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EXECUTIVE SUMMARY

Background

Flight tests of the Intermittent Positive Control (IPC) system have
examined the performance of an automated collision avoidance system inla
realistic flying environment. These tests were conducted for the Federal
Av;ationlédmiﬂistration at the M.I.T. Lincolﬁ Laboratory using an eXperimentél
DABS sensor for surveillance and data link, and using IPC computer algorithms
provided by the MITRE/METREK Corporation. The tests had two principal objec~
tives: 1) to characterize the'performance of the IPC computer algorithms, and
2) to determine the manner in whicﬁ’ﬁilots are able to utilize the services
provided by the IPC system. The test program was organized in a manner that
permitted design iterations to proceed during testing: Test results were
reported to an IPC Engineering Coordination Group and algorithm modifications
originating within that group as a result of test findings were returned to
Lincoln Laboratory for testing.

This summary serves as a brief statement of test results, conclusions,
and re;ommendations. Détail in support of this summary is contained in the

body of the report and in its appendices.

Algorithm Validation

‘Algorithm validation testing sought to characterize the ability of the

IPC algorithm to issue commands which assured safe separation between aircraft,




The behavior of the IPC system was compared to the qualitative descriptions of
IPC. These descriptions have been published in the form of standard encounters
in which threat development and pilot responses follow prescribed patterns.

The principal characteristiés of these nominal encounters afe that they in-
volve two aircraft with similar speeds, both equipped for and fully responsive
to IPC commands, with neiﬁher accelerating aé the conflict 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/iﬁ which a return-to-course executed to
recover the original heading could have precipitated a second collision hazard
worse than the original.

Non~nominzal 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 for non-nominal encounters, IPC performance could be very
incon;istent. Collision aveidance 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 conflict often
resulted in the system issuing commands which decreased rather than increased
geparation. Since pilots are typically not aware of the encounter attributes
which-produce repolutionldifficulties (e.g., the other alrecraft unequipped,
uncommanded, or in a pre-existing maneuver), pilot confidence in the overall
system can easlly be undermined by fiying a non-nominal encounter and

observing the resulting IPC~generated commands.



A detailed analysis of the conflict avoidance logic has revealed that
there are several basic and interrelated causes for the observed limitations
of IPC effectiveness. Among the significant conclusions are the following:

- The IPC logic does not properly analyze aircraft trajectories in a
way that considers all factors critical to making correct resolution
.decisions. |

- Excessive or counterproductive turns often result from the lack of
uplinking computed turn magnitudes (currently turns are continued
as long as the tracked collision parameters exceed detection
thresholds). o

- The inability to resolve accelerating encounters results principally
from the attempt to achieve a lower system alarm rate by deferring
action untii a time-critical collision hazard is confirmed by
tracking.

Some of the performancellimitations 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
on of the algorithm or by varying algorithm ﬁarameters
within the constraints of the existing logic. The algorithm and system

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

Subject Pilot Test Results

The PWI service of IPC was favorably received by subject pilets as an aid
to VFR flight. Analysis of test data revealed that use of PWI resulted in a

marked improvement in the ability of pilots to visually acquire approaching

L




threats. There appear to be no major logic igsues concerning PWI, although a
need for augmenting information given to aid pilots in avoiding blunders
in the period before visual acquisition is indicated.

It became apparent early in the subject pilot testing tﬁat a complete

assessment of pilot response to IPC commands required an understanding of how
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pilots licts by pu
means. For this reason a small subset of the pilots was randomly selected
to participate in an exercise during which PWI was provided for alding visual
acquisition, but commands were'not.provided. In these PWI~only tests the
pllots 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 percelved urgency and threat level upon the visual evaluation
capability at a given time, After visual evaluation, pilots typically approached
similar general aviation aircraft far closer than any radar-based system could
ut alarm (less than 200 feet vertically and less than 1500 feet
horizontally). Such proximity 1s accepted because as the aircraft approach
closer; the pilot is better able to discern any existing components of miss
and to choose suitable maneuvers if required. Visually motivated maneuvers
were apparentlf undertaken to place aircraft on non-collision courses and/or
to allow maintenance of visual contact. No effort to achleve a predetermined
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

pllots in encounters with little or no visual information. Pilots with PWI
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indications in wvisually obstructed sectors tended to maneuver s¢ as to locate
the indicated traffic, or, if PWI's persisted without visﬁal acquisition occur-
ring, to execute avoidance.maneuvers based upoﬁ the ?WI information. Thus, it
can be inferred that pilots without visual information adequate for their own
evaluation of-the situation are likely to be most-receptive to suggestions or -
advice on conflict resolution. Conversely, pilots who are permitted to
approach within the domain of see-and-avoid will undoubtedly be reluctant to
make major.concessioms:to an automated system.

These insights into visual avoidance behavior were.reinforced by pilot
reactions to the”IPCtsystem-eommandsf/_Positive”commands generated~after pilots
had:aequired adequate visﬁal information were often unfavorably received, either:
because they were viewed -as umnsafe (e.g.; in wrong direction or eliminated: -.
visual contact): or were clearly unnecessary. On the other hand, pilots were -
generally receptive to commands which-came prior to visual acquisition. ..

1t was discovered that the frequency of commands is nof the decisgive
factor in determining the extent to which the pilot feels imposed upon by the
system. - Of real importance are the magnitudes of the required perturbations
to the flight path and the peak workload induced by compliance and recovery,
Negative commands were radically different from positive commands in this
regat nOTrme ; they
require the pilot to mﬁdify his desired flight path.
Conclusions

The observed benefits of PWI service and the success of the IPC system

in consistently resolving certain types of collision threats indicate that




ground based collision avoidance using the DABS surveillance and data link
is conceptually and technically feasible. But in order to achieve an accept-
able system design, the effectiveness of the IPC resolution logic must be
extended to cover a wider range of encounter situations and the system must
be made more compatible with the objectives and practices of its users.
Certéin conclusions which are suggested by flight test experience run counter
to the conventional philosophy of collision avoidance system design. [t is
concluded, for instance; that
- It is not possible to design a reliable collision avoidance system
which applies control only aftéffan imminent collision hazard is
confirmed - at such a point the situation is often beyond control.
- Abrupt assumption of control in the final seconds before closest
approach is incompatible with the training and temperment of pilots.
The later control is activated, the more likely are pilots who
have acquired visually to view commands as unnecessary or incorrect. -
Furthermore, the high maneuver rates and large turn magnitudes,
réquired by such a strategy make commands unacceptably disruptive.
- Avoidance strategies which ignore or override other flight objec-
tives or separation assurance techniques (e.g., ATC or visual
avoidance) may interfere with those techniques in a way that con-

siderably reduce the net safety benefits of the system.

Throughout this report many suggestions are presented for improving IPC

performance in particular areas. But convergence of the IPC design is unlikely
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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 directlons for
system evolution which can result in an acceptable and implementable design.

Recommendations Regarding the System Concept

1. -Provide more information to pilots prior éo the need for 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 priox 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 problem and attempt to issue
commands which will assure decisive resolution with a single sequence
of comman&s.

- This strategy Wouid avoid the excessive conflict durations
a;sociated with multiple sequences of coﬁmands.

- This strategy would also avoid the tendency of IPC to turn

straight and level encounters into maneuvering encounters.



3.

Specify the required maneuver magnitudcs to the pilot,

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 créating a secondary
encounter with a third aircraft 1is 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 navigatdional objectives and other contrel objec~
tives. Thié is impossible to do if maneuver magnitudes are
unknown.,

Turning airecraft past optimum escape headings and back into

conflict can be avoilded.

Resolve more encounters with minor heading changes at earlier lead

times.

Such commands are more acceptable to pilots than large magnitude
turns gilven 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.‘

Résolution of multiple encounters or resdlution of pair
encounters without creating a.secondary encounter with a third

aircraft is facilitated.



Utilize additional information to enhance compatibility of IPC con-~

- Utilize the DABS data link to permit the pilot to accept
responsibility for visual separation when visual acquisition
has occurred. Any system wilthout this gapability will very
likely produce unacceptable results in attempting to resolve
encounters involving VFR aircraft.

- Consider the use of other information (e.g., flight destina-

tion, phase of flight, short-term intent, aircraft type/per-

formance, etc,) in order to enhance control compatibility. This

may be required in order to extend IPC into airspace where

collision protection is most needed.

Recommendations Regarding the IPC Algorithmic Logic

1.

Make conflict detection a function of the complete dynamics of the

encounter.

- Start earlier for more difficult geome?ries and issue restric-
tive commands earlier in geometries for which resolution success
is maneuver-sensitive.

Fvaluate command effectiveness before command issuance.

- The current logic sometimes issues commands which are obviously
ineffective due to dynamic considerations, Valuable time may
be wasted before additional action is taken.

- The algorithm’'s evaluation of the resolution dynamics should

be complete enough to recognize obvious difficulties and to




issue initial commands which have high probability of being
adequate or at least not complicating suﬁsequent control.

Allow the logic to issue "go straight" commands (e.g., maintain

heading).

- This is sometimes the only acceptable horizontal command for
slower aircraft in conflict with a faster aircraft. It may
also be a required command for the proper resclution of multiple
alrcraft encounters.

Use staged resolution in all appropriate dynamic situations.

- Most encounters can be resolved by maneuvering only one aircraft.
This is how collision hazards are normally averted today in
both VFR and IFR flight.

- Staged resolution offers a potential for a significant reduction
in the rate of positive commands in both VFR/VFR and IFR/IFR
encounters,

Develop a turn rate estimation capability and utilize this estimate

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 that all air-
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

approach.

10



6. Utilize three-dimensional 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 isotropic ﬁbr homogeneous.
- Fixed algorithm thresholds are therefore inappropriate for
achieving safe separation with minimum disruption of normal

flight.
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1. INTRODUCTION

1.1 Test Objectives

Flight tests of the Intermittent Positive Control (IPC) collision
avoldance system were conducte& at the M.I.T. Lincoln Laboraﬁory 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. Referemce 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
pllot tésts.

In an effort to achieve meaningful and comprehensive results, an
jterative testing method was adopted. Test procedures and the gystem
design were modified in response to test experience and the modifications
subjected to further testing. Test results were réported frequently to the
IPC enéineering_coordination group which included representatives from M.I.T

Lincoln Laboratory, FAA/SRDS, FAA/NAFEC, and MITRE/METREK. Algorithm modifi-

12




cations were normally‘developed b& MITRE/METREK for submission to the
group. Interim flight test results, including initial wvalidation experi-
ence, were reported in Ref. 5. The present report includes an overview of
all testing, an analytic perspective on validation results . and an ovgrall
assessment of the viabiliﬁy of the IPC concept.

1.2 Organization of the Report

A gummary of those features of the IPC concept which are most-important
for understanding the significance of test results is provided in Section 2.
The success of the test program required development of a comprehensive testing
capability including hardware elements, software elements, test procedures,
and data analysis techniques, Mégffnear miss encounters were required to
fully exercise the IPC logic and to test modifications. An overview of the
test bed facilities and the scope of ﬁhe test actilvities is provided in
Section 3. The presentation of flight test 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 DABS data
to determine aircraft trajectories and the ability of the logic to issue
instéuctions which achieve the.system control objectives. The pilot
utilization section (Section 5) discusses the ability of pilots to properly
utilize IPC services and the acceptability of system performance from the

pilot's point of view.

13



In order to understand the behavior of the IPC system, an analytical
technique for the analysis of aircraft relative motion was developed. This
technique 1s described in Appendix A and 1s freely used in this report to
interpret test resultas. 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 appéndix as needed to understand
the analysis techniques being applied to particular problems. . Appendix B con-
tains. a compilation of subject pilotzresponses to post-flight 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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2. DESCRIPTION OF THE TESTED IPC SYSTEM
2.1 The IPC Concept

Most of the IPC flight testing and data analysis was directed toward
deternining whether or not the system performed as intended. For this
reason it is necesséry to understand the fundamental features of the IPC
concept. in order to judge the significance of test results. The IPC concept
is best described by giving a description of how the system is intended to be
used and how it is inténded to perform. The concept documentation references

for IPC (Refs. 1, 2, and 6) rely heavily upon scenarios and qualitative descrip-

tions of how the system will be experienced by the pilot., A quantitative

documentation in any straightforward manner. But the motivationé for significant
design features can generally be found. Since several aspects of the design

are based upon explicit instructions to the pilot concerning how he should

react to the various IPC messages, much of the concept validity is dependent

upon the ability and willingness of pilots to fly the system "by the booké.

A discussion of test results in this area is provided in Sectiom 5. It

should be kept in mind that the following description of IPC describes

only how the system in intended to perform - actual performance observed in

the IPC concept the reader is referred to the referenced documents.
The IPC system is capable of providing two basic types of service to

aircraft which are equipped with altitude reporting (Mode C) DABS transponders

15




and an IPC display. First, the pilot is assisted by means of a pilot warning
instrument or PWI* in the visual acquisition of nearby traffic.

Second, pilots receive IPC commands which specify maneuvers to be under-
taken to résolve conflict situations. PWI service and resolution service are
normally provided concurrently through a common display. Options for a PWI~only
service and for PWI warnings against non-Mode G aifcraft are mentioned (Ref.

1, pp. 2-25), but no design for.such options has been documented.

2.1.1 PWI

The IPC display (Fig. 2-1) contains a ring of 36 PWI lights. Three lights
are located at each of 12 clock positions}f The clock position indicates the
relative bearing of the traffic. The central light at each clock position
:is used for traffic that is within + 500 feet of own altitude. The upper and
lower lights indicate traffic which is above or below the co-altitude band but
within 2000 feet of own altitude.

PWI indications are intended to assist the pilot in visually acquiring
proximate traffic. They are not intended to provide enough information for
selection of avoidance maneuvers and are not to be used for such purposes
by pilots (Ref. 6, p. 7). Two types of PWI are possible, The ordinary
PWI (OPWI) takes the form of a steady light at the appropriate position.

The OPWI indicates traffic which are not of immediate concern (Ref. 1,

p. 2-1) and thus the OPWI does not require the immediate attention of the

%
A PWI is sometimes referred to as a proximity warning indicator.

16
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TRAFFIC 500 fo 2000 ft BELOW

A

INNER GIRCLE - AVOIDANCE COMMANDS

DON'T
LLIMB

STEADY LIGHT ..

TuRN i YRAFAIC WOT OF IMMEDIATE CONCERN |
ooN 1 _FLAGHING LICHT b
TURN LEFT , TRAFFIC OF IMMEDIATE CONCERN

DON'T TURN ~ ci
. RIGHT

TURN RIGHT . °

DON'T DESCEND

L

T
= ‘ I S N pysueo o RecEWE TEST ‘
PILOT AGKNOWLEDGMENT ~BUTTONS - PATTERN ON DISPLAY  ° ;

Fig.2~1. IPC display utilized in flight testing.
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pilot. TFor this reason the O
(Ref. 6, p. 6). However, the pilot is expected te check for the presence of an
OPWI before initiating any maneuver. If traffic is indicated in the direction
of his intended maneuver, the pilot should attempt to acquire it {(Ref. 1,
p. 2-6). If the pilot fails to acquire the indicated traffic he may maneuver
as‘he sees fit (Ref. 5, p. 7). " |

The flashing PWI (FPWI) is issued when aircraft are on direct or near
collision courses (Ref. 6, p. 8). It regquires imme
is accompanied by an audio alarm. The pilot should acquire the indicated
traffic as soon as possible. After vgsgél acquisition, the pilot may initiate
any evasive maneuver he deems appropriate (Ref. 6, p. 8). It is intended
that a reasonable period of time be provided for pilots to resolve the
collision hazard before IPC commands appear (Ref. 1, p 2-9). This enables
pilots to maneuver according to their owm wishes rather than being told how
to maneuver by the system. If the pilot chooses not to maneuver,
will at least prepare him for prompt execution of any commands which appear
(Ref. 7, p. 2-3).

2.1.2 Commands

Two types of IPC commands are possible: negative ("don't") commands and
positive ("do") commands. Negative commands are displayed by lighting a red
"X" at the position corresponding to one of the four possible maneuver direc-

tions. They instruct the pilot not to maneuver in the indicated direction.
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They are issued when current alrcraft trajectories are safe but a maneuver

immediate positive command (Ref. 1, p 2-9). Positive commands are displayed

by lighting a green arrow. They are issued when a conflict has become_critical
and actions are required immediately teo assure safety (Ref. 1, p. 2-8).

They are selected to achieve the greatest physical separation between aircraft
(Ref. l,—p. 2-8). They are also selected to provide maximum separation even

if one of the aircraft fails to respond (Ref. 1, p. 2-24). The command

threat justifies overriding his concerns (Ref. 1, p. 2-8). Even though
individual positive commands may iﬁébnvenience the pilot, their frequency will
be low enough to prevent serious disruptlon of his total flight objectives
(Ref. 1, p. 2-8). 1In order to achieve a low command rate, commands are

delayed as long as possible in order to allow additional time for the situa-

tion ro resolve itself without IPC intervention (Ref. 1, p. 2-8).

immediately whether he has seen the traffic or not (Ref. 6, p. 12). He should
then bush the acknowledgement button to indicate that the message has been
received. The pilot should maneuver in the indicated direction until the
command symbol is extinguished. He should turn with at least 20 degrees of
bank and climb or descend with a rate of at least 1000 feet per minute (if
possible). Higher rates of maneuver will provide an extra margin of safety

nds are mandatory. IFR pilots must comply with
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commands even if 1t means deyiating from their clearance (Ref., 6, p. 18)., 1f
a pllot cannot comply fully with a command to maneuver In a certain direction
(e.g., 1f he is VFR and the maneuver would carry him into a cloud), then he
should comply to the extent practicable. He is {ree to maneuver In any
maneuver plane in which commands do not exist, but he should not attempt to
resolve the hazard by maneuvering in a direction opposite to existing commands
(Ref. 6, p. 13). To emphasize that a pilog should not maneuver contrary to
a positive command, a red "X" in the position opposite the green arrow is pro-
vided whenever a green arrow appears.

2.1.3 ATC Interface o

In enceounters involving one or mo;e controlled aircraft, the air trafflc
controller who 1s responsible for the controlled aircraft is alerted to the
possible collision at a tau value of 120 seconds. This controller alert will
generally appear before any IPC messages have been sent to the aircraft,
although in cases of low closure rate ordinary PWI may have already been issued
(Ref. 1, p. 2-12). 1IPC thresholds for IFR and VFR alircraft differ so thnt-in
IFR/VFR encounters the VFR alrcraft resolves commands first so that the en-
counter can be resolved by his maneuver alone. The IFR ailrcraft rarely
receives either positive or negative commands In such cases (Ref. 1, p. 2-25).
The controller 1s notified of all commands issued to or issued because of

aircraft under his control. Any commands required for an IFR alrcraft

equipped onlv with a Mode-C ATCRBS transponder can be dlsplayed to the
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controller and relayed on the voice channel (Ref. 1, p. 2-26). TIFC thresholds
are such that positive commands are not generated"unlesé violation of ATC
standards has already occurred or is virtually certain to occur. It is not
the intention of IPC to prevent. violation of IFR separation standards (Ref.

1, p. 2-19). No specific provision is made for cancellation of commands. by
the controller or for other controller interaction with the algorithmic logic.
The controller can generally avoid IPC commands between two controlled |
aircraft by simply maintaining normal ATC separation standards (Ref. 1, p. 2-19).,

2,2 The IPC Test Bed Algorithm

The presentation of test results requires frequent reference to particular
sections of the IPCrcomputer*algOritAm. Although changes to the algorithm
were made during testing (see Section 3.3), the basic structure of the
algorithm was not.significantly altered~ The data inputs to the algorithm
are the DABS position reports and DABS downlink messages. ..The basic struc- -
ture of the logic is exhibited in Table 2.1 in the order in which logic 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
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as the output of the detection logic. The resolution processing is done in a
strictly pairwise manner - each pair of aircraft is fully processed before the

next pair is considered.
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ALGORITHM SECTION

TABLE 21

FUNCTION

Tracking

Coarse Screening

Threshold Selection

Command Selection Logic

Positive/Negative Transi-
tion Logic

Compliance Logic

Acknowledgement Logic

Estimate current aircraft positions and

veloeitieg.,

Ve A A e e e A0S S

Identify all pairs of aircraft which may
pose potential hazard to each other.

Select tau and miss distance thresholds to
be used for a particular pair of aircraft. § |

Determine whether PWI or commands shcould be
sent to each airecraft. Determine whether
' FPWI is required. Determine

ersistent

n o
[ 1
[g]

[al
[~
D
n
r
[
3]

o

Determine plane and directions of commands.
Transition from positive to negative com-
mands and vice-versa.

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

Determine if aircraft have acknowledged
commands and issue additional commands
if not. '

_

* . 3 W ] 5 3 3
Although it is structurally part of the resolution logic, the Z2/3 logic is
functionally an extension of the detection filtering criteria.

[ o]
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3. FLIGHT TEST QVERVIEW

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 ﬁresents a summary
of flight test activitles and documentation.

| 3.1 ;Test Facilities

The IPC flight tests were conducted at the Discrete Address Beacon System
Experimental Facility (DABSEF) operated by M.I.T. Lincoln Laboratory, Lexington,
Massachusetts,

3.1.1 Ground Facilities s

DABSEF contains an experimental DABS monopulse sensor which provides DABS
and ATCRBS suyveillance 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 c0mputations'are simultaneously displayed upon a CRT conflict display.
An intercept control algorithm resident in the SEL-86 provides intercept
information to the test alrcraft cockplt via the DABS uplink, and is also
presented alphanumerically on the SEL real time display. All significant
DABS/I?C link activity and algorithm computations are recorded on magnetic

tape for post-flight analysis, and all voice communications with the pilots
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ATC-85(3-1

Fig.3-1.
(DABSEF).

SEL-86 .
COMPUTER

/‘
(IPC ALGORITHM,

DABS
SENSOR CONTROL,

TRACKING)

IPC COCKPIT
DiSPLAY
MONITORS

- : TPX-42
‘SET REAL TIME TRAFFIC SITUATION
CRT DISPLAY DISPLAY

TEST AIRCRAFT
IPC/ PWI DISPLAY
DABS TRANSPONDER
RNAY AVIONICS
RAS ENCODING

VOICE LINK
RECORDER

'NOVA 800
COMPUTER

"

IPC test bed facility at the DABS Experimental Facility
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Fig.3-2. Operator stations in DABSEF Mission Control Room.
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are recorded on audio tape. This audfo tape can be synchronized later with a

playback of the digital data tapes in order to recreate the control room situa-

3.1.2 Test Aircraft

The test program utilized primarily single engine general aviation aircraft*.
A éherokee Six or a Beech Bonanza F-33 was employed as the Interceptor aircraft.
A Cherokee 180 or Cessna 172 was normally used as a drone. The higher available
speed of the interceptor aircraft allowed it to more readily achieve posi-
tions required for successful intefc%pts. 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 the planned
intercepts could be conducted at selected waypoints independent of the VOR and
Victor route airways. The VHF communication system was modified to allo& inde-
pendent transmit/receive operations at either the pilot or co-pilet 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 display is discussed in Sec—
tioﬁ 3.2. The test aircraft were also instrumented to downlink on the DABS

data 1ink certain aircraft attitude information from special on-board sensors.

*
A Lockheed C-140 Jet Star was utilized in a single mission to investigate
the feasibility of conducting higher speed intercepts.

27




IPC display

Fig.3-3. Cherokee $ix cockpit as configured for IPC flight tests.
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The equipment which permittéd downlinking this information was called the
Readout of Aircraft State (RAS) system., The special DABS avionlcs package is
sketched in Fig. 3-4. Aircraft were equipped with strobe lights which were
operative at all times. A

3.1.2.1 Data Reduction Capabilities

A sét of software analysis routines (Fig. 3-53) are uéed following a mission
to process the recorded data in order to produce plots and tabulated results
for each conflict situation. These outputs are available after a mission and
are used in debriefing the pilots. Mission data summaries are compiled to pro-
vide a record of each encounter flown on a scan by scan basis. The data base
capability provides for the storage and retrieval of selected information
on each encounter. Data is available for all encounters flown during the
flight test program. The data includes information on pilot history, mission
log, tracking and IPC algorithm variable values during an encounter. The
data may be plotted on a CRT graphics terminal and retained as hard—copy.
output.

3.2 Test Methodology

3.2,1 1IPC Flight Test Missions

Three types of IPC flight test missions were flown. Missions involving
test pilots flying both test aircraft were scheduled to exercise IPC logic
with pre—determined- approach paths and pilot responses. These missions were
designated validation missions., They provided valuable insight into the be-
havior of the logic and allowed investigation of many légic problem areas in

which testing with subject pilots was not advisable. The validation tests
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were the principal basis of the IPC flight test interim report (Ref. 3).

Later tests involving a wide cross section of general aviation pllots were
scheduled to determine pilet reaction to IPC. In addition to the normal

data gathering mission, IPC demonstration missions were scheduled on an ad hoc
basls -for aviation community visitors who were: concerned with IPC development
an& 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 plamned for these missions
were typlecally those for which IPC behavicr was fully understcod.

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 ef-
ficiently reproduce situatlons for which a greater quantity of data was
desired; Certain variables were either not under test control or could not

readily be included in test planning. Table 3-1 lists planned and unplanned
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TAEBLE 3-1

IPC_ENCOUNTER VARTABLES

Aircraft type (high wing, low wing) Visibility |

Speeds

Crossing Angle

Miss Distance .

Approach Type (straight & level,
turning, climbing,

descending)

Test pilot response

T-FlaHHEd: Uﬁbzadhed:
Flight rules  (IFR,VFR) Subject pilot response
Equipment (DABS, ATCRBS) Itinerant ATCRBS traffic

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 ﬁowever treated them
as 1f they were truly IFR.

It was found early in the testing that the degree of precision required
in.order to conduct intercepts which consistently résulted in near-miss
approaches was not easily obtainable, One reason for this is that it is
unacceptable for aireraft 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 QOR'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 piloﬁ on an alphanumeric intercept control dis-

play. This

ue proved to be highly effective,
3.2.4 Subject Pilot Methodology
In order to obtain valid insight into pilot response to IPC, a varilety

of general aviation pillots were selected to serve as test subjects. The DOT
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Transportation Systems Center provided a list of pilots who had served as sub-
ects in a previous simulation study of ?WIﬂ This l1ist was augmented by other
pilots referred by various sources. A few pilots were ailr 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 prospective 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 décided 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 agral 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

12
wn



the right seat. The interceptor was flown by a tesf 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
1

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 memofy could be stimulated by the phrases and descriptions

-~

ugsed at the time of the

L e L

vent . 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 questionnaires to fill out and return by mail in order to obtain
to the IPC flight test experience.

3.3 Test Activity Summary

3.3.1 Encounter Statistics

dver 80 pilots participated in the evaluation of IPC as fest,

demonstration or subject pilots (Table 3-2). The 132 missions include over

(W)
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1600 conflict situations.:lAbout 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 Ehe flightﬁtest program Ehe impact that
varying transponder equipage and flight rules had on the conflict resolution.
Tﬂe algorithm sets thresholds and varies resolution stratégy on this basis,
The majority of planned encounters involved two DABS equipped aircraft (Fig., 3-6).
The unplanned encounteré were of special interest since they were unstaged and
sometimes involved-air carrier of militéry aircraft,

3.3.2 IPC Algorithm Revisions |

The IPC algorithms underwent a number of revisions during the two year
flight test program (see Table 3-3). Thése revisions took the form of changes
to the logic to correct faults which ﬁrevenﬁed the logic from functioning
as specified by the IPC concept (ex. M-S1, M-S12, and M~-S15). Some revisions
were intended to resolve design problems identified during flight testing
(ex. M-87, L-S1, and L—SZ), Nﬁne of these revisions constituted a fundamental
change in the orginal concept or design., The number of missions flown with

each version is indicated ip'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
Version Algorithm Proposal

Designation Designation

Major Revisions
Incorporated in Version

0 LTAC-0

1 LTAC-1

2 LTAC-2 M-51
M-52
M-S3
M-55

3 LTAC-3 : M-S6
M-§7

None (initial shakedown version}
Linked list coarse screening technique,

Minimum 2 mile PWI 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.

Reduce false alarms - unnecessary
commands, flashing PWI's and controller
alerts. :

Eliminate commands dropping before
resolution complete.

Commands computed for IFR aircraft and
delivery delayed.

Eliminate acknowledgement test for VFR
ATCRBS.

Revise IFR/VFR logic to reduce unaccep-
table number of positive commands to IFR*

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

Eliminate vertical chase problem with
ATCRBS/DABS encounters,
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[Algorithm Test Change Major Revisions
Versions Algorithm Proposal Incorporated in Version
Designation

4 LTAC-4 M-S81z .0 Reduce number of controller .alerts
: for IFR/VFR encounters.

T
’-L
]
It
o
g
@
=1
&
@

uLGesilai.ie

due to vertical veloeity jitter.

M=315 Rediuce undegirable pgsi

M-516 Reduce number of positive commands by
. .glving negatives whenever situation

dictates,

L-51 Provide additional command to DABS in
DABS/ATCRES when DABS does not acknow-
ledge.

L-§82 ... Install general purpose audio alarm.

5 LTAC-5 FAA-EM-74-4 Incorporateds all ‘thé previous
Rev 2 (single revisions in a single volume.

Site Version)
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TABLE 3-4
CLASSTFICATION QF TPC FLIGHT TEST MISSIONS
FLOWN WITH EACH VERSION OF ALGORITHM

March 1975 - February 1977

o |PC
Algorithm Subject | Missions
Version Validation | Demonstration Pilot Total
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

41



4, ALGORITHM VALIDATION
The algorithm logic which evaluates collision threats and selects

avoldance messages is a critical element of the IPC design. This logic must

provide effectiv
success rate must be high, since pilot acceptance of the system will be
adversely affected if the logile fails to Rrovide acéeptable fesults 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 flight., Logic walidation issues were
investigated primarily in flights involving test pillots who were instructed

P S T U gy
r LI LilsLLIuGLLlUlld

to obey IPC commands. The tendency fo f the IP m

the IPC system

to conflict strongly with the desires of subject pilots, and the possible

compromise of the control strategy by the pilots' refusal to comply, are

toplcs which are addressed in the section on pillot utilizatlon (Sectiom 5).
The performance of the IPC system variles greatly with the dynamics of-the

encounter. Diagnosis of this behavior and generalization from specific

encounters requires a sound understanding of collision avoidance dynamics.

R - 1.

question at hand involves two or three

This is especially true when the
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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Relative Motion - The collision avoidance preoblem ig formulated in terms of a

dynamic system which describes how aircraft move relative to each other.

State Variables - Horizontal relative motion is described in terms of five statq

variables% horizontal range (r) between aircraft, the relative bearing (Bl
anﬁ 32) of each ailrcraft from the other, and the airspéeds (Vl and Vz) of each
aircraft. Bearing 1s measured positive clockwise from the velocity vector

of the ailrcraft of interest. It 1s expressed as a number beween -180% and
+180°. These variables are depicted in Fig. 4-2.

Normalization - For plotting purposes it is convenient to express distances

as a fraction of range and velocities as a fraction of Vl {the airspeed of the
faster airecraft). Times will be E;ﬁfessed in units of r/Vl.

Speed Ratio - The speed ratio is the ratlo of the airspeed of the slower
aircraft to that of the faster. (e.g., Vzlvl).

Natural Motion - Refers to the type of motion which results from unaccelerated

(rectilinear) flight,

(Signed) Miss Distance, m - The miss distance, MD, used in IPC is the minimum

range which would result from pure natural motion projected forward or back-
ward from the current time. For analytical purposes it is convenient to de-
fine a signed miss distance, m, whose magnitude is the same as MD, but whose
sign is positive if the range vector is rotating clockwise and negative if the
range vector is rotating counter clockwise.

Forced Motion - Forced motion is the type of motion which would result grom an
instantaneous change in heading (thus producing a corresponding instantaneous

change in bearing). In Appendix A it 1s shown that actual aircraft trajectoried

. bcan Do csprescnted.as a conbination. oL natural and forcad moLion.,

Fig. 4-1. Synopsis, relative motion analysis technique.
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ATC-85(4-2)

r = RANGE
B, = BEARING SEEN FROM AIRCRAFT 1
B, = BEARING SEEN FROM AIRCRAFT 2
V) = AIRSPEED OF AIRCRAFT )

V, * ARSPEED OF AIRCRAFT 2
VQ
B>
AIRCRAFT 2
\/
'1 r
B

AIRCRAFT 1

Fig.4~2., Variables utilized in relative motion analysis.
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A more complete discussion of the téchnique 1s provided in Appendix A. It is
recommended that the reader desiring full understanding of the methods by which
IPC has been analyzed consult this appendix when necessary while reading the
remainder of Section 4.

4.1 Trajectory Estimation

Accurate estimates of alrcraft positions and velocities are required in
order for a collision avoidance system te function effectively. The IPC
system bases its estimation of these trajectory variables upon DABS position
reports which are received at the nominal rate of once every 4 seconds.
These reports provide the range and azimuth of the aireraft relative to the
DABS sensor and provide the aircraft barometric altitude as encoded by the
aircraft altimeter. Higher derivatives of position (i.e., velocities and
accelerations) must be inferred from observation of the time history of posi-
tion reports. The portion of the algorithm which estimates aircraft
trajectories is called the IPC tracker. The finite DABS data rate and the,
inherent errors or uncertainties in the DABS position reports limit the
accuracy with which aircraft trajectories can be determined. A further
limitation arises because the tracker design must be based upon a simplified
model of aircraft dynamics., The IPC tracker is designed to minimize the effects
of random data errors and to accommodate typical aircraft dynamics. The
performance figures for horizontal tracking are largely 5ased upon Ref. 11,

and the reader is referred te that document for further detail.
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4.1.1 Trajectory Estimation With Nominal Surveillance Quality

Degcription of IPC Tracking Algorithm

The IPC tracking algorithm is basically a low gain o-B tracker with a
turn detection and correction mechanism. The low value of B (0.1) provides
heavy suppression of scan-to-scan measurement jitter during straight-line
flight. 1In order to prevent the excessive heading lag which such heavy
sﬁoothing would normally engender durlng turns, the‘turn correction mechanism
adds heading corrections which force the heading in the direction of detected
turns, Turns are detected by noting deviations of aircraft reports from the
predicted flight path.

Nominal Tracking Performance - .

The performance of the tracker depends upon (1) the nature of errors
in the position measurements, and (2) the acceleration history of the air-
craft being t;acked. The position measurement errors which are most signifi-
cant to IPC are those which vary from scan to scan and thus induce errors
in the veleocity estimates. Nominal magnitudes of these errors at DABSEF
are approximately 15 feet (lo) in range and .05 degrees (10) in azimuth. For
aircraft in straight line flight these accuracles allow the current IPC tracker
to estimate heading with an error of 3 degrees (1o} and speed with an error
of 2 knots (lo). These accuraciles 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
declare turns. At typical turn rates (3-5 deg/sec), heading errors of 30 or

40 degrees are to be expected. The impact of these errors upon IPC perform-

ance is discussed in Sectlon 4.5.
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During a turn the tracker tends to underestimate aircraft speed. At
turn rates of 4-5 deg/sec the speed error is typically 15% of the aircraft
total speed.

Turn Detection Failure

In order to prevent false turn declarations due to jitter error in
position measurements, the turn detection thresholds are adjusted in accordance
with track firmness* and expected cross-track measurement accuracy., At
longer ranges these thresholds may increase to a significant fraction of
the turn radii of slower aircraft. When this happens, turns can remain
undetected until after aircraft have turned 90° or more from their initial
headings. Heading errors of this magnitude prevent the cross-track tests
of the turn detection logic from functioning properly since the estimated
cross—track direction is grossly misaligned with respect to the actual cross-
track direction. 1In some flight test encounters heading errors of 120° and
airspeed errors of 2/3 actual airspeed were observed (see Example 1 Appen@ix
C). These difficulties may be amenable to solution by allowing the tracker to
recognize when turn detection is likely to fail and to increase tracking gains
accordingly. |

Wind Effects

The IPC tracking algorithm does not take wind into account in estimating

aircraft headings and airspeeds. All velocities are estimated with respect

*

The tracking gains to be used are specified in terms of a firmness level.
The firmness level is a function of the recent history of successful report-
to-track correlations. :
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to the gensor as ground reference. When the airmass in which the aircraft
are flying is in motion, the velogclity of the aircraft with respect to the
ground may differ significantly from the airspeed, 1If it is assumed that each
atrcraft 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
distance) will be unaffected by the wind. But other quantities will be modified
by wind .(e.g., crossing angle, speeds, tiﬁé to path cressing). For slower |
aircraft flying in strong winds the errors In estimating these latter quantities
can be significant. Consider for instance :two 100 knot aircraft, one flying
parallel and one flying anti-parallel to a 40 krot wind. The actual airspeed- -
ratio is unity while the tracked speed ra;;Ol(i.e.,.groundspeed ratleo) 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 directions
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 algorithm
modification to decrease sensitivity to wind was made during flight tests. The
Version 0 algorithm had an OPWI threshold thét 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 range
decreased below 2 miles.

It is recommended that the aBility to study wind effects be included in

future IPC simulation efforts and that the feasibility of making wind correc-

tions to veloclity estimates be considered.
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4.1.2 Observed Effects of Surveillance Anomalies

1t tests have revealed certain errors which have received little
attention in IPC system design, but which can adversely affect performance.
These error sources are listed here so that future system development can

proceed in awareness of their existence.

Azimuth Anomalies

The accuracy of the aircraft azimuth measurement can be affected by
conditions which arise intermittently on isolated scans (e.g., asynchronous
ne often ob

interference

Ll LSl ClLE

accurate azimuth reports which contain an isclated anomaly corresponding

to a substantial measurement error;/'&his anomaly can perturb the track signif-
icantly and the perturbation may require several scans to subside. The ao-f
smoothing technique is well suited for suppression of errors which are scan-

wise independent but is less well suited for suppressing the effect of isolated

anomalies. A carefully designed outlier rejection scheme based on acceleration

Diffraction Effects Near Obstacles

ATC beacon radars estimate target azimuth by determining the orientation
of the signal wavefront of the target reply. Phenomena which perturb the
wavefront orientation must necessarily result in errors in target azimuth
estimate. One such perturbation which may have a serious impact upon IPC
performance when it occurs is azimuth error due to signal diffractionm around
obstacles. Two major obstacles exist at DABSEF. The first, an antenna tower,
is located at an azimuth removed from the usual IPC flight test area. The

second, the smokestack of the Hanscom Field power plant, is located be-

£~
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tween the DABSEF antenna and the IPC tes' area at an azimuth of 295.9° and
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
particularly severe case, The diffraction phenomenon is well understood from
both experimental and theoretical points of view (Ref. 8). The error 1s known

to vary as a function of obstacle size and angular separation between the tar-
get and obstacle. Currently most terminal ASR's are sited in locations for

which diffracting obstacles are present on the horizon. Aircraft flying near the
horizon and near obstacle azimuths cannot be processed by IPC in the same

mannaer as aireraft flying in the clear. Improved sitil
may go far to alleviate the diffraction problem at some locations, but the basic
problem will ﬁever be completely eliminanted and must be recognized in IPC |
system development.

Vertical Tracking With Missing Reports

It was discovered in testing the Versioi 0 algorithm that tracking gains
used for horilzontal tracking produced excessive lag and overshoot in vertical
tracking. Verticél tracking has no logic equivalent to the turn detection
logilc which makes low gains tolerable for horizontal tracking. Consequently,
the Version 1 logic specifies that the firmness level for vertical tracking
is ne@er to increase above 7, From this level even two missing replies
can cause firmness to decrease to a level at which highly erroneous altitude

rates can be induced, As an example consider an encounter for which the inltial

tracked altitude rate 1s zerc and the initilal firmness level is 7. A seriles

un
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of two missed replies reduces firmness to level 3 at which level the tracking
gains are o = ,833 and f = ,700. 1If an altitude report which differs by AZ
= 100 feet from the coasted altitude is then received, the altitude rate is

modified by

_ 100 ft _
B ==—— 0.7 = 1050 fpm

AZ
T

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 Appendix D provides a case in which a wvertical climb rate of almost
1500 fpm was estimated when the aircraft was actually slowly descending. If
reports are uncorrelated due to efritic altimetry the errors can be even worse,

Vertical Tracking Lag

When changes in altitude rate occurred, the vertical tracking 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 identifies from the track file aircraft pairs which may be
in hazardous proximity and which should be subjected to further processing,
(2).threshqld selection logic which selects tau and miss distance alarm
thresholds based upon the attributes of the aircraft pair and (3) a detection
logié which tests computed detection variables against the thresholds to

determine the type of IPC messages (OPWI, FPWI, commands, etc.) to be issued.
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4.2.1 Coarse Screening Logic

The coarse screening portion of the IPC logic 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 logié. The
initial IPC coarse screening algorithm utilized a sort bin technique for
screening. This method suffered from a nced 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 coordinate
and the number of entries is essentially equal to the number of aircraft being
serviced.

