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• Abstract

The tracking of c10sely maneuvering targets represents a challenge for both the

contact-to-track association and the positional estimation algorithms. This thesis

describes an IMM-IVe algorithm, its implementation, and demonstrates its performance

on sorne simulated scenarios.

The Interacting Multiple Model (IMM) estimator is integrated with the Jonker-

Voigenant-Castanon (1VC) contact-to-track association optimization procedure in the

[MM-JVC formulation described. The tracking accuracy provided by the IMM has been

recognized as superior to that obtained from other single-scan positional estimators. The

[MM provides a probabilistically weighted combination of the results of multiple Kalman

• filters. The JVe method also uses probability weighting in a global nearest neighbor

approach to contact-to-track association. Sorne emphasis is put on tackling the problem

of asynchronous sensors, which may be encountered in the case of multiple sensors.

A number of different approaches, along with the IMM-JVC, are simulated to

illustrate their characteristic properties and provide a basis for comparison.
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• Résumé

Suivre la trajectoire d'une cible manoeuvrante représente un défi pour les

algorithmes de l'association de trajectoires et contacts, et de l'estimation de position.

Cette thèse présente un algorithme IMM-IVC, sa réalisation, et démontre sa performance

avec des scénarios simulés.

L'algorithme d'estimation !MM est intégré avec l'algorithme d'association

optimal dans le IMM-IVC. C'est reconnue que l'IMM offre une meilleure précision que

d'autres algorithmes de son genre. L'IMM fourni une combinaison pondéré des résultats

de plusieurs filtre de Kalman. La méthode IVe utilise une transformation de probabilité

faisant plus probable l'association de trajectoires et contacts d'écartement minime. Dans

• le cas de multiples détecteurs, le problème de détecteurs asynchrones est considérées.

Un nombre de méthodes differentes, en plus du IMM-IVC, sont simulées par

ordinateur afin d'en illustrer leurs propriétés caractéristiques et pour réaliser la

comparaison.
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• 1 INTRODUCTION

1.1 BACKGROUND

•

•

In this paper an IMM-JVC algorithm, and its implementation, for multi-target,

multi-sensor tracking is described. This algorithm has proven, through computer

simulation. to be highly accurate and computationally efficient. Chapler one of this paper

presents terms and concepts basic to target tracking. Chapter two of this paper is drawn

from two papers co-authored by the current author and presented at separate conferences.

These papers describe, for the first time, the IMM-JVC combination.

B. Jarry, A. Jouan, H. Michalska. An IMM-JVC Aigorithm for Multi-Target

Tracking with Asynchronous Sensors. Proceedillgs of the 19//z IASTED COllference

Oll Modellillg, Infonllatioll and Control, Innsbruck, Austria, 2000, pp. 603-607.

A. Jouan, B. Jarry, H. Michalska. Tracking Closely Maneuvering Targets in Clutter

with an IMM-JVe Aigorithm. FUSION 2000, in press.

Chapter three describes the software used for the IMM-JVe implementation.

1.1.1 Estimation, Decision and Tracking

Estimation is the process of inferring the value of a quantity of interest imperfect

observations. More rigorously, estimation is the process of selection of a point from a

continuous space, as in the "best estimate". Estimation exists to generate information of

higher quality than raw measurements and which contains information not directly

available in the measurements.
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• Decisioll is the selection of one out of a set of discrete alternatives, as in the "best

choice" from a discrete space. However, one can consider a discrete-valued estimation

with the possibility of obtaining sorne conditional probabilities for the various

alternatives rather than making a definite choice from those alternatives. This

information, that is the conditional probabilities, may then be used without making a

·'hard decision". Therefore, estimation and decision are overlapping, allowing techniques

from bath areas to be used simultaneously in many practical problems.

Trackilzg is the estimation of the state of a moving object [1 J. This may be done

using one or more sensors at fixed locations or on moving platforms, such as on a moving

(or stationary) aircraft.

Tracking is wider in scope than estimation. It uses ail the tools from estimation

• but also requires extensive use of statistical/probabilistic decision theory. This is

especially true in the case of data associatioll. Data association is the process of

determining which measurement should be associated with the state of the moving object

of interest.

Filterillg, In the tracking context, is the estimation of the (cuITent) state of a

dynarnic system from noisy data [2]. This process amounts to "fihering out" the noise.

•
2
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Estimate uncertainties
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Figure 1.1-1 Mathematical view of state estimation

Figure l.l.l-l presents a concise block diagram that i[Iustrates state esti mation.

The only variables available to the estimator are the measurements. The effects of the

error sources on the measurements are accounted for as "noise". In obtaining the state

estimate and its uncertainties. the estimator may use knowledge about:

• The evolution of the state (the system dynamics)•

• The sensor (measurement system).

• The probabilistic characterization of the various random factors (uncertainties in

the system and measurement models and error sources) and of the prior

infonnation (earlier measurements).

An optimal estÎmator is a computational algorithm that processes observations

(measurements) in order to yield an estimate of a variable of interest that minimizes the

selected error criterion (minimum mean square error. etc). An optimal estimator makes

best utilization of the data and of knowledge of the system and its disturbances. However,

an optimal estimator is possibly sensitive to modeling errors and may be computationally

expensive[ 1] .

3



• 1.1.2 Surveillance Systems

Due to the widespread use and increasing sophistication of military and civilians

surveillance systems there has been a much interest in algorithms capable of tracking

large numbers of targets using measurement data from many, possibly diverse, sensors.

The effort expended to track Il targets can be much more costly than Il times the effort

expended for a single target due to the complexity of establishing the correspondence

between targets and measurements, the data association mentioned above.

From figure 1.1.1-1, the requirement for data association can be seen as occurring

between the first and second blocks due to uncertainty in the origin of observations

obtained by the sensor. This uncertainty usually arises for a number of factors relating to

the nature of the sensors invoived. Such sensors, for example radar, sonar or opticaI,

• sense energy emiued from or reflected by an object (or severai objects) of interest, as

well as l'rom other spurious sources of energy, for instance active countermeasures or

chaff.

Additional uncertainly in tracking targets can be associated with the origin of the

measurements in addition to illaccllracy, which is usually modeled as additive noise [4].

Inaccuracy arises due such things as sensor resolution. Uncertainty related to the origin of

measurements occurs in a surveillance system when a radar, sonar, or opticaI sensor is

operating in the presence of: clutter, countermeasures, or faise alarms. Further, the

probability of obtaining a measurement from a target, the targe! detectioll probability, is

usually less than unity.

Ongin uncertainty may aiso occur when severai targets are closely spaced and,

• while it is possible to resolve the each detection, it is not possible to associate these

4



•

•

•

detections to their sources with certainty. For instance, using radar one may obtain three

separate detections for three c10sely maneuvering aircraft; however, due to the inaccuracy

of the measurements it is impossible to determine the correspondence between aircraft

and detection. A similar situation occurs in track fonnation when there are several targets

but their number is unknown and sorne measurements may be spurious.

Application of standard estimation algorithms using a Ilearest Ileiglzbor approach

can lead to poor results is situations where spurious measurements occur frequently or

when separate tracks lie within the range of sensor accuracy. Such an approach does not

take into account that the measurement used may not have originated from the target of

interest.

1.2 TRACKING AND DATA ASSOCIATION

1.2.1 Tracking

Tracking, as mentioned above, is the processing of measurements obtained from a

targel in order to maintain an estimate of its CUITent state, which is typically:

• Kinematics - position, velocity, acceleration, tum rate, etc.

• Features - radiated signal strength, spectral characteristics, radar cross-section,

target classification, etc.

• Constants or slowly varying parameters - aerodynarnic parameters, etc.

Measurements are noise-corrupted observations related to the state of a target, such

as:

5



• • Direct estimate of position (usually range, azimuth, and elevation),

• Range and azimuth (bearing),

• Bearing only,

• Imaging.

The measurements of interest are not raw data points but are usually the outputs

of signal processing and detection subsystems as shown in figure 1.1.1-1.

The sellsor is a device that observes the environment wherein the target is found

Figure 1.2.. 1 Components of a tracking system•

Environment

Noise

Signal Signal
processor

Measurement

Information
processor

(Trackerl data
associator)

Target state
estimates

Estimate
uncertainties

•

through reception of sorne signais, a frequent example in aircraft surveillance is radar.

The raw signal from the sensor is transformed into a measurement by use of a signal

processor. For instance, the radiation received by the radar antenna is converted into a

measurement providing the range and bearing of a targel. Ta make this process discrete, a

frame or scall is a snapshot of the environment, obtained by the sensor during the

sarnpling period or at the sampling time.

1.2.2 Data Association

A track is astate trajectory estimated from a set of measurements -- the data in

data association -- that has been associated with the same targets [1). The association

process is called for in situations involving multiple targets for measurements of

6



• uncertain origin due to random false alanns, cluuer caused by spurious reflectors near the

target, other interfering targets, or in the presence of decoys and countermeasures.

Varieties of data association are:

• Measurement to measurement association - for track formation,

• Measurement to track association - for track maintenance and updating,

• Track to track association - for track fusion in multi-sensor systems.

Track formation is the detection of a target, through the processing of

measurements from a number of sampling times to determine the presence of a target,

and the initiation of its track. Track maintenance or updatiJlg is the association and

incorporation of measurements from a sampling time into tracks.

• Further, there are two different approaches to data association [2]:

• Non-Bayesian - this approach makes an association decision using statistical

methods then ignores that the decision made may not be correct for later

decisions,

• Probabilistic (Bayesian) - this approach evaluates probabilities for association

and uses these probabilities throughout estimation.

•

When determining the association probabilities, even for a nearest neighbor

approach, the evaluation process relies on models of the targets and sensors providing the

measurements. Target models can be easily invalidated through a change of target

behavior such as a maneuver, thereby increasing the difficulty in data association.

A number of data association algorithms have been developed, among these are:

7
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•

•

• Nearest neighbor - associate one-to-one each measurementltrack to the

(statistically) nearest tracklmeasurement,

• Global nearest neighbor - associate one-to-one by rninimizing a function of the

distances between measurements and tracks; one such method is the lVC,

described below,

• Probabilistic data association filter - the PDAF cornes in a nurnber of f1avors,

such as PDAF, lPDAF, IPDAF, etc; ail depend on a probabilistically weighted

all-neighbors approach [1 J.

1.3 THE KALMAN FILTER

A commonly used approach to filtering and prediction for multi-target tracking is

the Kalman filter. Kalman filtering generates time-variable tracking coefficients that are

determined by a priori models for the statistics of measurement noise and target

dynamics [3}; that is, the state is predicted using known models for the noise and

dynamics. With expanding computer capabilities, the high-accuracy tracking of the

Kalman filter is giving way to more accurate, flexible, and complex tracking methods

based upon the Kalman filter.

1.3.1 Kalman Filter Overview

Modeling Assumptions

The Kalman filter (KF) makes a number of fundamental assumptions regarding

the system and its inputs. These are:

8



• • The system state Xk evolves according to a known linear plant equation

(dynamics) driven by a known input UI< and an additive process noise Wk- This

noise is a zero-mean white (uncorrelated) process with known covariance Qk-

• The measurement :k is a known linear function of the state with an additive

measurement noise Vk. This noise is a zero-mean white process with known

covariance Rk.

• The initial state if unknown is assumed to be a random variable with known mean

(the initial estimate xo) and covariance (the initial uncertainty Po).

• The initial error, the process noise, and the measurement noise are mutually

•
uncorrelated.

X"+I = F"x.r +G"lI" + \v"

.:." H"x" + vI.:
(1.3.1-1)

•

Hence, astate space formulation for the system is, with variables described above:

Also, Fk is the state transition matrix, Gk is the input matrix, HI< is the measurement

matrix, and k is the sample index.

Aigorithm Flowchart

At every stage k the entire past of the state trajectory is summarized by the state

estimate '\-"11: and its associated covariance ~I'" The state estimation cycle consists of:

1. State and measurement prediction (also called the "time update"),

2. State update (also called the "measurement update").

9
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•

•

The input, which is known and may be due to platform motion or sensor pointing,

is used during state prediction. The state update requires the filter gain Wk, which is

obtained l'rom the covariance calculations.

By assuming that the initial state error and aIl the noises have Gaussian

distributions, the KF becomes the minimum mean square error (MMSE) estimator. If the

random variables are not Gaussian, and only their first and second moments are available,

the KF is the best linear MMSE estimator. Hence, the KF can be said to be optimal in the

sense of minimum mean square error.

10



• Evolution of
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sensor
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State prediction

X k+ 11k =
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State covariance at lA:

Pk1k

State prediction covariance

Pk+ 11k =
Fk Pk1k F; + Qk

Measurcrrent at 1/0;+1• \'A:+l ...... -
"k +1 =

Measurerrent
prediction

':"hljk = H hlik+llk

Measurcrrent residual

Vk+1 =
-

"hl "k +llk

Innovation covariance

Sk+1 =
H k+IPk+llkH~+1 + Rk +1

Filter gain

Wk+I=

Pk +I/k H; +1S;;1

•

+ " +,.....----------....,
Updated state estimate Updated state covariance

Xk+llhl = - Pk+llk+1 =Pk +11k

.tJ;.,.llk + Wk+ 1V k +1 - Wk+IShl W;~I

Figure 1.3-1 One cycle of KF

The assumptions made above limit the applicability of the basic Kalman filter to a

number of applications, such as:

• Non-linear motion models or measurement equations - these can be resolved

through linearization in the extended Kalman filter; a coordinate conversion, such

as polar to Cartesian, may also resolve difficulties from non-linear dynamics,

Il



• • Unknown inputs and/or changes in the motion model, referred to as mode

changes,

• Auto- or cross-correlated noise,

• Uncertainty as to the origin of measurements, in tenns of data association not

inaccuracy,

• Multiple targets.

More complex filtering methods, most incorporating the KF as their base, have

evol ved to resol ve these di fficulties. A discussion of the conditions for stability of the

Kalman Filter may be found in [11].

1.3.2 Extended Kalman Filter

• A sub-optimal method devised to resolve the problem of non-Iinear motion

models or measurement equations is the extended Kalman filter (EKF).

Modeling Assumptions

The assumptions for the EKP are the same as for the KF except that, while the

noises are still assumed to enter additively, the dynamic and/or measurement equations

are now non-linear functions. The system equations can be inferred from the f10wchart of

the EK.F, which follows.

Aigorithm Flowchart

The EKF uses the Taylor expansion of the non-linear functions in the prediction

stage. The main difference from the KF is the evaluation of Jacobians for the state

transition and measurement equations; therefore, the covariance computations are no

•
12



• longer decoupled from the state estimation calculations. Linearization occurs at the latest

estimate, or along a nominal trajectory (which decouples the covariance computations).

Evol ution of
the system
(true state)

State at l(

x(

Known input
(control or

sensor
motion)

State
estimation

State estimate at tir.

x t1k
-

State
covariance

computation

State cov.mance at fI.:

Pk1k

• "Transition to f(+1

\VI.: ... xt.t\ =Ft xl:
r-

..... ".... .......

"
State prediction

X k1"lll: =

/[k,.rk1k ,lIk ]

-

Evaluation of Jacobians

F =a/(k)1
_ 1.; ax .

X=·(·I<
r-

H, =ilh(k~I)1
ax _.

