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A con� ict probe is an air traf� c controller decision support tool that can predict con� icts well in advance by
the use of information on aircraft position, speed, and � ight plans, along with forecasts of wind and temperature
pro� les. A comprehensive methodology is presented to evaluate quantitatively the performance of a con� ict probe
by the use of real traf� c data and expanded separation criteria. The methodologyis universal in nature and can be
applied to any con� ict probe. Several metrics of con� ict probe performance have been developed and evaluated.
The missed alert rate and false alert rate are primary metrics that quantify the reliability of a con� ict probe; these
metrics are partitioned by quality of � ight intent information. The mean con� ict warning time and errors in key
con� ict prediction parameters, for example, con� ict start time, minimum horizontal and vertical separations, are
important secondary metrics that quantify the accuracy of a con� ict probe. The evaluationmethodologydeveloped
was exercised by applying it to the Center-TRACON Automation System’s Con� ict Probe Tool, using real traf� c
data from the Denver Air Route Traf� c Control Center; some preliminary results are presented as an example.

Introduction

A S demands on the National Airspace System continue to in-
crease, there is a need for decision support tools (DSTs) that

can assist air traf� c controllers in meeting the needs of airspace
users, for example, increased capacity and ef� ciency, while main-
taining the highest levels of safety.1 In the context of this paper,
a con� ict probe is an air traf� c controller DST that can predict
con� icts well in advance by the use of information on aircraft po-
sition, speed, and � ight plans, along with forecasts of wind and
temperature pro� les. Note that a con� ict probe used as an air traf� c
controller DST merely provides advisories to a human controller
who retains full authority and responsibility for safe separation of
air traf� c. Strategic (early) resolution of con� icts has the potential
to reduce the cost associatedwith con� ict resolutionmaneuvers and
to enable other traf� c management bene� ts. Such a tool would be
especially useful in a free � ight environment,1 which is expected to
have a less structuredtraf� c � ow compared to the current operating
environment.

A complete evaluation of a con� ict probe has two aspects: func-
tionality and performance. A functionality evaluation is qualitative
in nature and involves testing of con� ict probe features and user
interface through controller-in-the-loop simulations and � eld tests.
Reference 2 describes a � eld test of con� ict probing and trial plan-
ning capabilities.A performanceevaluationis quantitativein nature
and is directed at the con� ict prediction engine that underlies the
features and user interface of a con� ict probe.

The objectiveof this work is to developa comprehensivemethod-
ology to evaluate quantitativelythe performanceof a con� ict probe
in a manner that preserves all real-world effects such as � ight in-
tent errors, wind model errors, aircraft dynamics modeling errors,
aeropropulsivemodeling errors, navigation errors, and velocity er-
rors due to radar tracker noise. One possible approach would be
to use arti� cial traf� c data in a simulation environment that at-
tempts to model aircraft trajectoriesin the presenceof various error
sources. However, con� ict probe performance degradation is pri-
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marily a manifestation of real-world errors, and they are dif� cult to
model accurately. Other approaches to con� ict probe performance
evaluation may be found in Refs. 3–6. For example, Ref. 4 devel-
ops performance metrics using a hybrid approach involving data
collection and transformationmodels applied to a recorded air traf-
� c scenario.

The approach taken in this work is to evaluate the con� ict probe
using real traf� c data to preserve all real-world effects. This is a
challengingtask because real traf� c data includesthe effects of con-
troller actions to separate traf� c; hence, true con� icts are generally
not present in such data.Therefore, the parameters that de� ne a con-
� ict are expandedfor the purposesof the evaluation,and the con� ict
probe is evaluated on its ability to detect these pseudocon�icts.

Con� ict probe performance measures are described in the next
section. A methodology for con� ict probe performance evaluation
is then presented. A later section describes a demonstration of this
methodology by applying it to the Center-TRACON Automation
System (CTAS)7,8 Con� ict Probe Tool,9,10 using real traf� c data
fromtheDenverAir RouteTraf� c ControlCenter.Some preliminary
results are presented as an example.

Con� ict Probe Performance Measures
The performance of a con� ict probe can be characterized by its

reliability and accuracy (Fig. 1). Reliability refers to the capability
of the probe to alert correctly the air traf� c controller to impending
con� icts. Accuracy refers to the timeliness and quality of con� ict
information provided by the probe to the air traf� c controller.

Reliability
The reliabilityof a con� ict probeis measuredby the rate of missed

alerts and false alerts. A conceptual de� nition of missed, correct,
and false alerts is presented in Fig. 2. The observed con� icts set
corresponds to all con� icts that were actually observed to occur; it
is the truth set for reliability analysis. The predicted con� icts set
corresponds to all con� icts predicted by the probe.

