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EFFECTIVENESS EVALUATION OF STOL TRANSPORT OPERATIONS

By Ellis F. Hitt, Juergen M. H. Bruckner,
Viucent J. Drago, Ronald A, Browm,
Fred G. Rea, Richard F. Porter

BATTELLE
Columbus Laboratories

SUMMARY

A short-takeoff and landing (STOL) systems simulation model has been
developed and implemented in a computer code (known as STOL OPS) which
permits evaluation of the operation of a STOL aircraft and its avionics
in a commercial airline operating environment, STOL OPS coacentrates
on the avionics ‘unctions of navigation, guidance, control, comminication,
hazard avoidanc>. and systems management. External world factors in-
fluencing the operation of the STOL aircraft include each airport and
its geometry, air traffic at each airport, air traffic coatrol equipment
and procedures, weather (including winds and visibility), and the flight
path | 2tween each airport served by the route.

‘the development of the STOL OPS program provides NASA a set of
computer programs which can be used for detailed analvsis of a STOL air-
craft and its avionics and permit establishment of system requirements
as a function of airline mission performance goals. While the principal
thrust of the effort reported herein was development of the STOL OPS
program, tentative results are presented for the California corridor
scenario used to check out the program.

Extensive exercise cases must be run for a wide variety of STOL
scenarios prior to specification of conclusive system criteria. The tens
tative results derived with the present version of the STOL OPS program
have indicated need {or additional experimental and modelling effort.
Substantial effort should be devoted to establishment and maintenance of
a dua*a bank for avionics subsystems.
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INTRODUCTION

The objective of this project was to develop and apply an overall
STOL syster.s simulation model to assist in developing the data base needed
to establish systems criteria and operational procedures for STOL trans-
port operations. The focus of the simulation effort was on avionics
functions such as navigation, guidance, control, and flight management
in an airline route operation. The multiplicity of applicable STOL sys-
tem concepts and the related functions, performance criteria, and speci-
fications preclude sole dependence on an experimental approach because of
the great number of points that would be required. Experiments wiii be
costly and must be used selectively in those areas or directions shown
by analysis and simulation to be the most promising. The present simu-
lation will permit the assessment of various STOL avionics configurations,
air traffic control equipment and standards, and operational procedures,
and assist in the identification of developmental alternatives which are
most suitable for their particular technological and operational application
in the existing nolitical and economic environment.

Material relevant to STOL transportation was carefully reviewed
to ascertain the parameters necessary to characterize the operational
environment and the interactions of the STOL aircraft with its environ-
ment. Previous success in the development of an avionics system simulation
model and a computer program that implemented this model (ref. 1) sugges-
ted to NASA that this previously developed avionics system simulation model
could be adapted to permit application to the STOL mission. The adaptation
involved removal of certain deterministic and stochastic system models and
development of others. These mathematical models, and the computer pre-
grams that implement them, permit evaluation of the mission performance of
a single STOL aircraft and its avionics in a realistic environment descrip-
tive of the mission being simulated.

The simulation tools have been deve.oped to permit detailed simulati-n
of the specific STOL aircraft of interest as it operates over a route net-
work typical of that expected for a commercial STOL operation. The inter-
action of that aircraft with the external world and the internal functions
required to fly that aircraft are simulated ‘- detail. The external world
factors include: each airport and its geometry; the operation of other
aircraft at each airport; air traffic control equipment, procedures, and
standards; weather, including visibility and winds; the flight path between
each airport served by the route; and other factors. Each of these external
world factors is described in detail in this report. Internal to the air-
craft being simulated in detail are the avionics system functions of navi-
gation, guidance, control, communications, hazard aveidance, and systems
management. In addition, the details of factors necessary for flight of
the aircraft including inflight procedures and ground servicing procedures
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are simulated.

The development of the STOL Operations (STOL OPS) computer program
provides NASA a set of computer programs which can be used for detailed
analysis of a STOL aircraft and its avionics and permit establishment
of system requirements as a function of airline mission performance goals.
While the princinal thrust of the effort reported herein was developrent
of the STOL CPS program, tentative results are presented 'or the scenario
used to check out the program. Extensive exercise cases rust be run for
a wide variety of STOL scenarios prior to specificat on . conclusive
system criteria. The tentative results derived with th. present version
oi the STOL OPS program have indicated need for additional experimental
and modelling effort. The present version of the progriars and hence the
results are a function of the study ground rules.

Study Ground Rules

The ground rules used for this study were mutually . zreed upon by
NASA Ames Research Center and Battelle, and are bised on associated NASA
studies and experience.

NASA Study Ground Rules.-The STOL aircraft to be simrlated is a 100
passenger externally blown flap vehicle designed for a 2,¢00 foot field
length (ref. 2).