'(-'(1.111

State prediction covariance

PI.;+llk =
Fk Pl.;lk F; + QI.;

Measurem::nt prediction

Zk-+-Ilk =

Iz[k + 1, .rt + 11k ]

Measurem::nt at [(+1 Measurem::nt residual

"'hl - r-. V k+1 =
H k+IXk+1 + Vhl "hl - '-hljk

-

Residual covariance

Sk.-+-I =
Hk+IPhllkH;+1 + Rhl

Filter gain

Wh! =
Pk+11k H;-+-,S;~I

Updated state covariance

Pk+ Ilk+1 =Pk+llk

- WhlSk+1 W:+ 1

•

+ " r------..z...------,
Updated state estimate

Xk+llk+1 = 1-

.rk+!lk + WI.;+! Vk+!

Figure 1.3..2 One cycle of EKF
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The series expansIon may introduce un-modeled errors that violate sorne

assumptions regarding the prediction errors. The non-Iinear transfonnation will introduce

a bias (a constant error) and the covariance calculation based on the series expansion is

not always accurate. Furthermore, since the expansion is of tïrst arder, higher order tenns

are neglected. FinaIly, the EKF is very sensitive to the accuracy of initial conditions. A

simple, though incomplete, way of compensating for un-modeled errors is to introduce

artificial noise by increasing the process and/or measurement noise covariance, or to

directly increase the filter-calculated state covariance.

In practice, if the initial errors and noises are small (small being a relative term to

the state and measurement) then the EKF performs weil.

1.4 THE MULTIPLE MODEL APPROACH

1.4.1 Overview

The multiple model approach is weil suited for estimation in systems whose

behavior changes with time. One typical such system, relevant in this project, is a

maneuvering aircraft.

A multiple model system is assumed to obey, at any time, one of a finite number r

of motion models. Hence, this system contains both continuous, from noise, uncertainties

and discrete, pertaining to the different models or modes, uncertainties. A Bayesian

approach is adopted in that the posterior mode probabilities (the probabilities that each

model was in effect at the current time step given the measurements obtained) are

obtained using their prior values (the probabilities that each model was in effect at the

14



• prior time step). As the system evolves the filter switches between modes according to a

Markov chain in order to track the target of interest.

An optimal multiple model estimator carries ail the mode sequence hypotheses

(mode combinations, such as: mode 1 at time k, mode 3 at time k+l, etc.). Clearly, such

an approach entails maintaining / possibilities at time k. The complexity of such an

algorithm then increases exponentially with time; that is, it is of complexity 0(/).

1.4.2 The Interacting Multiple Model Estimator

The interacting multiple model (IMM) estimator is the best-known ünd most

widely used of the multiple model approaches. This method mixes track hypotheses with

unit depth at the start of each cycle; therefore, it provides superior tracking performance,

compared to the Kalman or Extended Kalman Filter, and reduced computational

• complexity/cost, compared to the optimum multiple model estimator or multi-hypothesis

tracking [3]. "Mixing track hypotheses with unit depth" means that a weighted

combination of the one step mode sequence hypotheses provides the tracking result.

More likely hypotheses are more heavily weighted, thereby producing an algorithm of

complexity O(r).

Modeling Assumptions

The state model is:

•

Xk = F[M (k H~k-l + w[k -1, M(k)]
::'k = H[M(k)1~k + v[k,M(k)]

15
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• Where M(k) denotes the mode at time k~ that is. the mode in effect during the sampling

period ending at k.

There are finite number of modes r, such that:

(1.4.2-2)

The structure of the system and/or the statistics of the noise, which is assumed to

be gaussian, can differ from mode ta mode:

FlMJJ= FJ

w{k-1,MJ- N (uJ,QJ
(1.4.2-3)

The mode jump process is a Markov chain (the probability of a random process at

time k given ail prior values of the process up ta and including the value at the k_1 lh time

• is the probability of that random variable at time k given only the k_1 lh time) with known

mode transition probabilities.

P{M (k ) = M J 1 M(k - 1) = M,} = PIJ

Aigorithm Flowchart

The algorithm contains four components:

( 1.4.2-4)

• Interaction/mixing: Mixing of the previous cycle mode-conditioned state

estimates and covariance, using the mixing probabilities, ta initialize the CUITent

cycle of each mode-conditioned filter,

•
16



• • Mode-conditioned filtering: Calculation of the state estimates and covariances

conditioned on a mode being in effect. as weIl as of the mode likelihood function;

hence, there are r parallel filters, usually KFs or sorne variation thereof,

• Probability evaluation: Computation of the mixing and the updated mode

probabilities,

• Overall state estimation and covanance: Combination of the latest mode-

conditioned state estimates and covariances to produce a single output; this result

is not used in the next cycle of the algorithm and is for output only.

Al p'i
Xk-llk-I' k-Ilk-[

A' P.'
Xi-Ilk-I' k-=-lIk-1

•

•

1nteractionlmixing

~Ol p'0l --o:! O:!
'\k-Ilk-I' k-Ilk-I Xk-Ilk-I' Pk- I/k- I

Filter
A l

k
- Filter

A~"Ii. MI "'Ii. M2

"1 p'i ,,' p,'
xli.lli.' klk .tilk' klk

Mode probability AI p'i Stale esti mate
1 Il] .tt/k' kil:

A k update and f.lkjk
.tilk ' Pkfk

and covariance .tkjk

Al mixing probability f.l~ combination Pk1kk

f.l~calculation

Figure 1.4-1 One cycle of the (MM (i,j =1,...".)

Steps in IMM Estimation

1. Mixing probability calculation: These are the probabilities that mode Mi was in

effect at time k-l given that Mj is in effect at time k conditioned on the set of

17



• measurements Zk-l. These are calculated, using the assumptions, for iJ = 1,.. .,r,

as:

J.l ~1~llt -1 = P {M k -1 = Mil M k = M j' Z k -1 }

M j 1 M k _1 == M i }p {M k-I== ~P{M k

c j

1 i

= -=- P IjlJ. k-I
c j

where C j

r

L
;=1

;
P ij J.l k-I ( 1.4.2-5)

•

2. InteractionlMixing: Starting with the previous state estimates .t~_llk_1 obtained

from the r different modes (the filter blocks in the above figure) and the

corresponding covariance matrices P:-11k - l , a mixed initial condition for the filler

Mj at time k is calculated. for j =L .. ..r, as:

(1.4.2-6)

DO] ~ 'I] {DI [.... , "D] 1.... , "0] Jr}
r k -Ijk-I = ~ I1k-llk-1 rk-Ilk-I + Xk-Ilk-I - X k - lIk - 1 Xk-Ilk-I - Xk-Ilk-I

1=1

0.4.2-7)

3. Mode-conditioned filtering: The mixed initial condition obtained in step 2 as weil

as the new measurement :k are now used as inputs to each filter Mj at time k,

producing new modal estimates _rf1k and Pk1k • The filters also produce the modal

measurement prediction J.flk-I and the corresponding innovation covariance S:.
The conditional probability densities for the r filters are, as mentioned above,

assumed to be gaussian and are denoted, for j =1, ... ,r, as:

•
A] - N (- . ~] 5 ] )

k - ... k ' '" k Ik -l' k

- 1 expJ 1/ [-:- _:; } r(s ))-1 [,:" _:; } ]}
- 1/ r- /2 "'! "'.(;Ik-I k "'k "'klk-I

(2Jr)~15 f I/! -
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• 4. Mode probability update: The new, post filtering, mode probabilities, for j =

l, ... r, are:

/if =P{M k = M J 1Zk }
1 r

=-/VkLP{M k ==M,IMk_1 =M"Zk_I}P{Mk_1 =M, IZk-l}
c ,=1

r

where c =LA~cJ
}=I

( 1.4.2-9)

5. State estimate and covariance combination: The next point along an established

track, for output purposes, is generated from:

r

,. - '"' :. J Il J
~\.klk - ~ ·\.qk'-k

}=I

r {[ 1 r}_ J J AJ A AJ ~

Pk1k - L /.Ik Pk1k + X klk - X klk X klk - X k1k
pl

(1.4.2-10)

(1.4.2-11)

• A number of parameters in the IMM are left to the user to set, these are:

• The types of filters used - such as, linear (KF) or non-linear (EKF),

• The values of the process noise variances,

• The values of the mode transition probabilities Pij.

Finally, for a 3 linear model IMM the computational requirements are

approximately 4 times higher than for the KF.
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• 2 THE IMM·JVC ALGORITHM

2.1 INTRODUCTION

The tracking accuracy provided by the Interacting Multiple Model state estimator

(IMM). [1]. [2J, has long been recognized as superior to that obtained from other single-

scan positional estimators such as the adaptive Kalman filter or rule-based maneuver

detectors when operating in environments with maneuvering targets. Although it employs

certain simplifying assumptions, the IMM is the least computationally demanding

algorithm of the multiple model filter family. Il also allows for the incorporation of non­

linear motion models (through the EKF) such as coordinated tums. Il has thus proven to

• be more reliable than an adaptive version of the Kalman filter in detecting maneuvering

periods~ for comparisons, see [3] and [4].

However, when dealing with closely maneuvering targets, the most critical role is

played by the chosen method of data association. Without effective association, state

estimation is at risk. Hence, for the purposes of this paper, an [MM state estimation

algorithm was combined with data association based upon the lonker-Voigenant-

Castanon (JVC) optimization procedure. This IMM-JVe algorithm was developed,

implemented, and tested within an aircraft surveillance program. The combined algorithm

may take a favorable place among other approaches, such as the IMM-1PDAF. [6], or the

multi-hypothesis tracking (MHT) [7] .

•
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While constructing the IMM-IVe algorithm, a special emphasis was put on

tackling the important problem of asynchronous sensors, which are likely to deliver

measurements in an out-of-sequence fashion, [8]. This situation is frequentlyencountered

in the case of multiple radars working at various scanning rates and sending scans (see

chapter one for a definition of scan) of data at a pace depending on target density. Since

the data association sub-algorithm and the modes of the IMM filler employ the most

recent measurements to llpdate the tracks. such "out-of-sequence" meaSllrements, if

neglected, can result in: Ca) erroneous state and covariance estimates, (b) improper

measurement to track association. or (c) a complete loss of track. To increase the

reliability of the IMM-IVe algorithm, an approach allowing for the inclusion of such

measurements in the state estimation and data association modules is suggested. This

approach is similar to that found in [9] but results in a different covariance matrix update.

2.2 JVC ASSOCIATION

The Ionker-Voigenant-Castanon (IVC) algorithm is a global nearest neighbor

data association algorithm. It yields a unique pairing of measurements and tracks. While

a nearest neighbor approach would, for every track or measurement, associate each track

(measurement) with the nearest measurement (track), a global nearest neighbor approach

seeks to minimize the total distance, or a function thereof, between tracks and

measurements.

[n terms of the notation put forward in presenting the KF, let Zk1-llk denote the

predicted mean of the measurement Zk+l conditioned on the k past measurements

Zk ={zQ' ... ' Zk}; that is, Zk+llk =H[+I.tkTllk with -tk+11k = E[xk+1 1Zk]. Let Sk+l denote the
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• associated covariance matrix, that is, where

Let i denote variables belonging to the i th track and} denote variables belonging to

the lh measurement. Under the assumption that the probability distribution of the lh

measurement conditioned on the past Z~ is gaussian with mean :~+llk and covariance

S~ .. I (these values are obtained using the KF or equivalent), the nonnalized innovation

d I l ('J)T (S 1 )-1 IJ . h IJ J "1 ' h' d" bd' hsquare (,'J = Vk +1 k+1 Vk + l , Wlt Vhl = ':ktl - Zk+llk' IS cl-square Istn ute Wlt

number of degrees of freedom equal to the dimension of the measurement. With Il

denoting the number of tracks and measurements (the algorithm easily generalizes to the

case of fewer tracks than measurements), the JVe module begins with the evaluation of

• the weights Ci}, ij =1"" ,Il, reflecting the probabilistic distances in ail possible pairings of

the tracks and the measurements, such that:

(2.2-1 )

The weights retlect the probabi lity that the system states do not fall within the

observation gates (regions) delimited by the nonnalized innovations; hence, the weights

are probabilities of non-association. These weights may be placed within an assignment

matrix, allowing the use of a minimizing optimization algorithm as described below. As

described in [11], the JVe algorithm comprises of two sequential steps, the first being

similar to an auction algorithm [12], and the second being a modified version of the

Munkres algorithm [13] for sparse matrices,

•
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•
A unique one-to-one track to measurement pairing is then derived as the solution

X'J to the following linear program:

fi n

l x 'J = l, Lx iJ = l
1=1 J=1

(2.2-2)

(2.2-3)

(2.2-4)

•

Clearly, O\-'J is integer valued, with unity signifying association of a measurement

(0 a track.

The following procedure is used to resolve the matter of track formation. Since

every measurement is considered to be a possible track in this procedure, measurements

are referred to as contacts. When the number of contacts in the buffer is larger than the

number of tracks to be updated, the contacts left unassigned will contribute to the

creation of a new track with a status left as NO-STATUS. If, at a later time, a second

contact is assigned to a NO-STATUS track, then the track, then the track is promoted as

INITIATED. If a third contact is later assigned to an INITIATED track, the track is

promoted as TENTATIVE. It is only at the fourth assigned contact that the status of a

track is declared as FIRM.

When building the JVC assignment matrix, two processes should be considered

since they may alter the performance of the JVe optimization. The first of these two

processes is the buffering scheme chosen to present the sensor reports to the association

module (the JVe module) of the MSDF test-bed. Most of the time, the characteristics of

these buffers (time duration, scanned volume) are intimately related to built-in rules

• characterizing each sensor. Those rules are based on factors such as scan duration,
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scanned angular range, estimared target density, etc. Buffers of sensor reports built

according to those rules are very often used without modification in the contact-to-track

association module. Inadequate buffering could seriously degrade tracking performance

in a dense target environment, especially one involving multiple sensors; scenario 3

below discusses this further.

The second of these two processes is the selection From the MSDF track database

of those tracks that are likely to be updated with a subset of the incoming contacts. For

MSDF systems having real-time constraints, specifie track selection strategies may be

required to reduce the processing time. For instance. there may not be a need to include in

the assignment matrix a track that is distantly removed from the buffered contacts when

nearby tracks are quite certainly the only possibilities for matching. Filtering out these

impossible possibilities would reduce the dimension of the assignment matrix. thereby

reducing the computing time for association without risking accuracy.

2.3 THE IMM MODULE

The [MM is described above in section 1.4.2. The only modifications made to the

[MM module are to integrate it with the lVC module.

2.4 INTEGRATION OF THE IMM AND JVC

As explained above, step 3 of the [MM algorithm employs the measurement Zk. It

is at this point that data association should be incorporated into tracking. Since the state

estimation filler is the IMM, there are. at this step in the estimation process, r different

modal estimates. Rather than matching modal estimates with measurements, a simpler
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•
and faster approach is to obtain a one-step prediction output value from the lMM,

analogous to the updated output in step 5.

