JOURNAL OF AIRCRAFT
Vol. 40, No. 6, November-December 2003

Initial Efforts Toward Identifying Aviation Alerting
System Dissonance

Lixia Song* and James K. Kuchar'
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The potential for conflicting information to be transmitted by different alerting systems is growing as these
systems become more pervasive in aerospace. Newly introduced alerting systems must be carefully designed to
minimize the potential for and impact of alerting conflicts or dissonance. A methodology for dissonance analysis has
been developed recently to provide a foundation for understanding, identifying, and resolving dissonance between
alerting systems. One area of application of this method is the proliferation of decision-support systems for air
traffic management. With alerts from multiple independently developed alerting systems, pilots and air traffic
controllers may have difficulty reconciling dissonant alert information. One example application is the recently
proposed airborne conflict management (ACM) system, which must operate in conjunction with existing traffic
alert and collision avoidance systems (TCAS). Alerts from ACM should be harmonized with alerts from TCAS
and vice versa. As a case study, dissonant operating regions for TCAS and ACM are articulated, and it is shown
that in some geometries potentially undesirable TCAS advisories may occur following action taken in response to

ACM alerts.

Nomenclature

A region in state space where alerting system i
is in jth alert stage

distance until closest point of approach
between two aircraft

alert stage of alerting system

safety buffer distance for airborne conflict
management (ACM) collision avoidance
zone (CAZ) alert

safety buffer distance for traffic alert

and collision avoidance systems (TCAS) traffic
advisories (TA) alert

safety buffer distance for TCAS resolution
advisories (RA) alert

safety buffer distance for ACM protected
airspace zone (PAZ) alert

miss distance between two aircraft

Jjth predicate of ith alerting system

range between two aircraft

range rate between two aircraft

intersection of alert spaces A, ; and Ay

set of alerting threshold functions

G relative velocity between two aircraft
velocity vector

distance between two aircraft along

aircraft O velocity vector

complete state vector

distance between two aircraft perpendicular
to aircraft O velocity vector

observable state vector

B CAZ

BDMODTA

BDMOD

B PAZ
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0 = angle between the relative velocity and the bearing
between two aircraft
T = temporal threshold parameter for TCAS RA alert
TCAzZ = temporal threshold parameter for ACM CAZ alert
Tpaz = temporal threshold parameter for ACM PAZ alert
TTA = temporal threshold parameter for TCAS TA alert
¢ = angle between relative velocity and aircraft
0 velocity
X = angle between aircraft O velocity and the

bearing between two aircraft

Introduction

HEN two or more decision-making components of a sys-

tem are dissonant or conflict with one another, accidents can
occur. This was recently demonstrated in July 2002 when two jet
transport aircraft collided while over Germany, killing 71 people.
Contributingto the accident was a conflicting set of information pre-
sentedto the flightcrew on one aircraft: An air traffic controllerusing
ground-baseddecision-supporttools instructed the pilot to descend
while simultaneously the crew received a climb command from an
onboard traffic alert and collision avoidance system (TCAS). The
flight crew delayed action, then ultimately followed the air traffic
control instruction, which was dissonant with the TCAS instruc-
tions issued to both aircraft, and a collision occurred. This tragedy
highlights a growing concern in automation system development.
Becauseitis costly to redesignand recertify automationcompletely,
new decision-supportsystems are often independentenhancements
layered on top of existing systems. The result is that we are now
faced with new safety and design challenges: the need to ensure
that multiple independent systems monitoring similar threats oper-
ate harmoniously together. Although procedures can be developed
toresolve these types of conflicts, forexample, TCAS supercedesan
air traffic controller, a more thorough understanding of dissonance
would greatly aid in predicting, assessing, and mitigating conflicts
during the design phase rather than after systems are fielded.

In the 1990s, Pritchett and Hansman explored the concepts of
consonance and dissonance between an alerting system’s decisions
and a human operator’s internal model of a threat situation.! Their
work and observedincidentsin the field have shown thata mismatch
or dissonance between the human and automation could lead to
undesirable behavior from the human including increased delay in
taking action, failure to take action at all, or even implementing an
action contrary to the automation’s command.

In this paper, the focus is on dissonance between two or more
automation systems. We define dissonance as a situation in which
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the information (or lack of information) from two or more systems
suggest different timing, urgency, or actions be taken regarding a
threat. Thus, dissonancemay range from obviouscases such as when
system A commands a climb but system B commands a descent, to
more subtle cases such as when a strategic system with a long look
ahead distance does not signal a threat but a shorter-timescale tac-
tical system does indicate a threat. Whether the latter case causes a
safety problem or affects the operator’s workload or decision mak-
ing would need to be studied, but this type of dissonance could
potentially raise concerns about why the strategic system does not
agree with the tactical system.

