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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 in a
realistic flying environment. These tests were conducted for the Federal
Aviation Administration at the M.I.T. Lincoln Laboratory using an experimental
DABS sensor for surveillance and data link, and using IPC computer algorithms
provided by the MITRE/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 which pilots 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 c¢f test findings were returned to
Lincoln Laboratory for testing.

This summary serves as a brief statement of test results, conclusions,
and recommendations. Detail 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 quali.itive 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 characteristics of these nominal encounters are that they in-
volve two aircraft with similar speeds, both equipped for and fully respounsive
to IPC commands, with neither accelerating as 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 in which a return~to-course executed to
recover the original heading could have precipitated a second collision hazard
worse than the original.

Non-nominal encounters are those which violate one or more of the standard
conditions. They may involve aircraft of greatly dissimilar speeds, accelera-
tion during conflict development, one aircraft unequipped, etc. Flight tests
indicated that for non-nominal encounters, IPC performance could be very
inconsistent. Collision avoidance commands could be late, ineffective, or
even detrimental to safety. Particular difficulties were observed in accele-
rating encounters in which the rapidly changing geometry of the conflict often
resulted in the system issuing commands which decreased rather than increased
separation. Since pilots are typically not aware of the encounter attributes
which produce resolution difficulties (e.g., the other aircraft unequipped,
uncommanded, or in a pre-existing maneuver), pilot confidence in the overall

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

observing the resulting IPC-generated commands.
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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).

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

Some of the performance limitations are due to limitations imposed by the
system concept, while others are associated with the specific algorithm imple-
mentation. None of the observed major problems is likely to be resolved by
modifying a single section of the algorithm or by varying algorithm parameters

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

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

Subject Pilot Test Results

The PWI service of IPC was favorably received by subject pilots 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




threats. There appear to be no major logic issucs concerniuyg tWI, although a
need for augmenting information given to aid piluts in avoiding blunders

in the period before visual acquisition is indicated.

,f It became apparent early in the subject pilot testing that a complete
assessment of pilot response to TPC commands required an understanding of how
pilots who were uninfluenced by commands resolved conflicts by purely visual
means. For this reason a small subset of the pilots was randomly selected

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

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

pllots were instructed to take evasive actions only when they felt the situa-

tion warranted. The most significant findings of these experiments involvces

the dependence of perceived 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
permit without alarm (less than 200 feet vertically and less than 1500 feet
horizontally). Such proximity is 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 apparently undertaken to place aircraft on non-collision courses and/or
to allow maintenance of visual contact. No effort to achieve a predetermined

conservative separation was evident.

SRS ——

In contrast with the results observed when an adequate visual evaluation

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

pilots in encounters with little or no visual information. Pilots with PWI o




indications in visually obstructed sectors tended to maneuver so as to locate

the indicated trattic, or, if PWI's persisted without visual acquisition occur=-
ring, to execute avoldance maneuvers based upon the PWI information. Thus, {t
can be inferrved that pilots without visual {nformation adequate for their own
evaluation of the situation are likely to be most receptive to suggestions or
advice on contlict resolution., Conversely, pilots who are permitted to
approach within the domain of see-and-avoid will undoubtedly be reluctant to
make major concessions to an antomated systewm,

These insights into visual avoidance behavior were reinforced by pilot
reactions to the 1PC system commands. Positive commands generated atter pilots
had acquired adequate visual intormation were often untavorably received, either
because they were viewed as unsate (e.g., in wrong dirvection or eliminated
visual contact) or were clearly unnecessary. On the other hand, pilots were
generally receptive to commands which came prior to visual acquisition.

It was discovered that the trequency of commands is not the decisive
factor in determining the extent to which the pilot teels fmposed upon by the
svstem.  Of real importance are the wmagnitudes ot the required perturbatfons

to the tlight path and the peak workload induced by compliance aud recovery,

Negative commands were radically ditferent from positive commands {n this
regard = normally they reduced the level of stress in the cockpit and did not

require the pilot to modify his desired flight path.

Conc lusions

The observed benefits of PWI service and the success of the 1PC system |

in consistently resolving certain types of collisfon 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.
Certain conclusions which are suggested by flight test experience run counter
to the conventional philosophy of collision avoidance system design. It is
cone luded, for instance, that
- It is not possible to design a reliable collisfon avoidance system
which applies control only after Qn imminent collision hazard is
cont irmed - 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,
required 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 tﬁc net safety benefits of the system.
Recommendations
Throughout this report many suggestions are presented for improving IPC

performance in particular areas. But convergence of the IPC design {s unlikely

et et i
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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 directions for
system evolution which can result in an acceptable and implementable design.

Recommendations Regarding the System Concept

) 7 Provide more information to pilots prior to 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 prior to visual
evaluation. The first step in this direction should be to
provide more precise information concerning threat relative
altitude.

& Recognize recovery encounters as a problem and attempt to issue
commands which will assure decisive resolution with a single sequence
of commands.