The time frame and the initial definition of the operational environ-
ment to be considered should be 1980. The air traffic environment is fore-
cast for that time frame. Assumptions were made that only minimal airport
configuration changes from present day configurations soull occur before
1980, that the ATC radio navigation aids would be unchinged from their pre-
sent locations and performance, an? .nat the microwave landing system (MLS),
8C-117 Ccnfiguration G (ref. 3), would be operational ut cach of the -ir-
ports.

The scenario assumed for development of the simulation was service in
the California corridor. This service was assumed to be between San Jose

Municipal Airport (SJC), Sacramento Executive Airport (SAC., and Orange
County Airport (SNA) at Santa Ana.

Weather in 1980 was assumed to be similar to historical weather data
available for each of the sites under consideration.

ATC rules and procedures were assumed to be virtually idewn’ "cal to
present day standards. Also, it was assumed that area navigation (RNAV)
would be approved for operational usage.



Curreat airborre equipment requirements for Categories I and II
operation (ref. &) were assumed to apply. It was further assumed that
avionics and operating procedures covered by Federal Air Regulations,
Part 25 and art 121 (refs. 5 and 6) would still apply.
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Overall STOL OPS Concept and Computational llethods

METHODOLOGY DEVELOPMENT

The STOL Operations (STOL OPS) program developed in this study is
made up of a number of computer routines that implement various math-
ematical models necessary for the simulation of STOL transport opevations.
These models include deterministic models and stochastic system models.
The stochastic system models include both expected value models and

Monte Carlo mcdels.

Airport(s)
Aircraft
Avionics
Air Traffic
Weather
Flight Path
Schedule
ATC

Cruise /AT, XT at
— N, G, C fe——»] Terminal
Analysis Area
€ Monte
Carlo
Dispersion
S t
Others /jff::~,_.‘.
P————
FIGURE 1, STOL OPS ROUTINE FLOW DIAGRAM

A simple diagram illustrating the basic operations
of the STOL Operations (STOL OPS) computer program is depicted in Figure 1.

Mission
Effect-

i iveness

Report
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Input data describing the airports, the aircraft being simulated, its
avionics, the air traffic, the weather, the flight path flown, the air-
craft's operation schedule, and the air traffic control equipment, proced-
ures, and standards are processed to provide various reports. Some of
this processing is performed by intermediate programs such as the Air-
craft Navigation Guidance Control Analysis Program (ANGCAP). These inter-
mediate programs produce individual reports as well as preprocessed data
utilized in the Monte Carlo simulation routine.

The mission effectiveness report depicted in Figure 1 is the prin-
cipal output of the STOL OPS Program. This report presents the results
of the evaluations of the STOL aircraft and its avionics and associated
operating procedures for the operational environment being simulated.
The effectiveness evaluation consists of the statistical results repre-
senting various mission performance measures, discussed in a later section
of this report, as processed by the logic implemented in the Monte Carlo
routines.

The advantage of the Monte Carlo meth.d is that it can readily handle
systems of large dimensions, which also involve complex decision logic.
The decision logic can be made to correspond with that involved in the actual
flighv of the aircraft. 1In addition, no linearizing assumptions are needed,
no sophisticated mathematics are required in formulating the analysis planned,
and the analogy between the computational algorithm and the physical event
being simulated is quite direct. The major disadvantage of the Monte Carlo
method is that the simulation of complex situations may be very costly in
computer time, especially if a high confidence level in the results is
desired for remote events.

Conceptually, the Monte Carlo method is straightforward when applied to
the type of simulation being considered in this study. All the conditions
that prevail on a mission or flight leg, or at least their appropricte des-
criptive statistical parameters, are known. Conceptually, the scenario is
divided into series of small steps of time. At the end of each step, an
assessment is made as to what stochastic event actually transpired during
the elemental time span. On the basis of what occurred, the decision
logic specifies the next course of action to be taken. This sequence of
steps is illustrated in Figure 2. The whole procedure is then repeated a
number of times. Results of each Monte Carlo run are binary events, i.e.,
either the event happened or did not happen. For example, in any given
Monte Carlo run, either the aircraft is dispatct. 1 or the flight is can-
celled. The probability of an event is given b the =atio n/N where N is
the number of Monte Carlo runs and n is the number of :imes the event occurred
in N trials. The number of runs, N, necessary to obtain a given accuracy
with a desired confidence level is a function that can be computed by inte-
grating the Gaussian distribution (ref. 7) if both n and N - n are greater
than the number 5 and N is greater than the number 30. Typji-al results for
a range of confidence levels and for a maximum allow.rle error of 5% of
n/N are shown in Figure 3.
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Number of Monte Carlo Runs