During flight tests several cases wete -observed in which aircréft 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 linked list in one direction only*
and processed alrcraft according to azimuth sector. If two conflicting air-
craft in adjacent sectors changed order hetween the time thelr respective
sectors were processed then the unidirectiqnal scan failed to detect the pair.
In order to allow IPC teéting to proceed, the 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 gsearch technique provides a method of reducing the required computational
load. The algorithm can discover that aircralt 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 Alarm Threshold Transitions

No documentation has been provided which explains the choice of each
threshold determining attribute and its corresponding threshold, but the
baéic design philosophy involves increasing thresholds for attributes
which indicate greater difficulty in resolution and increasing thresholds for
VFR aircraft in conflict with IFR aircraft. 1In many cases this logic produces
discontinuous jumps in threshold values even when tests are
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
jumps from 32 to 64 seconds. These transitions can occur at any time during
an encounter and result in an abrupt-change in the alarm status of the air-
craft.

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

For example,

encounter attributes considered in the threshol
miss distance and crossing angle are not considered. Thus alarm declarations
at consistent levels of urgency are not possible.

4.2.3 Tau Criterion

For zero-miss rectinlinear approaches the time until collision can be
expressed in terms of range and range rate as T = -r/f. But in this form T
is not reliable as a measure of urgency since low closure rates can cause

f range. The IPC algorithm therefore uses a

modified form of this measure which may be written

TH = L (1-p%/x?)
T
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Here .; 18 a parameter with a nominal value of approximately 0.5 ami. It can
be seen that TH will be forced to zero at range D no matter how small the
closure rate. In testing Version 0 of the algorithm it was found that
excessive turns could result from continuing commands to aircraft which were
within range D but were separating. For this reason the '"DOT" test was added
to the detection logic. This test prohibited any horizontal threshold

from being violated if the product of range and range rate exceeded 10 nmi-
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 TH is relatively insensitive to tracking errors
and accelerations since velocity errors are then small compared to the magni-
tude of * and aircraft accelerations due to turns are mostly normal to the
range vector.- But for ailrcraft 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 Appendix C). The latter phenomena is important since several
aspects of the IPC concept (e.g., PWI warning time before commands, time
allowed before compliance check) apparently require thét TH decrease at the
sume rate as clock time so that TH thresholds which differ by a given amount
will be violated at times which differ by the same amount. In reality, even
with constant closure rates TH 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
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
collisiorn. - 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 flag1(CMDFLG) has been set

-

| =11 1 L A8l L +J =il

on two of thé:last three sca This "2/3 logic" is primarily intended ta
into mementary 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 encounteér 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

| . | e aod 1
his single scan of delay

when the command flag is set for
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 Resolution Plane

In most situations the initial attempt at conflict resolution involves
commands exclusively in the horizontal plane or the vertical plane. The choice
of the plane to be used may determine the success of the resolution attempt.
In IPC this choice is based upon certain characteristics of the encounter.
Several cases were observed in whicﬁ the oriéinal 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 algorithm would occasionally issue positive
commands in the vertical plane even though ﬂ;gétive commands in the horizontal
plane would have been sufficient. In Version 4 logic was added which assured
that the resolution plane 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 tramsition 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 towérd a DABS aircraft, issuance of vertical
commands' to the DABS aircraft may be ineffective. The veréical rate of the
uncommanded aircraft may cancel the rate achieved Qy the commanded aireraft
{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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horizont.:l resolution whenever an uncommanded aifcraft has a vertical rate
of ZDTH (360 fpm) or greater in the direction toward the DABS aircraft at the
time of command generation. This change has proven only partiallﬁ successful
since the algorithm may stili issﬁe and sustain ineffective vertical commands
if the estimated vertical rate of the uncommanded aircraft does not exceed
ZDTH until after commands are generated (see Examples 8 and 9 of Appendix D).

In Version 1 vertical commands were chosen whenever one aircraft
of the pair had a speed greater than 150 knots. This logic was based upon
certain assertions concerning the relative effectiveness of horizontal and
vertical commands for aircraft of véf§ing performance levels. Initially this
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
encountér between aircraft of greatly differing speeds by maneuvering only
the slower aircraft. TFirst, a given heading change by the slower aircraft
is less effective in altering miss distance than a similar heading change by
the faster. 1In certain geometries modest heading changes by a faster aircraft
can negate the avoidance attempts of the slower (see Example 10 in Appendix C).
Furthe%more, there is a heading for the slower aircraft which results in max-

imum miss. If an attempt is made to maneuver an aircraft which is already
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at this o the miss distance will decrease. In some
situations the miss may be decreased to zero by a turn in either direction
{see ¥Example 11 of Appendix C)f All these statements are demonstrated ana-
lytically in Appendix A.

The IPC algorithm does not consider the existence of an optimum heading
in deciding to issue commands. As a result: aircraft may be turned when they
are already at or near the optimum heading. They may also be turned past the
optimum hea
The IPC algorithm does not recognize situati?ns in which a turn in either
direction can bring the aircraft to a colli;i;ﬁ course. If the conflict
detection logic requests commands in such a situation, commands will be issued.

It is of course possible, if resolutidn 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

resolution strategies are risky when the rate and degree of compliance that
can be expected from the pilot are uncertain, or when the time available for
resolution is short. Furthermore, pilots.who visually acﬁuire 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
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the other in an attempt to decrease the closure rate to zero, The relative
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motion analysis (Appendix A) reveals that this normally means that at least
one aircraft is commanded to turn in a direction that decreases miss distance.
Negative commands issued under Rule A have the effect of prohibiting one
aircraft from turning in the direction which would increase miss distance, but
aliowing a turn which would eliminate miss distance (see Example 14 in Appen-
dix C).

This strategy is effective in cases in which the closure rate is forced
through zero at adequate range. However, if the aircraft does not comply
vigorously enough or if the threat develops too rapidly, the closure rate may
not be eliminated. The effect of the eommand may then be that aircraft are
placed on cecllision courses,

4.4.3 Use of Rule A For DOT > 0

Rule A 0% the IPC horizontal command selection logic (turns each aircraft
away from the current location of the other). This rule chooses a direction
depending upon whether the threat aircraft is in the right hemisphere (bearings
positive 0° to +1800), or left hemisphere (bearings negative -180° to OD). Fig.4-3
illustrates a geometry in which this rule results in questionable commands.
Normally Rule A is not applied in this geometry because the logic recognizes
this geometrical situation and applies Rule C instead (thus assuring effective
right[left commands). However, if the range rate is positive the horizontal
command selection logic will force Rule A to be applied. (The range rate can
be positive at the time of command generation if aircraft are closing verti-

cally so that vertical tau delays command generation until after horizontal

closest approach). Example 15 in Appendix C illustrates this phenomenon.
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ATC-85(4-3)

"Turn Left"

"Turn Left"

Fig. 4-3. Geometry in which application of Rule A results
in ineffective commands.
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4.4.4 Course Recovery

The IPC system is designed to assume control only when certain alarm
thresholds are viclated. When control actions succeed in driving alarm var-
ibles above the critical thresholds, control is dropped and aircraft are free
to recover their original courses. Flight test experience has shown that in
certain cases this approach leads to incomplete and unacceptable resolution
due to the fact the aircraft are unable to safely recover their initial
headings after commands are dropped.

An example of this phenomenon is.provided in Fig. 4-4. Here resolution
was attempted by turning one aircraft away from the other in order to elimi-
nate the closure rate. This turn was successful in its objective and col-
lision avoidaﬁce commands were dropped. At this point the pilot who had
turned had a PWI indication indicating traffic at his six o'clock position.
He turned back to recover his original course* aﬁd a second coliision hazard

arose. Because of the acceleration involved in recovery, the second set of

%
Immediate return to course maneuvers are typical of subject pilots (see
Section 5).
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avoidance commands‘were late and the net effect of intervention by the col-
lision avoidance system was to reduce the miss distance. An analysis of this
particular encounter in bearing space (Fig. 4-5) reveals the nature of the
general phenomenon. Point A corresponds to the encounter locus just before the
maneuver command was effected. Point B corresponds to the locus just after the
command was effected. Note that the maneuver has forced the locus across the
u=0 contour and that the direction of natural motion is consequently reversed.
The narural motion which takes place at the new heading opposes the miss dis-
tance which existed initially. Thus when the aircraft returns to course (C to D)
the locus returns to the vicinity of/;ﬁe u=0 contour,

Such behavior tends to arise when the turn to decrease the closure rate
requires crossing the u=0 contour, i e., tuining through a zero miss dis-
tance heading. 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
natural motion which occurs will then reinforce the initial miss distance.

Although the example utilized above involves only a single commanded
aireraft, a similar phenomenon has been observed when both aircraft are
commanded. For equal speed aircraft executing symmetric (mirror image)
Rule A turn-away commands, the miss distance which will exist after course
recovéry will be didentical to the miss distancé before commands. The
symmetry must be broken in order for the aircraft to recover course with a

modified miss distance.
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Fig.4-5. State variable plot of recovery encounter of Fig.4-4.
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4.5 Resolution of Maneuvering Encounters

Especially severe heading uncertainties can arise when pilots: initiate
turns prior to. the time at which ¢ollision avoidance instructions are gene-
rated, As was discussed in Section.4.l, the-tracker estimate of heading tends
to lag behind the actual heading during turns. This tracking lag can readily
exceed 40°. An equally significant compenent of the total uncertainity is the
heading change which may take place between the time instructions are generated
and the time at which the pilot -effects the indicated maneuver. If a turn at

Q : . . . . .
a rate of 4 [sec is underway, and if the time required for message transmission

during -the response delay.” Thus a total uncertainity of j—_-800 may exist. The
effect of such uncertainties upon resolution -success is discussed below.

4.5.1 Reduced Warning Time Due .To.Acceleration

When airecraft-are turning in directions which increase the clesure rate,.
the estimated value of TH may grossly:overestimate the time available befote
collision. Example 16 of Appendix C illustrates a case in:which the tauw
threshoid is 64 seconds, but comménds are not transmitted to the aircraft
until about 16 seconds before closest approach (the TH estimate decreases
from 195 seconds to 50 seconds in one scan). Such encounters may still be
resolvable if commands are in the most effective directions (see next para-
graph) and if pilots comply with immediate and forceful maneuvérs. Bowever,

any less favorable conditions can result in resolution failure., Tt should be
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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 bgtween the bearings at which
commands are generated and the bearings at which the commands are effected.
For example, aﬁ 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 uncertaintieswére such that the locus maves
from "A" to "B" then commands which were selected to increase the perceived
miss distance at "A" (i.e., move the locus toward U= -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 collisien threat. Example 20 is an
interesting case in which a negative command was in the wrong direction due
to accelerations by one aireraft.

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 accdmmodate such situations could be greatly

improved by efforts in the following areas:
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Fig.4~6 Uncertainty in bearing locus due to aircraft accelerations.

67



a)

b)

Tracking. The tracker parameters can be adjusted to better reflect
actual surveillance quality. The ability of the tracker to follow
turns can be improved by taking aircraft speed and turn detection
reliability into account. However, it should be reiterated that
tracker lag is not the only source of resolution problems for maneuver-
ing aircraft. This was demonstrated by simulating maneuvering
encounters for which resolution was unsatisfactory, but employing
for simulation purposes essentially perfect track estimates, - In
most cases even perfect estimates can eliminate only one scan of
alarm delay or a fraction of the total umfertainty in the future
trajectory. Improved tracking may be a necessary condition for
achieving the desired performance level, but it is not by itself
sufficient (see paragraphs below).

Use of turn detection in choosing strategy. It should be noted

that currently the turn detection logic is used only to improve

the estimation of the current aircraft heading. Many turning
encounters cannot be resolved unless the IPC algorithm also

utilizes turn informatiom in choosing the resolution strategy.

For instance, in cases where continuation of an existing turn would
result in adequate separation it is better for IPC to issue commands
which are consistent with the existing turn ratﬁer than to attempt to

reverse the turn. In IPC flight tests, it has been observed that
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c)

attempts to resolve encounters by reversing existing turns are often
ineffective. One reason for this is the fact that the response delay
is effectively doubled. For example, if the pilot requires 10 sec-
onds to reverse his turn, an additional 10 seconds is required just

to turn back to the heading which existed when commands were received.
It is also possible that the existing turﬁ is necessary due to factoré

of which the IPC system is unaware (e.g., clouds, non-beacon air-

then vertical commands should be considered.

o

Improved alarm criteria. The critical IPC alarm variables such as

tau and miss distance are calculated under an implicit assumption
of rectilinear flight. When headings are changing, the calculated
values can vary greatly from scan-to-scan. One cannot protect

against this uncertainty merely by increasing the alarm thresholds

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 relatively efficient manner, i.e., which set an alarm
flag only when a maneuver would be truly hazardous. The additional
alarm thus generated may result in increased issuance of negative

commands, but need not cause an increase in the number of positive
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d)

Prevention of adverse mineuvers. The IPC system is capable of pre-

venting maneuvers which would create resolution problems. One manner

in which this is done is the issuance of PWI warnings to the pilot in

order to allow him to acquire his traffic visually. 1In many cases it

can be assumed that PWI-aided visual acquisition will prevent

maneuvers which increase the hazard. However, even with PWI adverse

maneuvers can 5till occur under the following conditions:

1.

A pilot may initiate a maneuver before PWI alarms appear and
continue the maneuver until receiving commands.

A pilot receiving a PWI from the six qfqlock sector in which
his view is obstructed by the airframe may perceive a turn as an
acceptable option for a tail chase situation and turn in either
direction.

A pilot may turn in order to rotate obstructing airframe and
acquire the traffic indicated by the PWI.

A pilot may initiate a maneuver which he thinks will resolve
the conflict and receive IPC commands which reverse his maneu-
ver.

A pilot may fail to locate the-traffic indicated by the PWI

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 Pilots Guide to Intermittent
Positive Control (Ref. 6)..

An ATCRBS aircraft may maneuver toward a DABS aircraft.
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Although it is impossible to find a collisiﬁn avoidance strategy which
is always effective in (ase 6, the other cases can be solved within the
framework of TPC. One approach is to identify those geometries in which
maneuvers can produce resolution failure and issue negative commands which
instruct the pilot not to maneuver in specified directions. Such commands
can prevent a pilot from inadvertently blundering into situations in which
IPC offers insufficient protection. This concept is consistent with the
description of the negative command philosophy which states that the negative
command is issued to the pilot when his current trajectory is satisfactory
but a hazard would develop if he weré Eo maneuver (Ref. 1). However, the
current algorithm in fact does not consider issuance of negative commands
until a hazardous closure rate has already been established.

It has also been observed that such negative commands are generally
needed in situations in which their violation is certain to produce positive
IPC commands (Ref. 1). Under such conditions negative commands result in no
real increase in the restrictions which IPC is imposing upon the pilet -- it
is just a question of informing the pilot that he is restricted by nearby traffic
rather than allowing him to be surprised by the restriction when he
inadvertently precipitates positive commands,

4.6 Three-Dimensional Resolution

The IPC command selection logic attempts to select either horizontal

vertical separation. The command directions which the logic chooses in one
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plane are indepenﬁent of the dynamics of ﬁhe encounter in the other plane,

In many situations 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
horizontal maneuvers can decrease the vertical component of three~dimensional
closest approach. In order to sée this, consider a quantity zCAf defined as
tﬁe vertical separation which will exist at the time of horizontal closest
‘{2;2 + m2 . For aircraft which are converging in altitude at a constant rate,
the altitude difference Z is a linear funetion of the time to closest hori-

CA

zontal approach, tCA' If z, and 20 are the altitude separation and altitude

rate at a given time, then

Therefore, a contour in bearing space which defines a constant tea also
defines a constant value of ZCA' A set of such contours is provided in

Fig. 4~7 for a speed ratio of 1:2. The greater the vertical rate, the greater

s no vertical wveloc
8 Mo Vv eloc

=

will be the variation of Z_, with t_.. If there

i ) CA 7777 TCAT

each t., contour corresponds to the same ZCA value (1.e.,.ZCA = zo) and bearing

locus has no effect upon the vertical separation,
Possible tCA values (in units of r/Vl) run from 1/(1+y) to 1/(1-Y). When

the time to zero altitude separation, -zo/éo, is within this range, a contour
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Fig.4~7. Contours of constant time to closest approach (units of r/Vl).
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exists for which z A is zero. If the contour of zero horizontal miss distance

C
(u = 0) intersects this contour, then the point of intersection is the bearing
locus at which a true 3D collision will occur (because for that locus vertical
and horizontal separation will reach zero simultaﬁeously).

Three dimensional consideratiéns are especially important when an uncom-
manded aircraft has a vertical rate. In this case it is often impossible to
resélve the encounter by simply maneuvering the  commanded aircraft away from
the threat altitude since the achievable vertical rate may be cancelled by the
vertical rate of the tﬁreat,or the magnitude of the required altitude change
may exceed allowable limits (see discussion of the vertical chase problem
in Section 4.,3). It is desirable to use horizdﬁLéI resolﬁtion, but the current
IPC algorithm may eliminéte vertical separation in attempting to increase
horizontal separation. As an illustration, consider an encounter at "X" in
Fig., 4-8. Turns to points A énd B both drive the horizontal miss distance to
zero. But whereas point B repreéents an actual 3D collision, point A repre-
sents a case in which altitude separation will exist when the aircraft pass
through the same horizoﬁtal position. Thus a turn to decrease bearing is a
possible resolution option whereas a turn to increase bearing is not, Such a
conclusion cannot be reached by an algorithm which determines the direction of
horizontal avoidance without reference to the 3D situation. Example 21 of
Appendix C presents a flight test encounter in which the above phenomena is
evident,

4,7 1IPC Performance in IFR/VFR Encounters

4,7.1 Description of IFR/VFR Logic

When an IFR aircraft 1s in conflict with a VFR aircraft, IPC attempts

to avoid issuance of commands to the IFR aireraft by maneuvering the VFR
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Fig.4-8. Three dimensional considerations in encounter for which
horizontal command affects vertical miss.
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aircraft first. In Version l this strategy was implemented by using larger
tau thresholds for the VFR aircraft. This logic waé often successful, but
the rate of commands to the IFR airéraft was still.unacceptable to the al-
gorithm designers.- Consequently in Versien 3,logic was added to further
suppress commands to the IFR aircraft. The primary feature added was a
compliance test which reduces IFR command thresholds. whenever it has been
determined that the VFR aircraft has complied with commands, The compliance
test is made only omce. It is made when either tau (TH) dreps below 30
seconds or when 27 seconds pass without commands being dropped. Compliance
is definéd as a tracked turn:of 300 in the direction of a horizontal ‘command
or a tracked altitude change of 200 feet in The direction of a vertical command.
If the VFR aircraft ig declared to be in compliance, thén the  tau threshold
for commands to the IFR aircraft is reduced to 15 seconds. 1f the VFR aircraft ...
is found not to be in compliance, then commands are recemputed and issued
in both dimensions to both-aircraft.

Another feature of Version 3 was reduction of the positive- - command miss
distance threshold for the IFR/VFR encounters from 1.0 nmi to 0.5 nmi. A
test which increased IFR tau thresholds when the VFR aircraft was faster
was dropped.

4.7.2 IFR/VFR Flight Test Results
The following paragraphs identify specific aspects of IFR/VFR performance

which are relevant to the question of system acceptability.
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(a) In the 110 IFR/VFR encounters flown using the full IFR/VFR logic with
subject pllots operating the VFR aircraft, commands to the IFR aircraft were
averted half the time. The breakdown of IFR encounters was as follows:

No commands to IFR: 55 cases
. Nepative command to IFR: 18 cases
Single positive command to IFR: 12 cases

Double Positive Command to IFR: 25 cases
(b) The compliance test is ineffective in preventing positive commands to the
IFR aircraft

R . It can succeed only when a very special sequence of events

occurs according to the following scenario:
The VFR aircraft acknowledéég and maneuvers in'compliance with his
IPC command, but either tau drops below 30 seconds or commands
persist for 27 seconds. A test for compliance is made. The VFR
aircraft is found to be in compliance, and commands are not issued
to the IFR aircraft. The encounter is finally resolwved without
below 15 seconds.
In flight tests this scenario was pfactically never realized for‘the
following reasons:
1. When the VFR aircraft maneuvers promptly, tau may never
go below 30 seconds and the compliance test may never
be exercised.
2. Due to the tracker lag, the VFR aircraft is oféeu declared

- T T
n when he is ndin

) NN 3
e =] reSpGuulug;

not to
the compliance check results in commands.
3. When tau goes below 30 seconds it often also goes below 15

seconds and commands are issuved in spite of the compliance

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

without allowing sufficient time for compliance (see

;6. If the VFR pilot fails to acknowledge commands within 8
seconds, commands are sent immediately tco the IFR aircraft,
{c) The fact that the VFR aircraft has turned 300 or climbed 200 feet does
not necessarily mean that the collision hazard has diminished. Appendix A
discusses situations in which a slower aircraft can turn 900 or more and

still be on a collision course. In the vertical plane a 200 feoot altitude

change by the VFR aircra
reports themselves are quantized in 100 feet increments. Altimeter errors
and normal altitude variations by the IFR alrcraft can quickly erase the
separation generated By such compliance.

(d) The 15 second tau threshold is inadequate to assure resclution ﬁhen 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

modified so that time-ﬁo—collision is greater than fhe actual tau value,

the extra lead time provided in higher closure rate situations is not signifi-
cant. Furthermore, vertical.tau is not modified, Thus if the closure rate

is high or if aircraft are closing vertiéally, commands may reach the IFR

pilot only a few seconds before collision.
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(e} The recomputation which is called for when the VFR aircraft 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) The strategy of issuing commands to the VFR aircraft without issuing
commands (or in some cases traffic advisories) to the IFR aircraft does

not assure safety. Minor course changes by the uniformed IFR aircraft 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 than
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 initiated hazardous turns.

{g) Change M~15 of Version 4 was introduced in order to reduce the frequency of
commands to IFR aircraft when IFR and VFR aircraft are flying with approximately
300 feet of altitude separation (a separation often resulting from the cruise
altitude recommendations of FAR 91,109 and 91.121). The IFR aireraft will not
recelve positive commands unless TH 1is 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
towaré the IFR aircraft, then vertical tracker lag can result in positive
commands being issued to the IFR at a time too late to be effective (see
Example 24 of Appendix C).

(h) In encounters between VFR ATCRBS aifcraft and IFR DABS aircraft, commands

are selected for the pair when the VFR command thresholds are violated.
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The command to fhe ATCRBS aircraft 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 was first generated. Since the motion of neither
aircraft was constrained by commands during the storage interval, the collision
geometry may have changed considerably by the time ﬁhe command is issued.

In these cases the command may be "obsolete" and not effective in resolving
the encounter. Example 24 of Appendix C illustrates this phenomenon.

(i) Commands in both the horizontal and vertical planes are routinely

issued when VFR DABS aircraft are declared -to-be non-complying. But there is
no provision for issuing commands in more than one plane to IFR DABS aircraft
in conflict with VFR ATCRBS aircraft. Vertical chase problems can result
(see Example 24 of Appendix C).

( 3) If the compliance test fails, commands in both 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 single scan of
flashing PWI or by ordinary PWI rather than.flashing. Ihe 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 aircraft then initiates
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 be

forced to make exceéssive altitude changes (see Example 8 of Appendix C).
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( m) The complying VFR aircraft can be forced to make excessive magnitude turns
in order to avoid an uncommanded IFR aircraft. This is especially true in
dynamic situations for which the horizontal maneuver options of a slower VER
aircraft are ineffective (seé Section 4.4.1).

(n) VFR subject pilots tended to resist large magnitude turns when they

had visually 'could lead to dou
commands being issued to IFR aircraft in a large number of IFR/VFR encounters
{see Section 4.4,1 for further discussion).

(o) If negative commands are issued initially then positive commands are
delayed even though tau is decreasin@;‘ If a negative-to-positive transition

then occurs, the compliance test may be applied immediately due to the 30

second tau test, As a result IFR and VFR aircraft may receive initial commands

{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 the direction of vertical
commands for aircraft which possess a significant vertical closure rate and are
within a few seconds of crossing in altitudé. In such cases the aircraft could
he commands were
then in directions which forced the aircraft back toward each other, Version 3
added lbgic which reverses the direction of positive commands whenever verti-

cal tau (TV) is less than TVl (8 seconds) at the time commands are generated.

This is intended to result in commands which reinforce the altitude separation
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which will exist by the time the pilote begin~responding to commands. When
TV is between TV1 (8 secomds) and TV2 (16 seconds) horizontal commands are
chosen because of the diffictlty in choosing suitable vertical command direc—
tions. Although this. change is an improvement over the previous logic, it
does not eliminate all difficulties., The uncertainties in the TV estimate and
in pilot response times are large compared to the TV thresholds which must.be
employed... In some cases pilots who acquire visually shortly before 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 altitude cross~over and issiie reversed commands. The aircraft
are then commanded to maneuver.into each ‘othér. Furthermore, late pilot -
response or overestimation-of TV can still:-lead to crossover which invalidates
the command directions. Fertunately, in-these cases there-is normally suf--
ficient time to overcome the effect of the uncertain-altitude dynamics and
achieve vertical separation with the generated commands. It is. easier to
assure that this time exists than to attempt to define logic which can function
in the 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 required.
The Version 1 logic 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 the
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logic to eliminate this problem. However, as curfently 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 commands which would suffice in the other plane., The
question may arise as to whether a negative command in the alternate plane can
replace a positive command in the original command plane. 1In some cases, as
was pointed out in Section 4.3(a), a/ﬁégative command in the original plane
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 altérnate plane would
be adequate (Example 26 of Appendix C).

4.8.3 Command Reversals

The IPC algorithm may recompute the direction of horizon;al commands
during én encounter. Su;h recomputation occurs (1) when a positive/negative
command transition 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 direction than

o
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the original command, a pilot will be instructed to reverse the direction of
his maneuver. Several pilot reaction problems asscociated with command reversals
are discussed in Section 5.5. Algorithmic considerations are discussed below.
Reversal of command directions is justified in cases in which the geometry
of the conflict has changed in a manner that makes the original commands in-
effective. But the IPC logic bases Ehe decision to reverse upon criteria which
are only indirectly related to whether or not a reversal is truly necessary.
In some cases commands are reversed after having been displayed for only a
single scan (see Example 38 of Appendix C). Reversals can occur because of small
changes in the geometry which produce a crossing of a decision boundary in the
command selection logic (e.g., when crossing angle changes from 89.9% to 90.1°
and the logic switches from Rule A to Rule B). Flight test experience indi-
cates that the tracking lag and pilot response delays are large enough to make
reliable command reversal impossible in the time frame in which IPC works. 1In
Section 4,5 it was pointed cut that when aircraft are turning, the difference
between current estimated heading and the heading at which commands are effected
can be very large. If a turn has begun due to the initial command, then re-
versal of the turn will lead to all the difficﬁlties inherent in command
selection for maneuvering aircraft. 1In the worst case, aircraft can be
commanded to zi ath:
the effect of commands upon miss distance may integrate to zero (see Example
27 of Appendix C). TIn order to avoid sﬁch inappropriate reversals, the IPC

logic must be capable of evaluating the effectiveness of existing or proposed

commands by examining the actual dynamics of -the encounter.
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4.8.4 Pair Logic When Only One Aircraft is Uncommanded

The IPC concept states that the algorithm will choose commands which pro- |
vide maximum separation regardless of whether one or both aireraft maneuver.
This is physically impossible in most cases. Certainly when one airecraft is
unequipped the command selection should be dependent upon which aircraft will
receive commands. But the IPC command selection logic selects command directions
without regard to whether one aircraft of the pair is uncommanded. This strategy
is especially unsound in situwations in which anly one aircraft of a pair has
an effective horizontal maneuver option (see 4.4,1). For instance, when Rule C
is applied the aircraft which is fur}th:'::r from path crossing is normally the
only aircraft of the pair which.can effectively maneuver. In these cases the
command selection logic may assign the effective maneuver to the uncommanded
aircraft and issue the ineffective maneuver to the commanded aircraft (see
Example 10 of Appendix D).

4,8.5 Multiple Aircraft Encounters

Even though the testing of multiple aircraft encounters was not an cbjec-
tive of.the IPC flight tests, a number of such encounters occurred inadvertently
due to the proximity of itinerant ATCRBS aircraft to the two DABS aircraft
conducting intercepts., The details of IPC performance in these encounters will
not be reported here since it was acknowledged that the multiple aircraft logic
as it‘ﬁow exists 1s in need of significant revision. But it has become evident

that several aspects of IPC behavior in pair encounters are relevant to the

success the system may expect in the resolution of multiple encounters.
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a The IPC multiple aircraft logic is based upon the concept of issuing
commands in one dimension to avoid the first threat and using a second dimen-—
sion to avoid the second threat. But if an aireraft has commands in two
dimensions due to a single threat, no options remain for avoidance of addi-
tional threats. 1In IPC subject pilot flight tests, the algorithm issued
commands in two dimensions in approkximately one—foufth of the encounters.

b) The pairwise structuxe of the IPC logic makes it impossible to
establish a preference for commands which will avoid two aircraft at once. There

is no safeguard against selecting a command with respect to one threat which

-y
makes a second threat worse,

A7

©) 1f apn aircraft maneuvers 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 aireraft is commanded to turn,
a large uncertainty‘is introduced concerning the volume of airspace into which
it will pass. The lﬁrger 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 aircraft of a pair and requires commands in the same plane for each

pair. This eliminates certain options for multiple aircraft resolutien.
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4.9 Summary of Algorithm Validation Results
The IPC logic resulting from the flight test program is highly reliable

in its ability to track aircraft and identify potential collision hazards. The

many encounter situations in an effective and acceptable manner., However, per-
formance was unacceptable for encounters with certain characteristics. It is
helpful to define two categories of encounter characteristics: nominal and non-
nominal (see Table 4.1). The IPC logic performance was generally adequate for
the resolution of nominal encounters (see Table 4.2) although recovery en-

counters could arise even there. For encounters possessing non-nominal

-
,
particular concern

were situations in which commands had a detrimental effect upon aircraft sep-

aration. TABLE  4-1

ENCOUNTER CHARACTERISTICS

I Nominal Encounter Non-Nominal Encounter
No acceleration aircraft accelerating
and ‘ or
. * %
both IPC controlled one not IPC controlled
P | A
ik UL
similar speeds dissimilar speeds
and or
two aircraft only multiple aivcraft
and or
nominal surveillance degraded surveillance

%Tn this context an aircraft is not IPC controlled if it is either not IPC-equipped,
uncemmanded, or non-complying. '
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TABLE 4-2

OBSERVED PERFORMANCE PROBLEMS

ENCOUNTER CHARACTERISTICS

CORRELATED WITH

[
=
o ]
PERFORMANCE S = g M
PROBLEM B, 82,8 2o | =8
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CHARACTERISTIC = & i IS = %
NOMINAL Y v/
ACCELERATING v v v
UNCOMMANDED OR NON- / / /
COMPLYING AIRCRAFT
DISSIMILAR SPEEDS 4 4 4
MULTIPLE AIRCRAFT 4 4
DEGRADED J/ J/ J /
SURVEILLANCE

88




An attempt to relate the observed performance problems to certain features
of the IPC algorithm design (Table 4.3) provides insight into the shortcomings
of the current logic. The following feature of the design are most significant
in limiting performance:

a) Delaved resolution strategy. Delaying commands until the latest

possible time at which safe resolution is conceivable makes it impossible for
the system to recover if some element of the resolution scenario does not turn
out as anticipated.

b) Incomplete evaluation of encounter dvnamics. The available tracking

data concerning aircraft trajectoriqu;g net utilized to full advantage in
deciding when to issue commands or what commands to issue. The command issuance
logic which treats horizontal and wvertical planes separately fails to issue
commands which are consistent with three-dimensional encounter situations.

c) No explicit consideration of uncertainties, Possible errors in

available track data or computed quantities are not explicitly considered ig
making decisions. Because the magnitude of expected errors often varies with
range or .geometry, fixed decision thresholds are inefficient. Errors induced
by unconstrained accelerations can preclude effective resolution.

d) Indeterminate turn magnitude. Once maneuvers begin, the IPC system
has no effective control over the heading of the aircraft. Aircraft can turn
past aﬁ-optimal ascape heading back into a collision.

e) - Palrwise logic structure, Commands which are reasonable when both

maneuver may not be reasonable if only one aircraft is to be commanded (e.g.,
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TABLE 4.3

PERFORMANCE

PROBLEM. .. )} .

IPC
DESIGN
ATTRIBUTE

R ———

UNNECESSARY

" COMMANDS

UNSTABLE OR

IRRATIONAL

" COMMAND

SEQUENCES

LATE
DETECTION

B

DELAYED - -

RESOLUTION
STRATEGY -

|

OBSERVED PERFORMANCE PROBLE!S CORRELATED WITH DESIGN ATTRIBUTES

COMMANDS WHICH

~ DECREASE
 SEPARATION

XCESSIVE
TURNS

:

“~

RECOVERY

HAZARDS

=~

INCOMPLETE -
EVALUATION
OF -
ENCOUNTER
DYNAMICS -

NO EXPLICIT
CONSIDERATION
or
UNCERTAINTIES

INDETERMINATE
TURN MAGNITUDE

PAIRWISE LOGIC
STRUCTURE
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IFR vs VFR, or ATCRBS vs DABS). Many times both aircraft cannot 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 logic. Specific acommenda-

tions for such improvements are included in the Executive Summary preceding

this report.
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5. SUBJECT PILOT RESULTS

Testing of IPC 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
attempted to create a flight environment as close to normal as possible in
order to obtain valid pilot reactions. The subjects themselves cooperated
in this endeavor by maintaining their normal flight practices and suggesting
changes in test procedures if something abnormal was noted. A surprising
variation in pilot reactions was noted according to pilot behavior and
encounter situation. Often considerable régléw 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 Acquisition 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 acquire
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 visual factors of actual

flight, For this reason, a careful look at the relevant IPC test data is

worthwhile,
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Direct presentation ol test acquisition data is often misleading since
the daré is highly dependent upon encounter attributes which vary greatly from
encounter to encounter such as closure rate, target size, direction of approach,
type and timing of PWI warnings, etc. In order to properly interpret PWI
flight test data, a visual acquisition model was developed. Figure 5-1 portrays
the relationship between the factors which characterize a given search situation
and the quantities derived within the model. This model permits data gathered
under a variety of approach conditions to be analyzed as examples of a common
process rather than as unique events.. This section discusses the visual
acquisition model to the extent requiréd to explain the data presented in this
report. Reference 9 contains a more complete description of the model and its
use for prediction of acquisition performance*.

It should be noted that the following limitations apply to the visual

acquisition data 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 predict per-
formance for degraded visibility, but no validating data is available
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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c) Visual acquisition is merely the first stage in successful visual
avoidance. The pilot must also correctly evaluate the threat and
execute avoidance maneuvers. Further discussions of this point can
be found in Section-5.2.2.

5.1.1 Visual Acquisition as a Poisson Process

The basic mathematical innovation utilized in fhe model is to characterize
the acquisition process in terms of an acquisition rate, A, which varies with
search conditions. Acquisition is then a nonhomogenous Poisson process* for
which a count of 0 indicates that no acquisition has occurred and a count of
1 indicates that acquisition has occurred. One may then proceed to determine
the dependence of A upon the variable factors and to compute cumulative acqui-
sition probabilities from a knowledge of A.

Since the acquisition rate is obviously a function of target proximity,
the first dependence examined was the dependence upon range. The range
dependence of the acquisition rate can be extracted from the available data-
in the following non-parametric manner: divide the range axis into intervals
of width Ar. For each interval determine the total time during which an
undetected target was in-the interval and the number of detections which occurred
in the interval. Then the estimate of the acquisition rate for the interval
is given by

_total no. detections in interval
total time in interval

acquisition rate =

*
For a homogeneous Poisson process, the arrival rate is assumed to be constant
in time. For the non-homogeneous Poisson the rate may vary.
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this analysis revealed a strong tendency for A to vary inversely as the
square of the range. Furthermore, the coefficient which relates A to l/r
increased with target size. This suggested that the acquisition rate may be
related to the solid angle subtended by the target.

A technique for calculating solid angle subtended by the target was
d

A
and the

devise gle was determined using solid angle
intervals in place of range intervals. The result is shown in Fig. 5-2. This
data supports a model for which A is proportional to solid angle, i.e., A
= BA/r2 where B is a constant, A is the visible area presented by the tar-
get, and r is range between aircraft. o

Variations in acquisition performance with and without PWI may be repre-
sented by variations in the value of the constant of proportionality, B. Values
of B were computed from the test data
using maximum likelihood techniques. The results indicate that (for targets
within the pilots field of view) the acquisition rate with PWI was approximately
six times greater than the rate without PWI, i.e., B=1x 104/sec without
PWI, B = 6 x 104/sec with PWI. The following paragraphs show how theée results

translate into cumulative probabilities of acquisitiom.

5.1.2 Acquisition Time Constants

is a function of the integrated

acquisition rate., For a given approach trajectory we can express A as a func-
tion of time. Then for a search beginning at time ty before collision,
the probability of no acquisition when the time~to-collision has decreased

to tl can be shown to be

t

P[no acquisition] = exp [ A(t) dt], tO > tl

o
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When aircraft are on co-altitude zerc miss distance courses the range
rate and visible area are comstant. If we ignore any search which may have
occurred before the PWI alert appeared, then 2 is also constant at the B value
corresponding to alerted search. Under these conditions the expression for

cumulative probability may be greatly simplified. Then the integral defined

ahbove 1is
1 ty . .
A(t) dt = @% d_t2: = % [{; - %_ ] = t_a._ - _Ei
A T t T 0 1 0 1
0 tO

A : I
where Ta = EE- is an acquisition time constant which is characteristic of the
T

approach conditions. Thus
Ta ~'Ta
Plno acquisition] = exp [-——] exp [—]
%o 51

If the pilot began searching at infinity (t0 = ®)  then Ta is the time-to-
collision at which the probability of no acquisition has fallen to eql (36:8%).
The factor exp [Ta/tO] is the factor by which the probability of no acquisition
is increased by failure to begin searching at infinity. If both pilots
involved in an encounter are searching, then the probability of neither pilot
acquiring is characterized by a Ta value which is just the sum of the Ta
values of the individual pilots.

it is convenient to define a value for Ta for which visual acquisition
performance is acceptable. One way of doing this is to note that in order
to have 987 chance of having acquired by 20 seconds before collision, Ta
must be 80 seconds or greater. The value of.Ta which will be achieved in actual

encounters depends upon aircraft sizes, airspeeds, and approach geometries.
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Fig. 5.3 provides Ta values for some specific cases of unobstructed search.
Note that for encounters between two type 1 aircraft, Ta is favorable except
for higher crossing angles, For type 1 searching for type 2, the larger size
of the target more than compensates for its increased closure rate. However,
for type 2 searching for type 1, the increased closure rate lowers 'I‘a to values
unfavorable for acquisition.

5.1.3 Field of View Considerations

A further consideration arises from the fact that the pilot's view in
some directions is obstructed by the airframe. Encounters in which the
view of the pilots of both aircraft is obstructed are rare, but encounters
in which one pilot's view is obstructed are commonplace. For example in
"ail chase" encounters the overtaking aircraft generally approaches from an
obstructed bearing. A threat may alsoc appreach from head-on below the nose
or from behind a wing., In flight tests it was found that pilots who received
alerts in obstructed sectors sometimes changed their position within the
cockpit or maneuvered the aircraft in order to remove the obstruction. This
could result in acquisition of an aircraft which normally would not have been
seen. But more typically an approach from an obstructed sector precluded
acquisition. It can be iﬁferred from Fig. 5.3 that for slow overtake tail
chase situations, the slow closure rate insures that the overtaking pilot will
acquire even if the pilot in the lead cannot. But in the case of the large
fast aircraft overtaking the small slow aircraft, the closure rate can be

substantial and the only pilot with an uncbstructed view is the pilot who

must search for a small target.