- This strategy would avoid the excessive conflict durations
associated with multiple sequences of commands.

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

straight and level encounters into maneuvering encounters. J




Specify the required maneuver magnitud. . 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 creating a secondary
encounter with a third aircraft is facilitated. IPC can then
be extended to greater traffic densities than would otherwise
be possible.

Pilots and controllers wish to anticipate the effect commands
will have upon navigational objectives and other control objec-
tives. This is impossible to do if maneuver magnitudes are
unknown.

Turning aircraft past optimum escape headings and back into

conflict can be avoided.

Resolve more encounters with minor heading changes at earlier lead

times.

Such commands are more acceptable to pilots than large magnitude
turns given at the last instant. They are less likely to inter-
fere with visual search.

Disruption of structured traffic flow is minimized and there-
fore the ability of IPC to operate in conjunction with the
existing ATC system is enhanced.

Resolution of multiple encounters or resolution of pair
encounters without creating a secondary encounter with a third

aircraft i1s facilitated.




5. Utilize additional information to enhance compatibility of IPC con-

trol with pilot objectives

- Utilize the DABS data link to permit the pilot to accept

responsibility for visual separation when visual acquisition
has occurred. Any system without this capability 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. i

Recommendations Regarding the IPC Algorithmic Logic

R Make conflict detection a function of the complete dynamics of the
encounter.

- Start earlier for more difficult geometries and issue restric-

tive commands earlier in geometries for which resolution success
is maneuver-sensitive.
b 48 Evaluate 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 subsequent control.
3. 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 resolution of multiple
aircraft encounters.

4. 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.

S 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 E

approach.
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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.

Ze Provide for explicit consideration of surveillance errors.

= These errors are neither isotropic nor homogeneous.
- Fixed algorithm thresholds are therefore inappropriate for

achieving safe separation with minimum disruption of normal

flight.




L INTRODUCTION

1.1 Test Objectives

Flight tests of the Intermittent Positive Control (IPC) collision
avoidance system were conducted at the M.I.T. Lincoln Laboratory between
October 1974 and February 1977. The objectives of the tests were twofold:
to validate the IPC algorithm design by determining that it provided
acceptable performance, and to evaluate the ability of typical general avi-
ation pilots to utilize the services provided by the system.

The IPC concept subjected to test was developed jointly by FAA/OSEM and
the MITRE/METREK Corporation. Reference 1 describes the basic elements of

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

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

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

f 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 tests.

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

Lincoln Laboratory, FAA/SRDS, FAA/NAFEC, and MITRE/METREK. Algorithm modifi-
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cations were normally developed by MITRE/METREK for submission to the

group. Interim flight test results, including initial validation experi-
ence, were reported in Ref. 5. The present report includes an overview of
all testing, an analytic perspective on validation results and an overall
assessment of the viability of the IPC concept.

1.2 Organization of the Report

A summary 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. Many near 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 the test activities 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
instructions 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.




In order to understand the behavior of the [PC system, an analvtical
technique for the analysis of aircraft relative motion was developed. This
technique i{s described in Appendix A and is freely used in this report to
interpret test results. It is recommended that the reader desiring an in-depth
understanding of flight test results familiarize himself with this appendix
before reading Section 4 and refer back to the appendix as needed to understand
the analysis techniques being applied to particular problems. Appendix B con-
tains a compilation of subject pilot responses 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 1PC SYSTEM
2.1 The 1PC Concept

Most of the IPC tlight testing and data analvsis was directed toward

deternining whether or not the system pertormed as intended. For this

reason (¢ {8 necessary to understand the fundamental features ot the LPC
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 {t is intended to pertorm. The concept documentation reterences

tor IPC (Rets, 1, 2, and 6) rely heavily upon scenartios and qualitative descrip-
tions of how the system will be experfenced by the pilot. A quantitative
tormulation ot IPC pertormance goals cannot be derived trom this concept
documentation in any straighttorvard manner. But the motivations tor signiticant
design teatures can generally be tound. Since several aspects ot the design
are based upon explicit {nstructions to the pilot concerning how he should

react to the various 1PC messages, much ot the concept validity is dependent
upon the ability and willingness of pilots to tly the syvstem "by the book".
A discussion of test results in this avea ts provided in Section 5. 1t
should be kKept in mind thot the following description of 1PC describes

only how the system in intended to pertorm - actual pertormance observed in

tlight tests will be discussed later. For a more detailed description ot
the IPC concept the reader is retferred to the rveterenced documents.

The IPC system is capable of providing two basic tvpes of service to

afrervatt which are equipped with altitude reporting (Mode ) DABS transponders




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

Second, pilots receive IPC commands which specify maneuvers to be under-
taken to resolve contlict situations. PWI service and resolution service are
normally provided concurrently through a common display. Options for a PWl-only
service and for PWI warnings against non-Mode C aircraft are mentioned (Ref.