We have developed a methodology to assist in detecting what
states of the air traffic system can produce alerting conflicts or dis-
sonance between different decision-supportsystems.? In brief, our
approach involves the following steps.

1) Each alerting system is formally described in terms of how a
given state vector is mapped into an alerting system output called an
alertstage. Alert stages include a categorizationof the level of threat
posed by a hazard as well as command or guidance information to
the pilot or air traffic controller. Example stages might be no alert,
an informational traffic advisory, or an explicit climb command to
avoid a collision. Accordingly, in this step, mathematical mapping
functions are defined for each alerting system.

2) Sensor and dynamic modeling errors can be introduced to
make the mapping of state vectors into alert stages probabilistic
rather than deterministic. This step involves modeling uncertainties
using probability density functions (PDF) and carrying those PDFs
through the mapping functions defined in step 1.

3) A visualization of the alert stage mapping for each alerting
system can then be created. This is simply a view of state space in
which the different alert stages are demarcated by their boundaries
defined by the mapping functions of steps 1 and 2. When uncertain-
ties are present, the view can show contours of probability of a state
being in a given alert stage.

4) The two alerting systems are then overlayed to examine po-
tential regions where dissonant alert stages occur simultaneously.
This can be done both formally through mathematics and informally
througha visual depictionof state space. This new depiction of state
space shows regions of intersectionbetween the various alert stages
of each alerting system. Thus, one can see how a given state maps
into a combination of the alert stages of each system.

5) Each intersection of alert stages must then be examined to
determine whether dissonance may exist. This is an area requiring
significant future research because it depends heavily on complex
human factor issues beyond the scope of this study.

6) The entire system is then assessed to determine how dissonant
regions may be mitigated. This may involve modifications to one
or more alerting algorithms (thereby changing the mapping of alert
stagesin the state space),changes in operational proceduresto deter
the process from entering dissonant regions, additional filtering or
prioritization schemes, or enhanced operator training.

To illustrate these steps, we examine a few cases of potential
dissonance between a newly proposed airborne traffic separation
monitoring system and the existing TCAS.

Example Analysis of Airborne Alerting
System Dissonance

TCAS uses range, range rate, altitude, and altitude rate between
two aircraft obtained throughradio transpondermessages. Based on
this information, TCAS has two alerting functions: traffic advisories
(TA), which direct the crew’s attention to a potential threat, and res-
olution advisories (RA), which provide vertical collision avoidance
commands to the crew. The quality of the input information (range,
range rate, altitude, and altitude rate) of TCAS limits its ability
to make accurate collision predictions beyond approximately 45 s.
More strategic maintenance of separation between aircraft would
be the function of a different airborne separation assurance system
(ASAS). Each type of system has distinctrequirementsdue to differ-
ent timescales, consequences, and information quality with which
to base decisions. Combining ASAS and TCAS components within
a single aircraft and between different aircraft will be a challenging

problem to ensure that these systems convey consistentinformation
to decision makers.

Recently,an ASAS concepttermed airborne conflict management
(ACM) has been proposed, and initial concepts and specifications
have been drafted by Radio Technical Committee on Aeronautics
subcommittee>* ACM uses an automatic dependent surveillance-
broadcast (ADS-B) data link to enable longer lookahead than is
possible with TCAS. ADS-B periodically broadcasts aircraft infor-
mation such as identification, position, velocity, altitude, and the
next trajectory change point. This information may enable accurate
prediction of traffic conflicts on timescales on the order of min-
utes. In the initial concept, ACM can include up to three alert levels
builtaround two separation zones called the protectedairspace zone
(PAZ) and a smaller collision avoidance zone (CAZ). A low-level
alert may be issued well before the violation of the PAZ with the
intent to allow the crew time to resolve the conflict efficiently. Re-
sponse to a low-level alert is optional; as such, the alert provides
primarily a cue that a conflict may need to be resolved in the near
future, but is not an urgent signal that action is required immedi-
ately. If the conflict remains unresolved,a PAZ alert will be issued.
A maneuvering response should then be initiated with a minimum
of delay. If the conflict is still not resolved, a CAZ alert is ultimately
issued when immediate action is required to avoid a near miss.

