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A Review of Conflict Detection and Resolution
Modeling Methods

James K. Kuchar and Lee C. Yang

Abstract—A number of methods have been proposed to auto- for automation to aid air traffic controllers have been studied
mate air traffic conflict detection and resolution (CDR), but there  gnd implemented in the field, including components of the
has been little cohesive discussion or comparative evaluation of ap- center/TRACON automation system (CTAS) developed by

proaches. This paper presents a survey of 68 recent CDR modeling .
methods, several of which are currently in use or under opera- NASA [1], and the user request evaluation tool (URET) de-

tional evaluation. A framework that articulates the basic functions veloped by MITRE [2]. Advanced airborne conflict detection
of CDR is used to categorize the models. The taxonomy includes: and resolution (CDR) systems are also under study as more
dimensions of state information [vertical, horizontal, or three-di- strategic alternatives to TCAS [3]. With the growth of airspace
mensional (3-D)]; method of dynamic state propagation (nominal, qngastion, there is an emerging need to implement these types

worst case, or probabilistic); conflict detection threshold; conflict ftools t ist the h tors in handlina th di
resolution method (prescribed, optimized, force field, or manual); ©'l00!S t0 assistthe human operators in handling the expanding

maneuvering dimensions (speed change, lateral, vertical, or com- traffic loads and improve flow efficiency.
bined maneuvers); and management of multiple aircraft conflicts In total, over 60 different methods have been proposed by
(pairwise or global). An overview of important considerations for  various researchers to address CDR. These methods have been
these and other CDR functions is provided, and the current system yaye|oped not only for aerospace, but also for ground vehicle
design process is critiqued. . " R ’
. ) ) . robotics, and maritime applications because the fundamental
te(':gS‘naxalgrrrzzaﬁgotrr]ag\'/‘;r%?r:‘trg"S?é%téng systems, conflict de-  ¢conflict avoidance issues are similar across transportation
' gsy ' modes. A review of recent CDR research suggests that the
current environment is one in which a given solution approach
|. INTRODUCTION to the problem is proposed and exercised, typically through
ETHODS for maintaining separation between aircraft i SErol const_ralned and §|mpllfled examples. There has been
tle crosscutting comparison or synthesis between methods.

the current airspace system have been built from a fo Fe result is a iumble of model h with its own chamoion
dation of structured routes and evolved procedures. Humans Irt "f;u trS atjur in?/v%i hci e?],deict nd ndsrol tC an pot '
an essential element in this process due to their ability to inte- € structure ch to understand and refate concepls.

grate information and make judgments. However, because faihus' there is a distinct need for a framework that can be used

ures and operational errors can occur, automated systems Hg\éompqre.,.contrast, and evaluatg QDR methods. .
ome initial steps toward describing and understanding the

begun to appear both in the cockpit and on the ground to prO\r/]iﬁié.?f

decision support and to serve as traffic conflict alerting systems. d. zeghal [4]. f | id . f th

These systems use sensor data to predict conflicts between iz €¢. ~€gha [4], for example, provi €s a review ot e
jor differences among so-called force field methods for

craft and alert humans to a conflict and may provide commanﬁ?nﬂi t resolution. and Warren 151 conducted parativ
or guidance to resolve the conflict. Relatively simple conflidgontict resofution, a arre [ ] co ucted a comparative
aluation between three conflict detection methods. Addi-

predictors have been a part of air traffic control automation f v v, K let al. 161 and Kuch 4y 7 ous|
several years, and the traffic alert and collision avoidance syst ﬂpg y’t dro.z_?.ei al.| ]anf uc atr anth gng [C][?Irqewousy
(TCAS) has been in place onboard domestic transport aircr haucted niial surveys of current methods in ' .
since the early 1990s (Fig. 1). Together, these automated s gl response to the need for an updated and broader delibera-

tems provide a safety net should normal procedures and ¢ RDC O;;hoenrz(f)(iﬁgng]:??’ t?(')sasﬁgse;&rgvlﬂisrzcsgrz?ﬂzgtacg
troller and pilot actions fail to keep aircraft separated beyo ussl J pp ' u

established minimums. that have been used to address CDR problems. The intent is not

Recently, interest has grown toward developing more aié)_recommeryd any given model since each requires conS|_derany
ore analysis than can be conducted here. Rather, the intent is

vanced automation tools to detect traffic conflicts and ass . . ) .
create a taxonomy in which to place a given model, point out

in their resolution. These tools could make use of futur : > . )
technologies, such as a data link of current aircraft flight ple{ advantages and _d|sadv_antages, and identify common ISSues
information, to enhance safety and enable new procedurest 3t _ShOU|d be cor.13|dered.|n future development and evaluation
improve traffic flow efficiency. For example, several concept%tUd'efs' The goal is that this framewor_k may be OT use when de-
veloping new models or when performing comparisons between

models.
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Fig. 1. Airand ground components of conflict detection and resolution (bold lines represent the nominal control path; thin lines represetmotuitoaitey).