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

2.1.1 PW1

The IPC display (Fig. 2-1) contains a ring of 36 PWI lights. Three lights
are located at each of 12 clock positions. The clock position indicates the
relative bearing of the traffic. The central light at each clock position
is used for traftic that is within + 500 feet of own altitude. The upper and
lover 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 traftic. They are not intended to provide enough information tor
selection of avoidance mancuvers 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 traftic which are not of immediate concern (Ret. 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




MESSAGE SHOWN IN PHOTO!
TRAFFIC 3 0'CLOCK CO-ALTITUDE
TURN LEFT
DON'T TURN RIGHT
THREE LIGHTS IN EACH BEARING SECTOR

LIGHTS
TRAFFIC 500 to 2000 fi ABOVE
TRAFFIC WITHIN 500 ft ON
OWN ALTITUDE
TRAFFIC SO0 to 2000 f1 BELOW

UTER RING -PWI

NNER CIRCLE - AVOIDANCE COMMANDS

0ON'T
I
iy STEADY LIGHT
TRAFFIC NOT OF IMMEDIATE CONCERN

CLIMB
No

TURR
LEFT

DON 7 . _FLASHING LIGHT
TURN LEFT = TRAFFIC OF IMMEDIATE CONCERN

DON'T TURN

RIGHT
b TURN RIGHT
DESCEND s

DON'T DESCEND

\PUSNED TO RECEIVE TEST
PILOT ACKNOWLEDGMENT BUTTONS PATTERN ON DISPLAY

Fig.2-1, 1IPC display utilized in flight testing.
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pilot. For this reason the OPWI need not be accompanied by an audio alert
(Ref. 6, p. 6). However, the pilot is expected to 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). 1If the pilot fails to acquire the indicated traftic he may maneuver
as he sees fit (Ref. 5, p. 7).

The flashing PWI (FPWI) is issued when aircraft are on direct or necar
collision courses (Ref. 6, p. 8). It requires immediate pilot attention and

is accompanied by an audio alarm. The pilot should acquire the indicated

traffic as soon as possible. After visual acquisition, the pilot may initiate

any evasive maneuver he deems appropriate (Ref. 6, p. 8). 1t 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 own wishes rather than being told how
to mancuver by the system. If the pilot chooses not to maneuver, the FPWI
will at least prepare him for prompt execution of any commands which appear
F : (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 mancuver direc- .

tions. They fnstruct the pflot not to mancuver in the indicated dircection.
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They are issued when current aircraft trajectories are safe but a maneuver
by either pilot would create an immediate collision threat and lead to an

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 to assure safety (Ref. 1, p. 2-8).

They are selected to achieve the greatest physical separation between aircraft
(Ref. 1, 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

may not be consistent with pilot desires, but the urgency of the collision
threat justifies overriding his concerns (Ref. 1, p. 2-8). Even though
individual positive commands may inconvenience the pilot, their frequency will
be low enough to prevent serious disruption 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).

When a positive command is received the pilot should begin executing it
immediately whether he has seen the traffic or not (Ref. 6, p. 12). He should
then push 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

(Ref. 6, p. 12-14). Commands are mandatory. IFR pilots must comply with
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commands even if it means deviating from thefr clearance (Ref. 6, p. 18). If

a pilot cannot comply fully with a command to maneuver in a certaln dlrection
(e.g., 1f he (s VFR and the maneuver would carry him into a cloud), then he
should complv to the extent practicahle. He (s [ree to maneuver In any
maneuver plane {iun 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. 15). To emphasize that a pilot 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

In encounters involving one or more controlled aircraft, the air trafflc
controller who is 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 lssued
(Ref. 1, p. 2-12). 1IPC thresholds for IFR and VFR alrcraft differ so that in
IFR/VFR encounters the VFR aircraft resolves commands first so that the en
counter can he resolved by his maneuver alone. The 1FR aircraft rarely
receives eilther positive or negative commands In such cases (Ref. 1, p. 2-25).
The controller is notified of all commands issucd to or issued becausc of

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

equipped onlv with a Mode-C ATCRBS transponder can be displaved to the
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controller and relayed on the voice channel (Ref. 1, p. 2-26). IPC thresholds
are such that positive commands are not generated unless 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 IPC computer algorithm. 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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GORITHM SECTION

Coarse Screening

Detection Filter

esolution

*
2/3 Logic

Command Selection Logic

Positive/Negative Transi-
tion Logic

Compliance Logic

Acknowledgement Logic

Estimate current aircraft positions and
velocities.

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

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

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.

*
Although it is structurally part of the resolution logic, the 2/3 logic is
functionally an extension of the detection filtering criteria.




