lug  t o  omit ’ ol t h e ’  f o u r  p () m4 t-; i i )  I i ’ mmt l iCt i V ei ’  d I roe—

I Ions . They Ins t  rue t thu pb lot not to inn msc’tm vt ’m I is the ’ I msd i on  ted d l  r et ’ t i o n .

1,8 
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They are issued when cu r ren t  a i r c r a f t  t r a j ector ies  are safe  but  a maneuver

by e i t h e r  p i l o t  would create an immediate  co l l i s ion  th rea t  and lead to an

immed iate posit ive command ( R e f .  1, p 2 — 9 ) .  Posi t ive commands are disp layed

by li ghting a green arrow . They are issued when a con f l i c t  has become c r i t ica l

and actions are required immediately to assure safety (Ref. 1, p. 2—8).

They are selected to achieve the greates t  physical  separa t ion  between a i r c r a f t

( R e f .  1, p .  2—8) . They are also selected to provide maximum s epa ra t i on  even

if one of the a i r c r a f t  f a i l s  to respond ( R e f .  1, p .  2 — 2 4 ) .  The command

may not be consis tent  wi th  pi lot  desires , but  the urgency of the c o l l i s i o n

th rea t  j u s t i f i e s  over r id ing  his concerns ( R e f .  1, p .  2 — 8 ) .  Even th ough

indiv idua l  posi t ive  commands may inconvenience the p i lo t , t h e i r  frequency w i ll

be low enough to prevent serious d i s rup t io ts  of his  t o t a l  f l i ght  oH e c t i ve s

( R e f .  1, p. 2—8) . In order to achieve a low command rate , commands arc

delayed as long as possible in order to allow add i t i ona l  t intc fo r  the  s i t u a —

t ion ro resolve itself without IPC intervention (Ref. 1, p. 2—8).

When a p o s i t i ve  command is received the p ilot should begin executing i t

— 
Immed l a t e ly  whe the r  lie has seen the t r a f f  Ic or not (Ref. 6, p. 12) . He should

then push the acknowled gement b u t t o n  to i n d i c a t e  th a t  the  message has beets

received . The p ilot should maneuver in the m d  t ented  d i r e c t i o n  t in t  i i  t h e

command symbol is extinguished . He should t u r n  w i t h  a t  least  20 degre’es of

bank and c l imb or descend w i t h  a r a t e  of at least 1000 feet per minute (if

p o s s i b l e ’) .  Hi gher rates of maneuver w i l l  provide  an e x t r a  marg in of s a f e ty

(Ref. 6, p. 12—14). Command s arc m a n d a t o ry . IFR pilots must c o m p ly  w i t h

- m  
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command ; even i f  i t  means dev ia t  l m m g  I t  elm t I m e  Ir  I’ I ,‘mit ’ mmnt c’ (k i t . 6, p . 18) . If

a p i l o t  cannot  c omply f u l l y  wi th  a c ommand to maneuver In a certain direc t ion

(e.g., if he Es VFR and the maneuver would carry h im Into a cloud), then lie

should t ’onsp l v to the extent pract feebl e . lie Is free to  maneuver In amsv

maneuver plane itt which commands do not exi st • hut he should not attempt to

resolve the hiazat’d by maneuvering In a dli ’ectl on opposite t o  existing command s

(Ref. 6. p. IS). To emphasize that a pilot should not maneuver contrary to

a posit lye  command , a red “X” in the pos i t  b e t  opposite the green arrow is pro-

vided whm enev es’ a green arrow appears.

2 . 1 . 3  ATC In t e r f a ce

In encounters I nvolving one ui inure controlled aircraft, the air traff It ,

controller who is responsible for the controlled aircraft is alerted to the’

possible collision at a tau value of 120 seconds. This c’ontroller alert w ill

generally appear before any IPC messages have been sent to the aircraft ,

although in c ases of low closure rate ordinary PWI may have already been issued

(Ref. I • p .  2 — 1 2 ) .  IPC thresholds for  IFR and VFR aircraft differ so t b - i t In

IFR/VFR encou nters the VFR aircraft resolve’s i ’ontmnnnds first ~o that t h e  c i i -

counter e’an be resolved by his maneuver done. The’ IFR  a i r c r a ft  r a re l y

receives either posit ive or negative ’ eomniands I n  st~c hm eases (Ret. I , 
~‘
. 2 — .’ )

The controller is n o t i f ie d  of a l l  commands i s m o i ’d to  c i -  i s s u e d  bee’au ’4. ’ 1 ’t

a i r c r a f t  under his c o n t r o l  . Any commands m equ I red fo r  an I FR mm t r o t  , m t

equipped only w i t h  a Mode—C ATCRBS t r a n sp o n d e r  t~ mn he’ d i s p l ay e d  to  [lie

20
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controller and relayed on the voice channe l (Ref. 1, p. 2—26). IPC thresholds

are such t h a t  p o s i t i v e  commands are not generated unless v io la t ion  of ATC

standards has already occurred or is virtually certain to occur . It is not

the i n t e n t i o n  of IPC to prevent violation of IFR separation standards (Ref.

1 , ~~~. 2—19). No specific provision is made for cancellation of commands by

the  con t ro l l e r  or fo r  o ther  controller in teract ion wi th  the a lgo r i thmic  log ic.

The controller can generally avoid IPC commands between two controlled

aircraft by simply maintaining normal ATC separation standards ( R ef .  1, p.  2—19 ) .

2.2 The IPC Test Bed Algorithm

The presentation of test results requires frequent reference to particular

sections of the IPC computer algorithm. Although changes to the algorithm

were made during testing (see Section 3.3), the basic structure of the

a l g o r i t h m  was not s i gn i f i c an t ly altered . The da ta  inputs  to the a lgor i thm

are the DABS posit ion reports  and DABS downlink messages. The basic struc—

tu re  of the logic is exhibited in Table 2.1 in the order in which log ic modules

are normally entered in processing a single encounter on a given scan.

All Mode—C equipped aircraft are tracked and subjected to coarse screen-

ing. Aircraft pairs which are identified by coarse screening are subjected to

- - detection . The detection logic determines the types of IPC messages (controller

alerts , OPWI, FPWI, or commands) which are justified by the current trajectories.

If commands are requested , a record of IPC activity is begun and carried from

scan to scan . The resolution logic generates and updates IPC commands. The

actions of the resolution logic depend upon previous algorithm states as well

21
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as the autput of the detection logic . The resolution processing is done in a

striLtly pairwise manner — each pair of aircraft is full y processed before the

next pair is considered .

22 
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TABLE 2— J ,

MAJOR SECTIONS OF 1PC TEST BED ALGORITHM

ALGORITHM SECTION FUNCTION

Tracking Estimate current aircraft positions and
velocities.

Coarse Screening Identify all pairs of aircraft which may
pose potentia l hazard to each other .

‘hreshold Selection Select tau and miss d is tance  th resho lds  to
be used for a particular pair of aircraft.

tetection Filter Determine whether PWI or commands should be
sent to each aircraft. Determine whether
OPWI or FPWI is required . Determine
whether controller alert is to be sent .

esolution
*

2/3 Logic Decide if command request is persistent
(2 out of 3 scans).

Command Selection Logic Determine plane and directions of commands.

Positive/Negative Transi— Transition from positive to negative corn—
tion Logic mands and vice—versa.

Compliance Logic Determine if VFR aircraft is in compliance
and alter strategy if not.

Acknowledgement Logic Determine if aircraft have acknowledged
commands and issue additional commands
if not.

Althoug h it is structurally part of the  r e s o l u t i o n  log ic , the  2 / i  log ic  i s
functionally an extension of the detection filtering criter ia . 

~~~~~~~ , , ~~~~~~~~~ 
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3. FLIGHT TEST OVERVIEW

The IPC flight test plan (Ref. 4) contains descriptions of the basic test

facilities and test methodology . Section 3.1 and 3.2 which follow present a

brief review and update of those descriptions . Section 3.3 presents a sutm~tary

of flight test activities and documentation .

3.1 -Test Facilities

The IPC flight tests were conducted at the Discrete Address Beacon System

Experimental Facility (DAZSEF) operated by M.I.T. Lincoln Laboratory , Lexington ,

Massachusetts.

3.1.1 Ground Facilities

DABSEF contains an experimental DABS mnonopulse sensor which provides DABS

and ATCRBS surveillance reports at an update rate of once every four seconds.

The IPC algorithms reside in the DABS sensor real time control computer , a

systems Engineering Laboratories SEL—86 (Fig. 3—1), During each mission,

surveillance reports are displayed upon a TPX—42 traffic situation display

(Fig. 3—2). Two cockpit display monitors, identical to the IPC display units

mounted in the aircraft , display the IPC messages for the current scan. IPC

algorithm computations are simultaneously displayed upon a CRT conflict display.

An intercept control algorithm resident in the SEL—86 provides intercept

information to the test aircraft cockpit via the DAB S uplink, and is also

presented alphanumerically on the SEL real time display . All significant

DABS/IPC link activity and algorithm computations are recorded on magnetic

tape for post—flight analysis , and all voice communications with the pilots

24
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Fig.3—2. Operator stations in DABSEF Mission Control Room .
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are recorded on aud io tape .  T h i s  aud io tape  can be synchron ized  later with a

~
i l ayback  o I t he  d i g I t a l  dmi ta t apt ’s Lu order  to rec reate  the  c o n t r o l  room s A tua —

t ions observed d u r i n g  the  miss ion .

3.1.2 Test A i r c r a f t

The t e s t  program utilized primari ly sing le eng ine genera l  a v i a t i o n  , m c r c r , n t *.

A Cherokee Six or mm Beech Bonanza F’ —33 was employed as the i n t e r cep t or  airc raft.

A Cherokee 180 or Cessna 172 was normally used as a drone . The h i g h e r  available

speed of the interceptor aircraft allowed it to more readily achieve posi-

tions required for successful intercepts. Many of the subject pilots were

unfamiliar with the constant speed/variable pitch propeller of the Cherokee

Six and were more comfortable flying the lower performance aircraft.

The test aircraft were equipped with a DABS transponder , an IPC display and

a standard ATCRBS transponder (Fig. 3—3). RNAV was installed so that th e planned

intercepts could be conduc ted at selected waypoints independent of the VOR mind

Victor route airways. The VHF communication system was modified to  allow inde-

pendent transmit/receive operations at either the pilot or co—p ilot positions .

An alphanumeric display was installed to provide the interceptor with intercept

information as computed by a special purpose intercept control algorithm. The

intercept technique developed for use with this disp lay Is discussed in See—

t ion 3.2. The test aircraft were also instrumented to downlink on the DABS

data link certain aircraft mm tt itud e information from special on—board  sensors .

*A Lockheed C—l40 Jet Star was utilized in a sing le mission to i n v e s t i g a te
the feasibility ot  conducting higher speed intercepts. 

- 
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Fig.3—3. Cherokee Six cockpit as configured for IPC flight tests.
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The equ ipment  w~c i c h  p er m i t t e d  d own l t nk i n g  t h i s  in fo rmat ion  was called the

Readout of A i r cr a~ ~ t a t e  (RAS)  s y st e m . The spec ial DABS a~’ t on i c s  p~m e k ago  is

sketched in Fig. 3 — 4 .  Aircraft were equipped with strobe lights w h i c h  were

ope r~it lye  at .m ii times .

1 . 1 .2. 1 D at a  R e d uc t  ton Capabilities

A set of software •wa [vs is  rou t ines  ~, F i g .  3 — 5 )  d tc  used f o l l o w i n g  a at i s s  ion

to process  the  recorded data In o r d e r  t o  Dr oduc e  p lots  and t abu la t ed  r e s u l t s

fo r  each conflict situation. These outputs are  ava i l ab l e  a f t e r  a miss ion  and

,ire used in debriefing the pilots. Mission da ta  summaries art ’ comp iled to pro—

v ide a record  of each encounter f l own  on a scan by sc•iii b ,i s  i s .  The da ta  base

c.mp •tb II i tv  p rovides  f o r  the s t o r ag e  and retrieval of selected information

on each encounter. Data is ava Liable t or a ll encounters ft ow~ dur  Lug t he

f l i gh t  t es t  program . The da ta  inc hides In f o r m a t i o n  on p i l o t  li i stotv • m i s s  io n

l og .  t r a c k i n g  and IPC a l g o r i t h m  var  iable  v a l u e s  during an encount e i  . The

~I, i t , t  f f lmlV be p l o t  ted On a CR1 g r a p h i c s  t er m i n a l  and reta [ned as h a r d — c o p y

o u t p u t

3 . _ ~ lest M et h o d o l o g y

3 . 2 . 1  Il’C F l i g ht l o s t  M i s s  ions

l ’hmr ee t vpes of 1 PC I I tg hm t Ce’s I m i s s  i omis  ~,
‘ t ’ I L ’ 1 1 own . M i s s  ions  i I I V O  Iv  i ug

t e s t  p i i  ots I Iv  ing bo th  t e s t  •t Ire r a t  t W ere  scheduled to  e’XC cc i s o  I PC log ic

w i t h  p r e — d e t e r m i n e d  app  roach pt thi s .mnd p £ l ot resp onses . These ni i ss ions we t

d es i gn •t  ted va l i d  at  ion in I ss ions . l’lie’ ~‘ pro\ ’ i dod va luab lo i us i gh t Into t he be —

haV b r  ot the’ log ic ,, ~i ud a ~ I owed i n v e s t  i ga t i on  o f  ma mw log ic i~ rob I em a i’e.ms i n

w h i ch  .‘st lug with suhiect p ilots was not Idvis.kbIe . ‘I’lie v.ml i d , m t  ion  t e st s
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Fig.3—4. Special DABS avionics for IPC, intercept control ,
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and data collection.
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1
~ basis of the IPC flight test interim report (Ref. 5).

Later tests involving a wide cross section of general aviation pilots were

scheduled to determine pilot reaction to IPC. In addition to the normal

data gathering mission, IPC demonstration missions were scheduled on an ad hoc

basis for aviation community visitors who were concerned with IPC development

and implementation. These individuals either piloted the drone (while accom-

panied by a test pilot) or flew as observers. These missions generally

utilized an abbreviated flight plan. Encounters planned for these missions

were typically those for which IPC behavior was fully understood .

Each IPC flight test mission consisted of a number of planned near—miss

encounters involving the two test aircraft. Two missions per week of two

hour duration were scheduled . Subject pilot encounters were scheduled to occur

at an average rate of once every 10 minutes. During validation missions , where

pilot reaction was not the prime objective , encounters were flown at the rate

of one every 5 minutes. Random unplanned encounters between one or both of

the test aircraft occurred occasionally due to itinerant ATCRBS Mode C air-

craft in the test area .

3.2.3 Encounter Planning and Intercept Control

The ability to control the characteristics of IPC encounters was required

in order to ensure testing of a variety of encounter situations and to of-

ficiently reproduce situations for which a greater quantity of data was

desired . Certain variables were either not under test contro l or could not

readily be included In test planning. Table 3—I lists planned and unplanned

32
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TABLE 3—1

IPC ENCOUNTER VARIABLES

Planned : unpiannea :

Flight rules (IFR,VFR) Subject pilot response

Equipment (DABS, ATCRBS) Itinerant ATCRBS traffic

Aircraft type (high wing, low wing) Visibility

Speeds

Crossing Angle

Miss Distance

Approach Type (straight & level ,

turning , climbing ,

descending)

Test pilot response

TABLE 3-2

IPC FLIGHT TEST PROGRAM STATISTICS
MARCH 1975 — FEBRUARY 1977

Missions 132 Total Pilots 79 Total

Validation 61 Test 5

Demonstration 20 Demonstration 17

Subject pilot 43 Subject 57

ENCOUNTERS 1603 Total

Planned 1419
Unplanned 184
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encouter variables. It should be noted that when aircraft were designated

as IFR. they were in reality being flown as VFR by a test pilot and were

not under control by an ATC facility . The IPC algorithm however treated them

as if they were truly IFR.

It was found early in the testing that the degree of precision required

in order to conduct intercepts which consistently resulted in near—miss

approaches was not easily obtainable. One reason for this is that it is

unacceptable for aircraft to continue to make course corrections until IPC

commands appear since these corrections induce tracking lag and do not allow

characterization of IPC performance for typical non—turning encounters. To

test non—turning performance, aircraft must be stabilized on appropriate

courses several scans before the IPC logic begins to alarm. Navigation by

landmarks or VOR ’s proved inadequate to achieve the desired intercept pre—

cision. A control procedure was adopted which required the drone to fly a

given path while the interceptor was provided intercept data based upon DABS

position reports. This data included the drone altitude , relative bearing,

and the heading correction required to achieve a zero miss distance intercept.

This information was transmitted automatically over the DABS data link and

displayed to the interceptor pilot on an alphanumeric intercept control dis—

play . This control technique proved to be highly effective .

3.2.4 Subject Pilot Methodology

In order to obtain valid insight into pilot response to IPC, a variety

of general aviation pilots were selected to serve as test subjects. The DOT

34
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Transportation Systems Center provided a list of pilots who had served as sub-

jects in a previous simulation study of PWI. This list was augmented by other

pilots referred by various sources. A few pilots were air carrier or military

professionals who flew general aviation aircraft only for pleasure. Selected

pilots who accepted the invitation to participate were given an indoctrination

lecture on IPC and the flight test program . They were given literature

prepared specifically for pilots (Ref. 6). The literature covered the conduct

of the tests and the role the prospec tive subject pilot was expected to play .

Initially check flights in the instrumented test aircraft were given the sub-

jects to familiarize them with the aircraft , their expected duties and what

to expect from IPC . It was later decided these check flights were unnecessary

so long as care was taken that pilots fly only aircraft types with which they

were familiar. Two pilots were scheduled to fly on a given day . A pre—briefing

was given to review the literature distributed during the indoctrination

lecture. For most missions this briefing was conducted by the MITRE Corpora-

tion representative who had authored the IPC Pilots Handbook (Ref. 6). An

IPC cockpit display was exercised with manually controlled inputs to familia-

rize the pilots with the visual and aural alarms they would receive in the

cockpit.

The typical subject pilot mission consisted of two separate flights. The

first involved one subject pilot flying a high—wing aircraft for an hour . The

second involved the other subject flying a low—wing aircraft for the next

hour. The drone aircraft piloted by a subject always carried a test pilot in
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the right seat. The interceptor was flown by a test pilot with an

observer in the right seat. The encounters flown were selected to provide

the subject pilot with a range of typical conflict conditions . The subject

pilot ’s workload was comparable to the normal workload except for the addition

of the IPC display functions . The subject flew a pre—briefed course, changing

headings and altitudes according to a pre—arranged plan . A monitor on the

ground was in voice contact with the subject recording comments and reaction to

each of the IPC stimulae. The subject was encouraged to discuss each situation

throughout the encounter. This aided the pilot later In recalling each en-

counter since his memory could be stimulated by the phrases and descriptions

used at the time of the event, As one subject pilot returned to base, a

• head—on intercept with the other subject aircraft was usually staged without

either subject pilot being forwarned . Following each mission the pilots were

debriefed . They were encouraged to expand on their airborne comments and

discuss each situation in detail. Plots and data for each encounter were

used as needed to refresh the pilot ’s memory and clarify comments. Pilots

were given questionnaices to fill out and return by mall in order to obtain

their final overall reaction to the IPC flight test experience .

3.3 Test Activity Summary

3.3.1 Encounter Statistics

Over 80 pilots participated in the evaluation of IPC as test ,

demonstration or subject pilots (Table 3—2). The 132 missions include over
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1600 conflict situations . About 10 percent of the encounters were unplanned ,

occurring as one or both of the test aircraft encountered itinerant ATCRBS

aircraft.

It was important to explore in the flight test program the impact that

varying transponder equipage and flight rules had on the conflict resolution.

The algorithm sets thresholds and varies resolution s t r a t egy  on this  basis.

The ma jo r i t y  of planned encounters involved two DABS equipped aircraft (Fig. 3—6).

The unplanned encounters were of special interest since they were unstaged and

sometimes involved air carrier or military aircraft.

3.3.2 [PC Algorithm Revisions

The IPC algorithms underwent a number of revisions during the two year

f l i ght  test program (see Table 3—3) . These revisions took the form of changes

to the logic to correct faults which prevented the logic f r o m  f u n c t i o n in g

as specified b y the IPC concept (ex. M—S l , M—S 12 , and M — S l 5 ) .  Some revis ions

were intended to resolve design problems identified during flight testing

(ex . M— S7 , L— S l , and L—S2) . None of these revisions cons t i tu ted  a fundamen ta l

change in the orginal concept or design. The number of missions flown with

each version Is indicated in Table 3—4 .
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Fig. 3—6. Characteristics of the IPC encounters for which data

was collected.
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TABLE 3-3

REVISIONS OF THE IPC TEST BED ALGORITHM

Algorithm Test Change Major Revisions
Version Algorithm Proposal Incorporated in Version

Designation Designation

0 LTAC—O None (initial shake~1own version)

L’fAC—l Linked list coarse screening technique .

Minimum 2 mile PUl range threshold to
- • alleviate wind effects on threshold .

DOT test to drop commands sooner.

Modified tau (TH) to achieve more
uniform rate of tau decrease.

Command selection Rule C to avoid
ineffective Rule A commands.

Separate maximum firmness level for
vertical tracking to increase respon-
siveness of tracker.

2 LTAC—2 M—Sl Reduce false alarms — unnecessary
commands, flashing PWI ’s and controller
alerts .

M—S2 Eliminate commands dropping before
resolution complete.

M—S3 Commands computed for IFR aircraft and
delivery delayed .

M—S5 Eliminate acknowledgement test for VFR
ATCRBS .

3 LTAC—3 H—Sb Revise IFR/VFR logic to reduce unaccep-
table number of imsitive commands to IF)

M— S7 Reduce number of positive commands when
a vertical rate is present.

Eliminate vertical chase problem with
ATCRBS/DABS encounters.
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TABLE 3—3 (Continued)

ilgortthm Test Change Major Revisions
Versions Algorithm Proposal Incorporated in Version

Des ignat ion

4 LTAC—4 M—S12 Reduce number of controller alerts
for IFR/VFR encounters .

M—Sl5 Reduce undesirable positive commands
due to vertical velocity jitter.

M— S16 Reduce number of positive commands by
givi ng negatives whenever situation
di c ta tes .

L-Sl P rovide additional command to DABS iii
DABS/ATCR BS when DAB S does not ackno w—
ledge .

L—S 2 Ins tall general pu rpose audio a larm.

— S LTAC —5 FA,A—E M -- 74— 4 Ineorpora t eds all the previous
Rev 2 (single revisions in a single volume .
Si te  Version)
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TABLE 3—4

CLASSIFICATION OF IPC FLIGHT TEST MISSIONS

rLOwN WITH EACH VERSION OF ALGORITHM

March 1975 - Februa ry 1977

I PC
Algo rithm Subjec t Miss ions
Version Va lidation Demonstration Pilot Tota l

-1 1 30 9 14 53
2 

- 

1 1 3 5
3 7 4 8 19
4 9 8 18 35
5 13 4 1 18

60 26 44 130
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4 .  AU;ORITHM VALIDATION

The al g o r i t h m  log ic which  evaluates  co l l i s ion  t h r e a t s  and se lec ts

avoidance messages is a critical element of the IPC design . This log ic must

provide e f f e c t i v e  p r o t e c t i o n  over a wide range of encounte r  s i t u a t i o n s . It s

success rate must be high , since pilot acceptance of the system will be

adversely affected if the logic fails to provide acceptable resu l t s  in a

noticeable number of cases. In this section we will address the ability of the

IPC logic to achieve its stated control objectives of assuring safe separation

with minimum disruption of normal fl ight. Logic validation issues were

investigated primarily in flights involving test pilots who were instructed

to obey IPC commands. The tendency for the instructions of the IPC system

to c o n f l i c t  s trongly with the desires of subject  p i lo ts , and the possible

compromise of the control s t rategy by the pilots ’ refusal to comply, are

topics which are addressed in the section on pi lot  u t i l i z a t i o n  (Sect ion 5) .

The performance of the IPC system varies grea t ly  with the dynamics of the

encounter. Diagr’osis of this behavior and generalization from specific

encounters ~~~~~ as a sound understanding of collision avoidance dynamics.

This is especia ‘-“ true when the question at hand involves two or three

dimensions rather than just one. For these reasons a technique for the

analysis of the relative motion of aircraft was developed and it has proven

to be very useful in interpretation of test results. An introduction to the

terminology employed in the analysis is provided in Figs . 4—1 and 4—2.
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R el a ti ve  Mo t i on  — The c o l l i s i o n  avo tUarLe e  p rob lem is fo rmula ted  in te rms  of a

dynamic  s v s t c m  wh ich de s cr ib e s  low l i r c r a f t  move r e l a t i v e  to each o the r .

State Variables — H o r i .~o r t t a l  r e l . i r iv c  m o t i o n  is descr ibed in te rms  of f i v e  s t a t

variab les: h orizontal range (r) between a ircraft , the relative bearing (d ~

and r ,) of each air craft f rom the other , and the airspeeds (V
1 

and V ,) u i  each

a i r c r a f t .  Bearing is measured positive clockwise from the velocity vector

of the aircraft of interest. It is expressed as a number beween _ lSO O and

+1800. These variables are depic ted in Fig. 4—2.

Normaliza tion — For plotting purposes it is convenient to express distances

as a frac t ion of range and velocities as a fraction of V
1 
(the airspeed of the

fas ter aircraft). Times will be expressed in units of n V
1
.

S~peed Ra tio — The speed ratio is the ratio of the airspeed of the slower

aircraf t to that of the faster. (e.g., V ,/V 1
).

Na tural Motion — Refers to the typo of motion which results from unacce lerated

(rec tilinear) flight.

gned) Miss ‘)is tance , m — The miss distan ce , Ml), used in IPC is the minim um

rang e which ~ould result from pure natural motion projected forward or back—

ward I r on  the current time. For anal y tic a l purposes it is convenie nt to de-

f ine -l signed miss dis tance , m , whose magni tude is the same as MD , but  whose

si gn is positive if the range vector is rotating c1ock~sise and ncgativc i f  the

range vector is ro tating counter clockwise.

Forced Motion — Forced motion is the tYpe of motion which would resu lt from au

i n s t a n t a n e o u s  change  in head ing  ( t h u s  produc ing a corresponding i n s t a n t a ne o u s

change in bearing). In Appendix A it is shown that a c t u a l  a i r c r a f t  t r aj o c t o r i c

~an be re oresented as a combination of natural and fo rced  m o ti o n .

Fig. 4—1. Synopsis , relative notion analysis technique .
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I ATc -85(4-2 1

r RANGE
I 

‘ BEARING SEEN FROM AIRCRAFT 1
BEARING SEEN FROM AiRCRA FT 2

V 1 AIRSPEED OF AIRCRAFT 1
V2 ‘ AIRSPEED OF AIRCRAFT 2

V2

H
- 

r 

A IRCRAFT 2

AIRCRAFT 1

Fig.4—2. Variables utilized In relative motion analysis .
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A m or e  ~-omplcte ~1iscus ston of t he  t e c h n i q ue  i s  provided in A p p en d i x  A.  I t  is

recommended t hat  t h e  reader  d e s i r i n g  f u l l  u n d e r s t a n d i n g  of the  methods by w h i c h

IPC has been analyzed consult this appendix when necessary while reading the

rema i nd er  ot Soc t ion 4 .

—i. I ‘r r a j e L ~t o r v  E s t i m a t io n

.- \ c c i i r i t e  est im: it e s  of aircraft p o s i t  ions and veloc it ics are required in

order for a cia Ill s ion a v o i d a n ce  svs tern to func t ion  el t cc t i v e  lv  . ‘the 1 Pt ’

Svslcri bases its est imation of these  t r a~ e ct o r v  var tables upon l)AB S po~ i t  ion

reports which are received at the  nominal  r a t e  01 once ever~’ ~ s ec o nd s .

These  r e p o r t s  prov ide the  range and ic irnuth of the aircraft relat ly e  to  t he

I)ABS sensor and provide the  a i  re ra~ t ha rome t r  ic a i t  i tude  as en coded by t h e

aircraft alt imeter . Hi gher der i v a t  i vos  01 p o s i t i o n  ( i .e . , ye i oc i t i e s  and

i~ ’~’c l e t ’ u t  ions) must be inferred fr om i ’hserva t ion of rh o  t ime h i s t o ry  of posi-

t ion reports .  The p o r t i on  ot  the  ~i 1 gor i t h r n  w h i c h  est  i mat e s  i i  r cr a t  t

t ra jec tor ies  is called the  IPC t r a c k e r .  The t i n i t e  I 1AbS d a t a  r a t e  and t h e

inherent  errors or u n c e r t a i n t i e s  in the  DAL1 S p os i ti on  r e p or t s  I u n i t  t h e

~~~~~ ~tracy w i th  wh to a i rc ra  f t  t ra~ eL t o r i e s  can be d ot  e rrn i ned . A f u r t h e r

l imitat ion arises because the tracker des ign  mus t  be based upon .i s i m p i  i f  ied

model of a i r er a  f t  dynamic ~ . The I PC t r ae  ke r is  des i gned 10 m i n i m  i ‘- ‘ t lie e t I c t s

of random J : i  t a er r or s  and to  accommoda t o  t vp ica 1 a i rc r a f t  dvnani ic s . The

performance f i gures for  h o r i z o n t a l  t r a ck i n g  are  l a r g e  lv  based upon Re I ’ . I I

and the reader is r e f e r r e d  to t h a t  documen t  for  fu r t h e r  d e t a i l .
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j 4 . 1.1 Tralectorv Est Imatlon With N omin I I Survel I l an e Qui:il I t v

I)I s~~ ipti23 ~ _J!~ Tracking Algorithm

The IPC tracking algorithm is basically a low gain a—~ tracker with a

t u r n  detection and correction mechanism . The low value of 13 (0 .1)  p rovides

heavy suppression of scan—to—scan measurement jitter during straight—line

flig ht. In order to prevent the excessive heading lag which such heavy

smoothing would normally engender during turns , the turn correction mechanism

adds heading corrections which force the head ing in the direction of detected

turns. Turns are detected by noting devi.-itions of a i r c r a f t  r epor t s  f rom the

predic ted flight path.