100,000 T T
L_N = Number of Montc Carlo
50,000 runs
’ n = Number of times an event|  _ ,,z”’/’
6. 00 occurs in N runs A >
2 0 —
, // A /
10,000
/
5,000
P
2,000 /%
1,000 e
P
_—‘/
100 6775 %50 0. 85 0.90 0.95

Confidence Level

FIGURL 3. NUMBER OF MONTE CARLO RUNS VERSUS
CONFIDENCE LEVEL WHERE THE MAXIMUM
ALLOWABLE DIFFERENCE BETWEEN THE
TRUE AND ESTIMATED PROBABRILITIES 1S
5 PERCENT OF /N



It can be seen from Figure 3 that it will usually require between
1,000 and 10,000 Monte Carlo runs to obtain reasonable accuracies at a
high confidence level (say greater thanm 90%). JTa a complex scenario.
the number of decision points in each Monte Carlo run may be of the orler
of 50 per flight leg. If the calculation associited with a decision point
are lengchy, then the computer cost involved with one simulation can be-
come quite significant. One obvious manner in which computational time
per Monte Carlo run can be reduced is to precalculate the P;j(d) and the
"additional computations'” mentioned in Figure 2. These precalculated
quantities are stored in a data bank and extracted at the appropriate
time during a Monte Carlo run. The main objection to performing exten-
sive calculations outside the Monte Carlo routine is that some of the
flexibility in handling scenario's and/or decision logic associated with
the avionics is lost. The alternatives allowed by the decision logic
must be somewhat restrictive to prevent the storage requirements of the
data bank utilized by the Monte Carlo routine from becoming ex~essive.

In addition, the computer time iuverlved in obtaining the precalculated
quantities could become so great as to defeat the usefulness of this
approach.

A more comprehensive description of the mathematical models and
computation methodology follows. Figure 4 has been developed as an aid
to the understanding of the interrelationships between the primary models.

Deterministic Mcdels.-The principal deterministic models are the air-
port and powered lift STOL perforwmance models. Each of these is briefly
described below.

Airport Model: The airport model allows a detailed simulation of
ground operations at any airport for which input data are provided. The
input data are contained in three arrays. The first array contains the
information that is needed to describe specific points of interest in the
airport, e.g., runway endpoint, turnoff points, navigatiorn aids locations,
etc. Each point is described by user designated point numcer, and X and
Y position. The X and Y position is relative to au ciigin at the control
tower with a positive X axis east, and the positive Y axis north. A
second array contains specific information for each runway, cuch as orien-
tation, length, width, and turnoff p-ints. The third array describes all
the taxi paths between a runway and terminal building area. The airport
model is made up of the following subroutines.

Landing: The landing routine is called at touchdown of the air-
craft. Input to this routine is a runway dcsignation, point of touchdown
and aircraft touchdown weight. A constant deceleration of 10 ft/sec is
used to calculate runway time an” distance required to slow down to the
trxi veloeity. Ounce it has been determined that the aircraft has reached
a safe turnoff velocity. the aircraft will turn off onto the nearest taxi-
way. The distance and time from touchdown to turnoff will be calculated.
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Taxi In: Based upon the turnoff that is chosen, the taxi-in routine
cdescribes the appropriate taxi path from data contained in the taxi array.
The aircraft is assumed to taxi in at a constant velocity. Conflicts
in intersections are not modelled.

Deplaning: The deplane routine calculates time consumed by pase
gsengere deplaning tne 2ircraft. Once the aircraft has reached the gate,
there 1s a set time delay to allow both the flight and ground crews
time to prepare for deplanement. It is assumed that the passengers deplane
at a constant rate while freling is under way. Since deplaning time is
less than fuel? .: ti..:, thi; routine has been omitted in the Monte Carlo.
If fueling is not required at each stop, this routine is needed.

Fuel: The fuel required is determined from the nominal flight path.
The time to refuel equals tke pounds of fuel loaded divided by the fueling
rate.

Boarding: The boarding routine calculates the time for passengers
to board. It is assumed that passengers beard in a 10-minnute mean time
with a 2-minute o distribution.

Cargo Load/Unload: The cargo load routine assumes a 10-minute mean
with a two minute 1o discribution. It is further assumed that cargo can
be loaded and unicaded during deplaning, fueling, and boarding. There-
fore, the time to unload and lcad the cargu is compared to the time of
these three events. If the load/unload time is greater thai these three
times and greater than the scheduled ground time, the additional time is
calculated and a delay is attributed to cargo loading/unloading.

Taxi Out: The desired takzoff runway is provided as input data in
the taxi-out routine and the appropriate taxi path to that runway is des-
cribed from data in the taxi array. The taxi-out time is calculated in
a manner similar to taxi-in time.