3 FLIGHT TEST OVERVIEW

The IPC flight test plan (Ref. 4) contains descriptions of the basic test
facilities and test methodology. Section 3.1 and 3.2 which follow present a
brief review and update of those descriptions. Section 3.3 presents a summary
of flight test activities 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

DABSEF contains an experimental DABS monopulse sensor which provides DABS
and ATCRBS su;veillance 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,
survelllance reports are displayed upon a TPX-42 traffic situation display 7
(Fig. 3-2). Two cockpit display monitors, identical to the IPC display units
mounted in the aircraft, display the IPC messages for the current scan. IPC
algorithm computations are simultaneously displayed upon a CRT conflict display.
An intercept control algorithm resident in the SEL-86 provides intercept
information to the test aircraft cockpit via the DABS uplink, and is also
presented alphanumerically on the SEL real time display. All significant
DABS/IPC link activity and algorithm computations are recorded on magnetic

tape for post-flight analysis, and all voice communications with the pilots 1
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are recorded on audio tape. This audio tape can be synchronized later with a

playback of the digital data tapes in order to recreate the control room situa-
tions observed during the mission.

3.1.2 Test Aircraft

The test program utilized primarily single engine general aviation aircraft¥*.

A Cherokee 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 intercepts. Many of the subject pilots were
unfamiliar with the constant speed/variable pitch propeller of the Cherokee
Six and were more comfortable flying the lower performance aircraft.

The test aircraft were equipped with a DABS transponder, an IPC display and
a standard ATCRBS transponder (Fig. 3-3). RNAV was installed so that the planned
intercepts could be conducted at selected waypoints independent of the VOR and
Victor route airways. The VHF communication system was modified to allow inde-
pendent transmit/receive operations at either the pilot or co-pilot 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-
tion 3.2. The test aircraft were also instrumented to downlink on the DABS

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

the feasibility of conducting higher speed intercepts.




Fig.3-3.

ATC-85(3-3

Cherokee Six cockpit as configured for IPC flight tests.

28

:
:
a
|




The equipment which permitted downlinking this information was called the
Readout of Aircraft State (RAS) system. The special DABS avionics package is
sketched in Fig. 3-4. Aircraft were equipped with strobe lights which were
operative at all times.

3.1.2.1 Data Reduction Capabilities

A set of software analysis routines (Fig. 3-5) are used 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 tlown 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 IPC Flight Test Missions

Three tvpes of IPC flight test missions were tlown, Missions involving
test pilots flving both test aircraft were scheduled to exercise 1PC 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 logiu”?nd allowed investigation of manv logic problem areas in

which testing with subject pilots was not advisable. The validation tests
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were the priuncipal basis of the IPC flight test interim report (Ref. 5).
Later tests involving a wide cross section of general aviation pilots were
scheduled to determine pilot reaction to IPC. 1In addition to the normal
data gathering mission, IPC demonstration missions were scheduled on an ad hoc
basis for aviation community visitors who were concerned with IPC development
and implementation, These individuals either piloted the drone (while accom~
panied by a test pilot) or flew as observers. These missions generally
utilized an abbreviated flight plan. Encounters planned for these missions
were typically those for which IPC behavior was fully understood.

Each IPC flight test mission consisted of a number of planned near-miss
encounters involving the two test aircraft. Two missions per week of two
hour duration were scheduled. Subject pilot encounters were scheduled to occur
at an average rate of once every 10 minutes. During validation missions, where
pilot reaction was not the prime objective, encounters were flown at the rate
of one every 5 minutes. Random unplanned encounters between one or both of
the test aircraft occurred occasionally due to itinerant ATCRBS Mode C air-
craft in the test area.

3.2.3 Encounter Planning and Intercept Control

The ability to control the characteristics of IPC encounters was required
in order to ensure testing of a variety of encounter situations and to ef-
ficiently reproduce situations 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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TABLE 3-1

IEC ENCOUNTER VARIABLES

nlanned : m;; :
Flight rules (IFR,VFR)
Equipment (DABS, ATCRBS)

Aircraft type (high wing, low wing) Visibility

Speeds

Crossing Angle

Miss Distance

Approach Type (straight & level,
turning, climbing,

descending)

Test pilot response

Subject pilot response

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 however 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 resulted in near-miss
approaches was not easily obtainable. One reason for this is that it is
unacceptable for aircraft to continue to make course corrections until IPC

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

characterization of IPC performance for typical non~turning encounters. To
test non-turning performance, aircraft must be stabilized on appropriate
courses several scans before the IPC logic begins to alarm. Navigation by
landmarks or 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 pilot on an alphanumeric intercept control dis-
play. This control technique proved to be highly effective.

3.2.4 Subject Pilot Methodology

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

of general aviation pilots were selected to serve as test subjects. The DOT
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Transportation Systems Center provided a list of pilots who had served as sub-
jects in a previous simulation study of PWI. This list was augmented by other
pilots referred by various sources. A few pilots were air carrier or military
professionals who flew general aviation aircraft only for pleasure. Selected
pilots who accepted the invitation to participate were given an indoctrination
lecture on IPC and the flight test program. They were given literature
prepared specifically for pilots (Ref. 6). The literature covered the conduct
of the tests and the role the 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 decided these check flights were unnecessary
so long as care was taken that pilots fly only aircraft types with which they
were familiar. Two pilots were scheduled to fly on a given day. A pre-briefing
was given to review the literature distributed during the indoctrination
lecfure. For most missions this briefing was conducted by the MITRE Corpora-
tion representative who had authored the IPC Pilots Handbook (Ref. 6). An
IPC cockpit display was exercised with manually controlled inputs to familia-
rize the pilots with the visual and aural alarms they would receive in the
cockpit.

