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1. INTRODUCTION

The advent of very large transport aircraft with the powerful
wake vortices which they produce has introduced a serious threat to
smaller aircraft,l'2'3‘4'5 Numerous upsets and disturbances, because
of vortex encounters, have been documented, and some serious aircraft
accidents have been traced to this source. The problem is most acute
on landing approach and during climbout after takeoff when flying

speeds are low and precise path control is important.

An extensive theoretical and experimental vortex research program
is being pursued by the U.S. Department of Transportation, Transporta-
tion Systems Center (DOT/TSC).G'7
major impact on the basic understanding of trailing vortices. At a

Results of this program have had a

number of large airports, TSC has demonstrated an effective method of
detecting vortices and locating their lateral positions near runways.
The method uses ground-wind sensors in the form of propeller anemo-
meters, placed in lines perpendicular to the approach path of aircraft.
Software developed by TSC to postprocess data from these anemometers
produces a graphical representation of probable vortex positions.
However, this software is only partially automated and requires sub-
stantial manual pattern recognition and manual processing to reduce

the data completely.

This report documents efforts at The Charles Stark Draper
Laboratory, Inc., under contract to TSC, to automate fully the data-~
reduction task. The software system which has been developed processes
propeller-anemometer data, and automatically tracks and records vortex
position as a function Qﬁ time. 1In addition to vortex tracking, the
system also provides automatic sensor-failure detection and identifi-
cation by using the multiple redundancy of sensors in the sensor lines.
With minimal modification, the software can be readily adapted to
provide real-time tracking in planned future wake-vortex avoidance

systems.



In the following sections, the relevant aspects of the software-
development effort are described. A detailed description of the basic
vortex-tracking algorithm is presented. Accompanying this are des-
scriptions of the techniques used to detect the onset of useful
tracking data, to determine when useful data are no longer available,
and to eliminate spurious bad data when they occur during an otherwise
useful tracking period. Results of testing the algorithms, using
actual sensor data gathered by the TSC system installed at London's
Heathrow International Airport,8 are explained in detail, and the
character of the tracking algorithms is discussed. The methods
developed for sensor-failure detection and identification are presented,
and the results obtained using the Heathrow data are examined. Computer
requirements to implement the software in a fielded system are
summarized. Finally, a tentative plan for the future development of
a simulation of a fielded vortex-tracking system is given.
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2. VORTEX-TRACKER DEVELOPMENT

The vortex-tracker development is based on optimal estimation
theory,9 using appropriate mathematical models to describe vortex
behavior. These models are the simplest possible descriptions which
are consistent with the tracking requirements and embody only those
elements which are essential to attain desired tracking performance.
The following sections describe the models and the vortex tracking
algorithms which were derived from them.

2.1 VORTEX DYNAMICS

At distances of five or more wingspans behind an aircraft, the
flow field generated by the aircraft is approximated by two line vortices,
one trailing from each wing tip. These vortices are of equal and
opposite strength and are separated by a distance which is approximately
equal to the aircraft wingspan. The flow field generated by each vortex
is a rotational motion in which the fluid flows in concentric circles
about the vortex center, so that the velocity is always tangential. At
large distances from the center, the flow velocity is proportional to
the vortex circulation and inversely proportional to the distance from
the center. The usual expression for tangential velocity is

r
Vo = 3rf ¢ (2.1)

where vg = tangential velocity,
I' = vortex circulation, and
r = radial distance from vortex center,



From Eq. (2.1), it is clear that as the center of the vortex is
approached, the tangential wvelocity increases without bound. Laboratory
and full-scale measurements have shown that in an actual vortex there
is a region near the center where the % model is invalid because
the flow velocity tends to zero as the center is approached. This
region is defined as the vortex core and for most aircraft of interest,
the core of a newly formed vortex is smaller than about 10 feet in
radius.* There is limited knowledge of the details of flow within the
core and a number of models have been proposed. These models generally
provide a tangential velocity field with velocity increasing monoton-
ically with distance from the center. Parameters are chosen so that the
velocity of the core model matches the velocity of the % model at the
radius of the core boundary. The largest uncertainties with this type
of model are usually associated with judging the size of the core.

The vortex center tends to move in space according to the velocity
field in which it is placed. The two vortices generated by an
aircraft interact and produce vortex translational velocities which
are orthogonal to the line between their centers. Distances between
them are almost always many times the core size. Hence, the
velocity induced by each vortex on the other is determined by Eg. (2.1)
as

vV = (2.2)

~
27b ¢
where b is the distance between the two vortices. Thus, if the two
vortices generated by an aircraft are at the same altitude (i.e., the
line between them is horizontal), then they translate downward at

the velocity given in Eq. (2.2).

In a similar manner, if two vortices of egqual and opposite
strength are situated one above the other and separated by a distance
d, they will move horizontally at a speed I'/2rd. Furthermore, a
horizontal plane of symmetry will exist half-way between the two
vortices and there will be zero induced velocity across the plane.

As the lower vortex is the image of the upper vortex, the flow
above the plane is seen to be the same as that of a single vortex

*As the vortex ages, the core radius may grow to 30 feet or more.

2=2
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of strength I, and at height 4/2 above the ground. Hence, the ground
effect produces a horizontal velocity on the vortex according to

v = I%E , (2.3)

where h is the altitude of the vortex (i.e., half the distance to
the image).

If there is wind, then the vortices also move according to
the velocity of the wind field. A steady ambient wind produces a
steady translation of the vortices at the ambiént wind velocity.

The total effect of the interaction of the vortices with each
other, influence of the ground,and influence of the wind is additive.
Interaction of the two vortices with each other produces a downward
motion. When the vortices pass below approximately 100 to 150 feet of
altitude, depending upon vortex strength, the ground begins to affect
their motion and they migrate away from each other. A steady wind
tends to produce motion in the direction of the wind. The influence
of the three effects on lateral vortex motions is illustrated in
Figure 2.1.

WIND
STARBOARD
VORTEX
PORT TE
VORTEX +7
GROUND
T7TTTTI 7777 7777777777 7777777777777 777777177177777 7177777
PORT~ PLANE STARBOARD-
VORTEX o,r 1£)-r VORTEX
IMAGE IMAGE

FIGURE 2.1. TYPICAL VORTEX PATHS IN THE
PRESENCE OF STEADY WIND
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As time passes, the vortices gradually lose their strength as
the result of a number of fluid dynamic mechanisms.lo'll'12 Air
turbulence is the most important mechanism promoting vortex
dissipation. Small scale turbulence, of the order of the vortex
core size, produces a diffusion of the vorticity resulting in a

s

sudden "burst" of the core to an order of magnitude larger in size.
Rapid decay of the vortex often follows the burst phenomenon.
Turbulent eddies of a few hundred feet in scale length tend to promote
a phenomenon studied by Crowll, which distorts the line vortices into
a series of ring vortices. Commonly,these ring vortices deteriorate
through the "burst" mechanism described above. Under certain
conditions, however, the ring vortices may persist and pose a threat
to following aircraft. Very large scale turbulence tends to produce

a general motion of the vortices as with ambient wind.

2.2 SIMPLIFIED VORTEX-TRANSPORT MODEL

The information for use in tracking the vortices consists of
the outputs of ground-wind anemometers. Typically, they are placed
a few thousand feet before the aircraft touchdown point and in lines .
perpendicular to the runway centerline. Following passage of an
aircraft over the sensor lines, the trailing vortices descend until
they begin to experience the ground effect. The onset of ground effect
usually coincides with the time at which the vortices begin to have
a measurable effect on the sensors; the time when useful sensor
data begin to become available. Once in ground effect, the vortices
separate rather rapidly, and their interactions effectively
vanish. They tend to move at relatively constant velocity
primarily under the influence of ground effect and wind. Thus, during
the period when useful ground-wind anemometer measurements are
available, the downwind vortex travels at a nearly constant velocity
which is the sum of local wind and ground effect. Simultaneously,
the upwind .vortex also moves at nearly constant velocity, but the
wind and ground effect are in opposition, and hence these effects
subtract from each other (see Fig. 2.1).

The physical character of the vortex tracking problem, as
described above, lends itself to a simple mathematical model for
vortex motion. The basic assumption is that, during the period when the
vortex produces useful sensor information, its transport velocity is
relatively constant and is dominated by ambient wind and ground effect. .

2-4



Defining x as the horizontal distance measured along the line of
sensors from runway centerline to the vortex, the equation of vortex

motion is

% =u+ v, (2.4)

where u ambient lateral wind velocity along the sensor line, and
v £ the sum of vortex velocity caused by ground effect,

the difference in wind velocity from ground to
vortex, wind shear, and other unmodeled effects.

Typically there are many ground-wind sensors (i.e., of the order
of 20), so that the ambient ground-wind velocity u can be estimated to high
accuracy. Hence, u is assumed to be a known input to the system
because errors in determining u are quite small. The other velocity
variable v is intended to model the remaining effects, including the
difference in wind from ground level to the vortex, ground effect,
and a number of other unknown, unmodeled or random effects. The

equation for v is

v=w, {2.5)

white process noise.

where w

In other words,the variable v is a Brownian motion,and, therefore,

it is characteristically an aimless, wandering type of random process.
As such, it is used to account for a number of effects which are quite
random in nature, or for which there is very limited knowledge in

terms of accurate modeling.

2.3 VORTEX-INDUCED VELOCITY MODEL

puring the period when useful data are available from the ground-

wind sensors, the vortex centers are many core radii from the sensors.
Hence, the % flow model is appropriate to determine the component of
horizontal velocity measured by the sensors. Since the sensors are at
approximately ground level, ground effect is important and must be
accounted for. Hence, the flow field is induced by both the actual
vortex and its image. The situation is depicted in Figure 2.2. A
vortex and its image each produce circular flow fields with tangential
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FIGURE 2.2 VORTEX AND GROUND-WIND SENSOR GEOMETRY

velocity as given in Eq. (2.1). At the ground plane, the vertical components
of velocity cancel and the horizontal components add. Thus, if there

is a ground-wind sensor at the point 4, it measures a horizontal

component of velocity given as

v = —Lsine = hl = Th

m e nrz Tr[h2 + (x-d)2]

' .{2.6)

where 0 is the elevation of the vortex relative to the ground, as
measured from the sensor position, x is the lateral position of the
vortex,d is the sensor location,and h is vortex altitude.

From Eq. (2.6), it is clear that the effects of the vortex on
the sensor measurements are determined by three variables: circulation,



altitude, and horizontal distance from sensor to vortex. Hence, in
theory, simultaneous measurements from three anemometers can
determine vortex location and strength. 1In fact, attempting such a
simultaneous solution produces rather poor estimates of vortex loca-
tion. Sensor errors, modeling errors, and local wind all tend to
degrade the measurements to the point where it is necessary to use

another approach.

2.4 GROUND-WIND ANEMOMETER PREPROCESSING

The ground-wind anemometers, which provide the primary tracking
information, are grouped in so-called sensor lines. Each line consists
of about 20 sensors placed on a line orthogonal to the runway center-
line. The sensors are spaced at 50-foot intervals, with the middle
sensor located on the runway centerline and typically at a distance
of from 1000 to 300 feet before the runway threshold. Each
sensor measures the component of local air velocity which is horizontal and
orthogonal to the runway centerline. Positive velocity is defined as

left to right across the flight direction.