more aircraft experience a loss of minimum separation. In oth
words, the distance between aircraft violates a criterion definir
what is considered undesirable. One example criterion is a mi
imum of 5 nmi of horizontal distance between aircraft or at lea:
1000 ft of vertical separation (the current en-route separatit
standard at lower altitudes). The result is a protected zone (F
or volume of airspace surrounding each aircraft that should n
be infringed upon by another vehicle. The PZ could also be d
fined as a much smaller region (e.g., a sphere 500 ft in diar
eter) in the case of tactical collision alerting systems, or even State Estimation
terms of parameters other than distance (e.g., time). In any ca

Environment

)y

the underlying CDR functions are similar, although the specifi
models and alerting thresholds would likely be different.

The goal for the CDR system is fwedictthat a conflict is ;§ v
going to occur in the futuresommunicatehe detected conflict Z
to a human operator and, in some cases, assist irefodution 8 Dynamic Model
of the conflict situation. These three fundamental processes ¢ S
be organized into several phases or elements as shown in Fic
Conflicts with hazards other than another aircraft can be a Y g %
stracted to the same fundamental decision-making problem. £ Metric “e%g
cordingly, terrain proximity warning systems are also include Definition a
in the discussion here, and systems to warn of other haza
(such as weather) could be included as well.

As shown in Fig. 2, the traffic environment must first be Moetrics

monitored and appropriate current state information must | \ y
collected and disseminated using sensors and communicatis
equipment. These states provide an estimate of the currenttra |  Conflict Detection
situation (e.g., aircraft position and velocity). Because of th
types of sensors that are used, these states may not comple /
describe the actual situation. For example, a system may ol
have access to range information between aircraft and be 1 Human Operator
able to determine bearing. Additionally, due to sensor errors
limited update rate, there is generally some uncertainty in the
values of the current states that are available. Fig. 2. Conflict detection and resolution processes.

A dynamic trajectory model is also required to project the
states into the future in order to predict whether a conflict withation (e.g., a straight-line extrapolation of the current velocity
occur. This projection may be based solely on current state infeector) or may be based on additional, procedural information

Conflict Resolution

Y
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such as a flight plan. As with the current state information, thevelopment challenging and interesting, because there are many
is generally some uncertainty in the estimate of the future trieasible design solutions.
jectory.

Information regarding the current and predicted states can
then be combined to derive metrics used to make traffic manage-
ment decisions. Some example metrics include predicted min-To provide insight into different methods of conflict detection
imum separation or the estimated time to closest point of agad resolution, a literature review of previous research models
proach. Whereas the current and projected states can genegiig current developmental and operational systems was per-
be estimated independently for each aircraft, the conflict méermed. The overall modeling approaches from a total of 68
rics require some form of aggregation of the states between thethods or systems are discussed here. These models do not
different vehicles involved. represent an exhaustive list, but are believed to encompass the

Given the conflict metrics, a discrete decision (Conflict Demajor recent approaches to CDR problems. Several authors have
tection) is then made regarding whether a human should be fioposed more than one CDR method in a single publication;
formed and whether action is needed to maintain traffic seghese cases are listed separately where appropriate. Addition-
ration. In some cases, notification of a conflict is all that is really, some effort is underway investigating the human factors
quired of the CDR system; the human operator then determinggues associated with conflict detection and resolution [8] and
how to resolve the conflict safely and efficiently. Note, howevel®]- However, this paper is directed only at numerical or an-
that not all predicted conflicts require notification or action. Falytical models for evaluating traffic conflict scenarios, not at
example, a conflict may be predicted to occur, but be far enougman-centered issues. . o
into the future or uncertain enough that an alert would be a nuj-Nin€ of the models that were examined are existing opera-
sance and action would not be appropriate at the current tif{@na! systems in use or which have been evaluated in the field:
For the purposes of this paper, a conflictistectecbnce it is airborne information for lateral spacing (AILS) [10], CTAS [1],

both predicted to occur and it has been determined that it is &5ound proximity warning system (GPWS) [11] and its recent
propriate to alert the operator. enhanced version (EGPWS) [12], precision runway monitor

