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ABSTRACT depth analyses of its causes. For many hazards and systems,
s . . analysis may consist of comparing the design with various
lrtizr;::fggllg P?SaZZLdO;nS zﬁtes Irr(;tiesr)r/ftienmaannd |er1s(l: HQ gs'tz(renytiﬁerzostandards and codes that have been developed over time to deal
. going p y large sy yWith known hazards. However, as new technology is developed
analysis. An exhaustive search of most complex processstontr o . X
. . and system size increases dramatically, such as in aesospac
systems will encounter the problem of state explosion. Tae us o .
of predicate abstraction has been studied and employed to gre ystems that may have millions of states, new hazarss and
P . . ) ploy 9%he possibility of introducing hazards increases. The alidity
effect. However, in this paper, we outline a novel approach L2 : h
; - e trace a hazard back to its initiating state in order toigeov
which utilizes the structure of the safety property to bdigdrto ; R
" . : ._options for elimination or control becomes extremely
mitigate state explosion. The state explosion problem is . . S . -
2 . . ", computationally intensive, if not infeasible.
minimized by creating an abstraction that partitions the state
space into equivalence classes based on the predicates of the A reasonable method to evaluate whether a hazard could be
safety property. An ordering on these predicates, based on theliminated might entail starting with the hazardous state and
number of continuous variables inherent to each term, is used tavorking backward in a model of the system to see if theainiti
develop the set of equivalence classes that minimizes the numbestate is reached. If the initial state is reached, thehdhardous
of continuous variables that must be computed in order tostate is reachable and must be eliminated or controlled im orde
determine if a transition between classes occurs. Thistact for the system to operate safely. However, the number of
minimize the computational complexity of calculating backwards paths is enormous for most real systems, etrersé
reachability sets by limiting the number of continuous variables ending in only hazardous states is considered. A method to
that need to be explicitly calculated. The work is then put in the circumvent the effects of thstate explosionproblem becomes
context of an Air Traffic Conflict Detection example problem essential in order to pursue any form of effective hazartysisa

and conclusions regarding scalability are drawn. in any complex, real system.

Categories and Subject Descriptors One approach to mitigate the state explosion problem is the
Abstraction, Verification, Algorithms and Analysis Techniques, Method of predicate abstraction. An infinite state spacenean
Reachability Computation partitioned based on Boolean predicates, resulting in a finite

representation of an infinite space. The state-space isqueatl
into finitely many equivalence classes so that states in the
equivalence classes exhibit similar behavior with respetiie¢o
predicate used to create the abstraction. Reachabilitysésaly
can then be applied to the equivalence class itself, rather than
1. INTRODUCTION upon each individual state in the class [1]. However, the ehoic
In today's modern world, complex systems dominate the of the Boolean predicates used to create the abstractiatlygre
landscape. These systems, such as the flight management syst influences the efficiency of the verification technique. The
(FMS) of an airplane, possess enormous state spaces, which a calculation of the minimal set of continuous variables necgss
nearly impossible to test and explore in search of unsafe orin order to determine the satisfaction of the predicates is
hazardousstates. A hazardous state is a state of a system thatessential in order to enable a speedup of the verificatioegsoc
together with other environmental conditions, leads to an
accident. The identification of these hazardous statestimasef techniques used to mitigate the state explosion problem is

des'gf" and their eventual elimination fmm.‘.he deS|gn_by presented, and the reasoning behind utilizing abstraction is
ensuring they are not rea<_:hab|e from the initial states is highlighted. In Section 3, the theoretical basis for creaging
recurring problem in the design of safe software systems [14] finite abstraction of an infinite state space is outlined, amd
Hazard analysis is at the heart of any effective safety approach for developing the most advantageous abstraction, in
program. Simply knowing that a hazard exists may provide order to minimize computational complexity is proposed. In
sufficient information to eliminate or control it, eventiaut in- Section 4, a resume of different techniques for performing
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In the next section, a brief overview of the different
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reachability analysis in hybrid systems is presented. system that the property describes. If it is possible tavghat
Refinements are made to the equational logic of the abetract the system satisfies each local property, and if the comjunot
that illustrate how the inherent structure of the problem and the local properties implies the overall specificationnthlee
constraints can be used to help simplify the computation of thecomplete system must satisfy this specification as Wethere
reachability set of the system. Section 5 explains theragfirc  are interdependencies in the components, a form of assume-
conflict detection example, and how the particular abstraction guarantee reasoning can be employed. When proving a property
chosen enables the elimination of a specific hazard. Congtusio about one component, assumptions are made about the behaviour