There are three primary elements which affect the sensor output:
vortex-induced velocity, local wind, and sensor-instrument errors or
noise. The vortex-induced velocity component is discussed in Section
2.3 and is given in Eq. (2.6). Local wind is an extremely
variable phenomenon, depending primarily upon meteorological factors.
For the purpose of this discussion, the wind effects will be separated
into two categories depending upon the scale of turbulence in the
air. One category consists of all components of local wind which are
attributable to air masses of a scale which is large compared to the
length of the sensor line (i.e., of scale length greater than about
1000 ft). This type of wind involves coherent moticn of large masses
of air,and, hence, it tends to affect all sensors in a sensor line in
the same way. A steady ambient wind falls into this class. The other
category consists of small-scale turbulence (i.e., of scale length
less than about 1000 feet). Since this type of turbulence involves
motion of masses of air which are roughly the size of the sensor
line or smaller, its effect on the sensor line varies from one
sensor to another. Hence, the two categories are distinguished by

whether they affect all the sensors simultaneously in the same
way. The final component of sensor output is the inherent measurement

2-7



error in the instrumentation itself. Tvpically,it consists of a bias
effect and a random component, both of which are quite small if

the instrument is functioning properly.

The effects of these three phenomena are additive, and they result
in a pattern of sensor outputs which is typically as shown in Fig. 2.3.
In Fig. 2.3, the port vortex, located at approximately +50 feet, produces
a minimum in the sensor located at +50 feet, and the starboard vortex,
located at approximately +325 feet, produces a maximum in the sensor
located at +300 feet. Ambient wind biases the entire pattern by
approximately 7 ft/sec, and small-scale turbulence produces local varia-
tions in the pattern, such as the local maximum at -350 feet and the
local minimum at -200 feet.

After extensive analysis of actual sensor tracking data, it has been
found that the velocities induced by vortices are only measurable
over a region of about 150 to 200 feet. In other words,the effect ofa
vortex appears in no more than three or four sensors at a time¥ For
example, in Fig. 2.3 the starboard vortex only affects the sensors at
250, 300, and 350 feet. Hence, all direct information about vortex
location, at any particular time, is embodied in only a few of the
instruments. The remaining instruments measure the combined effect
of large- and small-scale turbulence and ambient wind.

At periodic points in time, all sensor outputs are sampled
almost simultaneously. This collection of 20 or so sensor outputs is
preprocessed to separate the various erffects of large- and small-scale
turbulence from the effects of the vortices. The vortex effects
manifest themselves as a local maximum and a local minimum, each of
which is concentrated over two or three sensors. The regions of
vortex influence are inferred by summing the outputs of pairs of
adjacent sensors. The location of the pair of sensors which indicates
the largest sum is used to infer the region of the starboard vortex.
Similarly, the location of the pair of sensors which indicates the
smallest sum is used to infer the region of the port vortex. The
outputs of the sensors in each of the two pairs are then examined
to choose a third sensor to accompany each pair. One sensor is
chosen so that three sensor outputs associated with the starboard vor-
tex form a convex group,and another sensor is associated with the
port vortex to form a concave group. For example, in Fig. 2.3, the

*Clearly, this situation will be different for other sensor spacings.
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sensors at +300 and +350 feet form the maximum sum of two, so that the
starboard vortex is assumed to be nearest this pair. The sensor

at +250 feet is appended to these to form a convex group of three.

The starboard vortex is then assumed to be somewhere between +250

and +350 feet. Similarly.the concave group of sensors at 0, +50, and
+100 feet is chosen,and the port vortex is assumed to be somewhere
between 0 and 100 feet.

To determine the ambient wind, sensor outputs are averaged.
However, the average does not include data from the group of three
convex and the group of three concave sensors. In other words, only
those sensors which are not in the region of the port and starboard
vortices are included in the average. Since approximately 14 sensors
remain, a relatively accurate estimate of ambient wind is thus obtained,
In effect, the average does not include vortex effects. It extracts
the large-scale or ambient wind effect and tends to suppress the
effects of small-scale turbulence. The result is used by the estimator
as a measure of the ambient wind velocity at ground level (i.e., the
variable u in Eq. 2.4).

The group of three convex and the group of three concave sensor
outputs are then used to infer measurements of the starboard- and
port-vortex positions, respectively. First, the ambient-wind velocity,
inferred from the averaging process described above, is subtracted
from the outputs of the convex and concave groups of three, so as to
eliminate ambient wind from the data. Then,the groups are processed
to infer measured locations of the port and starboard vortices. This
processing is based on the vortex induced velocity model of gsection
2.3 and explained in detail in Appendix A. The formula is

2 2 2 v

v d°fv -~v + v _d v -V + v d Vi "Vm

[ my 1( m, m3) m, 2 ( m, ml) my 3( 1 2)] (2.7)
, .

x!' = !
2lv d;(v -V )+ v dz(b -v )+ v d3(v -V )
™ my M3 ) My M M3 m m
where x' = inferred measurement of vortex position,
vmi = velocity output of ith sensor of the group of
three sensors associated with the vortex, and
d. = location of the ith sensor.



Equation (2.7) represents the lateral Position of the vortex as
inferred from the outputs of the three anemometers which are likely
be nearest the vortex. As described above, a number of factors
corrupt the measurements and hence produce errors in inferred position.
As a result, the inferred measurements are processed by vortex~tracking
estimators which use a history of measurements to provide the best

estimates of vortex position.

2.5 VORTEX-TRACKING ESTIMATOR

As discussed in Section 2.2 above, the vortex motion is assumed
to be at almost constant velocity and characterized by Eq. 2.4
and 2.5. The horizontal distance x and transport velocity v constitute
the two state variables for implementation of the estimator. Sensor outputs
are sampled periodically and processed to update the estimates of
these two state variables. Between measurements, the vortex motion is
extrapolated in a manner which is consistent with the state-variable
equations 2.4 and 2.5. Let Qn—l and Gn—l be the estimates of x and
v for one of the vortices at the time step n-1, based on measurements
up to and including the measurement at time n-1l. Let in and Gn be
the estimates of x and v at the time step n, based on measurements up
to and including the measurement at n-1. Then, according to Egs. 2.4 and 2.5
and the fact that w is a white process noise, the extrapolation from
time n-1 to time n is

~

X

n- *a1 t (un—l + vn-l)At’ (2.8)

~

V= Vpps (2.9)

where At is the time interval between n-1 and n, and u _, is the ambient
ground-wind velocity determined from the ground-wind sensors, as
described in Section 2.4 above.

At time n, a new set of sensor outputs is sampled. As described
in Section 2.4, the measured positions of the vortices are inferred
from these sensor outputs. Let “ﬁ be the inferred measurement of the
lateral vortex position at time n. Assuming that the errors in successive
inferred measurements are independent, the Kalman-filter theory is
applied to this problem to yield the following update equations:

A - v o s
x X + Kx (xn xn), (2.10)
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5 o= '~ {2.11)
Vo vy * Kv (xn xn),
n
In effect, the extrapolated position and velocity estimates . and
7  are corrected by amounts which are proportional to the difference
n

between the measurement xﬁ and the extrapolated position estimate in'

The proportionality coefficients or filter gains Ky, and Kv,,
determine the character of the filter. According to the Kalman
filter theory,these coefficients are determined by the statistics of
the measurement errors and estimation errors. If the statistics
indicate that the measurement is much more accurate than the current
estimates, then the coefficients are large, giving more weight to
the current measurement than to previous data. 1If, however, the
statistics indicate that the measurement is much less accurate than
the current estimate, then the coefficients are small and far less
weight is given to the current measurement compared to previous data.

The estimator given in Eqs. 2.10 and 2.11 represents a second-
order sampled-data system for processing measurement data. Application
of the Kalman filter theory provides a direct computational method for
determining the filter gains, based on the statistics of the measurement
errors, the strength of the white process noise w, and the a priori
statistics of the initial position and velocity of the vortgg. For the
problem at hand, none of these statistics are well known. Furthermore,
it is likely that they change with time,so that to apply the filter
theory directly, one must provide some means to infer these statistics
and adjust the gains accordingly. 1In addition, it is important to
realize that the basic system model is much simplified, and, hence, that there
are inherent modeling errors.

There are a number of possible approaches which can be taken
to determine appropriate filter gains. The ultimate goal is to choose
gains which yield good system performance over a wide range of condi-
tions. The term robustness has been used to characterize such systems
because they are relatively insensitive to changing conditions. To
calculate the gains by applying the Kalman-filter theory, one must
select covariance parameters, as described above, and solve a matrix
Riccati equation, the solution of which can then be used directly to
obtain filter gains. The gains are thus determined by the statistics
assumed when developing the Ricatti equation. Experience with many
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applications of filter theory to real problems has shown that typically,
for this type of filtering problem, the gains produce a well damped
filter with a frequency response which balances the effects of measure-
ment noise against initial uncertainty and the effects of process

noise. With this fact known, it has been determined that the process of
guessing statistics and solving the Riccati equation is a rather

awkward indirect means of designing the filter. As shown in Appendix C,
the damping ratio of the filter is always 0.707. Hence, it has been decided
to choose Ky  and Ky so that this damping ratio is always attained
while allowing experimentation with the filter bandpass. This parameter
is then determined by a cut-and-try process, using actual sensor data

to yield a practical robust system which attains the best possible
tracking performance. Thus, the basic filter configuration is the form
obtained from the Kalman theory, with filter gains obtained by
experimentation with actual vortex-sensor data.

Separate filters are employed for each of the two vortices, and each uses
the inferred position measurement appropriate for the vortex it is
. tracking. For example, the starboard-vortex tracking filter uses the
inferred position measurement generated from the group of three convex
sensor measurements; similarly, the port-vortex tracking filter
uses the group of three concave sensor measurements.

The vortex-tracking filters, as described above, have been implemented
in a digital computer program and used to process data from actual
ground-wind sensors installed at London's Heathrow International Airport.
Appropriate gains have been chosen, and extensive: testing has been done to
determine the effectiveness of the trackers. 1In general it has been found
that in relatively calm conditions, when winds are below 5 ft/sec, it
is possible to choose gains which make the trackers work quite well.
However, when there is appreciable wind, the trackers experience
difficulty in initialization. It is apparent that they do not
adapt to the wide variations in the locations of the vortices at the

times when useful sensor data become available.

2.6 VORTEX-TRACKER INITIALIZATION

The tracking problem begins when an aircraft passes over the sensor
line. Pressure and/or acoustic sensors are triggered by the aircraft presence,
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and these signals alert the vortex-tracking system. After the air- .
craft passes over the sensor line, the vortices roll up and begin

to descend. There is often considerable variation in the time it
takes for the vortices to descend to the point where useful sensor
data become available. Aircraft height, vortex strength, and
meteorological conditions are all factors affecting descent time.
Furthermore, the wind variations with altitude provide an

additional measure of uncertainty as to vortex location when they
descend.

A number of approaches have been attempted in the process of evolving
a suitable initialization procedure, including adapting the
initial estimates to the ambient wind, changing filter gains, and
delaying the tracker initialization. None of these are totally
satisfactory. Basically, the problem is one of detecting the onset of the
vortex-induced velocity in the sensor measurements, and initializing
the vortex-state variables (x and v) to values, so that the tracking
estimator can lock onto the vortices. 1In effect, the onset of the
starboard-vortex-induced maximum and port-vortex-induced minimum,
as described in Section 2.4 and illustrated in Figure 2.3, must be
detected, and the tracking estimators initialized accordingly. Hence,
it has been determined that a measure of the size of the absolute minimum
and absolute minimum, relative to the average sizes of local maxima
and minima in the other sensors in the line would be useful. To
provide this comparison,a sample standard deviation of noise in the
sensor outputs is calculated at each sample time, by com-
puting the sum of squares of sensor outputs, subtracting the square
of the sum, dividing by the number of sensor outputs used and taking
the square root. In this calculation the cutputs of the sensors
comprising the maximum sensor pair and minimum sensor pair as described
in Section 2.4, are excluded. The resulting sample standard deviation
is then processed through a first order low pass filter with a time
constant of 6 seconds. The maximum sensor pair and the minimum sensor pair
are then each divided by two, the average wind is subtracted, and the
results are passed through filters which are identical to the one
employed with the sample standard deviation. The resulting filtered
averaged maximum sensor pair is then divided by the filtered sample
standard deviation to produce a signal-to-noise ratio for the sensor
data associated with the starboard vortex. Similarly, the filtered,
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averaged minimum.sum of two is divided by the filtered sample stan-
dard deviation to produce a signal-to-noise ratio for the sensor data
associated with the port vortex. These two signal-to-noise ratios are

then used to initialize the vortex-tracking filters.