Nominal_Track &Performance

The performance  of the  t racker depends upon (1) t he  nature of errors

in the position measurements , and (2) the acceleration history of the air—

craft being tracked . The position measurement errors which are most signi fi—

- ‘ . cant to IPC are those which vary from scan to scan and thus indace errors

in the velocity estimates. Nominal magnitudes of these errors at DABSEF

are approximately 15 feet (lo) in range and .05 degrees (la) in azimuth. For

aircraft in straight line flight these accuracies allow the current IPC tracker

to estimate head ing with an error of 3 degrees (lo) and speed with an error

of 2 knots (lo). These accuracies are more than adequate for collision

avoidance purposes.

The accuracy of heading estimates during turns is a function of aircraft

speed , turn rate , and the ability of the tracker to promptly and consistently

d e cl ar e  t u r n s .  At t y p i c a l  tu rn  r at e s  ( ‘ 3 — 5 deg / see)  , h e a d i n g  errors of 30 or

40 degrees are  to be expected . The impac t of these  e r rors  upon IPC p e r f o r m —

;ince is discussed in Section 4.5.
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P u t  l u g  .i tur n t i l t ’  t r a c k er  t e n d s  t o  u n d e r e s t i m a t e  aircr a ft speed. At

I u i -n  i t  t e n  ot a — ‘ u i I e p / ~ i~ ’ t h e  speed e r ro r  i s  t v p  I c i i  Iv I 5~. 01 th e a t  i’cral I

I ot  a t  speed

l’urn ~)et  o c t  ion I ’ a f l u  no

in  o rder  to  pr~ von t  f a l s e  turn dec i m a t  ions due t o  It t en  e r ror  i n

~~05 t j o u t  r n o a s i t r t’mefl I • t t i e  t u r n  iIe t ee L  b i t  t I tr e s l io l d  s a no ad lus t ed In at -co rdance

*
w i  tlt t t- i~-k I tt ’miiness and expected cross—-tr ack measut etuin t a~’~ l lt;ic v .

longer tangos these t h t t e s t t o  Id 5 Ithi\ ’  I tic re;i no to a s I gull I cant I t’ ac t I on ol

li e t u t u  t~ i~I It of slower  a ire ra I t . Whe n t I~ Is happens , l urns can rem i lii

tiuti et eel e~I t i t it  11 i t  to  r a I rc r a f t  have  turned ~O
0 

or more I t o r n  t h e i r  I n i t  I a I

head tugs. Head lug e r ror s  of t h i s  magnitude prev ent the i ro s s — t rack t i -nt

o t the turn d ot e~’ I ion log  I& I ron func t t o n i n g  p r op er  I \‘ si flct’ t lie en t iota I

o ross—t r i c k  d I F e e t  ion Is gross lv in [sa l I gned w t t Ii respec t  t o  t he :101 ua 1 c io n s—

t rack I t  r o o t  Ion. In some f t  i ght  t e s t  eni’o i u i t or n  head I t i g  e r r o r s  01 1 20 ° m d

.i  i r  speed ct-rot-s t u 1 2 / I ic t na I a I rspeed Wi ’ no  ohs~’ rved (see i- X iflh i~ I i ’ I :\ i’ ‘i -nd i \

P h  . ‘these d l i  I ( c i t  i t  los ma y be amen:tb 1 e I t ’ nol i t t  ion by a l l  owl  n~ lie t t ic ket - to

t’eco~~t l I c when t u t ’t i  Jet ic t. ton i s  I I k e )  v t o  I t  I 1 and t o  I t i c i t m n e  t r ack  l u g  p -i I n s

. t t t ’Ot’ (l I ii~ l v .

W I nil I-: i f oct

ulie I PC t l . i ~ k I ug i l  i~o r i  thrn does not take w I tid I ut  o account  in  i’St I n i t  I i i

m l  1 ¼  r a t  t h ead t u g s  and .m rsj’etds . Al I vt lee i t los are est  I mat  iii i. m t lt  t ’ t - n l ’ I t -

*‘l’hi e t i- it -k I t ip  g.i f i t s  to ‘w used at e spec I t  led lii t e m s  t ’  I :1 I I n at i o n s  l .v t I
The I I rmuess ltv ~ I is  i t

’ t ine t ion ot t lit ’ roe out Ii 1st orv of sitI - 
~
- .-sst iii i ~poi I —

— I r h -k Ot ’ r r t ’ 1:i I I ens

- I l
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N - -4ensor as ground r e f e r ence . When the  ai r : i ~~n -  in w h i c h  t h e  air cra ft

arc f1~~ing is in motion , the velocity of the a i r c ra f t  w i t h  respec t  to the

ground may d i f f e r  sig n i f i c a n t l y  f r o m  the a i rspeed . I f  it is assumed that each

ai rcraft is subject to the same wind , then all relative motion quantities which

depend only upon distances and the velocity differences (e.g., tau and miss

distanci-) will be unaffected by the  w i n d .  But o t h e r  q u a n t i t i e s  will be mod itied

by wind ( e . g . ,  crossing ang le , speeds , t ime to path crossing). For s lower

aircraft flying in strong winds the errors in estimating these latter quantities

can be s i g n i f i c a n t .  Consider fo r  i n s t a n c e  two 100 knot  a i r c r a f t , one f ly ing

parallel and ‘ti c flying anti—paralle ’ to a 40 knot wind . The actua l airspeed

ratio is unity while the tracked speed ratio (i.e., groundspeed ratio) Is

140/60 — 2.3. Depending on magnitude and orientation , wind can change the

value of warning thresholds, the choice of maneuver plane , and the direc t ions

of horizontal commands. Wind has been observed to aggravate the problem of

tracking turning aircraft since aircraft turning downwind seem to increase

speed while those turning into the wind seem to decrease speed . One algori thm

modification to decrease sensitivity to wind was made during flight tests. The

Version 0 algorithm had an OPWI threshold that was a function of squared

speeds. It was discovered that when two slower aircraft were flying into

strong headwinds their low observed speeds resulted in late issuance of OPWI.

For this reason the algorithm was modified to issue OPWI ’s whenever r it- Ipt -

decreased below 2 mi les .

I t  is recommended tha t  the a b i l i ty  to s t u d y  w i n d  o t  fects he inc l uded In

future IPC simulation efforts and that the t’ etsihll it v of making wind i’orrt -c—

tions to velocity estimates be cons idered .
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p
4 . I . 2 Obsi r’~ ed l- t 1 o c t  S of  S u r vt  I I I  inc  i A n o m a l i e s

Fl i p u t  tests have r evea led  c e r t a i n  e r r o r s  w h i c h  have rece ived  l i t t l e

a t t e n t i o n  in LI 1C sys tem design , h u t  which can adverse l y a f f e c t  performanc e .

these  e r r o r  sources are I i sted here so that future system development i~~tit

proceed in  awareness  of t h e i r  e x i s t e n ce .

¼\ z I mu t h Anoma ii CS

The iccur :m cv of the a i r c r a f t  a z i m u t h  m easu remen t  i :tii be - t f  f e c  ted by

c o n d i t i o n s  w h i c h  ar ise i n t e r m i t t e n t l y  on isolated scans ( e . g .  , asynchronous

interference). One often observes a sequence of many scans of hi ghly

accurate azimuth reports which contain an isolated anomaly corresponding

to a s u b s t a n t i a l  measurement  e r ro r .  This  anomaly can perturb the track signit—

icantiv and the  perturbation may require several scans to subside. The - i — ~ ’

smoothing technique is well suited for suppression of errors which ire scan—

wise independent but ‘is less well suited for suppressing the e f f e c t  of isolated

anomalies . :\ i-;ircful iy designed outi icr ri j e c t  ion sch eme based on :mcccl e m i t  i on

reasonableness should be imp lemented to imp rove p e r f o r m a n c e  in this a r e a .

Diffraction Effects Near Obstacles

ATC beacon radars  est imate  t a r g e t  a z i m u t h  by d e t e r m i n i n g  the  o r i e n t a t i o n

of the  s igna l w av e f r o n t  of t i l e’ t : i r g et  r e p l y .  Phenomen a w h i c h  p e r t u r b  the

w a ve f r o nt  orientation must necessaril y resu i t  in er r o r s  in target az imuthi

t im:m t o . One suc Ii per turba t ion wh be It may h t : i  Vi :i S e t i  Oils I tIll )~
U’ t it pout 1 PP

• p e r f o r m a n c e  whe n i t occurs is azimuth error due to s i g n a l d i  I f r a c t  ion ir o u n d

obst : ic  li-s. Two maj or  obs t ac les  ox 1st at h)ABSEF . T i m e  f i r s t  • an a n t e n n a  tower

is  I tn.l ted :1 t an az m o t h  removed f r o m  the  usua l I PC il l pit t t e s t  m m c i .

second , 1 li e  s m o k e s t a c k  of  the Hanse o~ F i t  I d power p lant , is 1 oc a ted be—
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twct~lt t h i t  DA RS I :F mnte nna ad the 1PC tes art-a 1 i i i  azimlit hi of 295.9
0 

anti

at  a range of about 1500 feet. Several IPC encounters which occurred at low

elevations In the vicinity of the smokestack azimuth resulted in resolution

failure due to errors in estimated azimuth. Example 2 in Appendix C is a

particularly severe case. The diffraction phenomenon is well understood from

both experimental and theoretical points of view (Ref. 8). The error is known

to vary as a function of obstacle size and dngular separation between the tar-

get and obstacle. Currently most terminal ASR ’s are sited in locations for

which diffracting obstacles are preseac on th e horizon. Aircraft flying near the

horizon and near obstacle azimuths cannot be processed by IPC in the same

manner as aircraft flying in the clear. Improved siting of DABS antennas

may go far to alleviate the diffraction prob lem at some locations , but the basi c

problem will never be completely elimitlate¼l and must be recognized in IPC

system development .

Vertical Tracking With Mlssing Reports

It was discovered in testing the Versie t 0 algorithm that tracking gains

used for horizontal tracking producei excessive lag and overshoot in vertical

tracking . Vertical tracking has no io~i~ equivalent to the turn detection

logic wh ich makes low gains tolerable for horizontal tracking . Consequently,

the Version 1 logic specifies that the firmness level for vertical tracking

is never to increase above 7. From this level even two missing replies

can cause firmness to decrease to a level t t ~ which highly erroneous altitude

rates can be induced . As an example consider .in encounter for which the init Ia

tr icked altitude rate is zero and the initial firmness level is 7. A series
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of two missed  replies reduces f i rmness  to level 3 a t  which level the t rack ing

gains a r e a = .833 and ~ = .700 . if an a l t i t u d e  repor t  which d i f fe r s  b y .~Z

100 feet  f rom the coasted a l t i t u d e  is then received , the a l t i t u d e  r a t e  is

m o d i f i e d  by

100 f t
— = 0.7  = 1050 fpmT 4 s e c

But the 100 foot  decrease in altitude may well be due to altimeter quantization

or to track coasting which occurred during the periods of missing data. Ex-

ample ‘3 of Append ix D provides a case in which a vertical climb rate of almost

1500 f pm was est imated when the a i r c r a f t  was actually slowly descenditip . if

repor ts  are uncorrelated due to e r r a t i c  a l t i m e t r y  the  errors  can be even worse.

yer tical Tracking Lag

When changes in a l t i t u d e  rate occurred , the ver t ica l  t racking  often

responded much more slowly than can be justified by smoothing considerations.

This lag could result in late commands or persistence of commands after re-

solution was assured (see Example 4 in Appendix C).

4.2 Conflict Filtering

The IPC conflict filtering logic consists of three parts: (1) coarse

screening which ident i f ies  from the t rack  f i l e  a i r c r a f t  p a i r s  which t lct \  l)e

in hazardous proximity and which should be subjected to further processing,

(2) threshold selection logic which selects cau and miss distance alarm

thresho Lds based upon the a t t r i bu t e s  of the a i r c r a f t  pair and ( 3 )  a detection

logic which tests computed de tec t ion  variables agains t  the thresholds  to

determine the type of IPC messages (OPWI , FPWJI , commands , etc.) to be issued .
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_________ 
-
~~~~~~—- .‘~~~~~ _~~~~~~~:

_ _ _ 
=,~~;.~~~=——



- iT~ T T  ~~~~~~~~~~~~~~~~ 
‘

4.2.1 Coarse Screening Logic

The coarse screening portion of the IPC logi~ is intended to identify

in a computationally efficient manner those aircraft for which IPC detection

variables (e.g., tau) are to be calculated in the alarm flag logic . The

initial IPC coarse screening algorithm utilized a sort bin technique for

screening . This method suffered from a n -ed to process a large number of

empty bins each scan. It was replaced in Version 1 by a more efficient

linked list approach. This list Is ordered according to increasing x coord i nate

and the number of entries is essentially equa l to the number of aircraft being

serviced .

During flight tests several cases were observed in which aircraft in

close proximity failed to pass coarse screening . This condition usually

arose abruptly during an encounter and resulted in IPC terminating service

at a critical moment. The source of the problem lay in the fact that the

*coarse screening algorithm searched the l I n k e d  list in one direction only

and processed aircraft according to azimuth qeccor. If two conflicting air-

craft itt adjacent sectors changed order between th e time their respective

sectors were processed then the unidirectional scan failed to detect the pa li .

In order to allow IPC testing to proc eed , time DABSEF version of the algorithm

was modified to eliminate the problem . The analogous modifications which were

specified later for Version 5 were not flight tested . ‘ 
- 

-

*This search technique provides a method of reducing the required computational
load . The algorithm can discover that airci alt A is in proximity to aircraft
B without the redundant processing associated with the discovery that aircraft
B is in proximity to aircraft A.
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4 . 2 . 2  \ l a r m  Threshold  Transitions

No documentation has been provided which exp lains the choice of each

threshold determining attribute and its corresponding threshold , but the

basic design philosophy involves increasing thresholds for attributes

which indicate greater difficulty in resolution and increasing thresholds f or

VFR aircraft in conflict with [FR aircraft. In many cases this logic produces

discontinuous jumps in threshold values even when tests are based upon con-

tinuous variables. For example , when the speed of an ATCRBS aircraft is

more than 1.5 times the speed of the DABS aircraft , the command threshold

umps from 32 to 64 seconds. These transitions can occur at any time during

an encounter and result in an abrupt change in the alarm s ta tus  of the  a i r —

¼ c r a f t .

Aspects of the encounter geometry which affect urgency are not among time

encounter  a t t r i b u t e s  considered in the threshold selec tion logic. For example ,

mi ss distance and crossing angle are not considered . Thus alarm declarations

at consistent levels of urgency are not possible.

4 . 2 . 3  Tac Cr i ter ion

For zero—miss rect inl inear approaches the t ime until collisi on can be

expressed in terms of range and range rate as T = —rR . But in this form i

is not reliable as a measure of urgency since low closure rates can cause

T to remain high regardless of range . The IPC algorithm therefore uses a

modified form of this measure which may he written

TH = ~~~ (l.-D2/r2)

- I
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- s a parameter with a nominal value of approximately 0.5 nmi . It can

be S e cf l  that TB will be forced to zero at range D no matter how small the

c losure rate . In testing Version 0 of the algorithm it was found that

exLess ive  turns  could result from cont inu ing  commands to a i r c r a f t  which were

within range D but were separating . For this raison the “DOT” test was added

to the detection log ic. This test p roh ib i t ed  any ho rizon t a l  threshold

from being violated if the product of range and range rate exceeded 10 mini—

knot. (A threshold value of 1.0 nmi—knot was first proposed , but was found

to result in deletion of needed commands).

At large crossing angles TB is relatively insensitive to tracking errors

and accelerations since velocity errors are then small compared to the magni-

tude of t and aircraft accelerations due to turns are mostl y normal to the

range vector. But for aircraft of similar speeds approaching at smaller

crossing angles , TH can be very sensitive to errors and accelerations . In

some cases this sensitivity can result in confusing transitions in the alarm

level (Fxample 5 in Appendix C) or rapid crossing of several tau thresholds

(Example 6 In Append ix C). The latter phenomena is important since several

aspects of the IPC concept (e.g., PWI warning time before command s, time

allowed before compliance check) apparently require that TB decrease at the

same rate as clock time so that TB threshold -. which differ by a given amount

will be violated at times which differ by the same amount. In reality, even

with constant closure rates TB decreases more rapidly than clock time due to

its nonlinear dependence upon range . Furthermore , in many encounters there
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is some condition which produces small but definite increments in estimated

closure rate . For instance , the aircraft may not be flying perfectly straight

or the tracked heading may be converging to the current heading in order to

eliminate a heading error which arose earlier. More severe increments occur

when one of the aircraft is deliberately turning . Under these conditions TH

values reflect neither the actual passage of time nor the actual time to

collision. Further discussion of the effect of accelerations upon IPC per—

formance can be found in Section 4.5.

4.2.4 The 2/3 Command Flag Logic

IPC does not issue commands unless the command flag (CMDFLG) has been set

on two of the last three scans. This “2/3 logic” is primarily intended to

prevent unnecessary commands in situations where a turning aircraft is coming

into momentary conflict with nearby traffic as its velocity vector sweeps

through a range of headings. But this logic imposes a one scan delay in com-

mand issuance for all encounter situations. In some cases the trajectory

information indicates a severe hazard which can only be made worse by the

existing accelerations, and the algorithm does not react until the next scan

when the command flag is set for the second time. This single scan of delay

is most significant when aircraft are accelerating in a manner that produces

late commands. More timely IPC intervention could be obtained if commands

were delayed only when the trajectory estimates were consistent with the

hypothesis that the command thresholds would not be violated on the next scan.
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4 . 3  Choice of Reso lu t i on  Plane

In most s i t ua t ions  the in i t ia l  a t t e m p t  at conf l i c t  reso lu t ion  involves

commands exclusively in the horizontal plane or the vertical p lane . Time choice

of the  plane to be used may de termine  the success of the resolut ion a t t e m p t .

In IPC this choice is based upon certain characteristics of the encounter .

Severa l cases were observed in which the original IPC algorithm made a poor

choice of the maneuver plane and revisions to the logic were implemented to

address these cases.

The Version 1 IPC al gor i thm would occasionally issue pos i t ive

commands in the vertical plane even though negative commands in the ho r i zon ta l

p lane would have been s u f f i c i e n t .  In Version 4 log ic was add ed which assured

tha t  the reso lu t ion  p lane which required only negative commands would be

selected whenever such a plane existed. But this logic is exercised only upon

initiation of resolution. At a later time it is still possible for a negative

command to transition to a positive command in the same plane even though a

negative command in the other plane would be adequate (see Example 7 in

Appendix D).

It was observed in flight tests that when an uncommanded aircraft

possesses a vertical rate toward a DABS aircraft , issuance of vertical

commands to the DABS aircraft may be ineffective . The vertical rate of the

uncommanded aircraft may cancel the rate achieved by the commanded aircraft

(the vertical chase problem). Even when the commanded aircraft is able to

respond at a greater rate than the threat , it  may be forced to climb or descend

through an excessive distance . The Version 3 logic added a provision for requiring
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hor I zoi t 1 reso l u t  on whenever an un onmm -nded a i r c r a f t  has a v e r t  ical  r a t e

of ZDTH ( 160 f pm ) or greater in the direction toward the DABS aircraft at t he

time of command generation. This change has proven only parti all y successful

since the algorithm may still issue and sustain ineffective vertical commands

if the estimated vertical rate of the uncommnanded aircraft does not exc e ed

ZDTII until after commands are generated (see Examples B and 9 of Appendix U).

In Version 1 vertical commands were chosen whenever one aircraft

of the pair had a speed greater than 150 knots. This logic was based upo n

certain assertions concerning the relative effectiveness of horizontal and

vertical commands for airc raft of vary ing performance levels. Imm itia ll t h is

logic would issue vertical commands to a slow DABS aircraft in conflict with

an ATCRBS aircraft of groundspeed 150 knots or greater. This logic was altered

in Version 3 to apply the speed discriminant to commanded aircraft only .

4.4 Horizontal Resolution for Non—accelerating Encounters

4.4.1 Effects of Dissimilar Speeds

Special considerations arise when an attempt is made to resolve an

encounter between aircraft of greatly differing speeds by maneuvering only

the slower aircraft. First , a given heading change by the slower aircraft

is less effective tn altering miss distance than a similar heading change by

the faster. In certain geometries modest heading changes by a faster aircraft

can negate the avoidance attempts of the slower (see Example 10 in Appendix C).

Furthermore , there is a heading for the slower aircraft which results in max—

m u m  miss. If an attempt is made to maneuver an aircraft which is already
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h y ing  at  th i s  optimum heading, the miss distance wil l  decrease. In some

s i t u a t i o n s  t ime  miss  may be decreased to zero by a t u r n  in e i t h e r  d i rec t ion

(see Examp le 11 of Appendix C). All these statements are demonstrated ana—

lyticallv in A p p e n d i x  A.

The IPC a l g o r i t h m  does not consider the exis tence  of an optimum heading

in deciding to issue commands . As a result , aircraft may be turned when they

- I are already at or near the optimum heading . They may also be turned past the

optimum heading and back into conflict (see Examples 12 and 13 of Appendix C).

The IPC al go r i thm does not recognize s i tua t ions  in which a turn in either

direction can bring the aircraft to a collision course. If the conflict

de tec t ion  log ic requests command s in such a situation , commands will be issued .

It is of course possible , if resolution is begun early and if the slower

aircraft maneuvers through a large enough angle , to force the aircraft through

the  collision geometry before closest approach. In that case the turn only

makes the situation worse momentarily before making it better. However , such

resolution strateg ies are risky when the rate and degree of compliance ti-tat

can be expec ted fr om the pilo t are uncer tain, or when the time available for

resolution is short. Furthermore , pilots who visually acquire often interpret

commands which oppose the existing miss as evidence that the system has an

incorrect perception of the situation .

4.4.2 Rule A Commands Which Oppose Existing Miss

Command seJection Rule A turns each aircraft away from the bear ing of

the other in an attempt to decrease the closure rate to zero. The relative



p

not  t o n a u al ~ s is  (Append t~~ :\) r evea ls  t h a t  t h i s  n o r m a l l y  means t h a t  a t  l t - i ~;t

one a~ r c r a t  t is ~‘onuiizindt’d to t u r n  1:-i a dire ction that decreases m i s s  d i s t  . I t l c o

N ega t m v e command s i ssued under Rule A have the  e f fe ct of prohibiting one

a i r c r m  f rom t i m ing  in  t h e  dire ct ion wh i~- h m  would increase  m i s s  d istanc i - , but

• a l l o w i n g  a t u r n  w h i c h  w o u l d  eliminate miss distance (see Example 14 in Appen-

dix C).

T h i s  s t r a t e ¼ ~\- is e f f e c t i v e  in cases in which t ime  c l o s u r e  r a t e  is forced

t h r o u g h  zero at adequa te  range . However , if  the  aircraft does i-tot coinp l~

v i go r o u s ly  enoug h or if t he  t h rea t deve lo i’s  too rapidl y , the closure rate ma\

not be e l i m i n a te d . The e f f e c t  of the  command may then  be that aircraft are’

p l a c e d  on co i l  is ion courses .

4 . 4 .3 U sc of R u l e  A For DOT > 0

Rule A of the IPC horizontal command selection log ic (turns each a irc r m f L

away from the current location of the other). This rule chooses a direction

depending upon whether the threat aircraft is in the ri ght hemisphere (bear ings

pos it ive 00 
to +180°), or left hemisphere (bearings negative ~.18O

0 
to 0°). Fig.4—3

illustrates a geometry in which this rule results in questionable commands.

Normally Rule A is not app lied in t h i s  geometry because the logic recognizes

this geometr i cal  situation and app i ies Rule C instead (thus a s s u r i n g  e f f e c t  ivo

r i g u t  / l e f t  commands) . However , if the r a n ge  rate is positive the  hi or I zo f l t z m  I

command select ion log ic w i l l  force  Rule A to be app l i ed . (The range  r i t e  can

be positiv e at the time of command generat ion if aircraft are closing verti-

cally so that vertical tau delays command generation until after horizontal

closest approach) . Example 15 in Appendix C illustrates th is phenomenon .
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4 .4 .4  Course l~~-coverv

The 1PC sy s tem  is designed to assume control only when certain alarm

t h r e s h o l d s  a re  v i o l a t e d .  When control ac t ions  succeed in d r iv ing  alarm v~ir-

Ib l e s  above t i m e c r i t  i c i l  thresholds , control  is dropped and a i r c r a f t  i re  re ’c

to recover t h e i r  o r i g i n a l courses . F l igh t  test experience has shown tha t  in

certain cases this approach leads to incomplete and unacceptable  r e s o l u t i o n

due to t h e  t a c t  the  a i r c r a f t  are unable to safely recover their initial

head ings a f t e r  commands are dropped .

An example of this  phenomenon is provided in Fig .  4—4 . Here r e so lu t ion

was a t t e m p t e d  hv turning one aircraft away from the other in order to elim i-

nate time closure rate. This turn was successful in its objective and col—

I isb n avoidance commands were dropped . At this point the pilot who had

turned had a PWI Indication indicating traffic at his six o ’clock position .

*He t u rned  h :mc k  t o  recover h i s  ori g inal course and a second co lli s ion  hazard

arose . Because of the accelera t ion involved in recovery , the second set ot

*Immediate  r e t u r n  to course maneuvers are typ ical of subject  p i lo ts  (see
Sec t ion  5 ) .
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Fig. 4—4. Plot of encounter in which attempt to recover course
resulted in second collision threat.
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avoidance  commands were late and the net effect of intervention by the col—

1 is ion avo idance - s y s t e m  wa s  to reduce the miss distance. An analysis of this

particular encounter i n  bearing space (Fig. 4—5) reveals the na tu re  of iiw

general  phenomenon. P o i n t  A corresponds to the  encounter locus j u s t  b e f o r e  the

maneuver  command was effected . Point B corresponds to the locus just after the

command was effected . Note tha t  the maneuver has forced the locus across the

i m =O c o n tou r  and that t h e  d i r e c t i o n  of n a t u r a l  mot ion is consequent ly reversed .

‘l i m e  L , l t m ’ a t  m o t i on  w h i c h  takes place at the new heading opposes the  miss d i s —

tance which existed initially. Thus when the aircraft returns to course (C to U)

the locus returns to the v i cin i t y  of the ir~0 contour .

Such behavior tends to arise when the turn  to decrease the closure r at e

r ec I u i r t - -~ ~ ross1ng the 1t-~0 contour , I e., tum n ing through a zero miss dis-

tance head ing . In such a case the integrated result of maneuvering and

returning to course can decrease miss. This difficulty does not arise for

maneuvers which maintain the sign of the initial miss distance since any

n a t u r a l  motion which  occurs will then reinforce the initial miss distance.

A l t h o u g h the examp le u t i l ized above involves only a single commanded

aircraft , a similar phenomenon has been observed when both aircraft art’

commanded . For equa l sj’e ’e’eI aircraft executing symmetric (mirror image)

Ru l e’ A turn—away e-ommauds , the miss distance which will exist after course’

recovery will be identi t - .m I to the miss distance before commands. The

symmetry must be broken in order for the aircraft to recover course with a

modified miss distance’.
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4 . S Reso h u t  i cs o Math-liver ing Encounters

E s pe c i a l  l v  Si -Ve r c l ie siding uncertainties can arise when p i lots  i n i t i a t e

t u r ns  p r i or  L i ’  time t ime it  w h i c h  Ce) lliSion avoidance i n s t r u c t i o n s  are gene-

rated . As was discussc-d in Section 4 .1 , the t racker  es t imate-  of heading  t ends

to lag beh ind  t h e ’ a c t ua l  head ing  d u r i n g  t u r n s . This t r a ck ing  lag can r cad i  Iv

exceed 400. An equally s i g n i f i c a n t  component of the to ta l  u n c e r t a i n i tv  Is the

heading change which  may take place between the time ins t ruc t ions  are gen era ted

and the time at which  t i me  p i l o t  e f f e c t s  the indicated  maneuver .  I f  a t u r n  at

- 0 . . . - -a ra te  ot  4 /sec is underway , and if the  t ime requ i red  fo r  message t r a n sn i i s s l o n

and pilot r L n t i o n  is 10 seconds , then the pilot will turn an additional 400

dur ing the response delay . Thus a total uncertainity of ± 800 may exist. ‘th e

effect of such uncertainties upon resolution success is discussed below .

4.5.1 Reduced Warning  ‘lime Due To Acceleration

When a i r c r a f t  are t u r n i n g  in di rect ions  which increase the c losure  r a t e ,

the estimated value of TB may grossly overestimate the time available bet or e -

collision . Example 16 of A ppendix  C illustrates a case in which time tact

threshold  is 64 seconds , but commands are not transmitted to the aircraft

un t i l  about  16 seconds bet ore closest approach ( the TH es t imate  decreases

f rom 195 seconds to 50 seconds in one scan) . Such encounters may s t i l l  be

resolvable if commands are in the most effective directions (see next p ara-

graph) and if p i l o t s  ccluip ly  with immediate and forceful maneuvers . However ,

any less favorable c o n d i t i o n s  can result in resolution failure. It should he

65

- l~~~~~~ -.----~ -—~~~~~~~ —-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~
-
~~~~——-—-~~ —~——— ----~~~ -~~~ ————— —--—— - - — ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