Several issues relate to the interoperability between TCAS and
ACM. One set of concerns arise when TCAS and ACM are both in-
stalled on the same aircraft. TCAS measuresrelative range, altitude,
and bearing, whereas ACM receives the broadcast state vector and
intent. The different surveillance sources may result in two targets
that need to be merged or fused on displays.’ The different surveil-
lance methods used by TCAS and ACM may also produce different
threat projections between the same targets. Whereas ACM alerts
will protect a much larger minimum separationthan TCAS, in some
geometries the enhanced accuracy of ADS-B may allow ACM to
determine that no PAZ or CAZ threat exists while TCAS still pre-
dicts a threat. As such, TCAS may issue alerts when ACM sees no
urgent conflict. This may cause a problem if pilots have become
accustomed to receiving urgent ACM alerts before TCAS alerts.
Further researchis necessary into the human factors implications of
situations like this in which shorter-timescale alerts are issued be-
fore longer-timescalealerts. An additional source of concern would
be transitioning from a lateral maneuver, which might be prefer-
able during the resolution of a PAZ alert, to a vertical maneuver
commanded by TCAS. More study is warranted on the ability of
pilots to make this transition from lateral to vertical maneuvers and
on the potential impact to safety if the transition is not carried out.
Finally, it would be preferable to not experience TCAS alerts at all
if an ACM advisory is being followed properly. A second group
of issues relates to cases where TCAS is installed on one aircraft
but ACM is installed on another. In this case, the two systems may
issue different resolution advisories at different times. A problem
exists if in certain geometries these resolutions are not coordinated
or compatible, leading to a loss of separation.

Because specifications for both TCAS and ACM have been pub-
lished, they serve as a convenient illustrative example for analysis
here. Note, however, that ACM is still under development, and so
the following analysis should be interpreted as a preliminary study.
The intent is to demonstrate how dissonance analysis can be per-
formed and how the analysis translates into potential mitigation
strategies.

Aircraft Encounter Kinematics

To simplify the case study, the analysis of TCAS and ACM is
limited here to only horizontal-plane motion where the two aircraft
are coaltitudeand converging. A similaranalysis could be performed
for more complex three-dimensional cases.

Several kinematic parameters are required for the mathematical
descriptionof TCAS and ACM. Figure 1 shows two aircraft(labeled
O and 1) in the horizontal plane using Cartesian coordinatesoriented
along and perpendicularto the aircraft O velocity vector. This choice
of frame is arbitrary and simplifies the kinematic equations. The
aircraft are a distance x and y apart along the two axes in this
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=
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Fig. 1 Horizontal plane kinematics.

frame and have velocity vectors vy = [vy,, 0]7 and v, = [v,,, UU]T.
The relative position of the aircraft can also be expressed in terms
of their range r and bearing x:

r=yar+y M
x = tan”'(y/x) 2)

The relative velocity between aircraft is

Vr = 1/ (le - U(Jx)2 + v12y (3)

which can be expressed in terms of the range rate

i =—V,cosf “)
where
0=x—9¢ (5)
and
¢ = tan”'[vi,/(V1x = voo)] (6)

Finally, the distance until the closest point of approach a and the
miss distance b are given by

a =rcosf @)

b =rsinf (3)

Formal Description of TCAS and ACM

Inthe case of TCAS and ACM analysishere, the state vectorx rep-
resents the complete two-dimensional position and velocity vectors
of eachaircraftinvolved. The analysisto follow neglectsissues such
as accelerating or maneuvering aircraft, sensor filtering dynamics,
or threats that suddenly appear at close range; the assumptionis that
both aircraft have been monitored for a sufficient time that variance
in the state estimates have reached steady state.

Consider a situation in which both ACM and TCAS are imple-
mented on aircraft 0 in Fig. 1. The complete state vector is not
available to the alerting system logic, but is observed through a
set of sensors. The resulting information that is observable to each
alerting system is included in the vectory. For TCAS (system 1), y
is a vector including the range and range rate between two aircraft
(again, considering the horizontal plane only):

y =[r, i = [1/x2+y2,—V, cos@]T €)

In contrast, ACM (system 2) uses a more complete set of state
vector components:

Y2 =[x, y, voy, le.vly]T (10)

ACM is able to observe the complete kinematic relationship in
Fig. 1 but TCAS only has access to range and range rate, which
significantly limits the degree to which TCAS can predict the evo-
lution of the encounter between aircraft. When the informationin y
is used, each alerting system applies a set of threshold functions or
other logic, T, to map the situation into an alert stage a. The alert
stage specifies the level of threat or urgency level according to that
alerting system.

TCAS has three main alert stages.

Stage 0 indicates no threat. Traffic is shown on a map display
using a white diamond symbol that also indicates its altitude and
whether it is climbing or descending. No additional information is
provided;a; =0.

Stage 1 indicates a TA. A master caution light is illuminated
in amber, the traffic icon changes to a yellow circle on the traffic
display, and an aural “Traffic, Traffic” alert is issued in the cockpit;
a, = 1.

Stage 2 indicates an RA. A master warning light is illuminated
in red, the traffic icon changes to a red square on the traffic display,
an aural resolution command is issued (such as “Climb! Climb!”),
and the required climb angle or climb rate is shown on a cockpit
display;a; =2.