Experiments with actual sensor data determined that the
signal-to-noise ratios must be greater than 2.0 before useful tracking
data become available. Furthermore, a delay of ten seconds after
aircraft detection is imposed, during which time no initializations
are made, to allow the startup transients of the low-pass filter
to settle. Hencerno track initiations are done until these conditions
are satisfied. However, once the delay is exceeded and a signal-to-
noise ratio exceeds two, the associated filter position-state estimate
ﬁn is initialized to the inferred position measurement xa, and the
velocity-state estimate Gn is set to zero. In effect,the filter
ignores all past data,and places total faith in the current inferred
position measurement, under the assumption that current data are far
more important than previous data. The signal-to-noise ratios
are then calculated at each succeeding measurement time, and the
changes in signal-to-noise ratio, from one sample time to the next,
are monitored. At each point when the new change in signal-to-
noise ratio exceeds the largest change observed previously, the
estimator is re-initialized. By this means, the rate of change
signal-to-noise ratio is monitored, and the estimator is initialized
repeatedly until the rate of change of the signal-to-noise ratio begins
to decrease. This procedure is terminated at 40 seconds after
aircraft detection, under the assumption that the vortices should
have descended and produced significant sensor signals by that time.

As stated previously, the track-initialization procedure evolved
from extensive experimentation with actual sensor data. It has been found
that typically the signal-to-noise ratio builds up rapidly as the
vortex descends,and then decreases gradually as the vortex dissipates.
Monitoring the rate of change of signal-to-noise ratio is found
be a reliable means to determine the onset of useful tracking data
and an effective indicator of when to re-initialize the estimators.



2.7 BAD-DATA SUPPRESSION AND TRACKING-QUALITY EVALUATION

Experience with actual tracking data also has eliminated a problem
with sensor measurement errors. At times when the signal-to-noise ratio
is diminishing, random disturbances in the sensor outputs can produce
very large variations in the inferred position measurement produced by
the measurement preprocessing as described in Section 2.4. This
problem is the result of the basically nonlinear relationship between
vortex position and velocity measurements. It has been found that these
large inferred measurement errors produce large perturbations
in the vortex tracker, resulting in possible loss of the true vortex
track by the estimator.

A straightforward and very effective remedy has been found by simply
limiting the size of the corrections which can be made to the esti-
mate. If, at the times when measurements are taken and preprocessed,
the inferred measurement of vortex position differs from the extra-
polated estimate of position by more than 200 feet, then the measurement
is ignored and the estimate extrapolated forward without a measurement
incorporation. By this device,a comparison is made between old data
and new data,and if there is a large discrepency the new data are
ignored. Extensive experimentation has shown that this technique, in
concert with the track-initiation procedure described above, is most
effective in suppressing bad data and seldom ignores good data.

A similar procedure is used when the vortices approach the
boundaries of the sensor line. When this occurs, the lack of sensor
data beyond the boundary can produce large errors in the sensor pre-
processing procedure. Hence, once the estimated vortex track
crosses a sensor-line boundary, the track is terminated.

The difference between the inferred measured position and the
extrapolated estimate of position, which is often called the measure-~
ment residual, has also been found to be an effective indicator of the
accuracy or guality of vortex tracking. As a means of quantifying
this indicator the residual is squared at each measurement incor-
poration and processed through a low-pass filter. This procedure
yields an approximate running evaluation of the sample mean square
value of the residuals. The low-pass-filter time constant, set at 6
seconds, is long enough to provide a measure of the mean, yet short



enough to adapt readily to changing tracking conditions. The resulting
tracking-quality statistic is compared against fixed threshold values
to yield an evaluation of tracking quality. Letter grades are given
which correspond to the magnitude of the square root of the statistic.
The thresholds are set as follows:

implies 0<v/s < 25 ft,

implies 25</s < 50 ft,

implies 50</s < 75 ft,

implies 75<vs < 100 ft,

implies 100</s < 150 ft, and .
implies 150<v/s ,

Lo I < R = Y o T« - B

where s is the filtered mean-square tracking-quality statistic calcu-
lated as described above. Thus, a grade of A implies excellent tracking
in the range of zero to 25 feet of error, and a grade of I implies very

poor tracking with deviations larger than 150 feet.

2.8 TRACK TERMINATION

The signal-to-noise ratio and tracking-quality indicators are
used to terminate vortex tracking. As the vortices age, their strength
diminishes, and it is important to provide some definite indication
of the end of useful tracking data. Experience has shown that
typically, after the 40-second delay allowed for tracker initializa-
tions, the signal-to-noise ratio generally decreases. When
the ratio falls below two and more than 40 seconds have elapsed since
aircraft detection, the vortex track is terminated. Similarly,when
the tracking-quality indicator falls below D, so that the rms
residuals exceed 100 feet, and more than 40 seconds have elapsed
since aircraft detection, then the vortex track is also terminated.
These two criteria, by which track terminations are made, have been found
to be effective in promptly and accurately terminating vortex tracks

when useful sensor data are no longer available.

Vortex tracks are also terminated when the estimated vortex
position passes beyond one of the boundaries of the sensor line. 1In
this case,the rationale is that useful tracking data are no longer
available once the vortex passes outside the line of sensors.
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3. VORTEX TRACKING RESULTS

The DOT/Transportation Systems Center has installed ground-wind
sensor systems at a number of airports. The vortex tracker was exten-
sively tested with actual data tapes supplied by TSC,
containing outputs from sensor lines deployed at London's Heathrow
International Airport. TSC also provided vortex track printouts, from
its own computer program, to be used as a reference and a
standard of performance for the tracker developed at CSDL. Most of
the testing was done as an integral part of the process of tracker
development. Data taken on three separate days were used to test
the system over a variety of tracking situations. The first data tape
(HM-94) is representative of a calm day with winds generally below
10 ft/sec. The second data tape (HM-95) was recorded on a day when
large headwinds were present. Finally, the third data tape (HM-62)
represents a relatively high crosswind condition, when vortices are
blown consistently and rapidly across the sensor line.

In the following sections, selected representative vortex tracks
from these three tapes will be presented. A wide range of aircraft
from Boeing 747's to BAC-11ll's is included. The tracking results are
discussed by way of comparisons between outputs from the vortex-
tracking estimator, as described above, and outputs from the tracking
program developed at TSC. The TSC program indicates the locations of
sensors whose outputs yield the largest number of maxima and the
largest number of minima, from samples of all sensors taken at 1/7-second
intervals, during successive two-second periods. Since these maxima
and minima are effectively the raw data on which the vortex-tracking
estimator operates, the comparisons provide a good indication of how
effective the tracking estimator is in processing the raw data.

Two lines of sensors were deployed at Heathrow Airport. The
so-called outer baseline was located at 2400 feet from runway thresh-
old and it usually senses the vortices first.. The inner baseline was located
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closer, at 1475 feet from the threshold. Aircraft pass over the inner
baseline about six seconds after passing over the outer baseline.
Aircraft altitude is considerably lower over the inner baseline than
is the case over the outer baseline. Hence, data from inner baseline
sensors are generally of higher quality, and more effective tracking
can usually be done using these data. Vortex tracks derived from both
sensor baselines will be presented in the following sections.

3.1 VORTEX TRACKING IN CALM AIR

In calm air vortex tracking is relatively easy. Good
tracking data are usually available within 15 seconds after the air-
craft passes over a sensor line. The vortex motion is dominated by
ground effect, which produces an almost constant-velocity motion of
each vortex. Sensor signal-to-noise ratios are generally high, and
accurate tracking is possible for long periods of time.

Figures 3.la and 3.lb present a comparison of the outputs from
the TSC program and the tracking estimator. Sensor data from
Heathrow Tape HM-94 (Case 11) provide the input to the two programs.
The vehicle which generated the vortices was a British Aircraft Corp.
Trident airplane. The figures present data processed from sensors
in the outer baseline.

Figure 3.la is the output from the TSC program. These data
can be viewed as representative of the raw data on which the vortex-
tracking estimator operates. Time, designated at 10-second intervals
after aircraft detection, runs vertically down the left hand edge
of the figure. Distance from runway centerline is presented at
intervals of 100 feet across the top of the figure. The vertical
column of apostrophes in Figure 3.la represents the runway centerline,
and the columns of dots represent the edges of a corridor of *150 feet
in width, indicating the so-called protected zone for following
aircraftl3. The letter S designates the estimated location of the
starboard vortex and the letter P represents the estimated location of

the port vortex. 1In Fig. 3.la the + sign next to a P indicates that the

port vortex may lie somewhere between the P and +. Similarly a side-
by-side S and * indicate a starboard-vortex location somewhere be-

tween the two.

As seen in Fig. 3.la,good data from the port vortex appear at
about 15 seconds after aircraft passage and persist until about 80

o



seconds, at which point the data become erratic, indicating an
unreasonable discontinuous jump in port-vortex location to the right
of the starboard vortex. Good tracking data on the starboard vortex
appear at about 20 seconds and persist until about 95 seconds,

at which point the starboard data also become erratic. The port

vortex stays within the +150 ft. region during the entire 80 second
period; the starboard vortex passes beyond the +150 ft boundary

at some time between 40 and 60 seconds.

The columns of letters running vertically down the left- and right-hand
edges of Fig. 3.la are measures of the confidence that can be placed
in the indicated location of the vortices. For example, the letter
A in the right-hand column indicates that the sensor at the location of
the 5, indicated in the figure at the same point in time, produced the
largest output at all 14 samples taken in the preceeding two-second
interval. Similarly the letter B indicates that the maximum occurred
in that sensor 90-99% of the time in the preceding interval and
similarly at 10% increments to F,which represents 50-59%. When fewer
than 50% of the maxima occur in one sensor, the £ is not printed and
a blank appears in the right hand column. Similarly, the left-hand
column applies to the minima which are associated with the port
vortices, designated by P in the figure. All letter grades are as
indicated above; however, when the minima occur less than 50% of the
time in one sensor,during a two-second interval, a dash is printed
in the left hand column. '

Figure 3.lb presents the port and starboard tracks as indicated
by the CSDL vortex-tracking estimator. The estimator calculates essentially
continuous tracks to high resolution, but the figure quantizes
the estimates to within 50 ft. intervals. In Figure 3.1b the column
of I letters represents runway center line, lateral distances are
designated in 100-ft. intervals across the top of the figure and the
vertical columns of dots indicate the +150-ft. protection region.
Letters S and P indicate estimated vortex positions. The letter Q
indicates a port-vortex estimator initialization, as described in
Section 2.6, and T represents a starboard vortex estimator initializa-
tion. Thus, the port vortex is initialized at 16, 18, 20, 22 and 36
seconds, indicating successive increases in the rate of change of
signal-to-noise ratio within the corresponding two-second intervals.
The port-vortex track stays steady at about -50 ft. until 75 seconds,
when it moves out to about -100 ft. The track is terminated at 80
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seconds due to poor tracking quality. Tracking quality, as described

in Section 2.7, is printed in the column running down the left-hand side of
the figure for the port-vortex estimator, and down the right-hand side for
the starboard-vortex estimator. As can be seen,the port-vortex quality
falls abruptly from A to E at B2 seconds, precipitating track termina-
tion in response to the erratic behavior of the sensor data. In the
period from about 20 seconds until 80 seconds the estimates are very

good, as indicated by the A and B grades attained in that period. The
starboard-vortex track is initialized at 26, 28,.32, and 34 seconds.