99



ACQUISITION TIME CONSTANT, Tq (sec)

[ATC-85(5-3)

200
o (D) SEARCHING
- @SEARCCF:)ING FOR(®
FOR
100

— (2 SEARCHING

- FOR (D

0 30 60 90 120 150 180
CROSSING ANGLE (deg)

QD PIPER PA-28, 100 KT
(@ BOEING 727, 250 KT

Fig.5-3. Acquisition time constants,

100



5.1.4 Acquisition Probability With and Without PWI
Under the approach conditions defined in the previous paragraph, the

relationship between the cumulative probabilities of acquisition with and with-

e TT

ou I can be expressed in terms of the B ratio as follows:

B /B

Ty
ke

Py=1-@a-pp) /0
where
P1 = cumulative probability of acquisition with PWI
P0 = cumulative probability of acquisition without PWI
Bl = model constant with PWI
BO = model constant without PWI

Because this expression ié independent of the time-to-collision at which P0
it to consider P, as corresponding to the latest
time at which visual acquisition is effective in allowing avoidance. This
relationship is plotted in Fig. 5-4. It can be seen that for Bl/BO = 6 (the-
ratio observed in the IPC flight tests), there is a high probability of
acquiring with PWI whenever there is even a2 modest probability of acquiring
without PWI, 7

5.1.5 Analysis of Acquisition Failures

Visual acquisition data is available for 272 subject pilot encounters. No
visual acquisition occurred in 75 (28%j_of these encounters (see Fig.-5—5). Fur-
thermore,-visual acquisition occurred within 3 scans of closest approach in an
additional 56 (21%) of the encounters. These 131 cases of apparent acquisition

failure were subjected to further analysis. .In 76 of these cases the point of
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closest approach was greater than 1 nmi horizontally or greater than 750 feet
vertically. These cases do not represent acquisition failure for close approaches.
However, 55 cases remain in which closest approach was within 1 nmi and
750 feet. When the crossing angles and approach bearings for t
were examined, (Fig. 5-6) it was found that all but 8 occurred at larger crossing
angles above 120 degrees (where Ta is marginal) or with obstructed approaches.
Four of the 8 failures were due to inadequate PWL search time followed by
IPC commands which required pilots to turn in a way that prevented visual
acquisition. One failure occurred in the presence of a workload distraction.
One was attributable to an airline pilot-who did not normally fly see-and-avoid
and performed very poorly with respect to utilization of the PWI display.
* One of the remaining twe failures was at a marginal T, value. The other occur-
red with four scans of FPWI followed by a command sequence for which the pilot
complained of having difficulties in pushing the acknowledgment button. Ac—
quisition failures appear to be due to either low Ta’ obstructed approach,
or workload distractions. IPC commands can distract the pilot and force
him to maneuver in a way that produces obstruction.

5.2 Visual Separation Assurance

The subject pilot flight tests sought to determine the manner in which
typical pilots flying under visual flight rules would utilize the IPC system.
In accepting such service, pilots were asked to modify several practices which
they were comfortable with and, on occasion, to allow the evaluation of the IPC

system to override their own evaluation of the conflict situation.
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In order to understand and properly interpret pilot reactions to IPC,
it was necessary to understand the manner in which pilots were accustomed to
providing visual separation in the current VFR environment., The description
of visual separation assurance provided in this section is based upon infor-
mation derived in two ways. First, the 80 pilots who participated in the
flight test program were questioneddin post-flight debriefings concerning the
acceptability of IPC performance and their replies provided insight into their
concerns and motivations. Secondly, a small number of missions were conducted

in which pilots were asked to choose their own encounter resolution maneuvers

without being influenced by IPC commands,
5.2.1 Common See-and-Avoid Practices

VFR pilots provide their own separation from other aircraft utilizing
the "see-and-avoid'" concept. These pilots spend much of their time scanning
surrounding airspace to locate other aircraft. Passengers are encouraged by
the pilot to scan and to alert the pileot to other aireraft. Traffic advisories

are provided to VFR aircraft by radar controllers upon request and on a

workload permitting basis. These advisories enhance the uncontrolled pilot's

awareness of nearby aircraft.

When the pilot visually locates another aircraft, he judges whether it
|
is an immediate threat or is likely to become a threat to own aircraft. Any

ailrcraft which constitutes an actual or potential threat is kept in visual

contact. "The pilot 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 pilot continues on ééurse until able to ascertain the relative flight
path of the other aircraft. In most cases, 1t becomes clear as the range
decreases that the alrcraft will miss by an adequate margin in either the
horizontal or vertical plane. When the_traffic 1s non-threatening, and is
seen to be clearly diverging, the pilot is willing to break wvisual contact.
But if it appears that the path of the other aircraft will bring it too close
to own aircraft (an individual pilot judgement), and if the pilot of the other
alrcraft has not started an evasive maneuver (another judgement), the pilot
responds with an avoidance maneuver. This avoidance maneuver tends to be a
gradual one during which the pilot maintains visual contact at all times. In
almost all cases, separation is provided by a maneuver of only one of the two
aircraft,

5.2.2 Visually Controlled Avoidance Maneuvers

A knowledge of the type of avoidance maneuvers executed under visual
control provides insight into several aspects of pilot/system interaction.
Pilot acceptance of IPC control is closely related to whether or not the
system is perceived as generating commands which are reasonable when compared
with the pilot's wvisual evaiuation of the encounters. A limited series of
PWI-only-missions were conducted in order to determine the timing and direc-
tions of visually controlled avoidance maneuvers in tests unbiased by the

presence of IPC commands. The PWI service was provided primarily to enhance
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pilot awareness of mearby traffic, thereby making the data collection process
more efficient (pilots unaware of near-miss situatioms can not react). However,
the manner in which PWI was used provides additional insight into its use in
the complete IPC system and is of iﬁterest in light of suggestions for PWI-only
service as an implementation phase of IPC. Comments upon the effectiveness

of ‘such a system can be found in Section 5.4.

PWI-Only Test Methodology

The PWI-only flights were conducted when visibility was greater than three
miles. TFor these flights, subject pilots were briefed to fly the drone over
a specific course requiring about one hour” of flight. They were briefed to
utilize the PWI to locate traffic and provide their own separation when
nécessary, reacting as they would normally. The tau threshold value for the
flashing proximity warning was 45 seconds. Approximately six near-mi
approaches were executed during the hour flight. The interceptor test pilot
was instructed to establish sufficient altitude separation for safety and to
delay execution of avoidance maneuvers whenever possible. This placed the
burden of proﬁiding additional separation upon the subject pilot., Eleven
subject pilots participated in these flights and data were collected on 80
encounters. Of these encounters approximately 10 percent were unplanned

conflicts with itinerant ATCRBS Mode C aircraft encountered in the test area.

Maneuver Plane Chosen

In 42 PWI-only encounters the pilots maneuvered to avoid. The choice

of maneuver plane was as follows:

horizontal only: 18 cases (42.9%)
vertical only: 13 cases (31.0%)

horizontal and vertical: 11 cases (26.2%)
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The data indicates no overwhelming preference of one maneuver plane as

opposed to the other.

a function of the pilot's perception of the relative trajectory of the threat.

Pilots seemed to prefer to turn to pass

path ahead of them.

behind traffic which was crossing their

But if an existing altitude separation could be perceived,

they were likely to attempt to increase it.

Maneuver Magnitudes -

The avoidance maneuvers executed by pilots seldom invelved rapid or - -

abrupt accelerations, Typical horizontal maneuvers consisted of a 10-30

degree-heading change (see Fig. 5~7). -After executing such heading changes

pllots then flew straight unless it became obvious -that ‘something more was

required. In the vertical dimension pilots tended to change altitude until

quired -an altitude change of about 300 feet or less. Figure 5-8 provides

the distribution-of altitude changes observed during PWI-only encounters,

Separations

Accepted by Pilots

No regulation exists which requires maintenance of a standard separation

between aircraft

get fairly close

operating under see—and-avoid. See-and-avoid pilots tend to

to small or slow aircraft whenever they can perceive that no

T
)
)
)
)
]
i

s B

intadin ogrestrer dic
ne naintaln grealer cistances from Larger or

faster aireraft since their control of these situations is less certain. The

minimum acceptable separation from traffic is thus a matter of individual

pilot preference

and judgement, Most closest approaches observed in the PWI-

only encounters were well within the minimum values IPC uses as range and
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altitude separation thresholds. The closest approach values resulting from
PWI-only encounters in which the subject acquired the traffic visually and

IPC command thresholds (tau < 30 seconds) were violated are shown in Fig. 5-~9.
Pilots maneuvered in 59 percent of these encounter situations, The distribu-
tion of closest approaches for cases where the pilot maneuvered and for those
where no maneuver was detected are similar. This fact supports the contention
that pilots did not continue to maneuver until some predefined separation

was guaranteed. Instead theﬁ made limited magnitude corrections, and monitored
the threat visually until it was perceived that no collision would occur.

Over 80% of the subjects exercising see-and-avoid came within a half mile
horizontally and 400 feet vertically. The IPC algorithm threshoids for posi-
tive commands are a half mile horizontally and 1000 feet vertically (500 feet
vertically for VFR-IFR pairs). Differences between visual and automated
system standards are to be expected. A perceived altitude separation of 200
feet is adequate when confirmed visually, but additional altitude separation
may be required due to measurement inaccuracies for any system based upén
Mode C barometric altitude reports.

Maneuver Effectiveness

In some instances pilots adopted an iterative approach to avoidance. They
made limited magnitude maneuvers and then flew straight and level in order to
determine whether or not they stil} appeared to be on a collision course. In
the few .cases where the initial maneuver did not resolve the threat, another
maneuver was executed. The early visual acquisition brought about by the

presence of PWI allowed this method of avoidance to be quite effective. Un-
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fortunately it can not be inferred that the same level of effectiveness

would result in encounters without PWI in which pilots are startled by sudden
appearance of tfaffic at close range and must hastily choose the maneuver
upon which their ultimate safety depends.

Ineffective maneuvers can arise when the pilot misperceives the relative
path of the threat. One wvisual "illusion' which has been observed in flight
tests arises when the interceptor is significantly faster than the drone and
is crossing in front. The subject pilot perceives that the interceptor is
further from the point of collision than is his own aircraft, but he does
not perceive the greater speed of the interceptor. Consequently, he may
conclude that he 1s passing in front‘oflthe interceptor, and that a turn
behind maneuver cannot be executed. He may then turn away and decrease the
miss distance (Ekample 29 of Appendix C illustrates this phenomenon). In the
few instances in which this phenomenon was observed, the pilot soon realized
that the turn was ineffective and then executed an alternative maneuver
(halting, reversing, or maneuvéring in the vertical plane). The fact that
the pilot can visually monitor the effectiveness of his maneuver provides an

important measure of protection against incorrect choice of initial maneuver
directions.

5.3 Pilot Response to PWI Service of IPC

Tﬁis section reports on the pilot response to the proximity warning por-
tion of IPC under normal flight teét conditions for which both PWI and IPC
commands were available. Pilot response to PWI prior to visual acquisition
of the threat and pilot response subsgquent to visual acquisition are discussed
ag geparate topi

-
Q f
do oeJdadlrale Laopl

are presented.
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See—-and-avoid pilots who ﬁust provide their own separation from other
alrecraft were very recéptive to any system that would aid them in locating
nearby traffie., The enhanced acquisition capability* provided by PWI was
greatly appreciated, Many times pilots stated that they would never have seen

the traffic if PWI had not pointed it out. This was true in many cases of

traffic approached prior to PWI without being noticed. 1In such cases the
traffic was not necessarily considered an immediate threat when the pilot
located it. Rather, the pilot was surprised that his normal search procedure
ﬁailed to detect traffic which was well within optical detection range.

5.3.1 Pilot Use of PWI Prior to Visual Acquisition

Prior to visual acquisition or commands, a pilot's only information about
the threat is contained in the PWI indications.
unacquired threats was dependent upon whether or not the threat approach
bearing was in their field of view or was obstructed by the airframe. Pilots
tended to be relatively unperturbed by unacquired traffic at unobstructed
bearings. The prevalent attitude was that the traffic would be seen if it

were a threat. This attitude may be conditioned by experience with today's

ATC advisories which often alert pilots for aircraft which never approach

the other hand, pilots were apprehensive when alerted by PWI indications

at bearings for which the airframe blocked their view. They were uncom-

*
A quantitative assessment of the improvement in acquisition performance was

presented in Section 5.1.
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fortable knowing that traffic was nearby but not being able to visually
monitor the direction of approach. Pilots often stated that they would
greatly appreciate being informed of the range to the traffic under these
conditions so that they could monitor the separation and rate of closure.

For some pilots the unease was alleviated by the knowledge that the IPC
system would tramsition to higher alarm levels (i.el, flashing PWI or com-
mands) before a collision could take place. But such solace was prevalent
only in pilots who anticipated and had confidence in the effectiveness of the
eventual IPC commands. Pilots who had experience late or ineffective commands
felt that visual-monitoring was required.

Airframe blockage was observed ﬁost frequently in overtaking (tail chase)
encounters when the threat was at the 5, 6, and 7 o'clock PWI positions. But
blockage is a function of the individual aircraft window arrangement and air-
frame construction. The blockage effects of high wing and low wing designs
are different, Furthermore, pilots indicated that if weather or clouds had
obstructed their view, they would have had concerns similar to those produced
by airframe blockagé.

Pilot Maneuvers Due to Unacquired Threat

The uncomfortable feeling caused by airframe blockage was translated
into a positive reaction by many pilots. This was especially true when
ordiﬁéry PWI's persisted for several scans (as in slow overtake situations)
or when the flashing PWI was recéived. (The pilots were briefed that the

flashing PWI indicated an immediate threat and that when such an alarm was
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received they should attempt tq'locate the intruder and be prepared to re-—
solve the situation). Observed reactions generally took the form of a
maneuver toward the PWI bearing in an attempt to locate the intruder and to
assess the situation (see Example 30 of Appendix C). In the case of PWI's
from directly behind (6 o'clock), pilots sitting in the left seat would often
momentarily bank left to be able to glance over their shoulder to locate the

traffic.

Effect of Maneuvers Prior to Visual Acquisition

Maneuvers executed when the pilot did not have a visual sighting of the
intruder often worsened the situation qpq_decreased the ability of IPC to
resolve the encounter. Straight and level encounters were turned into
maneuvering encounters with all the attendent resolution difficulties described
in Section 4.5, Miss distance and time to cecllision were reduced and tracker
lag was induced. Many times these maneuvers took the drone directly into the
path of the intruder (see Examples 30 and 31 of Appendix C).

Pilot Interpretatlon of PWI Information

When wisual contact was lacking, pilots attempted te visualize the
threat on the basis of PWI position and the history of the PWI alert. Because
PWI information is not adequate for this task, plausible assumptions were
made to complete the picture, Although they were cautioned in the pre-flight
briefinglthat the PWI should be used as an acquisiéion aid only, many pilots
felt compelled to act on the basis of their interpretation of the PWI data.
When their assumptions concerning the missing information were wrong, their

actions were often counterproductive.
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The information content of the PWI is determined primarily by algorithm
thresholds and display design. The current PWI information consists of threat
bearing, relative altitude, and flashing/non-flashing status. Major limita-
tions in information content are as follows: (1) the co-altitude PWI position
tells the pilet only that the threat is within 500 feet of .own aircraft, but
not whether the threat is above or below own altitude. This altitude ambiguity
leads to misinterpretation.. Pilets were observed to maneuver vertically
without a visual sighting in response to -a .co-altitude PWI indication.even
though this maneuver could be taking them toward the altitude of a threat-
separated by 400 or more feet in altitude.: Some pilots who were changing
altitude were observed to level offfgﬁonrreceiving co-altitude PWI's,
Occasionally -this -produced an accelerating -threat which would have been averted
by continuation of the altitude rate.. (2) Pilots cannot infer range to
the intruder since the PWI has a tau threshold for which range varies depending
upon whether it is a.slow overtake situation or a head-on encounter. Further-
more, the tau threshold values are varied according to differences in trans=-
ponder equipage and flight rules. (3) Pilots often visualize an avoidance
maneuver toward the bearing location of the PWI alert as unproductive
and a maneuver away as constituting avoidance. (Although as was previously
stated, some pilots will turn toward the PWI in an attempt to acquire rather
than attempt to avoid on the basis of PWI location). The shaded region in
Fig. 5-10(a) indicates possible béaring loci for an aircraft producing a PWI

indication at one o'clock. If the encounter locus is at A then a turn by

117



POSSIBLE LOC! FOR

1 OC{OCK PWI [ATC-85(5-10)|
180 Tgi - 2vg
90 Iy
I
B 0%
- (B)
| I
«90:T*NH\N“\asﬁ_l—Jz////”ﬂ
480_1 [ thul [
-180 -90 O 90 180
,32
{a)

RELATIVE RELATIVE
VELOCITY VELOCITY

CASE A CASE B
AIRCRAFT SHOULD TURN AIRCRAFT SHOULD TURN
AWAY FROM 1 O'CLOCK PWI TOWARDS 1 O'CLOCK PWI

{b)

Fig.5-10(a,b}. PWI location does not allow determination of directions
in which it is safe to turn.

118



aircraft 2 toward the PWI light (to move the locus toward B2 = OO) reduces

existing miss and a turn away increases miss. However, if the encounter

locus is at B then a turn toward the PWI is advisable and a turn away decreases

the miss distance., These specific geometries are illustrated in Fig. 5-10(b}.
The kind of information which pilots felt might allow them to better

visualize the threat is similar to that provided by contrcllers when issuing

traffic advisories. A typical radar traffic advisory as issued by a controller

might be: traffic 2 o'clock, 6 miles, southbound, fast-moving military jJet,

6000 feet. Current PWI information does not include such explicit

information about the intruder range, flight path, speed, or Mode C altitude.

P

Nor does the PWI indicate which maneuvers would increase the collision hazard.
Additional information that might be helpful in the IPC context would be the
flight rules the intruder was operating under and whether it was IPC-equipped

(and therefore also able to receive collision avoidance instructions).

Effect of PWI Upon Planned Maneuvers

The IPC concept does not forbid pilots from maneuvering in the presence
of unacquired PWI-indicated traffic. In flight testing it was found that

QOme
bR 2 HA

pilots are likely to continue existing turns or altitude rates, even if

they result in motion towérd an unacquired PWI-indicated threat, Example 32

of Appendix C shows a pilot continuing to climb while receiving a PWI indication
from a target above. The pilot rationale for this action was that if the climb
were dangerous a command to stop élimbing or a descend command would be issued.
One pilot stated that he would not be interested in searching for the PWI-

indicated traffic unless it was indicated co=altitude. He felt that if the
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traffic was greater than 500 feet from own altitude it did not constitute a
threat. It appears that many pilots will react complacently to PWI warnings
for aircraft they cannot locate if they have confidence in the command back-up
or if they have searched an unobstructed bearing and found no traffic., Thus
PWI warnings should not be viewed as an alternative to negative commands in
situations in which maneuvers are truly hazardous.

5.3.2 Other PWI Results

Pilot Use of PWI to Avert Commands

The IPC concept suggests that pilots use the PWI warnings to locate their
traffic and provide their own visual séparation, thus obviating the need for
command generation. The flight test experience has shown that this is not
practicable. Only on rare occasions during the testing were pilots successful
in averting commands by initiating a maneuver. This was true for several
reasons. First, most pilots chose not to maneuver during the period between
visual acquisition and commands. As was discussed in Section 5.2.2, see-and~-
avoid pilots delayed maneuvers until aircraft were close enough to permit
adequate visual evaluation of the nature of the threat. IPC commands often
came before such evaluation had occurred. Secondly, pilots accepted separa-
tions which were substantially less than those which IPC can tolerate. Finally,
even if pilots began maneuvers, the delays in aircraft and tracker response did
not allow resolution to be confirmed in the (nominal) 15 seconds between the

flaghing PWI alert and commands. .

-
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PWI Accuracy

position due to crab angle induced by wind and tracker lag (during turning
maneuvers), but were not overly concerned with them. Pilots who were familiar
with radar advisories from controllers were aware of similar phenomena and
felt that they did not cause any great difficulty.

Mistaken Identity

On a few occasions pllots mistook another aircraft for the one which the
PWI was indicating. The misidentified aircraft was normally either beyond
the PWI threshold or not included in the IPC system (e.g., non-transponder or
non-Mode C equipped). Typically piigﬁg were able to quickly recognize their
mistakes upon discovering that the PWI clock position changes did not track
the visually acquired traffic or upon realizing that the sighted traffic was
not threatening enough to produée the PWI alarm. A quick search then usually
revealed the PWI-indicated traffic, The pilots expressed confidence in their
ability to distinguish the PWI-indicated traffic from other traffic visualiy
acquired.

5.4 Comments Upon a PWI-Only Service

PWI-only service has.been mentioned as a possible implementation phase
of IPC. The PWI-only flight tests (described in Section 5.2.2) and the visual

acquisition data gathered during the flight test program enable some relevant

comments to be made concerning such proposals.
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Pilots flying with PWI-only servicé were much more apprehensive concern-
ing PWI—iﬁdﬁcated traffic approaching from obstructed bearings than were
pilots flying with full IPC service. There was a greater inclination to turn
in order to acquire overtaking traffic. The safety implications of this
behavior may be minimal in terms of its effect upon visual separation assurance
if the overtaking pilot haslacquired and is maintaining visual contact. But
such maneuvers are in conflict with the objectives of an automated resolution
system which seeks to follow PWI with commands (see Section 5.3.1). Enhanced
information content of the PWI advisory may be required to reduce pilot
concerns in these situations, and avoid the establishment of modes of PWI
usage which are inconsistent with later evolution of the PWI-only system
into a PWI/resclution system.

In many cases pilots appeared to be responding to the cues presented
by PWI and not acting entirely upon their own visual perception of the situa-
tion. In particular, the flashing PWI with its audio alarm created an air
of urgency which caused some pilots to react sooner than they would have
ordinarily., This theory is reinforced when analyzing the results for those
encounters in which the pilots were unable to visually locate the traffic.
Sixty percent of the time fhese subjects maneuyvered using the flashing PWI
indications to choose maneuver directions. In such cases, an incorrect
visualization of the situation (see Section 5.3.1) could result in maneuvers
being ineffective or detrimental. Enhanced PWI could reduce the likelihood
of a hazardous PWI-induced maneuver and assist the eventual transition to

a full resolution service.
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See-and-avoid pilots were enthusiastic about ;he benefits of PWI. The
service certainly increases the probability that approaching aircraft will be
seen. Such a service would relieve the controller of the need to provide
advisories and would guarantee the availability of advisories regardless of
controller workload. There is little doubt that PWI-only service would prevent
a great many mid-air collisions which currently occﬁr under see—and-avoild
conditions. But it must be recognized that such a service is limited in
effectiveness. In certain situations (e.g., rapid closure, reduced atmo-
spheric visibility) the visual acquisition performance of the pilot may be
inadequate even when aided by PWI. This limitation is most significant for
high performance aircraft flying IFRj !A second possible limitation is that
in certain cases pilots may choose ineffective maneuvers even when acquisition
at adequate lead times has cccurred. Collisions resulting due to incorrect
maneuvers are ﬁnlikely however, if the pilot utilizes PWI properly and visually
monitors the effectiveness of his maneuvér (see Section 5.2.2).

In a few cases, pilots who had wandered from their intended altitude (ﬁsually
chosen to correspond with the cruising altitude hemisphere rules - FAR Parts
91.109, 91.121) maneuvered .to return to altitude upon receipt of a PWI,
Although compliance with intended altitude is generally prudent, the resulting
maneuver sometimes carried the pilot toward the altitude of the traffic rather
than aﬁay.

In summary, the data gathered during the flight tests supports the view
that PWI-only service can significantly improve see-and-avoid performance and

that an acceptable PWI-only design is readily achlevable, Performance can be

improved by enhancing the information content of the PWI advisory.
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5.5 Pilot Response to LPC Commands

IPC commands were discussed in Section 4 in terms of the algorithmic
objectives. There the principal focus was upon the ability of the logic to
choose commands which would avert collisions if pilots cbmplied with commands
in a nominal fashion. This section discusses the pilot's ability and will-
ingness to utilize the commands generated by the IPC system Co a4ssure separa-
tion., Section 4 identified certain cases in which the algeorithmic logic
failed to achieve its desired objectives., Pilot reaction to commands were
understandably unfavorable in these situations. A single algorithmic failure
was observed to have a long-lasting effect upon pilot confidence in the IPC
system, However, the encounters flown during subject pilot missions were
generally chosen to illustrate nominal system performance and not to investi-
gate algorithmic weaknesses. BSuch flig
strategies which appeared highly consistent with the objective of assuring
separation were often rejected as unacceptable by the subject pilots., The
basis of this difficulty lies in the fact that the IPC resolution logic pursues
the goal of assuring separation by decisions based upon radar reports while
the pilot is motiviated by other concerns and other information. The resulting
compétibility problem is discussed in the remainder of this section,
; 5.5.1 Commands Prior to Satisfactory Visual Evaluation

Subject pilot reactions to commands differed significantly depending

upon whether or not the pilot had achieved a satisfactory visual evaluation

of the threat. Pilots were generally concerned about PWI-indicated threats
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which they had not acquired or which were acquired at a range which did not
allow satisfactory visual evaluation of the other aircraft's relative tra-
jectory, Pilots who were unable to acquire in spite of an extended period

of PWI-aided search were usually relieved to receive commands which instructed
them concerning safe courses of action. Pilots who had acquired a threat

but were unable to evaluate it tended to accept comﬁands as the best course

of action in view of the fact that the system might have detected a developing
collision which they themselves were yet unable to perceive.

Turns Toward PWI Bearings

When instructed to turn toward Ehg PWI indicated bearing of an unacquired
threat in order to resolve an encounter, several pilots felt that something

was wrong. They felt that a left turn could not be correct if the other

aircraft was on their left. It did not occur to these pilots that the indi-

cated traffic could be moving left to right\and that the position at closest
approach could be to the right even though current position was to the ieft.

The IPC concept engenders confusion on this point. Pilots are told to use‘

the ordinary PWI to determine whether the direction which they intend to maneuver
is clear of traffic. It is implied that maneuvers away from PWI bearings are
safe. Example 33 of Appendix C illustrates a situation in which a subject

pilot initiated a turn away from the PWI indication and then receives an IPC
comman& toward the PWI indication; When wvisual acquisition had occurred in

such situations, pilots themselves generally chose to turn toward the PWI

indicated traffic. Pilots were also perplexed by negative commands which
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prohibited turning away from PWI bearings (Example 34 of Appendix C). It is
likely that if the IPC concept were corrected and pilots were briefed to
expect such situations before being exposed to the system, they would find
these commands acceptable.

5.5.2 Commands After Satisfactory Visual Evaluation

In many encounters pilots were able to achieve a satisfactory visual
evaluation of the threat prior to issuance of IPC commands. Such an evalua-
tion was readily achieved when the (3D) separation at command issuance was small
due to modest closure rates or due to an approach in the vertical dimension.
After obtaining a satisfactory visual evaluation pilots normally felt that
they were capable of controlling the situation or that an adequate miss
was guaranteed by the existing trajectories. IPC commands which then appeared
often conflicted with the pilot's evaluation and were viewed as being unneces-
sary or unsafe. 1In such situations some subject pilots were able to suspend
their judgement and follow commands. Other pilots modified their response
to the commands or refused to follow the commands at all.

Figure 5-11 provides insight into the extent to which visual evaluation
capability affected willingness to promptly comply with commands. The fig-
ure shows the heading change executed by pilots 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 pilot will be comsidered to

be complying if he altered heading by 30° or more. It can be seen that the
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probability of compliance was greatly decreased if the pilet had acquired

visually at the time of the
appeared to be more willing
longer ranges (greater than
ranges. This is consistent
ation at close range rather

The pilot's ability to

command. It should also be noted that pilots
to comply when the acquired traffic was at
10000 feet) than when the traffic was at shorter

with the conclusion derived from pilot debrief-

=

s normally

than a feeling that commands occurred too early.

visually evaluate a threat has been discussed in

Section 5.3.1. It is important to recognize that at closer ranges the pilot's

visual evaluation may be superior to the evaluation of a radar-based algorithm.

The pilot may perceive altitude differences which cannot be reliably measured

by Mode-C barometric altimetry (which is quantized in 100 foot increments).
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zontal miss distance which cannot he
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P
accurately detected by radar tracking. Furthermore, the pilot has access to
information unavailable to the IPC system. He can judge the attitude of

the other aircraft to determine whether or not it has initiated an avoidance

maneuver. He also knows the attitude of his own aircraft, its capabilities,

and his intentions, All these points suggest there is justification to the

pilot's conviction that his visual evaluation should supercede the evaluation

i

of the m - ar i E:)
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does not intimidate pilots who are consistently successful in achieving visual

separatibn and who feel that an electronic instrument is much more likely

to mislead them than are their own eyes.

128



Maintenance of Visual Contact

Tt was stated in Section 5.2.1 that one of the most fundamental rules
of visual separation was to maintain visual contact with the threat until
all danger of collision is past., The commands issued by the IPC system often
forced pilots to lose visual contact by requiring them to bank away from the
threat or by causing them to turn until the threat was located at their rear.
Pilots often considered such maneuvers unsafe since they caused them to
lose sight of their traffic. In such instances pilots refused to comply with
commands or complied to only a token extent. Examples 35, 36, and 37 of
Appendix C illustrate this behavier;_

Other Aireraft's Maneuver

Effect of Observing

In Section 5.2.1 it was observed that in normal see-and-avoid practices
only one aircraft maneuvers to assure separation. IPC normally issues commands
to both aircraft, Some pilots did not consider it necessary to maneuver if
they observed the other aircraft initiating a maneuver. In such cases the
entire burden for resolving the encounter was placed upon the first aircraft
to begin avoidance.

Effects of Non-Com

L1030 X aia

pliance

Non-compliance by one pilot in an encounter can have undesirable con-
sequences for the other pilot., The complying pilot may be forced to execute
a méneuver of excessive magnitgde in order to achieve the separation required
by the IPC system. Furthermore, the maneuver may be ineffective (e.g.,

slow speed aircraft in path of fast aircraft). 1In some cases the compliance
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with the command by only one aircraft decreases miss distance and frustrates
the separation strategy chosen by the visually motivated pilot. Both pilots
often emerge from such an encounter with decreased confidence in IPC commands.

Pilot Suggestions

Pilots made several suggestions concerning possible resolution of the

compatibility problem. It was suggested that an "T'v

il

vided to enable the pilot to accept responsibility for visual separation
{analogous transfers of control occur in today's ATC system between controllers
and pilots). Pilots also implied that additional information explaining or
justifying commands might allow them to accept commands with greater confi-
dence. They also suggested altering the resolution logic to achieve greater
agreement with visual separation practices.

5.5.3 Other Results Concerning Pilot Response to Commands

Indeterminate Nature of Commands

When a green command arrow was lighted, pilots were briefed to promptly
initiate a maneuver in the direction of the arrow and maintain that maneuver
until command termination. Pilots were not informed of the magnitude of the
heading or altitude changes which would be required. The indeterminate
nature of these commands was contrary to normal flying procedure. Pilots
wished to anticipate the desired change in order to choose appropriate maneuver

rates and to assess the consequences upon other flight objectives (e.g., clear-

ance from clouds or terrain, or deviation from course).
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Maneuver Magnitudes

required excessive deviations from course. Recall that under see-and-avoid
conditions pilots resolve encounters with heading changes of 10-30 degrees.
Figure 5-12 indicates the heading changes ;equired by IPC. It can be seen
that in about 65% of the cases heading changes of 60° or more were required.
A principal reason for such large heading changes is that the IPC t%acker may
lag far behind the actual aircraft heading and thus commands may cbntinue

| IR,

JURE B TR I
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after the
heading changes is the tendency of the system to wait until the aircraft
are very close before issuing commands rather than initlating resolution

sooner when modest heading deviations would resolve the encounter.

Maneuver Rates

Subject pilots were briefed that when a turn command was displayed a

response with a bank angle of 20 degrees would produce safe resolution (Ref. 6

RN T AR T
couLra pe

page 12). They were also instructed that an extra margin of safety
provided by turning with a steeper bank angle. As previously discussed, some
pilots modified their response éccording to their perception of the threat
while some others refused to follow the command. Figure 5-13 compares

the subject pilot turn rate between the third and fourth scan (14 sec) of
horizontal positive commands with the turn rate between the fifth and sixth
scan_(22 sec) of horizontal positive commands (only cases in which positive

L] o,

commands persisted for at least six consecutive scans are included). The
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data reveals a tendency for pilots to respond to horizontal commands after
four scans at an average rate of approximately 3 degrees/second, decreasing
this average rate thereafter. This tendency appears to be the result of
pilots anticipating the termination of commands or feeling they are being
required to execute excessive maneuvers.

Subjects were briefed that when flying low performance aircraft, climbs
should be made with the best raﬁe of climb and descents should be made using
a vertical rate of at least 1000 feet per minute (Ref. 6 pg. 12). When flying
higher performance aircraft pilots were briefed that a vertical rate of 1000
feet per minute was adequate, with higher rates providing an extra margin of
altitude separation. A rate of 1000 feet per minute would result in an alti-
‘tude change of 66 feet for each antenna scan. The subject's vertical response
(Fig. 5-14) during the vertical command sequence shows that the majority of
piiots responded at less than the recommended rates, After 8 scans (32
'seconds) only about one-third had achieved more than 300 feet change in
altitude. "Zoom climbs" in which a pilot sacrifices airspeed for a maximum
climb rate) were very rare. Pilots generally considered the zoom climb an
undesirable maneuver.

Responsibility of Overtaking Aircraft

Pilots receiving indications of traffic 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 inadverteﬁt

blunder into the traffic.
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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

f1rm AAaTaraad

. - . 3
then a flashin tive command, a positive command in one plane,

g PWI, a ne
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 wefe thus changed almost before the pilot
could begin responding to them, Seriots“difficulties arose in connection
with command reversals, 1In some encounters the direction of a horizontal
command was reversed on the same scan during which an additional wvertical
command was added,
but failed to note the command reversal and continued turning in a direction
opposite teo 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 stratégy 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 difficulty 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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document (Ref. 2) states thap""Each IPC 'do' or 'don't' message is acknowledged
by the pilot activating a 'will comply' or 'won't’  comply' switch...'.

Since the inception of the flight test program other statements and documenta-
tion have substantially altered the above congept. First, the "won't comply"
switch has been eliminated, thus allowing the pilot only a single affirmative
response option. Secondly, the "will comply" meaning waé eliminated.r Pilots
were briefed that commands were mandatory and they were expected to acknowledge
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 acknowledgeme?t{button losing most of its information
content and becoming little more than a manual duplication of the DABS
technical acknowledgement feature (simply meaning "message received"). This
point is shown clearly in Fig, 5~15 which presents the distributions of turn
magnitudes executed by acknowledging and non-acknowledging pilots. The

amount of information in the acknowledgement 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 Tmplementation

The flight test implementation of the pilot acknowledgement feature was
modified during the testing to refléct 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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the aural alarm was sounded continuouély until the pilot acknowledged, This
resulted in pilots pushing the button to silence fhe alarm.

Other factors modified during the testing included the location of the
button, its size, and the feedback which tells the pilot whether the button
has been properly pushed. Some pilots objecged to having to return their
attention to the instrument panel in order to locate and push the button.
Others stated that the button was too small, pﬁorly located (on the IPC dis-
play), poorly lighted, and did not provide a physical indication ("click") when
properly activated. A larger button providing the requested feedback was
placed within easy reach on the‘yoke in each of the test aircraft. This
revised installation did not fully rééélve the issue.

Pilot Workload Considerations

The pilot's successful use of the acknowledgement button depends upon
workload constraints. There was concern that the effort of acknowledging
would delay the initiation of the avoidance maneuver. Therefore, pilots were
briefed to push the button after the avoidance maneuver had been initiated.
Under the stressful conditions of avoidance, the button was often forgotten
until after the elght seconds allowed for acknowledgement had passed. 1In the
eight seconds following the abrupt appearance of a command a pilot must read
the display, decide if he can comply, and put the airplane into the maneuver.
Pilots were often attémpting to visually acquire the traffic at the same time.
The neglect of workload items of lesser importance in this time interval is

understandable.
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In later tests when the button controlled the continuous alarm it
became the first thing many pilots attended to. Pilots pushed the button
automatically to silence the alarm before reading the display and executing
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‘acknowiedge—
ments were received from two conflicting VFR aircraft the issuance of additional
commands were suppressed for the duration of the declared conflict regardless
of the outcome., 1If a VFR aircraft was in conflict with an IFR aircraft and
the VFR failed to acknowledge, additionai commands were sent to the VFR and com-
mands to both dimensions were simultaneously issued to the IFR, regardless of
whether the IFR threshold wvalues were exceeded.

Benefits

The benefits of any pilot input feature must outweigh the inconvenience
associated with its use. These benefits should be apparent if the pilot
is to be motivated to use the feature, It was found in testing that pilots
felt they received no benefit from acknowledging. 1In fact some pilots even
welcomed the additional command which was usually issued when they were declared
non-acknowledging. They felt it provided an additional option for resolving
the conflict,

In summary, the pilot acknowledgement feature was not found to be a

necesgsary or beneficial element of the IPC design., It was not satisfactory
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according to the following criteria: adequate motivation for the pilot, clear
meaning ﬁf input, easily used hardware, sufficient time to respond, appropriate
use of input by the system.

5.5.5 Cockpit Workload

Cockpit workload was impacted only minimally, in the VFR environment
of the flight tests, by proximity warnings or negative commands. However, the
issuance of positive commands to aveld a nearby aircraft increased the cock-
pit workload considerably.

The proximity warning service aided pilots in the performance of their
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 accompanying the ordinary PWI, pilots complained of having to include
the IPC display as part of their instrument scan procedure., Pilots were
briefed that this was unnecessary because they should be concerned with these
ordinary PWI's only when they intended to maneuver. Then they were to use
the PWI to locate the traffic before initiating a maneuver; Pilots, however,
preferred to be aware of phé ordinary PWI as scon as it was presented., Thus
the audié tone accompanying the ordinary PWI was welcomed as it allowed pilots
to fly their aircraft without continual reference to the IPC display to
determine-ﬁhéther nearby traffic was being indicated. Pilots also felt that
negative commands reduced their workload. Knowing how to stay out of trouble

with nearby aircraft reduced the time devoted to threat evaluation, especially
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when the traffic could not be located visually. Pilots did not consider the
negative commands as overly restrictive. Normally they had no intention of
maneuvering and the negative command did not affect their flight path. If
they did have a desire to maneuver in the direction prohibited; they thought
it prudent to delay or modify their maneuver until they had acquired the
aircraft causing the command.

The receipt of positive commands in the cockpit”caused the workioad to
increase dramatically. Pilots attempted to evaluate the effect of the com-
manded maneuvers upon the conflic; situation, their own objectives, and the
status of theilr aircraft. Minimal warning situations increased the pilot
stress due to the reduced time availabie/for understanding and interpreting
the strategy being imposed on the encounter by the command.

When commands were changed several times during a single encounter (due
to positive/negative transitions, command reversal, or addition of commands)
pilots often felt that they were unable to evaluate the implications of such
instructions but were being forced to suspend their judgement and blindly
follow therinstructions of the system, Pilots who prided themselves upon
cautious, methodical flying felt that they were no longer in control of the
situation. 1If pilots were placed in this uncomfortable position by an IPC
command which had prevented visual acquisition (see Section 5.4), they often
indicated that they would subsequently refuse to comply with such commands.
In certaip rapidly changing threat situations IPC may have to alter the
display more rapidly than is desirable from the human factors viewpoint. But

the current IPC resolution logic often exhibits this rapid display change in

routine conflicts.

142




The presence of multiple PWI indications can create a situation in
which the pilot's ability to read the display, search for traffic, .and
interpret displayed information is exceeded,

In summary, single PWI alerts and negati%e commands appeared to be
very compatible with workload constraints -and often reduced the normal pilot
workload. Positive commands resulted 'iti increased workload.~—Rapidly;changing
positive commands and multiple PWI alerts:often overloaded pilots and resulﬁed.
in unfavorable reéctions.

5.6 Other Subject Pilot Results

5.6.1  The IPC .Display - S

A single IPC-display.design was utilized throughout the flight -testing.
since. the investigation of alternatiwve cockpit display designs was beyond the
scope of the test,program;- Very little familiarization was required to enable
pilots to read the IPC display (Fig. 2.1). Some pilots felt that the display
was too elaborate for the amount. of information provided. They seemed to
feel that a unit with 36 lights should provide more than just- threat. bearing
and the Ehree altitude bins. They often mentioned threat range and above/below
threat gltitude as desired information (see Section 5.3.1).

Some pilots objected to the red color of the proximity warning lights.
They felt'rgd should be reserved for emergency situations and that amber would
be a better éhoice for PWI. The LED lights used were often washed-out by
sunlighé and therefore unreadable during daylight operations. The LED's were

too bright in the dark cockpit during night operations (see Section 5.6.2).
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Negative Commands Reinforcing Positive Commands

Green arrows are used to indicate to the pilot the direction in which

to maneuver. Each arrow is accompanied by a red X to indicate that a

this practice was not only redundant and unnecessary but that it cluttered

the display thus reducing readability. Pilots who had trained themselves

to ignore the red X's and look only for the positive command indications
(green arrow) could fail to noée a lone negative command which was accompanied
by a positive command in the opposite plane.