are drawn in the final section as to the scalability andtipedity of all the other components. The assumptions must then be

of this approach. proved when the correctness of the other components is
established [11].

2. STATE EXPLOSION AND Symmetry can also be used to reduce the state explosion problem

REACHABILITY [4]. Finite state concurrent systems frequently contain ratelic

components or structures. Having symmetry in a systemampli
the existence of a non-trivial permutation group that preserves
the state transition graph. Such a group can be used to define an
equivalence relation on the state space of the system and to
reduce the state space. The reduced model can be used to
simplify the verification of the properties of the origimabdel
The®Xpress by a temporal logic formula.

The problem of verification reduces to that of reachability.
Determining whether or not a system is verifiably saféhwi
respect to a given safety constraint becomes the taslowhgr
that, for all states of the system, the safety comgtrailds. This
task amounts to proving that, from all initial stateshef system,
all hazards corresponding to the violation of the safetytiing
are absent from the reachability graph of the system.
verification of systems that possess a large number of Induction involves reasoning automatically about entire fasili
components that interact in a complex fashion with one anotherof finite-state systems [6]. Such families can arisehin design

is problematic. The asynchronous interaction of components andof reactive systems in software, as well as hardwanerocess

the use of data structures that can assume many differens valuecontrol system can be parameterized, defining an infinitelfami
leads to an enormous global state space. If the systerg bei of systems. The goal is to prove that every system given
modeled contains both discrete and continuous components, théamily satisfies some temporal logic property. In gehéna
state space is infinite. It then becomes impossible tokchec problem is undecidable, but it is possible to provide a form of
whether the system possesses any hazardous states by simpievariant process that represents the behavior of an arbitrary
enumeration alone. Several techniques, such as partial ordemember of the family. Using the invariant, the property can be
reduction, compositional reasoning, symmetry, induction and checked for all members of the family at once. An inductive
abstraction can be used to mitigate the state explosion problemargument is then used to verify that the invariant is an
and help to efficiently generate the reachable space of skensy  appropriate representative.

to be verified. Finally, the techniqgue employed to the greatest advantage is

One of the most successful techniques for dealing with the stat called abstraction [5]. This technique appears to be esseanttial f
explosion problem is based on partial order reduction [10,23]. reasoning about reactive systems that involve data pathsiséhe
This technique exploits the independence of concurrently of abstraction is based on the observation that the speaifisat
executed events. Two events are independent of each other wheof systems that include data paths usually involve fairlypm
executing them in either order results in the same globa. stat relationships among the data values in the system. The
The most common model for representing concurrent software i abstraction is usually specified by giving a mapping between the
the interleaving model, in which all of the events in a single actual data values in a system and a small set of abdatet
execution are arranged in a linear order called an interleavingvalues. By extending the mapping to states and transitiorss, it i
sequence [22]. However, the initial model only considered a possible to produce an abstract version of the system under
restricted model of concurrency that did not include looping and consideration. The abstract system is often much smallettlea
nondeterministic choice. The proof system of Katz and P&@d [ actual system, and as a result it is usually much simphearify
suggests using an equivalence relation between interleavingproperties at the abstract level. Extending this method to
sequences that correspond to the same partially orderedsystems which possess continuous dynamics, and thus infinite
execution. Their system included proof rules for reasoning aboutstate spaces, allows for a finite abstraction of thenitefistate

a selection of interleaved sequences rather than all of themspace, and thus reduces the number of reachable states which
When a specification cannot distinguish between two need to be generated, thereby rendering the verification problem
interleaving sequences that differ only by the order in which more tractable.

concurrently executed events are taken, it is sufficient tyana
only one of them. As a result, the number of states that are
needed for model checking is reduced [27].