When action is considered necessary, the conflict resolutiglgxl[)) [1%' TUCRAEST [124]' trgfﬁc an;:i tcolhsmn ﬂalfr(; (t:ievtllce
phase may be initiated. This involves determining an appro- )f[ ]ﬁ c [g". f.m : prototype :Cgon'rlr(]: etection
ﬁé/stem or the Cargo Airline Association [3]. The remaining
operators. For example, TCAS issues resolution advisoriesnilgde.IS range from_ abstract concepts to_ prototype _conﬂl_ct
. . warning systems being evaluated or used in laboratories. Five
the pilot that command a target rate of climb or descent to aval X .
. . . of the models were developed for robotic, automobile, or naval
a collision. Other methods may be more passive and simply pro- _,.” . . . -
) aeo lications [16]-[20], but are still applicable to aviation.
vide feedback to the operator about whether a manually enter (g g
. i . : . ased on the framework in Fig. 2, the 68 models were cata-
trial action will resolve the conflict. Although the conflict reso- . .
lution phase is shown as a sinale block in Fia. 2. it requires iIogued according to their fundamental approaches to each phase
P Sing 19. 2, q 5? the CDR process. To provide a consistent basis upon which to
own set of current state estimates, a resolution maneuver trajgc- .o e models. each model is classified by the manner in
h dinth flict detect h Whichitis explicitly described in its reference. A model defined
oEs_ehuse t')” he cofr?_ ICd etection pdase.ﬂ_ ut here to address only horizontal conflicts, for instance, could po-
ither or both contlict detection and conflict resolution mayg iia|ly he extended to work in three dimensions (and the need
be automated or may be handled manually through procedutgs.q\,ch an extension may have been mentioned in the refer-
For example, visual flight rules (VFR) place the responsibility,.e) hut such an extension was not specifically described in
for collision avoidance on the pilot, who must visually scan fof,q reference. As another example, if a model computes aircraft
traffic (conflict detection) and if a thr:aat 1S percewed,"take 3Pniss distance but does not define an explicit conflict detection
propriate action according to a set of “rules of the road” (conflighreshold, the model is not classified as providing conflict de-
resolution). Under instrument flight rules (IFR), an air traffigection even though the model could be adapted to perform such
controller monitors traffic separation using radar and issues veCragk.
tors to aircraft when a conflict is projected to occur. If conflicts The 68 models are organized in terms of six key design fac-
are not resolved by the human operators themselves, resolufigi, discussed in more detail below. Although other differences
information is automatically issued by TCAS to provide addbetween the models exist that are not covered here, the six fac-
tional guidance. _ _ tors that are used represent principal categories by which models
In this framework, conflict detection can be thought of agiffer. An important caveat is that the models have been ana-
the process of decidinghenaction should be taken and condyzed, verified, and validated to varying degrees by their devel-
flict resolution involves determiningowor whataction should opers and the community. This paper focuses only on the spe-
be performed. In practice, however, it is not always clear hayific attributes of each model, not on the depth to which a model
to separate conflict detection from conflict resolution. For exras been analyzed, validated, or accepted. Thus, care should be
ample, deciding when action is required may depend on the tytpgen to remember that a model that seems to be simple ac-
of action that will be performed. Similarly, the type of actiorcording to our categorization scheme may be significantly more
that is required may depend on how early that action begingable than an apparently sophisticated model. Similarly, two

This interdependence is one factor that makes CDR system dedels may be identical in terms of the six design factors used

I1l. CATEGORIZATION OF MODELING APPROACHES
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boundary of the Worst-case aircraft trajectories, and conflicts
can be predicted based simply on whether corridors intersect
at the same point in time.

In the probabilistic method, uncertainties are modeled to de-
scribe potential variations in the future trajectory of the aircraft
[Fig. 3(c)]. This is usually done in one of two ways. In URET
and CTAS, for example, a position error is added to a nominal

4\ 4\ ’i\ trajectory, from which the conflict probability can be derived
[1] and [2]. A second approach is to develop a complete set of
(€)) (b) (c) possible future trajectories, each weighted by a probability of

occurring (e.g., using probability density functions). The trajec-
tories are then propagated into the future to determine the prob-

here but may be quite different in terms of implementation &blllty of conflict

X . . A probabilistic approach provides an opportunity for a
mat_urlty. More detail on 33 of the 68 models covered here Balance between relying on either a single-trajectory model or
available in Kuchar and Yang [7].