Correct alerts are predicted con� icts that were actually observed.
Missed alerts are observed con� icts that were not predicted by the
probe. False alerts (or nuisance alerts) are predicted con� icts that
were not observed. Perfect reliability would correspond to a zero
rate of false alerts and missed alerts. It is of interest to determine
missed and false alert rates as functions of time to con� ict.

Accuracy
The accuracy of correct alerts (Fig. 1) is measured by the value

of the con� ict warning time and the errors in key con� ict prediction
parameters. Con� ict warning time is de� ned as the time interval
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betweeninitialnoti� cationof the con� ict andobservedcon� ict start.
Examples of con� ict prediction parameters appropriate for error

analysis include minimum horizontalseparation,minimum vertical
separation,con� ict start time, and aircraft positions at con� ict start.
A con� ict probe typically provides numeric and/or graphic infor-
mation on these con� ict parameters to the air traf� c controller. It is
of interest to determine con� ict parameter errors (for correct alerts)
as functions of time to con� ict.

Development of Con� ict Probe Evaluation Methodology
The methodology developed in this work is universal in nature

and can be applied to any con� ict probe. It can, therefore,provide a
framework for a comparative study of con� ict probes. To evaluate
the performance of a con� ict probe, it should be exercised in an
appropriateenvironment.The approach used here is to exercise the
con� ict probeusing real traf� c data to preserveall real-worldeffects
that degrade the performance of a con� ict probe. This requires the
use of expanded separation criteria.

Fig. 1 Measures of con� ict probe performance.

Fig. 2 Con� icts and alerts.

Fig. 3 Con� ict windows.

Expanded Separation Criteria
The operational separation criteria for en route � ight correspond

to a horizontal separation standard of 5 n mile and a vertical sepa-
ration standard of 2000 ft (1000 ft if either aircraft is below � ight
level (FL) 290, i.e., 29,000 ft); they are represented by the oper-
ational con� ict window shown in Fig. 3. An operational con� ict
occurs when these separationcriteria are violated, that is, when two
aircraft are horizontally separated by less than 5 n mile and ver-
tically separated by less than 2000 ft (1000 ft if either aircraft is
below FL 290). Because real traf� c data includes the effects of air
traf� c controlleractions, operationalcon� icts do not generallyexist
in such a data set. Therefore, a con� ict probe cannot be evaluated
with real traf� c data while using an operational con� ict window.

To evaluate a con� ict probe with real traf� c data, the concept of
a pseudocon�ict is introduced. A pseudocon�ict occurs when the
separationbetween two aircraft violates a speci� ed set of expanded
separation criteria that exceed the operational separation criteria.
There are many possible ways to specify expanded separation cri-
teria; some of them are represented by the pseudocon�ict windows
shown in Fig. 3.

Speci� cally,Fig. 3 presentsthreeexamplesof pseudocon�ictwin-
dows: horizontally expanded, vertically expanded, and vertically
offset. It can be seen, for example, that if two aircraft at the same al-
titudehave a horizontalseparationof, for example,8 n mile, they are
within the horizontallyexpanded pseudocon�ict window and could
be considered as being in con� ict for the purpose of con� ict probe
performance evaluation, even though they are not operationally in
con� ict. Similarly, if two aircraft (both � ying above FL 290) are
vertically separated by 4000 ft and have a horizontal separation of,
for example, 3 n mile, they are within the vertically expanded as
well as the vertically offset pseudocon�ict windows and could be
considered as being in con� ict for the purpose of con� ict probe
performance evaluation, even though they are not operationally in
con� ict.

Operational con� icts are generally not observed in real traf-
� c data. Therefore, to evaluate a con� ict probe using real traf� c
data, it is necessary to generate an observable pseudocon�icts set
whose characteristic parameters closely match those of the unob-
servable operational con� icts set. It is clear that many choices can
be made for pseudocon�ict windows,which result in many possible
pseudocon�icts sets. The most appropriate pseudocon�ict window
for con� ict probe evaluation was determined as will be described
next.

Selection of Evaluation Window
The performanceof a con� ict probeis in� uencedby thecharacter-

istic parametersof the con� ict itself.For example,a head-oncon� ict
involving cruising aircraft is generally easier to predict compared
to a con� ict involving climbing/descending aircraft with a small
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encounter angle. Although there are many parameters that fully
characterize a con� ict, three key parameters were determined from
experience: 1) encounter angle, 2) altitude–rate combination, that
is, both aircraft level, one nonlevel, both nonlevel, and 3) minimum
horizontal separation.

Different pseudocon�ict windows will result in different sets of
pseudocon�icts, characterized by different distributions of con� ict
parameters.Hence, the same con� ict probe evaluated with different
pseudocon�ict windows may yield differentperformanceresults for
each window. It is, therefore, important to identify a pseudocon�ict
window for which the con� ict probe will yield results similar to
those of an operational con� ict window.