Thus, it seems plausible, that by a combination of clever
modeling techniques, and assiduously chosen abstracted state
variables, it is possible to generate an algorithm thatidvbe
Compositional reasoning exploits the modular structure of able to check a given design, be it software or hardware¢hdo
complex protocols [5]. Many finite state systems are caep®f presence of identifiable hazards.

multiple processes running in parallel. The specifications for

such systems can be decomposed into properties that describe the

behaviour of small parts of the system. An obvious strategy

check each of the local properties, using only the part of the
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3. FINITE ABSTRACTIONS OF INFINITE
STATE SYSTEMS

transition system T{) will possess a state space of dimension

L X{O,l}k (see Fig. 1).

Discrete and hybrid systems, which possess a large (possibly

infinite) number of states are difficult to verify. Congide
system that may possess infinitely many states (suchhgsrial

automaton), and a set &f safety constraints (which may be
temporal in nature) whose verity must be ascertained fdr eac

state of the labeled transition system. Obviously, empiotfie

technique of enumerating each state of the system, then p !

evaluating each of the constraints for that state willemable
you to successfully verify that the system is safe wépect to
the constraints.

logic formulae) then a finite abstraction of the infinitatetspace
can be derived [1].

More formally, given the labeled transition system T, wher
T:(QalaAa_’) (1)

andQ is the set of states (possibly infinite) of the systeiis,
the set of initial states of the systeinis the set of actions which
label transitions between states, andis the set of labeled
transitions of the form:

qf-q’, q,90Q,alA @)

we consider an equivalence relatioron Q, which results in a
finite partitioning ofQ. The quotientT/D is a labeled transition

system whereby:
(T/E):(P,H,A,_»’) (3)

and statep/P are equivalence classesTofa statep is initial so
thatpOH if p contains a state in the set of action& which

label transitions between statesPinand - ' is the set of labeled
transitions of the form:

pF-p < qFf-q
forsomeqU p,q' O p'

It is immediately obvious from this definition that if a pesty is
true for all state® in the labeled transition systefiY[), then
the property is true for all stat€sin the labeled transition
systemT [1].

4

It only remains to define the nature of the equivalence oslati
(D. While any relation that preserves the above properiles w
reduce the size of the (possibly infinite) state spaceginert

equivalence relations shall prove more advantageous than.others

3.1 Defining the Equivalence Relation

The equivalence relation is a method by which the state §pace

of the labeled transition systefris partitioned into finitely many
equivalence classes [1]. More formally, consider the stpéee
Q of the labeled transition systeff being partitioned into
finitely many equivalence classes usikgBoolean predicates

@, P,,...0, . If the labeled transition systefpossesses a

state spac® of dimensionL X R", then the quotient labeled

However, if the system can be expressad as
labeled transition system, and the safety constraints can b
expressed as a finite number of logical predicates (or tenpor

e

X

—

Concrete Space: L by O Abstract Space: L by {0,1}"

Figure 1:Transformation of State Space under Abstraction

Two fundamental questions arise concerning the nature of the
predicates chosen to create the abstraction of the origfiatd
space:

1. How does one reduce the number of equivalence
classes necessary to represent the state space of the
system, while still keeping track of all pertinent
behaviour?

2. What is the best way of selecting the abstraction in
order to aid in computational efficiency of generating
the reachability set of the abstracted system in order to
verify the given safety constraints?

We propose that the minimum number of equivalence classes
necessary to allow for the verification of a set ofesa
constraints, which can be represented by a finite number of
Boolean predicates, can be derived using some minimal
combination of those Boolean predicates (and possibly some
additional completing predicates) used to express the safety
constraint, in order to create the abstraction.