The KFIEKF prediction equations, as in the section 1.3.1 or section 1.3.2

f1owchart, for the modesj =l, ... ,r, are:

A01 _ 1:1 A01
Xklk - I - 1" k Xk-Ilk-I

p.01 - F1p'01 (F1)T Q1
k1k-1 - k k-lIk-1 k + k

(2.4-1)

(2.4-2)

The weighting for an [MM one-step predictor can be found by introducing the

prediction probabilities J1f
l
k-1 =P{Mk =Ml 12 k _I }, which are calculated as:

The individual modal estimates 2.4-1,2 are now mixed, as a gaussian mixture [2,

J1 jlk -1 = f P{M k
;=1

•
r

=L: j
P ij j.J. k-I

M j 1 M k _) = Mi' Z k _1 }p {M k _1 = Mil z k _1 }

(2.4-3)

§ 1.4.16], using the prediction probabilities 2.4-3 to produce the [MM one-step predicted

state and covariance, which identify the tracks for the purpose of measurement to track

association.

(2.4-4)

(2.4-5)

•

These results are readily used as inputs to the IVe module to produce the

innovations and the corresponding probabilistic distances, finally yielding the desired

measurement to track associations. The execution of step 3 of the IMM module is thus

enabled, and the two modules, IVe and IMM, are then integrated into one algorithm.
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2.5 THE "OUT-OF..SEQUENCE" MEASUREMENTS

When the measurements from a bank of sensors arrive to a central processor in

batches (such as. corresponding to radar scans) it is a frequent situation that an earlier

measurement anives after a later one. This caBs for a "corrective" procedure whose

purpose would be to incorporate the earlier measurement (arriving out-of-sequence) in

the CUITent state estimate and the corresponding covariance. In this context. a possibility

is presented below.

The Retrodiction Approach

Suppose that a measurement 2'<:+1 arrives at time fk+1 such that [t'-I - [1.:. < 0 ; that is.

'::k+1 is an out-of-sequence measurement. Begin by regarding aIl the previous

measurements Z.<: as no longer available. that is. the previous measurements were not

stored in memory. This assumption is usually the case since recursive algorithms such as

the KF or [MM do not require the measurement history ta function. thereby producing a

saving in the amount of computer memory required. The retrodiction approach

incorporates the measurement '::k+1 when it arrives to produce a "corrected" state estimate

and covariance at ti me fl;:

For this to be possible. a simplifying assumption is necessary which states that the

process noise at time [k+1 is insignificant and thus can be regarded as being equal to zero.

(Otherwise. terms such as E(wt + , 1 Zt] -:t 0 will appear in the calculations. which are

virtually impossible to account for.) The calculation of the corrected state and covariance

estimates is then straightforward and proceeds as follows .
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•
The expectations and covariances of the random variables Xk and Zk+1 conditioned

on the previous measurements Zk are either available as estimates at time fk, or else easily

calculated as:

Xklk = E(xk 1 Zk] - avail.

"'k~lIk = Er..' 1 Z,1=H;.,F,;,_rtl,
L.u = E(x, - -:'1' X~, - _r,~, riZ,1=ftl, - avail.

L r: = E (xk - ·\:klk X"'k~l - "'k~llk r 1 Zk]

= ft
K

(F,-:J H..,
L __ = E (Zk+1 - :k?llk X':k',.J - :k+llk r 1 Zk J

= H;~IFk-~\~lk(Fk-~\r HI.: +1 + RI.: +1 (2.5-1 )

Fk:\ is the system matrix providing for the state transition backwards in time

•
from Xk+1 to Xk. In terms of the above, the desired estimates are:

For the purposes of data association in the JVe module:

" F,-l"
Xk~llk = kT 1xql.:

~~lIk = FI.::\~II.: (Fk:\Y

These expressions arc readily used in the next cycle of the IMM-JVe algorithm.

2.6 SIMULATION EXPERIMENTS

(2.5-2)

(2.5-3)

•

The following expenmental results were obtained on the agent-based Multi-Sensor

Data Fusion Testbed MSDF developed at Lockheed Martin Canada (Montreal) LMC

using a scenario simulator developed by the Canadian Defense Research Establishment

Agency at Valcartier (Quebec) DREV. The algorithm was implemented in the agent-

based MSDF and that implementation is described below in detail.
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• 2.6.1 Scenario 1- Aircraft Closely Maneuvering

This scenario shows two ~ircraft tlying along straight paths at 100mls along a 45°

converging path scanned by radar at a rate of 30rpm. When the distance between the twa

aircraft is of 200m they both perfonn a 90° turn with an acceleration of 3g during 5s.

This trajectory can be seen in Figure 2.6-2.

Simulation shows that when using a nearest neighbar algorithm for association,

the aircraft maneuvers were not detected regardless of the positional estimator algorithm

used (adaptive Kalman or IMM using a constant velocity and a constant acceleration

motion models). For the data fusion module, each aircraft pursues an incorrect rectilinear

(straight line) course. Figure 2.6-1 shows the result obtained when using the nearest

neighbor association algorithm with the IMM for positional estimation. The same

• problem occurs when the IVC algorithm is used for association and combined with an

adaptive KF for positional estimation.

As shown in Figure 2.6-2, the two aircraft were correctly tracked when using an

IMM-IVC combination where the IMM motion models are one constant velocity CV and

one constant acceleration CA (hence CVCA). The !MM transitional probabilities (the off­

diagonal entries in the mode transition matrix; that is, pij where i :t= j ) were set for 10%

switching at 2s measurement intervals (2s being the length of a single radar scan).

One may note that the performance obtained in Figure 2.6-1 wou Id also represent

the expected perfonnance when using the IVC association with buffers of contacts

containing only one sensor report. In such a case, the IVC assignment matrix is of

di mension 1xm, where III is the number of tracks - selected from the track database -

•
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•
which are likely to be updated with the incoming contact. Such a situation would occur

when the measurement report from each aircraft is received for processing separately, as

in the instance of a multi-sensor setup. This situation demonstrates the importance of

proper buffering in a multi-sensor setup.

1ïCCO.O ....-----~-----....,.----.---.,.------.

•
:~o.o

• ·Jt~-IULf ïrùck
• NtJ-IUl.A Trock 2

•

•

Figure 2.6-1 NN association, estimation with adaptive KF or (MM
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Figure 2.6-2 JVC association, estimation with IMM

2.6.2 Scenario 2 - Noise·free Retrodiction

This scenario is of one aircraft tlying at IOOm/s along a straight path. It is tracked

using a long range radar operating at 12rpm, then enters the range of a shon range radar

operating at 60rpm, and finally exits the short range coverage after 750s. Out-of-sequence

measurements were simulated by introducing a delay of 0.5s in the fusion of the slowest

(long ranbe) radar reports.

Figure 2.6-3 shows the covariance of the track in the y-coordinate. The

degradation of the track shown by the covariance increase (the dotted curve) when the

•
aircraft exits the short range is avoided when using the noise-free retrodiction algorithm

(the dashed curve). This figure also shows that the curve corrected by the noise free
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•
retrodiction is c10sely superimposed to that curve obtained when no time shift is

in troduced.
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100000.0
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•
Figure 2.6-3 Track covariance in presence or out-or-sequence measurements

2.6.3 Scenario 3 - Aircraft Closely Maneuvering with Clutter

In order to demonstrate the capabilities of the JVC module in data association, the

following scenario is presented. In this scenario, the two aircraft of scenario lare again

flying along the same path. After the first 20s of the scenatio, where each track is of

FIRM status, random c1utter is added within each buffer. For each clutter-free buffer of

Nt target contacts, a random number N(. between 0 and 3 of c1utter contacts is randomly

•
generated. Then each of the N(. c1utter reports is assigned a randomly generated time
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•
within a radar scan and a randomly generated range-bearing measurement within the

radar field of view. Figure 2.6-4 shows the resulting tracks with clutter.
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Figure 2.6-4 JVC association, IMM-CVCA with clutter
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• Figure 2.6-5 MSDF track creation and liCe duration

Figure 2.6-5 illustrates the life duration and status of the tracks that have been

crcated in the track database. The line length (along the x-axis) represents the track

duration while the track number in the database is given on the y-axis. When only one dot

appears, the track has been created but has a NO-STATUS. When two, three, four, and

more than four dots appear, the status of the track is respectively INITIATED.

TENTATIVE, and FlRM. This figure clearly shows that among the 22 tracks that have

been created, 13 did not risc above NO-STATUS, 3 stopped at INITIATED, 1 at

TENTATIVE, and only 5 reached FIRM status. The KillOldTrack mechanism, which

•
removes from the track database ail the tracks that have not been recently updated, was

deactivated for this simulation. At a scan rate of 30rpm, one might decide to remove
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tracks from the database after 5s (after 2.5 full scans without update). With the

mechanism active. the figure shows that no tracks other than those corresponding to the

(Wo aircraft would have achieved FIRM status.

Figure 2.6-6 2D mapping of the number of contacts in track gales

Figure 2.6-6 shows a two-dimensional mapping of the number of contacts in track

gates. Time is along the horizontal, and the 22 tracks along the vertical. The gray-Ievel

coding in this 2D mapping is interpreted as follows. AIl pixels in black can be ignored in

that the corresponding track is not selected to build the assignment matrix. Then, 3

brightening levels of gray are used when the corresponding track has: an infeasible

assignment (track is selected but the probability of non-association resulting From the

calculation of the statistical distance is higher than a given threshold), one feasible

assignment (one contact in the track gate), and two feasible assignments. White
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•
represents the case of 3 contacts within a track gate. Note that the aircraft tracks (the

bottom [wo) peak in intensity around the scenario's midpoint when they are dosest to

each other. This 2D mapping allows one to identify when JVC optimization is dissimilar

[0 nearest-neighbor assignment.
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Figure 2.6-7 Number of contacts in buffers

Further information may be obtained by considering Figure 2.6-7. This figure

displays the actual number of incoming contacts in the buffer. Comparison with Figure

2.6-6 allows an evaluation of the time at which track gates overlap. For example, at time

43.315, Figure 2.6-7 shows that there are three contacts in the buffer (two from the

aircraft, one from duuer) and the 2D mapping shows that 2 contacts fall in the gates of

• tracks 1 and 2, and 3 contacts fall in the gate of track 3. From Figure 2.6-5, one sees that
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the aircraft contacts are correctly assigned and the clutter contact is assigned to track 3

with a status promotion from INITIATED to TENTATIVE. If the KillOldTrack

mechanism had been active, track 3 would have been previously removed and the dutter

contact would have triggered the creation of a new track.

This scenario highlights the critical role played by the association algorithm for

tracking closely maneuvering targets. The global assignment problem, that JVe

optimization is made to solve, yields an excellent tracking accuracy with a reasonable

computer execution time. Track management functionalities such as the KillOldTrack

mechanism also has a raie to play to reduce the execution time since it will lead to

assignment matrices smaller in size.
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3 DATA TYPES & AGENTS

3.1 THE DECISION AIDS FOR AIRBORNE

SURVEILLANCE PROJECT (DAAS)

The Decision Aids for Airbome Surveillance DAAS research project aims at

building a multi-sensor data fusion MSDF test-bed emulating the fusion of the imaging

and non-imaging sensors onboard a surveillance aircraft. The DAAS is a project

undertaken by Lockheed Martin Canada LMC. This test-bed is implemented upon a

Knowledge-Based System KBS shell, in a very efficient, modular, agent-based

architecture. The contribution of this paper to the DAAS project is focused upon the

enhancement of the test-bed by introducing and improving upon existing algorithms for

tracking, namely, the development of the IMM-IVC algotithm. This chapter desctibes the

test-bed implementation of the [MM-JVC algorithm.

3.2 TE8TBED ARCHITECTURE

The architecture developed by LMC in collaboration with DREV uses a

Knowledge Based System KBS shell based on a BlackBoard-based BB problem-solving

paradigm. This architecture is also shown, along with blocks for input, output,

simulation, and scenario generation, in Figure 3.2-1. The STA (Situation & Threat

Assessment) and RM (Resource Management) agents are outside the scope of this paper.

The test bed includes:
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Infrastructure comprising simulation, performance evaluation, user interaction

(Hel block), and a scenario generator,

MSDF agents - tracking and data association algorithms, as weil as identification

algorithms.

Figure 3.2-1 Test bed architecture

The KBS architecture presents a number of advantages, such as:

•

• A dislributed (multiprocessor) environmenl,

• Design f1exibility, allowing the integration of diversified knowledge sources and

heterogeneous problem-solving mechanisms under a common framework,

• Data- and goal-driven problem solving strategies.

A diagram of the BlackBoard is shown in Figure 3.2-2:
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Figure 3.2...2 KBS BB architecture

Generally speaking. a BlackBoard system, like any expert system computer

program, is a problem-solving engine whose architecture is based on three main

components:

• The knowledge sources,

• A global data base (in this case. the BlackBoard).

• A control structure.

The Knowledge Sources (also referred to as Agents) are the parts of the system

that contain the algorithms, facts, logical rules or heuristics representation needed to

perform the ultimate task of the engine, namely to find a solution to a given problem. The

goal of each knowledge source is to contribute pieces of infonnation by modifying sorne

•
control or data structure that is present on the blackboard that eventually leads to a

solution to the problem. This is where the agents reside.
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The BlackBoard is a global structure that is available to ail knowledge sources ­

the agents - in the system. It contains problem-specific data objects needed by, or

produced by, the knowledge sources, and thm are part of the solution space to the

problem. These data objects can then be connected to others through named links or

relations, or organized into more refined structures or hierarchies. for example by

partitioning or introducing layers on the BlackBoard. This is where the data types reside.

The BlackBoard is a global database accessible by ail agents. It contains ail the

active processing data (inteI1aced. generated and modified by the agents). The agents

performing knowledge transfonnation on the blackboard are independent from each other

and are self-activating or data-driven, in the sense that their activation is triggered by new

pieces of data being put on the blackboard. The agents examine the state of the

blackboard, create new data structures and, when it is necessary, modify them by taking a

data structure of one type and producing a data structure of another type.

The Control Structure is arguably the most delicate part of the system, since any

action can create new conditions that in tum require drastically different problem solving

strategies. It is weil known that the solution reached by a complex system generally

depends on the sequence of intervention of the knowledge sources - the timing in agent

execution. A lot of control mechanisms are available to the developer; typically, they

involvc choosing a focus of attention that is triggered in priority, according to a ranking

based on pre-defined evaluation criteria. This is where the context functions reside.

A BlackBoard environment such as the one described above can be viewed as a

high-Ievel set of routines and instructions, similar to a programming language, than can

be used by a developer to împlement knowledge rules in order to solve a specifie
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problem. The BlackBoard environment has been implemented in C++ rather than in a

higher-Ievel language (such as LISP or Smalltalk) to satisfy the real-time requirement of

the DAAS project.

Figure 3.2-3 displays the MSDF components within the BlackBoard architecture.

JI
blagi1g Reg.hlian J• :[81Q AlI.,.

A88œiilliDn 1'a ":.irJ! FF
.!li Paeilian Estimalian )::1 ÜII(-II
E
üj ID EsI...atian JESM

Figure 3.2-3 MSDF components•
3.3 IMM-JVC IMPLEMENTATION

The relevant code for the IMM-JVC implementation is included following this

section. This implementation uses one constant velocity CV model and one constant

acceleration CA model for Cartesian co-ordinates and is wrilten in C++. For a complete

description of the data types and agents in the MSDF testbed see [3]. What follows is a

description of one cycle of the algorithm.

• Contacts are received, sorted by type (radar, ESM, etc.), and co-ordinates are

converted. The resulting contacts are available on the BB through the contact list.