The following approach was used to determine the most appro-
priate pseudocon�ict window. First, an operational con� icts set and
various candidate pseudocon�icts sets (corresponding to various
pseudocon�ict windows) were generatedusing a common air traf� c
database. This database contained 3 h of real traf� c data (corre-
sponding to over 1000 aircraft) from the Denver Air Route Traf� c
Control Center. The operational con� icts set was determined from
simulated aircraft tracks constructed with actual � ight plans, by the
use of actual aircraftbirth pointsas initial conditions.Real trackdata
were used to determine the pseudocon�icts sets. Note that none of
these data were generated by a con� ict probe.

Next, the characteristic parameters of the candidate pseudocon-
� ict sets were determined and compared against those of the oper-
ational con� icts set. Figure 4 shows the results of this comparison
for horizontallyexpanded,verticallyexpanded,and verticallyoffset
pseudocon�ict windows (otherwindows, such as a horizontallyplus
vertically expanded window, were also evaluated but are not shown
in Fig. 4). The results of this comparative study indicate that the
characteristic properties of the vertically offset pseudocon�ict set
generallymatch those of the operationalcon� icts set. The vertically
offset pseudocon�ict window was, therefore, selected to evaluate
the performance of a con� ict probe using real traf� c data.

In the interest of brevity, only the term con� ict will be used from
this point forward, except when a distinction needs to be made
between an operational con� ict and a pseudocon�ict.

Fig. 4 Evaluation of con� ict windows.

Fig. 5 Data collection procedures.

Data Collection
A con� ict probe needs radar track, � ight plan, and weather data

for con� ict prediction. Track data correspond to positions (x and
y coordinates), processed from ground-based surveillance radar
returns, and pressure altitudes h, measured by the aircraft’s air data
system and transmitted via mode C transponders.Flight plans con-
tain information about the aircraft’s route, assigned altitude, and
other � ight parameters.Track and � ight plan data are available from
thehostcomputersystem(commonlycalledthe Host) of theair route
traf� c control center (commonly called the Center). The track data
are updated approximately every 12 s; the � ight plan data are acti-
vated some time before aircraft enter the Center’s airspace and are
updated when a � ight plan amendment is entered into the Host.

Weather data consist of temperature and wind velocity forecasts
for a speci� c time at variousisobariclevels(pressurealtitudes)overa
de� ned horizontalgrid.These data can be obtainedover the Internet
from the National Meteorological Center (NMC) in the form of a
rapid update cycle (RUC) model generated using the Meso-scale
Analysis and Prediction System.11 The RUC model periodically
generates � les for wind and temperature forecasts.

A consistent set of track, � ight plan, and weather data is input to
the con� ict probe with the appropriate con� ict window settings to
generate the corresponding con� ict prediction data � les. The track
and � ight plan data sets are loaded into the con� ict probe, alongwith
the corresponding weather data � les. After an appropriate data ini-
tializationperiod has elapsed, the con� ict predictiondata recording
is turned on. If the con� ict probe is set for a typical 20-min look-
ahead time horizon, then at least 20 min of track data are needed
beyondthe durationof con� ict probe testing to evaluatethe con� icts
predicted over the last 20 min (Fig. 5); an appropriate data record-
ing tolerance interval is added to accommodate errors in starting
and stopping times for the con� ict prediction data recording. The
weather data � les are updated at the appropriate times while the
con� ict probe is running.

Predicted Con� icts
A con� ict predictiondata � le correspondingto the speci� ed sep-

aration criteria and the input set of track, � ight plan, and weather
data is obtained from the con� ict probe (some postprocessingmay
benecessary,dependingon the rangeof user-selectablecon� ictwin-
dow parametersavailablein thecon� ict probe). Typically,the output
� le contains a list identifying all con� icts predicted by the probe,
along with the predicted values of various con� ict parameters. The
predicted con� icts set {PC} is generated from this � le.

Consider a false/correct alert evaluation for a time-to-con� ict
value of n minutes. A predicted con� ict is admissible for this eval-
uation only if the con� ict was ever predicted to occur with a time to
con� ict of n minutes (§some seconds). The {PC} is used to deter-
mine the appropriate subset {PCn} for a time-to-con� ict value of n
minutes.

Observed Con� icts
The observed con� icts set (or truth set) is determined by ana-

lyzing the track histories of all possible aircraft pair combinations
[n (n ¡ 1)/ 2] in the track data set. Note that for a given aircraft pair
the two trackhistoriesdonotgenerallystart andend at the same time.