a set of worst-case maneuvers. The advantage of a probabilistic
approach is that decisions can be made on the fundamental
likelihood of a conflict; safety and false alarm rate can be
Because conflict detection and resolution can only be as sssessed and considered directly. The probabilistic method is
liable as the ability of the model to predict the future, the mosalso the most general: the nominal and worst-case models are
concrete difference between modeling approaches involves subsets of Probabilistic trajectories. The nominal trajectory
method by which the current states are projected into the fterresponds to a case in which the aircraft will follow a given
ture. Three fundamental extrapolation methods have been idénaximum likelihood) trajectory with probability one; the
tified, termed nominal, worst case, and probabilistic. The thr&@rst-case model is one in which the aircraft will follow any
methods are shown schematically in Fig. 3. trajectory with equal likelihood. However, the logic behind a
In the nominal method, the current states are projected irepbability-based system may be difficult to convey to opera-
the future along a single trajectory, without direct consideratidfrs, possibly reducing their confidence [21]. There may also
of uncertainties. An example would be extrapolating the aiee difficulty in modeling the probabilities with which future
craft's position based on its current velocity vector [Fig. 3(a)jrajectories will be followed.
The nominal projection method is straightforward, and provides Tables I-lIl provide an organized listing of the 68 models.
a best estimate of where the aircraft will be, based on the currdatconserve space, only the first author is listed in cases where
state information. In situations in which aircraft trajectories arhere are multiple authors on a publication. The three tables in-
very predictable (such as when projecting only a few secondside those models using nominal, worst-case, or probabilistic
into the future), a nominal trajectory model may be quite accstate propagation, respectively. Within each table, the models
rate. Nominal projections, however, do not directly account fare organized according to the approach that each takes across
the possibility that an aircraft may not behave as expected-s@veral stages in CDR from Fig. 2. Five columns are used to or-
factor that is especially important in longer term conflict deganize the models: state dimensions, conflict detection, conflict
tection. Generally, this uncertainty is managed by introducing@solution, resolution maneuvers, and multiple conflicts, each

safety buffer, minimum miss distance, or time to closest poigt which is described below and summarized in Table IV.
of approach threshold at which point a conflict will be detected.

Alerts for conflicts that are predicted to occur far in the futurB. State Dimensions

using a nominal tr.ajectory model will need to be inhibited so as The dimensions column shows whether the state information
to _?ﬁ;cgtl;f; ZQtlrjtlasragcgft%tzz;?cerriféélin is 1o examine used in the model involves purely the horizontal plane (H), ver-
y 9 t?ﬁal plane (V), or both (HV). The majority of models cover ei-

worst- rojection. Here, it i m h n aircr ; . :

wi?l S;:r?grempaﬂjcé?a ra?]geé ;f fnsr?gﬂve?g tlfa;ns oﬁeco er three dimensions or the horizontal plane; only GPWS fo-

these maneuvers could cause a conflict, then a conflict 445 solely on the ver_ti_cal pla_ne. S(_)me models may be easily

predicted. The result is a swath of potential trajectories whiﬁ?tended to cover a_ddltlonal d_|r_nen3|ons_ than_ are shown here,
ut such extension is not explicitly described in the reference.

is monitored to detect conflicts with other aircraft [Fig. 3(b)]; - .
Worst-case approaches are conservative in that they can trigly@fS© must be noted that coverage of a certain dimension does

conflict alerts whenever there is any possibility of a conflicfot necessarily mean thatcampletedescription of the situa-
within the definition of the worst-case trajectory model. If sucHon in that dimension is available. For example, TCAS uses
conflict-inducing maneuvers are unlikely, protecting again&&nge measurements and range-rate estimates to determine if
them may severely reduce overall traffic capacity due to a highconflict exists in the horizontal plane. A better prediction of
false alarm rate. Accordingly, the worst-case trajectory mu&e threat condition could be obtained if additional information
be limited to a certain look-ahead projection time. Still, theere available, such as relative bearing. Ultimately, one would
worst-case approach may be appropriate when it is desirabldike to have a full four-dimensional description of the aircraft
determine if a conflict is possible, or for air traffic concepts iirajectories over time. The lack of complete observability of the
which aircraft are procedurally constrained to remain within @nflict situation can lead to false alarms or late (or missed) de-
given maneuvering corridor. Each corridor then becomes ttextion events.

Fig. 3. State propagation methods.

A. State Propagation
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TABLE |
PRINCIPAL MODELING METHODS
NOMINAL TRAJECTORY PROPAGATION

Model Dimensions Detection Resolution Maneuvers Multiple
Andrews [32] H — (0] T P
Bilimoria [33] H — o} C(ST) P&G
Chakravarthy [19] H — o} C(ST) p
Frazzoli [34] H — o C(ST) G
Tomlin [35] H — (0] T G
Irvine [36] HV — 0 C(STV) P
Ota [37] HV — o C(TV) G
Kosecka [38] H — F C(ST) G
Zeghal [4] H — F C(ST) G
Eby [39,40] HV — F C(STV) G
Sridhar [41] H v — — P
EGPWS [12] HV v — — —
Havel [42] HV v — — P
Kelly [3] HV v — — P
TCAD [15] HV v — — P
GPWS [11] \% v P \Y4 —
PRM [13] H v P C(TV) 2
Bilimoria [43] HV v P STV P
Burgess [44] H v o} TV P
Coenen [16] H v o) ST P
Gazit [45] H v o) VT P
Harper [46] H v e) C(ST) G
Tijima [17] H v o ST P
Niedringhaus [47] H v o C(ST) G
Zhao [48] H v o} T P
Burdun [49] HV v e} C(STV) P
Durand [50] HV v o) T G
Ford [51] HV v o) v P
Krozel [6,52] HV v 0 STV P
Love [53] HV v o) TV P
Menon [54] HV v 0 C(STV) G
Niedringhaus [55] HV v 0 STV G
Schild [56] HV v 0 C(TV) P
TCAS [14] HV v o) A P
Hoekstra [24] HV v F C(STV) P
Zeghal [57] HV v F C(STV) G
Duong [23] HV v M&F  C(STV) P