The converging, horizontal-plane TCAS alerting thresholds are
based on four parameters: Bpyop, Bpmoptas T, and tra. Here t
and 71 are threshold parameters with units of time for RA and TA
alerts. Bpyop and Bpyvopta are safety buffer distances for RA and
TA alerts. At its core, the RA threshold can be defined as®

r < (BDMOD—TT;)@RAalCn (11)
If an RA is notissued, a TA occurs when the followingis satisfied:
r? < (Bpmopta)® — 7 Tra < TA alert (12)

Even though TCAS operates with only r and r as states, its thresh-
olds can be rewritten in terms of the more general state parame-
ters from Fig. 1. This facilitates comparison with ACM later. From
Eq. (12), the TA threshold equivalently lies in state space according
to the following equation:

a® +b* < (Bomopm)® + V,tnaa (13)
or
(a — VrTTA/Z)2 +b < (BDMODTA)2 + (VrTTA/Z)2 (14)

Thus, alignedin a new (a, b) Cartesian coordinate frame in Fig. 1
(along and perpendicular to the relative velocity vector), the TA
threshold is a circle centered on (V, ra /2, 0) with radius

\/(BDMODTA)2 + (Vitra/2)?

In a similar manner and coordinate system, the criterion for an
RA [Eq. (11)] can be rewritten as

(a—V,7/2)* + b* < Bpyopy a? + b2 + (V,1/2)? (15)
The alert stage sets for TCAS can then be formally defined by a

threshold function 7; using the following notation:
fir: (@ = V,ta/2)* + b2 < (Bpmopta)® + (V714 /2)?
fiz (@ = V,1/2)* + b* < BpyopV @* + b* + (V,7/2)
I = A10=J;11 mJ;12
An=funfuo
Apn = fn (16)
Each set A;; represents a region in state space where alerting
system i is in alert stage a;. The extent of each set is defined by a
combination of predicates f;; that evaluate to true or false as shown

in Eq. (16). For example, if predicate f; is true but f, is false, then
the state lies in the region A;; and a TA is issued (a; = 1). If the
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Fig. 2 Example TCAS threshold function and alert stages, opposite
direction aircraft at 500 kn each: A;y =noalert,A;; =TA,and A}, =RA.

conditions were such that the state was in region Aj,, then an RA
would be issued. Finally, if the state was in region A, then no alert
would be issued from TCAS.

The formalized TCAS threshold function and alert stages can be
visualized for a given aircraft encounter situation. Figure 2 shows
one example case for two aircraft heading in opposite directions,
each at 500 kn. The two alert threshold regions are then shown to
scale in the relative frame of one aircraft, with threshold parameter
values set assuming the encounter occurs at an altitude of 20,000 ft
(Ref. 6). A given type of alert will occur as the intruder aircraft
enters each of the circular regions shown.

Switching now to ACM, we focus on the higher two alert stages:
the PAZ alert (a, = 1) and the CAZ alert (@, =2). As already men-
tioned, a low-level alert of ACM providesextendedtime to allow the
crew time to plan, choose, and coordinate the best course of action
to remove the conflict, which is expected to be the normal usage of
ACM. Thus, the higherlevel alerts (PAZ and CAZ) of ACM function
more similarly to TCAS alerts. Remember, however, that the TCAS
alert stages carry different meanings than the ACM stages. For ex-
ample, a; =2 means that an RA is issued from TCAS, whereas
a, =2 means that a CAZ alert is issued from ACM. The actions the
pilot should take in each case may be significantly different.

The thresholds for ACM are based on four parameters, Bpaz,
Bcaz, Tpaz, and teaz (Ref. 4). Similar to TCAS, tpaz and tcaz are
threshold parameters with units of time for PAZ and CAZ alerts;
Bpaz and Bcyz are safety buffer distances for PAZ and CAZ alerts:

[a = v/ (Beaz)? — 2] [V, < tcaz € CAZalert  (17)

If there is no CAZ alert, then a PAZ alert is issued according to

[@ = v/(Beaz)? — 2] [V, < Teaz < PAZ alert (18)

With ACM, A,, correspondsto a no-alert or low-level alert con-
dition, A,; correspondsto a PAZ alert, and A,, represents the space
where a CAZ alert is issued. These regions are formally defined by
the threshold function 75:

Jar: [ﬂ — (Bpaz)* — bz]/vr < Tpaz
S [ﬂ -V (Bcaz)* — b? /Vr < Tcaz

T,

Ay = J;21 N J;22
Ay = fu N fn
Ay = fn (19)

2 F a
4t o
6 | A
8 F 2
. L 1 1 !
0 05 ﬂ;l 1.5 2 %1035

Fig. 3 Example ACM threshold function and alert stages, opposite
direction aircraft at 500 kn each: A,; =PAZ alert and A, = CAZ alert.
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Fig. 4 Example TCAS and ACM thresholds, opposite direction air-
craft at 500 kn each.