The track passes beyond the +150 ft boundary at 54 seconds, as

evidenced by the change from S to *, in Fig. 3.1b, to indicate
starboard-vortex position outside the *150-ft region. If the port

vortex had passed outside the #150-ft region the P would have changed to

+ indicating a port vortex positioned outside the $150-ft region.

The starboari-vortex track terminates at 98 seconds when the

sensor data become erratic. The starboard-track estimator produces

a smooth track with high-quality tracking from 40 seconds to 90 seconds.
Track termination is slightly late, as evidenced by the rather abrupt

and unrealistic motion of the estimate from 94 to 98 seconds.

The inner baseline data taken for the same period, Tape HM-94
(Case 11), are presented in Fia. 3.2, Fiqure 3.2a
represents the TSC program output,and Fig. 3.2b shows the tracking-
estimator output. Performance of the tracking estimator is similar
to what was observed in Fig. 3.1. 1In this case, however, when the
tracking data begin. to deteriorate after 120 seconds, the estimator
tracker is able to continue to track through the bad period and the
starboard track is not terminated until 170 seconds. Port-vortex data
begin to deteriorate after 140 seconds, and the tracking estimator
terminates the port track at about 150 seconds. It should be noted,
however, that even though a vortex is reported after 120 seconds, it
is likely that its strength is greatly diminished.

Figures 3.3a and 3.3b present data for the outer baseline sensors
with a small transport aircraft, in this case a Douglas DC-9. These
data are from Tape HM-94 (Case 12). Good sensor data are available until
about 110 to 120 seconds,when the tracker estimator terminates the
tracks. Tracking quality is quite high over the entire tracking interval.

Figures 3.4a and 3.4b represent the same case but for these figures
the data were obtained from the inner baseline sensors. The starboard-

vortex track in Fig. 3.4b illustrates the ability of the tracking
estimator to filter out sensor errors and produce a smooth estimate in

the face of rather erratic sensor data.
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Figures 3.5 and 3.6 present tracking data for a Boeing 737
transport. These data are from Tape HM-94 (Case 16). The port track in
Fig. 3.5b terminates early in response to erratic sensor data at
about 65 seconds, as can be seen in Fig. 3.5a. Comparison of
Figs., 3.6a and 3.6b demonstrates the ability of the tracker estimator
to lock onto a new vortex, as its effect appears in the sensors, when
the remnant of an old vortex still remains in the sensor line, as
evidenced by the port-vortex indications in Fig. 3.6a, at -250 ft,
up until about 16 seconds.

3.2 VORTEX TRACKING IN STRONG HEADWINDS

In strong headwinds the tracking task is far more difficult than
in calm air. There is sizable turbulence which in turn produces signals
in the sensor outputs which mask the vortex tracks. Furthermore, the
vortices dissipate quickly and the process of track termination is more
critical. On the other hand, the signal-to-noise ratios are generally low,
the tracking estimator must be made rather sensitive to detect marginal
signals so spurious signals must not be identified as vortex tracks.
Hence,a fine balance must be struck between sensitivity and the ability
to reject spurious signals.

Figures 3.7a and 3.7b present outer baseline tracking data from
Heathrow Tape HM-95 (Case B) with vortices produced by a Boeing 727
aircraft. Figure 3.7a, which is the output from the TSC program,
serves to indicate the poor quality of the sensor tracking data, due
primarily to headwinds of about 25 ft/sec. No coherent starboard
vortex track is evident, and only the trace of a port vortex track
appears on Figure 3.7a. Figure 3.7b presents’ the output from the
vortex-tracking estimator. No starboard track is reported, but the
estimator is able to track the port vortex from about 34 seconds to
60 seconds. Figures 3.8a and 3.8b present the TSC program outputs
and tracking-estimator outputs, respectively, using the inner baseline
sensor data for the same case. Here the sensor data are better, and
both port and starboard vortices are reported by the tracking estimator.
The vortices are acquired promptly at about 15 seconds and are terminated
appropriately at about 34 seconﬁs. Tracking quality is generally
marginal, as evidenced by the grades received while tracking.
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Figures 3.9 and 3.10 are again .a high~headwind case from Tape
HM-95 (Case 6); with a large aircraft, in this case a Boeing 747.
Figures 3.9a and 3.9b represent the outer baseline sensor data, pro-
cessed through the TSC program and the tracking estimator, respec-
tively. As seen in Fig. 3.9a, the starboard vortex passes outside
the sensor line in about 40 seconds. After that time the sensor
at +650 ft. continues to have the highest output, resulting in the
column of starboard indications at +650 ft., from 40 seconds until
74 seconds. The estimator tracker rejects this spurious signal by
terminating the starboard track, due to poor tracking quality, at
24 seconds. The termination is slightly premature in that the track
might have been prolonged until about 34 seconds. The port-vortex
track continues until 86'second§, at which point the signal-to-noise
ratio falls below 2 and the track is terminated.

Figures 3.10a and 3.10b reveal the tracking results for the
inner baseline sensor data for the same case (HM-95, Case 6). Signals
are strong enough, with this large aircraft, to produce excellent
tracking of the port vortex and reasonably good tracking of the star-
board vortex. Erratic sensor outputs cause loss of tracking quality
and termination of both vortex tracks.

3.3 VORTEX TRACKING IN STRONG CROSSWINDS

As was the case with strong headwinds, strong crosswinds cause
difficulty in vortex track;ng. The two mogt important factq;s ;ﬁfecting
tracking merformance are turbulence and the fact that the wind may displace
the vortices by hundreds of feet from the runway centerline before they
begin to produce useful sensor data.

Figures 3.lla and 3.11lb are the outputs from the TSC program
and the tracking estimator, produced from outer baseline sensor data
using Tape HM-62 (Case 11). A light transport aircraft, in this case a
Caravelle, produced the vortices. Sensor outputs are generally
erratic, as can be seen in Fig. 3.lla, and, hence, no coherent vortex
tracks are reported by the tracking estimator.

Figures 3.12a and 3.12b show the results of processing inner
baseline data. 1In this case the starboard data are quite erratic, but
a port-vortex track is discernable in Fig. 3.12a from 12 to 40
seconds. This signal is tracked by the tracking estimator from 20
seconds until 32 seconds, at which point the track is terminated due
to poor tracking quality.
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Figures 3.13a and 3.13b illustrate tracking under similar condi-
tions for a Boeing 737. The data are the outer baseline sensor
outputs from Tape HM-62 (Case 3). Erratic sensor outputs prevent
effective tracking of the starboard vortex; however, the trace of a
port-vortex track can be seen in Fig. 3.13a and the tracking estimator
barely catches the track in Fig. 3.13b.

Figures 3.l14a and 3.14b show the inner baseline results for the
same case. The port vortex does not produce a sufficiently high signal;
to-noise ratio for tracking, but the starboard vortex is tracked from
16 seconds to 34 seconds. Tracking quality is relatively poor due to
erratic sensor data.

Figures 3.15a and 3.15b show results for an A-300 Airbus. The
data were obtained from the outer baseline sensors with Tape HM-62
(Case 1). The tracking estimator produces only short tracks. The delay
in initialization of the starboard track is the result of a low signal-
to-noise ratio until 30 seconds.

Finally, Figs. 3.16a and 3.16b show results for the same case
using data from the inner baseline sensors. Large signal-to-noise
ratios produce high-quality tracking over most of the tracking period.
Abrupt loss of guality is due to passage of the vortices beyond the

sensor line.

3.4 VORTEX TRACKING RESULTS SUMMARY

The results presented are typical of many vortex tracks produced
with real data from the Heathrow tapes. Typically the tracking
estimator, in its current configuration, is conservative in the sense
that vortex tracks are initiated somewhat later and terminated somewhat
earlier than might be expected from performing visual pattern recogni-
tion on the raw data. This type of performance was purposely designed
into the system, as a means of preventing the tracker from reporting
false vortices in response to turbulence, gusts, or other error sources.
The tracker is quite robust, performing well over a wide range of

atmospheric conditions and aircraft types, and with data from two separate

sensor lines. No external data on aircraft type are required by the
tracker and no meteorological data, other than the ground-wind sensor
data, are used. In calm air the tracking errors are generally of the
order of 25 feet (rms). 1In turbulent conditions these errors can range
up to 150 féet (rms), depending upon the severity of the turbulence

and the strength of the vortices.
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Experiments were also run with sensors removed from the data,
thereby simulating such loss of information as would occur when sensors have
failed and have been taken off line. Removal of one sensor has almost no
effect on the tracking. Removal of two adjacent sensors introduces some
inaccuracy, but the estimator is able to maintain the track across the
missing sensors. The loss of three adjacent sensors usually causes
difficulty when vortices approach the region normally covered by the
three sensors. Hence, a substantial loss of information can be sustained
before the estimator becomes ineffective.

The results presented above pertain solely to the performance of
a tracking algorithm which systematically analyzes sensor data. It
would be a gross error to attempt to evaluate the hazard potential
to following aircraft solely from these results. Vortex strength,
altitude, and the location of the following aircraft with respect to
the vortices cannot be obtained from this algorithm; these parameters
being the primary elements in ewvaluating hazard. The indication of
vortices persisting for a long period of time is purely the consequence
of the algorithm's ability to process very low-level signals on calm
days.
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4. SENSOR-FAILURE IDENTIFICATION

The ground-wind anemometers and their associated electronics
are subject to occasional failures. Typical failure modes include:
physical damage to anemometers, physical misalignment of anemometers,
bearing wear, loss of power, 60-cycle interference, scale factor errors,
bias shifts, excessive noise in output signals, and many other possible
difficulties.

Although there are many failure modes, the resulting effects on
sensor output can be categorized in terms of a few general types of
failure phenomena. For example, physical damage, misalignment, loss of
power, and scale-factor error often manifest themselves primarily as
biases. Similarly, bearing failure and 60-cycle interference appear
as noise in the output. Hence,the bias shift and excessive noise
effectively describe a wide range of failures,

The erroneous signals produced by failures are processed as
input data by the vortex tracking estimator. Depending upon the
severity of a failure, the resulting effect on tracking performance
can range from a slight reduction in tracking accuracy to complete
destruction of tracking capability. In order to protect the vortex
tracking estimator from ingesting bad data, a sensor failure detection
and identification program was developed. This program effectively
compares the sensor outputs with each other, utilizing the redundancy .
inherently available in multiple sensors to find failures. The
program looks specifically for bias failures and random noise failures
in the sensor output data. When a failure is detected and the bad
sensor identified, its output is henceforth ignored and the remaining
sensors are used to track vortices. Although there is a resulting
loss in information, the tracking estimator has consistently demon-
strated its ability to track vortiees effectively, even given

failures in two adjacent sensors.



4.1 SENSOR BIAS-FAILURE IDENTIFICATION

The sensor bias-failure identification system depends upon

(12

comparisons of filtered sensor outputs with each other. No failure
identification is attempted while vortices are producing strong signals
in the sensors. This is accomplished, in the failure-identification
system, by not processing sensor data during the 60 seconds

following aircraft detection. The delay effectively gives enough

time for the vortices to dissipate to the point where they are no
longer a factor in failure detection.