-- 
- 

- -

~~~~~~~~~~~~~
--

~~~~~~~~~~~~~~~~
-

~~~~~ ~~TT ~~~~~~~~~~~~~~~~~~~

noted that in such accelerating encounters , increasing the value of the TH

threshold has little effect upon the time at which commands are issued .

4.5.2 Determination of Command Directions

The impact of- large heading uncertainties upon command selection can be

understood in bearing space by considering the extent to which the encounter

locus is displaced by possible differences between the bearings at which

commands are generated and the bearings at which the commands are effected .

For example , an encounter which is estimated to be at locus “A” in Fig. 4—6

may actually be at any point within the indicated rectangle by the time

commands are effected . If the uncertainties are such that the locus moves

from “A” to “B” then commands which were selec ted to increase the perceived

miss distance at “A” (i.e., move the locus toward p —1) will actually force

the aircraft back toward a collision. Such detrimental commands are quite

likely whenever the aircraft are maneuvering from a region in which one set

of command directions are appropriate into a region for which the opposite

command directions are appropriate.

Examples 17, 18, and 19 of Appendix C illustrate encounters in which IPC

commands turned aircraft toward the collision threat. Example 20 is an

interesting case in which a negative command was in the wrong direc t ion due

to accelerations by one aircraft.

4.5.3 Design Changes Required to Accommodate Accelerating Aircraft

Analysis of resolution failures caused by aircraft acceleration indicates

that the capability of IPC to accommodate such situations could be greatly

improved by efforts in the following areas:

- 
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a) ‘ i ’ n m c ’ k u m i ~, - ‘ l im e  racke r paramet-rs can be adjusted to better ri-f lt’ct

actual ~otrve - i i 1 , m n c e ’ qua l I t v  . The ab ii. itv of the t r acker  to f o l  low

tu rns  c~ lU be improved by taking aircraft speed and turn detect ion

re-I lab i i  i t  \‘ into , i c co tif l t  . h owever  , i t  shou ld  be re itt -rated that

tracker lag is not  t he  o n l y  source of rc ’sc’ lot I t Il t prob [ems or ttiitiO UV e ’ n —

ing a t r c  r m  f t  . i i i  is was demons t r a t ed  by simulating maneuvering

encout it ers  f or  ~‘lm j c’hi r eso I ut  ion was unsat  is  f a c t o ry , but emp lc’v ing

for s i m u l a t  ~‘n purp ose ’s e s s e n t i al ly  perfect track est ima t c ’5 . in

m ost cases even p o rt e -ct est imates can eliminate’ onl\’ title s t a l l  ot

a l a r m  de l ay  or  - i f r a c t i o n  of the t o t a l  u n c e r t a i n t y  in the future

trajectory . Improved tracking may be a necessary condition for

a c h i e v i n g  the  des i r ed  pe r fo rmance  level , but  i t  is not by itsel I

slit t i c  ient (SOC’ paragraphs bel ow)

b) Use of turn d e te c t i on  in choosing strat.~~~~ I t shou ld be noted

tha t  c u r r e n t ly  the turn detection logic is used o n ly  to improv e-

the estimation of the current aircraft heading. Many turning

encounters canno t be reso lved unless the IPC a lgor ithm also

utilizes turn information in choosing the resolution strategy .

For instance , in czmse’s where continuation of an existing turn would

r e su l t  in adequate  separa t ion  it is better for IPC to issue commands

w h i c h  are cons i s t en t  w i t h  the exis t ing  turn  ra the r  than to a t t e m p t  to

re -verse time - t u r n .  In IPC f l i g h t  tes ts , i t  has been observed tha t
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:11 tei.~ ’t - - to r- SO Vt ’ . - m m c o u n t e -r s  by reversing e x i s t i n g  t u - n s  are o f t e n

i n e f f e c t  ~ve One reason for this  is the  fac t that the response delay

i s  e f f e - et i v el y  doubled . For example , if the pilot requires 10 sec-

onds to reverse his turn , an additiona l 10 seconds is required just

to turn back to the heading which existed when commands were re-ceived.

It is also possible that the existing turn is necessary due to factors

of which tile Ii’C system is unaware (e.g., clouds , mom—beacon air-

craft , etc.). If the existing turn does not assure resolution ,

then vertical commands should be considered .

c)  Improved alar~~~~~~Le~~~ _ . The c r i t i c a l  IPC a la rm var iables  such ~ms

tau and miss distance are calculated under an implicit assumption

of rectilinear flight . When head ings are chang ing , the calculated

values can vary greatly from scan—to—scan . One cannot protect

against this uncertainty merely by increasing the alarm thresho lds

since the thresholds then required would produce intolerably conserv-

ative alarms in many cases. However , the IPC algorithm can be made

to use alarm criteria which take potential or detected turns into

account in a r e l a t i ve ly  e f f i c i e n t  manner , i . e . ,  which set an alarm

flag only when a maneuver would be truly hazardous. The additional

alarm thus genecated may result in increased issuance of negative

commands , but need not cause an increase in the number of p o s i t i v e’

commands (see item d).
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eh Pr ~- v e n t t o n ot advcr se n~mn euve r s .  The IPC system is capable of pre—

\e ’Ut Ing maneuvers  w h i c h  would c r ea t e  resolut ion problems . One manner

i ’ m  w i m i c h  t h i s  i s  done is the  issuance of PW I warn ings  to the pilot in

ord ~~r to aiio~ hint to acqu i re  his t r a f f i c  v i s u al l y .  In many c isc- s it

can he’ as sum e - ti that I ’W l— aided v i s u a l  a c q u i s i t i o n  w i l l  p revent

maneuvers  which in c rea s e  the  hazard . However • even w i t h  PW I adverse

man euve’rs can st 1 [1 occur uflder  tile fo l lowing condit ions :

1. A I ) 1 i o t  may Initiat e a maneuver before PWI ~mlarnms appear and

c o n t i n u e  the  maneuver  u n t i l  r ece iv ing  commands.

.~~. A p i l o t  r e c e i v in g  a PWI f rom tile six o ’clock sec tor  ill wh ich

his view is obs t ruc ted  by the airframe may perceive a t u r n  as an

a c c e p tab l e  op t ion  f o r  a tail chase situation and t u r n  in e i t he r

d i rec t  ion .

3. A p i lot  may turn in order  to ro ta te  o b s t r u c t i n g  a i r f r a m e  and

acquire the traffic indicated  by the PWI .

4. A p i l o t  may m i  t i a t o  a maneuver which he th inks  wi l l  reso lve

the conflict and receive IPC commands which  re’ve’rse’ his tuancu—

ver.

5. A pilot may f a i l  to locate the traffic indicated by the I’Wl

and maneuver anyway on the assumption that if the maneuver

is not acceptable , the IPC system will issue further alarms.

This reaction is sanctioned by the Pilot’s Guide to Intermittent

Positive Control (Ref . 6).

6. An ATCRBS aircraft may maneuver toward -l l) ,\RS i i t c t t t t .
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A l t h o u g h  it  is imposs ib l e  t o  f ind a c o l l i s i o n  avo idanc e s t r a t e gy  which

i way s e f f e c t  ive in Case 6 , the o the r  cases  can be solved w i t h in  t ime

framework of IPC . One approach is to i d e n t i fy  those geometr ies  in which

maneuvers can produce resolution failure and issue nega t ive  commands which

ins t n u c t the p i lo t  not to maneuver in s p e c if i e d  directions. Such commands

can prevent a p i lot  from i n a d v e r t e n t ly  b l u n d e r i n g  in to s i t u a t i o n s  in w ll ic i l

IPC o f f e r s  i n s u f f i c i e n t  p ro tec t  ion.  Tili s concept  is e’onsistent w ith the

description of the negative command ph i lo sophy  which  s t a t e -s t ha t  tile nt-ga L ive

command is issued to the p ilot when his current trajectory is s a t i s f a c t o ry

but a hazard would develop if he were to maneuver  ( R e f .  1). However , t i le

current algorithm in fact does not consider i ssuance  of negative commands

unti l  a hazardous closure rate has a l r eady  been e s t z m b l  isiled .

It has also been observed that such negative commands are genera l  lv

needed in s i tua t ions  in which thei r  v io la t ion  is ce r t a in  to produce  p o s i t i v e

IPC commands (Ref. 1) . Under such conditions negative commands r e s u l t  in no

real i nc r easc - in the r e s t r i c t  ions which IPC is imposing upon tile p i lo t —— it

is j u s t  a question of informing the pilot that he is r e s t r i c t e d  by nearby t n - i t  f i c

r a t h e r  than a l lowing  him to be surprised by the restriction when he

inadvertently precipitates positive commands.

4 . 6  Three—Dimensional  Resolut ion

The IPC command selection log ic a t t e m p t s  to select either I l o r i .~on t a l

commands which ensure horizontal separation or v e r t i c . m l  commands w h i t - h en s U r c -

vertical separation . The command directions which time ’ log i c ’ choose -s ill OnC
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plane are independent of the dynamics of the encounter in the other plane .

In many situat ions this approach is acceptable , but in certain cases failure

to consider all three dimensions simultaneously can result in an inability

to select proper commands. In particular , whenever vertical rates exist

hor i zon ta l  maneuvers  can decrease tile ver t ica l  component of t hree—d imensional

closest  approach .  In order to see this , consider a q u a n t i t y  Z( .\ .  de f ined  as

~he ver t ica l  separat ion which will exist at the time of ho r i zon t a l  closest

approach (when ‘u i I). The actual slant (3D) range at closest approach Is then

+ m . For a i r c r a f t  which are converg ing in al t i t ude  at a constant rate ,

the altitude difference ZCA is a linear function of the t ime to closest  hori-

zontal approach , tCA • If z and are the altitude separation and a l t i t u d e

rate at a given time , then

z = z  +~~~~ tCA o o CA

Theref ore , a contour in bearing space which defines a constant t
1~~ 

also

def ines a constant value of ZCA. A set of such contours is provided in

Fig. 4— 7 for a speed ratio o~ 1:2. The greater the vertical rate , t h e gr eate r

will be the variation of ZCA with tCA~ If there is no vertical velocit y , then

each tCA contour corresponds to the same ZCA value (i.e., ZCA 
= z )  and b e a r in g

locus has no effect upon the vertical separation.

Possible tCA values (in units of n V
1
) run from l/(l+~ ) to l/(l—~ ). When

the time to zero altitude separation , — z /~~~, is wi thin this range , a contour
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exists f o r  which ZCA Is zero . If the contour of zero horizontal miss distance

(ji 0) intersects this contour , then the point of intersection is the bearing

I ocus at which a t rue 31) ci) II is ion will occur (because for that locus vertical

and lion Lzonta 1 sepa rat Eon wil l reach zero simultaneously)

Three ci imens te)llal cons idei’at ions are espet ’ lal ly impor tan t  when an uncom—

matid e -el .t lr c ru  f t  has a vt’rt lea 1 r a t e’. In th is case- it Is of tt’u impo ss 1b1 ’ to

r e s o l v e  ti m e encounter  by s imp ly  maneuvering the commanded a i r c r a f t  away from

t ime t h r e ’at al t  It ude~ s ince time achievable vertical rate may be cance Lied by time

vert ic~m I rate of the  t i t r e -aL or the magnitude of time required alt itude change’

may exce ’e-ei a l l o w a b l e -  I inmi t s  (see discussion of the vertical chase problem

In Sec V loll 4 . I )  . I t ,  I s  de ’sI rub  ic to use horizontal rose) lut ion , hut the current

IPC a igorithm may e l i m i n a t e  vertical separation in a t t e m p t i n g  to increase -

h o r i z o n t a l  se’paration . As an illustra t ion, consider an encounter ~tt “ X ” in

FIg. 
~—8. 

Turns to p o In t s  A and ii 1)0th drive tile horizontal miss d is t : mn c e  to  —

zero , But who re’as po int Ii re-presents  an actua l 3D collision , point A rep r~- —

51’nts a case in which a l t  ltcide separation will exist when t ime - aircraft pass

through t ime ’ s.tme’ hot Izonta  I posl.t ton . Thus ii tu rn  to de ’crease - b e a r i n g  is a

1)085 lb I c ’ reso ltit  Loll opt  Ion whereas a turn to increase bearing is no t .  Such a

e’Ollc [mit. Ion cannot be re- ached by an algorithm which determines the dl re’c tion of

Im or  I zont a  I avoidance without re’ference to the 3D situation . Examp le 21 oh

Appendix C preseilts a flight test encounter in which the above pi lenomena is

v I ci ~~~~ t

7 1 i’C Per fo rmance  in I FR/VFR Encounters

4 . 7 .  1 i ) m ’ -s~’ rI p t 1 on  of IFR /VFR Log ic

4h.’n in I FR a i ri -i-a lt is in conflict with a VFR a l r cr a t ’ t , IPC a t t e m p t s

.v . , iJ  t ~~~ ~m i. . ‘ oh  ~‘,~mmands to the IFR a i r c r a f t  by maneuvering time ’ VFR
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m i t - r a t  I t irst - in  Vt - t ’ - - t to u i t h i s  strategV was i nmp lt ’mt-im ted by u s i n g  i a rg e r

tau t i m r c s h i o l d s  t o t  t h e  \ FR a t m - c r a f t .  i b i s  log i c - Was oh tell S t I c t ’ e S S h i l i , bi t t

t h e ’ ra te 01 ~ ontiiiaild S I o t I m e  i FR a i Ft F t  t I W .ts  s t  1 1 1 a i m a c  ct -pt ~ib I e o t he ’ a 1—

go r i t hu m des i gu i- F S. (oiu~ctjuent lv in Ve F5 1 1)11 1, log 1 c was adei e’el I 0 to Ft m e F

suI)I)rt’ss 1-onmum~m imds to the 1 FR .m i ri - ri I t . ‘l’ht’ pr lnmary I c i t  t i r e  tild -~i Was a

t onip 1 Li lice I .-s t wit i e l m rod tIi e’S I FR command t im resho Ids WllOtle’Ve F it has I)eetl

de t e ’rut  i i l e ’it that t he ’ V 1-’R a I rc raft ii~is com~
) L it’d w i t im commands . The i omp I I a i l c i

t i - st  is  mad~’ oti i v  ~‘tm i ’ c - . I t  Is made when cit iii ’ r t au (111) ci t o ps be - low II.)

seconds or whi e’ii 27 ~t’concIs pa~~ w i tImout com mands be i ll~ dropped  . Comp I I  i iti i-

is d e f i m ~~i as a t racke ’d turn of 30
0 

in the di ree’ t b i t  01 ~ hor  j ~i) l l  I a 1 conmmatm d

or a t r a t -keel a It I ttiii ~ cim _ mu ge - o t 200 t e e t  i n  t i l t’ d i re ’c t ion o I a ~~ L r t  i t _ i l command

I I t i me  VFR a i rcra I t i dec l am - e d  to be In comp l iance - , thi e’ii the tati thrc’simo id

f o r  commands to time TFR air c raft is i-educed to 15 se’ conds  . I t  t ime  VF’R ~m i  rcr at t

i s found not to be in  comp Ii ~tnc c’ , then commands are rec oumputed  and i ss t ie i i

in both dimensions to both a i r c r a f t .

At i o  t iter fe,it tire o h  Vc ’r sion 3 was reduction of time positive command tnt ss

distance threshold fo r  the I FR/VFR encounters from 1.0 nmi to 0.5 nmi . A

e’5 t W i m i c l l  in e’re ’aseei I FR tan thresholds wheim time \‘FR a irc r at i  t was t a s t e  r

was dropped .

I F R / V F R  F l i g h t  Test R e s u l t s

rite follow L u g  p aragraphs  Identify spot - l i i i - aspects oIl IFR/V FR pe r f o rn i ance

wit ich ar e  t-e I e�vant to the (hues t Ion of sy s tem  ace op t a l )  l i i  I

7h



(a) In the 110 IFR/VFR encounters flown using the full IFR/VFR logic with

subjec t p ilots operating the VFR aircraft , commands to the 1FR aircraft were

• averted half time time . The breakdown of IFR encounters was as follows :

No commands to IFR : 55 cases

Negative command to IFR : 18 cases

Single positive command to IFR : 12 cases

Double Positive Command to IFR : 25 cases

(b) The comp liance test is ineffective in p reven t ing  pos i t ive  commands to t ime

IFR aircraft. It can succeed only when a ve-rv special sequence of even t s

occurs according to time following scenario :

Time VFR aircraft acknowledges and maneuvers In comp liance w i t h  h i s

IPC command , bitt either tau drops below 30 seconds or commands

pers is t  fo r  27 seconds. A test for comp liance is made. Time VFR

aircraft is found to be in comp liance , and commands mre not issued

to the IFR aircraft. The encounter is finally resolved without

tau going below 15 seconds.

In flight tests this scenario was practically never realized for the

follow ing reasons :

1. When the VFR aircraft maneuvers promptly, tan may neve r

go below 30 seconds and the compliance test may never

be exercised .

- - 2. Due to the tracker lag, the VFR aircraft is often declared

not to be in compl iance even when he is respond ing; then

time compliance check results in commands.

3. When tau goes below 30 seconds it often also goes below 15

seconds and commands are issued In sp i t e  of the compliant - c’

test.
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4. When the VFR heading changes, horizontal miss distance

tends to increase above the 3000 foot threshold and posi-

tive commands are replaced by negative commands.

5. The system may declare the VFR aircraft non—complying

withou t allowing sufficient t ime for compliance (see

following paragraphs).

6. If the VFR pilot fails to acknowledge commands wi th in  8

seconds , commands are sent immediately to the IFR aircraft.

(c) The fact that the VFR aircraft has turned 30° or climbed 200 fee t does

not necessarily mean that the collision hazard has diminished . Appendix A

discusses situations in which a slower aircraft can turn 90
0 or more and

still be on a collision course. In the vertical plane a 200 foot altitude

change by the VFR aircraft is also of questionable value since the altitude

reports themselves are quantized in 100 feet increments. Altimeter errors

and normal altitude variations by the IFR aircraft can quickly erase the

separation generated by such compliance.

(d) The 15 second tau threshold is inadequate to assure resolut ion when a

maneuver by the IFR aircraft is required to avoid collision. The 4—second

scan period of the DABS system can result in commands being delivered almost

8 seconds after tau decreases to 15 seconds. Althoug h horizontal tau is

modified so that time—to—collision is greater than the actual tau value ,

the extra lead time provided in higher closure rate situations is not signif i-

cant. Furthermore , vertical tau is not modified . Thus if the closure rate

is high or if aircraft are closing vertically, commands may reach the IFR

pilot only a few seconds before collision.
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(e)  The recomputat ion which is called for  when the VFR a i r c r a f t  is declared

to be non—complying often reverses the direction of turn commands. See

Section 4.8 for discussions of the detrimental effects of such reversals.

( f j  The s t r a t e g y  of issuing command s to the VFR aircraft without issuing

commands (or in some cases traffic advisories) to the IFR aircraft does

n ut  assure s a f e t y .  Minor  course changes by the uniformed IFR a i r c r a f t  may

cancel the effect of the VFR aircraft ’s maneuver. This is especially true

when the IFR aircraft is faster. The philosophy of allowing IFR aircraft to

approach very close to VFR traffic while receiving no information other th an

— PWI ’s should be re—examined . Examples 22 and 23 of Appendix C illustrate-

cases in which no IPC messages were sent to the IFR aircraft until after the

IFR pilot had ini t iated hazardous turns .

(g) Change M—15 of Version 4 was introduced in order to reduce the f r e q u e n c y  of

commands to IFR aircraft when IFR and VFR aircraft are flying with approximately

500 feet of altitude separation (a separation often resulting from the cruise

altitude recommendations of FAR 91.109 and 91.121). The IFR aircraft will not

receive positive commands unless TH is less than 30 seconds or the altitude

separation is less than 370 feet. When the VFR aircraft is ATCRBS this logic

makes resolution success highly dependent upon whether or not the ATCRBS air—

craft holds its altitude. If the ATCRBS aircraft begins to climb or descend

toward the IFR aircraft , then vertical tracker lag can result in pos i t ive

command s being issued to the IFR at a time too late to be effective (see

Example 24 of Appendix C).

(hi)  In encounters between VFR ATCRBS aircraft and IFR DABS aircraft , command s

are selected for the pair whe’i the VFR command thresholds are violated .

______________________________________ _____________________________________________________

- . - ~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~~~~~~~



‘
—~- 

‘
~~~~~ -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•
~~ 

— — 

~~~~~~~~~~~~~~~~~~~~~~

The command to the ATCRBS air -raft cannot be delivered , but is stored in the

pair record nevertheless . The command to the IFR is also stored and is issued

if and when the IFR command thresholds are violated . This may occur many

scans after the command w~s first generated . Since the motion of neither

a i r c r a f t  was constrained by commands during the s torage interval , the collis ion

geometry may have changed considerably by the time the command is issued.

In these cases the command may be “obsolet&’ and not effective in resolving

the encounter. Example 24 of Appendix C illustrates this phenomenon .

(
~ ) Commands in both) the horizontal and vertical planes are routinely

issued when VFR DABS aircraft are declared to be non—comply ing. But there is

no provision for issuing commands in more than one plane to IFR DABS aircraft

in conf l i c t  with VFR ATCRBS aircraft. Vertical chase problems can result

(see Example 24 of Appendix C).

( j )  If the compliance tes t  fails, commands in bo th dimensions are transmitted

to the IFR aircraft. These dual dimension commands are more disruptive to

flight objectives than a single dimension command would be.

( k) Often commands to the IFR aircraft are preceded by only a sing le scan of

flashing PWI or by ord inary PWI rather than flashing. The IFR pilot is then

unprepared for prompt compliance.

( 1) In some cases the VFR aircraft receives a climb/descend command before the

IFR aircraft receives any PWI or command , If the IFR aircraf t then init iates

an altitude rate toward the VFR aircraft , it is possible for the IFR aircraft

to remain close enough to continue the command to the VFR but at a separation

which precludes any command being issued to itself. The VFR aircraft can he

forced to make excessive altitude changes (see Example 8 of Appendix C).

_ _ _ _ _ _ _ _ _ _ _ _ _  
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( m )  TIme complying VFR aircraft can be forced to make excessive magnitude turns

in order  to avoid an uncommanded IFR a i r c r a f t .  This is e spec i a l ly  t r u e  in

dynamic situations for which the horizontal maneuver options of a slower VFR

m i r c r a f t  are ine f fec tive (see Sec tion ~i.4.l).

( n) VFR subject pilots tended to resist large magnitude turns when they

had visua l ly acqu i red  thei r t r a f f i c. This  tendency could lead to d o u b l e ’

commands being issued to IFR aircraft in a large number of IFR/VFR encounte-rs

(see Sec t ion  4,4.1 for further discussion).

( o ) I f  negat ive commands are issued in i t i a l ly  timen pos i t ive  commands ar e

delayed even thoug h tau is decreasing . If a negative—to—positive transition

then  occurs , the  com pl iance test  may be appl ied immedia te ly  due to time 30

second tau test. As a result IFR and VFR aircraft may receive initial commands

simultaneously even though both aircraf t were complying with r~c i n s t r u c t i on s

(see example 25 of Appendix D).

4.8 Other Logic Validation Results

4.8.1 Vertical Commands Near Altitude Crossover

Special difficulties were observed in selecting time direction of v e r t i c a l

commands for a ircraf t which possess a significan t vertical closure rate - •mud are’

within a few seconds of crossing In altitude. In such cases t ime m i r e  r a f t  could

cross in altitude before the commands could be effected . The commands were

then in direc tions which forced the a i r c r a f t  back toward each o t h e r .  V e r s i o n

added logic which reverses the direction of positive commands whenever ~ert i-

cal tau (TV) is less than TVI (8 seconds) at the time commands arc - generated.

This Is intended to resul t in commands which reinforce the  altitude se’p 1t m t ion
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whmic h will exist by the L ime the pilots begin responding to commands. When

TV is between TV1 (8 seconds) amid TV2 (16 seconds) horizontal commands are

chosen because of the difficulty in choosing suitable vertical command dIrec-

tions . A lt h mough  this  ch ange is an improvement over the previous  log ic , i t

does not eliminate all difficulties . The uncertainties in the TV estimate and

in pilot response times are large compared to the TV th resho lds  w h m i c h  mus t be

emp loyed . in some cases pi lots  who acquire visually shorti y b e f o r e  commands

are issued act quickly to halt their climb/descent. But the IPC algorithm ,

with estimated vertical velocity lagging behind the actual velocity , may per—

ceive an imminent altitud e cross—over and issue reversed commands . Time aircraft

are then commanded to maneuver into each other. Furthermore , late pilot

response or overestimation of TV can still lead to crossover which invalidates

the command directions. Fortunately, in these cases there is normally s u f —

ficient time to overcome the effect of the uncertain altitude dynamics and

achieve ver t ical  separat ion wi th  the generated commands. It is easier to

assure that this time exists than to attempt to define logic whicim can function

in time face of such uncertainties .

4.8.2 PositIve/Negative Transition Logic

The IPC master resolution module contains logic which is intended

to change negative commands to positive commands and vice—versa as t equired .

The Version 1 log ic did not properly transition when positive commands existed 
•

in both maneuver planes. In this case the horizontal command could be transi—

tioned from positive to negative leaving a superfluous positive vertical

command on the display . Change M16 of Version 4 was intended to revise time
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logic to eliminate this problem. However , as currently defined the logic

is unsuitable for use in multiple encounters since it allows critical commands

to one aircraft to be deleted due to positive/negative transitions undergone

with respect to a second aircraft. For this reason the change was never fully

implemented in the test bed version of the algorithm.

When commands have been issued in one plane , no test is made later to

determine the type of command s which would suffice In the other plane . The

quest ion may arise as to whether a negative command in the alternate plane can

replace a positive command in the ori~~Inal command plane . In some cases , as

was pointed out in Section 4.3(a), a nega tive command in the or iginal p lane

transitions to a positive command even though a negative command in the

alternate plane would suffice. It is also possible for a positive command to

continue for many scans when a negative command in the alternate plane would

be adequate (Example 26 of Appendix C).

4.8.3 Command Reversals

The IPC algorithm may recompute the direction of horizontal commands

during an encounter. Such recomputation occurs (1) when a positive/negative

command t ransi t ion takes place , (2) when a VFR DABS aircraft is declared non—

complying by the IFR/VFR compliance logic , or (3) under certain conditions

when positive commands have been present for 27 seconds and miss distance (MD)

is decreasing. If the recomputed command is in a different direc tion than

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
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the or ig inal command , a p i l o t  wi l l  be instructed to reverse the direction of

h i s  maneuver .  Several p i l o t  reac t ion  problems associated w i t i m  command reversals

are  t i i scu s s e - 1  in Sect ion ~.5. Algorit immic considerations are discussed  below .

Re v e r sa l  of command d i r e -ct  ions is j u s t i f  Led in cases in which t ime geometry

of t ime  t O f l f l  i t - t  has eh ma n ge d  in a manner tha t  makes the orig inal commands in—

e f f e’ct ive . Bitt time [PC log i c  bases the dec ision to reve rse upon c r i t e r i a  which

a re  on ly  m i r e -ct  i v  r e l a t e d  to whetlmer or not a reversal is truly necessary.

In some cases comnmands a re  reve-r sed after having been disp layed for only a

s in i~1e scan (see Example  IS of Appendix C). Reversals can occur because of small

cimanges in t ime geometry is,: icim produce a crossing of a decision boundary  in tIm e

command se lec t ion  log ic (e.g., when crossing angle changes f rom 8 9 9 e) 
to 90.10

and t i m ~ log ic switcimes from Rule A to Rule B ) .  Flight tes t  e x p e r i e n c e’ ind i-

cates t h at  the  t r a ck ing  lag and pilot  response delays are large enough to make

reliable command reversal impossible in the time frame in wh ich IPC works. lii

• S ec t ion  4 . 5  it was pointed out that when aircraft are turning , time dif fer ence

between cur ren t  es t imated heading and the imeading at which commands are’ e f f e c t e d

can be’ v ’r v  large . I f  a tur im has begun due to the In i t i a l  conmmand , t lmen rt’—

versal of time turn  w i l l  lead to all time d i f f i c u l t i e s  inherent  in command

selection for  maneuver ing a i r c r a f t .  In the wors t  case , a i r c r a f t  can he

commanded to zi g—zag back and fo r th  across the i r  ori g inal f l i gimt p a ths  and

the e’ff~ c t  of commands upon miss d i s tance  may in tegrate  to zero (se ’e Examp l e-

27  of Appendix  C ) .  In order to avo id such inappropr ia te  reversals , the IPC

log ic must  be capable of evaluat ing the e f f e ct i v e n e s s  of e x i s t i n g  or propo sed

commands by examining time actual dynamics of the encounter.
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4.8.4 Pair Logic When Only One Aircraft is Uncommanded

The IPC concept s tates th at t u e  a lgor i thm wi l l  choose commands which  pro-

vide maxinmum separation regardless of ‘-1hether one or both aircraft maneuver.

This is physically impossible in most cases. Certainly when one a i r c r a f t  is

unequipped time command selec t ion  should be dependent upon wh mi ch  a i r c r a f t  w i l l

receive commands. But time H’C command se lec t ion  log ic selects  command d i r e c t i o n s

wi t imout  regard to wimet imer  one a i r c r a f t  of  t ime pa i r  is uncommuanded . T imis  s tr a t t -gv

is especial ly  unsound in s i tua t ions in w h i c h  o n ly  one a i r c r a f t  of a pa i r  has

an e f f ec t ive  imor i zonta l  maneuver  opt ion  (see 4 . 4 . 1 )  . For i n s t an c e - , when Ru he C

is applied the a i r c r a f t  which is further from path crossing is normally time

only  a i r c r a f t  of the p~m ir  which  can e f f e c t i v e l y  maneuver .  In these cases t i m e

command selection log ic may assign the e f f e c t i v e  maneuver to t h e  uncommanded

a i r c r a f t  and issue the i n e f f e c t i v e  maneuver to the commanded a i r c r a f t  (see

Example 10 of Appendix I)).

4 .8 .5  Mul t ip le  A i r c r a f t  Encounters

Even though the t e s t ing  of mul t ip l e  a i r c r a f t  encounters was not aim oh je ’c—

tive of the IPC flight tests , a number of such encounters  occurred i n a dv e r t e n t ly

due to the proximity of itinerant ATCRBS aircraft to the two DABS a i r c r a f t

conduc ting intercepts . Time details of IPC performance in thmese encounters  w i l l

not be reported here since it was acknowledged that the multiple aircraft log ic

as it now exists is in need of significant revision . But it hmas become evident

that several aspects of IPC behavior in pair encounters are relevant to time

success the system may expect In the resolution of multi ple encounters.
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a~ The h G  multi p l e aircraf t logic is based upon the concept of issuing

commands in one dLmension to avoid the f i r s t  threat  and using a second dimen-

s ion te~ avoid the second threat. But if an aircraft has commands in two

d imens ions due to a single threat, no options remain for avoidance of addi

tional threats. In IPC subject pilot flight tests , the algor ithm issued

commands in two dimensions in approximately one—four th  of t t-m e encounters .

b) The pairwise s t ruc ture  of the IPC log ic makes it impossible to

es tabl ish  a p re fe rence  fo r  command s which will avoid two a i r c r a f t  at once. There

is no safeguard against selecting a command with respect to one threat which

makes a second th rea t  worse .

c) If an aircraft maneuvees more than is necessary to avoid one threat

his maneuver may carry him into hazard with respect to a second threat. Because

IPC tends to overcontrol aircraft and has little control over the final heading,

it is difficult to avoid such situations . When an a i rcraf t  is commanded to turn ,

a large uncertainty is introduced concerning the volume of airspace into which

it will pass. The larger this uncertainty is, the more difficult multiple

resolution will be.

d) Commands which prolong the encounter without resolving it (see Sec-

tion 4.4.2) increase the likelihood of multiple aircraft encounters.

e) The IPC logic enforces a symmetry of commands which requires commands

for  both a i rcraf t  of a pair and requires commands in the same plane fo r  each

pair. This eliminates certain options for multiple aircraft resolution .
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4 . 9  Summary of Al gorithm Validation Results

‘Ih e IPC log ic r e s u l t i n g  f r o m  time f l i g h t tes t  program is hmigh lv  re l iable

in i ts a b i l i t y  to t r a ck  a L r c r a f t  and i d e n t i fy  p o t e n t i a l  collision im a z a r d s .  The

IPC a l gor i t h m  dem on s t r a te d  an abil itv to generate commands wh ich  could resolve

many encounter  s i t u a t i o n s  in an e f f e c t i v e  and acceptable manner. However , per-

formance was unacceptable  fo r  encounters  w i t h  cer t a i n  c h a r a c t e r i s t i c s. I t  is

he lpfu l  to de f ine  two ca t ego r i e s  of e n c o u n te r  c h a r a c t e r i s t i c s :  nonm inal  and non —

mi om~ nal  (see Table 4.1) . Time [P C log ic p e r f o r m a n c e  was genera l ly  adciu at e  f o r

the  reso lu t ion  of nominal encounters  (see Tab Ic 4 . 2 )  a l t houg h recovery  en-

coun te r s  could arise even there . For encounters  possessing non—nominal

characteristics IPC performance was often unacceptable. Of r ir t i cu la r  concern

were s i tua t ions  in which commands h a d  a de t r imen ta l  e f f e c t  upon a i r c r a f t  sep-

a ra t ion .  
TABLE 4— 1

ENCOUNTER CHARACTERISTICS

Nominal En counte r  Non—Nominal  Encoun t e r

No accelera t ion a i r c r a f t  acce lera t ing

and or
* *both IPC controlled one not IPC controlled

and or

similar speeds dissimilar speeds

and or
two a i r c r a f t  only multiple aircraf t

and or

nominal surveillance degraded survei l lance

*In this context an aircraft is not IPC controlled if it is e i the r  not I P C— e q u i p p e d .
uncommanded , or non—comp ly ing .
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TABLE 4-2

OBSERVED PERFORMANCE PROBLEMS

CORRELATED WITH

ENCOUNTER CHARACTERISTICS

PERFORMANCE Z
‘N. PROBLEM 0 ~

ENCOUNTER~N~~ ~~~ ~~~~~ ~~~CHARACTERISTIC ‘N ~

NOMINAL /

ACCELERATING / / /

UNCOMMANDED OR NON- / / /
COMPLYING AIRCRAFT

DISSIMILAR SPEEDS I”

MULTIPLE AIRCRAFT / /

DEGRADED / / /SURVEILLANCE
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An at t em p t to re L a t e  the observed p e r f or m a n c e  problems to i e rt a i n  t t~at u r e s

of the  I PC a [gor i t h m  desi gn (Table  4 .3 )  p rovides  ins ight  in to  the s h o r t c o m in g s

of t h e  c u r re nt  log i c .  The f o l l owing  f e a t u r e  of the des ign  arc most  si g n i  I I t a u t

in  1. in i t  lug i~ ’r I rmance

a) De lay ed  r e s o l u t  ion s t r a t e gy .  De lay Lug commands u n t i l  t h c  l a te s t

ROSS Ib i  e t ime at  w h i c h  sa t  e r e SO l u ti o n  is cone e Ivab le makes it imposs t b  I c  I or

the  sy s tem  to recover I t  some element of  the  r esolut ion  scenar io  does not t u r n

ou t  as an t  I t  i pat  ud

h )  I uc oiup lat e  eva Iuat lo~ of encpui~te r dynamics .  The ava i lab le  t ra cl~ lu g

d a ta  concerning a i r c r a f t  t r a j e c t o r i e s  is not u t i l i zed  to f u l l  adv ant a ~, t i n

dcc id ing when to issue commands or what  commands to issue . Tlii ’ command i S S t L t f l t t

log ic w h i c h  t r eat s  hor Izon t a~ and v e r t i cal  planes s epa ra t e ly  f a i l s  to issue

commands which are coos istent w i t h  three—dimensional encounter  s i t ua l  ions .

c) No exp i I c i t  cons idera t ion  of uncertainties.  Possible e r ro r s  in

av a i  tab  Ic t rack d a t a  or computed q u a n t i t i e s  are not e x p l i c i t ly  con s ider ed  in

m a k i n g  decis ions . Because the magn i tude  of expected errors  o f t e n  v a r i e s  w i  th

range or geomet ry ,  f i xed  decision thresholds are  i n e f f i c i e n t .  E r r o r s  i nduce d

by unconst ra ined acce lera t ions  can preclude e f f e c t i v e  r eso lu t ion .

d) In d et er m i nat e  tu rn  magni tude .  Once maneuvers  beg in , the  IPC sy s t e m

has no e f f e c t i v e  cont ro l  over the heading of the a i r c r a f t .  A i r c r a f t  can t u r n

past an optimal  escape heading back into a coll ision.

e) Pa i rwi se  logic s t ruc tu re .  Commands which  are reasonable when b o t h

maneuver may not be reasonable if  only one a i r c r a f t  is to be commanded ( e . g .

I
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TABLE 4 . 3

OBS EIWE D I ’E R I )RNA~ CE PR l L L ~~I~ 
( ‘ORR ELA TED WITH DESI GN A T I R I B U I E S

N PER ~ OR~~~~CE
PROBLEM