With the same encounter situation that was shown in Fig. 2, the
formalized ACM threshold function and alert stages can be visu-
alized in Fig. 3, with threshold parameter values set assuming the
encounter occurs at an altitude of 20,000 ft (Ref. 4).

Equations (16) and (19) then give a formal basis by which a
given state can be translated into an alert stage for each system.
When combinations of alert stages are compared between the two
systems, conditions leading to dissonance can be identified.

Conditions for Dissonance

Having set up the basic alert stage regions in state space, we
can now analyze the two systems together. There are nine possible
combinations of alert spaces between TCAS and ACM. Each com-
bination of alert spaces is denoted S, where S;x = A;; N Ay. For
example, a region in state space where TCAS is in stage 1 and ACM
is in stage 0 would be S;p = A N Ay.

A more convenient way of visualizing these regions is to plot
the four alert stages for the two systems, TA, RA, PAZ, and CAZ,
for a given aircraft encounter situation. Figure 4 shows the same
encounter situation and same threshold parameter values as were
shownin Figs.2 and 3. ACM is designed to provide an earlier warn-
ing of traffic than TCAS. Should this happen, there is probably no
perceiveddissonance from the pilot’s point of view, even when alert
stage differences exist between ACM and TCAS. Therefore, alert
spaces Sgo, So1, and Sy, are not dissonance spaces. If the opposite
occurred, however, there may be perceived dissonance because the
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pilot may not understand why ACM does not rate the traffic as an
urgent threat while TCAS does.

For example, a TCAS RA without any prior urgent ACM alert
conditions may be perceived as dissonant if pilots become accus-
tomed to ACM alerts occurring before TCAS alerts. This condition
is represented by the set Sy = A, N A, or, equivalently,in terms
of predicates

S = fiz N fu N fr (20)

In terms of the specific state values involved, and because the
CAZ threshold is always within the PAZ threshold, Eq. (20) can be
rewritten as

{(@—V,7/2)* + b* < Boyopva? + b2 + (V,7/2)*}

N {[Ll — (BpAz)2 - bz]/vr > TPAZ} (21)

As Fig. 4 shows, the PAZ region extends well in front of the
CAZ, TA, and RA regions. This is intentional, to provide the pilots
ample time to respond to a potential conflict well before severe
maneuveringis required. The CAZ is a significantly thinnerregion,
also extending farther forward than the TA or RA. In this situation,
however, note that the TA and RA thresholds do extend laterally
beyond the CAZ and PAZ regions. If an intruder were to enter the
S1o or Sy regions, dissonance could be perceived if the pilot was
concerned why a PAZ alertdid notaccompany or precede the TCAS
alert. Although regions S}, and Sy, appear to be relatively small in
Fig. 4, they do extend between 3 and 6 n mile laterally and cover an
area over 16 n mile?. Note also that the diagram in Fig. 4 does not
show the region in which an ACM low-level alert occurs. Such an
advisory may be enough to prevent any dissonance should a TCAS
TA or RA subsequently occur. However, it is also possible that
dissonance may still occur if the pilot does not receive the higher-
level ACM alerts before TCAS. Determining what conditions may
lead to dissonance from a human factors point of view warrants
careful study in the future.

To estimate the likelihood of such dissonance occurring, assume
the two aircraft are traveling in opposite directions within the same
airway (with a maximum lateral offset of 4 n mile) and that the rela-
tive lateral position of the two aircraft is uniformly distributed. The
probabilityof dissonancewith a TCAS TA but withoutan ACM PAZ
alert is then approximately 0.25, and the probability of dissonance
with a TCAS RA but without an ACM PAZ alert is approximately
0.12.

Sensor Error Effects

A diagram such as Fig. 4 can be useful for examining where
dissonancemay occurbetweentwo systemssolely due to differences
in their decision-making logic. Dissonance may also arise due to
sensor errors that distort the actual states of the aircraft. A method
for examining the effect of sensor error on dissonance has also been
developed and is described in Ref. 2. Here, we only briefly discuss
how sensorerror can be injected into the analysis. Essentially,sensor
error causes a given state to be observed with a different value
accordingto some PDF. Withoutsensorerror, a state in state space is
mapped deterministicallyinto one of the alert stages A;;. With sensor
error, a stateinstead maps into each alert stage with some probability.
We can recast this problem as one in which the boundaries of the
alert stages are probabilistic rather than deterministic. A diagram
such as Fig. 4 could then be modified to show, for a given state in
state space, the probability that the state lies within a given alert
stage region.