•
Existing tracks are available through the track list.
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• • Ail possible contacutrack pairs are formed using the CreatePairs agent in

CONTACT_TRACK_PAIR data type form. This data type, ln addition to the

contact and the track, contains instructions regarding what should be done next to

the pair. When a CONTACT_TRACK_PAIR is placed on the BB (see line 183 of

A_CreatePairs.C), those instructions are triggered. One may wonder at this point

the difference between a data type and a C++ c1ass; a data type may be defined by

a c1ass but a data type is used by the BB to trigger agents as weil as to store

information. The CONTACT_TRACK_PAIR data type is a derived data type,

meaning that it is made up of other data types which, when active on the BB, can

also trigger agents. If there are no tracks in the track list, the CreateXYTrack

•

•

agent is triggered.

• Since, depending on its status, a pair can have different instructions the context

function PairUpdate is used to determine which agent currently is needed ta

service the pair.

• The first agent to service the pair is usually that which time updates the track in

the pair. For the IMM-JVC this agent is IMMTimeUpdateXYTrack. This agent

does steps 1, 2, and the prediction portion of 3 in the IMM algorithm (see section

1.4.2). Since the code for this agent is fairly long it has been broken up into a

number of functions included in IMM_CVCA.C and IMMRoutines.C.

• Once the time update is complete, PairUpdate sends the pair to data association.

Data association is a two-step process which first uses the GateXY_XV agent

then the JVCAssignment agent. Following dara association, invalid pairs are
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deleted using the DeletePair agent. Unassigned contacts trigger the use of the

CreateXYTrack agent.

Val id pairs are ready to have the track updated using the contact; that is, the

measurement update portion of step 3, and steps 4 and 5 of the !MM algorithm

may be performed using the IMMFilterXY_XV agent. The pair status is moved to

ID_UPDATE which triggers the ID updating agent, which is followed by the

eventual deleting of the pair through DeletePair.

•

•

• 80th the lMMFilterXY_XV agent and the IMMCreateXYTrack agent spawn

instances of the [MM_COMBINE_STATE data type on the BB. This data type

triggers the IMMGenerateTrack agent which either instantiates a new instance of

the TRACK data type on the BB or finds, updates, and activates the proper

existing instance of the TRACK data type. The TRACK data type triggers an

agent that updates its ID, after which the track is ready for the next contact to

arrive.

As can be seen from the above description, the BB works through a set of events

where a data type triggers an agent which spawns a data type which triggers an agent

which ...

3.4 CONCLUSION

In this paper an algorithm, and ilS implementation, for tracking has been

described. Chapter two of this paper is drawn from two papers co-authored by the CUITent

author and presented at separate conferences [4,5]. These papers describe, for the first

time, the [MM-IVC combination.
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Il Sut V,,"lulo lui "II Ihulnouai'tiJa' .nd dtll'Ibutell of a
Il COli tl.C·' _1'"1.(,1< 1'1. III lullCul.l 11I1I",I,er '1·ItACIC_S·rATE..lJpOATk: l ,
'1'''' h _l .. :.1. - lll.""ICi;
·ll' ..ck_IlIl,ldldd .. ""'.~;Ei

'l rclCU IlfJ .. tvPI: "11'rdcklngTypel G_uacking_typel
StJ l~clellltudf.:COllllw .. f 11l11140dltCCllnblnlltionType 1 G_lIelecl"e1l4odeCombo:

•

l' UI"lùro: l'call_lo' #tl ..ck .. lll1ntlJ.. 1 ./

l'il i , _. d· ,1. dcl•• 11111111 ..11 • IU.I acltld .l r ..ck .llst • "E11I"'ltntl t l' dck_lndll 1 :
p",ia_Id·~tr .. cl;_ .. "lul( • lIdck_lndl(:

l' Sul utl.lllUl .. l'A'II 1""'1:: .,
(;"l V.llllulJyll.. t .. In'hl .. , 1 11101· "l::h,,,ulll Il:II''l ..ct ,hU11( 1. ('(lIn'ACT_'·... l'E. LCOIII ..

• 1 1'1'''11;
'-ut V"I uulJyll.. l .. 1CU'II .. ", 1 i st . ~t: 1t:1..unt ICOlll ..Cl_lndl( 1. 1I1::1.I-:rt:.l'WttAc"·. "th. 1

<.:1 U l.·ullt ... :ll.

/. "pd.. t ot Il .. II • 1tl #cunl dCt _numlJlilr .,
Chll V.I ucllVIlCllCl ICI,"llll:l _ Il st . ;.~1tllnlmll contdct_lnd_l. COIn'ACT_P05ITlotl. &or:

,.III"I:ll'u:dtiu,,!;
I.ùl l' _l,l, .... uIIl"c;l 1I1111,I,ur .. C ..ntClcl, poUll lon·>conldcl .•nllll.l.trr:

fol' Icontdct_inl1M • 0 ; contact_lndA < contAct_Ull·>Uulllbe..OfEI •••ntlll ; co
'lldlct_'lldx. "1

'01 ft r ..CII_illllll • Il ; t l''l'k_ imll( C .elected_trdck_1 ht-~lIlIII\tJ.rO'EI...nt.'1
• '1.ld.,Iulhe"'f

1
1
')

b

.!.!J

:lI.!

1I1

:l1l8
:!O~

:!Ill
211
212
:!II
21~

:!I~

216
li'
2111
21~

2.:u
2:!1
2:! l

.:ri
:':IJ

III

.!t 1

lUO
:lit 1
2n.!
Jill
l(l~

:!lI~

2Uo
:lll}

1""
19"
I~'1

1 ,~

l!tll
Ihl
lit:!
lB)
IA~

Hl~

lU
IH1
188
1.. 9
I!HI
1!l1
111.1
1!l1
lU
I!I~

1!l6

•'

....,
clu'r cc ·CREATE_I·AIRS: Inv.lld C>llll ....:l t\'l'U; Il.,1.,1 ill'J '.ulll ....·t 11101 • -,

."

endl,

1
n.Actlv.lendU fCOUTAC'f _BlIn'EIO :
/, EII 1t f 1'011' t hot l'Ollt 1nu
returll;

// ••• IUlituntlate t!lu IhlW Il.lr 011 lhu 1111 .•••
11Iuullthlenat.tlllalr. CClUTAer..""ACIC l'Mit 1 i
If 1 ·tr.ckllllJ_tYIllI ......._.·II.n:1C ,.

t'ATM._O_ YAI.IOIIIIlH_.tale_updat., .. nllw IlIlt~l .. 1 "111,,1.. ',, 11.0:1 .,t:t .. ,III ..hl"{',, .. ,lou' 1
1. 11111.1.. \

-Auent Cr.at.Palrs: 1111 Ina1 1,1 lil'''Co: lU .. IIu('.nu .ft"'ftoIV!l·I.
S.lValueBv0ollalp.1 r. UIH_STATE_UPt'A"k:. Hill Iollll U "1"I"llll,

•SetVAlueByOatafpalr. TRACIC_tlPOATEO. tl·oIC"_u,ul.. t"dl,
Set valueOyO.t Il fpalr. PAIR_TvrE. Ilot'. _, YllU 1 ;

for Icount.r • 0 : counter C cOlltdcl_1 iSl·,Il••",I"HIIIl::lul"ulIlli Il ; tuu,.lUI'

FATAI._O_YAI.IOflltate_updue. RIlW Stal.UpllettuIlXv_s·r,.n: Illtt· 2111 1. lUI
LL, \

·Agent Cr.atePalrs: No III1Hû SrhlC., tn ,,1I0t .. l ... ",,,mOlY!" 1:

undl'

dl

break;
default :

, •••• Set the DEI.ETE_COIITACT attributs tu Thlll:: dllii .. t:lIVdtOf thot COllldt:1

" .
1/ Swlteh on cont.ct tyr•••nd TldCk COOltllu.. l" SYlil"'1I" .

br.ak,
c ••• RBI

, ·p.1 r _type • IIBMBI
..ATAI._O_VAI.IDI htale_updat•• new Sld,-.LJI"I.. t.tlllth S'I·I.Tk:.llllt • 2111 !. tlU

1.1.. \
·AC)ent Cr.at.Palr.: rio tlll>rU 101'''CU t" "llo(; .. llt IhO:lh(.lyll·,.

Iwltch I·contact_typel.
ca•• X"':

·palr_lvpu ......... :•"du' m:ulIG
c.,,' cc ·Cr.al.,Pcalr:1 1'."·_tYl'U. Il'IIIV: nll lld"'" III lI ... k.lll.l· ". " ...11:

/. S.l aurlbute rA 1"_T"'Pt:: , ./
GetVdluIlOyO.. talcolllacl_lllt· >t:1 olmunl ICOllldct, 1IIlIM l, (;'IIIrl.I·l' ;r\"l'l;, LL",lIl.H. t

_tvpell
Celt V.lueByOata fcontact_1 1Il·>Eh,menll contac:t, IlIdlt l, IH:U:TE. CIJIITI.C t, ".te Io:l

•• contacll:

/. 1Illllat. I1calr_ld-~contact_nullWur .,
GlllVlIlluvBVOatafcOlllacl_1 Ist ·>ll~mUllll('Olltdcl 1I1lb:1. t'IliUM '1 ,l'U!iI'l'IIIII, Lcnn

tdct,llU.Illon):
l'.' r _ Id· >contact_f1ultllulr • Contllct, po.1 t 1UII "t:lIllt ,01 t ,111111.1'''1 ;

1'i'J
U6
1~1

ISII

1101
l''~

&16
1'11
1111

lU
Iii)
1601
165

'"161
1611
lU
1'10
1'11
l":!
1'1 J

l'i~

160

161

UO
I~I

U2
I!1J
1'.»'"

I~.a

l:l!)
I:!11

121
LIt!
IJ'J
110

III

lU
1))
Il.a
Il!I
))6

lJl
118
119
1.. 0
1"1
lU
lU
lU

US
IH
141
1011
lU
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'''ul"lc (,,,,.1 ... 1 • T"IIt:;
1.':1 j v.. ll!hII11ul •• ll.:ollIl"':l. 1I".l· :.1::1 t:.....nt ICUllllIel J • 1

,. IlIllldlnll .. tu Illll Il .. '1 IJoIi, 011 tlltt 8B .• ,
Ill~ldlll idtl:lldl .. I"di r. CCJIITllt:1'_·r'U,CK_PAIRII
Il 1 • t 1 ..ck HilL 1 Yl,e &U IIIH..... 1.Ti:fl 1 (

"1.1'111._0 ._VIII.I Olllllit. lil dll tI.llr"'dle • nllw lHI.Sl altoUpdcstttlsel ect.dliodeca.lbo
Il 1- III/U.. \

endl;

I,n.ut.;
,l'''dult :

Cil ... ~ .. "In c:.t!ate .... lrt;.: tCdck tVlle undefilled." cc endl;
".llIOI;

curr c~ ·CkF.ATE."AIRS: Invalld contacl type: Delelino contact list •

1
l'Ic.. t.

.11:, ...111.
, •••• Sul 1111: l'lU':'rE_(',ltn'ACT ~ltrlhul«s lu TRU~ dnl! _ctlvalte the cont.c

111:.111111 itll .. Il.II .. I"!tIo'lJlI, ASSIl:IlIIt:.J'f1 ;
.',.Thl._U V"'I.IIHI"I.:.lulII''':IIl_'''''llllC ..

\
•• .,,, "lo"I","nl.:lIl H.,I 1 1.. 1..., l ..cI ucl ,1' .,ck .11 ui ""t1nl,«srOft:J"'.lflll" Il •

,u"I.IL:I_II'lI·~IJ"""'''ICI'';lu.nelllslll' IL tU/"'.. \
,,,u.,111 '."dl~p.,ln;: 110 mOlO lOlldce lU ","oc.Uat InemorY"-I.

.·"T/.I._U V"".IIlII""I"fCI""_lllllnllur • new Cal c.Iillèl 11 1.. WU.I ••
\

"ACJollll CICdl .. rdI15; 110 1II0re spac:e to allocate lIIelllorv'!

1
n""CI 1V~lltll.i 1 .. l' 'OU1'ACT . DIWf't:H 1 ;
I"llltll;

'UI le""I1I"" • Il i Coulltbr .. con' ..cl_lt.t·~tlumhvrO'Ele..ent.1I , counlt.

'''''1:111 t'I*lJltll'dlrll: Il.. lIluro t.pac .. 10 .llocale ."lIorY"-1

, •••• IlIt.t"lIl Iu 1110 "!l~ll"""Un' 01.. 1.. lVltI', •••• ,
, " III 1

, ··1

IIU:d.,i
'gloU 1111,

'1 •.,11 .IYI'u • liIl IJU ,
."·r"',_fI V"I.lIllllOldllll_UI.... t"' .. nf:W Sl;'UlllpddlvllBu..STATE_OIH· 21111

'1;

,;.,1 Va "1"h~ll.. l .. Il.·Olli d~l. II1Ill • :.l!lltlhlJlIl ICUlltli lU" 1. ot:f.~rE_corITACT. 'rtel ..
Iv l.1I111"':11 i

·11111.' •.

t. • ••• 1

l' .11

S.,I V.. lulllIylt•• I "1I... ll. 1111•• S"ATE_UI'UATE. IIlH .Sldlu.u"datltl,
1
Sûl VIIlllultyll.Jt d Il'd II. TH .... :,,_IJPOATEn. [rdck_ur,dal edl,
S... V.. ltn:Uylldldl .... ir. p"IU_TY"':. polir_lypel;
SillVealudüvlI.. ld Ir".l r. p"'"_IO. pal [_Idl:
S61V.. lueltyll.. ldll'dir. T"Sl<. palr_laskl;
51:1 V. " ... "ylldt .,111.. i r. "HAL'K ItlC_TYPE. li ack lnll_lyptd;
Sùl V.. 1ul!&~Il.,1 .. Il,.. i •. 1HAI:K. ~j'fATf: .III'U~1'E. .lal., .updal Irl ;
1.0111' ,l'Ill 1.':111..11111 1 ;

• Il .lu' hUllIt;
Il"1111'110111,,,' •• ·IIlEI.Tt:_'·"JHS; conlacl l'd aSSllcicsltict lo track '\d 'n°,

1... lr_I"·'C ••1I1oCl nu......u .. ll~il .ld':.lttlck_"I1I1.hlfrL
'''II,1i ,

'. ;

I.!H
I.!~

1 III
III
Il;'!
lla
11-1
Il')
lib

Il'
Il"

III •

III',
lll6
1U1
lOf!
10'1
lIO
JlI
III
Il)
lU
Il!i

11'1
Il H
1I!1
120
UI
lU
)21

I.!-I
L!!i
1.!6.;,!.,

291

j'd

1-111
HI

Il'}

116

)02

J'J-I
i9!J
:!!l6
291
298
H!f
11111
lul

.!"~
2!1h
1~1

2'1:1
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lJr".k,
d"hull:

cerr cc "In Cnteter.lrsl: ll'ac:k 1 VIIU '1I111 .. IIII"J • ,. ull.lI;
tllthlOl,

"A'J_"t CI""I"I'.. II:.I: Il .. 1'''lIu "I •• II,U lu •• llou' .. l" Inv.".. I\···

""I)_llt Creat.Pairu; lIu In,Hu 101''":u lu .. 11 .. .: .. 10: ,n"'hulY!!

• "111.1.. \

.wllch 1'~ont~ct_lvPvl(

c.s" I(y;

""'lent Cleatill'air:.!: lIu '10"1" lol'.n:u lit oIlIul.at.: n,o;lnuIY'!