TABLE I
PRINCIPAL MODELING METHODS
WORSTCASE TRAJECTORY PROPAGATION

Model Dimensions Detection Resolution Maneuvers Multiple
Lachner [20] H — 0 C(ST) P
Tomlin [33] H — 0 S G
Ford [58] H v — — P
Ratcliffe [59] HV v — — P
Shepard [60] HV v — — P
Shewchun [61] HV v — — p
AILS [10] HV v P C(TV) P
Gazit [43] H v 0 VT P
Vink [26] HV v M C(STV) P

C. Conflict Detection Models that do not have this explicit threshold may provide

valuable, detailed tools and metrics upon which conflict de-
The detection column indicates (with a check mark) whethezction decisions can be made, but do not explicitly draw the
each model explicitly defines when a conflict alert is issuetine between predicted conflict and nonconflict. Additionally,
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TABLE Il
PRINCIPAL MODELING METHODS
PROBABILISTIC TRAJECTORY PROPAGATION

Model Dimensions Detection Resolution Maneuvers Multiple
Paielli [62] H — — — P
Taylor [18] H — — — P
Bakker [63] HV — — — P
Wangermann [64, 65] HV — 0] C(STV) G
Innocenti [66] H — F C(ST) G
Rome [67] H v — — P
Warren [5] H v — — P
Williams [68] HV v — — P
Carpenter [22] H v P C(TV) P
Heuvelink [69] H v 0 S P
Prandini [28] H v 0 T P
Krozel [6] HV v 0 STV P
von Viebahn [70] HV v 0 TV P
CTAS [1,71] HV ¥ M C(STV) P
URET [2,72] HV ¥ M C(STV) P
Yang [29,30] HV v M C(STV) P
TABLE IV
MODEL CATEGORIZATION ABBREVIATIONS
Column in Tables 1-3 Abbreviations
Dimensions H = Horizontal plane only
V = Vertical plane only
HV = Horizontal and Vertical planes
Detection v = Explicit conflict detection threshold
— = No explicit conflict detection threshold
Resolution P = Prescribed
O = Optimized
F = Force Field
M = Manual
—- = Resolution maneuvers not considered
Maneuvers T = Turns

V = Vertical maneuvers

S = Speed changes

C() = Combined / simultaneous maneuvers
Multiple P = Pairwise

G = Global

models shown to not provide conflict detection may be primarily Prescribed resolution maneuvers are fixed during system
concerned with the resolution of a conflict rather than in delesign based on a set of predefined procedures. For example,
termining when that resolution should begin. Although develsPWS issues a standard “pull up” warning when a conflict with
oping conflict resolution methods is important, at some pointfierrain exists. GPWS does not perform additional computation
will be necessary to define conflict detection thresholds and é®- determine an optimal escape maneuver. AILS [10] and
amine the false alarm/missed detection tradeoffs. Models tz@rpenter and Kuchar [22] assume that a fixed climbing-turn
are shown to provide conflict detection may use an extreméRj@neuver is always performed to avoid traffic on a parallel
simple criterion (e.g., current range) to determine when a cdif'way approach. Prescribed maneuvers may have the benefit

flict exists or may use a more complex threshold or set of logi1at operators can be trained to perform them reflexively. This
may decrease response time when a conflict alert is issued.

However, prescribed maneuvers are less effective, in general,
than maneuvers that are computed in real time since there is no
The resolution column shows the method by which a soluti@pportunity to modify the resolution maneuver—the maneuver

to a conflict is generated. Five categories are included here: pieeperformed open loop to some extent. In many conflicts, it
scribed (P), optimized (O), force field (F), manual (M), and nwill be necessary to adapt the resolution maneuver to account
resolution (—). for unexpected events in the environment, or to reduce the

D. Conflict Resolution
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aggressiveness of the maneuver should the conflict be resolved “—" in the resolutioncolumn indicates that the model does

more easily than first predicted. not provide an explicit output of an avoidance action or feed-
Optimization approaches typically combine a kinematieack on a user-defined trial solution. These models perform con-

model with a set of cost metrics. An optimal resolution stratedljct detection but are not designed to explicitly consider conflict

is then determined by solving for the trajectories with the lowetgsolution. In some cases, successful conflict resolution is pre-

cost. TCAS, for example, searches through a set of potensalmed—the focus of the model is only on detecting or counting

climb or descent maneuvers and selects the least-aggresseflicts.