Consider the where the Boolean predicates

@, P,,...0,,, (each of which is a function of quantified

case

continuous variables) along with logical operators and inferenc
rules can be used to construct the safety constraints ofdtess

to be verified. Furthermore, we can augment these predicates
order to form a complete and confluent gefall the behaviour

is explicitly specified with no obvious contradiction arisingnf

the conjunction of the predicates) whereby:

O =By, Br s os B} ©

Hence, if we consider the system of minimal logical praéis to

be a set wherein each predicate cannot be simplified further or
eliminated through logical deduction, inference rules or
equational rewriting, we can achieve a minimal set of patekc

® _ such that:

min
PP (6)
that is, the original set can be reduced to the minimal se¢rday
or more rewriting steps. The truth of each predigde ] ® .-
cannot be determined through logical operation on the set
{®P .. —@.}. This set of minimal predicate$P

set we wish to employ to create the equivalence cladst®e o
original transition systerm.

min 1S the
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4. REACHABILITY ANALYSISAND al. [26] also present an alternative approach, which is based on
PREDICATE ABSTRACTION over-approximating the reachable set of states with a polyhedr

This is also computationally intractable since the propagatio
Given our set of predicate$P . —derived from the safety the system's dynamics will result in a potentially unlimited

properties of the system, we can begin to construct thenumber of constraints (faces of the polyhedron), but a novel

abstraction of the state space of the original systemweker, technique for identifying and pruning redundant and irrelevant
the overall goal is to be able to verify that all of thafety constraints has been developed in conjunction with this work to
constraints are satisfied over the entire state spate aystem. ~ Mitigate the number of constraints. This technique appears to
We must still generate the reachable space of the abdtracteShOW promise for higher dimensional problems. The basis of the
system, in order to check that all of the constraints atisfied. approach is the computation of the maximum volume ellipsoid

There are many techniques for generating the reachable space gentained in a polyhedron, a computation that can be formulated
a system. For instance, in very large discrete systerdsred as a convex optimization problem.

binary decision diagrams have been employed to great edfect, The method of calculating the reachability of a system with
they are a compact representation of the state space Mlbigh @ poth continuous and discrete dynamics by using ellipsoidal over-
for efficient search techniques to be employed [3]. Foesyst  approximations to reach tubes, developed by Kurzhanski and
with both continuous and discrete dynamics (hybrid systems)varaiya, [13] is promising for system dynamics which have a
where the state space is infinite, there are several detlsed,  hard bound on controls and are essentially linearizable under
which are outlined below. small disturbances.  The approach of ellipsoidal over-
For time invariant, state independent dynamics specified by a@pproximation uses the intersection of a given family of hyper
convex polytope constraining the rates, the dynamics of theellipsiods to approximate the reachable space of the dynamic
system can be abstracted by using differential inclusions thatSystem. The reachability set of the continuous equations can be
bound the rates at which the system can evolve [1]. However,'egarded as being the tube consisting of all possible system
this acts to greatly restrict the types of systems tamt be trajectories. The evolution of the boundary of the reacttslsiit
analyzed considerably. can be approximated by the solution of the “integral funnel” of a
differential inclusion [13,21], and the family of hyperplanes
tangential to the boundary can be parameterized. A series of
%yper-ellipsoids can be generated by picking two supporting
hyperplanes, and generating a hyperellipsoid which
circumscribes the reachability set and is tangential to its

tational ¢ d optimizati Thi thod I boundary at the hyperplanes. The advantage in this method
computational geometry and optimization. IS method could -,mes  from being able to create the parameterization of

theoretically work with arbitrary continuous dynamids/@it=f(x) hyperplanes in terms of a system trajectory which runs atang

wheref is Lipschitz) but its performance _is rather limited, in that boundary of the reachability set. This ensures a tight external
sylstems ﬁf no great(:]r than 4 dlm_er|1_s|ons can Eucpﬁssfully b%pproximation, thereby reducing the number of hyper-ellipsoids
S0 ve(_j. T IS approach can ‘?e specialized to wor W"F SyStemsnecessary to approximate the reachability tube. This method is
ywth linear dn"ferentlgl equatlonsd(ddt:A_x) and generallzec_l to employed for the aircraft conflict detection example, ais ia
include the analysis of systems with uncontrolled inputs relatively simple process to get a system trajecmngential to