Track historiesfor each aircraftpair are � rst checked to determine
if a common time intervalexists.If there is no common time interval,
then the two aircraft were not within the test airspace, for example,
a Center at the same time and, therefore, could not be in con� ict in
the probed airspace.
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In actualair traf� c controloperations,there is an altitudetolerance
of §200 ft for cruise altitudes, for example, a cruising aircraft with
an assignedaltitudeof 35,000 ft is allowed to operate at any altitude
from 34,800 to 35,200ft. For the purposesof con� ict determination,
an adjusted altitude is de� ned to re� ect this tolerance.Hence, for a
cruising aircraft, if the magnitude of the difference between actual
(reported) altitude and assigned (current � ight plan) altitude is less
than or equal to 200 ft, the adjusted altitude is de� ned equal to the
assignedaltitude;otherwise, it is de� ned equal to the actual altitude.

Let D s and D h represent the horizontal and vertical (in terms of
adjusted altitude) separations between two aircraft. The vertically
offset pseudocon�ict window dimensionsare representedby Sconf in
the horizontal dimension and H min

conf and H max
conf in the vertical dimen-

sion (see Fig. 3 for an example). A point-by-pointcheckof thecorre-
sponding con� ict criterion, [ D s < Sconf AND H min

conf < D h < H max
conf ],

is conductedover the common time interval using a small time step
( » 1 s). Con� icting aircraft pairs are determined in this manner.

It is appropriate to exclude certain con� icts observed in the track
data set. One must � rst excludecon� icts that no con� ict probe could
ever record, even in theory; these are con� icts that ended before
the con� ict probe data recording began, con� icts that began more
than 20 min after the con� ict probe data recording ended (Fig. 5),
and con� icts involving at least one aircraft that entered the test
airspace (either by taking off within the test airspace or by � ying
in from adjoining airspace) after the con� ict probe data record-
ing ended. Con� icts in local regions of airspace that are not being
probed are excluded. Con� icts of extremely short duration (less
than 1 s) are also excluded. The set of con� icts that remain after
excludingthese categories is the observedcon� icts set{OC}. It con-
tains pseudocon�icts (for the vertically offset pseudocon�ict win-
dow) that were observed in the track data recording and could have
been detectedby the con� ict probe, althoughnot necessarily20 min
in advance.

Consider a missed/correct alert evaluation for a time-to-con� ict
value of n minutes. An observed con� ict with a given time at � rst
loss of separation (TFLS) is admissible for this evaluation only if
the con� ict probe was in operation and both aircraft were in the test
airspace (track data available) n minutes before TFLS, that is, at
time (TFLS ¡ n). Furthermore, if a con� ict probe is typically set
to probe above some speci� ed altitude hmin ( » 18,000 ft), then both
aircraft involved in the con� ict must be above altitude hmin at time
(TFLS ¡ n) for that con� ict to be admissible. The {OC} is used to
determine the appropriate subset{OCn} for a time-to-con�ict value
of n minutes.

Classi� cation of Missed/Correct/False Alerts
A comparison of the correspondingobserved and predicted con-

� icts sets (representedconceptuallyin Fig. 2) yields the correspond-
ing missed, correct, and false alerts sets. It is of interest to classify
these alerts as functions of time to con� ict. Figure 6 shows the
classi� cation procedure for time-to-con�ict values of 5, 10, 15, and
20 min. The origin of the time-to-con� ict line is the con� ict start
time. The sequenceof dots representscon� ict predictiondata points
over time; in general, the absence of data points corresponds to

Fig. 6 Classi� cation of alerts.

missed alerts and the unwarranted presence of data points corre-
sponds to false alerts.

Consider a con� ict that was predicted by the probe over the time
intervals shown in Fig. 6 and was actually observed (see upper box
in Fig. 6) some time later. The con� ict was being predicted at 5
(and 15) min before the observed con� ict start time; hence, it is
classi� ed as a correct alert for a look-ahead time of 5 (and 15) min.
The con� ictwas notpredictedat 10 (and 20) min beforetheobserved
con� ict start time; hence, it is classi� ed as a missed alert for a look-
ahead time of 10 (and 20) min.

Now consider a con� ict that was predicted by the probe over the
time intervalsshownin Fig. 6, butwas neverobserved(see lowerbox
in Fig. 6). The con� ict was being predictedwith a time to con� ict of
5 (and 15) min; hence, it is classi� ed as a false alert for a look-ahead
time of 5 (and 15) min.

Flight Intent Information
The term � ight intent refers to future changes in the velocity vec-

tor. Good knowledge of � ight intent yields good trajectory predic-
tion, which generally results in good con� ict prediction. Imperfect
knowledge of � ight intent will generally have an adverse effect on
con� ict probe performance.

Data typically available for con� ict probe performance analysis
include position reports (from radar returns), altitude reports (from
altitude transponders), and � ight plans (from the host computersys-
tem). Based on these data, it is possible to determine the quality
of � ight intent information in the lateral and vertical dimensions.
However, it is not possible to determine the quality of � ight intent
information in the longitudinal(speed) dimension because airspeed
data are not typically available. Therefore, the term � ight intent in-
formation used in this work refers only to the lateral and vertical
components.