maneuver that still provides adequate protection [14]. This

requires the definition of appropriate cost functions—typicallg. Resolution Maneuvers

projected separation, or fuel or time, but costs could also cove

workload. Developing costs may be fairly straightforward for;

economic values but difficult when modeling subjective huma

I L . .
Themaneuvergolumn indicates what dimensions of resolu-
on maneuvers are allowed. Possible maneuver dimensions in-

utilities. Because current interest in this field is generall ude turns (T), vertical maneuvers (V), and speed changes (S).

centered on strategic resolution of conflicts before immediald'© NOtation TV, for example, means that either turns or vertical
tactical evasion is required, economic costs and operafBRneuvers may be performed (but not both simultaneously). In
workload will be important to the system design. some cases, combined maneuvers may be commanded or per-

%_rmed, indicated by C(). Thus, C(TV), for example, indicates

Some of the models denoted as using Optimized conflict ré . M .
at a simultaneous climbing or descending turn may be per-

olution apply technigues such as game theory, genetic alg

rithms, expert systems, or fuzzy control to the problem. Exp frmed. . . . .
system methods use rule bases to categorize conflicts and dé2€nerally, providing more maneuvering dimensions allows

cide whether to alert and/or resolve a conflict. These models d8h& more efficient solution to a conflict. However, itdoes place
be complex and would require a large number of rules to cofdditional liens on the operator in the sense that a more com-
pletely cover all possible encounter situations. Additionally, RI€x maneuver must be controlled and monitored, possibly in-
may be difficult to certify that the system will always operate a&€asing response time and workload.

intended, and the “experts” used to develop or train the system

may in fact not use the best strategy in resolving conflicts. How- Multiple Conflicts

ever, a rule base, by design, may be easier for a human to ungina|ly, themultiplecolumn describes how the model handles
derstand or explain than an abstract mathematical algorithmg;t, ations with more than two aircraft. This can take two forms:
Force field approaches treat each aircraft as a charged partigdgrwise (P), in which multiple potential conflicts are resolved

and use modified electrostatic equations to generate resolutigiyuentially in pairs; and global (G), in which the entire traffic
maneuvers. The repulsive forces between aircraft are usedi@ation is examined simultaneously.

define the maneuver each performs to avoid a collision. Aforce|, 5 realistic traffic environment, it will be necessary that

field method, while attractive in the sense that a conflict resg-cpr system be able to manage encounters involving more
lution solution is continuously available using relatively simplg, .. two aircraft. In a pairwise approach, if one conflict solu-
equations, may have some pathologies that require additiogal, jnqyces a new conflict, the original solution may be modi-

consideration before they can be used in operation. For examrﬁ@d until a conflict-free solution is found. This is the approach

force field methods may assume that aircraft continuously mgy o, by TCAS, for example, and is effective but also could po-
Zzﬁv\(/earr;/ntfesif ZBSeZéoot\r/]:r (;ha?gén?azogge 'f’lﬁllg ,rg;lz?satsagcr:%qgtially fail in certain situations. A global solution that con-

. : =z . iders more than one other aircraft at a time, while more com-
level of guidance on the flight deck and increases complexity bel_ex mav be more robust. For example. consider the situation
yond issuing simple heading vectors, for example. Additionall » may : pe,

sharp discontinuities in the commanded resolution maneuv wn in Fig. 4. On the left, a parwise squuoq is shown. The

may occur that require additional processing or filtering to aftircraft on the left detects a conflict with a coaltitude threat at a
rive at physically feasible solutions. Several human-in-the-lo&§t&in presettime before collision, and attempts to climb or de-
implementations of the force field method, however, appear ggend. Neither solution is acceptable since it results in a conflict

have resolved these problems and have shown that force figih another aircraft. On the right, a global solution considers
resolution can be effective when properly applied [23]-[25]. all three threatened aircraft simultaneously and determines that

e climbing or descending maneuver must begin earlier than
e baseline threshold time in order to safely resolve the con-
. At the least, models should be examined in multi-aircraft
tuations to determine their robustness to this type of problem.