.....tcled_lr.clc_1 hl· )i:lulIlt!nllll dct .lrllll( 1';

bruak.
C.5. 80:

','a i r _lype • RBBO:
t·ATAI._O_V~I.IDllst.te_updatti. nt!w Sttllo:lllllldlo.!llbl,.sr"n::_OIIt • lili !

1
lu ••kl

C.UI .. 00:
~w.lc:hlll.ltlt~told_trdlek_lVlle·:.t;IIt.nCIlIII'dlk Il,,IKIII
(;,.." KYI

·'hlll_tVlHI • ROXY;
.'A'·AI._0_VAI.'1l1IloldlU_"JlJdlt;t. Il.JW SllJlulll'oI.llullll\' :...."' ... 1;.11111· 2111 '

1
lInf.kl

c••• R8:
.wltchl.el.cted_track_tytle->ElemelU ltrark_ inchelll
ca •• RD:

·p.lr_lype • MOAB:
.'''TAl._O_VAI.IDIl.t.tlt_updal6t • noJw Sl,llulll ..... ldllllll !on.n: IIIH • li" •

br••k.
c••e BO:

·p.II'_tytl•• lCYBO,
.·ATM._O_VAI.IOlh.late.lllldllhf. ndW SI.lull••• I.. lullllll !•• "n: 11111 • i ••• '

bluak;
l.:.Ui .. l'II:

·1'"lr_tVl'•• DOAB;
rATAL_O_V~I.IDI15l.te_updat•• nuw Sldto:lI".lutullllll.!;I'''Tt:_rlllt • :lI" '

break,
dllfauh:

c ..rr cc "In Creat.Pairsl: lrack tV'ltf IIl1ll .. tlnu.l ••• ,,/l,II;
eltlllOl1

·"IIent CreatePalrs: 110 mOiti ~ ....Ct! lu .. llolCalu "hllllU'Y"

·1'
-"genl CrealePdlit:.l: 110 ""H" lol"ot.:u 1 •• ull"t:dlu ....:.n.. I\··'

switchh.leCled_track_lype-:-Elemelllllrad._III.I.c111
cali. XY:

·l'•• r_lytlv • XYXY,
.·"TA••_O_VA'.ID li uale_Urlltoille • nt!w SI.I ..IIII.... 1 Of IIlC\', ST'" n:. Illlt • J'" !

·"I)ent CreatePelru: Ill) mOI" bPII(;l! tu dlloCdlll In.,lnIlIY!!

• '"11.1••

"1;

• Ill......

" l ,

• 11111.1 ••

• t ;

l' 1.lu' Ili:Ulk'
C...· ~c "Crealel'lIh"11 l'IIIr_lVIIt! .. XYlCV' " t:1\I1I;

• 1I1tl.l••
~H

HZ
:l'JI
2U
:n!»
216
2'1
211
2"19
2110
Zltl
:!lIJ

:!lll

1HlI

:!li6

67
liII
69
10

:!'Il

::u
.!H!J
lH'
211 ,

2~~

Z~"
Hl
Hl!
:!!)9
260
:lU
262
26)
:!u
:!6!»

H~

.!UI
2n
:ln
2<19
2!)O
l'JI
:!"l2
l\1

lU
li!»
~ICI

III
HII
lllJ
UO
lU
lU
HI

.!~.

•- •••
3

•
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lU
1011

JH
U':»

U6
UI
UH

Jt'J

'!lr,
l'J 1

'~.t
.~.
lH
JS~

H6
I!I'I
• !lit
''J'J
.tllJ..,
162
l')
lU
J6!»
lU
1., .,
UN
lU
no
)11
III
)7)

lH

"Aoent CI'.atePa 11'1: t.o 11I01'. IllolCl: 1 U .. II ...; ... 0: h'O:lnc•• V li' ••
t'Ie'·M. O_VAI.IDII •••oc'at 101l_lvpe • IlIlW "illiDe I.H i""'v.'u 1 1- 11111.1 .•,

""o.nt Cl'e.t."lIIil'.: 11011I01'. 11'.1(:1: lu u"(Jl:ùltl InUClIlJ''1'··'.
.·leTAI•. O_VAl.IDIIl ht_.he • new Cdrdin.. " ! .. 11I11.1 .•,

"Agent Creal.P.irs: Uo more Ipolce la .1I0l:dlIV Inllmoly!!'I;

,. Set "'.'u•• fol' ail th•••mber. dnd oIllrlhul.:' 01 tilt! Out .. Tvr.o: I.!;!;Ic,llIu....r.,
• ••p.cted_nulllbel' • contac:t_list-:'IIumherOfE'emO:lll511 • 5uluc:lu.I.I.ùrl. , ......U

IlIllbllrOU: 1tt••llt li 11 1

·11~t_.lz. • 0,
• •••oc: I•• 10n_t VIle • f"'.oc1.t iQIlTypt= 1 1i_."lIDC id' 61'".1 VI''',
.u.,ul\l.unt ..••t&hc-~lr.c:k_nullllhll_.... 1 .. ",lIl1ch:.1 lI,H·I. 11:.1.

SetV.lu.ByDne' ••• 'vo, ASSOCIATIOU_TYPE, a ..oel ... hm_l YI 1.: , :

S.tV.lu.BVD.t.C....un. EICPECTEO_tlUIIBEM. e.pllct.et.numh.!ll;
SetV.'ueByO.I. C••• 'vn, I.IST_SUE, 1hl_.' 181;
StftV.lu.BvD.I.f....gn. ASSIClUll:"T_I."TMIJL lIIIiSIU"",ulIl .•ndli "'1.
Sutv.lueUvnata, ••• lgn. COUTACT _T....·~, contdcl_l Vl'ul ;

/. l'ut lh.. n.te Typ. ASSIGtnll:UT li" Ih" UU .,

••• lgn-.PutActOn88111

d.l~t••• '.Ctud_tI'8Ck_lvp.,,
D~"ctlv.tlll"oIU'CoHTACT_BlIFFI:::"11
• ",t Il l',,:

l ..cluclllltaseAgellt 'Cc••teP."'., ·COIIT"r.'r .UI,..n:N COIII'A('" ,"~"n( .1'1..114·,
·Cr".te thu contdctllr .. o.;k Ildlrli 10. Udt IIIIJ °1.

•• .--, .'
4
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l' • •• InU.nt' at e dnd r III l hu TRAC" .S'rATE ..... l d l Vllu, • 1

, •••• Thl. agenl creat •• a new TrackStdte dnd PrOlJo:ollloll
, •••• J.. Drder tD cr.at. a uew leY lldek, •••• ,

void Cr.al.I(YTl'ackCLoBl.ckOoard 'l'a'' 1
1

Il hl. ( DE8UO
c.rr cc ·CrealeXYTrack"ccendl:

'"tndl f

(1 ...:1:11101 (V"u .. ITldCkltllirVllul U,l ... a:klnl,-'V"u;
"WIII •• ltl ,lI'k j"".1 VI'" 1 1

rAT"I•. U.Vlot.IIH Itr.ck.Ucltu • n.,w Tr.ckSletet IXY_STATE_"IH • 2)) t la "ULL.
\

·"'Julll t'l .... U,)IYl·r.clr.: 11o .on. 'Ildee to allocate .....ary"·I;

lldCI. Iil .. ',,· .. t .. rlJ .. t_nullllt.u ~ L·onldct.po.Jtlon·:.target_nulllber-:
1 ••C~.S'cll .. ·»trdc~.nu~~r .. "G_current_nb_lr-ackSI
t r ..ck .Iolcll .. · .. tVlld Il ·conl ..cl_lype:
c r.c~_$l .. t .. · .. SllalUS • IIItTIATi::OJ

l' SII.l...... I!io cOlnputt! )1. Y. dltltude. Vle. vy. and vz .• ,
lrclcL.st~IU·>)I • trclck_lotdle->stale_vec->meIOI,OII
lrdck.:oldl~·"V .. track.stdt~->lldltt_vec·"m~IIIIOI:

I.dct .t ..t~·'V)l ~ l'dc~.~lale·~5tdl._v~c-:.~eI21101:

IlucL ~'~'u·ovy - lldCk ~tdl8-~!itdle_v&c'.~u')1101:

Il Ic"1 • ""lIl.ICI 1"'lôll"oll· .. t.ldl v~(:->m"IIJIIOI . oWlllollil,.IIc1ta·:.x.pnu.
\' ..·1· ,:.11.1.11'1 l'''loitl t v,,&: .. " ..dllllli . uwlll.loll •.• I.. I. .. ·"'y.I"'u;
... Il"l 1
~ lui· ,:ullt"(.I."UIIIII'"I·"I.\dl".Vo:C·"""IIIIIOI:
V 1,,1. o:ulIluCI.I'UlllllolI-Ol.ldlu.VilC-;lI l ullllllJ;

1
l''' .... :.I .. lu • ... IIIJ.. ~ :>ldlll.llulIlJcllC.r .. 1. Y.II:II;
Ilu(.·I~ !tlulu -1..: ... 111.., ~ !i1dfll.lhldIII\UllC_l"l. v.r .. ll;

Ir.ck_II ..I~·>limd .. conlact_posit.on·»ti.e;
te ..cl: .1l.llI· >Udle_Vf:C' >Iae' 0 J, 0 J '" contact. POY i llon->state_vec- >...e' 0 1'01;
lied:" il dlol-":ilal".V~C·;"ae'I"OI .. cOlltdct_l>usJ l1Dn->sldte_vec->•• fll,OI:

if II: , ....J~, l'Ub 1·t.t.,"1 •• xv .1u,:1. 111.141'1
1

ll ..ck 101''lu">>~ldt''_Vuc'~~~I~I'OI • 0.0;
lr ..ck.ll.l~·>~t.l~.vec·>~~')IIOI • 0 0:

1
.11", if IG.t.rU.. t_polo.coo....... XY_HE"-OU"SI

Il l,ul IlwnlohJp Il.. l0
nul V.. I"':IIVU.. l .... I.IOl Illla.mcu lotllWIlIi' IIA·fll. h,mnll 1P_IlATA. ~own.hlp_d.l.' J
li ... 1. IoI .. lu· ;,~l lu VU... • .. IIIU'J 1101.. (j",ul.hll'.ll..l.-»K_V~"
li 011 1... , .. lu· .. "l luvul: "IIIU' 11101 -' uWIll.hlll.(ldl.·:'V.VIII:

111 ..11"\1 011101 Il,,, ... IIIIJ .. h/.JV:' COlal'1I1ull.ullallVU ID Ownshl11
il Il: l"llJul .... lo.cuo.d -- XY_II~I._I'IH'·I

1

lrclct, .. ldlU .. ~lllt\l(lu • COllldCt_poyitioll·>~1l1llllhll

Il lI .. lI, IoldU,.:.a.il ... 11l vIfC·:'11I.d21101 .. 0 O.
Il Il ..d,,.'dle·>I,u .. l,,,.vllc·>nld'llIlll'' 0.0;
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"'1",'"1''' i"'ulIn"lll,,, in olliei lu CUtol,l8 Il ntl'" KY trdck."I.

Ih
III~

I~O

191
11).!
1g)

l!f~

I~S

196
19"

e·

•••• 1

e·

1 • ••• S.n the Dtt.ETE_COItrAeT all'" 1111' -. 1u TIUIl: c1 ... 1 dl" 1 \... , 0: ll.t} " ....,.u,

, •••• Set tha PAIRTASI( .tlrl .... IU l" 1U::'.1::1·"; 1·'........ /
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.indudll "TncklngTypa.h"

• IlIc 1ude "l.oBDFunc t 1ona . h"
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track_sCate_dl. - ~ • IV_STATE_OIH:

delta_tlme • lcont.ct_po.ltlon·~tlme - lrllck_5ldl~ ~li ...ul~
If tld.... l._tlm.1 du'ta_tlme D 0.001:

,- Aetrlev. the contact l'~t •• ,
aetValuelJVnataFI ralllliltane ... CCOII'l'AC'I·_"U..·... [lt. l'IIIHM'!', 1.1 !;T. a.. "Ill .... 1

,. "eu'lev. th.. pel r. .,
aetValueDvn.talpalr. P"IH_IO, ~1l.lr_Idl:

l' "etrl.vu the tr-ack_at.t •. '1
track • GetTr.ck hJ.1r _Id· >tr.ck_nulllh.... ,
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treck_atllte. track-JJ0llltlon'>stete_hislocVIOI;
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•
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InOIJ.,c.:Olllbo .. IIl1t_U~ck .. lileot .. "'IIIOdilCUIIlI,o:

Co!l" « "REI.'AItS xv l;l,He V.,clor IIpddled • <:< endl;

covtllolIl_dlu_)( .. Ilwllshll,_d.sld· >le_vul' df:llta_t 1Ille,
covltlll!lCdisl_V .. t,wIl5hll).(idtet·~y_vul· .Iella_llme;

u,.,11 t.h~l_VI/lt.Jll.a_l '111",
• i rIId r lItOU"

trdck_ltetü->Sldte_vIIC-"lIIe,'.IOI • cov

if Itr.ck_lt.c~·>~t.lU~ •• ItllTIATEPl1J, "n XY COIU.CI IIpJeotU. clll lnitialt!d XV Trllck. tlo IHH
" l''l'H hi ... PI 01 11111 ln.' li, .. Iioliiliondi d.la _nd the
JI Lllv.atlull',u Mh.ltllC IInl"I 1." 1IIIlIcl'UII,

CI, .. I .It .. l Ill'tlcll •• lllI'u;
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loldt" .111111. )I.l ... LI VLlI" -n'l! 111101 • cOlIl.sct.po.lt lon-:oui ette_\llIc->_I' 1101:
utat" 111,,1 ;lolulu Vut,: -1".,1211111 .. h·t'f1ldCl_fH.a.ll'UII·;ltl&lte.ver.-:.... llIlCOI

t ,,,ck_Sldltt->st,,lu_v-,,c->.lI4rIOI,OI , cnv
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.. '.alu .uI.J· 'IVI'... l' .. t·k ... l .. ,,,· ~lVI»"1
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1.,.1111 t
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·contact.po.ltlon,
'contact_llat,
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'palr_ld,
-p.l r-3.lk,
-tuck-poaltlonl
-track_stat•• "late_updl
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d.lta_t IIael
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lHHHodeCollbinatlollType
IHtlTrackSute
IHHStatellpdate

C.rdlnal
Cont.cc'o_Itlon
LoLblBBPtr
LoBI.ckBoard
'al 1'10
P....T..k
Po. 1tionType
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doubl.
double
double
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Ilnelude "ColllaccPo.llloll.b·1. ncl ud. ·1.oBlac;k8oard. ta"
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JIH Mt.le_upd->b•• rlng • Sldnt_U.~ringl._r.l. y_r~ll;

HIJ
20111 , •••• Set th. velue o, the IHH_COHBIIIE_STATE ddl. IVII.... 1101 IlU' Il Il':11\''' 1...