The typical subject pilot mission consisted of two separate flights. The
first involved one subject pilot flying a high-wing aircraft for an hour. The
second involved the other subject flying a low-wing aircraft for the next

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

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

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

E 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 waé in voice contact with the subject recording comments and reaction to

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

throughout the encounter. This aided the pilot later in recalling each en-
counter since his memory could be stimulated by the phrases and descriptions
used at the time of the event. As one subject pilot returned to base, a
{ head-on intercept with the other subject aircraft was usually staged without
j 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 questicnnairces to fill out and return by mail in order to obtain
their final overall reaction to the IPC flight test experience.
3.3 Test Activity Summary
3:3.1 Encounter Statistics

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

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




160C conflict situations. About 10 percent of the encounters were unplanned,
occurring as one or both of the test aircraft encountered itinerant ATCRBS
aircraft.

It was important to explore in the flight test program the impact that {
varying transponder equipage and flight rules had on the conflict resolution.
The algorithm sets thresholds and varies resolution strategy on this basis.
The majority of planned encounters involved two DABS equipped aircraft (Fig. 3-6).
The unplanned encounters were of special interest since they were unstaged and
sometimes involved air carrier or military aircraft.

3.3.2 IPC Algorithm Revisions

The IPC algorithms underwent a number of revisions during the two year
flight test program (see Table 3-3). These revisions took the form of changes
to the logic to correct faults which prevented 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-S7, L-S1, and L-S2). None of these revisions constituted a fundamental
change in the orginal concept or design. The number of missions flown with

each version is indicated in Table 3-4.
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Fig.3-6. Characteristics of the IPC encounters for which data
was collected.




TABLE 3-3

REVISIONS OF THE IPC TEST BED ALGORITHM

e

Algorithm Test
Version Algorithm
Designation

Cgange

Proposal
Designation

Major Revisions
Incorporated in Version

0 LTAC-0

1 LTAC-1

2 LTAC-2

3 LTAC-3

M-S1

M-S2

M-S3

M-S5

M-S6

M-S7

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 IFRY

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

Eliminate vertical chase problem with
ATCRBS/DABS encounters.




TABLE 3-3 (Continued)

lgorithm Test Change Major Revisions
Versions Algorithm Proposal Incorporated in Version
Designation
4 LTAC-4 M-S12 Reduce number of controller alerts
for IFR/VFR encounters.
M-S15 Reduce undesirable positive commands
due to vertical velocity jitter.
M-S16 Reduce number of positive commands by
giving negatives whenever situation
dictates.
L-S1 Provide additional command to DABS in
DABS/ATCRBS when DABS does not acknow-
ledge.
L-S2 Install general purpose audio alarm.
5 LTAC-5 FAA-EM-74-4 Incorporateds all the previous

Rev 2 (single

Site Version)

revisions in a single volume.




3

TABLE 3-4
CLASSIFICATION OF IPC FLIGHT TEST MISSIONS

T'LOWN WITH EACH VERSION OF ALGORITHM

March 1975 - February 1977

T T T R T T S R T T PR e T e

Algorithm Subject MiIsPs(i:ons
Version Validation | Demonstration Pilot Total
b 30 L5y 14 53
2 1 1 3 5
3 7 4 8 19
4 9 8 18 35
5 13 4 1 18
60 26 44 130
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4. ALGORITHM VALIDATION | i
|
The algorithm logic which evaluates collision threats and selects i

|

avoidance messages 1s a critical element of the IPC design. This logic must

provide effective protection over a wide range of encounter situations. Its

success rate must be high, since pilot acceptance of the system will be
adversely affected if the logic fails to provide acceptable results 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 validation issues were

investigated primarily in flights involving test pilots who were instructed

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

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

f compromise of.the control strategy by the pilots' refusal to comply, are
topics which are addressed in'the section on pilot utilization (Section 5).

The performance of the IPC system varies greatly with the dynemics of the

encounter. Diagrosis of this begavior and generalization from specific
encounters ret. es a sound understanding of collision avoidance dynamics.
This is especia. v true when the question at hand involves two or three
dimensions rather than just one. For these reasons a technique for the
analysis of the relative motion of aircraft was developed and it has proven

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

terminology employed in the analysis is provided in Figs. 4-1 and 4-2.




Relative Motion - The collision avoidance problem is 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 statﬁ
variables: horizontal range (r) between aircraft, the relative bearing (Bl
and 62) of each aircraft from the other, and the airspeeds (Vl and Vz) of each
aircraft. Bearing is measured positive clockwise from the velocity vector

of the aircraft of interest. It is 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 aircraft)., Times will be expressed in units of r/vl.

Speed Ratio - The speed ratio is the ratio of the airspeed of the slower
aircraf; to that of the faster. (e.g., VJ/Vl).