To illustrate the potential impact of sensor error, a simplified
analysis of TCAS measurements was performed. TCAS uses an
alpha-beta tracker to produce a filtered estimate of range and range
rate.® The alpha-beta tracker is a recursive estimator similar to a
Kalman filter but with constantfilter gains. Range measurementsare
typically obtained with a standard deviation of approximately 30 ft,
which when filtered translates into steady-state standard deviations
of approximately 18 ft in range and 6 ft/s in range rate for constant-
speed aircraft. If two aircraft are flying in opposite directions with

35+ 1

34+ 4

13l ACM PAZ
boundary

12} TA boundary |

with sensor error

31r / J

€ 3 =
=

29 ——

281
TCAS TA boundary
2.7r with no sensor error 1
261 B
251 B
1 1 1 1 1 1 ]
24 2.6 28 3 32 34 36
nmi

Fig. 5 Closeup of the effect of sensor error on TCAS TA boundary,
260 kn opposite direction.

some lateral offsetat 260 kn each, the range rate is reduced from that
in Fig. 4 such that the TCAS TA region lies entirely within the ACM
PAZ. There is then no dissonantregion Syo. A closeup of the areain
whichthe TCAS TA and PAZ boundariesare closestfor this example
is shown in Fig. 5. The addition of normally distributed sensor error
causes the TCAS TA boundary to become probabilistic,and instead
will lie somewhere between the dashed lines shown with probability
0.99. Thus, because of the alerting system logic alone, there would
be no potentially dissonant region Sy, in this case, but sensor error
makes it such that there is some probability of a state lying in the
region So. Note that the effect of sensor error is quite small here,
extending only approximately 0.1 n mile laterally. This example
does serve to illustratethe basic conceptbehind incorporatingsensor
error into the dissonanceanalysis. In other cases, it may be possible
that sensor error dominates the potential for dissonance and that
logic differences between two systems are not a major contributor
to dissonance.

Dissonance Due to Dynamic Effects

In addition to examining the alerting regions to expose areas
where alert stage dissonance could exist, it is also necessary to
examine the process dynamics to see how dissonance may evolve
over time. One of the major issues with the integration of ACM
and TCAS is how to manage ACM alerts that are later upgraded to
TCAS alerts. If prompt, appropriateaction is taken in response to an
ACM alert, it is preferablethat no TCAS alerts occur.* Accordingly,
one issue to examine is what types of ACM resolution maneuvers
are required to prevent TCAS alerts from occurring.

As an extreme example, considera situationin which a CAZ alert
isissued against one aircraftdirectlyin front of another and heading
in the opposite direction, with both aircraft at 500 kn. In response to
the CAZ alert, assume that one aircraft begins a turning maneuver
with a certain response delay, a roll-in to a certain bank angle and a
roll-outat a certainnew heading angle. To address this issue, a point-
mass simulation was executed to examine the interaction between
aircraft trajectories and the alert stages of ACM and TCAS.

Figure 6 shows four snapshots (spaced every 10 s) of the two air-
craftand the alert thresholdsassuming the leftmost aircraftfollows a
turning avoidance action with a 10-s time delay after the CAZ alert,
rolls instantaneouslyinto a 10-deg bank angle, and makes a 20-deg
heading change. Figure 6a shows the situation immediately follow-
ing the 10-s time delay. Approximately 10 s later (Fig. 6b), the CAZ
region is exited, but the aircraft crosses the boundary of the TCAS
TA region and a TA is issued. Here, dissonance might be perceived
because ACM is downgradingthe alertstage and TCAS isupgrading
the alert stage. Finally (between Figs. 6¢ and 6d), an RA is issued
from TCAS, commanding the pilot to climb or descend. Therefore
in this extreme situation, there is a progression from taking action
in response to an ACM alert that ultimately ends in a TCAS RA.
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Fig. 6 TCAS and ACM thresholds during avoidance maneuver.

The RA command itself may also cause some confusionbecause the
pilot must determine whether to continue the turn that has already
been initiated, or to execute the climb or descent command. A more
rapid or aggressiveresponse could avoid this dissonance, as will be
discussed.

The same thresholdsin Fig. 6 could also be placed on the second
aircraft, which might then also receive and react to alerts. In partic-
ular, it may be relatively common for ACM to be installed on one
aircraft while TCAS is installed on the other. In that situation, the
ACM aircraft would begin maneuvering in response to the PAZ or
CAZ alert. Unless that aircraft performed a sufficiently aggressive
maneuver, a TCAS TA or RA could still be issued on the second
aircraft. If not designed properly, ACM might not be able to prevent
the second aircraft from having to maneuver in response to TCAS,
which would reduce the benefits of having ACM installed.