• he lie. • ••• ,
.101 1 Inlune laeeDaU Idau_ptr. IHH_COIIBJNE_STATEI;
H~ SVlVelueByOeteCdete-Plr. TRACI<_STATE. SUU_Ulldl;
HI SetVelueSyDetefdue-ptr. 11t1l_"RACI\_STATt:. IIl1t_Iala": IIll1ll,
!~. d.ta.ptr->PutAclOnRBIII
... ,~
;r~., , •••• s.t th. PAIR_TASIe elu'1Lule ta IU_III'II""" .•••• 1

2~1 OecvalueByDate,pair. TASIC. Lp.lr_t ••kl;
HI ·llalr_talle • ID_UPDATE;
:U9
2~o 'l'd.' DEBUG
:l!»' hll'lnl.f.td.rr. ·A_IHH.·Jhe.XY_XV: fUlIe tdroul •••1 .....111 ...... Il'' III', :.I .. lv

1I11l1- >1 al uel_nulaber • pair_Id - > l ~&lCk_lllllnlJer 1 :
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2!»!I returnl
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O.tVelutlUvOataU r.ek. POSITIOU, ~po.lt lonl;
SetV.lulIltvOatdll .. ack. IIIII.1'RACI<_STATE. 11l1I.II.Hk :.1 .. 1,,1.
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Ilnclude "IHH_CVCA.ho
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Page 2
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°ACJ.tnt JVC: lin 1I10r. sp"e. ta .Uocel. lltelllOcyll-J.

/1 Thol CO_1l1l1ll 1Ill'flHhwtli the contdct IlIdeJl lend not th. contact nu.-h.rl
JI IoU lhe: lollowinu 111141 ... CIl..

(>"1 VotluuUyllllt otlt'on1.ac:t_1 hl - ... ~ll:m .. lIl lieD-II. COUTACT_POSITION. "contacl_po
lItlllulIl.

GutV.lu~DV(ldldlcnnl"ct_1'lot ->Ele'Dentllcu-I'. CONTACT_TYPE. 'contect_tvperl:
(;utVllluutlyllatdlculIldt:t_llst· :.l::lll!lnelllllcCI·II. COIITACT_ID••contact_ldll

1... 1•.. Id· :.con, dt:t .lItlllll>tu " CUllt det, pOli III on- >conllilct_nlllÛlel':
1/ 1J111I1lI0'"CulIlotcl .,.1°. IIdl •. J,1 "COllldcl_nuIll1J.rl.
1/ '1'.lIllfllilelt,". o'nXllc.o)·I"l,lo. XI.cul-111

, , .. 1'1; 1111111""1 - .. ,,'" IIJ11InUIII _"••U. 1. - .. , I ..,'k lu.."I;ur.1 "il -;. t::h'lI1unt 1XIlco 1-1' ,
Il 1;111I1'lo'"l ... l:k ""0. l ...C' ........."I.tlll.

Il 1111 "l:); .l.l. • C,ul1'1 .. c:I, Ir r de,k ... \I..l;..,t 1 1 .. - 11111.1.1 1
l:u 1. .... ° l· ••u 1. Itl.ue: Il Il..1 III Il,u lied 1 tlcu:u n"l tl,cliol • ce unrll;
luttllll;

t'ut V.. llh:llyl ...1d Il' "L't. 1111. l'US IT 1011, tot rLlck.llOS' t ion 1 •

"•• ue". "Iltt.. t.., .. - """SI:: •
·I,.. II .. l .. ~). - 1·1;!.i 'II'II,,'rt: •
"11 ..d:hl!J.lVl'u - 11·...d:iIlU'l'YIlIl:I G_trdL'l,;illlJ_lvpe.
~ul"':I ... ltltl.tcl'oll.l1O .. IIIUllhJ<J~CCJII,lJirllll iOIl1'Ylltll G_s .. lectedJfodeComlJo;

.". i 1 _ 1'" ;. li dl": ,,, ..,,II.,. • C 1 ...:1:. 1111111""1 •

•• I.lu' ..thll':
1.1i1llll-\1IIhJn,lI.. r ut ull!'"t:lIlt. III lhll trotte" 115t:o\do. d$ShJflment_ft\cItrIJl->trdck_n

2

•
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"·~T~I._O_V~I.IOII'l.te_upddle· m,loi SIdluiJl'tI"'l:ltIlCl ~·1"1t.: 11111' .!'" !. 1111
1.1., \

·"(jelll ,Ive, "" ""Il ù ~1"lcu • 0 ,,1 .... ~ .. I c "'cln"a ~. ! •••

1.
Gù' V.. hUrUyDdl .. CC"lIl ..rI. Il Ml, :>t:lelhenll 1co-II. ('D,rrACT_ ID. ,"contacl_idl;

-1.1'<1111 .IVI·, 1111 m(Jr" "lhiCU lO .1 local .. IIItll1lUlyll-l:

3

·,,"".ldltk .. 1'I1k:I.'l't ''':11.''111.1'1<.

I.wilrll l'LUlllu,' IVI""C
t: .. :..: "UI

°1'''II_IVllt: • HIIIHt,
tl.rl.l .. O_VI.I.lllII1o'dld.1IIllfdI8 a tlll'" Sldll:llpJotteIIIlB_STATE_OIH· 2111 l­,

-"'.JUil' JVC: 110 IIIore spuce to allocate Inellloryl 1-1;

•

t·I.TM. O_VM,lllIIlIClI·k.lIl'd.. l~11 a n ..w l.o.lIooleanl 1- t1111.L..
'''!JUlll .Ive: "<11110 SPIU:U to allocate .....orY"·':

t·""I'M •. O.VAI.IOC"llJll.id & Ih!W 1' 10111 la HIIl.L,
• AUull1 JVC: lIu Il,0r pacll lO alloc.u. lIleMOryllol.

t·"T"'I .. O_VAI.IIlIIII.. It. 'VI'tI • ""'" PairTvpul ,- HIII.I••
- "Uo.lnl .1Ve; Il.. 1lI01" .puce lO .. II ocat. llIe..ory 1 1" 1 :

t·""M. n VAI,IIIII'''''1 '''1011. & Il'''''' PIA Ir 1'd!ll: 1 'a '1111.1 ••
-"IJUlll .Ive: lIu moru 51'''cU 10 .. lIocale M••ory"-I.

t·hTl.r •• O.VM.II"llI"L~illlJ.''1llu " new TrdckinoTvpel ,- 11111.1••

0' 1 .. 1.1.....1..1.. '"'' • ''''0111:..
°ll ..d;III!.!.1 '11'1: • 11'1.It:k 111•."1'\'11"1 G.lrucl:lny_t'lP8;
llulurl ... ,II"hld:l.llllll' • 1IIIIIIIuilo:Cu'IlI.III .. 111l1l1·ypa:1 G . lia: 1IICh!t1liocl"ColnLo;

Ihlll 1"'''1:1111''11:1 111111.... '" & L·,,"I"Cl.l,osll iO/'·>Colltdct.nlllnllul'
1•• 011 1,1"'1"1.:1.. 111111'.'<11 • O.

1
.duu'

1/ Iha"lIlo'u"ul! C.·.... l .... I .... ru Ulv"'ll a tr ..ck.""lI'hur uf ·14~lC.TIIlAC:1C0.

/1 Till"'&: will Ill/L'"O''' lIuw TrclLk •.

" 1'hili l ...n llnoHll.iUlluli ('(JllluCI lhal ",III becollle .. new Tl"ack.
" 'lld 5 i li • Iltl'" , ••Ii 1

" Alloc ... " tlu'Mu.V "'1" ,..,lot I.dll·.

/1 IlIlalallli.lu li... lIew pair UII lh.. 1111.
IIII;I .. ,1l i .. telle.I .. II'''''' c.OlI'r~C:T .'l'R~CI<_''~'RI:

il 1 ·lIold.iIlIJ_IYIIU o~ IlIlt_ ..·":tt:1l 1 C
"'1.1"1. O_V""11l1111l1t llol .. lu "1 ••I.. lu a Ih'W JtUIStoteIlIJdalel ... lectedHocJ.COftlhoII

,- Ulll .... \

-"'.Juill .IVL": IIu ..OIU IipliCe lO .1I0c.. l ••e.oryll"l;
Sulv.. 1uo:byO..la Il''' li , IlIlf.:)·,.I....t:_CII·D~'·E. 1HH_llIt clh,_"pdale 1 :

1
S .. l V.. llIcByO.U hl.. i 1. iIlI.CIC_IIPOATED. tud:,_updatedl;
5&:'V.lut:OVUoll , i •. l'AIH. TV"t:. Il.ir_lyptrl.
:.o.lIV.. I .. cIlVIl.IlI II. l'Alli III. l' 1.IL
:.u' V.. I ...,tJV.,.. I .. 1&,.. 11 , 'j·A:;.;. 1101 i'a uk 1 ;
!i~lV~'u",UyUIll"Cllull. 1IlM.:t:IIIU_TYPE. ll ..ck'nll_tVJ1el.
SutV.lu.,8yDat.'llal •. THACK_STATE_"PDIITE. slate_updalel:
(1 .. 1r ... PlIIl.clOn8lH l ,

11111,1..

'1 'dut IJI::UlII;
l.rllllll·\Il.... trllll\lltll.. l.tl. ''''''lIltlvned -> m~'" TRAr.K\n°, Ico. Xllcol. ..trlx->•

u'IcoIIX"cuill.
1"'11111 •

Go.ll Vd 1.. .,"yO.. 'a 1C"nldrl _ Ilia' :>ElePl.mll Ica· JI. CO'rrACT_POSITION, .contacl_
I.Ultit lu"l.

(idl V.. 1u ..U'IO", .. 1rl.lllo1Cl .lllH . ~E Illmenl • 'Cl)- Il. COirrACT_TYPE. 'contAcc_type

t ....
tn
t!JO

t!J1

I~~

)~6

I!J l
15"
j~'I

160
ID 1
162

1711

1!J:t
)!J )

IH

lb 1
161
16'.1
166
16"
1(,11
lU
1'10
III
112
III
III
j'J~

)'16
III

IH
l:!11
129
UO
III
lIJ
III
lU
U!l
))6
III
III
JI!I
lolO
141
IH
lU
tH
U!J
U6
Hl

J 0
1 1
1 2
1 )
1 ~

1 ~

1 6

•. ,•

bl".ak,
c••• Ait:

• '''''tch C·cont.ct_typ.IC
c••• ItBI

·pall"_tvp•• ADAO:
br••k.

c••• BOl
·pall"_type • BOAIt;
bre.k,

dehult:
'prlnt'I.tdllrr. ° hl JYC: inv.Hd cuntacl 1 \'l'ù \11'1.

uIlIO',

bre.k;
c••• 80:

.wltch C·contact_typIfIC
c••• MYI

·pair_tYIIO .. MYhO.
break.

ca•• ItBI
·p.lr_tytl•• 1l0UO:
III ... 11. 1

ca•• UO:
·palr_type a DODU;
lneak,

dllhuh:
Ipllnl'l'ld.J"r. ·'n ,JVC: Inv.. l'd CollldCl 'VI'" \11'1.

exit 101:

•rATAI._O_YM.IDllstate_lllldcltOi a new St..ltltll"I....:Il1..J S1'I,1"t: 1111' • :011 1. lUI
1.1.. \

-Ag.nt JVC: IIQ 1II0r. S(HIlCtI 10 .. 1 lolC'" U ,n""''''I,!''·'.

break,
delaulll

'prlntl htderr, °ln JVC. invalld tuck lYI'~ \11'"
exit lOI;

."'. tch Itr.d,_po.h lon- .u.te_hhlol ylOI - :.lVI":l1

Cl". X"':
.wltch C·conUct_tVlleIC
c.... X... 1

°1,.h .. t.VI'... IlVIY,
ln ilIA II. 1

c ••• 80:
·pa'l'_tvp•• 80X....
I)r••k;

d.IAult:
'prlntIClltd.rl", °ln JVCI 'uvall.t cuntlll:t 'VI'u \11'1;
•• ltIOI:

1
FATAI._O_V"'.IDII.tate_update • new SI.lttUlltI.. 1 u' IXV ~"'1.1l:_11111 • .li 11 1 a 1111

!.l., \
- II0.nt ,JVe: Uo tllore .llIiC. 10 Cl 1111.:',,' u "''''IICoI 'II 1- 1 •

'lI"iler _11 al • >t~ulllbe roi Ele..ent • Cil 1
tOI' 11-0: i c ••• IQNllent_"1 r 1M-.t r.ck_nuIIILer _II It •• Ihllllhu 1III li "''''e Il1 Il 1 1 , a •• 1

printllO\n Ele••nt "d - track nlllllhep·\.,·, I.dl.lilulll"L:11l "''''rllll'~II''I'I; 1I111nlu:1
l'et - • .: 11I11I.nl t 1111
Ilrllll'C·\n••• lgned p.'r "d to trad: "d·. 1101'1'.1.1 ~C"IlI""."UllJHll. 1''''1.'-1'1

'.I.:k_"umberl:
Ilrhlt'IO\nu·.ck lYll. "do. trdck.J'I0slt'on->lIilal" IIb"lIvllll HytIUI.

11lI"""

2111
2112
211
2U
21S
216
281
li1
219
290
291
292
291
2U
29\

296
~cn

298
299
100
lUI
102
101
IO~

ID!»
HUI
101
1011
109
110
III
III
III
H-I

Il ~
116
Hl
1111
119

:!6.l

J60
261

Hd
JU
~6~

:lU
261
:lU
269
JIO
.!II
~H

:nI
214
21S
~n

~n

211
n9
2110
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Il ElIcr.ct ••• i«;lnment pointa... Irolll IJlactlbll.ld dllel IJltt dll ~·.. l"ltll,

1
Il 10rUco., .. , .

Il Id.1 OUlIG
IH Illt 1 t' \ntn.... 1 loc•• ed ltlolm"'V\II" 1 ,

'.ndlt

del.c••M.IOIH

1" Fr._ the .l'ocated ~emorv "'

OotA"l' ., .. II:Ar'o!lIt I.JVell 10 50 lUlltnotlill.

•
4

r.lUIII.

• Ud., Ol:IUM
P' 'nt f "\lIlIuèlct h,.Ctl JVCA1UoIOllmtlnt\n"ll

",ndi'

Incl udollJ.....·... !Ja:nt '.JVL'AS5' 1I1unenl, "1055 HltufElrr ASSOCIATJOrt_JVC", "Cont.ct -Trilck A.e
(JCi.lloll with the JVC Algorichm '1.

H2
HJ
~H

H~

H6
Hl
HH
H!l
,~O

'~l
H2

'~J
~',~

",',
~~lo

'!l"
..!!J8
"!l9
"'0
hl
~6J

HiJ

••

c ..... XY:
"p.h_lyt'•• IlYIlY,
.'ATAI._O_VlU,lnlllat.Ce_updclt. " nuw SI .. It:IIIIlI'-'ullll'i.5'r"·I't: tI'" . .!1I1 !.

\
"Agent JVC: Uo lIIOr••(I.C. 10 0111 oc.. , 01 m.,mui \" ! ' , ;

b ....k,
del.ulc:

'I,dncl hcel.rl', "In .lVC: Inll.lh' tI ..ck '\1111. \1"1;

"Mil 101 :

lJ k,
c 00:

"p.ir_typ•• BODO:
.'''T''I._O_VAI.IOIC.c.t._lIpd.c•• n.,w 51 .. IMlIllll.-luHIJ(,.ST"'U:.UIIl • 2111 1­

\
"Aoent JVC: Uo lIIore spaclI to .. llocclt .. ln..moIV! !'"