At sample times other than during the 60 second delay
after aircraft detection, the output of each sensor is processed
through a first-order low-pass filter. There is one filter associated
with each sensor,and the filters are all identical, with time
constants of 200 seconds. The filters suppress high-frequency noise
but pass sensor biases. After all new sensor outputs are processed,
the filtered outputs are averaged to obtain the sample mean across
the sensor line. Then,the filtered output of each individual sensor
is compared with the sample mean,and if deviations of more than
five ft/sec are found, the sensor with the largest deviation
is designated as failed. The filtered output from that sensor is
then eliminated from the sample mean and the mean recalculated. The -
comparisons and elimination of the sensor with the largest deviation
greater than 5 ft/sec are repeated until all deviations are less
than 5 ft/sec.

During the 60-second delay allowed for vortex dissipation,
no sensor outputs are processed and no failure identification is
attempted. To allow long-term analysis of sensor outputs, the filter
state variables are simply held constant over the delay period,
thereby effectively carrying the past history of sensor performance
across the delay period.

The detection and identification system for sensor-bias failure
was tested extensively with data from the Heathrow sensor lines.
Specific periods were chosen to provide data containing actual sensor
failures. The system identified all known sensor failures that had
been previously identified by visual pattern recognition of raw data,
and no false identifications were made. In addition, the system
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identified several sensors which showed marginal performance, which had
not been previously identified by visual pattern recognition.

Experience has shown that the most difficult failures to detect
and identify are the marginal failures which exceed the 5 ft/sec
failure threshold by only a small amount. Typically it takes two to
three filter time constants to identify these failures. Larger
failures take less time, depending upon the magnitude of the failure.
Hence there is a compensatory effect in that the larger the failure,
the more quickly it can be identified and hence the shorter the
period during which bad data are ingested by the estimator.

4.2 ‘SENSOR NOISE-FAILURE IDENTIFICATION

A procedure similar to the bias-identification process is used
to identify excessive random or high-frequency noise in sensor
outputs. The 60-second delay after the aircraft identification is again
used to eliminate vortex effects. The noise identification procedure
calculates sample variances of the sensor outputs and compares them
with each other to identify failures.

At sample times other than during the 60-second delay
after the aircraft detection, the output of each sensor is squared and
the result processed through a first-order low-pass filter. There is
one filter associated with each sensor,and the filters are all
identical, with time constants of 200 seconds. The output of each
filter is a measure of the sample mean-square output of the associated
sensor. The sample mean for each sensor, obtained from the sensor
bias-failure calculation, is squared and subtracted from the sample
mean square for that sensor, to obtain a sample variance for each
sensor. The sample variances are then averaged to attain a sample
variance for the entire sensor line. Comparisons are then made
between the individual sample variances and the average sample
variance. The sensor with the largest deviation above 25 (ft/sec)2 is
designated as failed and its output eliminated. The average is
recalculated and comparisons repeated. Iterations continue until
all deviations are less than 25 (ft/sec)z.



This noise-failure identification procedure was also tested
extensively with real data from the Heathrow sensor lines. Behavior
similar to that of the bias-failure identification system was
observed. All failures were correctly identified, no false alarms
were issued,and a number of marginal failures which had previously
gone undetected were found.
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5. COMPUTER REQUIREMENTS

The algorithms developed for vortex tracking and failure
identification can be readily applied to a system deployed in the
field. The algorithms lend themselves nicely to modularization and
thus can be readily implemented in either a central processor or
a modular computation system composed of many small, interconnected
processors. In order to define the requirements for such a system,
the algorithms were analyzed to determine the most useful modular
configuration. The following sections describe the various modules
and indicate the storage requirements estimated for each module.

5.1 ATIRCRAFT DETECTION PROCESSING AND INITIALIZATION FOR NEW
AIRCRAFT ARRIVAL

This module processes data from the pressure sensors which are
used to indicate aircraft arrival. Certain logical checks are used
to reject false alarms. Once it is determined that a new aircraft
is present, the program provides initialization of variables in
preparation for tracking the new vortices generated by the aircraft.
The module is estimated to require 10010 words of storage.

5.2 DATA-CONSISTENCY CHECKS AND SCALING

This module does preliminary processing of input data in order
to prevent bad-data ingestion by the estimator. It checks for large
sensor-data deviations caused by bursts of electrical noise,
determines loss of reference voltages and performs any other diagnos-
tic tasks that do not require long-term filtering as utilized in the
sensor failure identification system described in Section 4.0. The
module also scales sensor data in a manner appropriate for subsequent
utilization in the vortex estimator. Storage requirements are esti-
mated at 12010 words.
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5.3 CLOCK-UPDATE, DATA-OUTPUT, AND EXECUTIVE FUNCTIONS

This module performs various executive functions, including
timekeeping, output data processing,and overall system management.
Its storage requirement is estimated at 25010 words.

5.4 DETERMINATION OF LATERAL POSITION OF SENSORS PRODUCING MAXIMUM
OUTPUTS
The maximum sum of two sensor outputs, as described in Section
2.4, and the lateral position of the maximum are determined by this
module. A major portion of the module consists of logic for
bridging the gap between sensors when a failed sensor is present.
Storage requirement is estimated at 20010 words.

5.5 DETERMINATION OF LATERAL POSITION OF SENSORS PRODUCING MINIMUM
OUTPUTS
This module is essentially the same as 5.4 above, except that it
searches for minimum sensor outputs.

5.6 WIND COMPUTATION AND VORTEX PROPAGATION

The estimation of ambient wind velocity is done in this module.
The estimate is then utilized to extrapolate vortex estimated position
between sample times. Storage requirements for this module are
estimated at 80lo words.

5.7 DETERMINATION OF MEASURED STARBOARD-VORTEX POSITION AND

ESTIMATOR UPDATE

The outputs of sensors producing the maximum output, as deter-
mined in 5.4, are used to calculate the measured position of the star-
board vortex. This measured position is then processed by the esti-
mator to produce updated starboard vortex position and velocity esti-
mates. Storage requirements for this module are estimated at 175lo
words.

5.8 DETERMINATION OF MEASURED PORT-VORTEX POSITION AND ESTIMATOR
UPDATE

- This module is the same as 5.7 except that it performs the
same tasks for the port vortex.
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5.9 FAILURE IDENTIFICATION

This module implements the sensor's failure-identification
routine, as described in Section 4. Storage requirements are

estimated at 15010 words.

5.10 COMPUTER WORD LENGTH

The variable reguiring the largest dynamic range is the vortex
location. 1Its greatest magnitude can be about 500 ft and the resolution
should be to within about 10 ft. Hence a dynamic range of 50 is
required, implying about 7 binary bits of information plus a sign bit.
Hence,an 8-bit processor is sufficient to handle the problem if
multiplications are carried out to 16 bits and truncated to 8 bits.

5.11 COMPUTER SPEED

Any modern processor with basic operation times of the order of
10 usec is sufficiently fast to handle the problem.
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6. SIMULATOR PLAN

A portion of the effort expended in this research included the
development of a plan for implementing a simulation of the vortex-
tracking problem. This simulator will be used to aid in the planning
of vortex-tracking systems for airports. The simulator is to be
very general, allowing great flexibility in simulating a wide range
of tracking situations. Its design is based on a modular approach to
developing the various required elements of the system. The modules
are chosen in a manner consistent with the various physical phenomena
or operational elements that influence vortex tracking. Their size
is based on the desire to have each module as self-contained as
possible with a minimum of input and output requirements. In the
sections that follow, the roles of the various modules will be
discussed and the overall simulator system design explained. A diagram
of the simulator configuration is presented in Figure 6-1.

6.1 Aircraft Module

The initial locations of vortices are determined by the path
flown by the aircraft generating the vortices. This simulation module
generates the flight paths of aircraft on approach to landing and
on climb-out after takeoff. It effectively provides the initial
conditions for the vortex simulation module, which is described in
the next section.

The module will also contain a simplified aircraft dynamic
simulation along with a closed-loop simulation of the pilot or auto-
matic landing system. The purpose here is to allow some evaluation
of the effect of a vortex encounter on an aircraft during final
approach or climb-out.



6.2 VORTEX-DYNAMICS MODULE

This module will produce a simulation of vortex motion and
determine the velocities produced by the vortices at designated
points in space. All important aspects of vortex dynamics will be
included so as to provide an accurate representation of the motion.
The simulation will be done in three dimensional space, with the
locus of vortex centers represented as connected line segments.
Vortex motions will be represented by motions of these lines in the
three-dimensional space. The initial location and shape of each
vortex line is determined by the aircraft simulation program
described above. Ground effect, ambient wind, air turbulence, vortex
interactions, and vortex decay will all be included by appropriate
mathematical modelling.

Also stored within this module will be the geometry of the
particular airport being studied. Provision will be made to specify
the airport terrain, locations of runways,and placement of vortex
sensors. With this data and the lines of vortex centers, as
described above, vortex induced velocity at desired points will be
generated. In particular, the induced velocities at the locations of the
vortex sensors and at nearby runways can be supplied as output from
the program.

6.3 SENSOR-SIMULATION MODULE

This module provides mathematical models of the ground-wind
anemometers. Its input is the local air velocity at locations of each
of the sensors,and its output is indicated velocity, including sensor
errors. These errors will include a bias term, scale-factor devia-
tions and a high-frequency noise component. Provision will also be
made to simulate misalignment of the sensor relative to its desired
orientation.

Simulations of sensor failures will also be implemented in this
module. A wide range of possible malfunctions will be provided,
in order to allow evaluation of tracking effectiveness in the
presence of various failures. The type of failure, magnitude, and time
of repair can all be specified by appropriate inputs to the module.
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6.4 TRACKING-SYSTEM MODULE

In an actual airport installation the tracking task will be
accomplished in a dedicated digital computer system. 1t is currently
envisioned that this computer system will be of modular design, made
up of a number of microprocessors tied together by appropriate data

communication buses.

The simulator will be designed to allow simulation of this type
of system. Both hardware and software will be implemented as elements
within the simulator; this will allow evaluation of the data-pro-
cessing system's hardware confiquration as well as checkout of tracking
algorithm software. By providing a detailed simulation of the data
processing system, it is anticipated that sizable savings in hardware
and software costs can be realized by appropriate system checkout on
the simulator.

6.5 DATA OUTPUT-AND-DISPLAY MODULE

A very carefully designed data output-and-display system will
be utilized to provide simulation results to users. The system will

simulate the display system which will be available to air-traffic
controllers; its purpose is to inform the controllers of whether
there are any vortices within the + 150-ft protected region.

This simulator module will also provide users with a versatile
means of monitoring variables generated within the simulator, for
purposes of evaluating system performance. Users will be able to
choose from a series of fixed data formats, which will allow a wide
range of choice relative to the amount of detail which will be pro-
vided in the output. In addition, provision will be made to allow
users to construct a desired output format, which might differ from
one of the fixed formats. A very versatile and carefully implemented
system for control of data output will be devised.

6.6 EXECUTIVE PROGRAM

The various simulation modules will be tied together through
an executive program which will serve to organize the modules, exer-
cize logical decision making, and provide the overall management of the

simulator while it is running.
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7. CONCLUSIONS

An effective, automatic vortex-tracking software system has been
developed to process data from ground-wind propeller anemometers.
System performance has been verified using actual sensor data gathered
at London's Heathrow International Airport. The system works well over large
variations in wind conditions and variations in strength of vortices.
It is tolerant of sensor errors and adapts readily to loss of sensors
due to malfunction.

An effective software system for detecting and identifying sensor
failures has also been developed. Actual sensor data were used to
verify performance of the failure detection and identification software.
All failures previously identified by visual pattern recognition with
raw data were also recognized as failures and identified by the
automatic system, and no false alarms were given. 1In addition, certain
marginal failures, which had previously gone undetected by wvisual
pattern recognition, were found by the automatic system.