~~~~~~S~~~~~
\ H ~ d; ~~~H 

b fl
DELAYED

RESOLUTION / / / /
STRATEGY

INCOMPLETE
EVALUATION

OF / / / /
ENCOUNTER
DYNAMICS

NO EXPLIC IT
CONSIDERATION / / /

UNCERTAINTIES

INDETERMINATE / /
TURN MACN ETUDE /

PA I RW I SE Locrc
STRUCTURE / / /
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IFR vs VFR , or ATCRBS vs DABS). Many times both aircraft canno t be treated

equally . In multiple encounters , the second threat must influence the command

chosen for the first.

The performance problems which are related to the’ design features mentioned

* above can be eliminated by improving the algorithmic log ic. Specific acommen da—

tions for such impr ovements are Included in the  Execu t iv e  Summary preceding
0

this  r e p o r t .
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5, SUBJECT PILOT RESULTS

Testing of IN’ with subject pilots was used to evaluate both the

ability of pilots to utilize IPC services and the acceptability of IPC

performance from the pilot ’s point of view. The test procedures used in

subject pilot testing have been described in Section 3.2. These procedures

attemp ted to create a flight environment as close to normal as possible in

order to ob tain valid p ilot reactions. The subjects themselves cooperated

in this endeavor by maintaining their normal flight practices and suggesting

changes in test procedures if something abnorma l was noted . A surprising

variation in pilot reactions was noted according to pilot behavior and

encounter situation . Often considerable review of data was required in

order to sort out the various components of pilot behavior. Although

eccentric cases can be found which violate any specific pattern , a general

picture of pilot reaction has emerged which has far—reaching implications in

the design of collision avoidance systems.

5.1 Visual Acquis ition Performance with PWI

The role which PWI assumes in a collision avoidance concept is dependent

upon the extent to which PWI enhances the pilot ’s ability to visually acqu ire

approaching traffic . The IPC flight tests provided a substantial body of data

in this area. Many previous investigations of visual acquisition either did

not involve subject pilots using PWI displays or were conducted with ground

simulators which could only partially duplicate the visu~’L factors of actual

flight. For this reason , a careful look at the relevant IPC test data is

worthwhile .

~ 

- 

92 

-— - J



p
r

Direc t piese itatio ti I test a quisition data is often misleading siru~

the  d a t a  is h i g h l y  dependent  upon encounter a t t r i b u t e s  which vary greatly from

encounte r  to encounter  such as closure rate , target  size , d i r e c t i o n  of approach ,

type and t i m i n g  of PWI warning s , e t c .  In order  to proper ly  i n t e r p r e t  PW I

f l i ght  test  da ta , a visual  acquis i t ion model was developed . Figure 5—1 portrays

the re la t ionsh ip  between the f ac to r s  which charac te r ize  a given sea rch  s i t u a t i o n

0 and t h e  q u a n t i t i e s  der ived w i t h I n  the model .  This model permi ts  data ga thered

under a va r i e ty  of approach condi t ions  to be analyzed as examples of a common

process ra the r  than  as uni que events.  This section discusses the v i s u a l

acquis i t ion model to the extent required to exp lain the data presented in  this

report.  Reference  9 contains a more complete descr ipt ion of the model and i t s

use for p rediction of acquisition performance*.

I t  should be noted that the following limitations apply to the visual

acquisition da ta presented:

a) Subject pilot flights were conducted only when atmospheric visibility

of three miles or greater could be obtained . The data collected thus

represents a sampling over all days on which such VFR conditions

prevailed . The visual acquisition model can be used to predi ct per-

formance for degraded visibility, but no validating data is ava ilab le

for such conditions.

b) IPC commands were often received before visual acquisition had

occurred . Commands may have somewhat affected the subsequent

probability of acquisition (by distracting the pilot) .

*
The preliminary data analysis in Reference 9 is based upon a partial set of
flight test data and is superceded by the analysis presented here.
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cl V i s u a l  acquisition is met  ely the f i r s t  s tage in s u c ce s s f u l  v i s u a l

avoidance. The pilot must also correctly evaluate the threat and

execute  avoidance maneuvers .  Fur ther  d iscuss ions  of this point can

be found in Sect ion ~ . 2 . 2

5 . 1 . 1  V i s u a l Acquisition as a Poisson Process

The basic mathematical innovation u t i l i z e d  In the model is to c h a r a c t e r  i . ’e

the acquisition process in terms of an acquisition rate , \ , which varies with

search conditions. Acquisition is then a nonhomogenous P o i s s o t i  process* I or

w h i c h  i count of 0 m d  icates tha t  no a c q u i s i t i o n  has occurred and i coun t  o I

1 1 nd icates that acquis i  t ion has occurred . One may then proceed t o determ i tic

the dependence of \ upon the var iable  f ac to r s  and to compu te  c u m u l a t i v e  Ic q i I —

sit ion probabilities from a knowledge of A.

Since the a c q u i s i t i o n  r te is obviously a t unc t ion of t a r g e t  p r o x i m i t y ,

the f i r s t  dependence examined  was the dependence upon range . The range

dependence of the  acqu i s i t ion  rate  can be ex t rac ted  from the  a v a i lab l e  d a ta

In the fol lowing n o n — p a r a m e t r i c  manner:  divide the range a x i s  in t o  i t i t e r ~’ t  I s

of w id th  .‘ir .  For each in t e rva l  determine the to ta l  t ime d u r i n g  ~~~ich  in

unde tec ted  t a rge t  was in the interval  and the number of d et e c t  ions  w h i c h  occu r red

in the  in terval . Then the  es t imate  of the acqu i s i t ion  ra te  f t r  the  i n t e r v .~ 1

is given by

total  no. detect ion s in  i n te r v a la c q u l s i t i l u  r a t e  ~ -

total time in i n t e r v a l

*F or  a Iiomogeneous Poisson process , the a r r iva l  ra te  is assumed to i.e c o ns t an t
in t ime . For the non—homogeneous Poisson the rate  may vary .
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sit u a t e  o I t h e  range . Fur t h e  I tnort ’ , t h e  coe t I Ic lent wit Ich relates \ t o  1 / i

I i t t ’ re:ist ’.l w i t h  target S :e . lii is sut~gts t .d ha t  the  at ’ qu Is it  t on  i•a t ~ ‘ tn . i v  t ’e
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A I t’chn I que I t  c a l  cii I a t  i i i  so l i d  .ing I ~
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~
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1’W 1 , ~‘ — I~ .x I~ I S.’.’ with PW I . The I o 1.1 ow I ng P i t  •ig i- a p tts show how t best’ resul t

i . t n s  I . t  c in to  cumin 1.1 t ly e  probab [ l i t ,  i t ’s 01 •lcqu 1st t ion

I . 2 Aeqi t  is i t ion I’ lint’ ( ‘oust ants
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•lcqtl i s i t  ion  i - . it  e . For .i ~ I von .tpp ro . ic l i  t r i  cc t orv we can express  \ as •i t tine—

ton ot t Ime . Then for .t s.’.ircti hog Inning it t lint’ t 0 be t o t . ’ co l l i s i o n ,

ho proh.ih t i l t  v of no .tcqu ts it. ton when t itt ’ t i m e — t o — t o  i l l s  ton li.is decreased

to ~ I can he shown to hi ’

i i
Pt no . I I ’q i l  I s i  t ton i — exp I \ t, t ‘I dt  1 . t 0 t
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j ’e r I o  rmatt t ’ e is ac. op tab le . Ott,’ w ay  01 do i rig C. ii is is to  note  t ha t  in o r dt ’ r

.‘ li . i ve &)~~~ ch ance  o t hav ing  t. - . iu l  red by ‘O s ecot id s  b e t  ore eo 1. 1 is  ion , 1’

mitts t h i ’ SO se.’o ntl s or ~~i t ’ .i i t ’ t . lii, - v.t 1 no o t 1 which will . ho a.-h 1 eve.! in .t.’ t ua 1

,‘n c o i t n t  ,‘i s  depends upon a i r c r . i t t  ~ ~~~~~~~~ 
,, ~~~~~~ and a p pr o . tch i  gt ’onte t r ~t’S.
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F ig .  i . I p r ov ides I’ v a l u e s  f o r  some sp. - 5 ii i s  cases ot  i i t i ohs t  r ; t s t , ’d n~ - .tt 1 ,

N o t e  t h a t  I or t’ti.,’tint,’Cs b e t w e . ’ti two t v j ’ . 1 ,t i r e t • i t  t • 1 1 s ~.ivor i b i ,  t ’x5 - . p t

t 5 ’r I i i ~~ i i . ’t  .- i . ’ s s t t i . ~ i t i c l o s .  For  tvpt ’ I s ’ i t . h i iitg for t v p 5  2 .  t h e  l it -~ ,-t - s i - .-

ot  i t t . ’ t ~~~~~~ ~i o i s  t h a n  comp ensa tes  l o t  i t s  in , t e i st ’d e h s ’ s i l lt ’ r ,itt •

t o r vp.  2 st’tt. - httio t or t v p ~’ 1, t he t t i , -r , ’,ts,’d e l o ~.; t r , ’ r a t . - l 5 ’w. r 1 to ~ahiies

i i t i t , i v o r ab l . - to t i cq ti i s it ion

( ~ . 1 . l I e  1,1 ‘i V Lo w 1’OItS idt ’ r i t  L ot i s

t t~ ~ ht . ’ t . o t i s  t , l t ’ t l t  I ,‘ti at ’ i s t ’s t t ’om i t t , ’ I .ie t th t ,i t I h t t ’ p l o t  ~ v i . i ~ i i i

some .1 i i . .  t I ‘i t s  i s  ~‘l~st r ucto d  1w t h e •i h I  i .ittt . - . F n c o i i t i t . ’ t s i n s~ i.’ht  i i ,

v i e w  ot  t h e  p i l o t s  01 both  ,tii’cratt is ~~~~~~~~~~ i t , ’ r u t , b i t t  , . 5 ’ ; t t l i , l H

i i i  wIt i~ h t ot t . ’ p ii ot ‘ S v i  ow is .~i.st i— rioted .1cc .‘ o m m o t t p  h i . . , l o t  .~~~~~~t :1~~’ I.’ i t t

‘ t • * i  1 .-hi a sc” en.’outtters t lit ’ oyt ’r t . ik  ing a i t . i . i !  t ~~.‘t i t ’i- . i i  l \  l ’ t s ’ L , ~~~1 s S  I t s ’~ i ~I 1

‘t ’s t nu.’ t ed  hea r  I ti~~. :\ t hire. i  t rni v .i I s o  app ro,ichi i rotu lt.’ad—~’ti b. ~~~ t ~ie nos.-

c i  i corn bob t rid a w t t i c .  In  f I i g hi t  t e s t s  I t  w a s  t o u t i d  t i . i  t p l o t  s w ho I s ’, ,

‘ii. t’i’t s in ohs t t- t t c  I ed s.’. tors somt’t imes t’hanged the  i i  po s i t  ion  is i t  h i t  n t ~s-

p i t  or  maitein ’.- re d t he  . t t t - c r•i  f t  in o id  t ’ r t o  remo vt - t lie ~‘~~‘ s t  n e t  i , ’j t  . it is

cou ld r .’su i t  in •t c qu i s  it ion of an a i t-ci’.i l  t wIt ict i  noi’ma liv u’ou it ! cot  l i V O

st ’oii , thu m o r e  t vp  [0 .11 lv ,tn .ippro~ic li t rotu au o h st  rue  t e.l sec tot’ p r o .  I t t , l o , i

ac qu  is  i t  [on . I t  ,- ,in l~~’ Inferr ed f r o m  I” I .~ • ‘i . 3 t h a t  t or  s low  ov, ’ U t  ak e  t . t  I

, h i , t s t ’ i t ua t [otis , t he  s low closure  r •i t o  in sut ’ es  that the ovet’t,ik (rig p il o t is- i l l

i.’qti Ir e  ~ v et t  ~ t t Iit~ p ilot in the lead .‘,inn ot . lint i i i  t he  .- ,is~ - s ’t  t h e

,is t .t t t . i a t  t ove r t ak  lug the smt ii slow .i t i e  1.11 1 * t h e  ,- losur e  t’.it e cut b.

s uh s t an t  i i i  at itl t lie ott iv  p i l o t  w i t h  an unohs t  i’uc ted v j et.  j~~ tht. ’ p i lot wi. ’

must  s.’a i , ’hi f o r  a s m a ll  target
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5 . 1 .4  A c q u i s i t  ion P r o b a b i l i t y  W i t h  and W i t h o u t  P14 1

Und er  the approach  con di t ions  dot tri ed In  t h e  p i cy  i . ’i is  pa i-a g t ’ap iu , i ii,’

relat b u s h  ip between tit. ’ c u m u l a t i v e  pr obab t i l t  los o I .t cqu is I I ion w lil t and w i t  hi—

out  P141 .‘an be expressed Iii  terms of the ~ r a t i o  as I ol lows :

P
1 — 1 - ( 1 - P

0
) I / ( )

where

P
1 

— cumul at [v i ’ p t ob a h  l i l t  v ot  ,i, -pu  is it I ott i~’ i i i i  h’W I

eumu la t iv, ’ prob ah I I  i t  v o l  5 i . ’qti [sit i.~u i w i t  h i o t i t  ‘Wi

= model con st  a t it  w i t  hi l’WI

model cotistant w Ith ou t l’W l

hi,’cause this express ion is independent  of t u e  t i i ne — t t t—c , i  1 1 i s i ou t  . i t  whi t c l i  P
11

i s  spot - f t  ted , i t  is convenient to consider  P0 .is co r respond  t u g  to  the  1 a tt ’st

time .i t  which visual ac qu l  s i t  t o u t  is e f f e c t iv e  In a l l o w i n g  .iv s~ 1 tl,iit.-e . Thu i s

r eLiC.  ioush ip  is p lo t  ted I t t  F ig .  5—4 .  I t  can he scout t h a t  I or  
~ ~~ b I, hR

rat to observed in the [PC II .  ight  tes ts )  , there  is a It igli pro h ah i  l i l t  v ~t

acqu i r ing  wi th  PW I whenever there is even a modest probabi l i t y  ol ,i eqitirl t iq

w i t h o u t  P141

S . 1 . 5  Ana ly s i s  of Acquis i t ion  Fai lures

Vi sua l ac q u i s i ti o n  data  is ava i l ab l e  t or 2 7 2  s u b j e c t  pilot .‘tt eotl tttt ’rs . No

v i s u a l  acqu is [t i trn occurred in 75 (28%) of these encounters  (st ’,’ F i g .  r~~s~~ i- u t - -

t h e r m o re  • v i sua l  a c q u i s i t i o n  occur red  w i t h i n  3 scatis of .‘ losest ap p r o a c h  in  an

add It tuna 1 56 ( 2 1  ‘~ ) of the encounters . These 1 31 c et s, ’s o t  appare t it  at ’q u ! s i t  I sin

I a t  lure were sub l oct  i’d to f u r t h e r  analys is. In 76 o I I h ose .‘ ~tst ’s I lie po t n t  ot
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RESULT OF VIS UAL SEARCH
• (272 TOTA L.)

/

141 / 56 C LOSEST POINT OF APPROACH

/ 
(131 TOTAL)

~~~~~~~~~~~~~

CPA CLOSEST POINT OF APPROACH

Fig.  5 — 5 .  S,’lect t on  of cases of la t e or missing visual  a c q u i s i t i o n
for a i rc ra f t  which  approached close to each o t her ,
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closes t  a p p r oac h  was greater than 1 nmi ho r i zon ta l ly  or greater than 750 fee t

v e r t i ca l l y .  Tites,’ cases do not represent acquis i t ion  f a i l u r e  f o r  c lose  approaches .

However , 55 .- .ises remain Lu wit i t h i  c losest  approach was w i t h i n  1 uni t attd

750 f e e t .  When the  cross ing ang les and approach  bear ings  f o r  these 55 cases

were examined , (F i g. 5— 6 ) i t  was found tha t  a l l  bu t  8 occurred a t  la rger  c ross ing

ang les above 120 degr e t ’s (where  1’ is m a r g i n a l )  or w i t h  o b s t r u c t e d  appro ~ic h i t ’s.

Four of the  8 f a ilu re s  were due to inadequate  P141 search t ime t o l l o wed  by

[PC commands which re qtu i r ed  p i lo t s  to turu l  in a way tha t  prevented  v i sua l

a c q u i s i t i o n .  Ont ’ f a i l u r e  occurred in t h e  presence of a workload d i s t r a c t i o n .

t it ie  was a t t r i b u t a b l e  to an a i r l in e  p i lot  who did not normally f ly  s e e— a n d — a v o i d

antI pe r fo rmed  very poorly  w i t h  respect to u t i l i z a t i o n  of the P141 d i sp lay .

One of the remaining two fa i l ur e s  was at a marg inal. T value . The o the r  ,i, c u r —

red w i t h  four  scans of FP WI followed by a command sequence fo r  which the p i l o t

complained of having d i f f i c u l t i e s  in pushing the acktt owledgment b u t t o n .  Ac—

i~ ii isit ion fa  I l ’ures appear  to be due to e j i l te r  low 
~~~~~ 

obs t ruc t ed  approach ,

or work load  d i s t r a c t i o n s . IPC commands can d i s t r ac t  the pi lo t and f o r e, ’

h i m  to maneuver in a way t h a t  t roduces obs t ruc t i on .

5 .2  V i s u a l  Separa t ion  Assurat ice

The sub jec t  p i lot  f l i g h t  tests sought to determine the manner in whi ch

ty p ical pilots fly ing under visual flight rules would utilize the IPC system .

In acc ept ing such service , p ilo ts were asked to modify seve ral prac t ices w h i ch

they were comfortable with and , on occasion , to allow the evaluat ion of the IPC

system to override their own evaluation of the conflict situation .
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~; 100 — 
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0 WORKLOAD DISTR ACTION

z • ‘~7 DIFFICULTY IN ACKNOWLEDG I NG

o i l  1 1 1 1 1  I I  I I .~I
-150 -100 -50 0 50 100 150

APPROACH BEARING (deg)

Fig .5—6.  Charac teris t ics of encoun t ers wi th la te or m iss ed
vis ual acquisition (55 encounters ).
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In  order  to  understan d and properly interpret p ilot reactions to [PC ,

it was necessary to understand the manner in which pilots were ,tcs -u stome ’d to

-

- 
- provid L ug visual separation in the current VFR environment , The d e s t r i p t  ion

of v i sua l  separation assurance provided in this  sect ion i s  based upon t u t o r —

nation derived jut two ways. First , the 80 pilots who partici pated in  the

f l i g h t  test  program were questioned in pos t—f l igh t  debrief ings concerning Itt,’

acceptability of IPC performance and their replies provided i n s igh t  into the i r

co u u c e r n s  and m o t iv a t i o n s . Secondly , a small number of missions were conducted

in w h i c h  pilots were ,iskod to choose their own encounter resolution maneuvers

w i t h out beit ig in f luenced  by IPC commands.

5 . 2 . 1  Common See—and—Avoid Prac t ices

VFR pilots prt wide th ,’ir own separation from other aircraft ut ilizing

the “see—and—avoid ” concept . These pilots spend much of their  t ime  scanning

surrounding airspace to locate other aircraft. Passengers are encouraged by

the p i lot  to scan and to  a le r t  the p ilot to other a i r c r a f t .  T r a f f i c  advisories

ir .’ pr ovided t o  Vl- R i i  r c r , i f t  1w radar  controllers upon request and on a

workload p e r m i t t i n g  hso.is . These advirories enhance the uncontrolled pilot ’s

awareness of n&’ , u r b v  i i  r e r i t  t .

Whet t the p i l o t  v i sua ll y locates another aircraft , he judges whether it

is it t  immed iate th rea t  or is l ike ly  to become a threat to own a i r c r a f t .  Any

air craft which constitutes an actual or potential threat is kept in visual

contact. The p ilo t is always concerned with whether or not the pilot of the

other aircraft has seen him or is aware of his presence .
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The p ilo t continues on course Lntil able it) ascertain the relative Illght

pa th  of the ot h er a i r c r a f t .  In most cases , it becomes clear as the  range

decreases that the a i r c r a f t  wi l l  miss by an adequate  marg in in e i t iuet ’  t h e

h o r i z o n t a l  or v e r t i c a l  plane . When the t r a f f i c  is non—t h t r e~u t e n l n g ,  and i s

seen to be c lear ly  diverging , the p i lo t  is wi l l i ng  to break v i s u a l  c o n t a c t .

Rut  i f  i t  appears tha t  the  path of the other aircraft will bring i t too  c l ose

— to owut a i r c r a f t  (an individual  pilot  jud gement) , and if the p i l o t  ol  the  o t her

a i r c r a f t  has not  s ta r ted  an evasive maneuver (another  ~udgement )  , t he  p ilot

responds wi t it  an avoidance maneuver .  This avoidanc,’ maneuver tet u ds to be a

g radua l  one du r ing  which the pilot  mainta ins  visual  con tac t  at all  t imes, in

a lmost  i l l  cases , separa t ion  is provided by a maneuver of only one of the two

a i r c r a f t .

5.2.2 Visually Controlled Avoidance Maneuvers

A knowledge of the type of avoidance maneuvers executed under visual

control provides insigh t into several aspects of pilot/system inter a ction.

Pilot acceptance of IPC control is closely re la ted  to whe ther  or not  the

sY stem is perceived as generating coimnand s which are reasonable  wht en compared

wi th the pilo t ’s visual evaluation of the encounters. A limited series ot

P 14 1—onl y missions were conducted in order to determine the t iming ,iutl d i r e c -

t ions of visually controlled avoidance maneuvers in tests unb iased liv  t h e

presence of IPC commands. The P1.41 service was provided p r im a r i ly  to ,‘idu anc , ’
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p i l o t  aw.i t eu t e  55 ot  nt ’at’bv r at  f t c  , t her eby  m a k i n g  the di t a c o l t  oct ton p roeess

tnt ’ cc e I t Ic I i’ll t I, 1  I t o  t 5 I I I I  I t . ’, i r e  01  t t t ’ ’l 1.— t I l l  $5 S i t  Wit I otis can not r e a c t  ‘I . ihi ’wt ’vt’ t’ ,

hu ,~ nua n tu t ’ t’ ( i t  wit i ci i  P141 was used p rev ides add f t  tonal  I its i glu t  i t t  t o  i t s  use in

t i l e  ~‘ 0 t I t ~’ t e t i ’ i Pt ’ sy s t e m  and is ~‘t interest in  I I gh t  ot  sugges t  h o it ~ t or l’W L — ott lv

se cv i c e  u s  ,ut t ut up 1 t ’mt ’it t ,l( ( ou t  p i t as t ’ o t  I PC .  Comuttent s upon t h u t ’ e t I oc t 1 vt ’lt es s —

el S t t t ’} t . 1  5 V S  t i’m ~‘ . t u u  be’ foun d In  Sect  ion  i

P 14 h - Ou t I v  l i s t  ~t eth o d o  i~~y

t h e  P141 —on I v I I I g l u t  s were ~‘o t ud  t i c  t ‘d when v Is lb ( l i t  v w. i s gt e . I  t i  r t h i a t t  t h t r e t ’

m i i i ’s. For t lies,’ f l i g h t s , suhi l oct  p i l o t s  wet -c hr  t~ - fed  to f l v  t it o d r ou t e  ov e r

. ~~‘ec it I c  ~‘ ouu  i s o  u ’ e t t uu  I n  tug  ahoit  on,’ hour of I i t  g it t  . iltey wet ’,’ h r  It ’ I ed t o

i t t  t I i _~~~‘ the P141 to I oc,l  0 t r, i I I i t ’ and p t , ’~’ i the t it,’ ii’ own se1i ,t r , I  I tout wht ,’n

ttc ’cOss.l rv , r ’ac t lug .is tb t ’v  won Iti no u’ma liv . T h e  t .iu i t r e s h t o  Id  v i  t u e  I or (Itt ’

I i s l u  i tug pt ’ox int l I v  w a r t u  lu g  was -l ~ seconds App t o x  i nta t e l  v s ix  u. it —:lt iss

t O i t t l i ’S wore ’ ‘X t ’. ’ I l  i’d i lu r  I tug t bu t ’ bout’ I l l  g ht t . ‘~h~ I nt et’c op tot’ t i ’s I p ilot

~.‘ , is I us I rue ted to e s t ,t b  i t  sit suf I Ic tent ,i i t  I t  ude’ s t ’pat ~ l t t ou t  t o t  s , i t  e t v . t t t d  ( ii

d ’  I . iv .‘\e c t l  I I oil i i I .IVi ’ I ~l , i u t ~’e n laut t ’iuvcrs whetuo vor  poss lb t o  . ‘l ’ht I s  p 1 .tc i ’~l t it.’

ho i-den e t ~ 
t o y  ( d l  tu g add I t tona l se p ,i  t’ ,i t ion upon t lie sub i cci Pi 1 ot . F 1ev ot t

su b )  co t pilots p i t t  he i p.i it’d in these I l ight t s ,i i t ~I h i t  a were ~o li, ’~’ It’,! on SO

Ot t o eon t e rs . 01 liii ’ ~~t ’ ,‘ne ’ount ci’ s app r ,i x I nt ,i I t ’ lv  10 percen I we t o  unp l anned

cont i lets with itiner ant ATCRflS Mode C aircraft eneoutttered in the test area ,

~lane ’uve r 1’ lane ’ Cho son

li t  42 P141 —on I v e ’ut t ’outut  t eu’s t Ii i ’ p h i  ots  mauj euverod to .ivo id . The c Ito ( t ’ t ’

. ‘ I Ifl , i~~(’ ti ve t’ p 1 a n ’  was as t ol lows

hot  !.~oiu ta 1 o n ly :  18 cases (4 2  .9’~~
ve ’rI I t ’ ,i  I out i  v 1 1  cases ( 1 1  •0”~)

ltt ’t ’ t ~~t ’u t t a  I and V i ’t’ t t ea l :  I i  cast ’s (21 ,

- I
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l’i tc  d a ta  itud l c . u t t ’s no overwhelming p re fe rence  of one mat t euver p la t t e  ,is

opposed to  the  o t h e r .  I t  appears t h a t  the  choice of maneuver  p l an e  is p ar t  L i l ly

,i funet ion of th u , ’ p i lo t ’ s percept ion of the r e l a t i v e  t r a j e ~’ tor\’ ot t h e  t i u r t ’ . t t

P i l o t s  seemed to  h i r t ’t or to tu rn  to pass behind t r a f f i c  w h i c h  was c r o s s i n g  t h e i r

p a t t i  ,t head of t }u em . But if an e x i s t i n g  a l t i t u d e  separa t ion cou Id be p, ice i ve~d

t h ey  w ’ r ~’ 1 ike lv  t o  a t t empt  to increase i t .

i’Uui’ r  Ha~~~l tudes

Thut ’ a v o i d a nce  maneuvers  executed l,y p I lots  se ldotn Inv o lved  r a p i d  or

ab r u p t  accelcr a t  ions . Typica l  hor izon ta l  maneuvers  cons i s t ed  0 1  .1 10— 10

degree head lug change  (see Fig .  5—7)  . A f t e r  t ’x. ’cut i rig such  head l u g  c i t . t n c,t ’s

p i l o t s  then I lew stl’ ,t h g h t t  unless it became obvious th at  s om e t h i n g  non e  was

requi red , In the v e r t i c a l  dimension p i lo t s  tended to change ui I t t ud , ’ u i t t  i i

they  could see tha t  v e r t i c a l  separat ion was guaranteed. Norma l i v  t h is  r ’ —

qui rod  an a l t  i tude  change of about 300 fee t  or loss. Figurt’ — S p r ov  Lii ’s

the  d i s t r i b u t i o n  of alt itutl e changes observed d u r i n g  P141— on lv ,‘ut ’oui u t  or s .