PWI Audio Alert

During initial testing an audie alert was provided for only the flashing
PWI indications. However, many pilots commented that an audioc alarm should
also accompany the ordinary PWI (see Section 5.5.5).

In later missions a single tone was provided for the ordinary PWI and
a double tone for the more urgent flashing PWI. It is possible that a single
alarm at the beginning of a PWI sequence would suffice rather than a series
of alarms indicating various stages of conflict development.

A volume control for the PWI audio alert is recommended to allow
to adjust the amplitude of warning desired. Some pilots were concerned with
the distraction associated with many alerts while busy performing critical
communicétion, navigation, and cockpit duties during terminal operations.

These pilots could utilize such a control to reduce intrusiveness to an

acceptable level.



5.6.2 TIPC at Night

Several IPC missions were flown at night in order to explore differences
between pilot reactions under daylight and night visual conditions. In
contrast to daylight operations, pilots flyihg at night were consistently able
to acquire traffic before PWI indications were received. Aircraft flashing
strobe lights or rotating beacon lights were ﬁormaily visible at ranges of
10 miles or more. However, once acquired, pilots found it much more difficult
to visually evaluate the nature of the threat presented by the traffic. 1In
particular, range to the traffic was difficult to estimate. Often several
aircraft were visible at once. In these situations the PWI served a valuable
function in informing the pilot as to which of the aircraft constituted a
threat. But the difficulties of visual evaluation increased the level of
concern experienced upon receipt of a PWI or command. Pilots valued commands
as a solution to a threat situation which they could not easily evaluate
visually, but there was also increased apprehension concerning commands since
the effectiveness of the commands-was not readily monitored by visual means.
Pilots seemed to feel just as strongly.as they had in the daytime that
maneuvers should not cause-them to lose sight of their traffic.

Moét of the other resultslmentioned previously with respect to daytime
flying were also observed at night. Pilots felt that the system must be
wfong in requiring maneuvers of large magnitude even though they could not
always confirm this impression visually. They also attempted to extract as

much information as possible from the PWI indications. In this respect they
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reacted in a manner similar to pilots flying in daylight who were unable to
acquire., They expressed frustration that the PWI was unable to provide them
with the range and relative altitude of traffic.

Pilots also commented upon t
that its brightness adversely affected their night vision. Display brightness
was not adjustable on the displays used in flight testing and pilots suggested
that such adjustability be added.

5.7 Summary of‘Subject Pilot Results

Subject pilot flights evaluated the reactions of pilots flying under
visual flight rules to the PWI and resg;ytion service offered by the IPC sys-

L T a1 o a2 o~
< - UL

hat the visual aequisition perforr be

tem. It was found pilots could
mathematically modeled as a non-homogenous Poisson process in which the rate
of acquisition is proportional to the angular area of the traffic. Test data
indicates that PWI alerts increased the rate of visual acquisition by a factor
of approximately 6. Pilot reaction to the enhanced acquisition capability
provided by PWI was highly favorable. When pilots were unable to visually
acquire indicated traffic, reactions to PWI were mixed. When failure to
acquire was due to airframe blockage, pilots sometimes felt compelled to
maneuver in order to obtain an unobstructed view of the threat. These
maneuvefs sometimes resulted in a decrease in existing separation. On some
occasioﬁs pilots attempted to avoid based upon PWI information which was

inadequate for choosing a suitable maneuver. Frustration with the limited

information content of the PWI alert was expressed in these situations.
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The concept of pilots utilizing the PWI to visually acquire and provide
their own separation from traffic, thus eliminating the need for commands was
found to be unworkable. Commands were generally generated before -the subject
pilots were close enough to decide on a course of action, or before the IPC
tracking could react to the effects of their maneuvers. Pilots recognized but
wére not overly concerned with PWI bearing error due to wind induced crab and
tracking lag during turns. They expressed confidence in their ability to
distinguish the PWI-indicated traffic from other traffic acquired visually.

Conflict resolution using see-and-avoid techniques was investigated
in a small number of flights in which %ilots resolved conflicts without
IPC commands. No overwhelming preference for either vertical or horizontal
maneuvers was apparent. When appropriate, pilots preferred a slight turn to
pass behind traffic crossing their path ahead of them. Pilots felt it
essential to keep the traffic in sight while it posed a potential threat.
Conflicts were resolved by one of the aircraft executing a small magnitude
maneuver in either the horizontal (10-30 degree heading 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 conflicts using see-and-avoid
the aifcraft closed to within the positive command thresholds of the IPC algorithm.
Experimental results revealed thag pilots with visual contact felt comfortable

even though separation from another similar general aviation aircraft was

only 1500 feet laterally or 200 feet vertically.
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Pilots responded favorably to IPC commands when they could not locate
their traffic or when they had not approached close enough for effective
the threat was achieved, the pilets 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 situations. The commands often conflicted
with the pilot's evaluation, and produced a feeling that the commands were
unnecessary ot unsafe. Pilots objected/;g being forced to lose sight of the
traffic. They were unhappy with executing large magnitude maneuvers and t
generally were uncomfortable with being placed into open-ended maneuvers.
When one pilot refused to comply with IPC commands, the commands issued to
the other pilot could be ineffective, detrimental, or of excessive magnitude.

The above observations involvinglsubject pilots provide considerable
insight into the ultimate success of an automated collision avoidancg 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 moniter the traffic visually. Some felt strongly enough to
recommend that there be an "L've got it" button which the pilot could use to
signal tﬁe system that he is accepting responsibility for separation from a

particular aircraft. It appears that the success of IPC in giving acceptable
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advice to pilots will be greatest before visual evaluation when the system
clearly knows more about the situation than the pilots. But whenever the
pilots obtain a good visual assessment of the threat, automated resolution

is likely to be compromised by independent pilot behavior.
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RELATIVE MOTION ANALYSIS
A.1l An Alircraft Pair as a Dynamic System

For analytical purposes the motion of a pair of aircraft may be modeled

in terms of a dynamic system for which a set of state variables provide a

complete description of the state of system at any given instant. The manner
in which these state variables change with time under given control inputs is

determined by a set of differential equations known as state¢ equations. The

particular céoice of state variables for a given system is not unique (e.g.,
many different coordinate systems Eéﬁld be chosen) but the number of inde-
pendent variables which are required for a system of given complexity is
unique. Because analysis of collision avoidance requires only a knowledge of
how aircraft move relative to one another, the dynamic system employed in
analysis can be simplified in order to utilize the minimum number of variables
which adequately describe relative motion. For the analysis which follows it
will be assumed that during the course of an encounter aircraft fly at con-
stant éirspeeds and that"all control over aircraft motion is effected through
heading changes (turns). Uunder these assump;ious a description of the rela-
tive motion can be obtained with only five state variables. One choice of the
five variables which is useful in understanding the effect of control actions
utilized range, relative bearings, and airspeeds (see Fig. 4-2). Relative
bearings are measured positive clockwise from the velocity vector of the air

craft of inierest. The state equations for this choice of variables are:



.

==V, cos B, - Vl cos Bl ‘ (1)

81 _ V2 sin 82 + Vl sin Bl _ wl ; (2)
- .
82 - V2 sin 82 + Vl sin Bl - u, (3)
r
- Vl =0 | (4)

where Wy and wz‘are the turn rates of aircraft 1 and aircraft:2 respectively.
Because the five state variables provide -a complete description of the
state:of the dynamic system, any other quantity which describes the relative
motion can be written in terms of'thesexflve. Table A-l provides state variable
definitions of certain other.quantities, several of which will be mentioned -
in the text which follows. The crossing.argle, ¥, is the heading difference -
measured positive clockwise with the heading-of aircraft 1 as reference., Miss-
distance, m, is a signed:guantity whose magnitude 1s the separation at -
closest approach which would result from rectlininear flight at current -
headings. The sign of miss distance is positive if the range vector rotates

clockwise, negative if it rotates counterclockwise.

Natural (Rectilinear) Motion

The first step in understanding the behavior of the dynamic system
defined above is to understand the properties of relative motion under rec-

tilinear flight (ml =4y, = 0)., Since this mode of flight occurs in the

2

absence of control inputs, we will refer to such motion as natural motion. The




TABLE A-1

VARIOUS RELATIVE MOTION VARIABLES

EXPRESSED IN TERMS OF STATE VARIABLES

(Note: y = Vzlvl)

Scale '
Variable Factor Expression
ysin Bz + sin Bl
Miss distance, m ‘ r 5 TR
{1+y" + Zxcos(BI - [32)1
Crossing angle, x - T+ Bl - [32
Time to path ry TTXI . . BZ
crossing 1 sin(B2 - Bl)
sin 61
TIX2 = oo
ysm([s1 [32)
Range rate _ V1 -YCos [52 - COS Bl
Time to closest HV 7‘305‘52 +€0s By
approach 1 1+ 72 Y COS(BI ) ‘32)
Relative velocity : 2 a2
(speed), V Vl [1+y°+ 21cos([31 Bz)l
Tau (-ri7) IV L
au ‘ : 1 ycos |32 + C0S [31
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following properties of natural motion apply to an encounter in which aireraft
begin at infinite range and fly to closest approach without turning:

Properties of Natural (Rectilinear) Motion

1. Miss distance and crossing angle are constant.
2. At closest approach the range rate is zero. (Necessary

stationary condition for a minimum).

3. The bearing rate is the same for both aircraft (Equations
2 2l = = .
and 3 with Wy W, 0)
4, The sign of the miss distance is the same as the sign of the

bearing rate (él from equafiéﬁ 2, and m from Table A-1).
5. Between infinite range and closest apprecach, bearing changes
by 90°. (Cbvious from geometry).
6. The bearing rate is small at long ranges and is a maximum at
closest approach (Note that é = Vm/rz).
7. For zero miss distance trajectories the bearing rate is zero.
8. Unequal speed aircraft are always in motion relative to one
ancther, but when equal speed aircraft fly with zero crossing
angle, they are in a unique state for which there is zero
relative velocity.
A graphical procedure for depicting the relationship between various
relative motion quantities may now be introduced. With Bl and 82 as
ordinate and abscissa respectively, contours of constant value for the quanti-

ties of interest are plotted. Construction of two dimensional plots requires that



the plotted quantities be normalized in an appropriate manner. Quantities
with units of distance will be normalized to r and quantities with units of

~velocity will be normalized to Vl' Time units may then be expressed in terms

£

of r/Vl.

The essential properties of natural motion are illustrated in Fig. A-1
using these conventions. Contours of constant crossing angle are simply
lines of 45° slope. Since ¥ is constant for natural motion (property 1),
all chanpes i bearing which cccur as the aircraft fly past each other must
result i1n the locus of the encounter moving at 45° along the appropriate ¥
contonr. Contours of constant normalized miss distance, y = m/r, provide
further information concerning the nature of this motion. Fig. A-1 miss
distance contiurs for a speed ratio V2/Vl = 1/2 are provided. For finite
miss distances, the initial location of the encounter is near the p = 0 con-
tour, and the locus converges at closest approach to either the +1 or -1
coutour, depending upon the sign of the miss distance. Note that the bearing
chiange wiich occurs between the y = 0 contour and the w = + 1 contour is
always of magnitide 90° (property 4). The u = + 1 contours are also con-
tours of zuro -ange rate'(property 2). For all points outside these contours,
the range is i~ reasing. As aircraft pass closest approach the encounter

locus continues o move in the same direction until approaching the u = 0

contour in the region of positive range rate.
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Fig.A-1, Natural (rectilinear) motion defined with reference to
contours of crossing angle X and normalized miss distance,



For zero miss distance encounters the motion of th
degenerate case of the motion described above: the encounter locus remains on
the n = 0 contour until zero range and then moves 180° to the zero contour
in the region of positive range rate. It should be kept in mind that for
natural motion all changes in the m/r value are due to changes in the denom-
inator « and rhat the miss distance m is constant.

Forced (Turning) Motion

LMhan ai
WICI: A

alters the miss distance. A trajectory segment containing a turn may be
represented in terms of piecewise ;éztilinear segments as shown in Fig. A-2a,
In a dynamic sense, the actual turn which takes place between ﬁ and C is
concentiated into two turn rate impulses whose integrated sum equals the
total heading change. Two properly timed turn rate impulses allow the

effect of th: actual turn to be modeled exactly in the sense that an aircraft

me time and with the

%

same headiny ns an aireraft flying the actual curvilinear path. For most pur-
poses a simj ler representation of the effect of turns may be achieved by
utilizing a single impulsive turn which occurs with time delay

tan(Ah/2) (6)

w

At

relative t¢ Lhe time at which the turn actuully began. This approximation

(see Fig. A-:b) results in the aircraft arriving at point C with the proper
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Fig.A-2. Representation of turns in terms of impulsive turn rates.
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heading but delayed somewhat due to the difference in path length between the
actual and representative flight paths. This error is typically less than 2
seconds for turus less than 600, and if both aircraft maneuver each is delayed
in a similar fashion so that the net effect on the relative motion tends to

cancel. In the examples which follow the single impulse representation will
be utilized,
The effect of turn impulses upon the encounter locus in bearing space
is obvious: a turn impulse results in an immediate change in bearing with
magnitude equal to the (integrated) magnitude of the impulse. Bearing is
incre.sed by left turns and decreased by right turns. For plotting purposes
bearing change due to forced motion may be distinguished from bearing change
due to natural motion by plotting all natural motion as movement along lines
of 45° slope and all forced motion as a sum of displacewments parallel to the
and BZ axes. Figure A-3 is such a plot of a hypothetical head~-on encounter
ich is resolved by both aircraft turning right. Since the range cannot
change instantaneously, changes in the m/r ratio which occur under forced
motion must correspond to changes in miss distance. In the example the forced
motion between points 27and 3 results in a change in the m/r ratio from -0.20
to -0.82 and rhus changes the miss distance by a factor of 4.1. The basic

characteristics of the two types of motion used to obtain a complete represen-

tation of relative motion may be summarized as follows:




p=m/r lATC-85(A-1)
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Fig.A-3. An encounter plotted as a combination of natural
and forced motion.
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Natural Motion Forced Motion

Rectilinear flight Impulsive turn

Time Elapses Instantaneous

Constant Miss Distance Constant Range

Motion at 45° to axes Motion Parallel to axes

Bearing rate increases as range Bearing change equal to
decreases heading change

u ratioc between two points equal U ratio between two points
to inverse of range ratio equal to miss distance

Tau Contours

Table A--1 provides an expression for unmodified tau (range * range rate)
in terms of state variables. In this form tau may be plotted in units of
r/Vl. "he nodified form of tau utilized by the IPC algorithm differs from

urmodified tau only by the factor 1 - DzlrZ where D is a constant (see Sec-

tioen 4.2}. Thus in our bearing space contours of either form of tau are
Ll s mmma Avrmaami alad kla mmdiin] asnTliin ~f bai: amviasannnanding bAoA Amnbane
Lie sarn eXzpl. Lhigdl Llle acluddl vdiuc Ul Ldau Orrespuliaiiyy LU 4 tuiitvul

may differ due to the difference in scale factors. Figures A-4 and A-5

provide tau contours labeled in units of r/VT. Note that tau is a minimum

at Bl = 62 = 0, and that the actual value of tau is rather insensitive to bearing
near Lhis point. However tau goes to infinity as the range rate goes to

zerd-(at 4 =+ 1). In these regions the value of tau is highly sensitive

to bearing. This sensitivity results in erratic tau transitions when heading
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A.2 Mapping the IPC Horizontal Command Selection Logic
The IPC horizontal command selection logic used one of three selection

rules. These rules may be summarized as follows:

Rule A: Turn aircraft to eliminate closure rate.
Rule B: Turn aircraft to increase the existing miss distance.
Rule C: Turn aircraft to reinforce path crossing.

The algorithm flowchart (Ref. 1, page 5-59) specifies the logic which determines
which rule to apply and which specific turn directions to choose for each
rule. This flowchart uses some 9 variables* to describe the decision to be
made for a given pair of aircraft, Each of-ghese 9 variables can be written
in terms of the five state variables. Each test performed by the algorithm
then corresponds to a decision boundary in the five-dimensional state space.
The plotting conventions adopted earlier can then be used to reduce the many
branch and merge points of the defining flowchart to a decision map in state
space (see Fig. A-6). If the estimated locus at the time of command genera-
tion is specified, then the command directions can be read at a glance. 1In
the evaluation of algorithm behavior it is convenient to replace the right/
left notation with arrows indicating the direétions in which bearings are
forced by the generated commands. Figures A-7 and A-8 prévide such graphs for

speed ratios of 1:2 and 1:1,

*The variables used include crossing angle, miss distance, the product of
range and rate, the hemisphere (right or left) in which the threat is
located, the times to path crossing and the derivatives of miss distance
with heading.
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A.3 APPLICATION OF RELATIVE MOTION ANALYSIS TO IPC HORIZONTAL AVOIDANCE
LOGIC

Statement of Control System Objectives

The control actions required_to assure safe separation betﬁeen aircraftc
can now 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 from the u = 0 contour. If a desired minimum separation, s, is defined,
then a band of bearings centered upon the zero contour between p = -s/r and
u = s/r must be avoided. If resolution is effected while the range is large,
the ratio s/r is small and only a Qery narrow band arcund p = 0 must be
avoided. However, as the aircraft approach cf;;ér, a larger fraction of
range must be converted to miss and the region of "forbidden bearings" grows.
It should be noted that a system which delays avoidance until the latest
possible time will sometimes require large heading changes to effect the
desired miss. If action is delayéd too long the heading change required
to escape the forbidden region will exceed the heading change which can be
effected in the time remaining before closest approach. When this occurs

achievement of the separation objective is no longer possible.

Detrimental Turn Magnitudes

The effect of a given magnitude turn upon the ultimate horizontal
separation at closest approach 1s a function of all five state variables.
' *
If the objective of the turn is to increase the magnitude of the miss distance

+h
Ll

oen ir
i R

ig o
il Lo A

as the magnitude of the derivative of miss distance with respect to heading.

—
This is the strategy upon which IPC command selection Rule B is based.
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In terms of the miss distance contours, the efféctiveness is related to the
distance between contours along the bearing axis of the aircraft of interest.
For equal speed aircraft (Fig. A-8), the contours are straight lines of 45°
slope and thus the maneuver effectiveness is the same for both aircraft
at all bearings. However, for a 1:2 speed ratio (Fig. A-7) the contours are
flattened in the Bl dimension. Because of this thelmaneuver effectiveness
for the slower aircraft is less than that of the faster. 1In fact the effec-
tiveness of maneuvers by the slower aircraft is at best 1/2 that of the faster
(i.e.. equal to the speed ratio). At worse the effectiveness for the slower
is zero (see disrance discussion béidW). The slower aircraft is thus somewhat
at the mercy of the faster in that any avoidance maneuver which he undertakes
‘can be cancelled by smaller heading changes of the faster. 1In the IPC context
this fact is most significant when a slower aircraft is attempting to aveid a
faster uncommanded (IFR or ATCRBS) aircraft. Such cancellation is evident in
Example 10 of Appendix C.

The effectiveness varies with the bearing locus. At those loci for
which Ehe miss distance c¢ontours are parallel to the 82 axis, the maneuver
effecriveness is zero. These loci are stationary points for miss distance with
respéct to 82 and'correspond to headings of either local maximum or local
minimum miss. The existence of headings of maximum miss has significant
implications for collision avoidance. If an aircraft is flying at a heading

of maximum miss then any perturbation of its heading will decrease miss.

A-19



Furthermore, if the magnitude of avoidance maneuvers are not well controlled, a
maneuver which is initially beneficial may overshoot the optimum miss heading
and result in decreased miss.

When the slower aircraft is within 30° of nose~on with respect to the
faster_aircraft (—300 < B, < 300) there are two values of B for which the miss
distance is zero. For loci located near the concave side of the y = 0
contour, the collision hea&ings bracket the encounter locus in a way that
severely restricts the miss distance which can be achieved without crossing
the 1 = 0 contour. Crossing this contour is undesirable due to the pos-
sibility of deterimental results (see 4.4;1) and .recovery hazards (see 4.4.4).

Another point which is closely related to those above is that the slower
aircraft is often limited in the fraction of the current range which can be
converted to miss. This can be deduced from the miss distance contours
by noting that for —60O < g, < 600 perturbation of 82 alone cénnot dis~
place the locus through the u = + 1 contours. In fact, if Bl = 0, the
maximum possible p value is less than 0,.5. On the other hand, the faster
aircraft can reach u = + 1 regardless of the value of 82.

Rule A Strategy

Command selection Rule A attempts to decrease the closure rate to zero
by turning.each aircraft away from the other. In many situations there is
no turn which simultaneoﬁsly decreases closure rate and increases miss dis-
tance (see Fig. A-9 for example). Then the goal of command selection Rule B

(increasing projected miss distance) must be opposed in attempting to apply
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Fig.A-9. Encounter in which turn by aircraft 2 to decrease
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Rule A. Figure A-10 indicates the regions in which the IPC algorithm issues
Rule A commands for which at least one aircraft is turned in a way that
decreases the existing miss distance. This opposition may be acceptable if
the range rate can be decreased to zero while an acceptable separation still
exists - in that case the projected values of miss are irrelevant since the
aircraft never proceeded to that closest approach. However a less acceptable
outcome can arise in several way. If the aircraft is able to cbey the command
to a limited extent only* the aircraft may turn far enough to drive the miss
to zero without eliminating the closure rate. 1In such a case the command
has merely turned the aircraft to a collisionﬂgqurse. Another consideration
is closely related to the observation that bearing changes by the slower
cannot always force the locus through the y = + 1 contours. This is equiva-
lent to saying that in such cases the slower aircraft cannot force the
closure rate to zero no matter how far it turns. In this situation the

Rule A objective is unachievable and the effect of the turn on miss distance

is critical.

*

The IPC concept 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).

A-22



laTc-85(a-10)

180
90%
o
Y - [[mm RULE A
L8]
i 8]
[
NS E2 rue ¢
o
X  LOCUS CORRESPONDING
TO FIGURE A-7
-9}
aeol ol bt Lt
-180 -90 9] 90 180
B, ( DEGREES)

Fig.A-10. Regions in which IPC algorithm commands at least one
aircraft to turn in direction which reduces existing miss.

A-23



APPENDIX B
PILOT REPLIES TO POST-FLIGHT QUESTIONNALIRES

At the conclusion of the mission debriefing session each subject pilot
was asked to complete ‘a questionnaire summarizing his overall impression of
the TPC 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 pilots. - 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 witlk it, but may mean that the particular comment simply did
not occur to him, If-a pilot lisfeé more than one item each reply is tabulated.

1. QUESTION: What feature did-you like best about . the IPC system?

a.- PWI -~ 18 pilots

b. Commands when traffic iwmseen - 6 pilots

c. Levels-of urgency (OPWI, FPWI, commands) - 4-pilots

d. Threat altitude information inherent in above/below/co-
altitude PWI lights - 3 pilots

f. Simplicity-w 3 pilots

E. Commands - 3 pilots

h. Operational benefits - 2 pilots

i. Horizontal commands - 1 pilot

il
=



Abruptness - i pilct

Commands too early - 1 pilot

PWI lag - 1 pilot

Multipie commands - 1 pilot

Anticipated cost of avionics - 1 pilot

DABS light om dlsplay was disturbing - 1 pilot

Searching for PWI traffic approachlng from rear - 1 pilot
Difficulty of distinguishing three PWI lights in same sector

~ 1 pilot

The annoyance level of the pilot acknowledgement feature 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 improvement, if any, would you recommend be made

to the IPC system?

A

Change acknowledgement feature - 18 pilots

Shield display from sun - 14 pilots

Provide range of threat - 9 pilots

Provide track of threat - 9 pilots

Reduce ambiguity of co-altitude PWI - 6 pilots

Make commands optional after visual acquisition - 6 pilots

Make the 3 PWI lights in sector more distinguishable - 5 pilots

Provide rate of closure - 5 pilots

B-3
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3. Negative commands - 1 pilot
k. Unobtrusive when not needed - 1 pilot
1. Display location in cockpit - 1 pilot
The positive response to PWI is striking (21 responses under a and d).
It should be noted that of the 9 responses which favorably mentioned positive
commands (b and g), 6 were specifically qualified with the condition "when
traffic unseen'.
2. QUESTION: What features did you like least about the TPC system?
a. Pilot acknowledgement - 8 pilots
b. Not reliable in all situations .(e.g., against non-Mode C,
multiple aircraft) - 7 pilots
c. Ground assumes control of aircraft - 5 pilots
d. Unnecessary commands - 4 pilots
e. Insufficient PWI iﬂformation - 4 pilots

f. Display brightness not proper - 4 pilots

. Commands when visual separation possible - 3 pilots
h. Encourages pilot laxity and decreased vigilance - 3 pilots
i. Commands on too long — 3 pilots

. Commands force pilot to lose sight of traffic - 2 pilots
,k' Insufficient aural alarm - 2 pilots

1. Obtrusive-aural alarm - 2 pilots

m, Insufficient PWI warning time - 2 pilots

n. Multiple commands - 1 pilot

c. Difficulty in course recovery - 1 pilot



i. Eliminate red "X" accompanying positive command - 5 pilots

j. Provide manual control over audioc alarm volume and/or display
brightness - 5 pillots

k. Redesign display - 4 pilots

1. Provide read-out of relative bearing - 3 pilots

m. Change display location on instrument panel - 3 pilots

n. Eliminate premature commands - 2 pilots

0. Provide information on threat's equipment - 2 pilots

p. Reduce.system lag - 2 pilots

q. Consider VFR rules of the road_in selecting commands - 2 pilots
r. Make system less conservativéw—-l pilot |

s. Relocate "yes" button - 1 pilot

t. Make negative commands less conservative - 1 pilot

u, Provide more time for pilot to resolve before commands

- 1 pilot
v, Provide more information on threat - 1 pilot
W, Provide information on threat speed - 1 pilot
Given the pilot's limited knowledge of the design of the IPC system,

it is not surprising that.many suggestions for improvemerits concerned
minor details of the display hardware (e.g., "shield display from sun").
The desire for more information on the threat is evident in 36 responses

(¢,d,e,h,1,0,v, and w).



APPENDTX C

FLIGHT-TEST ENCOUNTER EXAMPLES

Appendix C vontains data from actual flight test encounters which
serve as examples of particular phenomena discussed in the text. This
Appendix should not be viewed as a statistically balanced sample of the
flight test data base. In particular, since examples were usually chosen
to illustrate algorithm defects which this report recommends be corrected,
they contain a disproportionate number of resolution failures. In many
cases in which numerous examples of a particular phenomena exist, only a
single example which most clearly-indicates the issue at hand was selected

for inclusion here. 1In some cases an encounter was included because it

illustrated more than one point.
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TABLE C-1

EXPLANATICN OF ENCOUNTER PLOT SYMBOLOGY

ENCOUNTER RECORDS

ENCOUNTER PLOT SYMROLS

Sow

ENCOUNTER PERFORMANCE SCAN RY SCAN NIZTORY
Term Description Symbol Meaning Parameter Meaning Column Data
REF Referenced event for Solid Line Track Orientarion with PRES Primary Resolution SCAN Scan No.
following parameters* 4 Sec Prediction Plane: I=Hor., 2=Vert.
) ACl Display State for
SCAN  Scan No. Asterisk Target Report CPAH, (disregard) AfC L
CPAV
AC2 Display State for
XANG Crossing Angle (Deg.) Afrcrafc Orientation at Time SCPA Closest Appreach {¥Ft.) Alc 2
of Positive Commands
HD Projected Hor. Miss (Ft.) SCPAH Hor. Sep. at SCPA (Ft.) Pos Value of POSCMD
X No Messages
ALT Alt. Separation (Ft.) SCPAV Vert. Sep. at SCPA (Fr.) TH Horizontal Tau
: - Steady PWI Cnly (See.)
. VMD Proj. Vert. Miss (Ft.)
F Flashing PWI Only RANGE  Separatién (Ft.)
v Ground Speed (Kts.)
N Hegative Commands Only MD Frojected Misg
S8l Type Straight & Level (Fe.)
TURN of = Turning R,L,C,D Initial Positive Command
cD Approach Climb ox Descend Direction ™ Vertical Tau (Sec.)
™
2 Nonresnonding Commands - RZ Alr. Sep. {(Ft.)
3 Horizontal Command vz Alt. Sep. {Ft.)
Recotputed .
™D Yertical Misas
4 Both A/C Acknowledge Distance (Ft.)
3
Parameters estimated from
post flight smoothing. bot Range X Range Hate
TCMD Tau Threshold for
Commands (Sec.)
oAN

Wirmhar Af Aivavrafs
SRSl 0L AaliTaLT

in Conflict
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EXAMPLE 1
ENCOUNTER 6-21a1

+

5

¥ NmI

1PC ALGROITHA VERSION = § LTAC-1 ST 11 38 49 ET 11 %0 5&
REFERENUE EVENT POSCMD=1 AT SCAN 607. MDz-1650.5 XANG= 161.28 ALT= 209.9

-28

-28.

-29

-29

=14

-1

-32.

~32.

.00

00

%0

0%

(14

50

00

50

1 1 L) 1 L) T T L] 1

/

s
S
S

I, SW U S,

Excessive Turn Produéea Second
Sequence of Commands

Heading Lag and Underestimation
of Speed Resulting From Turn
Detection Failure (4,1.1)

I L 1 1 | J L 1

-28.00 -27.50 -27.00 -24.50 -26.00 -25.50 -25.00 -24.50 -24.00

X Nmi
MISS &-21 JUNE, 1975 DRONE ATCRBS INT DABS505

C~4

-23.50




205.9

161.28 ALT

ET 11 40 56

5T 11 38 4%
MO=-1650.5 RANGE

Liac-1

]
I AT SCAN  6GT.

1rt lLﬂle!HH YERS 10N
REFERENLE EVENT FOSCMD

4500,
L250.
8000
[3Y)
500

+
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o [ T
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EXAMPLE 2
(Encounter 6~-35«05}

Y NWI

IPC ALGROFYHM VERSION = 8 LTAC-1

REFERENCE EVENT POSCMD=1 AT SCAN - 703. MD=-3715.

23.

23.

22.

22.

21

21

20.

20.

9.

50

00

o0

50

.00

50

00

50

T XANG=

$T 11 18 48 ET 11 26 22
175.82 ALT=  2464.2

T ! T ]

e |
i /./r:‘__ .
#8701 o \‘5

i Severe Signal Diffraction is
Turns Whi

B

| | 1 |

ch Precede Commands (4.

L

T

Alrcraft Elevation = 1°

Aircraft Azimuth = 297°
Obstacle Azimuth = 295.9

s

4 LI ol
R Hf“"
‘ ,)\ /)'

o

Responsible for The Apparent

1.2)

-43.50 -43.00 -42 50 -42.00 -41.50

C X Nmi
MISS 6-355-05

~41.00

-40.50

-4¢.00

-39.59

~39.00



iy FEET

AL TTTUDE

IP'. ALGADITHM WFRSION = 8 LTAL-1 5T 11 18 48 ET IL 70 22 = 2e4.2
FERFNCE EMENT POSCMD=1 AT SCAN  703. AD--311%5.7 XaNG= 175,82 ALT= -
SRR . . . ——

-noe F

kEAT: I o

5500. | ’*\t\'___\

. . 3 B
5250 F N
T~=i\\g\‘§5H‘ A
-~ - *
. . -
se00. b . . :_,p/‘/‘r_'i T
—— .
PRS-t
4750, |
1 i i 1 A 4 | i L
£90.8 L3 s g3 A gRTS 800 7025 1050 1075 TLO.0 N2 %
STAN COUNT
IPL ALGORITHA VERSION = 8 LYAC-1
CHANW - [8B1.N53 CPAYV = 83.051
CFA NN SCAN 708 SCPA = 1389.068 SCPAN = 1B81.053 SrPAY = 173 837
BC1 TRALK = ) D = DABKGI VFR
ALZ TRWLK = 2 ID = ODRB3OY VER
TUAN ALY AT s TH RANGE mp v R/ v? ymo 007 TeMD NAC
b4 0 4g 1] 2.9 440 . 1 422 19 =12 3¢ 26,272 -663 64 372 0
847 F F 0 41711 2.8 f2e2. 33 8 384,50 -11. 17 20.79 -556.95 37 0
698 F f 0 3917 2.42 A1uT 39.9  366.85 -%.19 T2.70 -50%.01 32 &
94 F F 9 3v.7h 224 758, 54.0 351.7% =6 10 147 .36 -929.37 37. &
ing F F 0 3.70 2,04 1718, 82.B 384.45 4.91  223.6 -379.25 32 G
701 3 F o I4 .46 1.89 1859 . By O 124 .84 -6.02 137 30 -325.25% 32
102 F F -2 27.30 1.57 I045 . 49.9 299 .91 -0l 107.%55 -237.08 132 7
703 F F 1 13,14 L.EZT 1374 55T 206 84 -5.15 121.99 -250.87 12 7
f0h R R 1 12.18 0.94 2910, 3T 234,97 =7.40 0.0 -L&&. 6% 2. 2
it R R [ 10,84 Q.75 LIS 26.8  202.31 =7.558 0.9 -6%.89 37, ?
Teh NR NR 0 6.0 0.68 4097, G0 185,84 [ ] 18%.84 22.21 37, 0
Tor 5 S @ 0.0 0.54 3018 0.¢ 177.84 0.0 I7TT.8Y4 51.%3 32,0
g § 5 0 0.0 .39 1773 0.0 V7T 14 0.0 177.14 62,18 32. 0
g1 S 5 0 0.0 .52 1391 0.0 162 38 0.0 162.36 109,99 2312 ¢
710 5 5 a 0.0 0.3 50 0.0 17939 2.0 179 3% fo.18 32 0
THE ) 5 [ 0.0 0.48 1804 6.0 134,32 a.0 134 .32 69.u9 17, o
T2 5 & b 0.6 0.6l 1721 ¢.0 106.91 0.0 106 .91 99.99 32, O
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EXAMPLE 3
(Encounter 15-122-01)

¥ Nmi

IPC ALGROITHM VERSION = 501 LTaC-5 ST 10 1 39 ET 10 3 47
REFERENCE EVENT POSCMD=1 AT SCAN TO. MD= 3%66.7 XANG= 106.32 ALT=  301.8

1 I T ¥ T

L L [l L

-11.0 -10.0 -9.0 -8.0 1.0 6.0

L NmI
MmISS 15-122v DECEMBER, 1976 DRONE DAB10O1 INT ATCRBS

Cc-8



IN FEET

AL 1ITUBE

IPC ALGROITHM VERSEON = 501 LTAC-5 ST 10 ) 39 ET 10 3 47
BEFFRENCE EVENT POSCMD=1 AT SCAN  70. MD= 344b.7 XANG= 108.32 ALT= 301.8
- T k] L] 1 B P T
[';:ii::aed tracking gain due to-missing
‘f e reports produces unreascnable estimates
3500, b of vertical velocity (4.1,2) J
a2se. | L
noue.%‘lu_g_:-~:=====n, ' -
L
»
aavaily ]
PALTI = } ]
A K
/ 3
PR
oo, b C°f"'t°d ——
Positions
Estimated
1500 FPM
Rates
w50, F g
L b L L I L b |
55.0 800 65.0 70.0 5.0 BO.0 85.0
SCAN COUNT
1PC ALGOAITHM VERSION = 501 LTAC-5
“PAH = 3b24.318 CPAY = 21.090
CPa ON SCAN T2 SCPA = J536.3T2 SCPAH = 3624.318 SCPAY = 295.845
BC1 TRACK = 89 1D = 001200 VR
BCZ TRACK = 2 1D = ODRBIOL VPR
SCAN Ay AC2Z POS ™ RANGE MO v R2 VI ymp D07 TCRG NAC
s x x 6 74.98  4.9% 3741, -3358.0 -178.89  -0.05 178.84-1152 B4, 0
5 F  F 0 I10.19 4.7  357. 122.) -le0.B8 1,32 T4.52-1095 B4, 0
2 F F 0 8518 4.38 3708, -59.2 -i8s.88 -3.16 1Bk BE-1038 64, D
ST F F -2 bl.44  4.12 4060. -TI.0 -197.32 -2.56 191.32 an. 2
58 F F 0 S5T716 1.9 4085 -~42.2 -219.9% -3.53 214.93 b4 7
59 NL ML 0 53.1a 3159 4158, -55.0 -248.62  -4.52 248.462 s4. 7
50 BL N 0 59,98 3.3  4630. -38.9 -206.%1 -7.31 286.91 4. 2
bl AL M 0 d45.62  1.06 443). ~-156.3 -295.%95  -1.89 295.9% by, 2
62 NL N 0 4t B0 2.80 4432 -131.7 -30%.87 -2.35 309.87 by 2
51 AL N 0 37.39 2.1 443) 72.3 -295.61 4.09 33.8& 6. 2
64 NL NI 6 33.8%  2.28 4523, 215.8 -294.84 1.07 22642 64. 2
65 NL  NL 6 29.54  2.02 4330, 1302.0 -296.73  0.23 282.1% b4, 2
6k ML NL o 25.63  1.71 4i4). -s2Bb.2 -298.37 -0.05 298.32 o4, 2
67 NL NI ¢ 21.41 1.54 3%22.-18768.6 -298.09 -0.02 298 09 b4, 2
88 WL NL 0 17.49 1030 3831, 10658.% -297.5% 0,03 295.81 b4 2
6% ML NL o 13.26 1,08 3517, -773.7 -300.68 -0.39 300 6B 64, 3
TO NL AL 5 %85 (.89 3@z, -Ba&0.4 -30]1.74 -0.35 30178 a4, 3
JINLONL® 0 494 0.72 3476. ~-94]1.5 -302.80 -0.32 302.80 64,3
T2HL DN D 8 -2.25  0.406 34gi. -1008.3 -303.91  -0.30 303.9) &4 3
TINNDALD 6 1.9  0.5% I554.  345.0 -300.19  0.87 244.%0 b4, 0
o RO D0 =01 6.48 3624, 33.2 -294.51 0.88  240.39 b4, ©
gy &0 S 0 -2 2.79 3528 6.4 -L10.89 17.40 0.0 64, O
82 & 5 0 -38.30 255 361l 6.8 -T9.93 11.85 0.0 b4, 0
a1 & & 0 -u2.4}  2.19 3538, 1.7 -20.53  1z.01 9.0 b4, 0
a8 &  h 0 -4b.57 3.05 3l -2.0 23,07 1.6l 23.07 &4, 0
A5 S 5 0 -50.84 3,29 3756, 9.5 -36.84  3.88 0.0 b4 0




+

EXAMPLE 4

(Encounter. 13-70=15)

Y NmJ

IPC ALGROITHM VERSION = 306 LTAC-2 ST 11 53 27 ET 11 54 51
REFERENCE EVENT POSCMD=1 AT STAN 1247. MD= -507.4 XANG= 160.63.  ALT= 843.5

L3 T T I 1
10.50 " c
ommand .
TAU Test ?elayed by Vertical

10.00 |
%.50 ¢
9.00. F
8.50 F

[l 1 i 1 L

LR B GO -10.50. -10.00 =-9.50 -%.00

% Nm1
MISS §2-70V=~-1%

c-10



ALTITUDE TN FEET

c-11

1PL ALGROTTHM VERSION = 306 LTAC-3 ST 11 53 27 ET 11 b4 S} . 4
REFERENCE EVENT POSCMD=1 AT SCAN 1247, MD= -507.4 KANG= 180.53 ALT= 8435
T T T L 1 T T
506, ;/'/’./‘/;,/_
» i‘__.- *
LI
N bt bty
3250, Note A
Due to vertical tracking lag, Trackiog
_commands delivered 12 seconds befors Overshoat
aircraft were co-altitude {4.1.1} /
00, | ]
/
5
. T e F
250, | o ]
] » » &
500, | . 5\\_
Y/ N
L
.
2250, } 5/',. 4
. .
5
2000, } / |
H
/
. ¥
1750. 5 —— 3
rus_%_\l\:_'
i L J| 1 L " 1
12375 C1240.0 1?2 6 1245.0  1247.5  1250.6  1252.5  1255.0  1257.%
SCAN COUNT
IPC ALGORITHR YERSTON = 306 LTAC-3
CPAH = 1045 167 CPAY = 399,451
CPA ON SCAN 1249 SCPA = 1118.89% SCPAH = 1045.167 SCPaY = 399.451
aCI TRACK = 1 1D = DABSGS  VER
a2 TRACK = 2 1D = CAB552 IFR )
scaM  AC1  AC2 POS ™ RANGE  MD ™ R2 VI ynd D07 TCAD NAG
1237 x X 0 51 64 4. 04 1394%. -443.7 1515.56 3,27 1515.56-1113.19 &R, 0
123 % % 0 Aris 3.7z 1392, -275.% 1862115 5.67 1862.15-1023.39 9. 8
Y ¥ X 0 4z7z 3,33 1518, -259.1 189254  p.15 1892.54 -937.93 2. 4
Va3 % X 0 3847 3.07 1185 -231.8 1609.87 552 1p09.87 -849.27 eh. 0
132 Y ¥ 6 3340 273 1177, -1810.3 1571.36  0.38 1571.38 -760.3]1 6B 0
1542 % x ¢ ags z.ei 103s. -@T7.1 1586.87  L.8) 1386.87 -670.23 8. 0
VA § X b Pwi73 2,05 8480, 1094.7 155065  -1.42 145433 -5TR.IT A8, 0
%% 5 8 9 Zolip 177 Ted.  232.5 1477.55  -6.35 1045.42 -4B3.21 68.° D
Ay 22 8 1643 147 eew.  B9.3 133638 -14.90 320.37 -4d1.37 &8 D
Be% ¢ 8 3 iilsw 118 Tae. 47.4 11#s153 -zal17 0.9 -315.73 4B, 2
120 % 8 TS &% ol9n 822, 28,7 93033 -32.45 0.0 -215.06 6B, 7
1248 LD L C 3 1.31 0.64 623, t8.0 TO3.7T1 -39 .04 0.0 -140.58 8. 2
j24¢ [ D L€ 3 =-b.99  0.38 301, 10,8 wru.47 -43.80 0.0 -93.7T 8. 2
125 LD LE 3 -3n.26 0.1 434, 68 294.38 -43.44 0.0 -33.06 8.2
1261 LD LS 0 0.0 6.17 903 . 0.0 291.28 0.0 291.28 19.%2 68. 0
1252 s s 0 0.0 4.90  T30. 0.0 366,27 0.0 36b.2T Bl.4¢ 4B. 0
1253 F s o 0.0 9.67 1115. 4.0 533.03 0.0 £33.03 138.29 8. O
1266 F 5 0 0.0 o.94 1283 20 b60.B4 0.0 6&0.B4 199.11 6B, 0
v255 5 0§ 0 0.0 1.22 134. 50 7Tue.41 0.0 TH9.41 276.27 68. 0
1256 & 5 0 0.0 1.2 1010. 40 as0.52  O.b g50.52 352.08 ¢B. 0
1257 5 5 8 0.0 1,80  até, 2.0 958.27 0.0 938.2T 4i4.49 8. 0



+ 1PC- ALGROITHM MERSION = 8 LTAC-1 5T 10 12 32 ET 0 15 1 2
REFERENCE EVENT POSCMD=1 AT SCAN 279. MD=-1112.7 XANG= 1.76 ALT=  105.4
n1270 1 1 1 H 3 . T 1 1
-28.50 } .
@
° -29.00 } _
<o
=<+
w1
~
63|
w5 -29.50 | "
g
2
Mg
[N X] -10.00 | -4
-36.50 _
-31.00 F -
“31.50 ' In slow overtake situation, small R, 7
variations in closure rate have
large effect on tau (TH) estimate (4.2) \ .
-32.00 b "' : .
E
z -3z.00 F ﬁﬁ' '(
i I L 1 L ] ] 1 ,?‘l L p
-28.00 -27.50 -27.00 -26.50 -26.00 -25.50 -25.00 -24.50 -24.00 -~23.50
X Nml
MISS 7—40V-03 AUGUST, 1975 )
+
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MLTETYUDE IN FEEY

;3 ET 10 15

TFC ALGROITHN YERSION = & LTAC-1 ST 10 1
E{EIEN E EVENT POSCMD=] AT SCAN 279, MD=-111

2
2.
T

L v ¥ T T

1
KANG= 1,76 ALT= 105.%
T
8006, F

T1se.