In situations where ACM alerts are triggered, we want to identify
the required maneuvers that should be taken to avoid triggering a
subsequentTCAS alert. To run this simulation,a point-massintruder
aircraftwas placedin front of a host aircraft, travelingin the opposite
direction, with each aircraftat 500 kn. When the PAZ alert threshold
was crossed, a given time delay was implemented and then the host
aircraft performed a roll-in to a certain bank angle and rolled out
at a given heading angle. The transition between roll angles was
assumed to be instantaneous; the addition of lags would enhance
the realism of this analysis. Time delay, lateral offset, bank angle,
and heading change parameters were then systematically varied.
Depending on the combination of lateral offset, response latency,
bank angle, and turn angle, either 1) no TCAS alert would be issued,
2) a TA would be issued during the maneuver, or 3) both a TA and
RA would be issued, in sequence.

Figure 7 shows the interactions between delay, bank angle, turn
heading, and TCAS alert status for a case with zero lateral offset.
The curves in Fig. 7 represent boundaries between different TCAS
alert behaviors. Two groups of curves are shown. When there is no
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Fig. 7 Effect of PAZ avoidancemaneuver on TCAS alert status,500 kn
opposite direction.

time delay, the boundary between an RA and a TA is shown by
the lower solid line, and the boundary between a TA and no alert
is shown by the upper solid line. The dashed lines show similar
boundaries when there is a 10-s response delay after the PAZ alert.
A combination of bank angle and turn angle toward the lower-left
of the plot will result in an RA. Performing a maneuver between
sets of curves will resultin a TA. Making a large enough turn with a
large enough bank angle (upper-right part of Fig. 7) will avoid any
TCAS alert from occurring.

For example, referring to Fig. 7, with no time delay and a 15-deg
bank angle, the host aircraft must turn more than approximately
20 deg in heading to avoid triggering a TCAS TA. The host would
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Fig. 9 Effect of lateral offset on PAZ avoidance maneuver for TCAS
alert status, 500 kn opposite direction.

have to turn at least 12 deg to avoid triggeringa TCAS RA. A 10-s
response delay would add several degrees to these turn minima.
Thus, relatively significant avoidance maneuvers must be performed
following an ACM PAZ alert to prevent triggering TCAS TAs or
RAs.

Initial published specifications for the magnitude of a PAZ alert
resolution turn maneuver call for a 25-deg bank angle.* Compared
with Fig. 7, a 25-deg bank angle corresponds to requiring a 12-deg
headingchangeto avoid triggeringa TCAS RA and an 18-deg head-
ing change to avoid a TCAS TA.

Itis even more difficult to prevent TAs and RAs following a CAZ
alert. In fact, in this 500-kn opposite-directionexample, a TCAS
TA cannot be avoided without exceeding an extreme maneuver (at
least a 30-deg bank angle and a 60-deg heading change). Figure 8
shows the TCAS alerting behavior following a response maneuver
to a CAZ alert. Avoiding an RA after a CAZ alert also requires
an extreme maneuver. With a 30-deg bank angle, a 32-deg heading
change is required without time delay, and a 40-deg heading change
is required if there is a 5-s delay.

The initial specification proposed in Ref. 4 for the CAZ conflict
resolution turn maneuver is a 35-deg bank angle. As simulated in
this 500-kn opposite-directionexample, it is not possible to avoid
triggering a TCAS TA with this CAZ turn maneuver. To avoid a
TCAS RA with this 35-deg bank angle turn, at least 28-deg of head-
ing change is required.

Finding two aircraft coaltitude flying in opposite directions with
no lateral offset is certainly extremely unlikely, and the preceding
example is a worst-case situation. The method shown here can be
extended to examine all other types of encounters. In particular,

Table 1 Vertical climb rate requirements to avoid
TCAS alerts?

0-s Delay, ft/min 10-s Delay, ft/min

ACM alert TA RA TA RA
PAZ 380 70 450 80
CAZ — 600 — 900

“Pull-up load factor 1.2g.

we also studied the effect of lateral offset between two aircraft on
the ACM turn avoidance maneuver. Figure 9 shows the required
ACM PAZ avoidance maneuver for TCAS alerts given 0-, 1-, and
2-n mile lateral offsets between two aircraft. Three groups of curves
are shown in Fig. 9, each group of lines (solid, dashed, or dotted)
represents boundaries between different TCAS alert behaviors with
0-, 1-, and 2-n mile lateral offset, respectively, when there is no time
delay following the PAZ alert. Compared to the case without lateral
offset, the required PAZ avoidance maneuvers are less aggressive
in as much as lateral offset increases because the host aircraft has a
head start in increasing separationas it turns away from the intruder
aircraft. For example, as shown in Fig. 9, with no lateral offset
and a 15-deg bank angle, the host aircraft must turn beyond 20-deg
in heading to avoid triggering a TCAS TA; with 1-n mile lateral
offset and the same bank angle, a 15-deg heading change is required
to avoid triggering a TCAS TA; only a 12-deg heading change is
required with a 2-n mile lateral offset. Beyond 2 n mile, a TCAS TA
cannot occur. (Refer back to Fig. 4.)