(dx/d=Ax+BU) and to the problem of synthesizing switching he reachability tube boundary, given the hard bounds on
controllers. A tool with a reasonable performance has been gnirols.

implemented and is currently under testing with examples taken
from traffic control, engine control, robotics and chemical 4.1 US ng the Predicate Abstraction to Reduce

process control. For the purpose of representing the set of, he Computationa] Complexity of Reachability
reachable states, a new representation scheme for orthogong

polyhedra has been invented. It should be noted that thisCalculation

representation is canonical (unique) for all (convex and non- Even for a system with several continuous variables, ibrhes
convex) polyhedra in any dimension. computationally challenging to generate the reachable space of
the system. Calculating the value of all of the continuous
variables for the reachable space creates an enormous burden,
and any technique to reduce the number of variables to be
calculated comes at a great computational savings. Nove
Tonsider the previous section, whereby we created the quotient
(T/D labeled transition system with the state sp&tceof
equivalence classes of the systdim based on the logical
predicates arising from the safety constraints which needeel to
verified, another fundamental question arises:

Another method for reachability computation, called facextift

for differential equations has been employed with some succes
[8]. Unlike other approaches that attempt to give exact asswer
this approach is based on numerical approximation and a
combination of techniques taken from discrete verification,

Another formulation for computing the reachability of a syste
with both continuous and discrete dynamics requires the solution
of a Hamilton-Jacobi partial differential equation, and al-gri
based numerical solution approach based on level set method
can be used for this purpose [26]. The continuous-time nonlinear
dynamics of the system need to be considered carefully in
assessing reachability. Simulation examples exploiting this
techniqgue have been presented for three flight managemen
applications: two-aircraft collision avoidance, the ralate

problem of conflict resolution, and ensuring safety during final 1. What is the minimum number of continuous variables
landing approach. The exact reachability computation falls prey which must be computed in order to ascertain whether
to the curse of dimensionality: its computational compleisty or not any of the safety constraints have been violated?

exponential with respect to the continuous dimension. Tomlin et
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This question can also be answered by looking to the predicates

used to create the abstraction. If we consider all obtitgoing
transitions from a given equivalence clgsshe set of successor
equivalence classe& is defined as:

S, ={ p"pDDM p',forsomealdA p, p'0P} (7)

Recall that the equivalence clas§esere formed by partitioning
the state spac® of the original system using the Boolean

predicates in® .. That means, for a given claps each

, evaluates to either true or false.

Similarly, for each successor predicafg, each Boolean
predicate assumes a truth value. We wish to considgrthe
predicatesp; that change their value as an outgoing transition is

Boolean predicate in® .

taken. The validity of these predicates depends on the values of

some subset of the continuous variables of the system.ttikee
the conjunction of all of the continuous variables employed in
determining the truth value of eadh we arrive at a minimal set
of continuous variable¥min which must be evaluated in order to

o I
¢2 - ¢2 D¢1
In a similar manner, the p¥predicate that form@®pasis can be
created by selectingda0®nmin based on:

O¢, O .V, nV,) <n(V, nV;),1 #i,...K (12)

(11)

min

and using the recursive formula:
I — I
¢p+1 - ¢k O ¢p

Thus, the satisfaction of ang’, implies the validity of all
previous ¢'; for i>j. Thereby each predicatf; possesses an
explicit portion which is independent of all othg[O®yasis This
creates a partial ordering on the predicatedpinissuch that:

$r<$,<...0pu

If the equivalence class@wf are created using the predicates in
Ppasis then each transition between equivalence classes explicitly
states which continuous variables must change their value in

13)

(14)

determine whether or not any outgoing transitions can be takenorder for the predicate to change its truth value. Thisvalfor

This minimal set changes based on theSetnd must be re-
evaluated every time a discrete action is taken.
computational savings can be gained if it is possible to atffjast
minimal set of predicates used to create the abstractibntisat
the successor classes to a given equivalence class depehds on

the explicit enumeration of the minimum number of continuous

A greatvariables that define the transitions between equivalenceslass

5. AIRCRAFT CONFLICT DETECTION
EXAMPLE

change in truth value of a small number of predicates that dependn order to demonstrate the utility of this method of abtitlaca

on the smallest possible number of continuous variables.