7500. |

s xt]
S bl
7250. F 2 -

1000, |
PR
s150. | .
H L L L L el A
245.p 2re.0 . 275.0 280.0 285.0 299.0 295.0
SCAN COUNT

IPC ALEORITHM VERSION = 8 LTAC-1

CPAM = 2397.745 CPAY = 0.0

CFA ON SCAN 294 SCPA = 2406.0%) SCPAN = 2397.745 SCPAV = 200,242

ACL TRACK = 2 07 pABS52  1FR

AC2 TRACK = T4 1D = 001270 VFR
SCAM AC1 AC2 POS ™ AANGE  MD ™ AZ vz v oot
261 S S 0 179.36  1.88  378. 5.4 13.55 -0.21  0.29 -83.
22 55 0 14585  1.80  249. 773 604 -0.83 0.0 -T0.
263 5 5 0 11l.9k  1.TL 179, 16 1.4 -0.83 0.0 -8l.
264 5 5 0 110.93  1.48 990 -il4  -1019  -0.85 1,19 -79.
265 -5 5 0 101.75  1.62 9,  -3.6  -2.4%  -0.6B 244 ~7%.
266 5§ 0 103.58 1.8 0%, -5.g -2.17 -0.50 2.7 -T%.
267 5 5 0 107:28 156 423]  -7.B -z.39 -0.3z - 2.5% -bd.
268 5 5 0 8958 1.46 348, ~-11.1 -2.05 -6.19  2.05 -TI.
29 35 0 856} 142 HeB.  -17.7  -i.50 -0.08 1.5 -bd.
210§ 5 0 TESE L. 354, -52.8 -0.98 -0.62  0.98 -el.
@7l 5 5 0 778z 132 286, 28.8  -DIST 002 0.0 -b3.
272 s 5 0 7285 U137 25, 7.6 -6z Q.04 0.0 -sd.
213 F  F 0 T3.12 .23 ar. 15 -0.06 0,04 0.0 -Bé.
2ra  FF D Bia 1131 2le.  -13.0 -46.3%  -3.5T  46.34 -49.
215 5 5 0 §7.98 113 22.  -15.8 -78.92 -k.98 7892 -49.
276 F F 6 Bl1.82  |l14 109, . -139.8 -99.41 -5.02 994l -4}.
27705 S 6 TL.8L 107 247, C-25.6 -110.40 4,32 110.40 -uQ.
2ra F F -2 60,63 101  5lp. -3 -[114.79  -3.32 1[4.7% -0l
279 F F 1 $2.9%  1.00  TiZz. k9.8 -1i5.05 -2.31 115.05 -3,
80 F L 1 5T.4%  0.95 846, -78.4 -1(3.07 1.4 113,07 -34.
31 A L 1 B0.05  0.93 1I15T. -14314 -13012  -0.17 012 -31.
282 Rt 0 8362 0.9 1084. -363.3 -107.08 -0.29 107.08 -23.
283 S S 0 &5.97 0.3 1357 84593.7 -104.43 0.0 104.35 -23.
284 F F 0 8393  0.90 242%. 641.3 -102.37  0.le¢ 9215 -18.
285 5 5 -2 60.s!  0.83 3027. 453.9 -100.93  0.22 8&.70 ~-19.
286 F O F 1 £3.10 082 3555. 446.9 -100.02  0.22 85.70 -14.
287 F L I 26,48 0.7L 2835 517.8 -99.53  0.13 B7.23 ~-22.
i85 L 1 1292 ¢S5 2139, 6Tis -99.3%  0.15  BI.ET -24.
89 v L 2 -4.2F  0.55 1228. 9eB.5 -99.33  0.1¢ 92.7b -2b.
290 AC LD Z -14.78  0.50  698. 1565.4 -99.42  0.06 95.36 -Zb.
291 RC LD 2 -16.5%  0.50  492. 2974.3 -99.56  ©.03 97.42 -23.
792 RC LD 2 -22.65 0.k  639. T726.6 -99.70¢ 0.0l 93.7 -20.
233 RC LD 2 -3).66 Q.42 1252, -40.7 -146.21 -3.59 )4.21 -Ié.
29 RC LD 2z -95.84 0,39 2285, -35.7 -179.84 -5.01 178.48 —¢.
296 AC LB 0 0.8 043 2205 o -2le56 @0 210056 23,
za7 s 5 0 0.0 052 2015. 0.0 -261.3% 0.6 241.34 4.
298 5 S 0 0.6 063 1840, 6.0 -294.3¢ 0.0 294.30  83.

Note alteration of alarm states due to
non-monotenic changes ia tau {TH),

C-13
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EXAMPLE 6
(Encounter 7-39-08)

¥ Nml

[PC ALGROITHM VERSION =

8 LTAC~1 ST 1% 17 11 ET 1i 18 27

0.21 ALT= 57.

[

REFERENCE EVENT POSCMD=1 AT SCAN 853. MD= 225.7 XANG=
T

26.00 P

2% .50

Z5 .00

zq.s\

/4 00

T L]

ABLOY

U L T

L 1 | L

11 T

L [l

3
T

24.540
-6 7

MISS 7-39v AUGUST,

% -6.50 -t.2%

X Nmi

-6.00 '-5.75 -5.50 -5.25

1975 DRONE DABS52 INT DABSOS

c-14

=5.00 -4.75

=4.50

-4.25



ALTITUDE !N FEET

+

1PC ALGROITHWM VERSION = § LTAC-1 57T 11 17 11 ET &1 18 27 .
REFERENCE EVENT POSCMD=) AT SCAN 853, MD=_ 225.T XaNG= 0.21 ALTE  57.4
T T B T T T T T
6500, |
seso. | 4
8000, | _
’,’;,”
' msZEn t —
8180, Kk —_— 4
T D
.5 ;——-— e
5%00. }F " B [ . [ * -
““~S“‘~ . 5 [ S
— : ©oe—=.
! - L
./' - !h““
s T
9280, B
5000, | -4
Il " 1 L 1 & L L
Ju47.5 850.9 852.5 B55.0 857.5 B60.0 862.5% 845.0
SCAN COUNT .
[PC ALGORITHM VERSION = 8 LTAC-)
CPAM = 251B.462 CPAV = 9.006
CPA ON SCAN B55 SCPA = 2518.6G3 SCPAH = 2518 462 SCPAY = Ab.T42
ari TRACK = 1 1D PLLTI IFR
aC2 TRACK = '3 10 = DARID) VFR
YLAN  ACT  ACZ POS TH RANGE L] ™ Rz Vi V™D 00T  ICMD NAC
46 K] % 0 300.2¢& ¢.70 3079. -5.1 -18.09 -2.71 18.09% -2.40 64. 0
B47 " 5 0 57B.79 0.7¢ 3982. =11.6 -41.75 =5.34 1. 15 -1.2T b4. 0
L] o 5 6 T23.61 0.7¢ 421% -15.1 -90.6& -5.98 90 .66 -1.00 #4%. 0
B49 H 5 9 529.64 0.6% 3971, -16.7 ~153.82 -9.20 153.82 -1.23 64. 0
as56 “ § 9 334.97 0.66 3940 -25.2 -14T.98 -5 .88 147.99 -1.72 64. 0
A5 ) 5 ] 91.03 0.65% 2259 -42.4 -1137.98 -3.26 137.98 -4y 47 64, &
457 S 9 -2 29.50 0.2 903, 35.4 -B0.33 2.28 6.0 -1.22 b4 2
4531 F F 1 -5.10¢-;0.57 141 7.8 -38.57 4 95 0.0 -10.44 4. 2
54 R [ 1 -18.82 0.53 340 28.6 -56.65 1.98 0.0 ~-12.16 6%, 2
a55 R L 1 ~3%.07 0.47 323 7.9 -26.17 1.76 6.¢ -14.02 &4%. 2
BS56 R L ! -46. T4 o.42 595 . 1.4 -6.00 4.17 0.0 -14.39 &4. 2
BS1 R L 1 -61.8% [ 0.40 1726 . 4.4 -11.05 2.50 Q.9 -11.93 4. 2
A58 A L 1 -426.170 |0.49 2993. -22.8 -52.1% -2.29 52.1% =1.00 &Y. 2
859 ® L 0 0.0 Q.76 2981 0.0 -78.21 0.0 T8.21 bh.82 6%, 0
860 5 5 0 9.0 ]0495 1196 0.0 -49.30 0.0 49,30 206.93 6&%. &
LY K 5 1] 0.0 1.32 1144 0.0 -26.71 0.0 26,11 336.71 b4, 0
Bb? 5 5 1] 4.9 1.81 1911 0.0 -57.23 0.0 57.23 413.06 &4 O
b1 5 5 [ 6.0 1.86 4329 0.0 -19.71 0.0 T9.T1 418.56 b4. O
LAEd 5 5 @ 0.9 2,33 b%TH. 0.0 -9u4.76 0.0 44.76 516.0% 44. 0
RbS A S Q9 0.0 2.36 4950, 0.0 -103.48 6.0 103.48 S565.53 &4, 0

pue to slow closure rate and the
non 1inear dependence of TH upon
ranpe, tau (TH) deereases from
91.0 to =5.1 in 6 seconds of
clock time (4.2)

Cc-15



EXAMPLE 7

{Encounter 14-103-08)

+

¥ Nml

. 2 +

= TAC-4 ST 11 2 18 ET il & 1%
AEEERESEE‘RE"F?&E%:1"2¥ slém 1102, WD=-5032.8 XANG= 152;25 ALT= S'H.l]
T L] T B .
0.0 }f -
Positive vertical commands in spite
of adequate horizontal miss distance (4, 3)
.0 | 4
8.0
7.0
s.0 )
SUBJECT PILOTS FLYING BOTH AIRCRAFT
I | L i -
e -18.0 ~17.0

-21.0 =20.0 -{9.0

X NMI
. MISS 14-1035-08

C-16



ALTITYUDE TN FEET

1PC_ALGROETHA VERSION = uOT LTAC-4 1 218 ET 11 %1% 4
RFFEIE‘NEE EVEN' POSCMD=1 AT SEIH 1192 HD'-5D]2.B XANG= 162.25 ALT: 549.1

T T T

4s00. ¢ S

Altitude Lost During
Attempt to Acquire

wzso. k.

SH-— — — iy .

N — [
*00e. | a & B

- P

—
!\‘\g\g 3
e

irse. | 1

L]
3500. mﬂfz{’/ : : 1‘&.\ .'S’A—-—r_ .

-, -
31259, F b
i L i i 1
108% .0 1090.0 1995 .0 1100.0 1105.0 NELD O
SCAN COUNT
1PC ALGNRTTHM VERSION = #0T LTAC-#
CPAKH = $227.953 [PAY = 427.123 -
CP& AN SCAN 1104 SCPA = 52‘05 ‘)ﬁl $CPRH = §5227.951 SCPAY = 434,311
BLl TRACK = D = D&BSS
RC2 YRAACK = 4 1D = I’mBlGI UFR -
fCak  ACl  AC2 PD% TH RANGE  MD ™ Ar vz wnp DAT  1CAD NAC
1082 x X 0 105.48 577 13692 209.5 2 -3.012 M2 1i-117b 46 B8O
1607 H x o 102.89 §.55 12298 138.7 L96  -4 4B 317.12-1070.00 &8 0
Toh% L X [} 93917 5.3z 11897, 131.7 T -4.57 290.76-1017 .45 4A. 0
1085 X x ¢ 94 . 8% 5.08 11659 149 .2 3 -3.%6 321.15 -989 .48 48 0O
1086 X x 0 .01 4.B5 11542, B4 .4 3 -6.38 104.89 -920.19 43 0
1087 13 X [} .33 4,61 10871, 4.8 13 -b.T1 4607 -8Tp. 30 48 90
1688 1 x o 81.5% 43T 10449, B1.3 ¢ -6.00 19.85 -832.13 68, 40
1689 ¥ X o .25 4. 14 10455 1014 47 -4 T2 158.%5% -785.4% a8, 0
1090 % X G T2.48 1.89 10904, 42 .4 0% -3.36 249.73 -T37.23 #0. O
10891 1 F o b9.58 36T 10016, 224.3 (45 -2.1s 334 B0 -692.51 e OC
097 ¥ F -z $1.1 3,431 BBSY. 410.0 .54 -1.18 40w 20 -p49.BY &E. 7
1693 X F 0 5918 3.20 T7i8. -thR.8 3% 2.8 535.39 -606.76 &B. 7
1094 % ND 0 54,09 §BT7. -123.1 W% 4.5¢ 571.96 -583.17 6B, 2
1095 x ND 0 49.3s TOS56. -122.9 B 4.85 595.58 -S14.40 BB. 7
1096 % ND 0 44 .92 247 6TEL. 4.7 a8 4 30 608.48 -44T.18 88, 2
1897 H KD -0 #1.5 2.24 7180, -98.7 15 6.70 b61.15 -4l1.13 43 2
1040 X NO 0 3B.08 2.41 T198. -98.8 [ 7.01 694,70 -355 57 &8, 7
1049 X KO a 3464 1.79 4909, -232.0 1 2.88 44711 -304 44 4B, 7
1100 S KO 0 30.89 1.7  GMT1. -RBu4b.& b 0.23 $42.66 -251 56 43. 7
1101 s NO 0 2b.b8 1.3 BITH. §10.1 § -1.22 %S46.28 -208.80 &8, 7
1oz s No 1 23.67 1.15 5371 109.9 q ~5.13 214,72 -1%9 40 kB, 2
1163 NC C 1 ?3.bb 1.40 5208 80.3 1 ~b.50 7%.%8 -109.08 bR 2
1104 NC C 1 4.2 .89 5198, 18.8 T -0 £8.31 -54.83 k0.2
i1es AN L 0 18l.42 Q.89 5343, 50.8 g -d.81 6.0 -10.00 &b D
Hos 4 s 0 -3T.15 0. 88 5186 4b. 4 ¥ -g.6l 0.0 49 50 &B. O
tr s 5 9 -25.53 1.01  5250. 105.2 3 -&.05 150.90 [106.96 68. 0
1o 5 S 0 -24.97 1.2¢  549). iu 0 15 -1.02 3B2.0k I1T0.08 &E. O
1es s § a -26.56 1.3 5a4f?. -Th. 1 564.28 T.4l GE4.26 226.53 6B 0
o S & 0 -29.18 1.60 5424 ~59.3  B44.40 10,87 Bu4.4%0 ?81.B% 68. 0

C-17
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EXAMPLE g
(Enco*}niter 14-74-04)

Y Nmli

IPC ALGROITHA VERSION = 309 LTAC—GO
302.

AEFERENCE EVENT POSCMO=1 AT SCAN

$T 10 20

MB= 321,

6 ET-10 22 18
5 KANG= 177.8% ALT=

129 .4

T

552

E=]
(=]
L

-0 F

T

-11.0 w190

x N

-9.0

-8.0

MISS l4=74v JANUARY, 1397¢ DRONE DABLO)

c-18

INT DABSGS

-1.



IR FEET

a1 FITYDE

1PC ALGROITHM WERSION = 309 LTFAC-3 ST 10 20 & ET 0 22
REFERENCE EVENT POSCMD=zL AT SCAN  302. mD=  321.5 XANG= 1T7. 89 ILT‘ 120.4

T T T T T

2500. } ) E

Uncommanded IFR Aircraft
Begins Descent Which Cancela
- . Effect of Command to VFR (4. i)

b ——
2000, §ABEDS . p N 7
S ‘
E\ 5\ ) P

1750, F 1
. .y | . ;//!/
1s00. | : - D\

1250, F P E
VFR forced down 1000 feet :__
before command issued to IFR (4.7.2)
1090, ¢ \ (3 4 ¥
‘\\\
L " L 1 1 1
295.0 100.0 305.0 310.0 5.6 320.0
SCaN COuNT

[PC ALGORITHM VERSION = 309 LTAC-2

CPAH = 4472.3%2 CPAY = .

CPA ON SCan 314 SCPI = 4q87.562 SCPAH = %4T72.352 SCPAV = 369.205

aC| TRACK = 1 1D = ODABS0%  VER

AC? TRACK = 2 1D = ODABSSZ IFR
S5TAN  ACY  AC2? POS TH RANGE mb ™ Az Vi LL M por  TLMmD
291 X 1 9 114.70 a.11 10793, ~36.4 194.43 5.35 19%.43-2054.89 4. 0
292 X X 49 11¢.08 T.81 9994 . -43.9 209.2% 4,76 209.25-1962.32 3. 0
293 X X 0 109.8% T 4% 92465 . -57.3 215.79 ~1914 . 68. ¢
294 X X 0 99.43 T.18 816, 240.7T 170.63 8. 0
295 1 X o 94.46 b.87  T9TH. 45.4 136 2% b8 &
294 X X ] B9.71 6.55 7909. 29.7 112.%58 88, 0
297 X X ] B4.7¢ 6. 24 67158, 267 38.12 68. 0
298 X X o 79.8% 5.92  ba51. 29.4  30.59 68, 0
299 X |13 ] 75.49% 5.61 5606, r.a 87.95 68, 0
00 X X o 19 5.29  4689. 55.8 88.21 &8. O
301 ¥ X -2 &5 T4 4. 9% 3207. 9% 7 30.10 he. ?
302 F X 1 s1.20 4 64 2183, 192.4 92 .51 48. 7
303 o X 1 56.31 4.32 1215. -43.9 141,29 b8, 7
Jey n 3 1 51.68 3.99 466 -it.1 175.8B7 b8, 2
308 B X 1 45.96 3.6& 134, ~29.6 24431 . [Y:
308 1 X t 42.25 3.3 706 -2T7.2 1335.3b 2.35 b8. 7
307 nox 1 37T.84 3.01 993,  -21.2 439.88 6.15 48. 2
308 n X 1 33.34 2.69% 1374 . -36.7 458.15 2.7 48, 7
309 1] L] 1 2B .65 2.3 1676, -T7.9 413.26 5.3 b8 2
310 o F 1 23.93 2.03 184z2. -521.1 3712.71 0.T2 L.
31 o F 1 19.54 1.71 .2363. 181.6 340.79 -1.88 K8, ?
12 ] F 1 15 .42 1.41 2471, 106.3 31T7.59 -2:99 b8, 2
313 0 F 2 11.73 1.14 3369, —1492.8 349.02 0.23 68. 7
Yy RO RC 2 T.82 0.8% 354&. -194.6 373.33 1.92 58, 2
31 RD RC 2 5.0% 0.72 392z, 405.1 393 b6 -0.8% 68, ?
33« ARD R C 9 -29.1b 0.7l 4323, -310.2 367.98 1.19 68 0
3t S s 0 -9.8% 0.88 3559. -53.8 478.42 a.89 48 0
318 s 5 0 -12.46 1.13 1075 . -47.3 555.17 11.13 68. 0
e s 5 0 -18.59 1.39 1285,  -43.4 §49.22 14 97 &R, 0
320 5 5 0 -29.2% 1.62 766 . -48.T TCT 0% 14.53 68. 0
21 4 k3 0 -30.30 1.82 450, ~TH.2 490.83 8.83 48. 0
j22 % 5 0 =38.37 2.0l 290, -148. 6 b68.69 4.50 4B. O

.C-19
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EXAMPLE 9

{Encounter 15-133-06)

v Nmi

1R,

13

50

Y]

L

_nn

1)

.ng

50

.0

&0

.00

™~

-3
+

ALOLRATTHM yERGION = 582 | TAL-5 ST 10 27 29  ET 0 a0 23
FFFERENTE EVENT POSIMD=1 AT SCAN 414, MD= 73.3 XANG= 4. 670 ALT=  424.7

T T T T T T T. Y T T

BSOS
dee L i L L H 1 A i
O N A 17,84 -33.49 -12.5% -12.%% -11.5% -11.00 -16.50 -19.60
LI et
MRl tEa :! -

c-20



A TiTynE TN FFFT

c-21

- y
e, ALGRPITHM yEASION @ 502 LTAC-S $T 10 27 29 EY 10 30 3 .
GEFFRENCE EVENT PASCMDz) A1 SCAN 43w HD= 3.3 AmNG: 4 #3 LIEI AT
a y T Y
ERUVI o ATCRBS Aircraft
bty Begins Descent
N &
n
) S~ N
Faa -
' ]
» .
FLLY I S
r‘r(m‘:r_ N e
505 v )
v .
. W—‘-ﬁ-ﬁ" \'\
pewn . [
L) t\
" -
.' * Descend Command to . ]
2000 DABS Aircraft Results L
in Vertical Chase Ny .
1789 - g\\ . P
- N
o BN ‘\ ~—
1s00 b
.
R
yres . , , . -
e .- Lean are w29 % 4250 4300 4.0
sray Nt
B ALGRRTTRA YERGIAN z 02 LTAC-S
LEAW = 50.u%4 CPAY ¢ 207,285
TRA AN CAN 627 CCPA = 282.831 SCPAM = 50 434 SCPAV = 27 29
c.i fRaN z 1 [0 = DABS0S  1FR
ary TRALK = kP IR = 5OwE|4  YFR
CLay ALl anz enc ™ RANGE ™0 ™ Rz v7 YWD DT TemD war
ST X 0 12496 PRI ] 180 .8 588.03 -3.2% 373.90 o4, 0
wn oy ¥ no123.32 2.06 427 539.92  -5.82 |e?.1R b4 0
PEI - 217913 1.99 79.9 508.35 -5.3& 101,27 B4, 0
gt v 9 11&.52 1,93 B5.5 490.28 -5.73 121.1% PO
LI N 5 112.59 1,86 05.4 4B1.98  -4.5¢ 1@9.33 A4 0
ung s A 105.41 1.7% 45.9 4BD. 12 -3.29 249.43 64,0
woe LA 9974 1,72 25.1 481.99 =-2.13 345 57 &40
406 T4 93,28 1,66 03.8 485.58  -1.20 HDB.42 b4, 0
wny on 50 Rua9 1.58 83 4 535,94 2.92 §35.98 sy, 0
unp o« 50 76,49 150 U4 512022 511 877.22 b4 0
ung o S8 49,06 142 193 595 64 499 595 44 &40
410 % F -7 40.54 1.3 37.6 408 B2  4.42 60B B2 b4, 7
411 &  F 0 5%.5& 1.7 Th5 B14.62 398 bl4.62 by 7
Wiz 4 KD 0 4Y.6t 1.18 48.6 &15.62 2.48 615,62 by, 7
“13 4 WA 0 45.02 112 02.5 S47.49 -] .88 44T 42 b4 7
e S WD 1 4.3 .05 §5.7 M85.59  ~-T.39  12.5% B4, ?
#s ¥ £ .27 0.98 1 30.1 38286 ~t2.7H 0.0 be 2
414 NG C 1 3y.02  9.9] . 2279 231602 -13.717 0.0 by, ?
ar N1 25.82 084 . 22.5 277.82 -12.3% 0.0 bu. 2
414 0 F 1 20.t6  0.77 . 16.2 2t4.13 -13.25 0.0 b4, 2
yi1¢ p £ 1 13171 0.70 . 15.0 177.95 -11.83  ©.0 64, 7
440 0 €1 539 0.63 61. 17.3 181.15  -9.35 0.0 64, 2
471 BOC 1 -2.19 0.5 . 8310 204.95 -3.25 0.0 64, ?
422 D € 1 ~13.50 0.48 4. $6.2 19%.36 -2.95 5.4 64, 7
w23 N L) -24.33  0.42 ap. -220.7 237.33 1,08 237.33 T
wzy noE b 4172 6073 j0f.  -87.1 26&.82 3.09 268.87 &4, ?
w5 D¢ | -b4.93 .25 117, -219.3 243,79  0.27 243.79 b9 ?
#2¢ M f 1 -pos.Td 01T 51 17w b 229.01  -1.29 141.67 PO
42 AT 1 -129.19 0.09 124, 108.7 216.01 -1.93 88 .13. RHL 2
2R nooor | -127.32 0.0 8. -1t0.4 2474} L4624t .4l b4 ?
479 0 € 1 -|25.27 0.07 13, -%0.0 275.11 3.06 275,11 4. 7
43¢ N r 8 11212 0.1% 6. -B4.4 297.44 348 297,44 b4, 0
wip s S0 kaks N7 100 L0DS.6 257.89 -0.P& P4l 47 b4 0
%32 S < 4 3987 177 . -g23.) 274.82 1,24 276.87 b4 D
PLE NI b 24 03 .48 153.1 243.47  -1.59 1u?.01 A4 0
yrty < < 4 §2.8% 0.48 0. ~442.2  246.7% 9.58 ?66.1% [T
U S S 33 0.55 1. =171.)  pa3.29 1.6k 2R1.79 b4 D
wip . 2 -k 22 D.63 ub -62. 6 391.16 5 45 14116 P



EXAMPLE 10

T NI

Frncounter 14-103-11

IPC ALGROITHH VERSION - 407 LTAC-4 .
REFERENCE EVENT POSCHD~31 AT SCAH 1319. HD« 1098.4 XAMG- 121 68 ALT- Z111.1
B EEmmes ey LR i -

9.0

§T 11 19 & ET 11 20 19

TURN BY ATCRBS
DRIVES MISS
THROUGH ZERO

FASTER
ITINERANT
ATCRBS

EFFECT OF LEFT
TURN COMMAND IS
CANCELLED BY
TURN OF FASTER
AIRCRAFT

-3£.0 -35.0

¥ NI
M 14-1035 ENC 14-103-11 DRONE DABESZ

-34.0 -33.0

101 INT DABEOS MAY 27 78

Cc-22

-31.0




ALTITUDE IK FEET

IPC ALGROITHH VERSION = 407 LTAC-4 ST11 1910 ET 11 20 "

19
REFERENCE EVENT POSCHO-1 AT SCAR 1318, HO- 1096 4 ¥AHO~ 121 60 ALT- 2111.1
L T T

&780. - i -4

ri g

87e0

6500,

t317.5 13200 1322.5 1325.0 1322.6 000 - 1332 .5

StAN CouNT

IPC ALGORITHH UERSION = 407 LTRC-4 *
CPAH - SS20.133 CPAU =  10%4.250

CPA OH SCAN 1326 SCPA » EEL7 145 SCPAN + B520.133 SCPAU - 1039 441

AC1 TRACK - 4 10 - ORBLOt UFR ’

ACZ TRACK =102 IO - 004856 WUFR

SCAN ACL  RCZ POS ™ RARGE  HD v RZ vz o DOT  TCMO HAC
1316 ¥ 3 [} B.11 1830, 76.5 2493 36 -33.01 248.47-2486.06 €0. O
1317 X 3 -2 454 4593 B7. 1 2327.23 -3+.% 0.0 -2091.26 B&8. 2
1318 F F [} 4.0z 387 6% 4 2187.91 -33.95 0.0 -1832.26 88, 2
E319 NR MR 1 3.80 2936, 64,6 2068.48 -32.00 0.0 -1621.34 €8. 2
1320 L L 1 . Z2.99 1873, 86,1 1962.71 -23.68 0.0 -136Z2.48 68. 2
1321 L L 1 2.49 2420 £7.9 1954.91 -22.60 0.0 -1067.62 68. 2
322 b L o 2,06 Pe8Z. €9.4 1724.81 -29.04 0.0 -647.07 §8. 2
1323 R ML o 1.68 BB2Z 48.0 15%3.30 -32 3¢ 0.0 -575.4¢ 68, 2
WA w0 1.31  682%. 42.9 1407.29 -3Z2.91 0.0 -376.37 €8 2
ME R o V.03 E488. 3.3 1235.23 -35.00 0.0 -185.40 68, 2
1326 lR ML 1] 0.92 6520, 278 1045.13 -37.91 0.0 3416 €8, 2
1327 MR W [} 0.9 E407. 23.9 es0.28 -37.20 0.0 125.4¢ &8 Q
1328 S 8 [} 1.15 6309, 19.8 715.83 -38.19 0.0 Z65.44 $9. 0
1329 § s [} 1.46 6232, 16.7 673.721 -38.86 0.0 419.94 68 0
1330 © g ] 1.79  Bix. 138 4B4.72 -337% Q.0 582.21 68 0
1331 s s [} 2.15 6218, B4 381.12 -30.71 0.0 £96.27 £8. 4
1332 8§ § o 2.58 EZ63. 9.1 2586.30 -28.00 G0 £64.93 668 O

Cc-23



EXAMPLE 11
{Encounater 7-40-14)

Y Nml

OIZI

IPC_ALGROTTHM VERS{ON = 8 LTAC-1 ST 11 38 54 ET 11 41
REFEAENCE EVENT POSCMD=1 AT SCAN 317. MB=-2403, xms- m_ 59 X: 300 o
1 L) L) ¥
ATCRBS
-23.00 | aireraft’ T
-23.50 |} ]
-24.00 7

-24.

~25.

=25,

50

00

50

.00

1 L I

~Left tarn, issued to slower
DABS aircraft, decreasea mias (4.4.1)

ap552

At the Time Command Issued, Turn in
Either Direction for DAB552
was Detrimental

-

~35.00 -34.50

X NmI

mISS 7-40v-14 AUGUST,

-34.00 -33.5¢ -33.00

1975 DRONE DAB101 INT ATCRBS

C-24

=-32.50 -32.00

-31.5¢



ALTITUDE IN FEET

I1PC_ALGROITHN YEWSION = 8 LTAC-i ST 1138 54 ET 1@ %1 9
AEFEREMCE EVENT PO5CMD=L AT SCAM 337, MD=-2403.1 XANG= 100.59 ALT= .300.4
L ¥

T T L) L] L
as00. } 4
8250, | g
L]
so00. | . /
' »
‘ s
se. | . /-
: [
1500, | o
s 7
' - -
P LA o
rse. F 3?!/;/:! s J
' s 3. v g
g \
B e e Ry
1000, | 4
] L L L i ) i
305.0  310.0 5.0 320.0 325.0 330.0 ° 3135.9

SCAN COUNT - - -

IPC ALGORITHM YERSION = 8 LTAC-]
CPAH = 133 840 CPAV = 123,102

CPA ON SCAN 330 SCPA = 191.892 SCPAM == 133.840 SIPAY = 137.5%2
ACL TRACK = 2 1D = OABS5Z _ VER

ACZ TRACK = &5 ..1D = Q01270 ¥FR

SCAN  ACI  ACZ POS TH RANGE Nl v R ¥l ymD DAT  TCMD NAC
30y 5 % 0 0.9 Z.14 12814 0.0 271.54 0.0 271.54% 18.40 6%. O
305 s 5 0 0.4 Z.17 12845, 9.0 294.73 9.0 294.78 Z4.03 6%. O
08 5 5 0 0.0 Z.19 12821. 9.0 301 0.0 104.01 30.45 &% 0
307 s 3 0 0.9 2:24 12634, 8.0 3397 0.0 313,97 42.23 b4, 0
1 E- R X [} 0.0 2.28 12304 6.0 3115.1¢ 9.5 31510 55.93 a%. O
305 X X 0 0.0 2,34 -11886. 0.0 31385 0.8 311.5% 73.73 6% . &
310 b3 ¥ 0 " 0.2 2.40 11505. ¢.0 2:0.77 e.0 310471 §2.53 64, §
315 X X -2 4#B.7% 2.10 967, 1327.0 2300.2¢ -0.21 -2B5.72 -301.36 6% 2
3 F F 0 33.55 1.87 088. 1491.1 299.b2 ~0.20 2B&.Té& -341.51 &4%. 2
3117 NR NA 1 27,49 1.63 T&8. 1BB9.5 . 29%.37 -G.146  289.23 -302.47 6%. 2 T
318 L L. LT 1.42 952 2653.8 299.32 -G.31 292,11 -214.1T 6402 .
L L 1 16.06 1.1¢ 436 4159.2 299,40 0,07 294.79 -232.79 .64, 2
126 L 1 11.76 0.9% 120 7506.8 299.52 =004 296.8T7 -{B7. 78 eu. 2
jzl L L 1 .07 0.83 023, 17TI4.2 29%.b6 -0.02 298 .58 ~140.12 4% 2
322 L L 1 5.74 0.73 991 100.¢ 295%.78 6.0 239,65 -108.37 4. 2
323 L i 1 2.98 0.64 3026.-49723.4 299.48 0.01 299.88 -74.1% b4. 2
2y L L 1 -0.03 0.59 2946.-31923.2 299.%5 0.01 299 95 ~43.97 4. 2
325 L L 1 ~b.32 0.53 2600.-30117.8 299.99 0.01 299.9% -3u.4] 6%, 2
126 R L 3 -4 47 0.4 1925.-33977.7  390.02 0.01 300.62 =29.87 &4, 2
321 R L 3 -29.32 0.37 1263. 70.9 253.62 -3.58 24.81 -23.91 ew. 2
28 R 3 3 -53.31 o.27 45 . 44.2 221.13 -5.01 0.0 -L7T.87 9. 2
329 A L -3 -8%.37 9.17 §33. 17.8 154.22 -B.b6 0.0 -12.41 4. 2
130 R L 3 -7 N a.11 3g7. 11.8 110.46 -%.36 0.0 T-6.64 b4. 2
131 R L 3 -B47.33 .02 138. 9.2 45.60 -8.3% 0.0 -1.43 B%. 2
132 R L, [ 6.0 .09 42y . 0.0 120.84 0.0 120.84 4.28 6. O
133 5 S 0 9.0 Q.24 Bei. 0.6 151.11 0.0 151,11 15.08 &% 0O
33 5 5 4 0.0 0.3 920. 0.0 152.1% 0.0 15219 23 0% &% 0
33y 0 9.0 %.33 920. 0.0 152.19 0.0 152.19 23.09 4. 0
138 5 5 b 0.0 ¢.? 929. 0.0 241.30 0.0 241.30 TS .50 &%. 0
336 5 5 L] 0.0 0.92 950. 9.0 281.99 0.0 281.99 1466.78 &4. O
33 9 0.0 0.%2 %0 . 0.0 281.99 0.0 281 .99 166.78 6%. O
317 9 5 L] c.0 1.14 §286 0.0 398.30 0.0 398.30 237 .64 44. O
137 ] .0 1.14 1286 0.0 298.30 0.0 396.30 23T .84 6%. O
318 hl hl [} 9.0 1.30 BT 9.0 &14.48 6.0 b14 4B 256.38 &4, O
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EXAMPLE 12

(Encounter 14-101-05)

¥ km!

1PC ALGROITHM VERSION = 407 LTAC-4
REFERENCE EVENT POSCMD=1 AT SCAN 689. AD=

-11.0

- 12,

-13.