Good � ight intent information is considered to be available for
an aircraft if it is following its � ight plan over the time interval of
interest. For the purposes of this work, an aircraft is not following
its � ight plan if it is outside certain bounds relative to the nominal
lateral or vertical components of that � ight plan. The lateral � ight
plan component is outside bounds if the average (over all position
reports within the time intervalof interest) lateraldeviationfrom the
planned lateral route exceeds4 n mile (the standard lateral tolerance
for jet routes). The vertical � ight plan component is outside bounds
if the following condition holds for more than 10% of the altitude
reports over the time interval of interest: the differencebetween the
reported altitude and assigned altitude exceeds 200 ft (the standard
vertical tolerance for assigned altitude), unless the aircraft is below
its assigned altitude and climbing, or is above its assigned altitude
anddescending.An aircraftis consideredto be climbingif itsaltitude
rate is greater than 300 ft/min and descending if its altitude rate is
less than ¡ 300 ft/min.

Nominal � ight intent information is available to a con� ict probe
through the current � ight plan obtained from the Center’s host com-
puter system. Changes in � ight intent information are known to the
relevantpilots and air traf� c controllersand in most cases are known
to the con� ict probe through a � led � ight plan amendment obtained
from the Host. However, changesin � ight intent informationare not
explicitlyknown to the con� ict probein somecaseswhere � ightplan
amendments are not entered into the Host (e.g., direct routings or
parallel offset routings that begin and end within the same sector);
in such cases the aircraft is not following its current � ight plan (as
found in the Host).

Therefore,a distinctionis made between a known change in � ight
intent after which the aircraft follows an amended � ight plan (avail-
able to the con� ict probe as a � ight plan amendment) and an un-
known change in � ight intent after which the aircraft deviates from
its current � ight plan. A known � ight intent change is a signi� cant
and well-de� ned event, with an associated time that is clearly iden-
ti� able from a � ight plan amendment entered into the Host. On the
other hand, an unknown � ight intent change may be a fuzzy event,
the de� nitionof which dependson the nature of the tolerancesspec-
i� ed for the current � ight plan.

A con� ict probe uses the current � ight plan as the basis for � ight
intent information. If an aircraft’s actual route differs from its � ight
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Fig. 7 Flight intent information.

plan route, as shown in Fig. 7, then the classi� cation of missed/false
alerts may be affected. Although the following discussion refers to
some speci� c features/numbers shown in Fig. 7, its applicability is
general in nature. Figure 7 shows a highlighted aircraft (aircraft A)
that experiences a change in � ight intent. Aircraft A is involved in
con� icts with aircraftB (con� ict 1) and aircraftC (con� ict 2); for the
sakeof convenience,it is assumed thatboth con� icts1 and2 have the
same con� ict start time.The con� icts shown may bepseudocon�icts
or operational con� icts and depend on the situation.

Considercon� ict 1, predictedby the probewith a time-to-con� ict
value of 10 min. There is a change in � ight intent 3 min later, and
aircraftA deviatesfromits original� ightplanroute.The probecould
not possibly have anticipated this change in � ight intent. When the
track data are examined in postprocessing, con� ict 1 will not be
observed. It is possible that the prediction of con� ict 1 was a false
alert. However, it is also possible that con� ict 1 was in fact an
operational con� ict correctly predicted by the probe and that the
controller vectored aircraft A in response to this potential con� ict.
Yet another possibility is that the controller vectored aircraft A for
reasons totally unrelated to the � ight path of aircraft B, for example,
to give aircraft A a direct routing that cuts a corner off its � ight plan
route.Althoughall three scenariosare possible, there is no de� nitive
evidenceof what would have happenedhad there not been a change
in � ight intent for aircraft A.

After aircraftA changescourse, it encountersaircraftC in a pseu-
docon� ict, which is observed in the track data. Clearly, con� ict 2
could not have been predicted by the probe before the change in
� ight intent of aircraft A, for example, for a time-to-con� ict value
of 10 min, because it is virtually impossible for any con� ict probe
to anticipate a future change in � ight intent. It is certainly possible
for the probe to predict con� ict 2 after the change in � ight intent
occurred, for example, for a time-to-con� ict value of 5 min, if the
change was explicitly known to the probe as a � ight plan amend-
ment. Even if the change in � ight intent is not explicitly known to
the probe, it may be possible for the probe to detect con� ict 2 in
some cases; a con� ict probe typically uses some deviation criteria
to determine that an unknown change in � ight intent has occurred
and then uses some heuristics that attempt to compensate for this
change in � ight intent.

Changes in � ight intent (both known and unknown to a con� ict
probe) are real-world features routinely encountered in current air
traf� c operations.On the other hand, one can envision a time in the
future when all changes in � ight intent are entered into the Host as
soonas they happen,or in somecasesevenbefore theyare scheduled
to happen. In an attempt to assesscon� ict probeperformanceat both
extremes of this spectrum of � ight intent knowledge, missed and
false alerts are partitioned into two categories: overall and � ltered.