The software has proven itself with actual sensor data under a
wide range of operating conditions. It can be readily adapted to
real-time tracking and for application to future vortex warning systems
installed at airports. 1Initial steps have been taken to modularize the
software, in preparation for its implementation in either a central
data processing installation or a modular computer system.

A tentative plan for development of a general-purpose vortex-
tracking simulation program has also been presented. This simulator
will be an effective tool for the study and development of vortex
warning systems. If properly designed, the simulator will be useful
for planning sensor installations, software development and verification,
performance evaluation, and for studying various combinations of sensor
deployment, operational procedures, and sensor-failure detection.
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APPENDIX A

DERIVATION OF EQUATION FOR INFERRED
VORTEX POSITION MEASUREMENT

A useful equation can be derived for the lateral position of a
vortex in terms of three measurements of induced velocity. The equation
is based on an assumed % velocity field for the vortex induced velocity.
From Eq. 2.6 the horizontal velocity measured by sensor iis

v = I'h (A-1)

My wih? + (x-a) )

where ' = vortex circulation
h = vortex altitude
x = vortex lateral position

d., = sensor lateral position.

If there are three sensors, then three equations of the form

(A-1) can be written for the three sensors with i = 1, 2, 3.

The equations for sensors 1 and 2 can be combined to eliminate %?.

obtaining

Yy [(hz+x2) ~2d,x + df] = Vo, [(h2+x2) ~2d% + dg] ,(a-2)
and similarly for sensors 1 and 3

vml[(h2+x2)-2dlx+-d§] = vm3[(h2+x2)-2d3x-+d§] . (a-3)

These two equations can then be combined to eliminate the term
(h2+x2L obtaining

2 2
vm Vo ){Fdlvm -2d2vm + Vi d2 = Va dl
1 2 _ 1 2 2 1 (a-4)
- 2 2 s =
v -V x{2d,v_ -24.v )+ v d, -v_d
m; My ( 1 m, 3 m, m, 3 m, 1



which can then be solved for x to yield

¥ =

2 2 2
v_dlfv_ -v + v _d (v -v )+ v. 4
[ml 1( m, m3) m, 2 my my ‘

v._d. v -v + v d,{v._ -v
zlml l(m2 m3) m, 2( my m,

R
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APPENDIX B

SUBROUTINE SUMMARIES,
PROGRAM FLOWCHART, AND
PROGRAM LISTINGS

The subroutine summaries are preceded by a glossary. The basic
format of each subroutine summary appearing on the following pages
is composed of the following terms:

A)
B)
c)
D)
E)
F)
G)

Purpose

Calling Sequence

Inputs

Outputs

Subroutines Called
Subroutine Length

Warning or Error Messages.

A flowchart is then enclosed for the significant and complicated
subroutines, followed by the FORTRAN listing for each subroutine.



ABSPL
ABSPR

ALT

DMN

DMX

DN

DSQ

DX

Dl

D2

IBLMN

IBLMX

ESTIMATOR-TRACKER GLOSSARY

Absolute value of port-vortex position
Absolute value of starboard-vortex position
Altitude of port or starboard vortex
Velocity-filter measurement weight
Position-filter measurement weight

Time step

Denominator used in calculating the measured lateral
position of either the port or starboard vortex

Locations of the three smallest average-velocity sensors
at time N

Locations of the three largest average-velocity sensors
at time N

Lateral positions of the three sensors which represent
the minimum average velocity

Used to determine if the magnitude of the difference
between the measured position and the estimated position
is consistent with expected measured and estimated errors

Lateral positions of the three sensors which represent
the maximum average velocity

Lateral position of the sensor with the largest velocity
for starboard, smallest velocity for port

Lateral position of the sensor with the smallest velocity
for starboard, largest velocity for port

Index pointer

Indicates that the minimum value for the sum of two sensors
is on the left-hand boundary

Indicates that the maximum value for the sum of two sensors
is on the left-hand boundary



IBRMN

IBRMX

1cn{o,1}*

ICLK
ICR{0,I}
IDX

IFST

IFSTI

II
IPDX
IPX
1s
JJ

Jl

J2

J3

J4

L
LARG
MNL{0,I}

MXR{0,I}

Indicates that the minimum value for the sum of two
sensors is on the right-hand boundary

Indicates that the maximum value for the sum of two sensors

is on the right-hand boundary

Indicator used 1in termination logic on port side
Internal clock used to count frames per second
Indicator used in termination logic on starboard side
Index pointer

Indicator used on outer baseline to signal arrival
of new aircraft

Indicator used on inner baseline to signal arrival of
new aircraft

Counter
Index pointer
Index pointer
Sensor number
Counter

Sensor location on the left-hand side of the minimum or
maximum sensor-pair chosen

Sensor location on the left-hand side of the minimum or

maximum sensor-pair chosen

Sensor location on the right-hand side of the minimum or
maximum sensor-pair chosen

Sensor location on the right-hand side of thevminimum or
maximum sensor-pair chosen

Measured lateral position of the port vortex
Large floating-point number used for initialization
The location of the first sensor on a baseline

The location of the last sensor on a baseline

*
0 - means outer baseline
I - means inner baseline



NP

R
RMSVW{O,I}*
SCONST
SECC

SECO

SEC60
SMALL

SMAX

SMAX3

SMIN

SMIN3

SNLBST

SNL{o,1}

SNLP

SNRBST

SNR{O,I}

SNRP

SPRTL
SPRTR
SRMSVW
SSMN

SSMX

Number of sensors minus the number of failed sensors
minus three

Measured lateral position of the starboard vortex
Root-mean square wind velocity

Scaling constant

Forty-second threshold

Ten~second threshold

Sixty-second threshold

Small floating-point number used for initialization
Maximum velocity for the sum of two sensors
Strength of the starboard vortex

Minimum velocity for the sum of two sensors
Strength of the port vortex

Intermediate variable used to store the largest difference between
two successive signal-to-noise ratio values on the port side

Signal to noise ratio for the port vortex

Intermediate variable used to store a previous signal-to-noise
ratio value on the port side

Intermediate variable used to store the largest difference
hetween two successive signal-to-noise ratio values on the

starboard side
Signal-to-noise ratio for the starboard vortex

Intermediate variable used to store a previous signal-to-noise
ratio value on the starboard side

Print trigger to indicate start of the port-vortex track
Print trigger to indicate start of the starboard-vortex track
Smoothed root-mean-square wind velocity

Smoothed signal-to-noise ratio for the port vortex

Smoothed signal-to-noise ratio for the starboard vortex

*
0 - means outer baseline

I - means inner baseline

"
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SSQVW

SUM

TEM

TEMP

TPIE

XHAT

Sum of the squares of good sensor velocities, excluding
the two sets of sensors with the largest and smallest

velocity

Intermediate variable used to store the maximum or minimum
velocity for the sum of two sensors

Intermediate variable used in the calculation of the
measured lateral position

Temporary variable

Constant

Velocity estimate of the port vortex
Velocity estimate of the starboard vortex
Wind velocity estimate

e~bt/Time Constant .4 g smoothing old data

{1-WOLD) used for smoothing new data

Scaled vortex motion as recorded by sensors minus
wind estimate

Scaled vortex motion
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ESTIMATOR-TRACKER SUBROUTINE

Purposes

To track automatically, and to record measured vortex positions as

a function of time.

Calling Sequence

CALL EST (2, ISPIKE, NS, ISN, ISDST, IORD, METS, NF, P
SSQR, SMNL, SMXR, SPRTL, SPRTR)

Ll PRI

Inputs

Through variables in calling sequence

zi Ground-wind sensor data as recorded by propeller
anemometers

ISPIKE Trigger to indicate spike in GWS data

NS Total number of sensors in a baseline

ISNy Indicates failed sensors in a baseline

ISDSTi Sensor lateral positions in a baseline with respect

to the centerline of a runway

IORD, Sensor locations in a baseline with respect to the
centerline of a runway, ordered from port to starboard

METSi Ambient meteorological wind data recorded at
various levels on multiple towers

NF Total number of failed sensors in a baseline
The remaining inputs are passed through labeled common blocks.
/INOU/ -Specifies input, output, and scatch device numbers.

/INPUT1/, /PASS21/, /ORDER3/ -See glossary for definition of

variables in these common blocks.

13-
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D. @UTPUTS

Through variables in calling sequence

PL Position estimate of the port vortex

PR Position estimate of the starboard vortex

SSQL Smoothed quality indicator for the port vortex

SSQR smoothed quality indicator for the starboard vortex

SMNL Smoothed strength of the port vortex

SMXR Smoothed strength of the starboard vortex

SPRTL Print trigger to indicate start of the port vortex track
SPRTR Print trigger to indicate start of the starboard vortex track

The remaining outputs are passed through a labeled common
block.

/EST{0,I}/ -See glossary for definition of variables in this
common block.

E. Subroutines Called
CK, FDI
F. Subroutine Length

15258 locations




VORTEX ESTIMATOR TRACKER MODULE

Compute Scale Constant
As a Function of Voltages

_JKL__*<i Check for New
Ajrcraft Arrival
YES

INITIALIZE VARIABLES

1) Clock

2) Wind velocity estimate

3) Starboard & port position
4) Starboard & port velocity
5) Quality indicator .
6) Various triggers & pointers

Test for SPIKE \  SPIKE _G\
in GWS Data /

NO SPIKE

Scale Qutputs Z.(n) of
Good Sensors Uslng Scale
Constant Computed Above.
Store in Ri(n).

Find the minimum (SMIN) and maximum (SMAX) value for
the sum of two adjacent sensors. Store the sensor
Tocation on each side of the minimum and maximum
pair along with the sensor location of the minimum
and maximum pair. Determine whether the minimum or
maximum pair are on the left- (IBLMN,IBLMX) or right-
|hand (IBRMN,IBRMX) boundary of the sensor line.

¥ .
Selact three sensors, from the group of four
maximum, to obtain a convex group of three.
Determine the locations of these sensors DMX1

i=1,.2,3

v
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of three.

DMN1

Select three sensors, from the group of
four minimum, to obtain a concave group

Determine the locations of

1i=1,2,3

these sensors.

the
and

Compute an average wind
velocity estimate Vy(n)
using all GWS values except

three

convex group of three
the concave group of

!

Signal-to-noise ratio for both
port (SNL) and starboard (SNR).

COMPUTE

™
and
P

R

AL

Propagate the starboard P
estim
n-1

n-1

P, vortex position
%tes as functions of

WV
Rn_

Y

At

WV
¥n-1

1

n-1

¢ TEST FOR SPIKE
\\\

[ uppATE cLOCK|

SPIKE
///

IN GWS DATA

Compute the measured lateral
position (R) of the starboard
vortex, the quality, the
altitude,and the strength,
using the group of three
COnvex Sensors

1
c




YES

)

Check 1f measured
position r minus esti-
mated position Py is
greater in magnitude
than 200 ft.

NO

Update position and
velocity estimates

Pr = f(Ppin).C .R)
Vo = f(¥(m).C,.R)

1 \
Logic to determine
when to start star-
board-vortex track

Logic to determine
when to terminate
starboard-vortex
track

Compute the measured lateral
position (L) of the port vort
the quality, the altitude, an
the strength, using the group
of three concave sensors

ex,
d

Check whether measured
position L minus esti-
mated position P, is
greater in magnktude
than 200 ft,

NO

YES
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NO

Update position and

velocity estimates
P = f(PL(n),Cx.L)

= (.54

Logic to determine
when to start
port-vortex track

Logic to determine
when to terminate
port-vortex track

!