S~~~u r a t ions Ac c op ted b P i lo t s

No regula t ion  ,‘x i st s  which  requires maintenance of a s t a n dar d  sepa l - i t  i - c u -u

hetweett a i r c r a f t  opera t ing  under see—and—avoid . S e e— a n d — a v o i d  p i lo t s  t ,’t td 1,’

get f a i r ly  close to small or slow a i r c r a f t  whenever t h t e ~’ caut p e r c e i v e  t h a t  no

col li s ion t h r e a t  ex is t s .  They mainta in  grea te r  d i s t an c , ’s f ro t u  l a rge r  or

f a s t e r  a i r c r a f t  s ince their  control of these s i tua t ions  i s  less  c e r t . u in .  l’h,’

m i n im eum accep table  separat ion from t r a f f i c  is thus  ~z m a t t e r  o t  Ind i v i d u a l

p i lot  p r e f e r e nc e  and judgement .  Most closest approaches observed  i t t  the P141 —

only encounters  were well  w i th in  the minimum va lues  I Pt~ us,’s is range .111th
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,i lt  it u d e  s epa ra t ion  th resho lds .  The c losest  approach va lues  r e su l t i ng  f rom

I’ WI -  o n ly  encounters in which the subject acqu ired the t r a t  I ft v i s u a l l y  and

IP C command t h r e s h o l d s  ( t au  < 30 seconds) were violated are sitowu t in F i g .  5— 9 .

Pilots maneuvered in 59 percent of these encounter situations . Th e d i s t r i b u —

tion of closest approaches for cases where the pilot maneuvered and for t h ose

where no maneuver was de tec ted  are s imi l a r .  Th is f ac t  supports t he couttent i - cu

— th at  p i l o t s  did not  cont inue  to maneuver u n t i l  some p r e d e f  tri ed s e p i r i t i o n

was g uar a n t eed .  i n s t ead  they made l im i t ed  m a g n i t u d e  cor r e ct  ions , and m o n i t o r e d

the th rea t v i s iu a  l i v  t int i i  i t  was perceived that no coil is ion wou ld  o c c u r

Over 80% of the subjec ts  exercising see—and—avoid came within a h a l f  m i l e

hor izon ta  liv and 400 fee t  verticall y.  The IPC a l g o r i t h m  t h r e s h o l d s  [o r  pos i —

l ive  commands are a ha l f  mile h o r i z o n t a l l y  and 1000 f eet  v e r t i c a l l y  (50(1 feet

ver tically for VFR—IFR pairs) . Differences between v i s ua l  and automated

system s tandards  are to be expected . A perceived a l t i t u d e  s e p a rat i ot t  01 200

fee t  is adequate  when conf i rmed v isual ly ,  but  add i t i ona l a l t i t u de  st ’p l r a t i o n

may he required due to measurement inaccurac  i t s  for  attv sy s tem based upon

Mode C b a r o m e t r i c  a l t i t u d e  repor ts .

Ma ne uver E f f e ct iveness

In some instances p i lo t s  adopted an i t e ra t ive  approach to ,t v o i d ,m o c .  l’I-i~ v

made limited magnitude maneuvers and then flew s t r a igh t  and level in order t o

determine whether or not they s t i l l  appeared to be on a co l l i s i on  course .  In

the few cases where the initial maneuver did not resolve the threat , autothuet ’

maneuver was executed . The early visual acquis i t ion brought  about by t h e

prcsenc~ of P141 allowed this m3thod of avoidance to be q u i t e  e f fe c t i v e .  U n—
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for  tu t l a  to  l v  i t  c u t  not be in ferred tit it t h e  same i i  ye 1 o 1 i t  i c  1 1 \ , i l i  5

would r~- -~u l1 in t’uieounters with iout 1’W1 in w ltie i u pilot ’-; - i re st i n t  l~-d by sudden

tp p e a r~u t i c o  c f  t r u t  f ~ i t  close r an g e  and m u s t  hast i1~’ ~ il -ccc  I to  n i n e u v e r

upon which their ul I i ; i t e  - i f  o t \ ’  d e p e n d s .

I t ie f e c  t iv~- m a n e u v e rs  can ar  iso wh en t h e  p 1 lot  Hu1S ~ i i c c  i v i S  t h e  r~ ljt i Vi

p IthI of thuc t h r e a t  . t iUt ’  v isua I ‘‘(1 (us iou ’’ whu  i ch  has been obse rved  in  li ig hit.

— t e s t s  ar i s e s  wh u o n  t h e  i n t e r c e p t- c r  is  significa nt Iv  f a s t e r  t i t a n  t~ it ’ J r c ic and

is cr~’ssuu1g in f r o n t . l’hw sLuh~ eL-I pilot p e r ce i v e s  tl u , i t t h e  1uten c~’to r is

f t z r t l i t r I rem the  p o i n t  i l l  c o l l i s i o n  than  is h i s  ~c’u j i  r c r I t . h )U t Iu~’ d ots

rio t pi t- ce i v e  t h e  gr e , i t  t n  speed 01 the i n t e r c e p to r .  ( o t u c ~- q u c l i t l v  , h i t ’ may

co n e Liude thi,t t lie is passing in I r en t  ot  the i n t e r c i - p t c r , and th a t  a t i n c

be lt iu~h u. i l t i uv i  r c anno t  be ext - cu ted . He maY t hen  t t u r n  i~ - ,iv  and dec re. cc V lie

miss  d [s tance (Examp le 29 of  Append ix  C i l l u s t rat e s  t ht  Is piienonueuton t . In t h i t

f ew ins tances in w h i c h  i i i  i s  phenomenon was observed • t he  t i lo t  soos t e a l  i .~~d

tha t  t u e  turn  w~u s inc  f t e c t  ive  and then e x e c u t e d  an i i  t o t n , i  t Lv c  m ,kn t ’t u v t  r

( h a l t i ng ,  revers ing , or maneuver  ittg in the ver t  j e t  I p lane ) . The f t c  I th . i  t

the pi lot  can visually i n c - u i  to r  the ef I e ct iveue s s  ci It is maneu ver p r o v i de s  an

im p o r t a n t  m ea s u r e  of  p r o t e c t  ion ,t g ai n s t  tn c or r i ’c t c h o i ce  o t I nit Lii m ,t u i e t u v c r

d i r e c t i o n s.

5 , 3  P i lot E e sp o n se  to  [‘WI Service of 1PC

This sect ion  r e p o r t s  on the p ilot response to the  p r ’x  in i t~~ w a r n i ng  p e r—

t ion of I PC tinder normal f I ighit test conditions for which b o t h  P141 and li ’~

command s were .iv ;i i lab l t’ . P i lo t  response to P141 pr ior  to v i s u a l  i c g t u L - i t i o n

of the  t h rea t  and p i lo t  response subsequent  to v i s ua l  t c l l t t i s i t L t l ui ire  d is c u s sed

as separa te  t o p i c s .  O t h e r  resu l t s  in the area of P141 d~~s igu and ut  i i i :  i t  iout

are presented .
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See—and—avoid p il o t s  who must provide their own separation from other

a i r c r a f t  were very r e cep t ive  to any system that would aid them In locating

*
nearby traffic. The enhanced acquisition capability provided by P141 was

gre a t ly  a pprec iated . M a n y  t imes p i lo t s  s t a ted  tha t  they would n over  have seen

the t r a f f i c  if  P141 had not pointed it out. This was true in many cases of

— po te n t i a l  near— miss s i tua t ions . P i lo ts  expressed surprise at how close the

t r a f f i c  approached pr ior  to P141 without  being no t i ced . In such -u cases the

t r a f f i c  was not t i ect ’ssar i  l y  considered an immedia t e  threa t when the p i lot

l o c a t e d  i t .  R at h e r , the p i l o t  was surpr ised t h a t  his  norma l search procedure

fa i l e d  to d e t e c t  t r a f f i c  wh ich was well  w i t lu in  opt ical  de t ec t ion  range .

5 .3 .1  PiLot  Use of P 141 P r i o r  to Visua l  A c q u i s i t i o n

- ¶ P r ior  to v i sua l  acqu i s i t i on  or coimnat ids , a p i lot ’s only  i n f o r m a t i o n  about

t h e  t h rea t  is contained in  the h’W [ i n d i c a t i o n s . The react ion of p i l o t s  to

u n a c q u i r e d  t h r e a t s  was dependent upon whether or not the threat approach

bea r ing  was in t he i r  f i e l d  of view or was obs t ruc t ed  by the airframe . P i l o t s

tended to be r e l a t i ve ly  unperturb ed by unacqu ired t r a f f i c  at unobs t ruc ted

bearings . The Preva l ent attitude was that the t r a f f i c  would be seen if it

were a threat. This a tt i t tude may he condi t ioned  by exper ience wi thu  today ’ s

ATC advisor ies which often alert p i l ots f or a i r c r a f t  which never appr oach

close enough to be considered a threat or even close enoug h-i to be seen . On

the other hand , pilots were apprehensive when alerted by P141 ind I cat ions

at  bearings for which the airframe blocked their view . They were uncom—

*
A qt uant [tative assessment of the improvement in acquisition perform ance was

presen ted In Section 5.1 .
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fort .ih t’ knowing that t r a f f i c  was nearby bu t not  be ing  able to visually

mon to r t h e ti i nt ’c t I out of a p p r o a c h .  Pt  l o t s  often s t a t e d  t hat thiev would

grea t  lv apprec  t i t i ’  be lug  nformet l  of t h e  range to the tra ff I c  under thiest ’

cond i t i ot is so t i , i t  t lucy ~ ou Id m ont  ion the  separ at  ion and rate of closure.

For some p [ l o t s  ti lt’ unease  was  , i 1 l ev i  ated by t h e  kt ow led ge t ha t  I lie I i’C

sv s  t ,‘t uu won I d t i n t s  u I i o u - u  to  I i i  gh u o r  alarm love Is ( 1 . e • , f l a s h i n g  P141 or co it i—

— 
m au d s )  li e I or - c  .t c o t  I is  ton could tak ,’ p l a c e  . But  such so lace was p nova  I on t

on lv in p i I - ct s wht o a n t  I c Ipa t ed  and had con f idence in the of t e e  t iveness o t t h e

eventua I I PC commands . P ii o t s who bad experience la te  or inc  I feet I ye t’o mut iands

Ic 1 t t h a t  visual Itton tor lug was r eq u [red

A i  t - f r a m o  blockage was ob served most t r eq iu cn t ly  In o v e r t a k i n g  ( t a l l  c h u i se )

,‘ncoiunt , ’ r s witen th i t ’ th rc . i  t was a t  th e 5 , 6 , and 7 o ‘ e lock P141 Pos it b its . But

b lockage  is ,i func t ion  of t u e  individual  aircra ft window arrangentent and air—

frame c o n s t r u c t  i o n .  Th e I - u I o ck ,ug e  e f f e c t s  of It igh wing and low wing des igtts

ar e d i i  f o r e n t .  h - ’ t u r t h i er m o i - e , p [lots indicated t h a t  if  wea ther  or c louds  bad

ohs t ruc ted t h e I r view , t hi t ’v would hmve had concerns similar to those pr oduc oil

by  a i r  f r ame  b Iot ’ka gt’.

P i l o t  Maneuvers 
~~ •~~~~

‘ c~. ~~~~~~~~~~~~~~~
Thw u n e o m f o r tab  h e  feel . l t g  caused h - u v a i r f r am e  blockage was I r5-iits lated

tnt  i- u a positive react ion b y many p i l o t s .  Tb is was t ’spec [~il Iv  tru e wh en

ord (nary i ’Wi ‘ s pers is t et i  for severa l scans (as in slow overtake 51 t u at  i oiis i

or when the f l a s h i n g  P141 was r ece ived  . (The p ilots were hr  it’ fe d  that the

fla sh itg P141 hid I t ,it~ d an immed I a it’ threat auid that wh en such in ‘it arm was
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F t ’ t ’ , j ved t hey  should i t  t empt  to loca te  t it e I n t r u d e r  and be prepared to r t ’ —

solv, ’ t h e  si t w i t  i o n )  . Observed react Ions genera l l y  took the  fo rm of a

mane t iv e  u toward the ’ P14 1 b ea r i n g  In at-i at  tempt  to Loca te  t u e  i n t r u d e r  and to

, i S St ’SS t h e  s i t  t u i t  ion (se t ’ Ex ; inu p It’ 30 of Append ix  C) . In the east ’ of P W L ‘s

f rom ii in -c i t ly  be lt m d  ( i i  o ’ c l o c k )  , p i l o t s  s i t t i n g  in the  l e f t  scat  would o f t e u

momet t a r  i Iv bank i t ’l l  t o  be ab le  to g latice over th e i r  sh iou lde r  to locate the

tra It to .

E f f e c t  of  M u u , ’ u v i ’r -  P r i o r  to Y i s u a L Ac~~i i . s L t l o n

Maneuvers  t’x ~ i ’i i i t ’t h when the  p [lot did not have a visua l si gh t i n g  of the

- - m t  r ude r  o ft e t t  worsened n it ’ s i t u u , i t  i o n  and decreased t h i t ’ a b i l  it v  of  IPC to

rest ’ lv,’ r i te  encoun te r .  S t r a i ght  and l evel et’ucounters were turned into

maneuver ing  t’n c o iu n t e  rs w i t h i  . t I  I the at  t endent  u e solu t  ion d i f f i c u l t i e s  descr [bed

In Sect ion !~ . 5. Miss  d i s t a n c e  and t ime ti - u  c o l l i s i o n  were  reduced at -id t racker

lag was indu ced . Man y t imes these  mau euvers took the drone d i r e c t l y  i n to  t h i t ’

- 
~ pa th  of the intruder (s, ’t ’ Example s 30 and 31 of App~ t d l x  C)

Pt  l o t  I n t e r p r t ’ t u t  i i i  of P141 InformatIon

Wh et -u v isua l c o ut  ;lc I was lacking~ p i lo t s  at  t empted  to v istua I ize th e

thrt’a I on the basis of P141 pos i t ion  and the hi istory of the P141 alert. Because

P14 1 1 nf -u rm u t t ion is tb t ad t ’quate for this task , plausible assump V b i t s  we rt ’

made to complete the p i c t u r e .  A l though  tbc~’ were caut Lott ed In the pr i ’—f l i gh t

b r i e f Lu g that thit ’ P141 should be used as an a c q u i s i t i o n  aid only . ma ny 1) ii ot s

f e l t  compelled t i - u  act  on th e’ basis of their  i n t e rp re t a t i on  e l  the PWI data.

When their assumptions concern ing  the mi s s ing  in fo rmat  tot -i were w r o n g ,  t hue  It

act L ouis were o f t e n  coun te rp roduc t lvt ’ .
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t h i ~’ i n f o r m a t j ot -u - co n t en t  of the  i’WI is de termined  p r i m a r i l y  by a l g o r i t h m

t hr , ’s iuo 1 its ari d d i  sp h ~tv des tgn. The eurreui t P141 informal iou -i cons i s t s  of t h t r e a t

h - u~~, ir  lug , no h i t  t v - c  a t  t i t uilt ’ . arid t lashting/utin—flasiting status. Ma ~or limit~u—

m ~‘ut ~’ i i i  I n f o r i u t a  t ( o n  e ’ or i t  t in t  t r ~’ as t o 1 lows ( I )  the  c o — a L t i t u d e  P14 1 p o s i t i o n

t e l  I s  the ’  p I l o t  o i t l v  t h u , i t  t h tt ’ t hr eat  I s  w I t h i n  500 le ’, ’t of own a l r e r , u I  t , bu t

t ot  whi e i t t , ’ i I h ue  t h u r ~’ i t  i -u above or below own ,u I i i  m d c  • i i i  1 s ,u 1 Vi  t ud i  auth i giu i t v

I oaths t o  nu i i i  h u t  -c ~~ u re t , u l  i o u  . P I t o  ts wer e obse rvt’d to maneuver vi ’ r t lea I I  y

w t huout ,i  v i s u i . i  I s i e t i t  I rig u - u - i  response to a co—a l t I tude P141 m d  bo a t  ion even

t h u o t i o ~ht t h u  i l i , l u u i ’ l y t ’r on Id he ’ tak lug them toward thtt � ~i ILl tude of a t h r eat

Si ’ pa i i  ted h - u v - h i t )  or i t , ’  re t t o t  in a l t i t u d e .  Soni c P i lots whit - u Were  ch ang lug

,i I i  i t  i id were oh s-c rve ’,I t o  level i -uf t~ upon rece lv l u g  co—a I t I tude P141 ‘ 5

ti e i , j 5  t o u t  i i  v t Ii i s  p r educed at-u acce ier a t  [hig t h r eat  wit ich wou ld  have been lv i ’ u - t e d

by  i’ofll 1 r i t t at  [OF t oh  the il t i tu dt ’ r a t e .  (2 )  P i l o t s  cannot  iu f e r  range to

the i n t r u d e r  s [ri ce t h e  I’ WI has a tan t h re sho ld  fo r  wht i chu  rauige var  los depending

upon who thor  I t  is a st ow o v e r t a ke  s i t u, i t  ton or a head—on encounte ’ i . Fur t h o r —

m o r e , t iii’ t a n  t hu  r o shuo Id v i  lues are var led accord tug  to d I I fot ’enc,’s it t  t r a ns  —

pouid t ’ r equ  I page intl I I ight  ru les .  ( 3 )  P I l o t s  o f t c t  v isiua l  i ~e att ave idance

maneuver  t o w u r d  t i e’ b e a r i n g  loca t ion  of the P 141 a l e r t  as unproductive

anti a maneuver  away as ~~-u ns  i i  tuting avo idance.  (Al though  as was prey  iotus iv

s t a t  i’d , some p11 o Is w i l l  t u rn  toward the  P141 In au-i a t t emp t to a c q u I r e  r a t h er

t h an  u t  ten t h -u t to ave Id on t h e  basis of P141 b eat lot i ) . The shat led reg ion in

Fig. — 1 0 ( , i )  m d  i c , i t e s  possible bearing loci for an a i r c r a f t  producing a P WI

[rid i c a t  Ion at  ot~~’ 0~ c l o c k .  I f  the encounter locus Is  at A then a turn by
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( 0 )

RELAT IVE RELATIVE
V E LOC I TY VELOC I TY

“ 4 4C A S E A C A S E B
AIRCRAFT SHOUL D TURN AIRCRAFT SHOULD TURN

AWAY FROM 7 O’CLOCK PWI TOWARDS 1 O’CLOCK PWI
( b )

Fi g.5—10(a ,h). PWT location does not all ow determination of d r e c t i o u i s
In  w h i c h  i t  is s a t e  to t u r n .
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a ircraft 2 toward the  P141 li gh t (to move the locus toward B
2 

= 0° ) reduces

ex i s t ing  miss and u t u r n  away increases mi s s .  Bowever , if the encounter

locus is it  B then  a turn toward the P 141 is advisable and a t u rn  away decreases

the miss  d i s t i u - u e t - . Those s p e c i f i c  geometr ies  are i l l u s t r a t e d  itt  F ig .  5— 10 (b ) .

The kit - id of  in f o r m a t i o n  which  p ilots f e l t  mi ght  a l l o w  them to b e t t e r

v i s ual i z e  the  t h r e a t  i s  s i m i l a r  to t ha t  provided b y cont ro l le r s  when i ssuing

t r a f f i c  advisor ies .  A t v ( l i e a l  radar t r a f f i c  advisory a-a issued by a controller

might be: t r a f f i c  2 o ’cl ock , 6 miles , sou t h bou nd , fast—moving military jet ,

60(M) f o o t .  C u r ren t  PW I i t i fo rmat ion  does not include such-i exp l ici t

i n for m a t i o n  about th - u e i n t r u d e r  range , f l i g h t  pa th - u , speed , or Mode C a l t i t u d e .

Nor does the [‘WI it d icate which maneuvers would increase the  collision hazard .

A d d i t i o n a l i n f o r m a tI o n  that  mi ght be help fu l  in the IPC context  would be tht e

f i i ght rules  the in t ruder  was opera t ing under and whe ther i t  was IPC— equi pped

(and therefore aLso  able to receive collision avoidance i n s t r u c t i on s) .

E f f e ’c t of P141 Uj~~~ Planned Maneuvers

Ti-ic IPC concept does not forb id  p i lo t s  from maneuvering in thie preset -ice

of unacqu i r ed  P141—indicated t r a f f i c . In f l i ght  tes t ing it  was found t ha t

some p i lo ts  are l ikely  to cont inue exis t ing  tu rns  or a l t i t ude  rates , even if

the y result  in motion toward an unacquir ed P141—indicated threat. Example 32

• of A p pend ix C shows a pilot continuing to climb while receiving a PWI ind ica t ion

from a target above. The p i l o t  rat ionale for ti-its action was tha t  if  the climb

were dang erous a command to stop climbing or a descend command would be issued .

One pilot stated th a t  he would not be interested in searching for the PWI—

Indicated traffic u nless it ~as indicated co—altitude . He felt t ha t  if the
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tra fic was greater tItan 500 t ee ’t f ront  own a l t i t u d e  it did not constitute a

t l t r e , i t  . It ap (’t’ ur s thi, it i u a t u v  p i lots wil l react comp l a c e n t l y  to P141 wa rn ings

I or a i rc raft the v ~
- .j u i u o t  h o c  i t  -c i t  t h ey  h ive con ft de u ce ’ in the  command bac k—ui-u

~‘ r t I t h ey  h ave’ s e ,  i u ~ - I t t i t  an uue )h) s t r u e  ted boar  t r ig  and found  no t. r i  I f  ft . [‘bus

PW I wartu ings si t i-ut i Id i~~~~~~ ~~ v i owed ,is itt a I to m a  l iv e ’ to  nega t  lvi ’ c onttiuaud s in

s jtit ,u t i o n s  in which uu u auut uu v t ra a t e  tru ly h az a r d o u s .

-u . 3. 2 ~ t hue ’ r [‘WI Rt’su it a

P t  lot  Va ,’ o I ( ‘ W I  to A v , ’ u - t Couuutuautds

‘[‘tic [PC concept s-u i~~g -  at a t h ta t  pilots just ’ t h e  [‘WI warn i t g s to h , i , a t i ’ t h e -u i n

t r a f f i c ’ at-id prov t i l e ’ thu t ’ i r own visual separat ion • thus obv la t  ing the  need for

- I command g e t - u t ’ r~u t i o n .  i h t o  f l i g ht I ti’s t OX per [cue ’ e has shown thta t t hu  Is i s no t

[‘rat’ I i c a h l  e • (lit iv on r i r~- oct -as toi ls dur  j uig the  t e s t i ng  wer t ’ p i lot  s sue i ’ e ’*i I oh

i n  a v e r t  lug command s h -u v [ n i t  t a t  [rig ~u miUieuver . t’h i s was true for s i’ve r a I

reasons . First , most pilots i’ht i ’ se’ t o t  to maneuver dur  [rig the p er i t - u d  be tween

v i s u a L ~icqu  is it ion and commands. As was discussed in Soc t ion 5 . 2 . 2 , see—a nd—

avo id p ilots d~’ I avod tuan ouvers  u n t il  a i rc ra  f t  were clot-i c enoughu to p er m i t

adequate visual evaluat li-ut - i of  the nature of the t h r e a t .  IP C cotutnands o f t e n

caine before  such ova lu ia t ion had occurred . Secondly , p [lots aece’pted separa—

t ion s whi c h were substant Ia I I v  less titan thios,’ wh ich I PC can tolerate. Fina l I v ,

even i f  p ilt)tS bogamu m tt -ueuv ers , the de lay s in a ircraft and t r a c k e r  response d lii

not allow resolu t ion  to he conf i rmed  in the (n ominal)  15 s ec o n d s  be tween  the

f l a s h i n g  [‘WI a I ,‘rt and commands.
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P i lot s  conu iue’n to i i  on d i s c r e p au -u c i e s  in i n t r u d e r  pos itiot and I’W I c lock

po s i t  i~- u tu  due to c rab  ang le induced by wind  and t r acke r  lag ( d u r i n g  t u r n i n g

maneuvers ) ,  but were’ not over ly  concerned wi th - u  them.  P i l o t s  who were f a m i l i a r

w i t h  radar  advisor it’s f r o m  cot tro l lers wet- i- aware  of s i m i l a r  phenomena and

t o  I t t h u t i t  t i -icy ci Id riot cause any  g rea t  d i  f f icui lv

• M i s t a k e n  I d e n t i ty

On a f t ’w occasions p i lo t s  mis took ano the r  a lr c r at  t for  t hu t’  c t - u i ’ w h i c h  Ih io

[‘WI was it- id i c a t  l u g .  The m i s iden t i f i ed  a i r c r a f t  was nortua i lv  e i t he r  bi - v i - u n d

tI -ic [‘141 threshold or u - ut - ut  Included in the [PC svs t enu ( e . g .  , n ou — t r a iu sp o i i d t ’r or

non—Mode C equipped) . t y p i c a lly  p i l o t s  were a b l e  to q u i c k ly  r e c o gn i z e  t h e i r

- 

I mistakes upon discover ing t h a t  the PW 1 i-lock pos i t ion  changes d i d  not  t r a c k

the vistually acquired traffic or upon realizing that thie sighted traffic was

- i not threatening enough to produce the [‘WI alarm . A quick searc h then  u s u a l ly

revealed t h o  PW I —indica t ed  t r a f f i c .  The p i lots expressed c o u f i d e i i c c  in  t hei r

a b i l i t y  to d is t i ut g u [sh  th u e  P 141—itd i ca t ed  t r a f f i c  f rom o t hw r  t r a i t  ~i’ v isuallv

acquired .

5 .4  Comments Upon a i’WI—Onl y Service

[‘Wi—onl y  service has been mentioned as a possible i m p l e m e n t a t i o n  phase

of [PC . The P 141—only f l i ght  tests  (described i_ u-i S e c t i o n  5 . 2 . 2 )  and tho visual

acquisition data gathered during the f l i g h t  test  program citable some r elevant

comments to he made concerning such proposals .
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P i l o t s  f l y ing  w i t h  P 14 1—onl y service were much more apprehens ive concern-

ing P14I - ind t at e -d r u a f f i c  approaching f rom obst ructed bearings than  were

pi lots t l y i n g  w i t h  f u l l  IPC service. There was a greater inc l ina t ion  to t u rn

i n order to acquire overtaking traffic. The safety implications of this

behavior m ay be m in inual In terms of its e f fec t upon visual separa t ion as su r an ce

i f  t he overtaking pi lot  has acquired and is main taining visua l c o n t a c t .  But

such maneuvers are in conflict with the objectives of an automated resolution

sy s t em wi - i tc h - i  seeks to follow [‘WI wi th  commands (see Section 5 . 3 . 1 ) .  Enhanced

i nt o r m a t i o n  content  of  the PWI advisory may be required to reduce p ilot

concerns in these s i tuat ions , and avoid the es tablishmen t of modes of [‘141

tusdVe which are inconsistent with later evolution of the [‘WI—only system

into  a P141/resolution system.

In many cases p i lo ts  appeared to be responding to the cues pr esent ed

by [‘WI and not a c t i n g  e n tir e l y  upon their  own visual perception of the situa-

t i on .  In particular , the flashing [‘WI with i ts aud io alarm created an air

of urgency whic it  caused some pilots to react sooner than they would have

ordinarily . ‘rhis theory is reinforced when analyzing the results for those

encounters in wh ich the pilots were unable to visually locate ti-ic traffic.