Natural Motion - Refers to the type of motion which results from unaccelerated
(rectilinear) flight.

(Signed) Miss NDistance, 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 from an
instantaneous change in heading (thus producing a corresponding instantaneous

change in bearing). In Appendix A it is shown that actual aircraft trajectories

san hﬁ irBiEﬁﬁniﬁi as.a Sﬂnhlﬂ]iiﬂﬂ R‘ ﬂﬂi"‘ﬂl 1ﬂd ‘ﬂ‘iﬁd m}tiun

Fig. 4-1. Synopsis, relative motion analysis technique.
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r = RANGE
B] = BEARING SEEN FROM AIRCRAFT |

B, = BEARING SEEN FROM AIRCRAFT 2

Vi = AIRSPEED OF AIRCRAFT 1
Vo = AIRSPEED OF AIRCRAFT 2

V2
Bz
AIRCRAFT 2
Y
r
B
AIRCRAFT 1

Fig.4-2. Variables utilized in relative motion analysis.
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A more complete discussion of the technique is provided in Appendix A. It is 4
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 aircraft positions and velocities are required in |
. order for a collision avoidance system to 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 aircraft relative to the

DABS sensor and provide the aircraft barometric altitude as encoded by the

i- 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 turther
limitation arises because the tracker design must be based upon a simplified
model of aircraft dynamics. The IPC tracker is designed to minimize the ettects

E of random data errors and to accommodate typical aircraft dynamics. The

performance figures for horizontal tracking are largely based upon Ref. 11,

and the reader 1is referred to that document for further detail.
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¥ 4.1.1 Trajectory Estimation With Nominal Surveillance Quality

The IPC tracking algorithm is basically a low gain a=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. In order to prevent the excessive heading lag which such heavy
smoothing would normally engender during turns, the turn correction mechanism
adds heading corrections which force the 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 tfacked. 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 velocity estimates. Nominal magnitudes of these errors at DABSEF
are approximately 15 feet (l0) in range and .05 degrees (1l0) in azimuth. For
aircraft in straight line flight these accuracies allow the current IPC tracker
to estimate heading with an error of 3 degrees (lo) and speed with an error
of 2 knots (lo). These accuracies are more than adequate for collision
avoldance 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 Section 4.5.
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During a turn the tracker tends to underestimate alrcraft speed. At

turn rates of 4=5 deg/sec the speed evror is typically 15% of the afrcraftt
total speed.

In order to prevent false turn declarations due to jitter error in
position measurements, the turn detection thresholds are adjusted in accordance

*

with track tirmness and expected cross-track measurement accuracy. At
longer ranges these thresholds may increase to a significant traction 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 tunctioning properly since the estimated
cross-track direction is grossly misaligned with respect to the actual cross-
track direction. In some flight test encounters heading errors of 1207 and
airspeed errors of 2/3 actual afrspeed were observed (see Example 1 Appendix
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 1PC tracking algorithm does not take wind into account {n estimating

aircraft headings and airspeeds. All velocities are estimated with respect

WL :

The tracking gains to be used are specitied in terms of a tirmness level.
The firmness level {s a function of the recent history of successtul report-
to-track correlations.
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to o sensor as ground reference. When the airmass in which the aircraft

arce flying is in motion, the velocity of the aircraft with respect to the
ground may differ significantly from the airspeed. 1f it is assumed that each
alrcraft 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, time to path crossing). 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-paralle! to a 40 knot wind. The actual airspeed
ratio is unity while the tracked speed ratio (i.e., groundspeed ratio) is
140/60 = 2.3. Depending on magnitude and orientation, wind can change the
value of warning thresholds, the choice of maneuver plane, and the 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 that was a function of squared
speeds. It was discovered that when two slower ailrcraft 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 {s recommended that the ability to study wind effects be included in

future [PC simulation efforts and that the feasibility of making wind corvec-

tions to velocity estimates be conslidered.




4.1.2 Observed Effects of Surveillance Anomalies

Flight 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
interference). One often observes a sequence of many scans of highly
accurate azimuth reports which contain an isolated anomaly corresponding
to a substantial measurement error. This anomaly can perturb the track signif-
icantly and the perturbation may require several scans to subside. The a-8
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
reasonableness should be implemented to improve performance in this area.

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 diffraction 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-




tween the DABSEF antenna ad 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
¢levations in the vicinity of the smokestack azimuth resulted in resolution
failure due to errors in estimated azimuth. Example 2 in Appendix C is a
particularly severe case. The diffraction phenomenon 1is well understood from
both experimental and theoretical points of view (Ref. 8). The error is known
to vary as a function of obstacle size and angular separation between the tar-
get and obstacle. Currently most terminal ASR's are sited in locations for
which diffracting obstacles are preseat on the horizon. Aircraft flying near the
horizon and near obstacle azimuths cannot be processed by IPC in the same
manner as aircraft flying in the clear. Improved siting of DABS antennas

may go far to alleviate the diffraction problem at some locations, but the basic
problem will ﬁever be completely eliminated and must be recognized in IPC
system development.