Some models allow the user to generate potential conflict ré
olution solutions and obtain feedback as to whether the trial <
lution is acceptable. These models are denoted as handlin
manual solution in the table. The benefit of a manual soluti
is that it is generally more flexible in the sense that it is based
on human intuition, using information that may not be availabf@: ©ther Model Elements
to the automation. For example, weather information that is notin addition to the six factors used to distinguish between mod-
available to the CDR system may be important when consieling approaches in Tables I-lll, there are several other issues
ering a conflict resolution maneuver. Automated solutions thit be considered. These issues include specifically which cur-
do not take relevant environmental information into account witent states and metrics are used to make CDR decisions, how
likely produce nuisance solutions that the human finds unamcertainty is managed in the model, and the degree to which
ceptable. the model assumes coordination between aircraft involved in a
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Baseline Alert time increased
alerting threshold due to other aircraft

- r

LEL

Pairwise Solution Global Solution

Fig. 4. Multiple aircraft conflict detection and resolution.

conflict. A number of the models surveyed here do address amedel and set of alerting threshold metrics are developed
or more of these issues, but they cannot be described fully hésethe CDR system, often based on engineering intuition. A
due to space limitations. typical example is that aircraft are assumed to fly in straight
Consideration of the states that are used in CDR is importdines, and that time to minimum separation is a reasonable
because these states represent the means by which the syatenting threshold metric. This model and its parameters (e.g.,
observes the environment. Some CDR methods use a simplifid threshold time settings) are then exercised in a series of
set of states, which reduces sensor requirements but decreasealations (either through fast-time Monte-Carlo simulation
the certainty with which conflict detection or resolution decier human-in-the-loop studies). The alerting logic is exposed to
sions can be made. Including aircraft, intent information beyordwide range of encounter situations and the resulting number
the current position and velocity vector (e.g., a programmed false alarms and loss-of-separation events (or other statis-
flight plan) will be valuable in strategic conflict detection. Intentical performance metrics) are recorded [26]-[28]. Example
information can be used to better model the future trajectory sifuations typically include a variety of conflict geometries and
the aircraft and thereby make more correct alerting decisionsircraft dynamic behavior. This allows for uncertainties to be
The manner in which uncertainties are managed in the desigodeled and injected into the design of the system in order
of a CDR system varies widely. Most approaches to the problémexplore system performance and robustness to uncertainty.
combine the uncertainties into a spatial safety buffer to redulfethe observed system performance does not meet design
missed detection probability and also incorporate a look-aheggEcifications, then the model or the alerting thresholds are
time limit to limit false alarms. This provides for a reasonablmodified. For example, time or range thresholds are succes-
accommodation of uncertainty, but it may not be as effective sively modified until there is an acceptable balance between
accurate as more complete, probabilistic trajectory models. loss of separation incidents and false alarms over the set of
Coordinating conflict resolution between aircraft has two priest scenarios. The result can be a complex, iteratively evolved
mary benefits. First, the required magnitude of maneuvering feet of logic and threshold definitions. The TCAS alerting
a given aircraft may be reduced when two aircraft maneuver dbresholds, for instance, have numerous kinks and overhead
operatively when compared against a case in which only one a@ssociated with special cases using IF-THEN logic [14].
craft maneuvers. Second, coordination helps ensure that aircraftltimately, it is the observed performance in terms of false
do not maneuver in a direction that could prolong or intensiglarms and frequency of loss of separation that determines
the conflict. However, coordination may increase controller evhether a system design is acceptable. In more strategic cases,
pilot workload due to the need to monitor several changes in teeonomic or other costs can also be included. Closer exami-
air traffic situation at one time. In any case, a system designeation of the CDR design method in Fig. 5 reveals that, at its
assuming that coordination will occur should also be evaluatedre, what is happening is that the parameters of the system are
in cases in which coordination is not carried out as planned. Tihiging tuned to the situations that are provided in the evaluation
would provide some measure of the robustness of the systensitaulations. A change in the mix of encounter situations could
a data link failure or human error. lead to a change in the trajectory models, metrics, or threshold
settings in order to meet desired performance constraints. The
process is somewhat analogous to designing a control system
compensator, but in this case, the CDR system is essentially
The surprising aspect to all of these modeling efforts imapping the given encounter situations into false-alarm rate
that no single solution has stood out as being clearly the mastseparation performance. In a sense, metrics such as range,
efficient or effective. A closer examination of the CDR systemniss distance, or time are simply surrogates for the real
design process can help uncover the underlying principles tihagtrics—statistical measures of performance. A variety of
impact performance. The fundamental approach that has beéferent decision metrics could be used to achieve the same
used to date in the majority of cases to design and evaluateerall system performance, as reflected by the diversity of
CDR systems involves the process shown schematically rrodels reviewed here. Also, it is important to note that the
Fig. 5. First, a dynamic (and typically deterministic) trajectorynix of encounter situations that are used to exercise the CDR

IV. SYSTEM DESIGN PROCESSISSUES
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CD&R System

Alerting Thresholds
' :;using fime, range, ...