Overall and Filtered Categories
The overall category attempts to capture all valid missed/false

alerts, which re� ects the level of � ight intent knowledge available
in current air traf� c operations. Hence, only missed/false alerts as-
sociated with an explicitly known � ight intent change, that is, a
� ight plan amendment sent to the Host, are excluded from the over-

all category, for those look-ahead time values corresponding to a
time before that � ight intent change.When this rule is applied to the
example of Fig. 7, if con� ict 1 was predicted with a time to con� ict
of 10 min, it would not be counted as a false alert for a look-ahead
time of 10 min if a � ight plan amendment had been entered into the
Host at any time within the preceding 10 min; otherwise, it would
be counted.Similarly, even if con� ict 2 was not predicted 10 min in
advance, it would not be counted as a missed alert for a look-ahead
time of 10 min if a � ight plan amendment had been entered into the
host at any time within the preceding 10 min; otherwise, it would
be counted.

The � ltered category is a subset of the overall category. It at-
tempts to captureonly thosemissed/falsealertsassociatedwith good
� ight intent information,which re� ects a higher level of � ight intent
knowledge that may be available in future air traf� c operations.An
overall missed/false alert is excluded from the � ltered category if
one of the aircraft involved in the con� ict had bad � ight intent infor-
mation over the time intervalof interest. In the exampleof Fig. 7, the
false and missed alerts described in the precedingparagraphwould
not be counted if aircraft A was not following its � ight plan (as
de� ned in the preceding subsection) during the preceding 10 min;
otherwise, they would be counted.

Note that eventhe � lteredcategorywill includemissed/falsealerts
with bad � ight intent information in the longitudinal (speed) di-
mension because it is not possible to identify them using the data
typicallyavailable for con� ict probe performanceevaluation.Flight
intent informationon airspeed is especially important for predicting
the trajectoriesof climbing/descending aircraft.

De� nition of Alert Rates
Consider a reliability analysis for a time-to-con�ict value of

n minutes. Overall and � ltered missed and false alerts are deter-
mined as functions of time to con� ict, following the procedures
described earlier. Let M , F , and C denote the number of overall
missed alerts, false alerts, and correct alerts, respectively,as shown
in Fig. 2.

Figure 8 shows overall missed/false alerts partitioned into their
correspondingsubsets, based on the quality of � ight intent informa-
tion. The overall missed alert rate RMA is de� ned as the ratio of the
number of overall missed alerts to the total number of admissible
observed con� icts. The overall false alert rate RFA is de� ned as the
ratio of the number of false alerts to the total number of admissible
predicted con� icts:

RMA =
M

C + M
=

(mGFI + mBFI)
C + (mGFI + mBFI)

(1)

RFA =
F

C + F
=

( fGFI + fBFI)
C + ( fGFI + fBFI)

(2)

InEqs. (1) and (2), mGFI and fGFI are the numberofmissedalertsand
false alerts, respectively, with good � ight intent information; simi-
larly, mBFI and fBFI are the number of missed alerts and false alerts,
respectively, with bad � ight intent information. When it is noted
that the � ltered category is associated with good � ight intent infor-
mation, expressions for the � ltered missed alert rate R̃MA and the
� ltered false alert rate R̃FA are obtained by setting mBFI = fBFI = 0
in Eqs. (1) and (2), which results in the following expressions:

R̃MA = mGFI / (C + mGFI) (3)

R̃FA = fGFI / (C + fGFI) (4)

Fig. 8 Partitioningof missed
and false alerts.
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When Eqs. (1– 4) are used, overall and � ltered missed and false
alert rates can be computed at various values of time to con� ict, for
example, 5, 10, 15, and 20 min.

Con� ict Parameter Errors
Examples of con� ict parameters include con� ict start time, min-

imum horizontal separation, minimum vertical separation, and
position at � rst loss of separation.

Con� ict parameter errors are computed for all correct alerts,
that is, predicted con� icts that were actually observed. The errors
in con� ict parameters are the differencesbetween predictedand ob-
served values; they are computed at various times, for example, 5,
10, 15, and 20 min before the time when � rst loss of separationwas
observed.

Predicted values of the con� ict parameters are available from the
con� ict prediction data; these values may vary with time, corre-
sponding to con� ict predictionupdates. Actual (truth) values of the
con� ict parameters are computedfrompoint-by-pointexaminations
of the track (position and altitude) data.