" Inauncht. the ne", CotITACT_TRAcK_rAIR on che üB,
Inac.nti.ceD.t.Cp.lr. COHTACT_TRACM_PAIRli
If 1 "track'ng_lvpa •• IHH_FII.TER 1 •

FATAI._O_VALIDC IIHH_.tete_urnl.r. • new IIllISI'"",II,,,I.. c Il t .. u 1un "11I1..al,,e',.II.I.'.
Il ,. wu.... \

-Agent JVC, tlo IIlOre Il,.C41 to .. 1 lue.. , .. 1Il1:1I1.1rv1I'I.
SetValueOvD.U lp.h. IHH_STATE_IIPIIA1'E, 11111.. liUl ,,_ullIl.. t .. 1 •

•S.tV.lueBvOat.lp.lr. TIlACICUPOATEn. t ...u:k~uJl,I"".'Il:
S.lValuaByOal.'p.lr. PAIR_TVPE. p.lr_cvpell
S.tVal".BvD.t.Cp.'r. PAIR_ID. p.lr_idl'
S.tV.lu.8~D.talp.lr. TASK. p.lr_l •• kl •
9etV.lu.DyD.U lpalr. TIlACltIlKi_TYPE. t "acldnlj .CVIIUI;
S.tV.I".ByD.t.lp.1 r, TltACK_STATE_"PIlATE. at.t .. , IIlhj", u 1 •
p.lr·~PutAcCOnOBII,

Ivo.dIEJltr.ctBBD.t.' ••••gnl;
a.tU.I".ByO.t.I....vn. ASSOCIATlot'-TVPE. "auoc 1..11 0 11 •. ' yr.ul;
O.cV.lueOyO.t.I ••• lon. EXPECTED_tIUHBEk. ".MIUtel 'lit ,111111I11." 1;
alelV.lu.lIyD.Cal... lgn. LIST_SUE, "1 ht •• iu";
GvtV.. lueUvD.l.' •• liIO'" ASS IGlIltEll1'.HATfl III , l.aIOS'UlIlIlo.:lll_lIldlllxl.

•

1" Fr••• 11 ••-ary. -,
d~lel••M.ocl.tion_tvp.,
dul.ce .Mp.ctud.numb.r,
d.lvle l'lc_.1.8;
d.lvt••M.'gn~onC_mdtrIMI

lvoldt Icvellllo.c "1 eoat.lndlrlMI:
holdl hevllinl "1 Ilrst Il
lvoldl fr•• lllllt "1 obill
lvoldl Ir~.llint -1 XI,
IlIohU Int.l'int "t YI:
IlIo'dl Ire. Il flO.l -1 UI i
Ivoidl fr.ell flo.t "1 VI:
.._'r•• 'm... triMI,

tlllI.l..

11I11.1••

IBI
)tt~

IIIS
1146

t"9
UO
IHI
)H~

1111
Utl
tH9
1.. 0
t'H
t'J.I
ni
lU
19!1
196
ln
j9.
n9
.00
tOI
tO~

tOI
• 04
.os.0.
401
401
~o,

.. 0...
tU
tU...
US
tU
411
4111..,
no
4:U
nJ
UI
tH
4ZS
tU
Ul
tUn,
410
UI
4U
UIu.
US
416
411
U8
419
HO
UI
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.wlteh Il•• II_t ••kll

•'

c ••u GATltIG:
Ilwltchillei r _tYlle' (
c.... 110110:

,"turu )1 Il G.te HO trdck vith bD CClU'dt:'
Col•• HOtt8:

ruturn tl Il Odl .. RD lrdck wilh lIO cum.H7l
Cd •• UOXY:

rlltlurn SI Il O.te XY trdck wlth DO cOllt .. Cl
cd.e "BilOl

r.unn 6: Il Gale 00 traek wlth RD conrdt:l
c .... RIMOI

rttlurn 11 Il Gat. HU t.ock vith RU cam.H'l
c •• u IC"'UOI

rtllurn 81 Il Gat. 80 t ...ck wl th IIY cmll.U',

IlllClud. "l,oType., h"
.lllc lult" "l,a InciudlleantelltFunct 1011. h"
""clud~ "~.lrT•• k"h",,"C luJ~ " .....Typ., h"
'Includd "Tr.cklngTvP.,h"

'd.. ll". ARGUHENT_TYPE P.I rUpdate_"rglllllent s
••1".1". M..ïllMN_TYPE ... 1rUpdalll_retu'''_lYI11It

l'.rdlnal ralrUpdatelcanst Cardl"al • .rgu.ent_arrdY, void'" vdluo:lIl
1

Il lJ..c1dtu 110 lrdt:k "[drU whll BO contact;
Il 111t1 IIUT SIII'I'Ott'rt:O. 1J!ik:!i UNF

Il IIllllote RU tr.cle IItdlli whh 80 cont.ct;
1/ llUt flOT SIIPPOHTi:U. IISl:S k:AKF

/1 IIpddt Il XY t r.ck sUll e wit h BO cunl.ct;
1/ 11111 flOT 511PI'ORTED. UStS EAICF

/1 IIp.tat. 00 track Il ..1. whh RB conlactl
1/ IIIH 1101' SlIPI-OIf'tl:n. USES EAKF

Il IIpddlll HU ltilek .tdt" wilh A~ conlactl
1/ 11111 th1T SU....OhTEO. IISI::S E"'(J'

Il 1I111t.Ue 00 t rack al dle w' th XY contact 1
1/ IlUl tlO'f SIIPPORTEO. liSES E"KF

•
Il II" 1U, '1 1111 à1

" M,I. "IIE CASES. lI,,,I .. IOf 1 rCick Idullt ItV vith contecl Iden

Il Cl ... ,u;cV Il.e1: wltl.lCY cnnt.ct

1
C..~u IIl1t_t'IJ,Tl:Il:

..whdl.ll.. l. _lVPt:11
CdllU 111)110:

111 ..'11. ni";
lulll,,, III;

t: .. :. .. ..r.ttll:
Illlflllln IH;
1 ulll'" Il;

C"!it: lJuXY:
/lr"UlJn 1!1:
",tu." 12;

caUt IthIlO:
IllUllllll 20;
Itl'u.n lJ;

c ..... 14hllll:
Il.ulliln ~I;

l"lLlln 1-1;
CdlOt: Xvuo:

Il .... lllln 2~;

.t:tllin I!I;
c ...... lCVI(V:

1t:11I1I12J: "1Il'ddht XY lrack .tdtu with XY contact u.lng JHHCVCA

Cdlô. X'(XY:
."tll'U 9.

t:&lllu l'lI,k:n: 1'1. 1~;
,,,"ll'II 2":

I~d"" l.14l","r:; IIU' 'l'1l"1'I'"
üW11 .:111;1"" _t VI,ull
C... u hllIJII:

1"'11'11 :t'): Il "'''Lllu nl!W 1111 l'dl.k
t:cI"" "bleU.

Il:111111 :ttJ: Il l'I&1c1la ''':\1 IClt l'dL'!;
c,,:ou 1.-/11 Y :

l "lllfli 2 ". Il ('I<l.UU elew KY [,.ck

c.nu 1·IIS.lIl'II..'n::
.wllchClldc~ln~_IVl"fll

c.u, .. "'''I,llkll_t'Il,TlII:
"w.tc.:l...... ' •.. tvl.ul f
c .. :!!! &JUliO:

rt:lurn 10. Il " ...t~tE, ltO lI'dck aldtll w'lh Ba conlacl uslnCl EAKF
CdS" HutU':

h,llHII Il; Il "pII.ne RB lrack !!ttate whh BD contact u_InCl EAKF
Cdlod IIf1XY:

."Iu," 1"' Il 1I1 ..... 1u 11\' lldd: ""dl. will. 110 cont"cl u»lng EAKF
""bu UUllI"

U,lUl1I Il: Il Il'l(ldl .. ~U lrdr:k IIlldte wh" HU conlact u.lng EAKF
Cdit: HOtttJ,

rt:(lIrn I~; 1/ lIpltoite RD lrack IItate w'lh RB conlact u.lng EAICF
CdS* X.....O:

r"CtUIl '!l; 1/ "."I.. lU un lrdclc Iltate wilh XV conUlcl ,,"ng EAKF
Cul>" IIVXV:

1/ Il...... l0 XV lr"ck IotClle v, th XV CLII'lCiCl u.lng E"KFrulll'f1 1...

"o:OU III 1II'II',n:,
'U'U'" 2 ...

LI t V
11'1
Il"
119
120
121
1~2

121
IH
12!1
1~6

12"
'2U
12'1
1 )0
IJI

61
6ft
011
"n
ta
12
t)
Ij

1S
16
11
18
19
"II
HI
H~

8)
lU
ilS
116
Il"'
HII
H'J
!ID
III
92
9)
'I~

IJS

'16
ljl
'lB
99
100
101
102
10)
lOt
ID!)
106
101
1011
109
110
III
112
III
lU
IJ~

116

•••

tr.ck_updated • ·'I~o_Bool ••n ·'valu.s(droum~nt_drrdvIOIII;
pallr_t.sk • °IIP.lrT••k o'v.'u•• I.rQllmullt_arrdvIIIlL
p.lr_typ•• ·'U'.. 'rTVlI" ·lv,,'u•• I.rUIII'"'''' .......vl :!III.
lr.cklllll_LVII" • • 1 IT ... ck 11I1.l1'vl'. ' 1 v .. 1"uu 1.11 'JIlII'UlIl, ••• ,,\'1 Il Il,

c••• IHH_FI~TERI

.wltell (pair_typ.' (
ce•• 110801
c••• "B801
C••• IYBOI

return 2', Il rH" TI.e update DO trdck
ces. BORB:
ca•• "8RBI

r.lurn )01 Il IHH Thlle updat. RD l r.ck
c ••• BOXY:
ca•• XYXY,
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1Il__1tCdummy,.od.lIlu,,,eePll
col_to_ll'Il"ecP,O.PII

.... • .._ue' 10x,n.1 1
Mad.x' • v_uetln.II
.odepp • ._u.tln.2,nml'
v.cP • ._o.tln.Z,111

u_lnt meZ • n.on)C. JO .[J'I.... of st.le di. 0'
lI_lnt li
tl"T 0", °tlOdeP', °dulIIIIlY, °vecP;
V[C ·.kl, o.odexl;

,. Elin m' IIIH ROUT lUEgo,

'0 cel cu, el u.. 'hu ClIlnlJ 1lIulI CUV." j .-..c.., ° 1

ttAT °"_ce le .u_ Int 'UIl, li_ln••u•• "A'I' °lllu,lulI. 'IAT °IIIU'"'' l' ..." l' O'hUJ"'''''I. Vll' • le, Il'' 1 • 1'1
1
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II···'" DU91n IHHSlaleUpdat•. h

Il Thv ..odu matrlc•• are as 'ollowa:

"Il ln th" ..,.u.l. Mu.hue lh" lIeut CUlllItU. III 'liu thu Il'Iot ••" .. Iu I.... 'U v.·...... ",u
• "l.:Cl lId
Il colu~, la th••acond .od. 8tela vactor. etc.
" .
Il Th. IIIOde covariance llIatrlce. are "rat cony.rted Into '.11 Vu("UI5 lOud. tl"u
lh.
" fl ... t colullIn 1••bovlt th••econd colu..... whlch 1••hoyu Ihu lhl.,I. Olle:. Thull
thea. •

1/ tall v.ctor. are co.blned 'nlo a .Inglu m.trlle ,uofiliP whû.tt 'hu "'lOt c-olul""
• th.
Il 'Irat cov... lanc•••trlle. the .econd COllllNl 1. the ioilCOI'" CUY'-"dlll: .. mol' 1 be ...
te,

IlllC 1ud. "l.oTyp••. h"
'Includ. "matrl •• h"
"ncluaJ. "..nrIM2.""
• 1ne 1ud. "J HtlHodeComb 1net 1onTvpe . h·
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H
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lU
Il
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I!I

'1 Cru'.'
Sl.atltUllddU,_
'II", Ine

_'HH!iUtelJlldne_

_ UtHSlaleUpdal: e_

1.' IIIU

Ilubi Ic:.
IHHStalaUlld.ue.'HHHodeCo..blnltllnnTYPl! ll!lùc, ..dllo.h,f.'un,hlll;
~IHKStateUpd.telll

cl... IHHStatelJpd.t.
C

.lU
JI
n
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.loi
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26
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JO
JI
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HAT ·.ade.,
HAT ·"Od.PI
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Il ., UlIlSt d t ulJ

J)

H " ••• Il) End UlHS'ateUpd.u Il
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Unclud. ° l.oError, ho
• Inc 1ull. °l.ot::xl nP....melo... ,h °

1 • 'nc lu.t. °l.oTyp "
• • 'lldulle °IHHSl.teUlldal•. h"
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6 1I1HStalellpdale: : IIIHStateUpdatlltC 1I1HllodeCornJJ'ndl lon'l'VI'" loU 1.. ('1 ".111".1.,(:......1.,)1
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1 Cerdlnel "Xl JJ d'••n.lo" of It.le v.clO'
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II c••• CVCA:
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18 cb m_oelIOR. III
19 b k,
20
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H
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(Jublic:
IKHTrdckSl.t.IUIH'.odeCornlJln.'lanTypot lO.tlectt:dllnch:CuIllbu1 ;
-IHHTr.ckS'dtetll

Il Th••ode ... tdces .....s follo",s:
Il
Il lu th. NlIi" ",ad•• th" fll.t collllnn la. lllu thu .11:.1 ...... 1., 111 ... 111 \'''''''1. Il.,,
_"colill
Il colullIIl hi th. , ..cond ..od.. st.t. v.ctor. ~tc,

/1
Il The .ode cavarl.nc. matrices Ar. firat conveut:d Into lell t v.u.:ttlr:o slIch 1 hut
lhe
Il 'Irat colullU'l i ••bov. th...econd co 11111111. ",hlch Iii &Ahuvu lieu lhll.l. ule.: 'rhull
th•••

Il tell vuc:lOril dl'U co..III"'lIllnlo. aln'Jlu 1""" lx ......1.. 1' ",1,uIU II .. , '11:.1 ..... IIhl. 1

.. th"
Il fh.t (.·ov.rl.ulcu ••• trll(, the ••cond COllllllli Iii th... li"ell,,,1 CIOV .. cI .. lll'''' ,"•• ttlll ...
te.
/1
Il Th. Nod.. Ilroh.lJllI,V ",.'rll( .od....u i. of VtlCIOI 'IOlla wllh Ih.. '"l1t I",,,IL' 1" ••1.
.bU itV
Il .bove ,h. ."cond. th. .econd .bove the l h 1ni. et (.'" ,
Il Th. t ..en.hlon .nob.bIlIlV flo., lIlatrll( lu 'ound. Hk" th" 1..:I ..CI ... lllu,lo.:Cc.n,IIII.
ln the
" P.r•••'er _Fil. Oe, It la ••t bV the ulOecl

cl ••• IHHTrdckSt.te
(

II---Clf Bt1Qln IHHTnckSt.te,h

Il fncl,,( _UtttTuckStdte_t _

.d.flnlt _IHHT...ckStlue_

• IlIc ) ud" ·1.oTV'ltf., h·
.lllc lude • u .. , h·
Il,,c1udli • trh2.h·
Il fiC 1ude • IItHHodeColllhi nu 1onTvpe. h·
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1 1

! .~
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Il
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H~T

H~T
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IIlOdeCombo 1
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-,"odePI
',"odemul

• 1 _ ,111111'1 ... ·1.:;1 ..