The minimal set of predicates is isomorphic under all rufes o
logical implication, and can be restructured to create asbasi

minimal set of predicate®yasis Each predicat<¢i in (Dmin can

be expressed as a function of some continuous variables

Through equational substitution and algebraic simplification, we

can find V ={Vv,,V,,...,V_}, the minimum number of

scaled down version of a Medium Term Conflict Detection
(MTCD) algorithm is examined, and the hazard of a missed
detection due to failure to detect a trajectory overlapaas
consequence of incomplete predicate specification is elintinate

MTCD is a conflict detection algorithm under development to
support Air Traffic Controllers (ATCOs) in their task of
monitoring and separating aircraft. Therefore, MTCD must
provide controllers with enough time to assess, and, if sapgs

continuous variables necessary to express the all of thefesolve the conflict by deliberate action [21].

predicates inCDmin. Let us introduce the notatiofV) where:

®
We then select a predicag@, []® . that is the function of

n(V) = number of elements in the 3&t

continuous variables V; ={v,,V,,...}, K,I OIntegers
such that:

=0g [n(v,) <n(v).$, 0P,

that is, there is no@; 1P .

©

n Which depends on fewer

continuous variables. Thi¢i becomes the first predicapé; in
Prasis With V' =
selecting a predicaifg such that:

O¢, O NV, nV)) <n(V, nV)),k £i, ] (10)

V.. The next predicaté'; is constructed by

that is, no predicate irﬂ)min has more continuous variables in
common with¢';, and then creating:

MTCD supports conflict detection for all flights for which a
system trajectory is available. MTCD begins conflictedgon
for a flight when it is a pre-defined time from entering &nea of
operation, and continues conflict detection until the flight ésav
the area entirely. We shall consider a scaled down vedfion
MTCD that detects loss of separation between probable pusitio
of two aircraft, based on system trajectories and unogytai
areas, the latter introduced to take minor deviations irtousat

MTCD is a planning tool with a typical detection horizon efa

to twenty minutes for aircraft conflicts, twenty to sixtynutes

for nominal route overlaps, and zero to sixty minutes fociape
use airspace penetrations and descents below lowest usditle flig
level. MTCD is not a conflict alert tool. Conflicteat, with a
typical horizon of zero to two minutes, is covered a lpasate
function, called Safety Nets. MTCD calculations are based
system trajectories of flights, flight plan data and aiftcdata.
This data is provided by the Real-Time Flight Data Proogssi
and Distribution function. Trajectories can be either system
trajectories or tentative trajectories. To be ablend existing
conflicts, Real-Time Flight Data Processing and Distrifuti
must tell MTCD when a flight leaves the area of operatan,
when a tentative trajectory has been deleted. In addition to

1218



trajectory data, MTCD requires environment data.
required by MTCD is provided by the Environment Data
Processing and Distribution function [21].

In principle, MTCD is quite simple. The traffic and its evasat
are specified by a set of trajectories. All that needsetdone is

to examine the trajectories in pairs and report whenever

trajectories come too close to each other. Compdieatoccur

because of model uncertainties in aircraft behavior and slow

response to trajectory updates. By postulating the exist#nce
elliptical uncertainty buffers between aircraft trajecterithat
include the separation standard, it is merely necessary ¢t che
for the overlap of uncertainty buffers in order to determine
whether or not a conflict is imminent. Let us consider thé&en

of vertical separationThe vertical separation standard is 1000
feet below an altitude of 2900 ft, and 2000 ft above that altitude.
If we consider the differential position of two planes to be