Vertical Tracking With Missing Reports

It was discovered in testing the Versio: O algorithm that tracking gains
used for horizontal tracking produced excessive lag and overshoot in vertical
tracking. Vertical tracking has no logic equivalent to the turn detection
logic which makes low gains tolerable for horizontal tracking. Consequently,
the Version 1 logic specifies that the firmness level for vertical tracking
is never to increase above 7., From this level even two missing replies
can cause firmness to decrease to a level ut which highly erroneous altitude
rates can be induced. As an example consider an encounter for which the inittal

tracked altitude rate is zero and the initial firmness level is 7. A series
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of two missed replies reduces firmness to level 3 at which level the tracking

gains are o = .833 and § = .700. 1If an altitude report which differs by AZ
= 100 feet from the coasted altitude is then received, the altitude rate is

modified by

Az . _ 108 Tt

T 0.7 = 1050 fpm

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 vertical climb rate of almost
1500 fpm was estimated when the aircraft was actually slowly descending. If
reports are uncorrelated due to erratic 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) threshold selection logic which selects tau and miss distance alarm
thresholds based upon the attributes of the aircraft pair and (3) a detection
logic which tests computed detection variables against the thresholds to

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




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 logic. The
initial IPC coarse screening algorithm utilized a sort bin technique for
screening. This method suffered from a ncved 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 cqual to the number of aircraft being
serviced.

During flight tests several cases were observed in which aircraft in
close proximity failed to pass coarse screening. This condition usually
arose abruptly during an encounter and resulted in IPC terminating service
at a critical moment. The source of the problem lay in the fact that the
coarse screening algorithm searched the linked list in one direction only*
and processed aircraft according to azimuth sector. If two conflicting air-
craft in adjacent sectors changed order between the time their respective
sectors were processed then the unidirectional scan failed to detect the pair.
In order to allow IPC testing 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 search technique provides a method of reducing the required computational
load. The algorithm can discover that aircraft A is in proximity to aircraft

B without the redundant processing associated with the discovery that aircraft
B is in proximity to aircraft A.




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

basic design philosophy involves increasing thresholds for attributes

which indicate greater difficulty in resolution and increasing thresholds for
VFR aircraft in conflict with IFR aircraft. In many cases this logic produces
discontinuous jumps in threshold values even when tests are based upon con- L

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
encounter attributes considered in the threshold selection logic. For example,
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/t. But in this form T
is not reliable as a measure of urgency since low closure rates can cause
T to remain high regardless of range. The IPC algorithm therefore uses a

modified form of this measure which may be written

TH = =L (1-0%/¢%)
T

>3




lere . 1s a parameter with a nominal value of approximately 0.5 nmi. It can
be scen that TH will be forced to zero at range D no matter how small the
closure rate. In testing Version O 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 r and aircraft accelerations due to turns are mostly normal to the
range vector. But for aircraft of similar speeds approaching at smaller
crossing angles, TH can be very sensitive to errors and accelerations. In
some cases this sensitivity can result in confusing transitions in the alarm
level (Fxample 5 in Appendix C) or rapid crossing of several tau thresholds
(Example 6 in 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 that TH decrease at the
same 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

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

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

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

collision. Further discussion of the effect of accelerations upon IPC per-
formance can be found in Section 4.5.

4.2.4 The 2/3 Command Flag Logic

IPC does not issue commands unless the command flag (CMDFLG) has been set
on two of the last three scans. This "2/3 logic" is primarily intended to
prevent unnecessary commands in situations where a turning aircraft is coming
into momentary conflict with nearby traffic as its velocity vector sweeps
through a range of headings. But this logic imposes a one scan delay in com-
mand issuance for all encounter situations. In some cases the trajectory
information indicates a severe hazard which can only be made worse by the
existing accelerations, and the algorithm does not react until the next scan
when the command flag is set for the second time. This single scan of delay
is most significant when aircraft are accelerating in a manner that produces
late commands. More timely IPC intervention could be obtained if commands
were delayed only when the trajectory estimates were consistent with the

hypothesis that the command thresholds would not be violated on the next scan.
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4.3 Choice of 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 TPC this choice is based upon certain characteristics of the encounter.
Several cases were observed in which the original IPC algorithm made a poor
choice of the maneuver plane and revisions to the logic were implemented to
address these cases.

The Version 1 IPC algorithm would occasionally issue positive
commands in the vertical plane even though negative 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 transition to a positive command in the same plane even though a
negative command in the other plane would be adequate (see Example 7 in
Appendix D).