The TFLS is the time when the speci� ed horizontal and verti-
cal separation criteria are � rst violated; the error is the difference
between the predicted and actual values. When it is noted that the
predicted value of TFLS varies over time, the error D TFLS, where
n = 5, 10, 15, and 20 min, is given by

D TFLS = {[TFLSpred(t = TFLSactual ¡ n)] ¡ TFLSactual} (5)

The minimum horizontal separation(MHS) is de� ned as the lowest
value of the horizontal separation over the entire duration of the
con� ict. The errors are the differences between the predicted and
actual values. When it is noted that the predicted value of MHS
varies over time, the error D MHS, where n = 5, 10, 15, and 20 min,
is given by

D MHS = {[MHSpred(t = TFLSactual ¡ n)] ¡ MHSactual} (6)

Errors in other con� ict parameters such as minimum vertical sep-
aration and position at � rst loss of separation can be computed in
a similar fashion. A statistical analysis (mean, standard deviation,
etc.) of the error data can then be conducted.

Demonstration of Methodology
The methodology presented is demonstrated by applying it to a

performance evaluation of the CTAS con� ict probe tool, using real
traf� c data.Algorithmswere developedto implement the evaluation
methodology presented and software code tailored to the CTAS
con� ict probe tool was then written based on these algorithms.

The preliminaryresultspresentedlater in this section illustratethe
type of performance data that can be generated by an implementa-
tion of this methodology,but they do not representthe actual perfor-
mance of theCTAS con� ict probetool underoperationalconditions.
To determine the actual performance, additional parameters associ-
ated with actual operation of the probe must be incorporated into
the evaluation. These parameters include the effects of controller-
selected separation buffers, temporary altitude restrictions, con� ict
display stability � lters, and con� ict display color coding based on
con� ict probability. Whereas the inclusion of these factors con-
tributes to the complexity of the evaluation process, this is neces-
sary to gain a completeand accuratepictureof con� ict probe perfor-
mance.When thesefactorsare fully incorporatedinto theevaluation,
the actual performance as measured by missed and false alert rates
may differ substantially from the examples presented later in this
section.

Data Collection
Five sets of track and � ight plan data from the Denver Center

were used for this numerical study. These data were recorded on
� ve different days, spanning the local time period from 0830 to
1830. The combined recordingscontain approximately15 h of data,
representingnearly 5000 aircraft. All relevant 3-h weather forecast
data � les were obtained from the NMC.

Con� ict predictiondata � les were obtainedby running the CTAS
con� ict probe tool (version 5.3.0 released in May 1998). Because

con� ict probes are not designed for operation with vertically offset
separation criteria, con� ict prediction data � les were � rst recorded
with vertically expanded separationcriteria corresponding to a ver-
tical distance of 5000 ft (2500 ft if either aircraft is below FL 290)
and a horizontal distance of 5 n mile. This data set was reduced in
postprocessing to create con� ict prediction data � les for vertically
offset separation criteria corresponding to a vertical distance from
3000 to 5000 ft (1500 to 2500 ft if either aircraft is below FL 290).
A minimum con� ict search altitude hmin of 18,000 ft was used.

Con� ict prediction data recording in CTAS was upstream of a
con� ict display stability � lter; therefore, the output � les were post-
processed to simulate partially the effect of this � lter. The threshold
valueof the con� ict probability� lter10 (which implementsa tradeoff
between missed and false alerts) was set to a nominal value of 50%
in postprocessing.The value of the con� ict probability time � lter10

(a � lter that disables the con� ict probability � lter for low values of
time to con� ict) was set at 7 min. Finally, it is noted that the CTAS
con� ict probe tool did not probe arrival aircraft for con� icts that
began inside the TRACON of the primary airport (Denver in this
case); the observed con� icts set was adjusted accordingly.

Example Results
Some results are presented here as examples; they do not repre-

sent the actual performance of the CTAS con� ict probe tool under
operational conditions. Missed and false alert rates, computed for
overall and � ltered categoriesat time-to-con� ict values of 5, 10, 15,
and 20 min, are presented in Fig. 9. It was determined that the mean
con� ict warning time for correct alerts was 12 min. Con� ict pre-
diction errors for minimum horizontal separation and con� ict start
time, computed for time-to-con� ict values of 5, 10, 15, and 20 min,
are presented in Fig. 10. From Figs. 9 and 10 it can be seen that
con� ict probe performance is strongly in� uenced by the value of
time to con� ict. It is evident that performanceimproves as the value
of time to con� ict decreases, as expected.

Discussion on Con� ict Probe Performance
Any con� ict probewill have a less than perfectperformancewhen

evaluatedin a real-worldenvironment.This canbe attributedto � ight

Fig. 9 Example of missed and false alert rates.
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Fig. 10 Example of errors in con� ict prediction parameters.

intenterrors (lateral,vertical,and speed), wind modelerrors, aircraft
(thrust, drag, weight) model errors, speed and heading errors due to
radar tracker noise, and navigationerrors. All of these contribute to
the overallmissed and false alert rates shown in Fig. 9. The errors in
con� ict prediction parameters for correct alerts, shown in Fig. 10,
arise in part from bad � ight intent information. Note that correct
alerts are not partitioned by quality of � ight intent information; a
con� ict probe may be able to predict con� icts correctly even with
bad � ight intent information, by the use of heuristic rules.