LN

=16

ST 10 45 36 ET 10 48 16
XANG= 151.06 ALT= 4658.1

T

IFR Interceptor

1

Course recovery produced

second series of
commands {4, 4, 4)

¥ L] T

Subject objected to turn which forced

him te bank 'belly-up' to the threat

thus preventing visual contact,

Excessive turn prolonged encounter (4.4,1

AB1O]

MmISS 14-1015 MAY, 1976 DRONE DABIO! INT DABSOS

236.0 -35.¢ . -3.0



ALTETUDE EN FEET

*

1PC_ALGROITHM VERSION = 407 LTAC-%

ST 10 45 36 ET 10 43 1b

AEFERENCE EVENT POSCADEY AT SCAN 689 MD= 2862.5 XANG= 151.06 ALT= 454.1
T Y

L] 1 T T
5000. |
wTs0. k|
8 o g
5 -
wsgo. | .. * WVP =~
N H r F F—-‘ s
| FOPVIENEIPEPENENENING N o T T L
a250. | ! 1
vo0e. | .
W
. s . },(r?
- 5 -
37150, | X : e
LG R 5 ST DS
@505 X — e s 5 —
[ - b § .
M .
~~
3500, | AN 1
1
1250 L : L . 4 : :
685.0 $90.0 695.0 700.0 705.0 710.0 5.0
SCAN COUNT
EPC ALGORITHM YERSION = 407 LTAC-4
CPRH = 2690.271 CPAV = 498.998
CPA ON SCAN 711 SLPA = 3767.843 SCPAH = 3690.271 SCPAY = 760.419
RC1 TRACK = 1 1D = DAB505  IFR .
atz TRACK = 2 10 = DABIOL  WFR
SCAN AL AC2Z POS TH RANGE  #D T RZ Vi YMD  DOT TFCMD NAC
[TTN ¥ 0 260.2T  6.81 30818, =256.5 £85.96  2.67 685.98 -635.87 &8, 0
682 X X0 32085 6.61 33037 -121.8 795.04  6.12 T45.04 -48¢.21 6B, O
$83 X X0 259.79  6.45 30266. -111.1 74 T4 7.06 TO%.14 -571.4T7 &8. 0
634 X ¥ 0 127.68 .6-.11 15935. -856.3 B854.50  9.91 BS54.50-1043.58 6. 0
&85 % X 0 87.52 5.84 1427, -128.3 B51.83  4.64 B51.B3-13ET.04 60. O
€86 X X O T6.5T .44 B264. ~1136.% T97.00  ©0.70 T97.00-1383.Te 48. 0
687 X I 6 7.4l 671§ 3292, 291.1 753.68% -2.59 S577.62-1350 40 &B. 0
682 X F -2 45.42  4.88 2584, 93.1 &76.27 -7.27 182.11-1286.70 4B, 2
689 1 F 1 40.9T  4.87 1400, T1.3 423.98 -8.75 28.88-1710 .24 48. 2
690 H L )3 52.86 4.16 Hq7. 128.3 635.80 -4 98 3900.1 .86 8. 2
69t X L | - 5p.u4t 3.9¢ 403, 28T & 55.34 -2.28 500.4 Tl 8. 2
592 X L 1 4T.1% 3.60 1276. IN21.1 BTO.TS  -0.4T £18.46 (83 68. 2
893 X L 1 az.22 3.26 1219, -1150.5 &83.26  0.59 633.26 Tl 48, 2
894 X L 3T.94  2.95 678. -842.1 692.37 08 £92.37 12 e8. 2
895 X L 40.02 2.7 1983, -591.4 698,37 (18 698.3 Sl 68 2
6% 1 L 63.99 273 G45B. -58.8 To1.85 07 701.8 56 48 7
897 1 NR 54.90  2.53 5081, -&43.1 T04.48 0T T06.4 30 68 2
898 X NR 56.60  2.39 5584. -1840.5 TO4.98 J3n 7044 59 &9, 2
£99 X WR 0 B9.43  2.2T 5832, -6059.5 702.94 12 102.99 10 skl 2
700 X NR 0 kb.wb 2116 3885, -219.8 TH8.24 40 THS .24 88 &8, 2
701 5 NR D #5.28  2.07 5951. -148.0 780.12  A4.4% T780.12 RIERT A
702 S NR_ . 71.81 2. B119. -572.8 7153.75 1.3z 753.7 54 8. 0
Wy 5 O F 74,42 1. BOS4. 10479 731.80 ~0.T0 6B4.2 03 o8,
T4 5 F 5. 46 1. S9uL.  431.7 Ti5.49 -1.64 402.7 L0848,
105 5§ 0§ 71,35 1. 5779,  3b3.6 7T04.56 -1.9% &T27 Rt
we 5§ F 70.05 1.64 3742, -%00.5 T44.30 49 7443 131 e84,
707 5 F -2 54.70 1.4 5507. -247.2 773.58 13 1738 22 6N,
08 5 F 0 41.13 1.29  B27T. -120.9 639.40 94 B39 H 111 68,
09 5 ND 32 98 1.12 5024, -180.1 B3T.45  4.45 BIT.4S 1.83 b4,
o 5 ND 2418 Q.94 W5R4. ~303.2 £30.71 2.74 M3e.% .21 6.2
Tl § WD 11.48 0. 4007, 373.3 776.45 -2.00 635.0 BEERYN
712 5 WD T.6T 0. 3Té2. 16%.5 T36.20 -4.34 4al.0 00 &8
13 5 WD =53¢ 0. 3926, 46T.5__T55.72 ~1.62 4450 81 b8,
I T -0.8) 8. -c}su -9058 7 112.47 .09 Tr2.4 .01 &8,
715 S 5 -0 -10.61 1. MET. -T9Z.7T TBS.A% .99 185.94 LT
716 5§ 5 0 -14.52 1. 3490 13001 T01.YY L35 337,67 RTINS
11 s 5 0 -19.43 Lo64 3824, 538 595.73 -11.28 0.0 29 48,
ME 5§ 0 -25.08 1,84 5ed2 4g.8 52531 -12.8T 0.0 TO e8!
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EXAMPLE 13
(Encounter.15-123-02)

Y Nmi

TPL ALGROTTHM VERSIGON

501

LTAC-5

ﬂ{:E§ENCE FVENT POSCMO=1 AT SCAN
T T

ST 10 31 & ET 10 34 9
1. MD= 1754.]1 XANG= 174.45 ALTz 272.0

T L3 . 1 T
1.0 F _
Second collision hazard produces
sscond sequence of commands
o} y
101
.o} e J
Excessive turn N . .
.o r Wrong turn direction for IFR 4
30 F
LR
ABSDS
A L A 1 1 1
-1 “1ton -3.0 -8.0 -7.0 -6.0

v oNAT
MISS 15-123y-02

Cc-28




ALTITYOF IN FFET

1R AGLGRDITHM VERSION = 50t LTAC-3 ST 10 ¥t 9 E7 10 34 9 4
REFERENCE EVENT POSCMD=1 AT SCAM  61. MD: 1754.) X&NG= 174 45 ALT=  272.0
T T T L T v T T T
yngh. -
KT 1 N o
e
;}4/5 g YT
5 .
00, | [ s
'
. ¥ PRI . w’l" Ny
X
e " i . N
. agtie-e— M M*L:___‘
. m/
¥
t 1
e P m__l__'_‘__ »
3 ! = ¥ 3 8
1660 '-Q!ﬁ\’u? B
~
3
AN
A
2150, | .
PR .
FLY TR
L L L 1 L 1 L 1
sa.¢ 56 * e £56 ... TH D 5.0 800 5.0 30.0
STAN COUNT
IPL B GNRTTHM VERGION = 50t LTAC-5
LPAN - 1425.982 CPAV = 197.45%
rea Nk SCAN B4 SCPA = 3695.809 SCPAM = 36%7.222 STRAV = 708.705 ...
AG) TRACK = -2 -I0 = DAB505  IFR -
ALz TRALGK.. 1 10 = DABIOI VFR
TLAN ACL  ACZ PO ™ RANGE  MD LUREI ¥ vI vMD D07 TCMD NAC <
56 f ¥ 0 109.13  6.75  3ITP.  -34.3 -250.30 .-T.F 250.30-1492 b6 68. 0
51 X X 4 104.27 &.4%9 2%16 . -36-3 ~289.49 -7.97 289.69-1443.20 6B. 0
57 X H [} 9% .38° b.23 2741 . ~43.5 -312.25% -7 18 312.25-1392 AR &R, O
57 Y X 0 94 b -5.96 2353. ~-120.7 -2F6.30 ~2.29 274.30-1339.82 8. 0
LE ] H X 0 90.05 5.710 2450, 3T .4 -296 .04 .66 201.00-1284.91 &8 0
%5 1 x 0 Aa5.9%  5.44  2162. -209.4 -289.69  -1.29 269.59-1225.83 £A. 0
Gk X X 0 a2 .07 5.18 2Q08. 185.7 -240.2] 1.29 182.23-1164.37 &8. 0
67 ¢ X0 FT.97  9.42 " tai9.  BT.7 -21B.68  2.49 49 06-1104.49 4. 0
58 % F 0 1343 4.4k . ERSTIN 3 30 83 0
§9 ¥ F D . &d 13 4.48 . 5196 2.5 6. 0
80 X F -2 a%T2 4.3 ‘ 4y -238. 1.4 L8, ?
(3} X F 1 60. %0 1.48 . .3 -270. 3. 68, ?
&2 X R 1 5617 3.41 . 1291, 3. 3. 2
&1 X R 1 51.84 1.15 . .5 -25T. a. &a. 7
4 1 R 1 47 .89 1.09 . .8 -231. 1. 68, ?
(4] X R 1 44 18 2.86 . T . 2. 68, ?
6 X R | w131 262 ‘ 9 . 2! 68, ?
&7 X R 1 39.29 2.492 . 5 . 2. 4 68. ?
s 1 A 3 3el0a 2.24 . K : ‘ ) 68, 2
&9 Rp R 1 40,91  2.10 ‘ 3 . . 68, ?
70 RN RC 3 4673 .98 . N . . 68 2
7l & p RT Kl 47,90 1.87 . o4 . . 64. 2
T2 RD RC _3 44.56  1.75 ‘ 1 : ‘ . 88, 2
fi AD R ] 44 4k 1.62 23. T i . . 68, 2
% RNC FRND [ 44,93 1.49 . LT . . . -1
75 AN[  RND [ TH.Th 1.38 R .1 . . R 68. 0
T % F D B85.75 1.28 ‘ ‘ : ‘ : 6B, ©
17T < 5 1] Hy.89 1.19 . . . . s0. O
A0S 5 6 3819 .11 . : ‘ . 48 B
oS & 0 AT.aR  1.04 ‘ : ‘ . o8 0
a6 S S b Ayas  0.96 ‘ . ‘ . 68, ?
81 S ND 2910  0.88 ‘ ‘ . ‘ . oh. 2
a2 % WD 0 17.92  0.77 ‘ . . 5 : 2
At s Nh 1 7.1 0.kA . - . . . L1
PP r 1 -&.22  0.80 ‘ . . 1. : 6B 7
a5 F C v ~17.55 0.58 . . . 9. &. . &E. ?
ae F £ 1 &.87 0 6% 3641,  84.9 -6&B.48 T 8T 13305 -10.00 B, ?
ar ® * & -18.t7  0.70 3650, 1ET.B -6&5.50  5.s5 281.21 3016 A O
AR S & 5 -12 48  D.B1 1BA0. BT 7 -672.45  7.09 14005 84 .07 £B. D
a9 s & 0 -15.3% 0.9¢ 1651 . 87.1 -594.18 6.85 1%0.5% 13B.T1 4B, O
9 S & b {7 au 114 1998 0.9 -489.85 12.64 0.0 19955 8. 0
ap 8§ o -20.% 1,36 2883 218 -373.47  I1TAT 0.0 26RB. 64 kA D
ap & & & -p Ak 1lgf 3991 1709 236666 1TH1 0.0 13812 8. 8
41 s < f =27 FI TR %17, 17.5 -261.12 14.97 0.0 191 87 AR 0
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EXAMPLE 14
(Encounter i4-90-22)

+

¥ Nm]

[PCL ALGROITHM VERSION = 407 LTAC-4 5T 12 12 36 ET 12 14 39

REFERENLE EVENT POSCMD=1 AT SCAN 1398, MD= B808.7 XANG= 5.31 ALT= 117.4
n.s ' ! I T - T Y T
16,9 F .
.0 } N

"Don't Turn Left" Command
Prohibits Safe Turn‘,AIIowa Hazardous Turn
8.0 | (4.4.2) ]
= —
1T,
Right turn decreases miss
%
I Q_V_
"Turn Left! Command would Turn '
Turn Aircraft Toward Collision if
Obeyed
6.0 F -
5.0 F .
1 1 H ] L 1 ]
-7.0

-1 0 -1F " -11.0 ~10.4 ~9.0 -8.0

1 AM!
MISS (4-30y-22

Cc-30



a TItype 1§ FEEY

IPC ALGROITHR VERSTON = 407 LYTAC-4 T 12 12
REFER - 36 ET 12 14 29 4
EFERENCE Evsml POSCMB=1 AT Iscum 1398. MD= B08.7 WANGS ¢ 5.3F ALTS: 13T.8
T N ¥ T T
s5on. F
v
b | %
Py
s250. |} —
* :-""'-
A
. AN
5000, | .
A
. .
5150, | F\
N
5500, | ,\,
. B
L N .
LYLT I 3 N .
N
L] ﬁ L v ®
L g — 2]
. =
i g &2 "
sop0. | .
S .
1 L L L 4 L
13800 13950 1390 0 1395 .0 1400.0 1405 .6
SoaN TOUNT .
Jer ALGORTTHM VERSION = 40T LTAC-4
CRAN = J640. 24T CRAY = 158
Cpa O& SCAN 1199 SCPA = 2642 941 SCPAN = 540247 SCPAV = 1%0.065
WF1 TRAgK = 1 10 = DAB5O5  VER
aC2 TRACK = 2 1D = DNABSSZ 1FR
nCAN  ACL  ACZ POS ™ RANGE  MD ™ ¥4 vt ymo BOT  TEMD NAT
1317 H o 93.35 3. 87 15857. -2T65.5-1199.02  -0.43 1199.02 -557.44 6. 0
1378 X 1 6 94.78 1773 15344, -2960.7-1200.50  -0.43 1290.50 -509.76 68, 0
1319 X x 0 98.67 367 11857, -3618.0-1201.22  -0.33 1201.22 -447 14 48, 0
1380 X X 0 137.11 37431 1406, -342.8-1247.81 -3.64 1zat.8l -296.04 bB. 0
1381 x i 0 98.44 128  e8Bi. -26%.1-1280.33 -4.89 1280.33 ~375.00 8. 0
1382 % ¥ 0 92.04 303 6083 -B6O.T-1254.17 1.4 1254.17 -363.146 68. 0
1383 o ¥ 0 86.21 2.98 G485. 2072.9-1232 3% 0.59 L131.92 -350.35 6B. C
1364 X X 0 79.88 2,83  Baiy.  Té).6-1215.98 1.66 1107.4) -318.00 68, 0
1385 X X 0 73.9% 2 48 B3p.  33.2-1204.9) 1790 1075.51 -324.14 48. D
1384 G ] 5 B.39 263 5339. 128.7-1105.49 g.59 521.42 -308.92 68. 0
1387 S 5 -2 42.5% 2.37 s3T9. £91 -990 61 18.33 15.33 -293.08 8. 2
1388 F 5 0 55.48 2.20 52718, 45 .5 -869.43 18.71 0.0 ~-277.87 6B 2
13189 N 5 0 48.B1 2.02 5068, 230 -455.38  28.54% 0.0 -261.9¢ &8 2
1330 KL 5 0 HZ.uYy 1.85 4949 14.3 ~471.89 33.08 6.0 -243.31 68, 2
1381 NL 5 [ 36 .97 1.69 4gaz 11.8 ~362.98 30.75 6.0 -222.02 48. 2
1392 ML 5 0 11.65 1.52 97103 9.3 -263.7L  20.4é 0.0 -198.T6 8. 2
1193 ML 5 ¢ 26.71 1.37 4485 6.4 -169.24%  26.51 6.0 -174.94 &8 2
1394 NI F ] 21.16 1.2t 4381 . 5.7 -122.47 21.68 0.0 -148.80 &8. 2
1395 NL F ] 15.129 1.04 4235. 3,7 -b2.40 191 0.0 -122.12 8B 2
1396 AL F 0 $.59 0.92  4058. 2.4 -35.98 15.24 4. ~97.86 8. 7
1397 M. MR .0 2.47 0.80 3828, 2.8 -30.93 10.89 4. ~T4 4T 68 2
1398 ML NR 1 =6.T1 0.68 2453 5.6 -18.24 5.98 o, ~g4.11 6B, 2
1399 | L] 1 -23.55 ¢.59 2603. 204.2 ~-9T.a44 D 4R &5.00 -34.63 &3, 2
1400 1 R 0 B4.19 9,56 3355,  -44.8 -143.94  -3.0CB 143 94 10.91 6B, O
1401 S 5 ] 4.9% 0.67 2617 -115.1 -130.58 -1.13 130.58 86.00 BHA. O
14g? S [ o -3.30 6 a5 15ta. 1773.0 -H18.94 0.07 114.38 189.55 68,0
1403 5 5 o -8.59 1.10 135. 15.5 =63.68 4.10 0.6 273.56 8.0
1404 5 5 0 -13.22 1.39 1087. 4.4 -24.6% 5.66 5.0 375.78 68. 0
1485 % 5 6 -17.73 1.71 1459 6.1 -0.48 5.69 p.0- 4BT.!3 &80
1466 S 5 0 -21.21 2.0 4093 4] 7 -BO.l14 =1.92 8O.14 &17.87 & O
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EXAMPLE 15
(Encounter 12-62-11)

¥ NmI

IPC AWLGROITHM VERSION =
REFERENCE EVENT POSCMD=1 AT SCAKR 1633.MD= -137.5 XANG=

13.50

13.25

13.00

12.75

12.50

12.25 -

12.00

LTAC-2 ST 12 2 t& ET 12" 2 54
1.63 ALT=  253.7

T
-

1 ABIVI T T ¥ |
.

*5

ABS G5 R

_ Both Aircraft Issued Left
- Turn Commarnds in Tail-Chase
5. Situation (4.4)
»

MmI55 . 12-p25-11

K 4 I
L L L 1 \ L L
00 -4 7% -4 .50 -4 .25 -4 .00 \ -3.7% . -3.50
X NMI )

Cc-32




+

ALTITYUDE In FEET

1PC ALGRDETHM YERSTON = 201 LTAC-2 ST 12 2 16 ET 12 259

MEFERENCE EVENT POSCMD=i AT SCAN 1433. MD= -137.5 XANG= .63 ALTE  353:T
T L r T L] T Ll T L4
4000. | e
750, F -
%00, | h
3250.
3000.
2150. F T
2500. F .
A i 1 1 L H L L 1
1630.0  1631.0  1832.0  1632.0  1634.0  1635.0 1636.0 L63T.0 1438.0 18390
SCAN COUNT
IPC ALGOREITHM UERSIDN 201 LTAC-2
CPAY = 1822.37% CP i1,
CPA_ON SCAN l630 SCPA = 1863.647 SCPAH = 1B22.379 SCPAV =  390.021
AC1 TRACK = 10 = DAB505 VFR
ACZ TRACK = 1 10 = DABlOL ¥FR
SCAN AC1  AC2 POS TH RANGE  #D ™ LF ¥I Vmn paT  TCMD
53¢ 5 b3 0 0.0 . 0.38 Byy 0.0 ~531.67 .0 53L.e6F  33.48 32,
63l 5 - 0 0.0 0.35 12 0.0 -3%4.55 0.0 394.5% 11.05 32,
632 5 5 2 -6%.38 0.34 1912 8.6 -27%.30 32.2] 0.0 -10.00 3J2.
613 F F 1 -67.4%9 0.3 2086 8.1 -215.1% 26.71 0.0 S.60632
614 L L 1 -65.61 0.38 2152 V.4 -148.55 23.39 0.0 -10.00 |32
635 L L 1 -56.74 0.42 2288 3.4 -TH.0L 211 0.0 -10.00 |32
636 L L 4 -4y 25 046 2274 2.1 -37.56 17.468 0.0 -10.00 |32
637 L L g. 0.0 0.%0 2125 0.0 19.36 0.0 19. 34 10.85 132
838§ s ¢ 0.0 9.59 2648 ¢.0 47,02 0.0 47.02  29.43 |32
433§ S L4 0.0 0.72 2238 &0 6.83 0.0 8.83  92.54
Note: DOT> Q when command generated

c-33
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. EXAMPLE 16
(Eacounter 6-28-13)

Y Nml

IPC ALGROITHM VERSION = § LTAC-! AK"ST 11 26 12 EP 11 27 52 :
REFERENCE EVENT POSCMD=1 AT SCAN 1185. mD= 2003.1 -XANG=  94.35 ALT= 3.7
L) 1 1

1 1 b | L T

11.50 |-

“Turns Begin Before
PWI Received

A

18.50 |~ : ’,fi

10.00

" Commands Delivered Ai)proximatoly
16 Seconds Before Preojected
Collision (4, 5)

8.00 |

| 1 I [l

1 L Il |

'-39.00  -38.50  -38.00  -37.50  -37.00  -36.50  ~36.00  -35.50

X NmI
MISS 6-28-13

c-34



+

ALTITYDE IN FEET

[PC ALGROITHM VERSION =

LTAC-1

L]
E};&RENCE EVENT POSCMD=) AT SCAN 1185, MD= 2003.1 KANG=
. T

6000. |
5750. |} b
{/LF
- L]
ss00. | ' / 4
o A5
2
-
2 -
s250. |
L] / /
2
—
o FEF— o N . .V,A/s/r"r"r-‘
at P 2
5000. .~ 3 — ) ]
‘2
E » T
S
47150, F b
1 L 1 1 "
1175.0 t14n.0 1185.0 1190.0 1195.0
5CAN COUNT
1PC ALGORITHM VERSION = 8 LTAC-)
CPAH = 303.673 CPAV = .T19
CPA ON SCAN 1191 SCPA = 456.1%8 SCPAH = 2303.673 SCPAV = 340.387
ACY TRACK = 1 ID = DABID! IFR
AC2 TRACK = %2 1In = 001270 VFR
SCAN AC)  AC2 POS TH ARNGE MD ™ Rz Vi Ll DOT  TCHMD NAC
118% 0 195.37 2.26 11330, -2.4 11.16 4.61 11.16 -87.08 &%. 0
1186 4 5 -2 50.29 . 18491. -4.§ 15.91 3.54% 15.91 -252.22 4. 2
1187 F F 1 22,214 1.68 2015 . -51.4 =19, T4 -0.38 19.74 -381.19 b4. 2
1188, C 13 1 13.41 1.32 136 -13.8 -$3.93 4. b 63.93 -356.20 &, 2
1189 C o 2 6.48 0.98 591, -t5.1 -138.70 =3.18 138.70 -278.53 &n. 2
119¢ RC RD 2 -1.22 0.68% 270. -18.9 ~178.52 -9.4% 1T78.52 -190.58 &4. 2
119t RC RD 2 -k4.97 0.31 2. -14.2 -331.4% -23. 36 33t.48 -94.TB bN. &
1192 RC R D 2 47443 6.02 118. -17.4 -420.42 -2%.12 420.42 -3.71 &%, 2
1193 RC R D 0 0.0 0.2% bT. 0.0 -%15.75 0.0 415.7§ 73.02 44. 0
1194 % 5 0 0.0 6.50 189, 0.0 -394.5% 0.0 396,59 142,63 6% 0
1195 S 5 [ 0.0 .77 313. 0.0 ~371.99 0.0 ITL.99 213,36 &%, O
1198 5 s 0 6.0 g.98 510, 0.0 =394, 85 g.0 394 .86 252.99 &%, 0
1197 5 $ 0 6.0 1.20 504, 0.0 =454.3% 0.0 454.39 293.60 64, 0
1198 5 5 0 0.0 1.39 ate. 4.0 -492.93 0.9 492.93 3tB.1T &M, O
1199 5 5 a 0.0 1.463 83 0.0 -51%4.52 0.0 S514.52 357 .49 &4. 0

ST 11 26 12 ET'11 27 %
, 9%.35 ALT=.

2

3.7
T

T T

Note rapid decrease of TH
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EXAMPLE 17
{(Encounter 6=27-03)

IPC ALGROITHM VERSION = B LTAC-1 ST 11 18 12 ET 11 20 y )
REﬁ%?ENCE EYENT POSCMD=1 AT SCAN 345, MD= 1809.7 XANG= 151.17 ALT=

! ' WUI T T T

T—

T.50

101.3

m " tTyrn Left® ’ .
Command Turns Alircraft
Toward Threat . :
. N
\\J
e

Turs Initiated Before —r

PW1

L | A \ . _

T

PV IAAA

<36.50°  -~3&.00 -35.50 -35.00  -34.50 -34.00

X NMI
MIS55 6-27-03

C-36
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ALTIYUDE IN FEET

IPC ALGROITHM VERSTON = 8 LTAC-1 $T 11 18 12 ET 11 20 7
REFERENCE EVENT POSCMD=] AT SCAN 345, Mmb= 180%.7 ¥aNGs 1F1.17 ALT2 401.3
T

T T T T T

6000, |
5150, . B
5500 F . ' m

s250. | .
- . .
N

5000. WABHI . "_,l"""/

4750. |
w500 L L L 1 L A
3.0 LR 345.0 350.0 550 350.90
SCAN COUNT
TP{ ALGORITHM VERSION = B LTAC-1

CPAH = 3195.%i0 CPAV 85,816
CPA& ON SCAN 354 SCPA = 3208, 659 SCPAM = 3195 .910 SCPAV = 285.750
ALY TRACK = 1 10 = DABS552 1FR
aC2 THACK = 3 1B = DABID] 1¥R

COCBOOBNNINNNRRN RN

SCAN  AC! AC2 POS T AANGE  MD ™ RZ vi vmD peT  TEMD
343 ¢ 71.9% 2.57 1e587. 38.2 -134.94 3.51 0.0 -317.42 6%
Jug F ¥ -2 50.02 2.31 8060 26.3 ~110.54 4.20 0.0 -364.38 b4
145 ¥ ¥ 1 43.51 z.01 1428, 24,3 -96.45 3.9¢6 0.0 =-333.24 &%
g L L 1 38.34 1.83 1858, 27,4 -89.41 3.27 0.0 -28%.08 &4
AT L L Y 2T.78 1.62 3383, 6.0 -87.14 2.42 0.0 -305.05 A4
48 L L 4 26.9% 1.4¢ 5B32. 9.1 -87.80 1.62 0.0 -225.12 &4
g L l o 30.59 1,21 #3868 . 93.7 -89.%0 0.96 20 .50 -l94.46 b4
150 NL NL 1 2T7.90 1.10 5877, -45 .5 -133 88 -3.06 13888 -118.90 &4
JE1 R R 1 1).28 0.97 5514, -35.5 -171.9% -4,76 173, -Té.10 6%
152 R R ] 22.5% 0.83 4647 . -39.4 -196.48 -4.99 196.4B -64.5% b4
151 A R 4 13.08 0.70 592 -47.5 -209.96 -4.40 209.06 -~60.42 &%
354 A R Y 9.371 .60 13. -37.9 -26C.90 -4.97 260.90 -27.12 &%
355 R R q 0.24 0.54% 3207. -4¢.t -294.35 -T.34 299,35 -14.30 b4
L R R ¢ 0.¢ 0.5% 3291. 0.0 -313.06 0.0 31306 13.95 b4
157 ] 5 ¢ 0.0 9.63 3461. 0.0 =321.2% 0.0 32124 42.2F &%
358 5 5 o 0.0 .83 T9s5. 0.9 -322.53 8.0 322.53 B9 T8 b4
159 s S [ 0.0 1.08 #0] .0 -320.01 0.0 320.01 135.88 &4
360 $ 5 % 0.0 1.20 4017 0.0 -32%.35 G.0 329.3% 161.9% &4
16t s § ] 0.0 1.56 3561 8.0 ~315.43 .6 315,43 259 .47 &4
182 L] 5 ] 0.0 1.78 T0 0.0 -309.27 0.0 309.27 5. 24 AW

C-37
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EXAMPLE 18
{Encounter 15-136-06)

IPC ALGROITHM VERSION = 502 LTAC-S . 5T 14 42 45 ET 14 44 22 2
REFERENCE EVENT POSCMD=1 AT SCAN 682, MD=-2209.8 XANG= 174.10 ALT= 187.0

T . T ] ] L) -[ I L
7.00 F -1
6.50 } -

Late Command Reversal
(after Path Crossing)
6.00 | } .
J
5.50 | :__l .
g
5.00 | N 52%\ ~
“0\159'15\'.—-"— Right turn command turns /
aircraft into threat {4, 5)
. s . PRBS O

4.50 ATCRB . Left Turn Before PWI
s.00 4
3.50 F -

L I | 1 . 1 ] 1 -

-38.00 -37.50 -37.900 ~36.50 -36.00 -35%.50 -35.00 =34.50 =34.00
X Nm1
MISS 15-136D JANUARY, 1977 DRONE DABS552 INT ATCRBS

Cc-38



+ IPC ALGROITHM YERSION = 502 LTAG-3 ST 14 82 a5 EV 14 &4 22 1
REFENENLE EVENT POSCMD=1 AT SCAN  682. MD=-2209.0 XMMGs  1T4.10 ALT= 197.0
T L L)
s250. | ' L
8000. [ ‘ 4
5750. | B .
W(E Ty
. R hi—-.‘___\ .
S500.  fadsi it . ' L P
. X — R L—'
v N\l\ LI
[ uh_"
.o LI .
5280, | . s 1—-5-/?—' J
L. N LR B H i_‘_'.-—.-—.-...
E
o
w
z s000. b -
w
5
=)
2
=
;J 1 b L L 1 L L L 1

675.0 47?5 6800 682.5 £85.0 +87.5 490.0 692.% (38 915

SCAN LOUNT

1PC ALGORITHM VERSION = 502 LTAC-5

CPAM = 14%9.268 CPAY = 37.910

CPA ON SCAM 690 5CPN = 1475.878 SCPAH = 1469.268 SCPAV = 139,523

ACI TRACK = 3 1D = ODABS50S LFR

AC2 TRACK = 19 1D = 001201 ¥FR
SCAN AC1  aCZ POS TH RANGE MO ™ R v vmD DBT  TCAD NAC
[ 2. | % 0 78.b4% W27 14226, -13.6 Y128.27 .4 128.27 -819.26 &4. 0§
(143 X % v 1e 4.0% 12527, -19.3 135.41 7.9 136,41 -77T9.07 &%. O

- &6 X F 0 &3.54 LTI9 0 107HZ. -28.1 135.513 4.8 135.53 -740.34 64. 0

617 % F -2 5).80 W56 92482, ~h4. 6 129.9% 2.9 129.9% -497.93 &%, 2
(1] x F 0 58.45 .32 THML, -83.4 122.62 1.4 122.42 -457.78 64. 2
£79 X N 55.92 10 Taak.  -238.0 15 .45 0.49 115.45 -605.30 64, 2
£80 X NL 5034 2.85 6394 . $7i.6 109.38 -0.11 102.17 -540.38 b4. 2
[ 23] % NL 4. 14 39 ast. 2501.3 104.77  -0.42 78.09 -522.51 64. 2
682 N, NL I7 .64 .3F 24%0. -51.0 144,02 Z.90 158.02 -483.96 &N, Z
483 R A 1. 3l.4é .03 1. -29.4  225.09 T.67 225.09 -%3%.%% 64. 2
L84 R L} 1 25.48 WTé 419 -40.4 230.80 5.71 230.40 -389.15 64, 2
685 R R 1 20.30 47 1592. -38.0 275.82 T.25 275.82 -331.12 a4, 2
b6 R L} ] 14.53 Bt 1936. -43.1 303.4%3 T.03 303,43 -258.12 b4 2
687 R R B.64% .99 1814, ~-108.9 271 34 2.4% 271.3% -203.80 4. 2
688 H A 1.80 .63 1176, B0B.0 Z43.87T -0.30 224.%5 -143.10 . 2
589 R A -$.71 .34 439, 127.2 222.87  -1.75 110.13 -B8.97 4. 2
890 L L -21.72 W19 S49. 9.4 08.29 -2.28 $2.26 -35.00 kM. 2
691 L L o 95.22 .19 1060. 27.1 152.8%  =5.465 0.9 10.41 &%, O
892 5 ] 18.49 35 106%. 17.4 115.59  -6.6% 2.0 39.32 4. 0
691 5 5 1.97 0.5% 1114, 49.9 139.T4 -Z.80 8.9 82.08 &%. 0
894 5 S -5.8% 0.12 747, 4T1.7 161.36  -0.34 139.%7 118.05 &4. ¢
595 $ ) -10.98 G.93 1452, ~iT4.1 78.52 1.03 178.52 178.49 4. 0
696 5 8. -16.02 1.16 1452, -47.2 371.20 5.03 237.20 229.37 64 0
97 S $ -20.66 1.38° 1517, -43.1 T7.7T1 B.45 277.7L ETb.62 &4. O
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EXAMPLE 19

(Encounte; 7-39-15)

¥ Nm1

+

IPC ALGROITHM YERSION = 8 LTAC-1

ST 11 57 31 ET 11 59

REFERENCE EVENT POSCMD=1 AT SCAN 457. MD= 1894.8 XANG= . ALT= 200.0

T T T Y T 14] T T
11.5¢ |- ,

\
11.00 .
10.50 | -
10.60 | -
?.50 | -
Lead Aircraft Begins Left
e Turn Which is Opposed By Later
Command {4.5) .
850 = -
\i\!\.1L‘
. -‘f_l
8.00 | —h 4
Second Croasing Of Path
Of Overtaking Aircraft

150 : -
7.00 - ! L | L l i 1

-12.00  -~11.50  -11.00

X NmI
MI55 T=39vadh AUGUST, 1975

i
-10.50 -16.00

-9.50 -%.00 -6.50 -8.00

DRONE DAB552 INY ATCRBS

C-40



ALTITyOE IN FEET

1PC ALGROITHA VERSION = 8 LTAC-L. ST 11 57 31 ET 11 5% 25
REFERENCE EYENMT ®05CRD=1 AT SCAN 185T. mD= [394.8 XANG= L. F3MT=  200.0
¥ 1 L T T .
00T, <
v . . ]
stsn. | _ ' "
5500, | _ _ .
s250. | 4
ﬂﬂ—l—‘—g—‘—‘-’ LI 3 ol | i T it
s [ F"."'f"

5000, BOIEFE——t—t Attt P e

s
™~
PR
+
4150, | 4
4
4500, | 4
! 1 L e A
19600 14850 - 1476.0 16,0 -0 1480.0 14850
SCAN COUNT
IPC ALGORITHM VERSION = 8 LTAC-3 .. ...
CPAH = 2035 804 -CPAV = 85,301
CPA ON SCAN 1478 SCPR = 2046 198 SCPAH = 2036.004 SCPay = 205980
ACL TRACK = 3 10 = ODABIG1- VFR
AC2 TAACK =133 1D = 001270 VFR
SCAN AC1 AC2 POS . TH RANGE "MD ™ RZ vz- ¥mb 00T TCMD NAC
1456 § 5 0 112,43 1,27 1066. 1045.3-199.55 - D.19 ~§d7.3% -4t 14 4%, O
1457 5 - 5 ¢ 1il.1d 1.29 @54, 1352.¢ -199.35  0.15 189.91 ~-38.75 4. O
1458 5 5 -0 101.90  3.19 - .T2l. 1939.2 -199.3%  0.10 192.T6 -38:27 . 44. O
1959 5 5 g 99.21  N.1b 658, 3114.8.-199.43  0.06 [95.33 ~35.59 b4. O
1466 S 0 5 0" 90,27  K.12  315. 58r5.2 -199.56 0,03 19T.38 -34.36 4. O
1461 S+ 5 0 B4.62 09 1532, 15206.9 -199.69  0.01 i95.05 -~35.44 &N, O
14k 5 5 .0 B1.9% 06 18T, 100.0 -199.81 0.0 .199.74 -33.83  b%.
63 8 5 0 B4i) 04 WE6.-20%64.2 -192.90  -0.01 199.90 -31.03 &4
s4e4 5 5 0 B187T . .00 -..920.  #41.9 -153.55- 3.6 0.0 -29.21 64,
1465 5 5 0 T75.81 .97 1043, 23.7 -121.04 5.1 0.0 -28.00 . 6%,
1466 5§ 5 0 65.82 33 1034, 19.5 -160.42 ~°5.15 4.0 -ZT:82 64.
14T F F -2 57.55 8% 1040, 20.2 -89.46  4.43 0.0 -27.59 64, 2
1468 F F 1 B0.42  0.85  965.  24.9 -84.9%  3.41 0.0  -27.04 4N,
1949 R L 1 ‘hziam 0.1 wgd. 357 -B4.71  2.37 0.0 -Zb.k3 bM,
1470 R L 1 3b.22 TR 6100 5846 -86.T3  1.48 0.0 -25.60 4.
1471 R L 1 24.20 STz 1778, -WT.9 -136.14  -2.BY 138,14 -25.33 b4,
1472 R L 1 16.18 (68 2291, -35.9 -AT1.75  -&.78 L7L.75 -24.03 4.
1473 R L 1 11.50 b4 2H1T. =381 =194.9%  -5.12 19%.99 -22.13 4%, 2
1474 R L 1 321 0.80  Z110.  -45.4 -20B.0%  -4.5T 200.04 -21.13 4. 2
1475 R L i -7.21  0.54 1214, -59.2 -213.88 -3.51 213.88 -21.22 &4. 2
1476 R I, 1o-19.75  0.48  1612. -83.2 -215.1¢ -2.59 215.10 -24.73 &N.
1477 AL 1 -19.69  0.40 1981. ~-128.9 -213.58 ~1.bb 213.58 -30.41 &N,
1478 R L 3 -#9.5%5  D.34 1954. -227.0 -210.7¢ -0.93 Z10.79 ~15.96 4.
1479 A L ¢ 0.0 .33 1914, 9.0 -207.7% 0.0 201.7% 13.24 b4,
1480 & s ¢ 0.9 .41 1848 . 0 -209.32 0.0 209.32 41.89 &M
1981 § 5 8 0.0 55 2011. -204.35 0.0 204.35  B2.4) 4.
1462 5 % 0 0.0 13 ezl -208.41 0.0 201.4]1 12B.41 &%, O
1483 5 5 0 0.0 93 1902. -199.70 0.0 199.T0 17722 44. O
By S 5 0 0.0 1213 1971 ‘o -198.42 0.0 194,82 Z18.59 4. 0
1485 5 5 0 0.0 i.33  z028. 0 -193.52 0.0 198.52 258.95 44, O
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EXAMPLE 20
(Encounter 7-44-44)

Y Nml

IPC_ALGROTTWM VERSION = & LTAC-| 57T 12 0 41 ET 12 | 46

4
REFERENCE EVENT NEG CMD AT SCAN 1727. MD=-4208.9 XANG=  «44.5% ALT=

435,46

L] L] T ¥ L]

B L)
21.25 P _ —— Tarn begins at approximatelY

S~
21.00 | ‘\
™~

2015 F
20.50 | : _ \
'Don't turn right" L]
{Rule C) \
2025 } ‘\ i
20.00 1-\'\

same time 12 o'clock OPWI appears \'55!

L/

L) T

\
\
|

—_— il

"Don’t turn left" (Rule C)

/‘ issued when ri
hazardous
19.50 } -

L)
19.2% F -
19.00 L l | | 4 1 ] L " N N
. =2.00 ~t. 75 ~1.50 -1.25 -1.00 ~0.75 /—0.50 ~0.28 0.0

X Nml
mi55 7-44 SEPTEMBER, 1975 DRONE DAB552 INT DAB50S

C-42
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ALTITYDE IM FEET

1PC ALGROITHN VERSlﬂI 4 LTAC- ST 12 0 41 ET 12 1 &

1
AEFERENCE EVENT NEG CAD AT SCAN ITZ7T. RD=-4208.9 XAWS= 4454 M7= 4304
T e T L T 'sg*"*t*
552 '
stse. | . ‘ <
5500. e
O
5250, ) -
N
[3 . : .
5000. : E\ -
. . N :
4150. F ° -
w0, | s . 4
w250, |
40400. L
1 1 ' L 1
1720.0 1722.5 1725.0 1721.5 1730.¢ 11325 - \

SCAN COUNT

IPC ALGORITHM VERSIHN 8 LTAC-1
. CPAH = 4846.109 CPA 19,293
CPA_ON SCAN 1734 SCPA = 4843,008 SCPAH = 4846.109 SCPAY = 405.055
ACY TRACK = 1 Ib = DABSOL  YFR
AC2 TRACK = 3 1D = DABS52  YFR

SCAN ACL aC2 POS TH RANGE ~ MD ™ RI vI i) 00T  TCAD NAC
1718 o 89.2] .96 T44d. =35.7 186.12 §.22 186.12 -212.42 32. 0
1719 5 $ 0 B3.42 LB 9143,  l20.6l -12.29 0.0 -139.37 32. 0
1720 5 5 o 80.68 J81 4109. t.5 26,84 -17.76 0.0 -131.46 32. ¢
1121 H S ¢ T2.00 J1 Bé2s., ~1.6 -27.82 -16.90 27.82 -12B.9¢ 32. 0
1122 5 5 0 63.24 .59 BOb. -5.8 =9%.04 -17.19 99.04 -126.08 32. O
1723 5 ] 0 54.58 4T T3h3. -10.0 -183.18 ~18,30 183.18 -11T.60 32. ¢
1724 & ] 0 61.08 L T LN -14.4 -277.32 ~19.80 277.32 -104.39 32. 0
172% & H] ¢ 53.m% .30 4083 -18.7 -330.5% ~-17.68 330.59 -92.08 3. ¢
126 S § -2 2118 J15 0 4493 -22.7 -401.32 -17.&6 401,32 -12%.%6 31, 2
17271 F F 0 25.57 05 an22 -2 .8 ~49].48 -19.82 491.48 ~110.20 32. 2
1728 NR NL 0 23.54 6 %4319 -35.9 -492.06 ~-13.T1 492,06 -91.52 32. 2
1729 #R WL 0 26.T74 W 3809 —56.5 =478.95 -B.48 4T8.9% -65.26 32. 2
1730 NR WL 0 27.50 AT 35&T. -103.2 -4560.81 -4.47 4s0.81 -$5.51 32. 2
1731 Nk AL ¢ 31.12 85 312, -266.5 -442.26 r1.66 442.28 -45.78 32. 2
1732 NR_ AL 0 35.35 B4 168, Hhb4. 4 -426.28 0.08 42).87 -37.17 2.0
1733 F F 0 41.23 g2 2885. ~-180.1 -#60.32 -2.56 460,32 -29.%% 32. 0
1734 F F 0 B2.6% 82 284% -13%.4 -484.27  -3.60 #84.27 -22.6) 32. 0
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EXAMPLE 21
{Encounter 14-119-04)

+

¥ NMI

1PC ALGRGITHM VERSION = 408 LTAC-% 5T 15 3% 46 ET 15 41 42

REFERENCE EVENT POSCMD=1 AT SCAN 158. MD= 1523.0 XANG= 88.35 ALT= 1020.7
T

¥ 1 T Ly 1

- UNPLANNED ENCOUNTER (Itinerant ATCRBS
aircraft)

Left turn (Rule A) fails to
climinate closure rate; command .7
turnz aircraft toward 3D
collision point

Command re.versal - ¥urn rig_ht!',
Command would have turned aircraft
toward threat; pilot refused,

1211
Faster descending
ATCRES
L L L I 1 1
-35.4 -4 4 =-33.0 -32.0 -31.0 -¥.0 ‘ -2%.0
X NMI :

MISS 14-119D-04

C-4h4



88.3% ALT= 1920.7

XANG

ST 15 39 48 ET 15 41 42

158, mD= 1523.0

= 408 LTAC-4
I AT $CAN

CODCOOOCOONMNAMNMMANNMMMNEMOCOO0OO

i~
o~
LD
115.0
TCHMD NAC
9
[:]
[
b
[1:]
&8
58
8
&8
68
3
s
H
48
03 &8
&8
13 48
8

ooT

-
X
Tha g
170.0
1-11%%
9-1100
i=1059
7-1018
& ~982
1 o-941
16 -888

ALl
¢
[
[
1
1
8

, i et e L L= T T Yo
J\ 4 e i T ]
‘ PP e PP piiy

DT P D DM 00T D

*
i\Q
“
N
576.520
vI

|

5

0

T

8

2

3

8

0

2

o

o

4

69
86
34
00
58
18
3z
40
34
b4

llllll ——— ey
)

3
\\\
~

L
165 .G
-2

RZ

Decreass ior ATCRES descent ratse
helped preserve vertical separation

S0LA € L0 20 10 0 0 o0 07 04 01300 4] 0 1 ~0 3 O 7 U 6 U 0 O e e b
OO T WD IO T OB U T T T A UL O b e O T

1733.267 SCPAV
™
1
1
1
1
1
1

Y
160.0

na

—_——— e Y = Y]

i
LTAC-%

303.084

FoerSNORTOMm T X e BV A B N O O
TR OF ~DNNO - FmO O NE RN OR O Mo

W F e -

RANGE
i
83

308
1826.633 S5CPAH
DABS OS5 VFR
VFR

to be co-altitude here,

06121t

TH

O 00 L D WA D S B0 0 £ 0 I T L0 O U £ D K o L D N P by
WD D - T O S wwor e —D
ot P et LY 0 T 0 ) B B O P ot g 7 B O Dt €] e € P
C @@ D DB INT F NN = b NNDT = |0y
- [

]

ATCRBS origidally projected

NT
1§
o

B
[

166 SCPA

L3

L
1500

!