Il tlmlll :ot.ttt: Vuc.:lUIIO

Il l"Hlu cuvela 'dllCIl II11UI • Cil 10
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IwCtchls.lectedHodeComhDI

IHIlTrac-k!ilalel : HlltTr.ckState 1 rlllUlollt,!ColII""'dl i uIITVI'~ li., l "r 1 ... tlt."I"••.n,I' .. 1
1

'1IIdud. °1.DError ,h"
.IIIC llld" ·1.uE"t "rlll'. raille [ cu •. Il"
.llIe l ud. °1.DT'vp••. ho
"lIclude ·ItIHT ...ckS[.te.h"

c••• CVCA:
IIK • 6;
IUII • ;Z;
..od.. • 111_getlnlC. 11111' 1
lIIodell • lII_oet lnx·me, NIl;
lIIodelllu ·1Il_g.ttnlll. II:
IIlOdeCo~bo •••1.ct.dHodeCo~D;
break;

d.fauh 1

cerr cc °IHHTr.ckStatel CVCA 1. cllrrt<lltly lh.. 1I111y Inlllh, c:hnol.llloir Ion lYI •.,.'II'

Il d'Illon. Ion Df Itat~ veetUJ
Il fUlllltltlr oC mocle~

u_'nt n.;
U_'"t fi'"

1
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I
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l'I
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H
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U
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U
U
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1

IHltTr.c.lcStat.l; -IHHTr.ckSuteU
t

._C .... elllod•• I;
lIl_he.tlllodePl,
IIl_Cr•• tlllod."ul;

..eturn;
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'lnclude "LoType•. ho
.'"clude "llIatl hLh"
'include ' ••t~IMa.h"
"tlclude "SlaleUpdel•. h"
"nclude ·T...ckStete. h"
.Includ. "Cont.etPo.ltlon.h"
'!"clude "Owo.hlpDala.h"
Ilnclude "IHHHod.C~ln.tInnTvp•. h"
'Inclutltl "IHHTr.ckSleh,.h"
.ltlclu,l" 'IHHSt.teUpllattl.h"

yold IHH_CUCA_TI.eUpdate ISt.leUpdllle ••le' e_updale. UtHTr.d.SI •• c • '11I1 1I.u k _lit li

le. IHHS.aleUpd.le °IHH_It.te_uptJale. double dt. dOIlI.le fi. flWI\!ohiplldl" "owlI!ohhl.'
atel, .
yold 'HH_CVCA_Cre.leXYTr.ck'Tr.ckS'.I. °ll.ck_MI .. tu. IHltr,.,'k:it .. lu " 1litt .I •• ,:k UI.,., ,
void IHH_CUCA_lnhFIltT"ilck ITrilckStilte ° u •• e.upcl. ItIlITrlAd;St .. t., • IlUt. 101 .. 10:. ul.,1t
:
void IHH.CVCA_FI ltT...ck tlHHSta.eUpdate • IHH_uate_"pdate. Con. IIcl Posi' l "" ·con.e
C:l_POI' tian. IHltTrllckState °ltlH_uII.e_upd. TrllckStiltll • Sl.tu_ullIlI:

/I···tll Ouoln UIH_CVCA.h1
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1
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7
tt
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Il
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U
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Il 11111 l'V.:"
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" Calculnlon 01 ."Ing proh.hlllt'es
.I~u • lII_getlnlll.nal,

Il Sel th. CV P"OC'II nols~ covdrldncu m.slil.
'1_02 • 2,O°'l/dt, '1-22. 2.0"ra_OVdl:

.od. prob.blilty Ilow ..triN.
ail • O_.od.-Jlrob_1l ow_elll doulJ le • U • G_lIIodd _Ill ~h 'Ic.w ... t2 ;
an • G_.ode-Jlrob_flow_d2I, double .22. G_lCIocloJ.I'llIb.llc.1J .s22.

.t r••• l t 1Tran."r, .Od.IIlU. CU.... 1: Il nOlllld 11 Z Illu l "11101 "Ill li

..IM.u_e.lcfn., elJ.r,lDo.IIlIIIU, TloJI\IO"r. 1111 Ilmil 1 1 Il udlllllfJ "".1,,,IJi 1111.,:-
__ fr •• ITranl'''',

f'II- ••• lolt ••• dt2/2;
1'111-"•• 111'51 • dt2/21
'111- •••1211.1 • dt;
flll- ••elll(51 • dt;
1'111->.01.11 •• • 1:
'111->."151'51 • l,

O'OI·>~.I)111I • q.CY°Q-22;

t'III, ..",.,1011:l1 .. tJl.
rltl->,"ullll.1 • dl;
t'ltl'''mdI21121 • 1;
"111 - :omit 1) Il) 1 • 1;

.'1 CIl Iau 1°Illl • cil;
t'101- .,111111 ' dl;
t"OI- ..~uI21(21 • 1;
r,ol· ..mu'lll Il .. 1.

lOI l '.U. i':lIl11. , .. ,
IJul _cullmottUIIlO. 1. ICI.
c:ul .10. .altllu.lul'. 1. ",.

Il th"'''·ln.all:h.:d I" ..dlcllon
lI-v.lJvllnlCl; .p .v.cjlJllnllt;
l' - ,"_CJullnlC.II.I: t'I'.·lr· III g.,llllll,Il.1.

••
1/ ('LII,llIlIdllun for Ilrl;lllll:tlllll
• l'dl C' "'II ,lnOllolllO, moil':R1l1. J( 1.
" 1" 1C- IliA, Illn. 1I11ldc: Il 0 ,mudel' .1I,,"I~II"I. Il ••• , •

V. tl.:ellll". ,II ,. ".,Ct".-I 1 1 ;

" "111 IlIlo I01ul':_"I"loJl u

/ / ,'UVoll. 1.II,e.. l" ",<IICl Il...
no. u.I.II'I" ... ll al' 111, " •· ·ll 1• VI' • , '" •
,........ Ct'IIII. '" ,,,, .. 101111;
III 110 1:,1111',1111..1..1', II;

Il SIIIJla.acl Ownlohlp 11IoIlull 'Iun, lh~ ,lIJ!llII'On Upddl6f
.... · .. vuIOI -, Owlllot .. I' ...ul ... ·~It.v .. 1 ·Ih.
"",;ovulll ., uWlllll"I._.I"I"·~V.. v,,1 ' III •

1
_Iotll _cul ".odu..O. l, )Cp. 011

/1 SI.tu IHu.llel","
IloV _ ",Il 1'" 1 1•Je. 111'1 ;
il IIG,t.,gul.I'05 ..coulll •• xV_ln::I •• O\nl!i1 "" In_18rvt!t_v.. l.coo..d •• VllvY_I\S5'1

'-111 - .1I.\Jullllll.IIII'.
t'I", ,mulOIlO 1 .. 1;

'1 11 ' "'"" Il Il 11 ° 1;

Il Sul lh...l.l .. lrull~llion la.. lric...
t 1Il 1 • III \Jul'"•• Il.1 •
rlol ..~uIOIIOI • 1;
., Ill, "'"U 111111 • 1;

OIOI"lIIuIJlIII ° cl (·V'II.O~;

Il Sul lhu t',. pauC"Io!ll IlIoi ... r:uvdrlanee "'alrllll
l' O. ~ 't.02l1lt. 1). H .. CI- 221dl;
11_.... ct_24/.h;

ulll - ln II.llnlc.II"I; CI_l'A <; G_ p"ocfrlôs_nc.lse_cov_CAl 1

0111 'InuiO Il 0 1 • tLC"o'l. ~III'''m.. IOI121 .. Q-CAoq.02; 0111->•• (011.1 • q.C
"·'..0. ;

!JIll ..mulllili .. tl.C''''4' OIII'~mellll)1 • q_CAOq_02; 0'1)->•• '11151 • q_C"·1I.0 .;
0111- 'Inu121101 .. '1 "A'II 02. OIII-»lIIdI21121 • q.CAOq.22; 0111·~.e'21'.1 • q.C

" .... H;
101111 '111011'1111 • 't l''''" CIl. (Jill "Inull Il JI - ILC"ocl.:l2; 011 1..... 1li , 5 1 • q,C

""1 J ••
!Jill 'lIIul·lIIOI - " 1:'" '1 Il''; vIII ..~e"I121 • Q.C"oCL2.; 0111->••1.'1.1 • q_C

"·(J.U;
O'II''''"t:151111 • lI_C·"·CLO•• \lll'·~lI1eI51111 • 'l-C"'Q-2.; 0'11->•• 151'51 • q.C

"·'1 .....

JI

16

102
lOI
loa
105
106
10-'
'Uit
109
110
III
1Il
III
1 1..
115
116
1Il
lib
119
LtO

H
"

,.!

15
J6

"'"I~
110
MI
M2
lU
U
85
86
81
811
ll9
90
91
92
91
U
95
96
91
911
99
100
lOI

bot
6t
U
~~

66
6'1
6It
U

•.,

TrdnsPr·,.mullllll - ~.

Tr.lIsPr-"III~IOIIII • l,

Tr.n.Pr·~~.IOIIII ... 12·dl;
TUlIs"r->lIll.111111 • 1 t d~2'.Il.

q CV .. U_l'rocesli_noh,d.t:OV.C'V,
0101· ~11I"IOI121 ' "IV", Il

0101-'111.:111111" '1 l'V'" 0.:;
0IOI-~ln"I.JI121 • lj l'V"I

·~d.1I • IHH_ll·.ek_.t.t .. - ....odtIlCi Il tltltOlU 1111'0'11' l, .. t:k .. l .. l.,
".od.xO • IHH_It.t._upd.t.-"mod.. lq Il .. huI IIII.IIIIJ lluC" _l .. lu
'.od... • IHH_ltate_upd.t.- .",och,p: Il fJlJf 0' .. '"l Il IIhJ cov .. r 1... ",:.:
·01'11. 'fI2" 'P. °FPFtr 1
°ll, 'XPI
q_02. 'Ln. Ct."., 'I_H. (' .••. CI_CV. 11.\.''';

nll •• , Il !It .. t .. tlllUllll .. hm 1I1l:" I:V.'"
f1nl • al Il thll"he, o' Ho..l" lilnc::u l'Vl'"..
dt2 • dtOdtl

·TranlPr, ".lx.ul
·.od.lIlu • IHH_t ...ck_.t.t.· ••ode.~l Il 1II01ie (lIoIJ"lIl1lti.!ll
°eb.r • IHH_u.te_update" ~cb.. r 1 Il p"llJ...Li 1il '1 1111 lin.. 1h illl' t:u

•
0101 D 111_getlnll,nxl,
0101->1118(01101 • q_CY"q;
OIOI->mlllllll • 'LCV"q:
0101·"""'121101 • ".CV'CI_Ol:

if 1 Tr.nIPr- ••• IOIIOI < °
TransPr·>~.IOllol • 0,

1
Il t Tran.Pr->~.'lt(11 < °

TreIlIPr->meIIIIOI. tl

Il The .od. tranaition lII.lrill
Tr.naPr ••_g.tlnl1l,nal,
Tr.n.Pr->•• IOIIOI • 1 • all'dt,
Tr.IIIP .. ·.III.llllot • a2l'dl;

c. l'd 1.... 1
C...dln.'
C.rdl ... 1
double
t'~T
HAT
HAT

.... t.nta
HAT
HAT
HAT
HAT
Y':C
doubl.

1
Il Th._
doubl.
doubl.

" "hlng
III IIIlt'lIIOd.ll.IIlIMIIIU ...oduIIOI; Il,.,,.1'1.0 1,,,(:"',,,,10 Il..... h"l '0111111

(1 treek IUU
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c:ov.rl.ne.
1•• "e"I~I.mul,

'Includ. cltdlo.h.
.llIel~~. cltdllb,h.
.Iuc lud. " Lol::rror .h'
• IlIc lud. ·1.oE.t n uer., h"
'1 ne 1ude "l.oTvpel. h"
""clud. "I"H_CVC~.h"
""clude "I"HRoutln.a.h"
.1 ndud. "1""Hod.Comblnat lonTVll•. h"

1" ° ° ° T'ID. Upd.te fo... COIIT~CT_TflACt<_'''IHu.lnll IUIICVc:I. "" '1
Vu Id IIIIt_CVCA_TI••Update IStateUpd.te ".l.te_update, IIIIITI ..d:SI dl.: '11111_( 1 .u.:k _U d
tv. ItIUStateUpd.. te "IHM_Itatll_upd.. t •• douhl. dt. douhl. (j, OWII:oI111'1IoJiu 'u~1I5hil' "
dl.l
1
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H
26
n
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16
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, •••• IHH_T.....CK_STATI:: t'etlil. 'or ail Inltlallze.1 TI4M.· /
VCl ..t IttlCCVt~A_ln".·llt1'rdckITl,J(:kta"'ld ·'Udto.t_IlIlII, 1I1111'1 :a .. lu '111111.1 .. 1"."1'''1
C

1
/1 Sul th••cc.lel·.tlan perl 01 the CA c:OVd .... IlCU

lt'H_l.· ..ck •• '.'o·.hlocIOIL>nlllllHIIII .. G_....... lIll_lfIIJln.. d"V.dl • Ii .\"1,,,"1 :J1.'nld ..
IIv.lrl

IHH_tr.ck_sleld->mo.loP->mul 1!J11I 1 • G.llulülIll_sIIJln.. "xy.. ll • li .1.:1.llllt 1o.'Jln....
IIv·lr:

relurnl

IHH_track_state->lIIodemu->meIOIIOI • G_dofdult_CV_ln, ..I~ ,11,,1.,
ItIH_tr.ck_stal.· >Illadc!mu'>mllill'OI • G_.luldllll.C".lnllllu 111 •• 1"

2

'•
1 1 ~H Il' Il 1I1r1l~1Il. ion. !I i nCIl CV

- ~lIUU_ul·t.I·"COV_III.. l-"..ltIUIIOI
• statft_upd->cov_l-..t ->IllB,lIIOI
• Iitate_upd->cov_mat·:.••12J,OI
• state_upd->cov_mal-~.el)lIDI

.. s, .. te_upd·"cov__1 ·~.lt'Olili

.. IiltUO_II,.d·~cOV_I"'" '~",,'IIII'

.. Ulc.ll .._upt.l·>cov_ICI.... ·~.tlI21111
• Iildte_lIl,d' >cov.lnat - ~ .... I 1 l'II

• wtale_"pd->state_vec->.e,OIIOII
• stdte_lIpd- »state_vec- >18e 1111 0 1;
• 5tate_upd'>state_vec-~meI211011
• sl"le_ul,d-~state_vec->llIel JI 101;

Il ~,,' '1I11 c ..v,.Ji .... Il.:l:

IItll. :tl ... , ".laIJlI- ""'''IJul' ~CIItI" lJ Il il.
'UH_slallt_"pt.l->mollel'-"lftdllllll
IItH_st.ld_upd·~1ll01ldP·~meI21111

IlIIt. st dl a_lIpd - 'II\Ollup· ~IDe 1 ) III 1

11111 101"""_111"'-"""110.11" "'''fr'611''
11111 ~l.' a. 111"" "..1..10.1" ,1",,1/1,11
IllIt 10' .. IU.lllul' "181111,,1' "".,1 HIII J
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