Although the lateral intent errors are relatively small for missed
and false alerts in the � ltered category,all of the other error sources
identi� ed are present (including speed intent errors); the � ltered
missed and false alert rates shown in Fig. 9 arise from a combina-
tion of all of these errors. Another factor, contributing to both the
overall and � ltered missed alert rates shown in Fig. 9, is that data
on temporary altitudemessages were not available in the � ight plan
data � les used for this exercise; this means that some informationon
� ight intent in the vertical dimensionwas unavailableto the con� ict
probe.

There are some additional factors that contribute signi� cantly to
the missed alert rates (both overall and � ltered) shown in Fig. 9.
The most important factor is that these rates were determined from
a strictenforcementof thecon� ictwindowparameters.Consider,for
example,anobservedcon� ictwith a minimumhorizontalseparation
of 4.9 n mile. Suppose the con� ict probe were to predicta minimum
horizontalseparationof5.1n mile due to trajectorypredictionerrors;
in this case the probe would not declare a con� ict (resulting in a
missed alert) if thehorizontalseparationparameterwas set to exactly
5 n mile. This would not have occurred if a small buffer had been
added to the horizontalseparationparameterof the con� ict window.
The missed alert rates shown in Fig. 9 are, therefore, indicative
of worst-case performance. During operational � eld tests of the
CTAS con� ict probe tool at the Denver Center,2 it was observed
that air traf� c controllers always use a horizontal separation buffer,
typically setting the horizontal separation parameter that triggers
con� ict displayto valuesbetween8and10n mile;verticalseparation
buffers were sometimes used for climbing/descending aircraft. A

con� ict probeevaluationthat includestheeffectsof thesecontroller-
selectedoperationalbuffers would result in signi� cantly lower rates
of missed alerts, albeit at the cost of higher rates of false alerts
relative to the operational 5-n mile separation standard.

The CTAS con� ict probe tool uses a color-codingscheme to indi-
cate the level of con� ict probability.10 The false alert rates shown in
Fig. 9 are for all con� icts that would have been displayed to the air
traf� c controller.False alert rates associatedwith higher probability
con� icts would be signi� cantly lower.

Note that, although the example results presented simply used a
con� ict probabilitythresholdvalueof 50%, changing this parameter
couldreducethemissedalert rateat theexpenseof the falsealert rate,
or vice versa. This tradeoff factor between missed and false alerts
represents an important design parameter for a con� ict probe, and
� ne-tuning of this parameter (and other parameters discussed ear-
lier) could yield signi� cant improvements in overall performance.
For example, at small look-ahead times, a low missed alert rate is
desired, even it is achieved at the expense of a higher false alert
rate. On the other hand, at large look-ahead times, a low false alert
rate may be desirable, even at the expense of a higher missed alert
rate.

Achieving a large reduction in both missed and false alert rates
would require a substantial improvement in the quality of informa-
tion input into the probe. It is believed that the primary sources of
con� ict probe inaccuraciesare real-world errors in � ight intent and
wind forecasts. A secondary source of inaccuracy (that primarily
affects predictions of con� icts involving climbing/descending air-
craft) is the presence of errors in the aircraft (thrust, drag, weight)
models.

Conclusions
A comprehensive methodology has been developed to quantita-

tively evaluate the performance of a con� ict probe. This methodol-
ogy is universal in nature and can be applied to any con� ict probe,
thereby providing a framework for a comparative study of con� ict
probes. Real traf� c data is utilized to preserve all real-world errors
that degrade con� ict probe performance. Because operational con-
� icts are generallynot found in real traf� c data, expandedseparation
criteriaareutilized.A key resultof thiswork is thedeterminationthat
the characteristicpropertiesof a verticallyoffset pseudocon�icts set
generally match those of a correspondingoperational con� icts set;
therefore, the performance of a con� ict probe using a vertically
offset pseudocon�ict window is indicative of its performance us-
ing an operational con� ict window. A procedure is presented for
partitioning con� ict probe performance by quality of � ight intent
information.

A demonstration of the evaluation methodology was conducted
by applying it to the CTAS con� ict probe tool, using real traf� c
data from the Denver Center; example results from this numerical
study are presented. Con� ict probe performance improves as the
time to con� ict decreases, as expected. It was observed that lack
of good quality � ight intent information can signi� cantly degrade
con� ict probe reliability.Although a tradeoff can be made between
the rate of missed and false alerts, a signi� cant improvement in the
overall performanceof a con� ict probe would require a correspond-
ing improvement in the quality of input data such as � ight intent
information and wind forecasts.
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