Design
¢\ Changes
./

Observed Performance

Probability of false alarm,
loss of separation

Deterministic
Trajectory Model

 Probabilityof
. fabsealarm,
loss of separation

Encounter
Scenarios

Fig. 5. Typical CDR system design and evaluation process.

CD&R System

Performance
Specifications Alerting Thresholds
Probability of using perf. metrics

Jalse alarm, (false alarm, separation)
loss of separation

' :Encoﬁn'ter Observed Performance

Scenarios

Probability of false alarm ,
loss of separation

Fig. 6. Performance-based CDR system design method.

system in fact form a probabilistic or statistical model of thecs such as probabilities of false alarm or loss of separation in
environment. To obtain the most accurate estimate of systesal time. Then, rather than making a decision based on an in-
performance, this statistical model should match the actwditect metric such as time to minimum separation, the alerting
environment as closely as possible. decision can be based on a direct comparison of the computed

The surrogate system parameters that are developed throfaibe alarm or loss of separation probabilities against the desired
the process in Fig. 5 are essentially global solutions averagestformance specifications.
over the range of encounter situations that are tested. Due tdNote that the same information elements are used to design
the averaging process, there may be certain encounters in whteh system in Fig. 6 as are used in Fig. 5. The difference is only
the system performance could be improved. If this deficiendy the more direct application of that information in Fig. 6 in
is significant, the CDR logic can be broken down into sulthe sense that surrogate metrics are no longer necessary. A lim-
models, with varying dynamic models or thresholds in ordétation of the more direct approach, however, is that it requires
to better manage the problem cases. In TCAS, for exampteal-time estimation of probabilities and must use reasonable
alerting threshold parameter values vary across several stya@babilistic trajectory models. Probability estimation can be
of altitude to better account for uncertainties in altitude meaerformed analytically or by running Monte-Carlo simulations
surement and changes in aircraft performance [14]. Ideally, tirenear real time. These methods have been demonstrated in sev-
system should continuously tailor the dynamic model and tleeal applications and should become even more viable as com-
alert thresholds to the specific situation that it is monitoring. putational capabilities continue to increase [1], [2], [29], [30].

A more direct approach to system design would be to use
the information contained in the simulation and evaluation SCR-
narios to build a probabilistic trajectory model for use by the’
CDR system (Fig. 6). Since it is in the designer’s best interestFinally, there are several otherissues that are of critical impor-
to use the most accurate encounter model that is possible dutizgce to the operational use of a new CDR system. These include
evaluation, this same model would contain the best informatibmman performance issues in terms of the ability of the opera-
describing the environment in which the CDR system will ogors to respond appropriately and consistently to conflict alerts,
erate. Because it is using a probabilistic trajectory model, thed finding an appropriate balance between false alarms and
CDR system would also be able to estimate performance miess-of-separation incidents. An additional issue relates to the

Implementation Issues
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integration of a new CDR system with other existing systems.[6] J. Krozel, M. Peters, and G. Hunter, “Conflict detection and resolution
Cases of inconsistency between air traffic controller detection
and resolution of conflicts and TCAS alerts have occurred since7] 3. Kucharand L. Yang, “Survey of conflict detection and resolution mod-
the introduction of TCAS [31]. Additional complexity will arise

as more advanced CDR systems are fielded on the ground an
in the air. Specifically, the new systems need to be designed to

operate together harmoniously within a single aircraft or ground
control installation and also to work consistently between sys-

[9]

tems in different aircraft or facilities. This includes integrating

CDR alerts with other hazard warnings (which may use differen

logic or detection thresholds), coordinating maneuvers between
aircraft (which may be using different maneuvering dimensions? :
and informing operators of what is transpiring. Of special con-
cern will be ensuring that information provided to the operator
from these systems is consistent and supportive, rather than cdnél
tradictory and confusing. Finally, the computational efficiency

of the different CDR methods has not been addressed here, but

would be an important consideration for implementation.

(13]

[14]
V. CONCLUDING REMARKS

It is clear from this survey of models that there are a Iargéls]
number and variety of approaches to the conflict detection and
resolution problem. In regard to future approaches, however, i€l

will be important that a larger set of issues is considered thap ;

has typically been the case in the models discussed here. These
issues include the effects of uncertainty, ability to handle mul-

tiple conflicts, coordination, computational requirements, im-

(18]

plementation issues, pilot and controller acceptance, robustnegs)
to degradation or failure, integration with other hazard infor-

mation such as weather, and verification and certification rep,q

guirements. The majority of the models covered here do not yet
adequately address these concerns. Additionally, a consistent
benchmarking method for analyzing and validating models i§21]
required. This is difficult due to the variety of operational modes
and conditions to which CDR systems may be exposed, but will
be necessary in order to select the most effective systems f?z’z]
implementation in the field.

[23]
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