Six ty percent of the time these subjects maneuvered using the flashing P141

indic ations to choose maneuver directions . In such cases , an incorrect

visua l izat ion of the situation (see Section 5.3.1) could result in maneuvers

being ineffec t ive or detrimental. Enhanced PWI could reduce the -u l ikelihood

of a hazardous P141—induced maneuver and assist the eventual t ransition to $

- - a full resolution service.
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See’ and—av e  id p i l o t s  we’re enthusiastic about the benefits of [‘WI. The

at - n v  t e e  c e r t a i n l y  i n c r e a se ’s t h e  probability t h a t  approachiuug aircraft will be

scot t .  Su ch -i a service would relieve the controller of the  need to provide

a dv r s o r i e s  and would guarantee the ava i l ab i l i t y  of  advisorie s regardless of

i- i-u n i t - o i l e r  workload . There is little doub t that P141—only se rv i ce  would p r e ’vent

a gr e -at manY mid—air ci-ui lisioui s which currently occur under see—and—avoid

c o n dit i o n s . But i t  must be recognized t ha t  such a ser v i c e  i s  l i mi t e d  i i

01 t o e - t uVent’s: . In cer ta in  situat ions  (c . g.  , u - u p  id closure , reduced atmo-

sp h er i c  v i s i b i l i t y )  tiie visual  acquisi t ion perform a nce of ti -ic p ilot un~iv L)e

i u ,i~’ c q u i t e  even when aided by P141. This l i m i t a t i o n  is most significant t~-ur

h i giu  performance a ircraf t  f lying IFR.  A see-end p ossible l imi ta t ion  is t h a t

i n  c e r t a i n  cases p i lo ts  m ,iv choose ine f f ec t ive man eu ver s even when acquisition

ii adequate lead t imes has occurred . Collisions r e su l t ing  due to incorrt ’t’t

maneuvers  are unlikely however, if the p ilot u t i l i z e s  [‘WI properl y and v i s ua l l y

mon tort-i t h e effe’c I iveness of his maneuver (sot ’ Section 5.2.2)

l it a few cases , p i l o t s  who had wandered front their intended a l t i t u d e  ( u s u a l l y

i ’h I O 5 C i t  t o  correspond with the t -u [sing a l t i t& ud e hemisphere rules — FAR [‘a r t s

91.109 , 91.121) maneuvered to r e tu rn  to a l t i t u d e  upon receipt  of a [‘WI .

Although comp liance wi th - u intended altitude is generally prudent , the result Lug

maneuver som etimes carried the pilot toward ti ie a l t i tude of t iie t r a f f i c  rath,’r

than away .

In summary , the data gathered during the flight tests supports tu e v i ’ w

that I’ WI — onl y service can significantly improve see—and—avo id perf o rm a n ce .iniei

that am-i acceptable [‘WI—only design is readily a ch u ieva b l e .  P e r l e - u t  mance can he

improved by enhancing thie informa t ion content of the  [‘WI a d v i s o r ’  -
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5 .5  I’ i lot Response - o  1PC Commands

I l’C commands we’re discussed in S e c t i o n  4 in terms of the a l g o r i t i u m i c

ob o i l  IV i’s. There ti - ic pr incipal fe-u cus was upon t iie a b i l i t y  i - u f  t i t e  h i - u g j e  to

eliot -u t -it’ commands which would avert collisions if pilots complied with - u commat-ids

in a uu o iuu ina l  fas i t lon. h’his section discusses t I e  pilo t ’s a b i l i t y  and w i l l -

ingness to u t i l iz e  the commands generated by the IPC system to assure  se’p~ir ~ i —

t Ion .  Sect Ion 4 [dent i f  led c er t a i n  cases in w h i c h  the a l g o r i t h m i c  log ic

f a i l e d  t i - u  achieve It s  desired obj ectives . Pilot reaction to conmuands were’

u n d e r s tan d a b ly  u n f a v o r a b l e’ in these s i t u a t i o n s . A s ingle  a l g o r i t h u u u u i c  I a i  lu r e ’

was observed to have a long—lasting effect upon pi lot  conf idence ’ i u  t he IPC

system. However , ti-ic encounters flown during subject pilot missions were ’

g e n e r a l ly  chosen to I l l u s t r a t e  nominal system performance and not to i u v e s t i —

gate  algori thmic weaknesses. Such-i flight testing revealed that r e s o l u t i o n

st ra teg ies  which appeared highly consistent with the object ive  ci a s s u r i n g

separation were often r e j e c t e d  as unacceptable  by t ite subject p i l o t s . l’It, ’

[‘ is is of this difficult y lies in the fact that the IPC resolution log  Ic p u i r s u t  s

t i e  ge-ual of assuring separat ion by decisions based upon radar rei)orts w h i l e ’

the p ilot is motiviated by other concerns and other information . The r o s u l t i t -u g

compat ib i l i ty  problem is discussed in the remainder of this s e c t i o n .

5.5.1 Commands Prior to Satisfactory Visual Evalua t ion

Sub ject pilot reactions to commands differed significantl y depending . -

upon whether or not h ue pilot had achieved a satisfactory visual evaluation

of the threat .  Pi lots  were generall y concerned about P14 1—indicated thr eats
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wh i i_ h - i tb v had not acquired or which -u we’r.- acqu ired at , u range ’ w h i  - it d i d  u - ui - u t

l i l c i , - s , i tj s t , t c l o t ’ v vi stt ,ui evaluation of the other ait - cr all ‘s ri- l u t  i~~’t ’ t t i —

~ec t o ry . I’ dots who we’re’ unabio to acquire in spite of an ex tended  per  Lcd

o t~ [ ‘W I — a i d e d  search were usua l lv rd loved to receive’ commands wh ichi Ins t r u e  t e d

t h e m  concern ing  s a f e  courses of ac lion. i’i l ot s  wh o had acquired a tltre’at

but  we ’re ’ u n a b l e  to e v a l uat e  it tended to accept  commands as t i le?  be!st co urse’

ci ic t ion iu u v i e w  o t t h e  f a c t  tha t  the  s\’s I e’nu m i ght  h u , iVt  d - u - t  t ’c t  i’d .i  ~h ev k -It -up i uig

co llision wh -u ich  t h ey  thuetnsel~’es were ve t  t unab l e  t o  perct-u Ly e.

Turns Toward [‘WI Bear i~~~

When instructed to t u r n  toward the [‘WI i nd I c~i ted h-u o , u  r i n g  of an un acq  i i i  rod

threat in order to resolve an encounter, several pilots felt tha t  se-un -u Ctit i t -ig

w~us wrong. They felt that a left turn could n et  l- u o correct if t i l t ’ ether

aircraft was on their l e f t .  I t  did not occur to these p ilots tha t  the  intl  i—

i’att’d t r a f f i c  could be moving left to ri ght and t h a t  tiuc position ,tt c lcscS t

approach could be to tie rigiut even though current position was to t i l e ’ loft.

The I PC conc ep t  engenders confus ion  on t hu is p o i n t .  Pilots are’ told to  L i S t ’

tht’ ordinary [‘WI to determine whether the direction which they intend to maneuver

is clear  of t r a f f i c . I t  is imp lied t ita t  maneuvers away f ron t  [‘WI bear ings  a re ’

s a f e .  Examp le 33 of Appendix  C i l l u s t r a tes  a si  tua t  iou-i it wi -itch -u a suhj ect

p ilot initiated a turn away from the P141 indica t ion and then  receive’s an l1’ n

command toward the [‘WI indication. When visual  a c q u i s i t i o n  had occur red  In

such situations , pilots themselves generally chose to turn toward the [‘Wi

indicated t r a f f i c .  P i lo ts  were also perp lexed b y negat ive  commands wh ich
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p r e -u h u ihited turnin g away from i’WI bearings (Example 34 of Append ix  C ) .  I t  is

l j k e ’ I v  t h a t  if th ie ’ 11’C concept were cor rec ted  and p i lo t s  were briefed to

expec t sueh s i t uat i o n s  before  b e i n g  exposed to the  system , they  would f i n d

t h e s e ’ commandt ~ a ccep t ab l e .

5 . 5 . 2  Commands After Satisfactory Visual Evaluation

In many encounters  p i l o t s  were able to achieve a s a t i s f a c t o r y  visual

evaluation of the threat prior to issuance of IPC commands. Such an evalua-

tion was r e a d i ly  achieved when the (3D) separa t ion  at command i s suance  was small

due  ti -u modest closure rates or due to at-i approach  in the vertical d imension .

\ f t & ’r obtaining a satisfactory visual evaluation pilots normally felt that

the~’ we re capable of con t ro l l ing  the s i t u a t i o n  or tha t  an adequate miss

was guaranteed b~- the ex i s t ing  t r a j ectories . IPC comnuands whiclu then appeared

o f t e n  c o n f l i c t e d  w i t h  the  p i lot ’s evaluation and were viewed as being unneces—

s~lr\ ’ or u n s a f e . In such s i tua t ions  some sub jec t  p i lo t s  were able to suspend

t he i r  ~udgement and fol le -uw commands. Other  p ilots modi f i ed  the i r  response

to the c-ommands or refused to follow the commands at a l l .

Fi gure 5—1 1 p rovides  i n s igh t  into the ex ten t  to which  v isual  evaluation

c a p a b i l i ty  a f f e c t -d w i l l i n g n e s s  to promptly comp ly with commands. The f i g—

ure shows ti-ic he-~ding change executed by p ilots in the first 16 seconds

following the receipt of positive turn commands. Each point is identified 
-

according to whether the pilot had achieved visual acquisition at the time

of the command . For purposes of discussion , a p ilot will be considered to

be comply ing  if he al tered heading by 30° or more . It can be seen that tie
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i rob.uh i l l  t ‘-i of r omp h i  i tu ’e was g rea t  l v  u Ic ’ c  u e i s e ’ d  i f  the p 1 lot had acquired

j i s t u - u i  i v  a t  t iu c t i m e  of ~~ j~~~’ cu ) , fltuu ~lnc1 - I t  sh o u l d  l i S t )  he ’ noted t h , i t  p i l o t s

lppe -a r e d  to be tnore’ w E  I I I ug to  comp Iv when t h e  a cqu i r ed  Ir a  f f t c  was a t

1 -u i i g e  u- ranges ( g tc a t e r  t h a n  10000 I c o t )  t h a n  when t l i e ’ t r a f f i c  was it  s h u o r t e - r

u ange ’s — Tb i s  i s  t’ons I s t en t  w i t  it t i l e ’ conc l is ion  d er i v e d  front  p ilot debr  j e t  —

i l - u g s  t h a t  re fusal to comp i v  Is  norma I i v  h - u , ’~c’ ch upon the  p i l o t s  v i sua l t ’ V . u l  i i —

at  Ion - u t e’i cO t ’ r ; iu u g - r . u the’ r t i t an  ., fee I lu g  t h t ; t  t commands Ot ’ c u i t  r oi l  too e u  u - i  v

‘ri-ic pilot ’ s ab I I I Iv to visual I v c’V;i I ut at e’ , u t i u r c a t  has been c i l  sc ’ti sse d i t t

Se -c t  iot 5. 3. 1 . I t  is i n u p c - u r t a n t  to N’cogn I ze’ that at  i-loser  range ’s t h e  ~ h o t  ‘ t-i

v i  sui ;u I eval ( i t t  tori nu ay be supe i- h - u t -  t 0 t h e  c v a  I iii t Ion c - u t  a rad a r— b , i sed  a i p_or i t  h im

‘l i l t ’ p [lot may pi ’rce ’ ly e  a l t i t u d e  d i f f t -re ’nc ’ t ’s wh i c h  cannot  be u - el  l a b i  y nue ’atc i r ed

h v  Mo de—C baromet n c  a l. t ime’t I ’v (which  I s q uan t  Ized [i i .O() t o o l  i n c r e m e n t s )

Th ie ’ p i lo t  may a I so [‘t ree ’ Lvo a i tor  iz ont , -u 1. m i s s  d i s t ance  wit I cii cann ot b~’

ace ’ tirately detec ted by r a d a r  t r ack i n g .  Fur  the  runore , the  p 1 lot has ;ic ce’ss L i t

i n f o r m a L I c - u i - u  uu -u a y t t  1.1 a b l e ’  to t u e  i PC svs t e ’nu . lie’ can udge tiuc att i tu i d e  of

t Ito o the r  a ire r a f t  to det erun  [no w l u e t h u e ’ u- or not I I has  ~~ lt  t:utcd an tuvo l i l an c e

— 
- .. maneuver .  1k’ ~u 1 so knows t iti. ’ a t  h i  t u i de  ot h i s own a ircra  f t • It s capab  il l i i c’s ,

and his intent tons . A l l  these p o i n t s  suggest  there ’  Is u s t  If h - a t  ion to ti - ic

p [ l o t  -u-i convict Ion t h at  h i s  v i s u a l eva m a t  I on should  sup erc t’de t i l e’ eva lua t ie-ut-i

o h  t h e  I PC sys tem.  Th e’ i’x 1st ct - ice of In f r e q u e n t  Inc  I d i ’nts of opt!  c ’a I L i  h uts t on

does not tnt im [date pilots who are conS 1st c -n t  I y successful In tuch -u ic v lug vi sua I 
- 

-

sep ara t  ton and who fo e ’  I t h a t  an e’ h i’e’t  ron I t  I n s t r u me nt  I s  much more ’ likely

to m i s t  e’aii I Itt-rn than  at- c’ the’ I r own eye ’s •
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M u  t n t o n a i l c -e of i _s~u_aj ~~~~ i_c_t

i t  w . u s t . i  L i - it i n  Sot ’ t Lot-u S . 2 . I that c-une c - u t  thu c ’  tne~-~ t I c i i -u ihi iui t ’i i  ( .11 U t i l e ’ S

o t v u sua I se’I- u , u r , u  t ion was to ma in ta i n  v i sual contact with I lie ’ t Ii r e , i t  i n u t  i I

,u I I ci anget - c - u f c o I i l s  ton is  I a s  t . ‘l’huc e ’ onunand s i ssued b v (h i t ’  1 PC Vol out c i t  c -n

I orceel p i i  i - u t  s to l o st ’ v i sual ,  conta ct by r equ f ri  ng thu em to h a n k  away I t ’ouu t i u e ’

t h re at  or by i’ , iuiS Ing them to t eur n uujt II the threat was I c ~~’,t t  e’ eI it  t h e ’ E r  t i l t

P u  t o t s  o f t e n  cons t d c ’u e ’el such nua ne ’uve ’r s un sa t  c si net- t iu ’v c - .t uzs e ’ei t hie t t t  to

i c -u Sc ’ 5 1 glut  ot  t h e’ I r t i , ut I u i~ . 1u sueh in st au~- c’s pilots i e ’ t  I i  s’ch to i’ otu q -u V I t  It

e ’ ontnt auel -u-i c -ui~ e’e-u m p I led t i - u  c - u t t E r  ,~ token e’X t t.t t . Ex arn i)  I t ’s b - u  , itt . - Intl ~ 7 c - u t

A p p e n d i x  C I l l u s t r a t e ’ L it is behav Io r

E f f t ’c ’ t of  t)bse ’rv inj ~ ~~~~~~~~~~~~~~~~~~ e ve t

Tt u Se ’i’ t i ou i  5. 2 . 1 I t was observed that in norma l SOo— ,i u - u ci — ,iv~-u iii p rae I I c ’S

c)fl lv 1) 111. ’ a i i ’cr a t t  maneuve u 5 to  as yu r e  so p.u ra t ion . I PC norma l I i ssut -  s e ouuu u u and

t c - u  I -u o t hi  a ire ’ t .1 t I • Sante ’ p I li - ut s did not consider i t  ne ’ ce ’ ss,l  rv to iu u.uiu euve t- i t

t l u c ’v  observed t l t ’  o t he r  .i i r k - r a f t  i n i t i a t i n g  a man euver .  lu - u  suc h c ’ , i O e ’ S  ti lt

e’nt I re’ burden t or r es t -u  Iv  lu g  the  eun’ounter  was i - u i  aced dup e -u n the I i  u s  t a I l i t  , I I

to beg Iii ave u iI . inc e’

K f~t e e  is c - u t  N o i t — C c i n u p  I I a iuce

N o n — c o m p l i a n c e by one pile-u t in an encounter can have etu de’s i rab le  eon—

• se’q(Ic ’t uc ’os I or the o t h e r  j - u i  lo t  • The compl y ing p 1 lot may he I eu -cod i c-u  i’xe ’c ’ c i t  0

.1 maneuver of c’ X c ’ t’S S (y e ’ nuugn f tude in order to achieve t he scpau ’at t on rc ’qu I rod

by the I PC svs tent . i-’ur thermore , the maneuver may be inc f t  Oe ’ t l y c ’ (e . g. ,

slow speed a I Ut’ t ’a t~ in pa th c 1  fast a t  rcraft . In sottte e’ aS&’ S (he  c c - u n i t - u h f  , tuue  e
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w i t h  t he  command by c - u n i v  one aircraft decreases miss distance and fri ustrat e s

the  si-h’ ar ,lt ion  s t r a t e gy  chosen by the v isual ly  motivated p i l o t .  Both  p i l o t s

~-u (t en  emerge ’ f rom such an encounti ’  - w i t h  decreased conf iden ce ’  in 1l’C contm and s .

N I o t St~~~e st h  ‘us

Pt  lo ts  made se ’v e ’ r ’a I  suggestions concerning possible neso lu t i on  of t h e’

cemp at  i h t l i t v  p r ob l e m .  I t  was suggested that an “I ’ve got it ” bu t  ton be’ pr o-

vided to enable  the  p 1 l i ) t  to accept respons lb ii Ity for visua l se’p irat ion

(ana lop_ oti s t r a n s l e ’rs of con t ro l occur in today ’s ATC s v s te ’nu b etween  c o n t r o l le’rs

and i - u i  l o ts )  . P i l o t s  a l s o  inup l ied  t h a t  a d d i t i o n a l  i n f o r m a t i o n  e X I l l , i I n i n g  or

j u s t  i t  ~‘iug ct -umm and s nt ig h t  allow them to accept  command s w l t ) t  g r e a t e r  ce -ut - i f I —

denco . I ’hu e v a l s o  suggested I tering the resolution log ic to ach it ’ve gre ’a te -r

agreement with visual separation practices.

5.5. 3 Other Results Concerning PJic )t Response to Commands

Indeterminate Nature u - ui Commands

When a gre en command arrow was light ed , pilots were brie fed to I-unc -um pt l\’

in i t i a t e  a ntan euvcr in the di rec t ion  of the arrow and ma in ta in  t ha t  n sunoui ve ’r

until  command terminatio n .  Pilots  were not informed of the ntagn i tud e ’  of the’

headin g or altitude changes which would be required . Ti-ic indetenituln,utc

na ture of these commands w,is contrary to normal flying procedure. Pilots

wished to ant ic ipate  the desired change in order to choose a p p r o p r i a t e ’ uu oune uver

ra tes and to assess t h e  consequences upon other flight objectives (e.g., e-l e ,ur —

ance from clouds or terrain , or d eviation from course) .
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M aneuver M agn itudes

P i l o t s  o f t e n  comp lained that IPC command s pers is ted  f o r  t o o  l o n g  and

required exces sive deviations from course. R e c a l l  t h a t  under  se-e ’- . i n d — a v c - u l e I

condi t ions  p i lots  resolve encounters with -i h -u ea d tug e’ lu iu tg e -s i t t  10— 1(1 degree ’s.

F igure  5— 12  ind icat es the heading changes r equ i r ed  by IPC . i t  c w  be ’ S t i l t

tha t in about  65~ of the cases head ing changes c - u f  60° e-u r more were r - i~ct i re ’d.

A p rincipal  reason for  such large heading t’ iu ,uu ges  is that t he ’  IP C t r , i c -Lt’r may

lag fa r  behind th e a ct ual a i rcraf t head ing and thus command s may c o n t in u e ’

a f t e r  the hazard has been resolved . Another I ae ’tor ce - u n t  r i b t i t l u g  to  large-

heading changes is ti-t e tendency of the system to wait  until  the a i r c r a f t

are ve ry  close before  issuing commands r a the r  than  i n i t i a t i n g  re - so l u t i o n

soone r when modest head ing deviations would resolve the e n c o u n t e r ,

Miun cuv er Ra tes

Subject p i lo t s  were br iefed that when a turn command was dIspla ye d

response wit h -i a bank angle of 20 degrees would produce safe’ resolution (R e ’ f .  I-u

page 12) . Titey were also instructed that an extra margin of s ,itet y could I e ’

p rovided by turning with a steeper bank angle , As previously discussed , sc- u u t t e ’

pilo ts modified their response according to their perception of the  t h rea t

while some other s refused to follow the command . Figure 5-13 compares

the subject pilot  turn rate between the third and fou r th  scan (14 se’c) of

h o r i z o n t a l  posi tive command s with the turn rate between the fifth - u and s i x t iu

scan (22  see) c - u i  hor iz on tal positive commands (only cases in which pos i t ive

command s persisted f or  at least six consecutive scans are inc luded). The’
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Ffg.5—12. Subject pilot maneuver magnitudes during IPC encounters .
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(SUBJECT PILOTS)
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Fig.5— 13. Subject p ilo t turn ra tes at 14 and 22 seconds
- after horizontal commands were received .
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d a ta  r ev ea l s  a tendency for pilots to respond to horizontal commands after

four scans at in average rate of approximatel y 3 degrees/second , decreasing

t h Is average u-ate thereafter. This tendenc y appears to be the result of

pilots anticipating the termination of commands or feeling they ,ure being

required to execute excessive maneuvers .

Sub jec t s  were briefed th at when flying low perfortnance aircraft , c iintbs

should be made with the best r a te of climb and descents should be made us Ing

a v e r t i c a l  ra te  of at least 1000 fee t  per minute ( R e f .  h pg.  12) .  When f l y i n g

hip_her performance a i rc ra f t  pi lots  were b r i e fed  that . v e r t i c a l  ra te  of 1000

feet per minute was adequate , with-i higher rates providing an extra margin of

altitud e separation. A rate of 1000 feet per minute would result in an alti—

~ude change of 66 f e e t  for  each antenna scan . The subjec t ’s vert ical response

(Fi g. 5— 14) during t h e  vertical command sequence shows that the majority of

‘ilots responded at less than the recommended rates. After 8 scans (32

- t seconds) on 1~’ about one—third had achieved more than 300 feet change in

altitude. “Zoom c l imbs ” in which a pilot sacrifices airspeed for a maximum

climb rate) were very rare . Pilots generally considered the zoom climb an

undesirable maneuver.

Responsibili ty of Overtaking Aircraft

Pilots receiving indications of traf,fic behind them (at 6 o’clock) felt

that they should not receive positive commands in this situation —— they felt

that the overtaking aircraft should be responsible for the resolution. They

preferred that the overtaking aircraft be vectored around the slower aircraft

with the slower perhaps being given a negative command to prevent an inadvertent

blunder into the traffic .

134



— 
~~~‘r’~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~ ~ 

—  

~~~~~~~~~~~~~~~~~~~ 
- —

P

— 92.5 % 
___________

~AT c-s~ ( 5 - I 4 l L

AFTER 2 SCANS

3.7 3,7 

fl ~r i i  -

~~~~~g g g  [13~
( f

56.2 ~/

400
AFTER 4 SCANS

1.9 1,9
- - - _

~~~~~~
-v--

~~~
~~~~~~~~~~~~~~~~ [105]-~ ~~~~~ s~~~~ ~( f u )

~~%

24.5 AFTER 6 SCANS

H 12.2
4 .1 I fl 4.1
Ef- 4— - I ±fl
0 00 0 0 0 0 0 0 0

• 0 0 0 0 0 00 0 00
- -; — —~~~~ r g- fl

(f ,)

— 46.7%

I 
- 

20.0 
267 AFTER 8 SCANS

n H 6.7
- -i-kRg g  8 8 ~~~@ 8 8 8 8

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 15

Fi g.5—14. Subjec t pilot response to IPC vertical commands.
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Confusing Message Transitions

In some encounters the PWI’s and commands displayed to the pilot under—

went rapid and counter—intuitive changes which confused the pilot and made it

impossible for him to react properly to the information being displayed . A

common sequence of changes might involve displaying an initial ordinary PWI

then a flashing PWI, a negative command , a positive command in one plane,

an additional command in the other plane, and a final ordinary PWI. All these

transitions could occur within a 30 second interval. Many command states

persisted for only two scans and were thus changed almost before the pilot

could beg in responding to them . Serious difficulties arose in connection

with command reversals. In some encounters the direction of a horizontal

command was reversed on the same scan during which an additional vertical

command was added , Pilot’s sometimes read the additional vertical command

but failed to note the command reversal and continued turning in a direction

opposite to that requested by the new command (see Example 38 of Appendix C).

At other times the reversal destroyed the credibility of the system ’s resolu-

tion strategy and pilots simply refused to follow the reversed command (see

Example 39 of Appendix C).

5.5.4 Pilot Acknowledgement

The pilot acknowledgement feature of IPC exhibited several deficiencies

which led to unsatisfactory test results during subject pilot testing . Areas

of major diff icul ty are detailed below:

Concept: The meaning and purpose of the pilot acknowledgement were —

never clearly defined in a consistent concept statement. The IPC algorithm
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docume i~t ( R e f .  2) states that “Each IPC ‘do ’ or ‘don ’t ’ message is acknowledged

by the pilot activating a ‘will comp ly ’ or ‘won ’t comply ’ switch...”.

Since the inception of the flight test program other statements and documenta—

tion have substantially altered the above concept. First , the “won ’t comply”

switc -i has been elim i nated , thus allowing the pilot only a single affirmative

response op t ion .  Secondl y ,  the “wi l l  compl y ” meaning was eliminated . P i lo ts

— were briefed that commands were mandatory and they were expected to acknowled ge

every command , complying with that command to the extent practicable. Thus

pilots acknowledged even when they could or would not comply at all. These

changes resulted in the acknowled gement b u t t o n  losing most of i ts information

content  and becoming l i t t l e  more than a manual dup l ica t ion  of the DABS

t echn ica l  ackn owled gemen t fea ture (simp ly meaning “message rec eived”). This

point is shown c lear ly  in Fig. 5—15 which presents the d is t r ibut ions  of turn

magnitudes executed by acknowledging and non—acknowledging pilots. The

amount of information in the ackr~iowledgement is determined by the extent to

which its presence alters our a priori estimate of the distribution of pilot

responses. It can be seen from the figure that the distribution of turn

magnitudes is essentially independent of whether or not the pilot acknowledged .

Cockpit Implc.mentation

The flight test implementation of the pilot acknowledgement feature was

modified during the testing to reflect the concept changes mentioned . For

example , when the acknowledgement had a “will comply” connotation the aural

alarm was sounded for only a fixed period following the appearance of commands .

When it was decided that acknowledgement should imply only “message received”
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-

FRoM: -120’ -90°-60’ -30’ 0’ 30’ 60’ 90° 120° 150’
- 

To: -90° -6O°-30’ 0’ 30° 60’ 90’ 120° 150° 180’ —

- TURN EXECUTED (deg)
— DURING HORIZ ONTAL COMMAND SEQUENCE

Fig.5— c. Relation of acknowledgement status to turns executed by subject
pilots in response to IPC horizontal commands.
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the a u r a l  a l a rm  was sounded continuously until the p i l o t  acknowled ged . This

resulted in p i lo t s  p u sh in g  t h e  b u t t o n  to  s i l e nce  the  a l a r m .

Other tactors mod ifi ed during the t e s t ing  included the locat ion of the

b u t t on , i t s  s i ze , un d the feedback  which t e l l s  the pilot whether the b u t t o n

has  been p r o p er l y pushed . Some p i lo t s  ob jec ted  to having  to r e t u r n  the i r

at t en t  ion to the  in st  rument  panel  in order to locate and push the button .

— Others s ta ted  tha t  the  b u t t o n  was too small , poor ly  located (on the IPC d i s—

p Liv) , poor ly  li ghted , and did not provide a phys ica l  m d  ic a t i on  (“ c l i ck” )  when

p r op e r ly  a c t i v a t e d .  A l a rge r  b u t t o n  providing the  requested feedback  was

placed within easy r each  on the yoke in each-i of the tes t  a i r c r a f t .  This

r e v u s e d  installation did not fully resolve the issue.

P I lot Work load Cons iderat Louis

The pilot ’s successful use of the acknowledgement b u t t o n  depends upon

workload constra ints .  There was concern that  the e f f o r t  of acknowledging

would de lay  the in i t i a t ion  of the avoidance maneuver. Therefore , pil ots were

briefed to push the b u t t on  a f t e r  the avoidance maneuver had been initiated .

Under t he stressful conditions of avoidance , the button was often forgotten

until after the eight sec ond s allowed for acknowledgement had passed . In the

eight seconds following the abrupt appearance of a command a pilot must read

the display , decide if he can comply , and put the airp lane into the maneuver.

Pilots were often attempting to visually acquire the traffic at the same t ime .

The neglect of workload items of lesser importance in this time interval is

understand able.
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In la ter  tes ts  when the b u t t o n  c o n t r o l led  the continuous alarm i t

became the f i r s t  thing many p i lo ts  at tended to. Pilots  pushed the b u t t o n

a u t o m a ti c a l ly  to silence the alarm before  reading the  d isp lay  and execut ing

requested maneuvers .

Algorithm Response

The IPC algorithm tested made radical changes in control strategy based

upon the presence or absence of acknowledgement. For instance , if acknowledge-

ments were received from two conflicting VFR aircraft the issuance of additional

commands were suppressed for  the du ra t ion  of the declared c o n f l i c t  regardless

of the outcome . If  a VFR a i r c r a f t  was in conflict with an IFR aircraft and

the VFR failed to acknowledge , additional commands were sent to the VFR and com-

mand s to both dimensions were simultaneously issued to the IFR , regardless o f

whether the IFR threshold values were exceeded .

Benefits

The benefits of any pi lot  input fea ture  must outweigh the inconvenience

associated with its use. These benef i t s  should be apparent if the pilo t

is to be motivated to use the f ea tu re .  I t  was found in tes t ing  tha t  p i lo ts

f e l t  they received no benef i t  from acknowledging . In fac t  some p i lo ts  even

welcomed the additional command which was usually issued when they were declared

non—acknowled g ing . They fe l t  it provided an addit ional  op t ion  fo r  resolving

the conflict.