It was observed in flight tests that when an uncommanded aircraft
possesses a vertical rate toward a DABS aircraft, issuance of vertical
commands to the DABS aircraft may be ineffective. The vertical rate of the
uncommanded aircraft may cancel the rate achieved Qy the commanded aircraft
(the vertical chase problem). Even when the commanded aircraft is able to

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

through an excessive distance. The Version 3 logic added a provision for requiring




horizovt 1 resolution whenever an un ommonded aircraft 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 partially successful
since the algorithm may still issue and sustain ineffective vertical commands
if the estimated vertical rate of the uncommanded aircraft does not exceed
ZDTH unt1l 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 varying 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
encounter between aircraft of greatly differing speeds by maneuvering only
the slower aircraft. First, a given heading change by the slower aircraft
is less effective in altering miss distance than a similar heading change by
the faster. In certain geometries modest heading changes by a faster aircraft
can negate the avoidance attempts of the slower (see Example 10 in Appendix C).

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

imum miss. If an attempt is made to maneuver an aircraft which is already




flying at this optimum heading, the miss distance will decrease. In some
situations the miss may be decreased to zero by a turn in either direction

(see kxample 11 of Appendix C). 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 heading and back into conflict (see Examples 12 and 13 of Appendix C).
The IPC algorithm does not recognize situations in which a turn in either
direction can bring the aircraft to a collision course. If the conflict
detection logic requests commands in such a situation, commands will be issued.

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

At S et et B . e

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

| the collision geometry before closest approach. In that case the turn only
makes the situation worse momentarily before making it better. However, such
resolution 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 acquire often interpret
commands which oppose the existing miss as evidence that the system has an
incorrect perception of the situation.

4.4.2 Rule A Commands Which Oppose Existing Miss

Command selection Rule A turns each aircraft away from the bearing of

the other in an attempt to decrease the closure rate to zero. The relative
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motion analyvsis (Appendix A) reveals that this normally means that at least

one aircraft 1s 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

allowing a turn which would eliminate miss distance (see Example 14 in Appen-

din 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 command may then be that aircraft are
placed on collision courses.

4.4.3 Use of Rule A For DOT > O

Rule A of 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 00). 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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Fig. 4-3. Geometry in which application of Rule A results
in ineffective commands.




4.4.4 Course Recovery

The 1PC system is designed to assume control only when certain alarm
thresholds are violated. 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 avoidance commands were dropped. At this point the pilot who had
turned had a PWI indication indicating traffic at his six o'clock position.
He turned back to recover his original course* and a second collision 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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Fig. 4-4. Plot of encounter in which attempt to recover course

resulted in second collision threat.

62

ARS O




————

avotdance 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
=0 contour and that the direction of natural motion is consequently reversed.
The natural 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 the p=0 contour.
Such behavior tends to arise when the turn to decrease the closure rate
requires crossing the p=0 contcur, 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
aircraft, 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
recovery will be identical to the miss distance before commands. The
symmetry must be broken in order for the aircraft to recover course with a

modified miss distance.
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4.5 Resolution of Maneuvering Encounters

Especially severe heading uncertainties can arise when pilots initiate
turns prior to the time at which collision avoidance instructions are gene-
rated. As was discussed in Section 4.1, the tracker estimate of heading tends
to lag behind the actual heading during turas. This tracking lag can readily
exceed 40°. An equally significant component 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
a rate of 4O/sec is underway, and if the time required for message transmission
and pilot re¢action is 10 seconds, then the pilot will turn an additional 40"
during the response delay. Thus a total uncertainity of + 80o may exist. The
effect of such uncertainties upon resolution success is discussed below.

4.5.1 Reduced Warning Time Due To Acceleration

When aircraft are turning in directions which increase the closure rate,
the estimated value of TH may grossly overestimate the time available before
collision. Example 16 of Appendix C illustrates a case in which the tau
threshold is 64 seconds, but commands 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 maneuvers. However,

any less favorable conditions can result in resolution failure. It 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 between the bearings at which
commands are generated and the bearings at which the commands are effected.

For example, an encounter which is estimated to be at locus "A" in Fig. 4-6

s b s Gy o

may actually be at any point within the indicated rectangle by the time
commands are effected. If the uncertainties are such that the locus moves
from "A" to "B" then commands which were selected to increase the perceived
miss distance at "A" (i.e., move the locus toward yu = -1) will actually force
the aircraft back toward a collision. Such detrimental commands are quite
likely whenever the aircraft are maneuvering from a region in which one set
of command directions are appropriate into a region for which the opposite
command directions are appropriate.

Examples 17, 18, and 19 of Appendix C illustrate encounters in which IPC
commands turned aircraft toward the collision threat. Example 20 is an
interesting case in which a negative command was in the wrong direction due
to accelerations by one aircraft.

4.5.3 Design Changes Required to Accommodate Accelerating Aircraft

Analysis of resolution failures caused by aircraft acceleration indicates

T U ——— SV

that the capability of IPC to accommodate 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




N

TRy

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 uncertainty 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 aiso

utilizes turn information 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 rather than to attempt to

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




(2]

attenpts 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 turn is necessary due to factors
of which the IPC system is unaware (e.g., clouds, non-beacon air-
craft, etec.). If the existing turn does not assure resolution,

then vertical commands should be considered.

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
since the thresholds then required would produce intolerably conse<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>