OO e RO B A —————— L L T T TEY
1

z 2
= 15
ACZ POS

scanN

P61 R R I e A .
EEECTEE i

wmnene

1P ALGRDITHM VERSION
REFERENCE EVENT POSCMD

4500

6250.

+

= 1733.267 CPAV

TRACK

B b 3 Be B K K I A L [LAT ATV YV YV
dJdddaEEEx

IPC ALGORITHM VERSION
PAH

CPA_ON SCAN

AC!)
AC2 TRACK

6000
57590,
5500
5250
5000.
4750.
SCAN Al

ettt i R R e
T T OIS U G L S D

O DO e T
0 D P e P e P P

61
b2
63
b4

1334 NP 40AL1 LY
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EXAMPLE 22

¥ NMT

(Encounter 14-85-01)

1PLCALGRGITHM VERSION = 406

REFERENCE EVENT POSCMD=1 AT.SCAN

3.00

LTAC-4

ST 10 11

ET 10 13 27

140 .- MD=-2693.3 XANG=

§1.18ALT=.. . 275.7

T T T 1 1 T T v ]
i IFR Has No Message VFR Hfa.s
Negativs Command, IFR Begins
Turn
i IFR b‘lx_k‘/r"/l [ .
o
Bagsns g t—+ . N
o Simult#,neous Double Commands
A To IFR "Turn Left:And Descend”
Reversal Frem
+- “Don't Turn Right!
b
o / PTura Right and Climb"
B)8 10
Commands Turned Aircraft Into Each Other
L L l L { l L | L
~19.5G -1d. A8 -1a E)  «|§.00 ~=17.50 -17.00 16150 T -16.00 -15:50
x Nml -

MISS 1u4-85v-01

C-46



ALTITYDE IM FEET

1P ALGRDTTHM VERSION =-4D6 LTAC-4

5T 10

11 1 ET )

0 13 27
B81.18 A

REFERENCE EVENT POSCMDZ) AT SCAN 140, MD=-2693.3 XANGS LTz 275.7
L T £ T O L) 1
5750, L ]
Yiisa
5500 I u/ i
| RS . g
F o P
A 3
» » »
I ¥ bl s
5750, | y = 7
bans 05 b r k .
e
——
M .
e g e
s
so00. | M ' i
™
. 3
™~
3
arso. i
o
AN
4500, L P !\ . 7
3 . oun
§ 5 5 o
~
w250, | .
1 L ] L 1 I
126.0 125 A 1360 135.0 1400 1450 150.0
~  SCAN COUNT
I1PC ALGORITHM VERSION = 406 LYAC-4
CPAH = GT4.449 CRAV = B7.559
CPa ON SAAN 146 SCPA = 1071138 SCPAM = 5T4.649 SCPAV = 903.%45
af1 TRACK = 2 1D = DABSO5  IFA
aCz TRACK = 1 D = DABLOL  ¥FA
SCAN  AL]  AC2 POS ™ RANGE MO v RI VI yMp DT TCRD
v20 f x 0 TT.TT .79 Teds. 1372.1 -199.57  0.03 197.73-1535 99 68,
131 X X ¢ T2.9 .47 8132 21887.2 -199.70  0.01 199.08-14856. 11 &8.
132 % F 6 sa.s0  5.14 BTIC.  -75.5 -2kb.22 -3.26 Z46.22-1366.12 b3,
135 %X F -7 5.1y 4. 81 9555, ~-181.p -232.50 -1.28 232.50-1267.76 63.
126 ¥ F 6 67.64 4,53 14013, -5408.2 -220.46  ~0.04 220.46-1071.06 &6.
125 % NR 0 6596 4. 2& 19437, 234.1 -211.06  ©.63 168.11 -367.37 4B,
126t AR 0 ek 2y 3,99 14943, 227.1 -20%.43  0.90 143.2] -866.96 8B
127 X WA b 6260 3.7z I5085. 218.9 -200.24 .91 13B.G2 ~769.42 68,
128 % WA ® 82.85  3.48 15260,  37.% -i51.84 .05 0.0 -470.37 6@
123 % NR 0 &3.36  3.25 15205. 229 -)17.9% 514 0.6 -576.25 &8
130 % WR ¢ eh.Be  2.06 t5281.  19.6 -9T.50  4.99 0.0 -M8D. 2D 4B.
131 X NR ¢ Ta.zq 2.89 15363,  20.1 -@6.8%  4.1% 0.0 -383.66 &8,
i3 X F o 8548 2.72 15213,  26.3 -83.03  3.15 9.0 -2%4.59 {A.
133 % x 0 99.43 2.5 i4732. 38,9 -83.4 215 0.0 -221.45 4.
138 % %X 0 121,99 240 14153, ~&T.4 -132.43 -1.% 132.43 -157.95 8.
13 & s 0 7228  2.25 126k6. ~43.4 -168.43 -3 8F 168.43 -232.07 4.
1% S F -2 A1.39 2,07 16006. -4z -192.29 -4.35 192.29 -333.86 4.
'37 & F 0 3467 1.8T 8302. -51.9 ~z0b.1s -3.97 206.1s -320.84 ¢2.
138 5 WA o 209  1.6b : “320 212.73 -293.46  6E.
13 5 MR 0 2413 1.4k —5.58 260.82 -256.04 &8
140 F MR 3 2007 1.24 ~8.06 292.20 -207.80 6.
141 LB REC 3 AT.45  §.08 —5 44 310,19 -152.38 4B,
142 L0 RCE -3 1813 0.90 ~4:33 318.35 -99.43 &8,
]43 Lb RE 3 11.04  0.T¢ ~6.3% 346 48 -61.1b 8.
juw LD RE 3 048 063 ~3779 443.49 -70.05 &8.
la5 LD RE D -13.8%  0.45 213,49 539.28 -48.27 68,
i#f LNC RND ¢ ~-52.30  0.22 -20.05 $92.18 -22.73 &B.
147 LNC RND 0 -129.59  0.0¢ -32793 834 11 -10.00 &B.
j48 LNC RND  © 12.25  0.34 ~5470% 1015.20 1.4 68,
4¢ & 5 0 -i.4l 0.6k -30093 1189.75 154.11 68,
1s6 5 & 0 -8.81  1.00 “27044 1257.72 2i48.35 68
5t 5 & 0 -13.95 1.3 ~24190 1341.97 337.29 68
1652 & 5 b -12.46  1.60 V6. 6R 1334.97 414 kb &6
161 & 5 0 -23.29 1 R¢ S9 B9 1311.8% 470.30 &B.

C-47
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EXAMPLE 23

(Encounter 15-128-04)

¥ NRIT

IPL ALGROTTHM VERSICN = 542 LTAC-5
FFFERENCE EVENT POSCMD=1 AT SCAN 959.

44 6

43.4

41,4

40.0

9.0

IR0

7.0

36.0

RLI

57 12
no=

59 48
181.3 XA

ET 13
NG=

1 47

170.40 ALT=

3953

-

.

L] T T

/\’/

T T

Two Missing Target Reports
L

VFR Receiving Negative Command

Before PWI, IFR aircraft changes
course and induce'a hazard,

T

T

1 1

-t -37.5

C-48
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-29.0
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TN FFFY

a) "1 TynF

16 ALGROTTHM VERGION = 502 LTAC-§ $T 12 59 47 ET 11 | 47
RFFERENCE EVENT PASCMD=1 AT SCAN 959 Mb=  181.3 XANG= 70 40 ALT= 396.3
T T T LR - T

reen. b : 4
tens . b J
ISLY I S -

“#500. %\L__L__.L_.__I_H—H—N—N‘-'*—N—U’—LQ—‘;—‘ - .

5250 - e

b
e
3
y
y
]
b
p
3
.
*
3

(X T ’ . 4

dat v st a_/h G %50 3500 955 .9 910

SN TTUNT

TPf BLGORITHM VERSION = 502 LTAC-5

CPAM ¢ BA1.188 CPAV = 294.109

‘pa ON SCaN Q&) SCPA = 937,473 SCPAMW = BB1.188 SCPAV = 119.941

AT] TRACK = 3 IR = DABSDS  VER

at» TRACK = 2 10 = DABSS2  IFR
TTAN AT AP BDC ™ RANGE WD v RZ 'K ymn nAT  TCMA NAC
a4 B 90.49  10.43 159B7.  1%0.9 457,10 -3 24 P36 52-47AR p4 AN 0
LT % o 92.51 §.97 2132) 8%.% 423.37  -4.75 100.14-1834 B9 R D
942 X ¥ 9 R®4.92 F.47 24787 A2 4 401.91  -4.BR  TO.21-1T&R. 2K KR D
41 H 8 T7.5& B.95 22080 92.0 39G.13  -4.7% 101.646-0615 41 &R O
qw x 0 69,43 B.45 15&51. 117.1 385.23  -3.79 16} wA-1655.37 LR D
45 F X -2 bt 29 g 0L 13559.  |bb.% 2B4.75 -2, P27 @A-1M3T.79 kR, 7
wp  F X . 0 2.1 7.2 12725.. 267.5 386.4R  -1.4% JFBR.I9-AP1A A% 4d. 2
4T NR % o 59.15 ToDe 11453, 5011 3B9.63 -0 TR 236 Te-29R4 SR KA 7
948 NA X 0 55.98 .60 9430, 127F.1 392.7)  ~0.31 3I1.R0-2754.90 6R. 2
249 NR 13 0 51.79 6. 11 THBL. 34416.1 395,41  -0.01 394.67-2541.97 bR 2
350 NR X 0 47.09 5. 61  SG64. -2460.8 397.51 0.15 397 .53-21%7.69 BA. 7
951 NR X 0 45.81 5.17 4219, -1865.6 199.00 0.21 399.00-2043.7TR &R, 7
952 NR X 0 4222 §.T3 6452, -1837.4 399.94 0.27 799 .94-1A41.31 &8 ?
953 NR % 0 38.99 .31 7923, ~2125.7 400.45 0.19 400 W5-1638.20 &R 7
95y NR H 0 31.98 3.8 T72%. -2751.3 400.eh 0.15 400 66-1454% .40 AR 7
955 NR X 0 aL.of .41 B303. -3340.% 900.68 0.10 400.66-1753 3¢ &A. ?
956 NR 5 o 27.49 2.9%  B07. -830%.2 400 .59 0.06 400.59-1841 b4 AR 2
957 R 5 0 21.48 2.66 BO92.-11771.3 400 .46 0.03 400,46 -AT&. bb BR. 7
950 NR 3 o 14,3t 1.95  1439.-30028.4 400,32 0.0) 400,32 -761.93 A 2
a59 NR  NR 1 3.8 1.49  1521. 100.0 400.20 6.0 400.20 -503 T2 KA. 2
%0 R R 1 2.80 1.03 894. 61418.8 400.11  -G.0) 399 6b -41b6.99 HA 7
91 R R 1 ~7.Ré 0.53 %04,  102.1 353.6% -3.46 1819 -214.42 &R 2
%2 R R 1 ~78.40 0. 14 100, bb.6 321.03  -9.82 0.6 -17.3 4R 7
961 R R 0 11.98 044 1123. 81.9 300.50 -4.8% 0.6 161.51 4R 0O
9k 5 5 0 -0.82 0. 1799, 69.4  2BY .45 -4 .17 5.79 116.T4 8. 0
95 S 5 0 -7.78 1.9 2183, BB.9 285.07 -3.21 b6.99 G5)T Al HR. 0
966 % 3 0 -13.20 L.A1 2231.  127.9 28%.82 -2.21 133.45 TOO.AY bA. O
9%T S 5 a4 -1T.98 2,25  2041. 207.7 286.8% -1.3A 192.96 AIZ.A1 4RO
A S 5 o0 -22.58 267 1738, 397.3 7B%.8% -0.T1 240,27 1074.Tb kA D
LTI < 0 -27.14 391 1269, 106A A 792,95 -0.78 PT4.7P? 11917 HA D

- C=49



EXAMPLE 24
(Encounter 15-137-03)

¥ Nm1

~3

TR ALGRTITWM VERSIAN T 562 LTAC-S ST 10 3] 45 ET 10 33 6
*FFFRENLE EVENT PNSCMD=) AT SCAN 225, MD= -843.0 XANG= 14524 ALT= 451.3

B T T T T T 1 T 1
R/
AL S J

A
160 F ]
9.54
3.00
.50
R.OO | B
750 } 4
L LT I o o
n" BA I 1 | L 1 - 1 L

% -%.59 -9.05  -#.%1 -H.n10 -1 &%

R SR DT Tt 106 1 S b

Cc-50



I FFFT

a1l 1T TunF

IRL GLGROITHM VERSION = 502 LTAC-& ST 10 3h &5 ET 0 33 &
REFERENLZE EVENT PDSCMD=1 AT SCAN 225, MRz -~A43.0 XANG=S 145.24 AL1= 46143
T T T T Lol T T

annh.
aren L 1
N — ‘
3501 - ) N . . 4
» C\ .

50 50% ’ 5

C\ Obsolate descend command
opposes altitude separation

toe. | Py oyt [T -
\\:—..__:—._.!——— [ %\i-\m
P / r\ B
o L First Positive Command {To Desacend) * |
Delivered 12 Seconda Before Go-Altitude N . . .
r 5
\\\\\
wan b p

i \ L

24P 5

t
o
>
~
=
~
*
=
>

FEC Ce FELIEA ?*r.5 2

ENCL BN

ITPC ALGORITHM VERSION = 502 LTAC-5

CPAH = T48.735 CPAY = 3.4

CP& ON SCAN 239 SCPA = 773,179 SCPAH = TaB 735 SCPay = 192.891

arl TRACK = 1 10 = DABSQS TFR

AL2 TRACK = 25 1D = DD4S11 vFR
GLAN ALY al? PAS TH AANGE mp ™ RI VI LLli DOT  TCMD NAC
724 % F o 65 .45 5.04 1852. =29.3 264.98 10,07 299.98-1373.76 4. §
224 H F -2 €3.83 4. 76 1926 ~30.1 346,853 12.20 366 53~1254 84 &%,
225 1 F 1 £1.55 447 1561, =-30.4 456.11 14.99 456, L1-4148.62 &4,
276 ) [ 1 58.91 4.t9 1. -35.6 510.43 14.32 510.43-1052.29 &%,
721 X C ] 55 .92 i 653. -45.2 H38.05 11.90 538.0% -983.98 o4,
2e8. ND 0 52.32 3.63 224 . -48.1 34378 12,30 593.78 -883.51 44,
2?29 X ND 0 98 .19 .34 249, -58.2 624.5% 10.79 424.5% -809.18 &4 2
2130 X ND O 4N, 12 3.0 4¢. -119.6 591,10 .99 591.10 -737.25 64, 2
27 X ND i 3930 2,71 9271, 224.8 513.65 -2.29 367T.41 -668.50 4. 2
712 ¥ c 1 34.2% 2.a1 BTy, T8.2 455 .77 ~5.83 82.68 -601.07 44, 7
733 WO L 1 29.24 2.17 8s7. 5.9 370,32 ~-1¢.30 0.0 -53Z.84 b4
73 WO i 1 23.81 1.8% Tha, 18.3 260.00 -14.43 0.0 -462.87 o4
715 n T 1 18.55 ]1.5% 423 13.7 203.38 -14.8% 0.0 -391.29 &%,
236 D [ 1 13.07 1.2% 13%. 7.% 121.83 -1&.23 0.0 -31b.52 éu.
I3 I ¢ 1 T.08 0.91 113, 5.1 T4.96  -14.64 0.0 -23%.80 4. 2
73R n L 1 -G.496 0.62 Jbu. =2.1 -39.37 -18.50 3%.37 -160.06 5% 2
739 n [ 1 -13.89 0.3 490 -7.3 -155.77 -21.31 155.77 -T79.55 &4 2
740 h t 1 ~142.43 g1l 65 -11.4 -224.47 -19.75 224.47 -10.00 b4 2
741 ] C a 13.89 0.32 B0b -16.0 -257.82 -14.07 257.82 T7 34 6%, &
242 s s ] 1.10 0.59 813 -22. 7 -267.38 -11.7T9 247.36 148B.9% &N O

c-51



¥ NmI

EXAMPLE 25
(Encounter 14-90-03)

[PC ALGROITHM VERSION = 407 LTAC-4
REFERENCE EVENT POSCMO=1 AT SCAN

9.0

T.

.0

ST 10 42 58 ET 10 4% 44
130, MO=-1545.0 XANG=

31.38 ALT=. 204.5

"Don't Ture Left!

' : "Turn Right And Def-scend”

1 1 L

1

Transition From OFPWI..
To Double Positive Commmands

~14.0 =13.0 -12.0

A Ami
mISS [4-90v-03

C-52

-11.0 =-10.0 =90



=

E]

204.5

31.38 ALT=

ST 10 a2 56 EY 10 4% %4

130, mMDs-156%.0 XANG=

LTAC-%

IPC ALGROITHRM VERSION = 407
REFERENCE EVENT POSCMD=1 AT SCAN

+

=Y

s 82
NN

5T50.

5500,

5250.

5000.

4756,

4500 .
4250.

1334 M 30051100

1r.5 120.0 122.% 1256.0 127.5 1l0.¢ 1325 135.0 13T.5 1%0.0

115.0

SCAN COUNT

= B4T.T9T

46457736 SCPAY

46TT.926 SCPAH =
vFR
IFR

~

DOT TCMD WAC

Vi LL U]

Az

™

mo

TH AANGE

AC2 POS

SCAN  4C)

‘ene ————

COCOMNAMNN N NN N NN O SO

> - 0 @ ® & T @
~-a 00 0 ]

T OO O e M e G AN N OB T OO —
—me e o CINE TS

2

G RN RNG - T M NGNO O OC N EMONNO R
DO DN I O T O T DU O b b
A T MO NN — v b | | — N
L I A T B B N N R R

o o= 10 0 0 A AT B s B 9 i
B F MO OO LW e FreO N OO DD b b
MDA DD D T 0000 S AN 0 gD
—— e ) Rl R el il g
& — e s v N O S D N D L
S B SO @O CHAMN O DB FNEN T TN
MBI M OO T G T =S =@ D0 T 0O

WD DO OE OO~ NN M T = BT BN MO
DT UG Tt G e e P A O DO 0 0 00 i O e O 19
NGO O T 0 DD 0 0 G O 3 w00 O D50 O D LA S €0 €5
—_ @o o bt

IO N O T

T X AT G MBE - O~ R DM d OD

0P O O O e U0 O AT O 3 G0 DO P 0 G A e g

P L n.57192h‘.4.6l0653334‘11u. N

Pl —— T O | )]

10
it
hbd

[EISIETEFEY-]
FEwwivan
R O A | .

b dad B IV TLIT VYV VAV YRV TP

ReEDQDO
Eniv
dddudd Il a e R T
EZETRTETZE
AT DD = B 0P I OO e T LS D S
- o o e MNTImm -

e kit o e 1 e

Cc-53



EXAMPLE 26
{Encounter 15-130-04)

¥ Nmi

IPC ALGROITHM VERSION = 502 LTAC-5 ST 10 36 50 ET 10 38 26
REFERENCE EVENT POSCMD=1 AT SCAN 449. MD= 2535.3 XANG=  93.07 ALT=

.00

91.

T T T T T T " T T

Descend Command Continued Despite
Adequate Horizontal Miss Distance

I L L I L

i

N H |
-13.00 -12.50 -12.00 -11.50 ~-11.00 -10.50 -10.00 =9.%0

% Nml
mISS 15-130v DEC. 9, 1976 DRONE DABIO1 INT DABSO5

C-54
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ALTITUDE 1IN FEET

(PG ALGROITHA VERSION = 562 LTAC-5

REFEMENCE EVENT POSCAD=1 AT SCAN %68, MD= 2539.3 AMMe=

ST 10 36 50 EY 10 38 2§

L T T
ase.
3500, ¢
39,

L}

.07 MTx " 915

3000.Mr_f—-_—ff-—7--3-==:3==:::=-
. T —
. .0
s » .
2150, | ~~ .
. - ' ' g g . ad
-~ a\\\\ -..__‘L-c
2500, | §
2250. .
1 L L L i 1 1 L
4550  4ET.S  4s0.0  452.5  485.0  44T.5  470.0 4725 ATS.0 AIT.S
SCAN COUNT

IPC ALGORITHM YERSION = 502 LTAC-5

CPAH = 7227 562 CPAV = 91.4

CPA ON SCAN #72Z SCPA = 7239.543 SCPAW = T227.562 5CPAY = 416 364

4CY TRACK = 1 1D = DAB5SOS 1FR

ALZ TRACK =129 1D = 004534  VFR ,
LCAN  ACY  AC2 POS TH RANGE mD ™ RZ Vi YMND D0T TCMD NAC
455 X X 0 102.35 5,04 372, 1120.9 180.56 ~0.14 151.3% -878.1% B4,
458 X X - 0 110.45 .84 BLTE. -1H2.T  1TH.5M 1.24 178.54 -T4%5.%) b4,
437 ¥ %X 0 971 4,61 8iA9. -10.9 19124  1.81 191.24 -757.11 sa.
wsg A % 0 BE.T0 4.38 @250 95°3 152,92 -1.60 50.25 -757.82 &4,
a9 X ¥ 0 8362  4.19 7950, 390 124.T6 -3.20 0.0 -T3a ué b4,
460 X X 1] T6.92 3.96 8402, 29.5 106.10 -3.69 9.6 -Ti0.84 &4. O
w1 % & 0 1201 ‘16 7133, 289 95.22 ~3.2% 0.0 -619.70 4. O
442 X F 1] 65.28 .51 6524 %0 30.08 ~2.45 0.0 -652.47 &4. 0
a3 %X F -2 58.3% BT w23 %6 0 88.75 -1.93 0.0 -b25.30 &a, 2
as4 FF 1 433 198 95'3 93,41 «0.98  20.T0 -d64.03 &M,
ws b T 1 3760 ‘70 4956, 339.2  98.54 -0.29 79.95 -64E.66 64,
web DL 1 33043 39 7988, 222.4 99.75  -0.43  6T.4Y -58F. 06 64,
w7 D € 1 3243 12 9100, -h4.0 142,53 324 142.53 -R38.38 64,
45638 n 4 1 25 .46 87 7337 =27.0 223.03 §.25 223.07 -400.5% &4, 2
49 b 1 Z4.52 82 7387,  -2%.5 323.49 13.20 323.49 -307.78 64,
wg¢ 0 ¢ 1 24.2f ‘sT 7389 -27.% 383.52 13.94 338.52 -213.87 &4,
4TL W T 1 3137 ‘36 7285, -34.5 4z24.92 12,33 A24.92 <120.13 &4,
412 NE € 0 118.34 58 7357, —45.6 440.9L  9.69 440 %1 -27.53 4.
413 S 5 0 =64.41  1.20 TIB5. -bu.4 443,53  £.BB 443.59 6099 4.
474 8 & 0 -37.47  1.27 1081, -100.0 438.75  4.3% 438.75 145.58 é4. 0
WIS 5. 5 0 =23.eT TH1 7025, -178.4 4305 2,41 A30.55 227.03 4. O
“T6 § 5 0 -24.82 o1 7094, -417.1 42177  1.01 421.77 304.01 4.0
4TT 5 5 0 -2r.11 83 Ti13. -369%.8 413.92 B.11 %413.92 383.70 6a. O
478 5§ 5 0 -30.3 03 Tiga. 1056.0 #07.71 -=0.33 383 0% hh3 4 4%, ¢

C-55
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EXAMPLE 27
(Encounter 15-124-16)

Ri?

TEY AIGROITHM VERSIAN = 581 LTAC-5 ST 14 28 54 ET 14 30 47 ' 2
EFFERENTE EVENT PRSCHMD=1 AT SCAN 1252, mD=  900.8 XANG= 152.25 ALT= 299.7
T 1 T - 1 T T
s b = Unproducttve Command Reversals (4,8)
Right turn begins at time
FPWI appears :
-
1100 L\. i
"\
[ o
1050 \ Sequence of commands: .
o Turn Left
ﬂ\ Don't Turn Left
l\ Turn Right
Don't Turn Right
l\ - . .
000 b l, . Turn Left - ]
\3
f’!,—9’4 . \\‘
.50 ‘—-—/.)/‘/‘ -
200} -
85
1 . ! Y 1 1
-uyE roen -16.57 -19.45% -9.50 -9.90

L e

MIES Eelley-0r
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IN FFFY

a1 T1TuDF

TP ALGROITHM VERSTON = 501 LTAC-5 ST Lu 28 54 ET 14 J0 97 ° 4
REFERENGE EVENT PRSCMD=1 AT SCAN 1252 MDz . 900§ WANG= 152.25 ALT= 2997
T T

. r .

eaen F : _

P LY - u

4154 o . 4

w00 F - e y
. 5 T ‘:—--

o5 2B Bt N A e
¥250. | -
A o E— i —4— 4
4000, - o
s b ]

. , . ,
sk :' e 1285 .5, T2EG .- - 1265.0 17100

51
rPAd z 1172.565 LPAV = 250 T19
fpa NN SCAN 1264 SCPA = J208.067 SCPAH = 1172.565 SCPay =. 29C. 719
101
552

sy TRAGK = -1 [0 = DARL 1FR

A7 TRATK -2 10 = DA 1FR
nraN ALy aC? Pas TH RANGE RG ™ L ¥ Vi ymn N1 TCMD NAC
1745 H X a Ty, 81 4 22 5771 -238.4 314.90 1,32 .314.490 -B43 .58 49 O
1746 X k] 9 T0.10 3,99 5378, ~506.% 310 93.. 061 31091 -798. 47 49, 0
1247 | I 4 ] £5 .87 375 w908, -2094.% 307 .23 0.1% .2107.73 -151.50 4% 0
1P4R. X ... X 0 6143 3051 4e47. 2438.2 30420 -D.12 29808 -195.30 43 [
1749 ¥ x 0 54.88 3.2t 4356 1197.2 a01.97 -0.25 :289.61 -859.63 49. 0
yreg. - F F 0 £2.57" 3.03 4101 1057.1 300.%0 -0.28 2A6.57 -412.54 4%, D
1251 F Foi-2 4191 2.79 331, 1150.3 299.83 -C.26 286 87 -5&d 99 N3 .7
1752 - F F 1 %3 .51 2.56 2623, 1424.3 299 .22 -0 F1 288.92 -520. 69 4%. 7
1287 1 ] 1 40.0% 2.4 1857, 1958.2 299.11 -0.1% 291.63 -471.76 "W 2
1254 | L 1 an. 2z 2.14% 1508, 2992.1 299.1% -0.10 294 .79 -%07.40 49, 7
1755 L 9 45 .03 Y.95 - 5343. 5215.9 299.34 -0.06 296.53 -ZE3I. 45 49 7
1756 NI L] [} 36.09 [ I8y4. 11424.7 299.52 0. 03 294.23 -286.467 #9. 7
1257 KL ML ] 35.8% 1.5%9 965. 52015.7 299.468 -0.01 299.40 -230.64 49. 7
1?56 R Q 1 42.92 1. 44 4568 .-49953.0 299 .42 0.01 799.82 -154 AT 49. 7
1269 R R ] 35.5% 1.3¢ H04E.-25966.% 29%.%1 0.01 299.9t -144.33 49. ?
1760 AR NA 1] 30.40 1.1 5254.-23241.8 299.98 0.01 299.98 -124.17 u%. 2
1761 NR NR 0 23.19 0.95% 449, -2566%.6 300.02 6.01 360.02 -101.59 #%. 72
1762 N8B NR 0 . Q.77 3126.-319T1.6 300.04 .01 300.0% -103.76 49, 7
§263 NR NR 1 3 0.67 1514 ~44023.6 30004 8 01 300.04 -95.16 4%, 7
LY L t 0.6 &5 . ~66433 .6  300.0% [ 300.04 -57.38 49 7
1265 | ! 1 n.21 1028, 100.0 360.03 9.0 300.03 -731.36 4?9 ?
JP6bt L 0 G.21 1224, 100.0 340.02 0.0 300.02 12,72 49. 0
1267 S b3 L] .43 £343. 100.¢  300.02 0.0 100.02 b4 4T 490
1268 s < 0 .66 3. =%9.9 34b.41 3,47 34k 4L 11b.15 490
1269 & 5 a 0.90 101¢. -TR.5 37%.02 4 B3 379.07 170 56 49. O
1218 s s ] 1.13 567, =-254.3 353.09 1.9% 353,09 219.78 4% 0
127t & S [} 1.35 559, 10.9 33:.5% -0.45 299.795 2bb.u} 49 ]
1277 5 s ] 1.53 3683, 191.%  115.4%8 .65 23473 XS 490
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EXAMPLE 28
(Encounter 15-129

-10Y

Y NMT

TP ALGRDITHM VERSION = 502 |LTAC-S ST 11 27 33 ET 11 29 4 ? *

&
REFERENCE EVENT POSCMD=} AT SCAN  1%0. MD=-1299.! XANG= 50.32 ALYz 63.3
T T T

' aB505 v '
120 | .
1n.a | .
100 | .
.0 | y
8.0 | AB10) .
A
‘; Pilot attempts recovery when
commands dropped and 6 o'clock
T 1; € PWI remains (4,4, 4)
K Late Commands (4.5%
6.0 |
L
(- i ) 1 A L | L

~11.0 -1ahn

X NmJ
MISS 15-129V-10

c~-58



5T 1

LTac-%
150. WD

502
1 AT SCAN

NCE EVENT POSCRD

oy

RN N AO S OO CS MM AN

1

175.0
e
4
4

i b bl ]
o B ) o o

TCMA NACS

i
179,49

oot

-708.13

-682 34

“H5H 44

1254 -b24.03

¥mD

13278 -7b7 44
13027 =737 &b

o0
ot
0.0

D T B T U B O 2 e P £ B o LD S
MOAGMNS—Finn T mMuDDF S

1 i
160.4 165.0
= 0. 96!
k4 Vi

1748, 235 SCRAY

nMo

L
155.0

D kD 5O B
FUO@INR — 0D

RANGE

5
166 .0
A
L]

™
4
1
2
0
3
1
6
1
1
]
T
0
1
9

171 SCPa

cooa —_ o m

- (ST TET ST PETT I T E)
BTN P Y TV v

S P N Y | [ A

SCAN COUNT

o
L
aat o)
A
145.0
AL2 POS

IPC ALGROTTHM VERSTON

]
é

550
259,
4000
5I1%0
5500

*

ca
BRI M BEMOMOBEM M MR SR WLV AT AR FpRAeGS aa

CPan = 1748 .23% CPAV =

1PL ALGORITHM VERSION
CPa ON SCAN

ACl TRALK

ACZ2 TRACK

52%0
5000.
yrsg

T D O Qe DT A D D8 D S O T
LI LE U s 8 o8 N 288 0 o0 o0 o 0 e P P P e b o e

SCaN ATl
54

1331 N1 0N

Cc-59



EXAMPLE 29

(Encounter -14-111-04)

+

Y Nmi

IPL ALGROITHM VERSION = 408

REFERENCE EVENT PDSCMD=1 AT SCAN 187. MD= -675.3 XANGS TT.01 ALT= 194.0

-16.50

-17.00

-17.%0

-18.00

-18.50

-19.00"

-19.50

-20.00

LTAC~4 ST 10 36 42 ET 10 38 34 2

T

l,

e P
|

L

1 T T 1 ) ¥

PWI-only encountsr ]
(Commands not displayed to pilot)

'I(

SUBJECT AIRCRAFT

Subject turns to pass in front .
of faster aircraft, Maneuver
decreased existing miss (5.2,2)

/‘)

DABS INTRUDER AIRCRAFT

| L " J 1 ]

ABS5 0

-27 80

% NmI
MISS T4-111GS-04

.37 on

-26.50 -26.00 -25.50 -25.00 -24.50 -24.00
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+

ALTTTUDE [N FEET

TPC_ALGROTTHM VERSION = 408 LTAC-4 5T 10 3§ 42..ET 7% 38 34
REFERENCE EVENT POSCAD=5 AT SCAN L87: NO= -675.3 XAMGz  77.01 ALT=  194.0
L T T L} T
T250. B -4
.
re00. | J
erso | 4
. S
% I
6500, F .- . .
z
1 : -
. M“J__
s250. | §
hansos uu,«r’r"’i"l'--.xl-‘.,-:=‘=s
x o
—
- = . —
pono. | ¥ i\l\;\ P
stse. b oo-- .
L L 1 1 1
175. 0 180.9 L1850 190.0 195 .0 200.0
SCAN COUNT .
IPC ALGORITHM VERSION = 408 4LTAC-4
CPAN = T14.249 CPAY = 18%.559 :
CPA DN SCAN. 199 SCPA = 43,245 SCPAK = 734.249 SCPAY = 414.656
oC1 TRACK = 2 10 = DABSOS  VFR
aC2 TRACK = 1 <50 = DABSS2  VFR
5CAN  al]  acz Pd% TH RANGE mD TV RZ vI.. Ymd DOT  YCMD NAC
175 X X 0 106.22  2.98 - 6%19. . 0.6 299.83 -291.55 32..0
176 X ¥ 0 99.36  2.85 b0TH. ) ~0.01 299.92 -281.35 32. 0
177 % ¥ 0 %410 2.73 4045 . . ~347 344033 -270.79 3206
18 X X [ 95 .19 .69 460 -78.3 -379.95% -4 B4 . 37B.95 -251.79 2. 0
199 & X 0 8345 2,51  b294.  <BL.¥ -399.49 -4 88 399 .44 -24].79 32..0
80 ¥ X 0 AL.la  2.37 5689, -97.8 -410.50 .-4.20 .410.50 -236.3Z 22. 0
81 X X 0 7400 2.24 5373 . t464.3 -368.54  0.25 360.48 -229.26 32. 0
82 % X 0 &1.TB --- .35 - 4344, 129.6 -236.18  2.59 .2§3.1T -229.10 32.©
83 F X 0 ‘5142  1.88 1568 9001 -313.64  3.48 202.24 -224.08 32. 0
188 S 8 0 ws.ud )75 3200 365 -233.19 ©° 6.93 31.38 -214.25 -32 .8
185 .5 5 0 3552 .52 3136 374 -313.18 T.7% 0.0 -205.54 32. 0
166 F F --2- 2851  1.35 1§49 2606 ~189.73 713 0.0 -190.69 32. 2
187 F F 1 21,28 115 1138,  31.1 -178.66 5.75 0.0 -171.40 32. 2
128 L R 1 1Ta1 181 1015 4201 -175.84  4.1F 4224 -1%9.89 32, 2
89 U R 1 1290 0.6 88D 650 -177.719  2.73  90.33 -125.63 32. 2
% L A 2 8l 0.74  B72. 11§.3 -182.0%  1.ST 131.95 -102.73 32. 2
1 Lt RE 2 -0.18  0.5% 593 282.4 -186.92  O0.71 164.t2 -T6.30 32, 2
92 L6 RC 2 -2.B4 0.39 547, -T1.4 -237.81 -3.33 21T.8] -54.43 32. 2
191 LD RC 2 -27.93 Q.23 523, B4 6 -2T4 05 -5.02 Z74.05 ~-30.14 32. 2
19% LD RC 2 -aa.85 013 731, ~39.6 -3a3. 66 -8.67 343 b6b ~19.93 32, 2
19 LD RE 3 -90.76 0.12  T0%  -4l.4 ~388.99 -9.38 388 95  0.40 232, ?
19 LD LC 0 %368 0.17 722, -38.5 -461.27 -11.30 #61.27 15.3% 32. 0
97 5 5 0 22.86 0.27  T15. -43.8 ~505.66 -11.54 505.66 28.70 232, 6
98 5 3 6 12,58 0.35 . 732, -5a.6 —5gA.64 -9.68 528.44 35.98 1Z. 0
9 § 5 & 1.16  D.48  bd2. -73.7 -534.72 -~T.28 536.72 50.5% 32. 0
06 S 5 o -9.45  D.6B 622, -108.2 -535.7T -4.95 &35.77 T8.98 32, O
201 & 5 0 -15.8% 0.8  676. -1T7.2 -530.14 -2.99 530.1% 106.21 32. 0
202 5 8 0 -20022  6.9T  TEA. -114.3 -5§3.22 498 589.22. 11979 32. o
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EXAMPLE 30
(Encounter 14-109-04}

Y NmI

1PC ALGROITHM VERSION = 407
REFERENCE EVENT POSCMD=1 AT SCAN 969. MD=  461.3 XANG=

-5.50

-6.00

~6.50

LTAC-4 §T 11 10 3T E7 11 12 33

9.17 ALT=

141.0

¥ L
-

T

]

Pilot Turns Right To
Locate (5.3. 1) ’

\
I

%4

i Subject Visual 7]
AB101
Subject Pilot i
1 1 L 1 1 1
-42.50  -42 A% -41.50  -41.00  -40.50  -40:00  -39.50  -39.00
x Nml

MISS 14=1095-04

Cc-62



= 141.0

]
T ALY

1z 3
§.1

ET 11
.3 XANG=

o

441

ST 11 10 37

LTAC-4
1 AT SCAN  949. WD

407

sy

bl
0

PO OOOREOONANNNAUNAMANCCDOOOS

L
980. 0
TCMD NAC

O ) o D DD O
—C T 0 L -

Dot

LY

L
975.¢

283.437
vI
1
8
2
7
&0

LT U A T =

&
976.0

L}
3
y
7

1023. 141 SCPAV
™
5
¥
T
7
7
2
3

G65.0

b
3308

LTAC-4

10,863
1061.675 STPAH
VFR
¥FR

A5 05

TSN 0 00 L OVLO AT T D e D e e D O o U O D0
@ o

RANGE
94

ETL I
= 47
DABIDE

TH

PN OO G S OO
=T 0 = 1 B SN T 0

2.2
19.77

e T e LY

973 5CPA
3 Ip-=
z2 D=

L

955 . ¢

AC2 PNS
[
C
C

5CaN (QuNT

IPC ALGROITHM VERSIDN
REFERENCE EVENT POSCAMD:

9750

.Fiid’i;'i"i"i"
9250. 0§

10250,
10000.
9500,

+

CPAH = 1023.14] CPAV =

CPA ON SCAN
AC1 TRACK
ACZ TRACK

IPC ALGORITHM vERSION
SCAN  ACL

3000.
8750.

4333 NI 30hL1ay

C-63



EXAMPLE 31

(Encounter 8-55-06)

¥ NMIT

IPC ALGROITHM VERSION = ki

REFERENCE EVENT POSCMD=1 AT SCAN 840. MD=

-8.00

LTAC-1 ST 11 & 51
-50.5 XANG=

ET 11 8 43
3.11 ALY
T

L1}

Lo
&=
T
<+

Directly In P
. Traffic {5. 3.