Az =127, -z, wherez is the altitude of the plane, then the

planes are in conflict ifAZ < d, whered is the separation
standard for the flight level. The following predicates ased

in the formal document to capture the explicit semantics of the gscends to 3000 feet.

safety constraint [21]:
@, : Az < 20000(z, > 29000z, > 2900

(15)
@, : Az <10000(z, <29000z, < 2900)

Note that these predicates form do not form a complete andconjunction

consistent sethmin. In order for this to occur, we must add an
additional two predicates:

¢, : Az < 20000(z, < 29000z, > 2900
@, : Az < 20000(z, > 29000z, < 2900)

These predicates form a complete and consistent set. tifany
these predicates are true, then the system is in conflidsing
equational rewriting, we can simplify these four predicat¢g i
the minimal set®ni, (which in this case is trivially equal to the
basis set):

¢, :Az<1000
@, - Az < 20000(z, > 29000 z, > 2900)

(16)

17)

The datavariables do not have to be explicitty enumerated, only

approximated, as it is their influence on the altitude variable
which is of interest. Note that the longitudinal equations of
motion for aircraft are linear under small disturbance theory
which enables for a great deal of simplification in the nethio
ellipsoidal over-approximation, thus rendering the problem of
generating the reachability set of six continuous variablesgx

z velocity, pitch, pitch rate, elevator angle and thrusitable,

as only the z-velocity variable must be explicitly integdain
order to perform logical comparisons. The leapfrog irign
scheme was used to perform time integration, and a Recursive
Subdivision method to generate a fast, adaptive mesh scheme in
order to calculate the spatial integrations [21,25]. Using thi
approach, the reachable space of the simplified model was
generated, until the following violation was found in the gafet
constraint.

Consider the situation where two aircraft are flying beR800

feet (one at an altitude of 2800 ft and another at an altitude of
1300 ft) and have 1500 ft of vertical separation. These aircraft
are obviously not in conflict. Now, consider the topmostraft

The two aircraft are now in conflict.
However, this would yield a missed detection by the algorithm
with the safety constraints as initially specified. Viia of the
constraintd’', occurs, but not op,. Therefore, the hazard of a
missed detection at ascent above 2900 ft is detected by
employing the outlined method of predicate abstraction, in
with  ellipsoidal over-approximation of the
reachability sets of the equivalence classes.

6. CONCLUSIONS

Verification and validation of large complex systems isyve
difficult. The state spaces of such systems may be waege |
(infinite) in nature, and thus are impossible to enumerate.
Generating the entire reachable space of the system intorder
check that each state satisfies a given constraint (shfetyess

etc.) which needs to be validated becomes intractable. dhstea
method of predicate abstraction is proposed, in order toeceeat
finite abstraction of an infinite state space. If the auotion is
created based on a minimal set of predicates which completely
and consistently quantify the constraints to be verified, then the
problem of generating approximations to the reachable space of
the continuous variables in the abstraction can be greatly

The basis set can be found according to equations (12-13), and isimplified. This is illustrated using a simplified examplketa

equal to the minimal set in this case. Thus, when we arefrom Air Traffic Conflict Detection.

calculating the reachability sets, at each enabled trandiion
the equivalence classes, we must explicitly enumerate thesval
of zz and z. Implicitly, the values of pitch, pitch-rate, horizontal
(x) velocity and acceleration, as well as verti@lvelocity and
acceleration may need to be calculated, but no logical
comparisions need to be carried out with their values. Simge

A simplified veidal
separation problem was addressed, and the hazard of a missed
detection due to incomplete specification was identified.
Further computational savings can possibly be achieved by
converting the minimal set of predicates into a basis set a
outlined. This method shows great promise for situations in
which the underlying dynamics of the problem, and symmetries

equivalence class can only transition to three other possiblein the constraints can be exploited in order to create a small

equivalence classes, the computational complexity of cailoglat

number of equivalence classes, each of which have a small

the reachability set for the longitudinal system becomes muchnumber of successor classes, and depend explicitly upon only a

more tractable.

limited number of continuous variables.
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