In summary, the pilot acknowledgement feature was not found to be a

necessary or beneficial element of the IPC design . It was not s a t i s f a c t o r y

140

- ~~~~~~~ 

-- ~~~~~~~ 

—- —-  — _j ._ _ ~~~~~~~~~~~~~~~~~ -— 
- 

.~~~~~



_ _ _  
— -  - ----- ----

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

p

according to the foilowi g cr i te u ia : adequate motivation for the pilot , clear

meaning of input , easily sed hardware , sufficient time to respond , appropriate

use of  Inpu t  by the  sys tem.

5 .5 .5  Cockpi t  Workload

Cock p it  workload was unpacted  onl y m i n i m a l l y ,  in the VFR e n v i r o n m e n t

of the flight tests , by proximity warnings or negative commands. However , the

issuance of positive commands to avoid a nearby aircraft increased the cock-

pit workload considerably.

The proximi ty  warn ing  service aided p ilots in the per formance  of t he i r

search task , thus reducing their workload . Pilots were able to locate traffic

earlier , thus allowing additional time to make avoidance decisions . This pro-

vided a sense of increased protection from nearby aircraft. In tests without

the tone accompany ing the ordinary PW 1 , pilots complained of having to include

the IPC disp lay as part of their instrument scan procedure. Pilots were

br iefed that this was unnecessary because they should be concerned with these

ordinary PWII ’s only when they intended to maneuver. Then they were to use

the PWI to locate the traffic before initiating a maneuver. Pilots , h owever ,

prefe r red  to be aware of the ordinary  PWI as soon as it was presented . Thus

t h e  audio tone accompanying t h u e  o rd inary  PWI was welcomed as it allowed p i lo ts

to f l y  their  a i r c ra f t  without  continual  re fe rence  to the IPC display to

de term ine whether nearby tr a f f ic was be ing indicated . Pilots also felt that

negat ive commands reduced their workload . Knowing how to stay ou t of troubl e

with nearb y a i r c r a f t  reduced the t ime devoted to threat evaluat ion , e s p e c i a l ly

__________________________ 
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when the t r a f  h e  cou ld  not be loca ted  v i sual  lv .  P i l o t s  d id  not  cons ider  t h e

u u e g a  t i vi~ command s as over! V rest r l e t  I ye. Norma l lv thc~’ had no in tent [on of

man ouVe i- [ng and t lie neg i 1 lye command d Id no t  a I t cc t h e  Ir  I I i g hi t pa LIt. II

i u e \  d I d have a des ~ re t .‘ n u u i l e u i v o r  in  the d I roe t [on proh Ibi ted , t h e y  t h ou gh t

i t  p r u d e n t  o d e l  - tv  eu mod I f  ~ f lue ) r uu ual le u v er  t i n t  I l  t hey  haul ~u cju I red th e

- i tic r a f t  caus ing t he command

T h e  i - e u -c [p1 o positive commands In the cockp I I c i i t i s t ’d t h e  work  lea .! t o

h u e  r e u s e  dr . um u t le a  liv. I’) l o t s  at  t em p t e d  to ev a l uat e  t h e  c i  1. -c t  ol  ( l i e  corn

n u .u ;ud ed  ;uua ne tuve r s  upon t h u e  .-on I I l et  s i  tw i t  ton , t h e i r  own oh ’ u -c t I y es  • a nd ( l i e

st a tus  of t h e i r  ., I r c r a t t  . M i n i m a l w a r n i n g  s I tw it  I ow; I nc re .use . l  ( h u e  p i l o t

St  ross due I I ’  t lie r educed t I me u va  I lab to or und o i’s tand lu g  and t n t  e I p  r ot  I u tg

t h e  st r ;t t e gv  he lug  imposed .‘i-i the o l u c o u i u t t e r  by t h e  eottunaiid .

When command s were changed several  t imes d u r i n g  a s [ug h e onc ount  ei (.1110

t I~ posh t I ye /nega t lye t latin I ti outs , command reversal , or add it  l o u t  o I conu tuta n ds

i h ot S ~) l ien f e l t  lit - ut t h i , -v were  unab le  tu i oval ua t .’ t h tu ’  (mp h ( c a t !  ens .‘l such

I it s t r it e  t ions hut  were in’ I ng I ore ed to  suspend t hi t ’  11 u dg entent  .u u ~ h h I I tu d I ~

o h  low ihi . ’  [n st u u c lj o i t n  o f  the  svs(  em. P h  l o t s  w h o  p r i d e d  t h i e u u u n e l  von upon

.‘at i t  I our ; , n u e i h u o d I .- -i 1 I l v  In g  l e  It that they were  no longer l i t  cent  ro I I tb..

S I t un I l o u t .  I I 
~ 

II ots were i’ la ced  In  t h i n  t i nc uin u  t o r t ;tb  h e  I I , .; It I on f v a ii h h’ -

command wit Iclu had prevented v i sua l  a c q u i s i t i o n  (see Sec LI on ~ . -
~ 
) , t h e y  ~I I t e n

I itd I i i  t e d  t in t  t t h e y  wou Id  s t ibseqi t e i t  t l v  ic fuse  t o  coup 1 v w I t  h i u-nichi ,‘ uuuniaiu. l : ;

In c e r ta i n  r a p i d  lv ciuaitg I uig threat n I t w i t  Ions I PC w’v ha Ve 10 i i i  let  t lie

h I sp lay more r ap i d  l.y t h an  Is des I rab h e  f rom t h ue human ía. I eu - s  v lewpo I n t  . htu

the .- , i i u - eu t  l i’C r o s o lu t  ton log ic o f t e n  ex hulb It s t h i s  r ap id .1 t s p  h~ u~’ ch u~ut u g. - I n

t i u t i t  I ito cutit I I l e t s .

1 4

- ~ ~~~~ 
— - 

~~~~~~~ ~~~~~~~~~~~~ -



F’,
-.‘ -

~ 

— ~~~~~~~~~~~~~~~~~ ~
: - —  

~
-‘

~~~
-- ---‘- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

l i i .  p u .  -s ite e o f  ut u tu 1 t l~’le  i’W t t nu t I - - u t  i , ‘ I1S  c i i i  ci  . a t  u ’ .u I t ui  i t  I ou t lit

w h i c h  t h u . ’ p t h o t ’ s alt ! I ( t v  t o  re. u d h u t ’ . h u s I ’ h u v , s c a r c h u  l o t  u i t t t c  •

( i t t  e t p i - e t  .11 s f ’ I  u v u - . l h i t  ~‘ u i t u u t  j uS t  t S u ’\. ce, Iu ’u h

I n  su m m i t -v . s t n g l . - l ’ W I u ( e t - t n  .uuu , 1  i t e g u t  I ” . - c , ’ u i u i u ~ d -  ~i p ) s - - t t  . 1  (~~ I”

~- ,- i - v  .- e : n p t (  ( h u h , ’ ~~( t h t  ,~o t - h ~ I .~ u . l .- , t u u s t  u i  I u t t  a i tu l  , t t  t u t u  i e u h u i u . .l I lie ui ’ ’i - n u u  I I’ I h . ’i

n- .’ u I ~ l o u d . I s ;  i t  ~- u 1 -omutniuu.hs u~~~t t I  t o u t  l i t  I t u e  u - u - i: - . - .) ‘s t ’  u k 1 ~‘ i.h . g u ~~ I d !  . - h u . i n c _  iu c _

p en  i t I vu ’ ,‘ ,u ututu . iu t , h :; uu ~l mu I t I p I , - l’W I u l u - i t s  ol  t ott ov.- i l  .‘ . n lu - .I p l o t  md u . ’su i t  . 1

itt ti tt f i~~ot ult b e  u u - l e t  t o u~~; .

1 , (u I t t  b e t  S u i h u  
~~~~~ 

I l u  I u u t  R e n t u  I t

~ • 
tt . I I f u . - I h’ t~ I i i  ‘~~

‘ I i v

-\ s h u g h o I l’ i ’ .1 i : - ~’ 1 u V  .lc: ; ( g u t  w i : .  t i t  I I  I ;‘u nl t l i t u u . i ~ _ lu . s u t  t hi , ’ I I u c _ l u t t e:t u

s l i t u e t h u . ’ i w u - s t  u . 1 1  t out ‘I .u I t  . ‘r u t a t  i v .  .- u ..-h p I t  .11 ;ip l . u v  I l l - u  c_ t i: . Wa:.  I’~~v, u uu , I  t l t , -

s-o f ’. - o f  t hu. ’ ( u - s t  l h l . ’ .Ufl . Ve t \- 1 I t t  1t ~ I ;~ i u t  I I i i  I - u t  t o u t w i ; ;  u .-~~u i  u r ed  I 0 u - u i - i l ’  h e

‘ h  i . ’t :- I . ’ u c a d  t h u . ’ I I’ i .11 np l t\’ ~V i  g .  .‘ . I . S.ume ~‘! lo
t:; 1 . - I t t h u t  t l i e  . h i - ’i’ I iv

wi: ; t .s’ c I . u l ’ .’ u . u  I u’ I III t h e  . i r n , ’ u u u i t  01 l i i i  o r t u u . i t  l u s t  p~~o\’ i ,l . ’ ,I .  h I u . ~ : .u eutuc ~l I 0

I eu ’ I t hat ,u nit I t  . . I t  hi lit I I c _ l i t  s s h u o t i  h u t  ~‘t ov t . h . - i t . ’ u ,- I f r u i t  I t i n  I t f t  i u -~ u t  ‘- u u u s . .

u u u u h  t h e  t h u u - e ~- I t  I t t u d u ’ h I  it s .  h’Ii~ v .‘t t out  moot  I u . uu ~ d t f it .- u t  u i u tc _ . - i u t u h  ut’ .-~ - .- I.e h 0\s

t h t r e ; i (  u I t  I t i u d u ’ un  .1, :; I r ,— .h h u h  . o n u . u I  I u ’ut k - ; . - . - ~~, - , - t  t ou t . . 1 . 1

~o ii u u ’ p h h  . t t  5 oh c u t  u - _ h t .‘ t h u . ’ u . ’.I .- .‘l . ’u o f  iii.’ p i o \  tut u t v s - u i  u t  u c _  I u g l u t s

ll u u -v t . ’ I t  rt ’ uI ; ; lu . t u u i i t  It , ’ t u - n c t v u - .l t . ‘i , ‘nlu ’ t c _ c u u c v  n i t  u~~u t  l o u t s  iii, ! t f i a t  .ituul ’u -u s- . ’ t u ! , i

- . In ’ i ho t  t ci cli.’ I . - .- t u ’i I’W h . l i u c  I I I )  I h g l u t ; ;  ti~~e,l w, - u  e o l  ( u u t  t~~i . l u o u h  u ’iu t ‘~

s i t i : 1 I c_ l i t  . i i t . h t h u e u c  t o t  e u i t t r u ’ut d ;tI ’ I . - d t i u  lu g  . l . i v  I I g hi t  0111’ I i t  I u t i us , l I t .  I l i i ’

( ou t  hi I g lut lit t l u .  . l u  r k  , -oc k j ’ I t  . lu i  I tu g i i  I g l u t  . t I t .’u %t t , ’iu :; - .. - u’ ~e.  I u ‘ i i  ‘ , h

_ _ _ _ _ _ _ _ _ _ _ _ _
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Negative Conutt.uid s Rehii ft~rclui~~Pos1t~. ve Commands

( reeit ar row ;-  i r . - used to  in..! ica te  t o  th e pilot t !li’ d i rec t  ten  In  wh u I cli

t o  u u a i u e u u v e  t . I - au - l u  ;ir  row Is accompanied by a r ed X to m d  ica e tlu i t a

nuat io uve r [it 11w opposi t u - d i r e c t i on  Is expres s ly  p r o h i b i t e d .  Ph  l o t s  I e l i

this p r . u c  I i ce  wa s  not only  redundant and unne..-u ’ssary but t  that. I t . .- l u it t  e i-ed

the  d isp h a  t h u s  reduc ing r ead . th  h I l t  v . P i l o t s  who huu d t r a i n e d  t h t t ’tust’ Iv . -;;

to  ignore  t h e  red X ’ s and 1 eok on Iv f o r  the  posit  lye t’oiutrnjnd m d  ie~it  i ens

( greu ’it arrow) coil 1 d I • i11 t o  n o t e  i lone negat  I ye cotuunuand wh I t h u  was 1; . . i t i uj ’ .i u u I .‘J

h ~ ~t pits i t  iv . - command in  the oppos i te  p lane

PW I A u a , h  Io  A h u t  t

Diii’ Lu g  j u t  t t t a t  test  Ing an ;iud io a l e r t  wa s provided for  o n ly  th u . .’ I hash I tug

PWI I uW ( c a t  ions.  h owever , uuua nv r~ Hots  commented that an aud to a 1.ut - nt shi oul ~h

a l s o  ;i ccoluu !) i i t t Y t h u e  ord m ary PWI (see SectIon 5.5.5)

In I at er ~ut [ss [outs ~i sI ngle  ton e was prov [ded for the ord tn~t rv PW I and

a doub le  tone for  the more urgent  f lasit ing PW 1 . [1 Is possIble thta t a s lug h e

a [arm at the beg In n ing ot  a PW 1 sequence would sut  I ice r a the r  than  ~i set- Los

of a lar iuts h i d  teal lug var [ous stages of conflict development .

A vo lunit’ u -on trol for t lie PW 1 audio alert is r ecoitu uuend ed to a 11 ow p1 l i t Is

t o adjust the antpl Itude . t t  warning desired . Some pilots were cu un ce  rued w i t  h i

the d ist r~ict  iou -u assoc ta t  e ,h w i th  many a lerts wit t i e  busy performing . r  I t  t u . i h

commui t t eat  ion , navi gat ion, and cockpi t duties during terminal op.’ t- . i t  l ou t s

These p ilots c o u l d  Ut El Izu- sue It a control to ru -due . ’ [i t t  r us Iveness to .uu

acceptable lu’ v u - I .
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5 .6 .2 I P C  a t  N i g h t

Severa l JPC m i s s i o n s  were flown at  n i gh t  in order to exp lorL dif f L - r ..- ulei-n
between p ilot r e a c tio n s  under  d a y l i g h t  and ni ght  visual c o n d i t i o n s .  In

con t ras t  to day li glut operations , p ilots flying at night  were c o n s i s t e n t ly  a b le

to a c q uIr e  t r a f f i c  be fore  PWI indications were received . A i r c r a f t  f la s l t i n g

strobe lights or rotating beacon lights were normally visible at ranges of

10 miles  or more. However , once acquired , p ilots found i t  much inure d i l f i c u l t

to v i sua l ly  evaluate the na ture  of the threa t  presented b y t u e  t r a t f i c .  in

par t i cu la r , range to the t r a f f i c  was d i f f i c u l t  to es t imate . O f t e n  severa l

a i r cr a f t  were visible at once. In these s i tua t ions  the P141 served a va luable

f u n c t i o n  in Informing the pilot as to which of the a i r c r a f t  c o n s t i t u t e d  a

threat. But the difficulties of visual evaluation increased the leve l of

concern exper ienced upon recei pt of a PWI or command . P i l o t s  valued commands

as a solut ion to a threa t  s i tua t ion  which they could not easily eva lua te

visually, but titere was also increased apprehension concern ing  commands s ince

thi . . -  ..‘f f t -ct iv en e ss  of the command s was not readily monitored by v isual  me ;u ut s .

Pilots seemed to let- I lust as strongly as they had in the day t iune  th at

maneuvers should not cause them to lose sight of their traffic ,

Most of the other results mentioned previously with respect to d ay t i m e

f l y ing were also observed at ni ght. Pilots felt that the system must be

wrong in requiring maneuvers of large magnitude even though titey could not

always confirm th is impression visually . They also attempted to •- ..~tract as

much information as possible from the PWI ind ications . In th i s  respec t  th u . . -~-
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reacted in a manner si.nilar to pilots flying in daylight who were unable to

acqui re .  They expressed f r u s t r a t i o n  that the P141 was unable to provide them

w i t h  the range and relative altitude of traffic .

Pilo ts a lso commen ted upon the bri ghtness of the IPC display . They felt

tha t  its  br ightness  adversely a f f e c t e d  their nigh t vision. Disp lay brightness

was t uot  ad jus tab le  on the displays used in f l i g h t  test ing and pi lots  suggested

tha t  such a d j u s t a b i l i t y  be added .

5.7 Summary of Subj ect Pilot Results

Subjec t  P i lot  f l i g h t s  evalua ted the reac t ions of pi lots  f l y i n g  under

visual f l i g h t  rules to the  P141 and resolu t ion service o f f e r e d  b y the LPC sys—

tenu . I t  was found tha t  the visual acquisition performance of pilots could be

mathemat i ca l ly modeled as a non—homogenous Poisson process in which the rate

of acqu i s i t ion  is proport ional  to the angular area of the t r a f f i c . Test da ta

indicates  t ha t  P141 a le r t s  increased the rate  of visual acquis i t ion b y a f act o r

o f approxi ma tel y 6. Pilo t reaction to the enhanced acquisition capabilit y

provided by P141 was h igh ly  favorable.  When p i lots  were unable to v i s u a l l y

acquire  i n d i cat e d  t r a f f i c , reactions to P141 were mixed . When f a i lu re  to

acqu i re  was due to a i r f r a m e  blockage , pilots sometimes f e l t  compelled to

maneuver in order to obtain an unobstructed view of the threat. These

maneuvers some t imes res ul ted it-i a decrease in existing separation . On some

occasion s pilots attempted to avoid based upon P141 information which was

inadequate for  choosing a suitable maneuver. Frustration with the limited

informat ion content of the PWI alert was expressed in titese s i t ua t i ons.
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Tlue concept  of p i l o t s  u t i l i z i n g  the P141 to v isual ly  acqu i r e  and provide

their own s e p a r a tio n  f r o m  t r a f f i c , tItus eliminating the need for commands was

f ound to be unworkable. Commands were generally generated before the subject

p dots were c lose  enough to dcc ide on a course of a c t i on , or be fore  the  IP C

t r a c k i n g  could  r eac t  to the e f f e c t s  of t h e i r  maneuvers .  P i l o t s  recognized bu t

were not ove r ly  concerned w i t h  P141 bear ing e r ro r  due to wind induced c rab  and

t r a c k i n g  lag d,uring t u rns . They expressed c o n f i d e n c e  in t h e i r  a b i l i t y  to

distinguish thue P141—indicated traffic from other traffic acquired visuall y .

Conflict resolution using see—and—avoid techniques was investigated

in a small  number  of f l i g h t s  in which pilots resolved conflicts witttout

IPC commands. No overwhelming p r e f e r ence  for  e i t he r  v e r t i ca l  or ttorizontal

maneuvers was apparen t .  When app rop r i a t e , p i lots p r e f e r r e d  a sli gl u t  t u r u  to

pass behind t r a f f i c  crossing the i r  pa th  ahead of them . P i l o t s  f e l t  i t

essential  to keep the t r a f f i c  in si ght  while it posed a potential threat.

C o n f l i c t s  were resolved by one of the a i r c r a f t  execut ing a small magn i tude

maneuver in e i ther  the hor izonta l  (10—30 degree head ing change)  or vertical

(change of 300 feet or less in altitude) dimension or some combination of the

two. Pilots monitored the effectiveness of these maneuvers visually until the

• threat had passed . In over 80 percent of the c o n f l i c t s  us ing see—and—avoid

the aircraft closed to within the positive command thresholds of the 1PC al go r i t l t n i .

Experimental results revealed that pilots with -u visual contact felt comfortable

even thoug h separa t ion from ano ther s imilar gener a l av iat ion a i r c r a f t  was

on ly  1500 f e e t  l a t e ra l ly or 200 feet verticall y .
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Pil ots responded favorably to IPC commands when they could not locate

the i r  t r a f f i c  or when they had not approached close enough for  e f f ec t ive

visual eval uation of the threat. But once satisfactory visual evaluation of

the threa t  was achieved , the p ilots felt that visual separation assurance

should take precedence over automated resolution. Mandatory commands were

then felt to be an imposition on their authority , forcing them to relinquish

control  of readily controllable si tuations. The commands o f t en  conf l i c t ed

with  the pi lot t s evaluation , and produced a feeling tha t the command s we re

unnecessary or unsa fe .  Pilots objected to being forced to lose si ght of the

traffic. They were unhappy with executing large magni tude maneuver s and th ey

generally were uncomfor table with being p laced in to open—ended maneuvers .

When one pilot  refused to comply with IPC commands , the commands issued to

the other pilot could be ineffective , de trimen tal , or of excessive magnitude.

The above observa tions involving subject pilots provide considerable

insigh t into the ultimate success of an automated collision avoidance system .

Many pilots suggested , and the PWI—only test verified , that they will be

comfortable with relatively small miss distances , provided that they can

continuously monitor the traffic visually . Some felt strong ly enough t o

recommend that there be an “I ’ve got it ” bu tton which the pilot could use to

signal the system that  he is accepting responsibili ty for  separation from a

particular aircraft. It appears that the success of [PC in giving acceptable

1 ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ - 
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advice  to p i lo t- - w il l  be g rea tes t  be fo re  visual  evaluat ion when the system

clear ly  knows more about the s i t ua t i on  than the p i lo ts .  But whenever the

p ilots obtain a good visual assessment of the threat , au tomated resolution

is l i k e l y  to be compromised by independent p ilot behavior.

149

~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~



— — — —~-~ c-’.— ---:~~ -—-—- -- —‘—-‘-• ‘
~~~~~~~

‘
~~~~~ —

—
_

— 
~
-
~

- 
_~~ — - ‘-- -. — 

- —-- -~ 
- _—_- _>  -

REFERENCES

\ . L .  ~Ic h -~u r land  and B . M .  Horowitz , “A Descrip tion of the Intermittent
Positiv e Control Concept ”, The MITRE Corporation, F A A— E M — 7 4— l , Revision 1,

f i t l y  1975.

~~~. A . L .  McFar land  and J . F .  Golden , “in te rmi t ten t  Positive Control Computer
A l g o r i t h m s  fo r  Test Bed Experiments” , The MITRE Corporation , FAA —EM—74 — 2 ,
MTR — 65 28 Revision 1, A p r i l  1975.

I . \ . L .  M c F a r l an d . l ) . R .  Pate l , D.L. Rober ts , “Mul ti—Site Intermittent Posi—
t i v e  C o n t r o l  A l g o r i t h n u  for  the Discrete Address Beacon System” , The

M I L R l - :  C o r p o r a t i o n , EM—74 4 Change 2 , MTR—6742,  May 1976.

!, , “I ’lan f o r  F l i g ht  Tes t ing  I n t e r m i t t e n t  Positive Control” , U . S .  Depa r tmen t
of T r a n s p o r t a t i o n  (FAA/SRDS) , June 1975.

~~. J . W .  :‘indrews and J . C .  Koegler “IPC Design Validation and F 1ip ’-~ Test ing —

In t e r i m  R e s u l t s ” , M . I . T .  Lincoln Laboratory , ATC—5 7 , 16 Marc 1~ i76 .

t~ . j .F.  i;oldcn , “A P i l o t ’s Guide to In te rmi t t en t  Posit ive Control” , The
M I T R E  Corpora t ion , M75—6 1.

7. I L M .  lh o r o w lt z , “A Recommended Test Concept for  IPC FlIght Tests Using
DABSE F ’ The MITRE Corporation , MTR—6699 , Augus t 1974 .

8. A. Spiridon , “Impact  of Obstacle Shadows on Monopu lse Azimuth Estimate ”,
Lincoln  Labora tory ,  M . I . T . ,  Projec t Report ATC—50, 17 July 1975.

9. J . W .  Andrews , “A i r — t o — A i r  Visual Acquisi t ion Performance w i t h  P i lo t
Warning Instrumen ts (P141)” , M .I.T. Lincoln Labora tory , Projec t Report
A TC—13 , FAA—RD—77 -- 30 , 25 Apr i l  1977.

10. C . J o l i t z , “ATC/CAS In te r face  Simulation — Exploratory Phase ,” FAA
National At~iat[on Facil i t ies Experimental Center , Repor t No. FAA—RD—72— 1O ,
March I972~

11. J . L .  Leeper , A . A .  Tvirbuta s , “Empirical Characterization of IPC Tracker
Performance Using DABS Data ”, M.I.T. Lincoln Labora tory, ATC—61 , 9 June 1976.

150

— — ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~ is~



~ I ~ -- ‘~~J :~:-~:- 
~~~~~~~~~~~~~~~ 

--
~~~~~~~

- - - -
~~~~~~~

AP 1’EN I ) I \  A

RELA t IVE MO l’ION AN~\ f \ S  IS

A .  1 Ai t A i r c r a f t  P a i r  as a Dyn ami c  Sy s tem

F. - r aui ~i l v i  i c . t l  purposes  the m o t i o n  of a p a i r  of a i t - - raft ma v be model ed

— in  t e rms  of u dynamic  system f o r  which  ~ se- i oh s t . u t e  v a u - i i b l  c-s p r o v i d e  a

COfl i f )  1 t’ e des~- r [p 1 ion of t i t e -  s t a t  e of  s~ ’ - - tern .u i ait v  g iven  l u s t  zu iu I . Tite manne r

u w h t i c -i  t h e se  sI at e  var iables change w i  t l t  i_ tune under  g ive i t  control inputs is

d e t e r m i n e d  by a set of diff erent iat equal louts kaown as std tL opiations . i I t e

p a rticul ar c uolce if sta te variables for a g iven sys tem is  t ot  nut ique  ( e . g .

m any  di  t f e ren t  coord ina te  systcuus could be chosen )  bu t  the  number  of j u de —

pc t u d e u u t  v a r .  .bles wit ic it  a t e  required f o r  a s~ st em of g iven  cou tup i c x i  Iv i s

u n i q u  . Re -aus e  ana lys i s  of co l l ision  avo idanc e r equ i r e s  ou t  i v  a knowledge 01

ht iuW a i u - c r a f t  move rela t ive to one another , t iu c  dynamic  sv s t e u n  employ ed  i i i

ana l vs ts can be simp lified iii order to ut ii ize tlte miii I mum numb . -r of var  i ub le s

wlu i c hu a d e q u a t e l y  describe relativ e inot ion .  For t h u e  a n t i  vs i s  wit i c h  l ot  lo w s  i t

wit be i ssu iti e th t h a t  d u r i n g  the course of an encoun te r  a i r c r a f t  t l v  at  con-

s t a n t  a i r sp i-eds  :u ud t h a t  a l l  c o n t ri l  over .u i i  ~~~ ;ui t_ not inn is c h i c - c- t e d  i l u r ough

ht ea d I uig i~ It a I ges tu rns )  . U tide r these assump t l o t u s  a desc r [p t ion  oh  t he  re i i

I iV~ - mot ion can be ob ta ined  w i t h  on ly  f ive St  a le  v a r i a b l e s .  One d u o  i ce  o t ( h u t ’

f ive variables w lu ich is useful  in understand i ng the e f f e c t  of c o t u i r o l  a c t  ions

u t i l i z e d  range , re la t ive  bear iutgs , and a I rs1 eed s (see  F tg . 4—2) . Re lat  Lye

h e a r  I rigs are  nueas red p o s i t i v e  c lockwise  ft - on t h e  v e l o c i t y  vec to r  c f  t h e  a i t

c r a f t  o i i i  c t -es’  . The state equa L ions for r hi is c iuo I c I - o f  v.u r l ab h es - u-c:

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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P

= ~ V
2 
cos — V

1 
cos 8i 

(I)

V sin e + V  sin 82 1 1 — u1 (2)

\, sin 8 -I- V sin 8
8

2 
— 2 2

r 
1 1 — W

2 
(3)

V1 0 (4)

V
2

0 (5)

where and are the turn rates of aircraft 1 and aircraft 2 respectively.