T

¥

- xes Turn To Locate
Subject Ma e:th Of Overtaking

1),No Visual Repo rted.

Interceptor

\
)

4 |
4

L

-43.50

X NmJ
mISS 8-555-0¢6

a
FRory

42,460

-42.50  -42.00

C-64
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ALTITYDE IN FEET

IPC ALGAOLTHM VERSION = 9 LTAC-t ST 11 & %i: ET 11 8 43
REFERENCE EVENT POSCRD=1 AT SCAN 840, MDz  -50.6 XANG: 241 ALT= 3954
5250 | T T T L] ] L) A
5000. 4
P IFR Alrcraft Allowed To
urse. | \ Continne Dascent, Thus i
' Forcing VFR Down
o
FEPTTY DR S . »
)]
500 | -1
4
g 3
H
g8e
L]
azso. | a u -
w8
@ i’,"‘
g &
0l ow
4o00. |} 9,,2.5 <
- h
-}
wg o
255
150 E.EC!
. 8y
» @
:‘; o0& T
"")n =
]
CR
.tn bl
oo, | L t
———
] e L
435.0 . Ruf N #50.0° "
SCAN COUNT
1PC ALGORITHM YERSION = 9 LTRC-1
CPAH = 2570.898 CPAV = 345.414
CPA ON SCAN 853 SCPA& = 2TD7.789 SCPaM = P570.8%8 SCPAV = 850.042
ACI TRACK = 2 10 = DAB505  TFR
aCz TRATK =--3 -10 = DAB55Z - VFR
SCAN ACY  AC2 POS TH RANGE  MD ™ - Al 54 LEL] boT  TCMOD
835 0 102.5! .: 2.0! 251 uh.z -538.68 11.47 0.0 -130.43 69..0
[H S0 4.4y 1.9¢ Té. 44.0 -481 .52 11.18 0.0 ~-133.69 &% @
83T 5 5 8 bb.42 1.75 LHE 5O.4 -458.BY 9.0 0.0 -148.59 &%, O
B8 5 F-% 6l.by 1.67 733. up. 9 -414.23  10.14 0.0 -142.29 &%, 2
839 5 F ] 1.63 3zz. 42,0 -283.54 9.14 0.0 -129.50 6%, 2
B840 5 F 1 51.94 1.47 308. 0.9 -370.27 7.27 ¢+ 9.0 -126.75 ‘B%. 2
B41 5 D 1 43.e8 1.40 709 36.9 -321.91 9.73 . 0.0 -118.52 &%. 2
B42. 5 D 1 u47.el 1.34 222 71.8 -339.82 §. 72 36.87 -107.86 b4 2
g43 & D1 a0.38 1.22 381, —BB.5 -#49.65  -5.08 ‘449.65 -idD.55 M. 2
Byd F 0 1 35.99 1.13 360, -129.9 -449.4% -1 46 449,49 ~92.55 64,7
95 F B0 4348 1.15 1. <B5.1 -517.78 -11.22 &iT.78 -B1.66 &4 2
g F NC D 35.89 1,04 1284,  -39.5 -T41.29 -18.T6 T41.29 -T1. 43 64 2
97  F NC D 32.1) 0.95 2457, -39 % -BST My -21.46 B5T 49 -42 54 4. 2
48 F NC D 25.50 0.8 3230 ~53.6 -BT9.7T1 -14.42 BI9.T1 51 .42 b4. 2
@49 N WC O 19.57 0.BO 3723, -i0%.4 -E33.82 ~7.99 833.82 -46.70 44. 7
50 WD NC 0 15,75 0.75 2380. T41.3 -T43 T8 0.98 6B1.25 -43.6b 44, 2
51 MO NL O 534 0.46 1029. 310.1 -721.12 2.31 572.31 -40.3% 4. ?
52 ND NC 0 -3. 48 0.57 15, 261.1 =706 .15 2.70 533.08 -35.83 &4, 2
53 ND NC 0 -1T.4% 0.4 1395, -918.7 -T43.3% -0.7% T43.39 -28.73 4. 2
54 ND N 0 -34.52 0,42 21T2. ~-141.5 -BLT.93 -5.78 B17.93 -IT.77 4. 2
85% D NC 0 -457.90 0.42 2546. -11%.0 -86%.90 -T.57 @6%.90 ~3.66 b4, 2
B56 ND KC D 0.0 0. 2589 0.0 -948.08 0.0 948.08  12.47 44. 0
857 5 5 ] 6.0 0.57 274% 0.0 -99T7.98 0.0 997.98 40.18 44. D
W1 5 0 9.0 Q.67 2690 0.0-1024.38 0.0 102%.38 62.13 b4. 0
59 § H [} 0.0 0.2 2655 0.0-1081.26 0.0 1081.26 B7T.12 % 0
58 5 5 [ 0.0 0.98 2606, 0.0-1114.79 6.0 1014.7% 115.13 b4, 0
LY] 5 5 0 6.0 L.15 2484 . 0.0-1129.74 0.0 112976 145.60 b4. 0

Cc-65
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{Encounter 10-062-04)

EXAMPLE 32

Y Nmi

IPC ALGROITHM VERSION = 201 LTAC-2 5T 10 59 25 ET 11 1 1 2
Bgﬁi?ENCE EVENT POSCMD=1 AT SCAN T33. MD= 2344 .6 YANG= 32.40 ALT= G684.T

Ll ¥ L ¥ " 1 1 ]
-8.50 | o
-9.00 |. -
-9.50 } 4
-10.00 } .
AB1O1
-10.50 | ~
-11.00 |} -
Interceptor{
-11.50 F 4 ' ) -
I [ B505 1 L L ]
~45 .00 SLCLY -44. 00 -43.50 ~43.00 -42.50 -42.00 -41.50
¥ NMI

mISS 12-825-04
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+ 1PC ALGROTTHM YERSION = 201 LTAC-2 ST 1059 25 ET 11 1 1 . *
REFERENLE EVENT POSCMD=) AT SCAN 733, MD= 234%.8 LaNG= 32,40 ALT= 5387
Li L L e i T L] L) L}
£250 . /-/’/ - o
/ M E
[ i . ’
6000, [ : ] : . 1
»
v
5150, | E
)
7
Inke reeptor —

5500, haksd 3 34 5 —F—p—p—e— . .

Subject Contiaued To Climb With . i
2WITraffic Indicated Above Uatil
Beceipt Of Descend Commaand,

-
s000. | g /.__. ) -

;‘)/6\ I S NP e

arse. | // Bubject Visual ' .
.

5250.

= &
-2

L] ) L3
. Subject Executing Normal Climb
as00. I L T ith PWT And No Visuwd, (5.3.1) i}

b T0)

ALTITYDE In FEET

L L . 1 i L Il 1 d

725.0 T8 130.0 732.5 T35.0 TT.5 40.0 T42.% AL ]

- SCAN COUNT

IPC ALGORITHM YERSION = 201 LTAC~2

CRAH = 3424136 CPAV = 51b.441

CPA ON SCAN 746 SCPA = 36b3.083 SCPAH = 3424136 SCPAV = 1301, 332

AC1 TRACK = 2 10 = DABS0S ¥FR

aCZ TRACK = 1 1D = DABLOY VFR
5GAN AC1  AC2 POS TH RANGE L] Ty RZ vz wnD 00T TCMD NAC
723 . ] 41 16 L.%2 2687 . 40.5 1078.99 —13.41 &49.98 -15} 46 32. 0
724 S S ] .71 1.82 3455 . 48.5 1058.86 -10.75 Ti4.99 -145. 82 32 0
725 5 5 a 59.45 1.73 3961. 9.6 1007.62 ~-11.24 647.43 -138.9 2.0
T2h 5 5 0 65.24 1.64 4497, 69.9 932.62Z -11.35 505.42 -130.27 12 0
Tet s s 0 5B.24 L.53 4147, TO.T BAT.T2 -—12.36 4B5.3% -124 44 32, 0
728 ) 5 0 48.11 1.40 3041, 3.9 B&5.48 -10.32 535.18 -121.38 32 9
729 5 -] 0 43.82 1.30 308%. 73.1 #12.09 -11.10 4546 .80 ~112.96 32 0
T30 F F Q 36.73 1.19 2548. 78.8 781.78 9,92 464 .24 -105.8% 32. 0
131 F F 0 34.28 1.1 2812, 9.1 Téa.1t -7.86 5i6 .48 -94.86 372, O
T12 F F -2 27.462 0.9¢9 2136. 53.% 4T2.61 -12.56 270.5% -B6.%) 232 7?7
113 F F 1 25 .47 a.92 2331. 46.0 410.90 -13.27 144.30 -~Te.08 32. 2
T34 ¢ ) 1 21.25 0.8 2149, 3.9 529.86 -15.20 43.55 -46.54 2. 2
T35 C L] 1 19.88 0.T8 2532, 4.3 u4B2.20 -14.0% 32.77 -55.5 3z. 7
T3k L T 4 13.52 0.8% 2201, 3.7 505.%4 ~7.94% 251.58 -47.82 32. 2
nr < g 90 10.13 0. 64 2345, -182.4 424 52 .42 624.52 -39.5t 32 2
738 ND NC 1] 1t.60 0.42 2776, -50.& 06 .37 15.93 06.37 -30.32 32 ¢
739 ND NC [ 13.09 0.5% 3052, -41.1 978.05 231.82 978.05 -21.81 32. 2
T4D WD NC o 28 .63 0.61 3514, -hi 2 1087.74 24 62 108774 118 3z. 0
41 5 ] ¢ 51.17 0.64 3884, ~47.9 119%.60¢  24.97 11%4.60 =19.0¢ 232. O
T42 5 s 0 kb 45 0.63 ares. =58.1 1252.77 21.56 1252.1Y -10.00 32. &
Tul 5 5 ¢ 38.9% .61 3608 . -76.8 1276.36 I6.63 12T6.36 -10.00 32. 0
Tiy 5 5 ] 0.9 9.61 3545 . 0.0 1277.99 0.0 1277.9% 12.44 32, ¢
THS s ) 0 0.6 0.6l 3460, 0.0 1314.04 0.0 1314.0% 1%.48 32 ¢
T4 s B ¢ 0.0 0.463 3478 ¢.0 133134 0.0 1331.3% 17.12 32. ¢
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EXAMPLE 33
{Encounter 6-35-04)

¥ NRI

IPC 'ALGROITHM VERSION = 8 LTAC-1 ST 11 5 83 ET 11 6 59
REFERENCE EVENT POSCMD=1 AT SCAN 502. MD=-1845.3 XANG= 90.60 ALT= 363.1

L 1 . T ¥ F L T

8.50 | PWI Indication & Subsequent Command Not

\ Intuitive To Pilot
* \
8.25 | \
. 3

"

7.50
— L] \
P

7.25

7.00

Subject Confused By Command To . '
Turn Toward 1] o'clock PWI 48101

ABSO1

.75 F Interceptor

L | ] ] : 1 [ ] |

~38.25 ~38.00 -371.75 v -37.5¢0 ~37.25 -37.00 -36.75 -36.50

X NmI
MISS 6-355-0%
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+

ALTITUDE N FEET

\PC ALGROITHM VERSION = 8 LTAC=i  ST.11.5.83 ET il & %0 4
AEFERENCE EVENT POSCMD=1 AT SCAN $02. = iaws 3 xakgs' | 90.60 aLTz 363.1
159, F ' -
.
Te00. I -
-
6750. I -
" - /
. *
s500. | R I s S E
. "2
e - 2
> —
s250. L .
*
/':_____‘
3 T r—
- L] . » -
R o
w00, = ol :
i
5750, 7
1 L L 1 L
500.0 502.5 505.0 507.5. E10.0- 512.5
SCaN COUNT--- )
.-
[P ALGORITHN VERSION = 6 LTAC-1
CPAM =:1477.070 CPAY = ZBT,
CPa UN SC“N 507 SCPA = 3693 563 SCPAH = J6TT.070 SCPAV = -34B8:648
ACl TRACK = = DABBO1 VFR
AC2 TRACK = 2 TU = DaR1O! vFR -
SCAN ALY AC2 POS Th™ " RARGE 431 ™ RZ v VMO onT  TCMD NAC
493 . Yl 49 2.1% 34TT. B2.9 -467.T4 7.43 229.98 -150.81 3z, ¢
499 - F - F 0 39.78 . 1.96 3027, BY. b -4bb.bb .21 "aG0.02 -123.52° 1372. 0
500 ¥ F Q 3%.52 1.78 2683, 62.2 ~4924 .43 - 6.83 .205.494 -293.49 32, ¢
501 E F =2 31.%5 1.61 1885. £¢.4 -398.12° &.70 1B3.5% -263.722 32.2
F0z F - F 1 27.06 1.4z ..2iT7. 7.7 -384.12 - 5.e7 202.55 -229.60°°32. 7
503 L L 1 22T 1.24 2102 42.6 -332.5% T.80 82.86 -197:92..32. 2
S0y [ L 2 1867 1.07 133} 99 4 -306.32 - T.B2 49,97 -167.43 132 2
605 L C LD .2 .14.09.. 0.91 1838 42.2 -283.06 6.T1 b8.35.-137.57 32. ?
206 L C LD 4 . 9.9 0.76 .1916. ' 53.7 #276.28  5.14 111,68 ~108.64 32. 2
50T LC LD q 6.23 0,45 2278 TY. 4 -2T4.04 3.57 141.92 -8H.5% 32. 2
206 L C.LD W ° 3.68 067 2724 -247.2 -326.78 -].32 325.78 =5i.72 32. 2
509 LEC CD 0 0.0 0,62 3787. 0.0 -363.09 0.6 383.09 5.29 32, 0
10 0§ 5 0 6.0 0.T6 3068, B0 -383.45 0.0 3BR.45 4z 24 32. 0
L1 5 5 [1] 0.0 0.93 541, 0.0 ~459.03 G.0 450.03 az.0t 32. 0
22§ 5 0 0.0 111 2402, 0.0 -430.20 0.0 430.20 183.75 3Z. ¢
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EXAMPLE 34
(Encounter 6-34-04)

+

Y NMI

IPC ﬂLGRﬁITI’IN VERSION = 8 LTAC-1 ST 16 39 15 ET 10 40 19
REFERENCE EVENT NEG CMD AT SCAN 620. MD= WO64.5 XANG= 78.;1 ALT= 295.5
T T T

-21

-21

-22.

-22.

-23.

-23.

-23.

.50

.15

.00

25

.15

.15

L T 1 1

v

\

- | N

Subject believed system had
malfunctioned when he received
9 o'clock PWI and Y“pon't

3 rurn right" command e

-

\ﬁBlOl

Subject pilot

Inte rceptor
| i ﬁg;;l { i 1 ) : | ) | i L

-34.00 -33.75 -331.50 -33.26 -33.00 -32,75 -32.5¢ -32.26 ~-32.00 -31.75

X NmI
MISS 6=-345-04
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ALTITUDE IN FEEY

[PC ALGROITHM VERSION = 8 LTAC-1 ST 10 39 15 ET 10 40 19
21

REFEREWCE EVENT WEG TMD AT SCAN 420, MO= 4044 5 XANG=  78.21 ALT= 2958
T T T L) T T
5000. | ) . .
4150, | 4
cason. | . : J
bree TR
""-—-___
. L T
wzso. | ) .
- T A
rswa\L\5\J§H}_~
POl ———>
-

—
wogo. | ) . -
kLY S -

L ! Fl L L i
&£17.5 £20.0 622.% 425.0 . 827.5 630.0 432.5
SCAN COUNT

IPC ALGORITHM YERSION = 4 LTaC-1
CPAH = 4984 48B4 CPAV = T%.973

CPA N SCAN 424 SCPA = 4985.887 SCPAH = 4784 484 SCPAV = 118.293
ACL TRAACK = 3 ID = DAB&OL VPR

ACZ TRACK = 1 10 = DABIOL VFR

SCAN  aCl  AC2 POS TH RANGE WD ™ i} Vi Mo DOT TCMD NAC
16 0 44,30 2.00 3137, 100.0 -300.01 ¢.0- 300.01 -299.3% 232. 0
617 F F 0 39.49 1.82 3661 160.0 ~-360.01 0.0 200,01 -274.11 32. 0
518 F F 0 35.43 1.65 4358, 100.0 -300.01 0.0 300.01 -244.46 32. 0
%19 F F -2 3117 1.48 4273 100.0 -300.01 0.0 29%9.98 -216.73 32. 2
620 F F 0 28.04 1.33 43ty 160.0 -360.01 0.0 300.00 -igs.58 J32. 2
621 NL  NR 0 2%.57 1.18 3963. 100.0 -300.01 0.0 299.99 -159.81 32. 2
622 NL  NR 0 22.64 1.06 4198, T1.5 -253.41 135 140 .07 -128.14 2. 2
623 NI NR ¢ 20.64 0.94 4279 44 .8 -221.01 4.94 §2.99 -97.80 32. 2
624 NL  NR o 20.40 0.84 4356 18.1 -154.14 8.53 9.0 48,96 32. 2
62% NL NR 0 3z2.8C 0.80 4678 12.0 ~110.59 9.24 4.0 -34.93 32. 0
626 F F o0 90.67 0.76 4584 (0.3 -85.57 8.28 0.0 =9.47 32. 0
621 5 $ 0 0.0 1.60 $6l0 0.0 -7%.11 (] T4.11 &8.58 32,0
628 5 5 [ 8.0 0.96 5080 0.0 -71.87 6.0 Ti.87 1.ty 32,0
529 5 ] [ 0.0 1.02 4962, 0.0 -74.47 0.0 T4.67 97.53 32,0
530 5 5 [ 0.0 1.0% 4909 0.0 -79.82 6.0 79,82 114.31 32. 0
£31 5 5 [4 0.0 1.20 4956 0.0 -85.54 0.0 85 .54 133.31 32. 0
832 S S 0 0.0 1. 5003 0.0 -137.08 0.0 137.08 152.4Q 37. 0
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EXAMPLE 35

{Encouﬁter 7-50-01)

+

¥ NMl

T VERSION = 8 LTAC-1 ST 10 21 62 ET 10 23 30 .
AEEE:%EEE"ESENT POSCMD=1 AT SCAN 389. MD= 1280.2 XANG= 50.79 ALT= 401.0
-12.00 r . = . T AB601 '
AB101
Subject Pilot __
-12.50 |
-
-13.00 | ]
-13.50 | . . ' ] ’
Subject pilot refused to turn since
~* banking would have interfered with
/.' visual contact, . Interceptor was
forced to turn 130", A
-14.00 |
q
. \ - -

-14.50 | :

-15.00 } - . i
Existing miss distance was driven
through zero by the turn,

-15.50 |

. . | N 1 i 1
A
-32.50 -32.00 -11.50 ~31.00 -30.50 -30.00 -29.50  -29.00
X NMI

miss 7-505-01
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ALTITUDE IN FEEF

1PC ALGROTTHM YERSION = LTAC-] ST 10 21 52 EY 10 23
REFERENCE Evsm POSCMD= n scan 389, iD= 1200 2 XANG= 50 19 nu- 4ol.9
L T T T L) T T
1250, | ’ . "
7000. | -
s’w/__»—-*
» L3
s750. ) 4
JARLO ) ;J/"‘ —y i
5\6\!\ e g — . ’
LS
8500 |- b
) -
;/i/
]
8250 F - ] .
;/y/i/i/i-"‘r T
5000. €——— Subject Coatinued Climb On PWI, b
5750, .. p
L 1 1 L " | - L Il L .
38z 5 - 3&5.60 IAT.5  390.0 392.5 195.0 3975 400.0 402.5  405.0--
SCaN COUNT "
[PC ALGORITHM VERSION = . & LTI\C 1

CPAW = 2118 989 CPAY = 371,04

CPA ON SCAN 396 SCPA = 2175.926 SCPAW = 2118.989 SCPAV = 494.512
aCl TRACK = ) [0 = DAB6OL --¥FR

aC2 TRACK = 2 -1D = DABIDL VFR

SCAN  AC)  AC2 ROS.. TH - RANGE na ™ R~ VI ¥mD DOT  TCMD NAC
8l 1] £0.91 z.25 2397. 47.6 -775.13 1627 -25%.42 -276.50 32. 0
a2 5 5 ¢ 56.04 202 1991, 57.4. ~751.26 13,05 .333.76 -262.95 32. 0
232 5 5 0 51.4%5 1.98 iBB6&. - 39.5 —$52.48 16.53 123.67 -2%7.11 2. 0
384 4 ) [+ 46.91 1.8% 1506. 7.0 -592.21 16.02 T9.42 -230.32 32. 0
kl:13 5 $ o #2.32 1.70 1464, 30.3 -514.53 16.98 0.0 -212.4% 32. 0
184 F F ¢ 37.58 1.54 1283. 31.3 -970.89 15.05 0.0 -195.13. 32. 0
387 F F L] 32.771 1.42 1584. 38.1 ~453.58 11.85 72,23 -17¢.85 32, ¢
kL1 F F -z 28.49% 1.28 1828, 33.6 -401.85 11.98 t8.58 -158.16 32. 2
389 F F 1 29.%1 1.16 162%. 36.3 ~374.92 16.32 q4 75 -140.08 32. ¢
390 L R 1 20.491 1.03 ..139B. 4%5.8 -364.11 7.%4 109.93 -122 4 32 2
391 L R 1 15 .44 0.90 1307, 45 .8 -363.48 5.53 186.64 -105.25 32. 2
392 L R 4 9.45 0.7% 1179, 107.2 ~368.40 1,44 25B.46 -8B 2.2
393 L R 4 2.61 0.6% 1243. 206.1 -375 .57 1.82 317.25 —-72.66- 32, 7
9% 1 R 4 =4.93 0.54 1251. 553.9 -302.95 .69 340.83 -57.74 32, 2
395 L R % -13.79 0.4% 1062. -122.% -435.75 -3.54 435,75 -45.61 32 2
396 L L 4 -22.70 0.3% 856. -88.9 -473. 31 -5.33 473,51 ~35.88 32. 2
397 L R 4 -4%.19 0.28 789, -89.9 -497.69 -5.54 497.89 =-24.57 32. 2
398 L R 4 -52.30 0.42 38 -104 .5 -507.86 -4 g6 507.86 -14 46 32. 2
399 L L] 0 0.0 0.4% 560 0.0 -%5t3.21 513.21 26.54 32. 0
400 s 5 0 0.0 0.54 94 0.0 -Si4.82 0.0 514.82 52.09 32. 0
Ll 5 5 0 0.9 0.68 1524 0.0 -513.57 0.0 513 .57 83.74 3z. ¢
492 s $ 0 0.0 0.81 T2 6.0 -557.15 0.0 557.3% §7.20 32. 0
463 5 Bl 0 0.0 .98 121 ¢.0 -540.53 0.0 540.%3 128.95 32 0
404 s 5 0 0.0 .16 BZ2 G.0 -4¥9.28 0.0 479.28 163.73 32. ¢©
405 s 5 0 0.0 1.30 TT3 6.0 -u44s. 25 0.0 446,25 18D.40 32. O
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EXAMPLE 36
(Encounter 13-75-02)

-+

¥ Nml

1PC ALGROITHM VERSION
AEFERENCE EVENT POSCMDz1 AT SCAN 252,

~11.

-12.

-13.

“i4.

.50

00 F

= 309 LTAC-3

ST 10 26 21
MmD= -381.5 XANG=

ET 10 2

8 3p
105.29 ALT=
T

0 F

%
Y

Subject

Second path cros s‘mg/
produced by command.

i 1

. r Subject Felt It More Impor
r( visual Contact Than To Mane
‘ Climb As Being Too Late To

1

"Turn Léft"

L

uver,

Ud

Excessive Turn By
Responding Aircraft

\

tant To Maintain
He Refused

Be Effective,

ABS 05

1

1

1

-33.50 -33.00

X NPI
Miss 13-755-02

-7 &N -32.00

c-74

-31.50

-31.00

i
-30>§0

-30.00

-29.50



10.8

105.29 ALT2

ET 10 28 34
3

8T 19 24 2t

309 LTaC-3
1 AT SCAN 252, MD= -331.5 YAMG

[PC ALGROITHM VERSION
REFERENCE EVENT POSTMD,

=
T T T = g
* ~ x OO ANANNMNANAMNAMMALOSOODO
{ B e
L = s L L T
o mEmemEnmmann
* W =
\\ O - O O
- ° L NEETsmTTIAN-=9Sa8T R8s meT@ennn
. : = TECONDOMIAT ~o
- » » -4 =» 0 O D
= Lrs ot - e
- &
_‘ a L ey Ll
\ £ TNt -
* = L L m e EEEEn e e
it FewOT
xl * 0 GO P P T = T
- © [
- - o W
. o . O e D D
. b 3 ~ X TN
] =3 S S i e AT
™ P =g OO —in
/ genores
. IR
e "
re > WD NNG WG,
£ M T = O =Py
[ o AEEmEET TR ENn T InEr A e e
- @ (] [ W O T A 000 O
. 1 90 e P D
B WA Db b D
~ b = (IR B B B
~ - coomDMONT
~ > o TSRS B N O SO
N w L T3 O O v B0t v ot o — Tl e od oSN M LN D 0 —
. o« LI I L IRL T I I B BRI R
1
N "
S T T T T T T
- = N = SO InTANRO~- T OO TFOr M M Do
4 o < o DO BONUOND F s OO MmO G- NO- T DS O-mo
wy a = N —MEMINGD —O- 000X SO IND o 50O ® T &N D
~ m “ [ YL ] —— B e
o =
T oFl W
=2 n — D D T O O™ L e O O e O ) S ) G B et P 2O v O D
=i = ORI DININDF - INT A G D6 T MM AP IM ws a0 T 0 P RN
e 3 NN NN e G OO OO G EOD OO O0 O - —
o T o
< o oon
M o
4 = oo
= n o oaa e D O O et D 0 e P B e L0 20 O LN T O 3080 s A M P LN D w0 I
~ 2" "8 F I ELA DO S U G e — e 200 P 00 O OB T i o O B0 05 O D o B S b
Q>0 F= OO T TIMING— T =OMUB e THAT MO 3 38 M e b
- mEOun BRSO RR DI TONM— |~ TRRD IR0 | |
z wia ———— TR e 1
S gzo 28 T
= -
w  *z= u eoorsoooonDen——N FTTFITIOCOOOT
b @ =z Er~ oN &
"
b - 4 = S Fea o~ [EYEPEIEPEYEPRYSTE)
+ WA ormwEnn o v 9 2 3 3 L UL A AL Vv e
'l L L i Ao 1l o~ ms“KK < [ W R A R R R |
. . N - . . a1 O — conosoAseE
15 wn a w o w o - & T S A S P P Y
2 in e B 2 ¥ S -
w " w b - moocyg wo o

SCAN
239
240
241
242
243
244
245
244
2417
248
249
250
251
252
253
254
255
354
257

1334 N1 3a0L1LW
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EXAMPLE 37
(Encouriter 12-65-02)

+

Y NmI

I[PC ALGROITHM VERSION =
REFERENCE EVENT POSCMD=

-10.50

ST 10 29 19 ET 10 31 27

201 LTAC-2
88.1T7T ALT= 498.4

T

1 T T T

1 AT SCAN.,284. MD= 307.& XANG=
ray T T

» _
/* SUBJECT PILOT

-11

.00
.50
.po
55
.00
.50
.00

.50

"Turn right"

ety

i

i

11 ' "

Subject refused right turn command -1

{did not want to lpse sight of threat)?
Refused descend command {thought it too

late to affect separation), :

Test Pilot .
ABS 05

y o/

ha VS
*\\ .

I ?ﬂ Responding Alrcrafy Executed Fxceaive,
) | | 1 ) § i ] 1
=33.00 -‘Z_Fﬁ -32.00 -31.5¢ -31.00 -30.50" -30.00 -29.50 -29.00
X NmM!
MISS 12-855~02
+
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AL TITYDE IN FEET

[PC_ALGROITHM YERSION = 201 LTAC-2 5T 10 29 19 ET 10 3t 27
REFERENCE EVENT POSCMD=1 AT SCAN 294. MD=  307.6 XANG= B8 17 ALV= 498.4

| | | /s

ss500. | . ’ 4

- .
6250. F .. '4/ 5 4
) . ] " \\\

6000. | *

5750, *
N »
f“ﬁHLJ_kJ_L4~r*ﬂRTJ—:#
ss00. F .
Lﬂgetai—‘
.

5250. J

5000, N

4750, y

1 L .
285.0-- 290.0 29% .0 300.0 105.0 Ne.0 315.0 -
SCAN COUNT -

1PC ALGDRATTHM VERSION = 201 LTAC-2..

CPAH = I1T7B.TOB CPAY = 113 242

CPA ON SCAK 299 SCPA = 1849.612 SCPAH = 1TTB.708 SCPAY = 488.480

AC1 TRACK = 1 -1D = DABS0%S VFR

k2 TRACK = 3 1D = DAB1GT ~ VPR
S5CAN -4L] AC2 PDS TH RANGE mD--- ™ nz v Mo DAT- TCMD NAC-
291 b 52.87 - 1.82 5.9 -566.82 12.3% 17205 -207.18 32. O
292 5 5 - 0. 35.54 59 5B 6 <553 37  3.47 250,49 -2287%2 32. &
293 F F -2 30.43 Ll 51.4 -506.20 9.85 191.12 -212.08 3z. ¥
294 F  F -1 231k ‘23 55 5 -480.35  B.64 . 203 92 -189.08 37. ?
295 1w 1 15.03 ‘ol §9.5 -4#65.14  &.75 25314 -161.80 32. 2
29 L R 1 9.62 N1l 51,8 -421.80 . §.1h .161.39.-133.87 3z 2
297 L A z 243 ‘62 £100 -393.33 © 7.71 14b.59 -103.15 32 2
298 LC RD q -6 .68 0.43 59.4 -378.%3 6.37T 174.61 -T1.18 32. 2
29% LG RD % -16.38 .31 76.7 -373.59 . #.75 22).73 -48.1% 1J2. 2
30 L¢ RD 4 -28.81 0.25 117.2 -37u.75 "% 3.200° 272783 -31.T) 13F 2
1 LC AD % -60.2% (24 —44 5 518,23 -8.05 18.23 -15.67 22. 2
2. LE RD .4 -%0.85 (2% Z3601 -T139T -19.71 CMAFD -10l0s 3z 2
3 L L AD 9§ 0.0 41 0.0 -B§0.98 0.0 B9C.%8 16.96 . 32. 0
304 5 5 4 0.0 46 #.0-1001.83 0.9 1001.83 3B 9% 32, 0
105 5 5 1] 0.0 .54 0.0-1107.4¢ a.0 1107.46 52.70 32. 0
e 5 S 0 0.0 0.42 00-1117.93 0.0 1117.93 &6.91 32. 0
3 s 5 0 0.0 0. T4 0.0-1106.33 0.0 196,33 @360 32 0
joa § & & 0.¢ -84 0.0 -945 35 0.0 945.% 128.3% 32. 0
109 S S Q ¢.0 .03 0.0 -¥30.B7 0.0 T30.47 179.83 2. 0
6§ 5 0 8.0 T2 0.0 -489.48 0.0 u4BY.48 19095 32. 0
aty 5 L] 0 5.0 40 0.0 -286.18 a.0 2B4.18 236.50 32. 0
12 0§ 5§ 6 0.0 161 00 -117 44 0.0 117.46 2a4.08 32. 0
N3 8 5§ o0 0.0 1.85 0.0 -23.95 0.0  23.95 352.90 32. 0
kAL ] S S [} [ ] 2.06 0.0 -34.06 8.0 39.06 434.B4 32 0
ELE I S S T X 2.30 B0 -53.50 0.0  53.50 328.9% 32. 0
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+

EXAMPLE 38
{Encounter 13-70-12)

¥ NmI

IPC ALGROITHM VERSION = 306 L TAC-3 ST 11 38 19 ET 11 40 47
REFERENCE EVENT POSCMD=1 AT SCAN 1033. MD= 216.4 XANG= 148.05 ALT= 949.5

12.

11

10.

8.

00

.50

.00

.50

00

.50

.00

.50

00

-

T.

50

-12.60 -11.50 ~-11.00 -10.50 -10.00 -9.50 -9.00 -8.50 -8.00

L Right & Climb :\\

T T T F T 1 T 1

ommands reversed fro "Turn Left" to
Turn Right & Descend”. Test pilot

responded to addition of descend
‘command, but failed to note that

. horizontal command had been reversed.
Subject :

7

Right & Descend

‘ FQ‘

1 1 1 L ' 1 L A

|AB50

X NMI

-1.50

MISS 13-7Qv-12
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10%5.9
TCMO NaAC

ooT

F49.5
VmD

1050.0

3T 976

148.0% ALT
v

AANG=
1045.0
A2

216.4

51081.487 SCPAV
™

1040.0

ST 11 38 19 ET 1) 40 47

LTAC-3
1035.0
LTAC-3
VFR
IFR
RANGE  MD

18, 347
5191 .43y SCPAM

DAR5QS

1 AT SCaN 1033, WD
104

toio A
DaBS52
TH

10 =
I =

1

1025.0
2
AC2 POS

SCAN COUNT

L
|

IPC ALGROTTHM VERSION = 30&
TRACK

REFERENCE EVENT POSCMD

3750,
[PC ALGDRITHM VERSION

CPAN = S1B1l.687 CPAV
TP& ON SCAN 1049 SCPA

AC1 TRACK

3500,
3250.
3000.
27150.
2500,
2259.
2000.
1750.
AC2
SCAN  AC!

1334 W[ 30Nl W

-+

0 00 2 49 &5 0 ) &) 00 D (D 6 00 0 G0 @ G G54 00 00 a5 90 0040 1D 03 €0 G5 O 4 K1 00 40 40 4
%0 D 25 A D 30 D 2D B D A D <D D 40 0 D 40 ~0 ~0 ~D ~0 W D D B ) oG B B~ DD D B
— LR D B T oy G D D ) QoD *a
AN LD T NOO N OO T AT F~ YO OmDh O X O 000N T
L0 O R 4 0 D 80 LT D B T O Y ) - S D O WD U
WO TP O T OO M = = T P T O oD I <0 0 04 M D A m
T Py N T = LY —_ Rl meANNEe
—————t L L LB LT

PR

DA A DD O el L == SyceFng
OO - OO0 OE —~ O~ INNTIOMOC SO O 6N~

O ARETS 0 v D O
PP e D e D 0 h- Dl e F DL @ N = e
TXF IO T~ P Y- 1) —- et T
N — F T IIOID U O P T <000 O 10 D BN S

P RF I ONE D FNEOO TN SO COON O MOS0 OOD

e e LT L
! TV

15
89
04
90
11
02
13

PO P I M — O T O D T e
WIRF OO o aG O Mf
O < G 90 e K D U e B D D e O O O s D O
P w0 o 3 G0 vt 2 2D iy T D i B 5t 0 B | D
D= DO DT D DU T 0 O T T

e et et e e ————— LR

Lol e L el A L A L L T 13- 1- X2 )

o e d A b =t e L Soa=ox oo
100 0.3 LA WA T 1= © b= LW D BN 4 LN O e O O B
BRDT B F [

—— (]

B 0N ) T A AU T N O A O B P U % O D T O — O A T O N D
— i 3 A O O GO L O LT SN L b et Lo Al bl s 1emtatdk kol
BT SNl o MO NN O D 3 0 — DD D D T B A Rt 0

— et S o A WD W R D L
DA E O N S IO DI @O TN S GO ~OO T
T MO I =R AMOCINMOCrEOC O~ NN DO & o -
wTrTTre N - DD ——————
OO P N T O A = O A = N O DT = O D L ot
WO AN N T M - s D DO DOOODOCONMAOCOS OO
LA P D T D ONBIR— DT MEO OGO, T r I FECSOOS
P 0D D WAL T I D O O O et 8 A0 0

- -

sooo o= e o co

!XIIIII!X!KK! WY VIV L WV 1
ocxxacoe .

SJEEETrEEx T

zx
Y T U D=0 O D F i D P G0 O ST T UG P DO D e O 0T T LA
N ANMUNMNNMOOMOMEOOMMI I TIIFFE T T U DD NS LD I
bttt e e L - - e
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EXAMPLE 39

(Encounter 13-88-06)

¥ Nm]

IPC ALGROTTHM VERSION = 312 LTaAC-3 ST 11 5 5 ET 11
REFERENCE EVENT 'POSCMD=1 AT SCAN 5i4. MD= 80B.0 XANG= 9:.;8 ALT=  4B).8
- Ll

1 LI L) T T

6.50

—
g/V
Leit s’!:J?’gfﬁr;"‘
j .
~ i L5 5
/{ ( Right & Climb b

£.00 |

Command reversed after two scans

5.50 | ¥
L ABS52 -1
VFR Subject pilot . Right & Descend
s.00 | ’ ’ / ]

I~

by IFR/VFR logic (4,7.2). Subject
refused to follow reversed command .
450 | which would have carried him toward -
' threat, ,1 -
. e
4.00 F IFR Alircraft Receives Only Two ,‘/ i
Scans Of OPWI Before Double ’
Positive Commands {4.7.2)
150 #F505 i
IFR
] . I ] | | N
=34 .80 7 =14 90 -33.5¢ -331.00 -3£.50 -32.00 -31.50
¥ NmI

MISS 14-885-06
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ALTITUDE Iw FEET

TPC ALGADITHR YENSION = 312 LTAC-) 57 5 ET 10 &% .
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SCAN COUNT
IPf, ALGORITHM VERSION = 312 LTAC-3
LPAH t 4IIT K21 CPAV = Jbé 1BY
A NN LLAN 521 SLPA R 4800 910 SLPAM = 4117 821 SCPAY = 890 318
POLOTRRCK 1w I = BSGS  1FR
ALP TRACK = 1 1D = nnassz ¥FR
nA Al (1] acz pn- TH RANGE mp v R vl ¥MD bl TCmMh NAT
501 1 ¥ 0 -23b 42 275 1%M). 106.0 -700,07 0.01 699 4% 111 6% &b 0
504 1 v 0 -245. 3% 2,81 3219, 90982.6 -TOb. D2 061 99.50 111.83 3. 0
5A5 1 0 -292 22 2.80 2309 95T59.7 -T00.00 n 0] &99.50 93.77 8. 0
Bge 1 1 0 -317 27 2.81 2192, 100 0 -499 .48 0.01 &99.57 84 15 48 0
vt v 1 0 -37a T8 ? By 3495 100.0 -699.498 0.0 499 fr TS 92 b8 O
oe 3 1 0 =515 67 ? Ay bITY 100.0 -899 98 D0 M99 TS 54 wv 4B, O
609 1 1 B-1R16 06 216 134T0 106.0 -699.98 0.0 9% 81 14 64 68 D
510 ¥ ¥ 0 198 9% 765 2192 1987 -653.59 3.29 429,92 -122.6% 8. 0
511 b 0 137 85 2.51 1498, 1357 -621.00 W5 309 75 ~1SH.46 40 0
837 X X ] T2.15 ?.32 3. 130.3 -800.5) qoh1 28T 1% -255 %3 48 0
511 o Foo-¢ w4y 17 .11 1921, TH.9 -543.¢3 T.2% S0.10 -325.0% 4B 7
S14 X F 1wz 9% [ 516 46 4 -506.03 7.62 0.0 -204. 65 60 7
516 5 | T34 48 ) 57, 43 8 -438 98 10,01 Db -2TD.T5 48 2
St 5 3 2118 .46 5. 4g.3 ~3%7.36 e 86 0.0 ~24p.TH 48 2
Wyl R RT 1 218 (B3] 301 450 375 .4p 838 0.0 -217 56 b8 7
sip pqp RGO 3 Q7 #2 110 92, ST 9 =347 2% I 0.0 -18%. 91 48 7
520 RO RT3 13.46 0 &8s szl STUo1 -S040 =T 20 S1) 40 -12b BN 4B 2
§20 R D R ) Qw18 0 7T 10%7.  -N2 4 -h62 3% ~15 83 b2 34 -81. 2 4B 7
527 A0 RE 0 #7121 071 43t Sq4 g -Tea 34 =16 5% Tee In -10 00 &8 O
521 - N 0 -32 3 D7A 10, -3 ] -99%. 71 ~-29.14 99471 1533 &4 O
R . 0 -50 7% 0.8 2503 -39 4-120% 85 -35.01 170486 3135 &8 O
5% S . g -3z 07 D94 13% -NE.T-1306.25 -31.33 1304.25 45.82 68 0
sk S 5 0 -31 8t 1oy 1Ted ~5T.0-1330.3% -23.32 133039 40,05 &0 ©
521 8 ) 0 -37.87 11D uwat “B4.5-1324.65 ~-15.60 1324 8% 49 48 &3 O
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