Has 60 seconds expired
since the last aircraft
' arrival

f

CALL

Failure-Detection Module

{  RETIRN )



ESTIMATOR-TRACKER SUBROUTINE

UBROIT INE EST(Zs ISPIKE NS ¢+ ISNs ISDST ¢ ICRD ¢ME TS e NF o P
1 SYONC VS KR, SRRTCIEPRTFY ’ T3sNFsPLoPR»SSQL + SSUR
REAL Ls LARGs M2s M1
INTEGER DMN, DMXy Zs SECOs SECCs SPRTFs SPRTL. SEC60
O 1MENST ON
1 DNC?)y OX( s OMN(&4)e DMX(4)e TEMI3I)y X(2)e XHAT(30)

2)
DIMENSI ON
1 ISN(30)s ISDST(30)e JORC(3I0)se NMETS(10)e 2¢(30)
COMMON/Z INOUZICR s IPR 2 IPUS IDT e IS o159, ITY«1S341S4,155,1S56
COMMON/ INFTI/ZCX sCViDSQsDEL T SECC+SECC WELLCoWAEW
COMMION/PASS21 /IFSTGIFSTY
COMMCN/ CRDER2/7VYNL O MXFD
CIMMNMN/ESTO/RMSVWO s SNLOWSNRCLICLKs ICRC,ICLO
CATA SEC6C/420/
CATA LARG/1eE23/
DATA SMALL/=1e¢=25/
CATA TPIE/H5.283195708/
(ot EQUI VALFNCE (METS(8),F2)
SCONST=10Ce 0/(WRTS(O)=-METS(20))
IF(IFSTeNEW1)GD TO 110
C INITIALIZATION FOR EVERY NEW AIRCRAFT ARRIVAL
CO 100 I=1eNS
XHAT(11=C o0
100 CONTINUE
VW=0e?0
VR=De"?
VL=0e0
PR=504,0
FL==5Ce 0
IFST=2
ICLK=D
SSQR=0e 0
€S0L =060
SMNL=0e 0
SMXR=0e0
SRMSVW=0e 0
SSMX =040
ESMN=0+ 0
SNRBST=060
SNLBST=0e0
SPRTR=0
SORTL=0
ICPO=4
[CLO=4
110 IF(ISPIKE eNEeD)GO TO 265
C UPDATE PREFILTER
0N 120 I=1.NS
ICX=10RC( 1)
IF(ISN(IDX)eEQel)GD TO 120
XHAT(T)=C(FLOAT( 2( IDX)=METS(A)}) ) *SCONST
120 CONTINUF
C FINC MAX AND MIN MZAN VELOCITY MEASUREWMPENTS
SMAX =SMALL :
SMIN=LARG
I9RMX=0
IRFMN=Q
NP=NS=3=NF
1=1
Jir=1
125 Ox=10D( N )
IFCISM(IDX)eSQel)GN TC 1320
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o

GO
130 IS
CA
140 10X

+ IDRD NS« J1)
1160 TO 180

ly 2o Y]

Xt in

®

Mnr=n

[~1od4
i

150 IS=J1
160 10X=10

SNs IORD NS+ J2)
EQe1)1GD TC 170

O

X

-ile
(V4

I
+
.

~ i =0~ O =D~ b
o o

170 1S=J42+¢2 .

1S
180 10X=10RC{J
IFC ISN( 10X
Jo=J3+1
GO TO 200
185 1S=J43+2 .
CALL CK(ISyISNsI
..200 SUMsSXHAT( J2)+XHA
IF { SUMe LE ¢ SMAX)
SMAX=SUM
IRLMX=0
oMx(1)=41
CMX(2)=J2
DMX({3)=43 -
DMX(a)=Js
IF(1eEQel )IBLMX=]1 .
IF{1eFQeNP)IBRIMX=]
205 IF( SUMe GE ¢SMINYGO TO 210
SMIN=SUM
IBLMN=0
DMN(1)=J)
DUN(2)=J2 . T,
DMN( 3)=J2
DMN(a)=J8 = . -
lF(IoEOol);BLMN=1

Nc!DRDiNSoJ3'

IS
+1)
oEQe 1160 TO 185

- lite

IF{1eFQeNP) IBRMN=1
210 IF(T1eGESNPIGD TO 215

218 J1=DM

IF (X o XHAT(J21)GO TC 22¢

220 CMX(a
. };(agAg(J!)-GEoXHAT(JZ))GQ TC 228
225 IF(XHAT(J4) e GE«XHAT(J3))GO TC 227

227 J1=DMN(1}

J3=DMN
Jaz=DWMN

o~
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NOYOD

IECXHAT (U T )50 o XHAT(IIIGY " 7206
MWN(LY=DMN()
CMN( 2 )=D9n(R)
IVN( 3)=DAN(A)

23C¢ Car(s)=9
IFAXHAT(IY ) a2 o XHAT (D) IGY TF 235
ITOLMN )

235 TTUXUAT(J% alLTo XHAT (I Y YCGP, “C 330
R MN=]

UPD2TT WIND +# TTINVATT

240 11=1

e

KA RN 1

- e "

VNLVWOXHA'(Y
SOVRSESOVNEXHATI ) k3
G T 240
2% Ir=!7+‘
I1¥(1lae o'“ﬂ(JJ)IGO TC 2=nN
280 = JJ&'
22 COINTINMUS
vasVa/NGE
CEMSVYRIT SORT(S3OAIVW/NGE~VIWExT)
SUMS VWS WL« S0MSY s AaNEWRTMEIVAr
SEMX=WILE 235MXe aNE W A (4 U4 SVAX=Yn )
SOMNSWNLL ASSMNEINIWE (4 32CWTN=VW)
SNEIITIS VX /3DMIVW
CNLN=C3UN/GEY SV R
FCAFAGATS VGET™ X STAYES
VEZDa"* (CLEC*TEL)BDFL
C!' 2SESUMTHD TO 31T 1,2
CI ASSUME TO 17 Q6%
265 D;=Dh+(vr+VW)tn?L?
M+ (VI_+VYYED =L T

(Y]

!‘-(I IKE oK g} 31) TP 325
CAL(L.L.ATF M'A%UFJ’T") f‘lf'-l""'(""ﬂﬂ"lﬁ\f-'!‘.‘ POSITICON
ry 270 1=,
[IX=NAX{T )
’ l”DX=IUnD(IPX)
CXUTISTSE STOTPOX)
(T ISXAAT(IOX )~ VW

273 CHOHNTINUE
1=0 11" M¥Xerdal o Vg LRLMXAERS YT TN 205

'[‘-"IX(!)nL?'o'.‘oQoﬂf-!oX(?)al.Fo"s.}sf“’oX(")'L'O”QO’GO TO c85
TEMCE I XOT YR L) IX(ZY=-X(2))
TEM(2)sXCS PRI 2ISIX(TYI-X( 1))

TTMEAY XA ADX (I X (P )=X(7))

DINOMZ2 qOB{TTA{ ] )+ TEN(2)4TRN(?]))

I*{D5N(YMg“ e 02 IGO TN 3INE

Y 3R) =1,

T MOII=Tionm( TIRDX( 1)

20T CONTINUEG
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282
282

285

LPOD

29¢

300
CA

305
30€

307
208

306
310

31s

Y4TEM(2I+TEM(2) ) ZDENCM

I~ e

X-CUXXOX-I

1
)
eGTex({3))GO TC 282
)
9

TOOT=OTD
mcnnonu—u

T=MP (V1% (R=D] ) *%k2=M2%(R=DN2)*%2)/(M2=N])
IF(TEMP(LFe0e0)GN TC 295

ALT=SART( TEMP) .
SMAX 3= TPIF*“I*IAL?“Z*(R-D!)“2)/(’.0.ALT’

EMXR=WOLD *SMXRt+ WNEWESMAX 3 . N
TEMP=(R=PR)%k%x2

SSOR=WOLD #SSQR+ WNEWXTEMP

IF(SSNeGT 0400006 0)SSCR=4000060

IF(TEMP+GTeDSO)GO TN 298
ﬁ;:MglgHggSTARBﬂAﬂD) POSITICN ANC VELOCITY EST!M“TE STATES
VR=VR+CVETEMP

FR=EPR+CX* TEMP

IF(ICLK oLEeSECQ)IGO TO 300

IF(ICLK ¢GTeSECC)IGO TO 306

IF{SNRIWL Te2¢0)G0 TD 20C

TEMP=SNRQ-SNRP

IF(TEMPeLESGe0)GO TO 300

IF(TEMP oLE e SNRBST)IGO TO 200

SPRTR=1

FR=R . -

VR=0e0

SNRBST=TEMP

SENRP=SNRMN

GO TO 306
LULATE MEASURED LEFT(PORT) POSITIOCN

SSAR=WOLD %SSNR+WNEW%1 000040 L ] . o
IF(ICRONEs 0 ANDe SPRTReEQ,0)GC TC 310

ICKQ=1

IF(SNRFDeL Te260)G0 TC 310
ICRO=2

IF(ICLK «GTeSECCIGO TO 307
IF{SSOR «GE22500s0)GD TO 309
GO TO 308 .
IF(SSOReGEe10000401GD TO 310

ICRO=3 T
ABSPR=ABS (PR

)
IF(ABSPRe GT ¢ ABS (r-'c.n AT(ISCSTIVMNLD) ) )eOReABSPReGT ¢ ABS(FLOATU(ISDST(MX =~

1 RO)INIGO TO 31

ICRO=0

GO TO 310

IF(SPRTP¢EQel )SNRBST=040

O 315 [=1,3 .
IPX=DMN (I )

IPDX=I0RD(IPX)
ON(1)=1SDST(IPDX)
X{I)=XHAT(IPX)=VW

CONT INUE
IF(IAFRMNe EQel ¢ ORe IBLMNe E0e1)GO TO 380

L=DN(2)
IF(X(1) oGEeO o0 eOReX(2)9GEeDoCoNReX(2)sGE90e0)GO TO 345
TEM{1)=X(1)*DN{1)2(X{(2)=X(2))



(PI=X(2)«DON(2)*(X(2)--X{1))
"' V‘(")=K(3)*DN(3I*(X(I)-X(?))
PENOMz2 QCR(TIVC VI 4TEM{2)¢TENV(D))
IF(D“NWNQ OQO’Q)GO TC 380
LY 3an 1=',12

?r“(l’-TfM(l)*jN(l’
23 ) CONTINUF
Le{TIW (LI #TEM(2 )4 TEM(Z)I/0FNCM
MlsX(T)
DI=DN(2 )
CIFEX(Y) oG TexX(2) )G T 342
vMizX(7)
NZ=DN(2)
G T 342
26 Miz=X(1)
NI=DMN(1)
63 TEMP={MI%(L =D ) s%x2=M2a(lL«D2)e82)/(U2=N])
IF(TEMDGL.T¢0e%)1GO TN 343
AL T=302T( TIvO)
SUIMI=TPITHAL A( ALTH %24 (L=01)%42) /(24 0%A8LT)
SMNL=WILD #*SUNI + WNENSSMINT
345 TFMP=(L-PL)¥%22
SSOLEWOLDXSSOL ¢ WNEWRTEMP
IF(SSOLeGTe60000490)SSAL=4I0NCW0E
IF(TEMR oG TeNSA)GN YO 2KE
UPCATE L-FT(PORT) RPCSITION AND VELOCITY ESTIMATE STATES
I60 TIMP==-PL
VL=VL+C VE TS WP
FL=PL+CX&TFMP
2 IF(ICLK4LE@ SFCI)IGO TO 270
IF(ICLK ¢GTeSECC )IGO TO 385
IT{SNI DeGTo=2"1GO TC I70
TEMP =SNLO=SNLP
IF(TZ'IP ¢GEeDe0)G) TO 270
IF(TEMP oGF ¢ SNLASTIGD T1} 70
PR TL=1
FL=L
vL.29a7
SENLABST=TE MR
370 SNLP=SNLO
G TN 288
IBEC SCAL=WOLDXSSAL+WNEW%]1 000060
TF(ISOPIKE eN“e0 ) SSQR=WCLDXRSSAF+WNEWRX10CCCe C
LS {F(%CL”oNcoOQANDoSPPTLoFGQO)CC TG 350
Ln=
IZ(SNLOQGTQ“909)60 TO 130
LO=?
FLICLx ¢GTeSECCIGN TO 287
F{SSALeGT22250000GN TZ 3RS
GC T 288
37 IV(SQQLQGF.‘007O.0)G TO 260
238 17L0=3
AQSPL=ABS (PL}
IF(ARSPLe GT 9 ABS
1 FOMVIGD TO 39
I1CLO0=0
GO TQ 250
386 [F(SPRTLeEQel )SNLBST=C0eN
3190 IF(ICLKSLT¢SECHNIGE TO 400
CALL =DI(XHAT0NSQISNtIOPCoh='
400 RETURN

s g

gFLOAT(ISCST(WNLC’))oCFoABSPL.GT.ABS(FLOAT(lSDST(Mx
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A.

matically ta identify and to reject failed or poorly performing sensors.