Because the  f ive s ta te  variables provide a complete descr ipt ion of the

~~~~~ of the dynamic system , any other quanti ty which describes the relative

motion can be written in terms of these f ive . Table A—i provides state variable

definition s of certain other quantities , several of which will be men tioned

in the text which follows . The crossing angle , >~, is the heading difference

measured positive clockwise with the heading of a i rc raf t  1 as reference.  Miss

d is tance , in, is a signed quantity whose magnitude is the separation at

closest approach which would result from rectlininear f l ight at current

headings.  The sign of miss distance is positive if the range vec tor ro tates

clockwise , nega tive if it rotates counterclockwise.

Na tural (Rectilinear) Motion

The f i r s t  step in understanding the behavior of the dynamic system

defined above is to understand the properties of relative motion under rec—

t i linear f l ig ht (w
1 

= = 0). Since this mode of fligh t occurs in the

,bsence of control inputs , we will refer to such motion as natural motion. The

A-2
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\ ‘AR lOI S RELATIVE MO l’ I ON VAR I :\lilA S

EXPRESSED iN TERMS Oh-’ STATE VARIAB L ES

- 

(Note: y V~/V 1
)

Scale
Variable 

- 

Facto r 
- 

Expression
___  - 

~~~~~~~ + sin
Miss distance, m r 2 1/21 1 + y  +~~cos(j31 -~ 2

)l

Crossing angle, x - ~r + -

- sin l3Time to path 2 _
crossing sin 2 

- 

1
sin

flX2 
-

Range rate V 1 -ycos - cos

Time to closest )‘COS 
~2 + COS

dpproach 1+ 2 -~ 
~~~~ cos~~1 

- 

~~

Relative velocity 
~~~~ + 

~~

tuu (-r/r) nV 1 ycos p
2

1
+ cos

A- 3

-— ~~i—
-—-- - ~~~~~~~~~~~~~~~~~~ ~~~~ ____



- ~~~~~ — .- 
-~~~~~~

- - --~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

p

I cii lowing pr ope ’r t  ( c - s  o I na tura I nun t ion app I v to in en c o u n t er  in  wi t i  cli , i rc r a f t

b e g  i U it I t u I i  n i t  e range  and f l y  to c loses t  ap p ro ae - It w i th ou t  t u r n i n g

• 1’ rop e— r l  ic s of  N . u t u r a i  ( R e c t i l i n ea r )  Motion

I - M i s s  ch i s t an c e’ and cross [rig a n g l e  a r e - co u i s t a f l t  -

:\t e’hs~ st approach t h u e  range r a t e  is  zero . (Necessary

s l a t  iouia r v  cond it iou -u or a mii i  [mum )  -

1. th e hearing 1-ate ’ is  the same t or b o t h  a i r c r a f t  ( E q u a t i o n s

2 arid 3 w i t h  c a ., 0) -

u - The s i gn of the  miss  d i s tance  is the  same’ is the’ sign of the

hear  Lug r a te  ( f  
I 

from equat iou -u 2 , and m f r om  Fal i  Ic A — i )  -

Between i n f i n i t e  range and c lOse ’St app r o a c h u  . b ea r i n g  changes

by 900 . (Obvious  f rom g e o m e t r y) .

6. The bearing rate is small at long ranges and is a maximum at

closest  approach (Note tha t  8 = V m / r 2 )  
-

7. For zero miss distance tra jec-tor i e ~s t h e ’ bear ing r at e  i s  zer o .

8. U nequa l speed aircraft arc  a l w ay s  in motion rel a tive to one

another , but  when equal speed a i r c r a f t  f ly  w i t h  ::ero crossing

a n g le , they  are in a unique s tat e ’ f o r  which  there  is zero

r e l a t i v e  v e l o c i t y .

A g r ap h i c a l  procedure  (o r  dep i c t i ng  the r e l a t i o n s h ip between var ious

r e l a t i ve  nuo t io n  q u a n t i t i e s  may now be in t roduced . W i t h  and 8.) as

o r d i n a t e  and abscissa r e s p e c t i v e ly ,  con tours  of cons tan t  v a l u e  fo r  the quant  i—

t i e s  c i t  int e r e s t  are p lo t ted . Cons t ruc t ion  of two d imensional  p lo t s  r e q u i r e s  tha t

_____________________________________
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tl ue p l o t t e d  quant it [c- ; be normalized in an ap p r op r  l a t e  m a n n e r .  Q u a n t i t i e s

w i t h - u  t : u t t s  of u h is  tn -c w i l l  be norma l ized ro  r ;ui td  q u a n t i t i e s  w i t h - u  u n i t s  of

v e l c ) c i t \ ’  - c i i i  be -l r n u a Lz e d  to V 1 . Time u n i t s  m ay then be expressed in t e rms

of  n V

l’Iie c Su ; e f l t l J I  pr ip e r t  : es of na tu ra l  not ion are i l l u s t r a t e d  in  Ff g. A— I

I s ing  le St ’ conventions . Contours  ~f c o n s t a n t  d ress ing  in g le  a t e  sim p l y

0l ines of 45 s lope S i n c e  x is con s t a u t t  f i r  n u t u r a l  unc t i O n  ( p r o j er t v  1)

~t l l  clu it u es i bearing whic-h occur as the ,u i r c r a f t  f 1~’ pa s t  each -u other must

r e su l t  Lfl  i _ h - ’ locus 01 the encounter moving at ~~~ along the a p p r o p r i a t e  ~

con t o  r .  Contours  of cons tan t  normal ized m i s s  d i s t a n c e , ji = m / r , p r ov ide

f u r t h e r  i n f o r m a t i o n  concevnthg the n a t u r e  of t h i s  m o t i o n .  F i g .  A — h  m i s s

d i~- t i  cc c i t  u r s  foi  a speed r a t i o  V 2 /V 1 1/ 2  are pro\ ~ded . j o  f i n i t e

m i s s  d i s t - u n - -es , t i c  in i t i a l  location of  tl.a encour ,~ er i - i  n ea r  the = 0 colt-

to ur , anc t- -e ocus converges at -  closest ap~uro avh  to e i t he r  the  +1 or 1

co to t t r  depending upon t I i ~ s ign ot the  miss d i s u  ance.  Note t I  i t  t h u e  car  Lug

ch- ge- w ich eccurs bet~1-een Lhc ~i 0 Co f l t o u t  and t h e  ~j ± 1 con tour  i s

- 0always  cl  mag - i t  -de 90 (p rope r ty  -4 )  - . ue  ~i = + 1 co ;it ourr  are a l  ~-o con-

t ou r s  of z ro anga ra te  (p rope r ty  2 ) .  For a l l  po in t s  outs ide  these c o uu t  c urs ,

t i c  ra ge i s  u r eas ing . As a i r c r a f t  pass closest appro ach t h e  encoun te r

l i c u i - c on t i n u e s  - ,  move in the same d i r ec t ion  u n t i l  a p p r o a c h i n g  the ii = 0

cou t ur in the region of positive range rate’ .

A— 5
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Fe u’ ~ I t ’ lU is  s d is ta t uc e  encouuit er s  t t ie  t i t c i  t j o l t  oh t i le  h c i c ’ i t s  i s  s itutp h v a

a I e c ’ t S  - of the ’ not Ion de’-scr I bed ~I I ) t i V 1  : t be c- t u c e u u u t e ’ t l~~ i t s t c t u l t I US 011

hu e i i  e- c u u t t d i L l r  unt I I zeu’t’ range and t h i e t u  tul (ivt ’S 8() t o  t h i e ’  ~~t ’ no C o I i t t i U Z

L t t  t h i t ’ l e g i on  c i t  p o s i t  h vc~ range t - a te . I t  s h i t i u l d  bc kept  In ut ind t h i u t  t cu

nat ur i I n u i  t 1 Ofl - t I I changes in the iuu/ r va h u e ’. i t t ’  d uic ’  to h u a u i g c s  l t t  t ht e ci en ui n i—

in ton in~h hi ; i  I the m i s s  ci [s tance  in Is  cons t aut I -

V
For ced ( T u r n  i ic) I ’tot iou

W h i c ’it a r c r u t  t turn to avoid c c u h l i s i u u u  ( h u t ’ I u~ ~~~ ;otjon w h u i c i u  n e s u t l t u - -

a I t - i he ii iss u l j ’ - i  t a u t  e’ - A t ra cc t~~ i v se ’giutc u t  t O Ut  a i i i  ing ~i t u t n i l  may he

rep re-scull eel i n  t e t -nis ci I’ p iee-ewise nec t t I Lute’a 1 S eg it ien t s  is sh i t ) w t t  i i i  I i  g - - - -

I i i  .1 clvn am I c  sen- c- , t lte - i i i i  I t u r n  wit i cit t i k -  - 
~

- 
~ 

I ace be t  ~ c ’et i h~ ~u nd C i i i

- onc e-itt - a ted i n to  I ’  turn u- ’i te h mpu 1st -s whose’ i n t e g r al  e’d siuuu u ~‘ - a h s the

to t a l  beac h i tug  c~ hu inge — Two proper  lv t [med t u r n  r a t e  lu np it  I s c - a l  I c m -  t h e

- 

- 
t~ i I c c l  t t h i  a c t ua l  t u r n  to he’ nuo ch t ’Iu ’d  e’~cact I i n  t h t e  sense t h a t  ~u ’ i ~u i i c u  - i t t

c~\ c~~i i t  u ng t h u e t u i u pi l  i s  1 ye turns arr I Vt’s at j m ~~ i Ut  C i t  the  sante t iuuu c and W i  t h u  I h u e

s me’ ut ~ i I i t t . ‘s aut a i r c r a f t  l I v i n g  the’ a c t u a l  lu rv i I [neat- h i a t t - u . l~~u i -  nu t ’s I p u t  -

i105 ’5 a s t u t u 1 her re- h uuc -sc u i ta t lout i i i  t h t ’ t i  I u c ’l i t turns n u ; uv  be ;u c h u t e v e ’ci b y

u t  t ut g ~u s t u g  Ic Inup u I s lye t u r n  wit Ic it o CU 5 W I  t it I I rlIe ~ dc~ I 1~

- t an ‘i i i!  9 )
— - t  —

t e e  t h u e  t inc - u t ,  wh i t - lu the ’ t u u - a  u c t u t .  I I v  began - ‘ hu t s  ap h i c u~~ h u n a t  l o u t

1 s t ’ h - - g  ~~ -- h I  r e s u l t s  l i t  t h e ’ ;u i r c r a f t  au - i i v i n g  a t  i i o l t i t  C w i t h  t h u c  p r u u h i t u ’

- \ 7 

— - --
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,

~
-t —

~~~ -- ~~~~~~~ ~~~~~~~~~~~~~~~~~ —-—_ t___ _ _____ ___ _ _. -- — ~~~~ - -~~~~~~~



~~~~JT~ T’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 71

j
~~~

C_ 85 (A _ Z )  I

- 

I 

TOTA L HEADING CHANGE

A. DOUBLE IMPULSE:
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Fig .A—2. Represen tation of turns in terms of impulsive turn rates.
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luead ing hu t  d -  I ;ived someu~ hat due to i_ t i e ’  d i  I f e r t ’ui c e in p~it ii lengt Ii betwe en t hu e

, u t ~ tiua I and r e p r e sen t a t i v e  f l i ght  p a t h s .  ‘l’Itis e rror  is t v p i d - i  i i  V t c ’SS t i t a n  2

seconds t or t un us less than 600
, and i f  both at rera f t  uuua n euver cac hu is dc l ;uvce h

hi ,i  i u u u i I a u  t u s h u  on so t i t a t  the  net ci I e~~t on t h e  r e l a t i v e  not j m t  t e t ic ls  t o

c t t l d  e In t h e exantp les wh tell fo l  how the s i n g l e  impu I st represe-nta I I on  w i l l

he itt i 1 - ~c’ch -

I ’he e f t  - u t  of  t urn  im i )uLl S es  upon the  e nc o u n ter  I Oc ’US in bea u’ i i ug spact-

s t i h v  h u t s  a tu rn  impul se  results  i t t  an imnted l at e  - h i a i i g c  In b e a r i n g  ts’ i t t i

nuag it  i t  i te le ~ equa l t o  the ( i n t e g r a t e d )  magni tude  of the impulse . Ilea r i n g i s

i iic i t ’ SeLl by l e f t  turns  and decreased by r i gh t  t u r n s  - For p l ot t .  ing purpos e -S

lie u i ng  c hange due to fo rced  mot ion may be d i s t  ing u l  [stied f rom he’i r  j ug cl t . t n gc-

due to na t u r u h c i t  ion by P l o t t i n g  ~ii I. n a tu r ;i  I mo t ion  is ttiovein e’nt a lot g 1 t I l c ~S

01 4 ’) ‘ lope  and a l l  t ort -ed mot ion  as a sum of disp la c tuut u e’n t s  p a t  a I t e l  t~ ’ ( h i t ’

an t i  , axes - F i g u r e  A 3 i s  such a plot  of a hypotheti c-al head—on e t t e c i U t t  Ic t

wit j c ’ ! u  u s  r e so lved  by both  a i r c r a f t  t u r u u  ing r ig h t t  - S u i t e’ t he  range e~itf l t t ot

- 
- i u t g c ’ in s  t an t ai t e ous  1 y , ctlautges in th e m /t- ra t  io wh i c h i  L ) c C t t  t unde t I o rcc ’d

‘lot [c i - ’  nu t i s t  corr espond to citanges in m i s s  d i  s t ane e’ - I u u  the exaitip Ic’ t he ( i i  rce~i

lu l l  on b e t w e en  p mi nts 2 and 3 results itt a -httuiug e’ u n  t it e  uiu ’ r u - a t  i~’ I ron — 0 . 20

to —0. 82 and t h u s  changes the miss distance b~’ a factor of i .1. i’he has I ~
-

c h u a r ; i t ’ ‘ em 1St It S 0 t t h e two types o I mo t iciui used to oh t at  n a comp I i ’  t e ’ n e p u e s e u i

( i t  i i  I u-c hat [Vt mot [on may be sumutar ized - is f e m I tows

A- t)
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180

- 

START , 
~~ 

-0.05
POINT JUST BEFORE TURN IMPULSE , /.L2 

= —0.2
- PO I NT JUST AFTER TURN IMPULSE , /.L3 -082

90 - = CLOSEST APPROACH , p.4 - -1.0

I NATURAL MOTION .....]
- [f~~~~CED MOTION J

— 180 I I I I I I I I I I I
-~80 -90 0 90 180

/~2 (DEGREES)

Al RCRAFT 1

AIRCRAFT 2

- - 
-0.82 -4 1

m2 p.2 -O.2 -

F i g . A — 3 .  An encounter  p lot ted as a c o m b i n a t io n  of natural
and forced motion .
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Na tural Motion Forced Motion

R e c t i l i n e a r  f l i g h t  Impuls ive  t u r n

Time Elapses Iutstanlaneou s

Constant  Miss Distance Constant Range

Motion at  450 to axes Mot ion Parallel to axes

B e a r i n g  r a t e  increases as range Bear ing  change equal  to
decreases heading change

ti ratio betweeut two points equa L p r a t i o  between two po in t s
to inverse of range ratio equal to miss distance

ratio

- 1
~

t
~ 

Contours

Tabl - A 1 provides an expression for unmodified tz uu (range : range rate)

in ter uuts of state variables . In this form t.tu may he p lotted in units of

n V
1
. he ti od i f ie d form of tau utilized by the IPC al gorith m di ffers frou u t

u -modified tau onl’ b y the tactor 1 — D
2/ r

2 
where D is a constant (see SC’c—

t ion - 2 .  T uu s in our bear ing space contours of ei ther fo rm of tau are

th e  same e- c pi- t h a t  the actual value of tau correspond i tug  to a contour

may d i f f e r  due to the d i f f e r e n c e  in scale f a c tu c s .  Figures  A— 4 auld A —S

pr ovide tau contours labeled in units of n/V
1
. Note t ha t  tau is a u n in imum

at  — 

~2 = 0 , - 1  t ha t  the actual value of tau is rather insensitive to hi ’~ur  h u g

- 

. near i b i s  oi n t .  Howeve r tau goes to l n f in u iv  us the range r ate  goes to

zer o ( a t  - 
+ I - In these regions the value of t.’iu is h i g h l y  sens i t ive

to be a ri n g. This sensitivity results in e r r a t i c ’ tau t r a n s i t i o ns  wlten h ead i ng

estimates are chang ing due to track jitter or aircraft accelerations.
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Fig .A— 4 . Contours of constant tau for 1:2 speed ratio.

A- 12

-- 
~~~~~~~~~~~~~~~ —~ ~~~~~~~~~~~~~~~~~ ~ 

~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~

-

~~~~~

‘
-
~~~ 

“ 

~~~~~~ 

‘

p

180 ‘
~~~~~~~~ 

-

10-0
-

- /~~
_

I 9 0 —

-180 _ I ~~~~ _ J  J_ L J  I ~~~~L I ~L _
—180 -90 0 90 180

~ 2 (DEGREES)

F i g. A—S. Contours of constant tau t o r  1 : 1  speed ratio.

A— I

______ _____________ 



~~~~~~~~~~~ ‘

j p

A - 2 M~ip p  I itg t h u e ~ I PC H o r i z o n t a l  Command St -l et-I to n log  i1-

h u e  I Pt ’ h uo r  i i~c’u1ta I coiuumand s e l e c t  ion I c ig i c used otuc’ c u t  I h i r ee  se lee I ion

ru les .  l ’i ue ’ se r u l e -s may l’e suim mar ized as f o l l o w s

Ru Ic A :  Turn  ti cc - r a f t  tc’ ci Itiu l nate’ closure’ r .i ~~.

R u l e’ B: ‘hum a i r cr a t  I to increase the exist ing ui-u i ss di st a t ic e  .

R u l e  C : Turn  aircraft to r e i n f o r ce ’ pa t h c r o s s i n g .

t ’ l ue  -t igor [t h i n  f [t ’ts’c h t a r t  (Re f . I , page 5— 59) specIfi c s t he  lo g ic  w i t i c h  de te rmines

wh i c h u  rul e’ t o  app Lv and w h ich  spec i f  ic tu rn  dl  ret- t ions t o  ch oose’ for cach

*r cu l e’ . lii us I lowehi ar t  uses some 9 var iab les  t o  cleser ftc ’ t h e  dec is ion to he

unt~l~’ i om ’ a g i ve n ~~il in  c’ f a I rc raf t . Eac h of these 9 varIables can be w r i t  t en

i l l  ie’rnus of t u e  f i v e  s t a t e  variables. Each test performed liv the al g o r i t h m

then  C or i - e’S pc ’uicIS to a dcc’ is ion boundary  in the Ii ve—d imens j o n a h  s t a t e  space’ -

The p l o t t i n g  c c mn v e n t  I cms adopted e’, t r L  h e r  catu then  be used to r edu c e’ the ’ many

b r a n c h  anel merge po [Ills of the del  ining f l o w c h a r t  to a dcc [s lo t -u  map il - u  s t a le

space (5 C c’ Fig - A—6 ~ . I f  the e’st [mated locus at  the t ime of command genera—

t iou -u i s  SIie’c if ted , t hen t I t e’ command d i r e c t ions c-all be t ’c’,ici a t  a g I ~t u u c c  - in

t he eva l uat  Ion of a l gon [th in  behavior it is e’otwenient to rep l a c e  t i m e  r ight/

l e f t  notat ion w it h  a r rows  m d  icating the direct ions in which hearings are

f or e e ’~l liv the generated commands. Fi gures A —7 and A— 8 provide  such graphs t c ’r

speec h r a t  i t ’s of 1:2 and 1 :

* ~~

— -

The ’ var  i.il,les used include cross ing ang le -’ , miss dist .ut ce • the  produc t ot
r unge ’ and r~u Ic’ t h ie  item [sp here ( r i ght or l,e f t  in which  the t h r e a t  is
1 c’c i ted , t h e ’ t Lme~ to pa th  c ross ing  and the d e r i v a t i v e s  of miss  d i  st anc ’ e’
w ith hte.tding .
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ii
A .3 APPLICATION OF RELATIVE MOTION ANALYSIS TO IPC HORIZONTAL AVOIDANCE

LOGIC

S ta t emen t  of Cont ro l  System Object ives

The cont ro l actions required to assure safe separation between aircraft

can uuo m~ be formulated in terms of the bearing space representation. In order

to avoid collision , the locus of the encounter in bearing space must be forced

away fr om the i’ = 0 contour. If a desired minimum separation , s , i.s defined ,

the n a band of bearings centered upon the zero contour between p = - s / r  and

p si’r must be avo ided , If resolution is effected while the range is large ,

the  ratio s/r is small and only a very narrow band around p = 0 mus t be

avo ided . However , as the a ircraf t approa ch closer , a larger frac tion of

range must be converted to miss and the region of “forb idden bearings ” grows .

It should be noted titat a system which delays avoidance until the latest

possible t ime will sometimes require large heading changes to effect the

- j  desired miss. If action is delayed too long the heading change required

to escape the forbidden region will exceed the heading change which -u can be

ef fected in the time remaining before closest approach . When this occurs

achievement of the separation objective is no longer possible.

Detrimental Turn Magnitudes

The effec t of a given magnitude turn upon the ultimate horizontal

separa t ion  at closest approach is a func t ion  of all f ive  s tate  variables.

*
I f  the  ob jec t ive  of the turn is to increase the magnitud e of the miss distance

then i t is convenient to define the maneuver effectiveness at a given locus

as the magnitude of the derivative of miss distance with -u respect to heading .

*This is the strategy upon which IPC command selection Rule B is based .
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In crnu s  of t he  ntiss d i s tance  contours , the  c- f f e - c t i v en c ’s s is r e l a t e d  to the

d~~s t , i n - e  b etwe eu t  c o n t o u r s  a long  the b e a r i n g  a x i s  of the  a i r c r a f t  , u f interest.

F’c ir  equa l  speed a i r c r a f t  ( F i g .  A—8) 
* 

the con tours  are s t r a i ght  lines  of 45 0

s iope and thus  the maneuver  e f f e c t i v e n e s s  is the sanue for hot h •t i r er a f t

at  a l l  bear  - ngs . However , for  a 1. : 2  speed r a t i o  ( F i g - A— fl  t h e  c - c m a t o u rs are

f l a t  cued  i i t  the  d imension . Because of t h i s  the  maneuve r t’f f o c t  iveness

f e- u t  t he  s tower a i c - r a f t  is less than tha t  of the f a s t e r  - In f a c t  the  e f f e c —

t t V e l - C S S  of maneuvers  by the slowe t a i r c r a t  t is at best I / 2  tha t  01 the f ,u s t e r

( 1  e .  - e q u al  to t i e  speed r a t i o ) .  At worse  t h e  e f f e c t i v e n e s s  for the slower

is zero (see dis t ance d i scuss ion  be low )  - Fit e s lower a i r c r a f t  is thus  someu .’hi:u t

, u t  the mer~- v of t i m e  la s t e r  i n  tha t  any av oidaoc ’ c - maneuver whit - l u  he u n d e r t a k e s

can be c a t - c e l l e d  b~ sca l i e r  heading changes ~m f  the faster. In  the IIPC c o n t e x t

t h i s  f.~ct  i s  most s ! ?n if i ca n t  when a slower a i rc r a f t  is a t t e m p t i n g  to a v o i d  a

f s t e  n- - mnta it ded ( IFR or A i ’CRBS) a i r c r a f t .  ~ cli c a n c e l l a t io n  is  ev i d e n t  in

Fxa~I l l l e  t O  ~ f A p p e n d i x  C.

The e f f e c t i’, eness vat  ies w i t h  the b e a r i n g  locus . At those loc i t o t

wIt t ch the  miss  d i s l a u u c e  con tours  are p a r a l l e l  to the 
~ , 

axis , the man euver

e f f e c t i v e n e s s  is zero . These loci are s tat i c ’n a r v  points  for  m i s s  d i st a i i c e  w i t h - u

respect  to i
~2 and correspond to headings of c i tb e r  l o c a l  maximum c’r local

m i n i m  ~~
- miss  1’- - e  existence of headings 01 m a x I m u m  uu m iss has si gut i t i c a n t

imp I ic u t i O n s  fo r  co l l i s ion  avc m idanc e .  I f  at -u a i r c r a f t  is f lv  ing  a t  a 1-uea~i i ng

of maximum miss  th en an ’S p e r t u r b a t i o n  of i t s  h e a d i n g  w i l l  dec -cease miss.

A— 19
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Fur thermore , if thte magnitude of avo idance maneuvers are not well controlled , a

tuu~ neitv~-r wiu jciu is m i  tiatl y beneficial may overshoot the  op t imum miss h teading

and resu 1 t to decreased miss  -

Witen the s lower  a i r c r a f t  is within 30
0 of nose—on with -u respect to the

faster aircraft (_30 0 ~ , 30°) there are  two val ues of 1~ fo r wh ich -u the miss

d istau ce is zero . For loci located near the concave side of the p = 0

contour , tit e’ co l l i s ion  headings bracket  the encounter  locus in a way t ltat

s eve re ly  r e s t r i c t s  the miss d i s t ance  which can be achieved wi thout  crossing

the’ p = 0 con tour . Crossing this  contour  is undesirable due to the pos—

s ibul it y of cle -t erimental results (see 4.4.1) and recovery hazards (see 4.4.4).

Au iotlt eu- point w lt ic h  is closely related to those above is tha t  the slower

aircraft is c - u f t c -n l imi ted  in the fraction of the current range which can be

conver ted to m i s s . This can he ded uced from the miss d i s t ance  contours

by n o t i n g  t h a t  fo r  _60~m 

~ 1~, 
< 60° per turba t ion  of alone cannot dis-

p lace  the  locus th t rough  the p = ± I contours. In t a c t , if = 0 , the

max imum p o s sib l e  it value is less than 0.5.  On the o ther  hand , the  f a s t e r

a i r c r a f t  can reach p = + 1 regardless  of the value o t

R u l e A S  t r a tegy

Command s e l ec t ion  Rule A attempts to decrease the closure rate to zero

liv t u t r o i n g  c ’ ;tc lu a i r c r a f t  away from th e  o the r .  In many s i t ua t i ons  there is

no lu tru t wlttclt simn i taneously decreases closure rate and increases miss dis—

I u u c t ’ (sCe ’  F i t ’, . -\-9 f o r  example) . Then the goal of command selection Rule B

i i i ,  r ’ - i~~ I tug m u  ,~ eel miss distance) must he opposed in  a t t e m p t i n g  to appl y

-- -~~~~~~~~—-~~~~~~~~~-~~~-~~~~~~~~~~- —  
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POSIT I ONS AT
P R O J E C T E D  CLOSEST

,,Z’ APPROACH

TO INCREASE TO DECHEASE
EXISTING MISS

,~~.—— -~~ CLOSURE RATE

AIRCRAFT 2

Fi g. A - . Encounte r  in  which  tu r n  b y t u t r c r a f t  2 to  dec r e -ase-
c i o s i u r e  r a te  reduces e xi s t i n g  miss  d i s t a n c e .
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Rule A. Figure A—1O indicates the regions in which the IPC algorithm issues

Rule A command s for which at least one aircraft is turned in a way that

de creases the existing miss distance. This opposition may be acceptable if

the range rate can be decreased to zero while an acceptable separation still

exis ts — in that case the proj ected values of miss are irrelevant since the

aircraft never proceeded to that closest approach . However a less acceptable

outcome can arise in several way. [f the aircraft Is able to obey the command

*to a limited extent only the aircraft  may turn far  enough to drive the miss

to zero without eliminating the closure rate . In such a case the command

has merely turned the aircraft to a collision course. Another consideration

is closely related to the observation that bearing changes by the slower

cannot always force the locus through the ji = ± 1 contours. This is equiva-

len t to saying tha t in such cases the slower aircraft cannot force the

closure rate to zero no matter how far it turns . In this situa tion the

Rule A objective is unachievable and the effect of the turn on miss distance

is cri tical.

*
The IPC concep t requires that pilots obey commands to the extent prac—
ticable if their freedom is limited by factors such as clouds , etc. (see
Section 2.1).
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Fig.A—l0 . Reg ions in which IPC algorithm commands at least one
aircraf t to turn in direction which reduces existing miss .
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APPENDIX B

PILOT REPLIES TO POST -FL I GHT QUESTIONNAIRES

At the concl usion of the mission debriefing session each subjec t pilot

was asked to complete a questionnaire summarizing his overall impression of

the IPC system .

Pilot responses to questions asked on these questionnaires are tabulated

below . Forty-five completed questionnaires were available for analysis. No

answers were suggested to p ilots — only a blank space was left for their re—

ply. Thus the absence of a particular comment need not imply that a pilot

would not agree with it , but may mean that the particular comment simply did

not occur to him. If a pilot listed more than one item each reply is tabulated .

1. QUESTION : Wha t feature did you like best about the IPC system?

a. PWI — 18 pilots

b . Commands when traffic unseen — 6 pilots

c. Levels of urgency (OPWI, FPWI , commands) — 4 pilots

d. Threat altitud e information inheren t in above/below/co-

al titude PWI ligh ts — 3 pilots

e. Aural alarm — 3 pilots

f. Simplici ty — 3 pilots

g. Commands — 3 pilots

h . Operational benefits — 2 pilots

i. Horizontal commands — 1 p ilo t

L_ 
_ _ _ _ _ _ _  

B-i



-~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
-— - -

~~~~
-_, — - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

j .  Negat ive  commands — 1 pilot

k .  Unob t rus ive  when not needed — 1 pilot

1. Display locat ion in cockpi t — I pilot

The posi tive response to PWI is striking (21 responses under a and d).

It should be noted that of the 9 responses witich favorabl y mentioned posi tive

commands (b and g), 6 were specifically qualified with the c o n d i t i o n  “when

traffic unseen ”.

2. QUESTION : Wha t features did you like least about the IPC system?

a. Pilot acknowledgement — 8 pilots

b. Not reliable in all situations (e.g., against non—Mode C ,

- t  
multiple aircraft) — 7 pilots

c. Ground assume s con trol o f aircraft — S pilots

d. Unnecessary command s — 4 pilots

e. Insufficien t PWI information — 4 pilots

f. D.spl ay brightness not proper — 4 pilots

• g. Commands when visual separation possibl e — 3 pilots

h. Encourages pilot laxity and decreased vi gilance — 3 pilots

I. Commands on too long — 3 pilots

j .  Commands f orce p ilot to lose sight of traffic — 2 pilots

k. Insufficien t aural alarm — 2 pilo ts

1. Obtrusive aural alarm — 2 p I l o t s

m. Insuffic ient P141 warning t ime — 2 pilots

ii. M u l t i p l e  commands — 1 P i lot

o. Difficul ty in course recovery — 1 pilot

8-2 —
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r
p. Abrup tness — 1 p ilo t

q. Commands too early — 1 pilot

r. PWI lag — 1 p ilo t

s. Mul tiple commands — 1 pi lot

t An t icipa ted cost of avionics — 1 p ilo t

u. DABS light on display was dist ttrbing — 1 pilot

v. Searching for PWI traffic approaching from rear — 1 pilot

w. Difficul ty of distinguishing three PWI lights in same sector

— 1 p ilot

The annoyance leve l of the pilo t acknowledgemen t f ea tu re is reflected

in the 8 responses which mentioned this feature . Pilot resistance to

commands when visual avoidance in adequate is a major factor in the 14

responses under c , d , g, and j.

3. QUESTION : What improvemen t , if any , would you recommend be made

to the IPC system?

a. Change acknowledgemen t feature — 18 p i l o t s

b . Shield disp lay from sun — 14 p ilots

c. Provide range of threat — 9 pilots

d . Provide track of threat — 9 p ilot s

e. Red uce ambiguity of co—altitude PWI — 6 pilots

f . Make commands op tional after visual acquis ition — 6 pilots

g. Make the 3 PWI lights in sector more di stinguishable — S pilo ts

It. Provide ra te of closure — 5 pilo ts :1

B-3
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I. El iminate red “X ” accompany ing positive command — 5 pIlots

j. Provide manual control over audio alarm volume and/or disp lay

bri ghtness — 5 p ilo ts

k. Redesign disp lay — 4 pIlo ts

1. Provide read—out of relative bearing — 3 p ilots

m. Change disp lay location on instrument panel — 3 pilots

n. Elimina te premature commands — 2 pIlots

a . Provide information on threat ’s equipme nt — 2 pilots

p. Reduce sys tem lag — 2 p ilots

q. Consider VFR rules of the road in selecting commands — 2 p ilots

r. Make system less conservative — 1 pilot

s. Reloca te “yes ” bu tt on — 1 pilo t

t .  Make negative commands less conservative — 1 p ilot

u. Provide more t ime for p ilot to resolve before commands

— i p ilot

v. Provide more information on threat - 1 p Ilot

w. Provide information on threat speed — 1 p ilot

Given the p ilo t ’s limi ted knowledge of the design of the IPC system ,

it Is not surprising that many suggestions for improvements concerned

min or details of the display hardware (e.g. , “shield display from sun”).

The desire for more informa t ion on the threat is evident in 36 responses

(c ,d ,e ,h ,l ,o,v , and w).
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FLIt - - - -TE~ EN )I TN TER EXA}~~LES

Ap pend ix C eontains L~ ta from a c t u a l  f l i g h t  test encounters which

serve as examp les of pa r t i cu lar  p henomena discussed In the t ex t .  This

Appendix should not be viewed as a statistically ba lanced samp le of the

f l i gh t  test  data base. In part icular, since examples weto  u sua ll y chosen

to illustrate al gorithm defects which this report recommends be corrected ,

they contai t a disproportionate number of resolution failures. In many

cases in wh i ch numerous examp les of a p a r t i c u l a r  phenomena exist , only a •

sing le exautuple which most clearly indicates the issue at hand was selected

for inclusion here . In some cases an encounter was Inc luded because it

ill ustrated more than one point .

.
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