Simulations were also performed for vertical maneuvers follow-
ing ACM PAZ and CAZ alerts. In response to an ACM alert, it was
assumed that the aircraft performed a pull-up maneuver at a load
factor of 1.2g to a given vertical rate. Table 1 shows the minimum
climb rates that are required under these conditions to avoid receiv-
ing a TCAS TA or RA alert for initially coaltitude aircraft. Climbs
or descents at approximately 380 ft/min are required to avoid a TA
if action is started immediately after a PAZ alert is issued. RAs are
more easily avoided, with rates of approximately 70 ft/min required.
After a CAZ alert, TAs cannot be avoided without a significantly
more extreme maneuver. (A load factor of approximately 2.4g is
required.) RA after a CAZ alert could be avoided with final vertical
rates between approximately 600 and 900 ft/min depending on the
response delay of the pilot and aircraft.

A final issue worthy of discussion revolves around the core phi-
losophy driving alerting decisions. There are two major kinds of
conflict prediction methods: using physical metrics or using proba-
bilistic metrics.” Both TCAS and ACM are physical-metricconflict
probes. That is, they predict the expected aircraft positions in space
and time and translate uncertainties into areas around these pre-
dicted aircraft positions (protection zones). Two aircraft are said to
be in geometric conflict when the distance between the protection
zones of those aircraft becomes smaller than the minimum allowed
distance between them.® Meanwhile, several other conflict probes
employ a probabilistic approach by predicting the probability that
two aircraft come within the minimum allowed distance between
them.” The conflict detecting functions of the center-terminal radar
approach control automation system (CTAS) or the user request
evaluation tool are examples of probabilistic conflict probes.®!
CTAS evaluates the conflict probability assuming that the trajec-
tory prediction error for an aircraft is normally distributed. Given
the direction of the relative velocity at time of minimum predicted
separation and through a coordinate system transformation, an an-
alytical expressionis obtained to estimate the conflict probability.

Although the conflict detection principle of a probabilistic con-
flict probe is different from a physically based conflict probe, dis-
sonance between these two kinds of conflict probes can also be
analyzed with the generalized methodology described here. To an-
alyze a probabilistic conflict probe, it is necessary to map a given
conflict probability threshold into a physical-state region in state
space. This mapping can be performed based on the algorithms
used to compute probability thresholds. Indeed, several prior stud-
ies have described conflict probability levels as spatial probability
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contours.!"!? The alert stages triggered by these contours can then
be compared against physically based alerting systems to check for
dissonance.

Conclusions

Alert system dissonance has not been a major concernin the past
beyond the desire to minimize simultaneous alerts and prevent in-
formationoverload. Conflicting alert informationhas now been seen
in operation and is likely to become even more prevalentas alerting
systems continue to be injected into complex system operations.
Several areas in aerospace have already been identified where dis-
sonance is likely to become a more critical issue in the near future,
and certainly there are other regimes where similar problems are of
concern.

An analysis of the initial specifications for the ACM system
in connection with the current TCAS suggest that there may be
operating conditions in which TCAS alerts could occur without
having first received high-level ACM advisories. The simulations
also show that it may be difficult to avoid receiving a TCAS
alert even after taking action in response to an ACM alert in cer-
tain geometries. These may not be significant dissonance prob-
lems, but need to be investigated further to determine the scope
of encounters that may lead to this type of behavior and to ex-
amine other human factors issues relating to this problem. Po-
tential solutions include modifying the ACM threshold parame-
ters or ACM resolution maneuvers (or both), or accepting that
TCAS alerts may occur in certain geometries and training pilots
to understand why that dissonance exists and how it can be re-
solved.

Sensorerrormay contributeadditionaldissonanceto thatoriginat-
ing from logic differencesalone,especiallyfor a target that suddenly
begins transmitting information. In such a case, ACM may receive
an accurate state estimate while TCAS does not have an accurate
estimate because TCAS is relianton filtered observationstaken over
arunning time period. A preliminary analysis on steady-stateerrors
suggests that, for targets that have been tracked for a sufficiently
long time period (approximately 20 s), sensor error does not play a
significant role in TCAS/ACM dissonance. More study into these
transient dissonant possibilities is certainly warranted, including
extensions to better model factors such as communication dropouts
and filtering delays.
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