B.

FAILURE DETECTION-AND-IDENTIFICATION SUBROUTINE

Purposes

To monitor continuously each sensor's performance, and auto-

Calling Sequence

Call FDI(XHAT,NS,ISN,IORD,NF)

Inputs

Through variables in calling sequence

XHATi Scaled sensor outputs

NS Total number of sensors at a baseline

ISN, Indicates failed sensors at a baseline

IORDi Sensor locations at a baseline with respect to

the centerline of runway

NF Total number of failed sensors at a baseline

The remaining inputs are passed through labeled common blocks

/INOU/ Specifies input, output, and scratch device numbers
/INPT3/ Contains constants to filter mean and mean square
Outputs

Through labeled common blocks

/VALDO/ Contains filtered mean and filtered mean squared
/FDIO/ Contains filtered variance, total filtered mean,

and total filtered variance.

Subroutine Length

2638 locations

B-17



F.

Warning or Error Messages

a) "SENSOR # "x" ON (OB,IB) EXCEEDS MEAN"
b) "SENSOR # "x" ON (OB,IB) EXCEEDS VARIANCE"

B-18
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FAILURE DETECTION-AND-IDENTIFICATION SUBROUTINE

Initialize total filtered
mean and total filtered
variance to zero.

N

Calculate filtered mean,
filtered mean square and
filtered variance for
each_§gpsor

R

Calculate total filtered
mean and total filtered
variance

Find Targest absolute
difference between total
filteredmean and filtered
mean, and store in BIGM
along with sensor number
in IBM

Find largest absolute
difference between total
filtered variance and
filtered variance,and
store in DIGY along with
i_sensor number in IBV

<

|1f B ffm;s— > = =T BIGV>25 >
> >

Record which sensor failed Record which sensor failed to do
to do large mean and elimi- large variance and eliminate
nate from system from system

RETURN

B-19
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FAILURE DETECTION-AND-IDENTIFICATION SUBROUTINE

EEQEC:I:EE FOI(XHAT sNS+ ISNo ICRDWNF)

DIMENSION ISN(3D)e ISDST(3: )y IORD(32)s METS(1()s XHAT(3O)s Z(32)
COMNON/INQU/ICPR s IPR s IPUSIDT e IS 2 IS2+ITY»15391544155,156
COMMON/INPT3/COLLC +CNEW

CrCMMCN/VALDO/XS (20 )eV¥S(30)

CCMMON/FOIN/ZS(30 ) e MALL o VALL

NALL= o

VALL="el)

EIGM=-1,E25

2IGV==1,825

CN 12 I=1.NS

IDX=10RO(1)

IFCISNC(IDX)eEQel1)CGO TO 10N
TEM=CNEWRXHAT(I)
TEMS=TEMEXHAT(])

20 xS(1)=COLO*XS{(1)+TEM
¥YS(1)=COLD=YS{I }+TEMS
2S(1)=YS(1)=XS(1)#»2
VALL=MALL#XS(I)
VALL=VALL+ZS(1)

17C CONTINUE
NGS=NS=NF
NALL=MALL/NGS
VALL=VALL/NGS
DO 2%5 1=14NS
10X=1CRO(1)
IF({ISN(ICX)eEQel)GO TO 20+
ARGM=ABS(MALL-XS(1))
IF(ARGMeLEBIGM)GO TO 1S9
I19m=1
BIGM=ARGM

150 ARGV=ABS(VALL~ZS5(1))
IF(ARGVeLESBIGVIGE TO 2.8
1Rv=1]
BIGV=ARGYV

24y CONTINUE
IF(BIGMeLEeSe" )1GO TO 250
NFE=NF+1
IDX=10RD(IBM)
TISNC(ICX )=]
MALL=(FLOAT(NGS )2*MALL-XS{IBM) })/{NS=NF)
NGS=NS=NF
XS(1BM)=0e?
WRITE(ITYOU(T)IBV

25 IF(BIGVeLE«259)G0 TO 30O
NF=NF+1
1ODX=T0RD(1BV)
ISN(IDX)=]
VALL=(FLOAT (NGS)%®VALL=-2S(IBV) )/ (NS=NF)
NGS3NS=NF
ZS( 1BV )= 60
WRITE(ITY,9LLL)IBY

32¢ GETURN
810 FORMAT(1JH SENSOR * 12+16h ON OB EXCEECS MEAN)
%71 FORMAT(1)H SENSOR * 12,23H ON 0B EXCEEDS VARIANCE)

END



CK SUBROUTINE

Purpose

To determine the location of the first non-failed sensor in the

sensor line.

B.

Calling Sequence

Call CK(IS,ISN,IORD,NS, IANS)

Inputs

Through variables in calling sequence

Is Sensor number

ISN; Indicates failed sensors at a baseline

IORDi Sensor locations at a baseline with respect to the
centerline of runway

NS . Total number of sensors at a baseline

The remaining inputs are passed through a labeled common block

/INOU/ Specifies input, output and scratch device numbers

Outputs
Through variable in calling sequence

IANS Sensor number of the first non-failed sensor

Subroutine Length

508 locations

Warning or Error Messages

"ERROR IN CK SUB....CHECK FAILED SENSORS...."
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SUBROUTINE TO LOCATE FIRST NON-FAIL

SENSOR IN THE SENSOR LINE

291TY 153 ,1549185,156

0
OF IN CK SUPeeeofFECK FAILEC SENSCRS enseo¥)

000)
ROP

Doty wmum =ik
WL ey L 18]
Ll Uwell >0
Laal o Tl el TRT 220N
[ B U Jew Ll

D iCCLZwr 27
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APPENDIX C

KALMAN FILTER-GAIN EQUATIONS
FOR A DOUBLE INTEGRAL PLANT

Consider the double integral plant system described by the

following state equations

X, = X, (C-1)
X2 = u ’ (C-Z)

where u is a white Gaussian process noise with the following statistics
Efu(t)] = 0 ,  E[u(t)ult+t)] = gé(1), (c-3)

and q is the strength of the process noise. Let m(t) be the system
output given as

m(t) = x,(t) + vi(t), (C-4)

where v(t) is a white Gaussian measurement noise with statistics
Elv{t)] = 0 , E[v(t)v(t+t)]) = ré(T), (c-5)

with r defined as the strength of the measurement noise.

The object of this development is to obtain the estimator which
produces the minimum mean~square error in estimation of Xy and X,
from the measurements m, This end can be readily attained by defining
the state vector

xl(t)

x(t) = ' (c-6)
xz(t)



and writing the vector matrix system equations as
x(t) = Fx(t) + Gu(t), (c-7)
m(t) = Hx(t) + v(t) , {(C-8)

where the matrices F, G and H are

[0 1
F = , (C-9)
| 0 0
[0
G = ’ (C-lO)
L1 ‘
H = [l 0] . (C-11)
The minimum-error variance estimator is then given by the Kalman filter
equations(13)
R(t) = Fx(t) + K(t)[m(t) - HX(t)], (C-12)
T
k(e) = ELEIH (C-13)

where x(t) is the estimate of the state vector x(t), as inferred from
the available measurement process m{t), K(t) is the matrix of

Kalman filter gains and P(t) is the error covariance matrix which
satisfies the Riccati equation

T

B(t) = FR(t) + P(O)FT + Ggo' - DIEMHHP(E) (C-14)
Now the vector matrix differential equation for the estimator

can be expanded to obtain scalar differential equations for the estimates

of the individual elements of the state. These are

il(t)

iz(t) + k, (t) [m(t) - ﬁl(t)l, (C-15)

xz(t)

k,(t) [m(t) - il(t)l. (c-16)



where the filter gains kl(t) and kz(t) are the first and second elements
of the gain matrix given in (C-13),

P, (t)

ky(e) = A, (C-17)
Pq4{(t)

kptt) = 22—, (c-18)

with Py and 2P defined as the elements of the covariance matrix P(t).

pll(t) plz(t)
P(t) = . (C-19)
Py (t) Py, ()

From Eq. (C-14) the differential equations for the scalar elements of
P(t) can be obtained as

2
. P11
pll(t) = 2P12 - "r_ ’ (C-20)
PP
: = _ ~11712
Pia % Py T ’ (C-21)
p2
Pyy = a- 22 . (c-22)

If the filter is allowed to reach steady=-state stationary operation,
the covariances approach constant values. These can be obtained by
setting the left-hand sides of (C-20,21,22) to zero. Eq. (C-22) then yields
N :
P = (ar)?, (c-23)

and applying this result to Eq. (C-20) obtains

[

t i3
2
Py; = 279 r . (C-24)

Thus, from Eq. (C-17) and Eq. (C-18) the steady-state filter gains are

11
k, = 2° (%)I , (C-25)



8| =

k, = (@3 (C-26)
and hence the steady-state filter gains are completely determined by
the ratio of process-noise strength to measurement-noise strength.

At this point it is useful to return to the differential equations

for the estimator. If stationary operation prevails, then kl and k2

are constant. Taking the Laplace Transform of both sides of Eq. (C-15)

and Eq. (C-16) then yields

sX, = X, + kllm - xll, (C-27)
sx, = k2[m - xl] . (C-28)

§2 can then be eliminated and the input/output transfer function

relating m to §1 obtained as

X k.s + k
L L 2 (C-29)

m 32 + k

ls + k2

The denominator of Eq. (C-29) indicates that the estimator is a second

order system with undamped natural frequency

1
_ 2
and dawping ratio

k

1

L = T (C-31)
2
2k,

Upon substitution of Eq. (C-25) and Eq. (C-26) these quantities may

then be written as

w = (S)z, (c-32)



and

¢ = ¥ = 0.707. (C-33)

Thus, the estimator always has a damping ratio of .707 and its band pass
is the fourth root of the ratio of process noise to measurement noise.

The estimator actually employed in vortex estimatjon is implemented
in a digital computer. Although the filter equations developed here
are continuous differential equations, the results obtained are
applicable to the digital filter because the sample rate employed in
the computer is approximately 50 times faster than the filter response
time.






APPENDIX D

REPORT OF INVENTIONS

Under this contract an improved analytic model has been formulated
for predicting wake vortex transport in the terminal area environment.
While the objectives of the contract have been successfully fulfilled,
no innovation, discovery, or invention has been made.
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