Takeoff: The takeoff routine calculates the time incurred during
the takeoff phase. This includes runway-occupancy time and delays due
to other traffic.

Detailed Description of Aivport Models: The details involved in
the development of equations comprising the airport models are contained
in Appendix A of this report.

Powered-Lift STOL Performance Model: A computer routine has been
deveioped to model the performance of the general class of powered-1lift
STOL transport aircraft. The input variables to this routine are:

11
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H, altitude as a function of time
V, true airspeed as a function of tine
W, weight

PHI, maximum bank angle

IF, an integer which denotes one . three possible flap
deflections

GAM, flight path angle with respect to air mass (if appro-
prisce)

VWDOT, head-on component of wind gradient

MI, an integer which identifies the desired operating mode.

The fligh* =~od: indicator, MI, has eight possible values and
specifies ou . quantities to be compute’ as shown in Table I.

Any segr - . f a desired flight profile can be computed by selecting
the appropriace tlight mode. The following paragraphs describe the mamner
in which each flight mode can be used.

If M=1 is selected, maximum thrust is determined frcm stored data
ag a function of Mach .umber and altitude and used to accelerate the
aircraft along the selected flight path angle. MI=4 is similar, except
that minimum thrust is implied.

If ¥=2 or 3 is selected, maximum available thrust is used while _ae
ecuivelent airspeed (EAS) or Mach number, respectively, is held constant.
The use of MI=5 or 6 is similar except that minimum thrust is employed.

Setting MI=7 or 8 implies flight at constant equivalent airspeed
or Mach number, respectively, at a specified flight path angl'e (which can
be zero for level cruise). The appropriate rhrust setting is determined
internally in the routine. If the desired path angle is beyond the per-
formance capability of the aircraft, the specified flight path angle is
disregarded and maximum performance is computed.

The flap configuration is determined by the value of the flap
deflection integer, IF. Values of 0, 1 and 2 denote flaps up, takeoff
flaps, and landing flaps, respectively. Takeoff flap settings are changed
at 150 knots indicated airspeed. On approach, takeoff flap settings are
used from 150 knots to V_ ... ... at which time landing flap settings are
used. For either of the Ygtter two, the use of MI=7 or 8 requires an
iteration on angle of attack and engine thrust to satisfy the lift co-
efficient and net axial force requirements for equilibrium. This iter-
ation is automatically performed internally in the routine.

12
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TABLE 1. COMPUTED AIRCRAFT PERFORMA\NCE PARAMETERS AS
A FUNCTION OF FLIGHI MODE INDICATOR

L LT

e e

Specified Computed
Max Min Constant Constant
GAM Thrust Thrust EAS Mach. No. VDOT WDOT GAM
X X X X
X X X X
X X X X
X X X X
X X ' X X
X X X X
X X X
X X X

13



Figure 5 illustrates climb profiles computed with this routine for
the McDonnell Douglas 100 passenger, 2000 feet field length, EBF airplane
for two initial weights. For these sample calculations, the aircraft
subroutine was used in conjunction with a standard integration routine.

Each time the aircraft performance routine is used. a check is made
to insurz that the required lift coefficient is within the capabilities
of the aircraft for the flap position selected.

Analytical approximations are used for all atmospheric data to sim-
ulate standard conditions. For the aircraft data, 16 tables are used, al-
though all of these are never required for any one selected operating mode
and flap position.

Detailed presentation of the mathematical models comprising the air-
craft performance routine are presented in Appendix B. This appendix lists
the input data, the equations and flow logic, and typical output of this
model. The powered-lift STOL performance model is used to generate the
nowinal flight path. The resulcs of this nominal are used to define the
norinal waypoints and flight cimes. The nominal flight times are computed
only once and then stored for use by the Monte Carlo routine. The Monte
tarlo routine then need only specify the segments over which the flight is
tc occur based upon the operating schedule and avionics availapility. The
nominal flight times for the segments are then immediately available to the
Meonte Carlo rotitine,

Expected Value Models.-The principal expected value models are the
aircraft navigation, guidance, and control variance analysis, reliability,
and maintainability models. Each of these are briefly described below.

Aircraft Navigpation, Guidance, and Control Variance Analysis Model:
Mathematical models have been derived to implement state estimation error
analysis techniques and guidance/control analysie methods discussed in
detail in Appendices C and D. The FORTRAN computer code implementing these
models is discussed in detail in Appendix E. This code is executable as a
separate program for datailed analysis studies. In addition to detailed
printout, thecode generates matrices for later access by the Monte Carlo
program. Thus, the aircraft navigation, guidance, and control analysis
code m2y be thcught of as a2 separale program or a preprocessor to minimize
execution time reguired in the large Monte Carlo code.

The user must suppiy data describing the Jocation of the grornd navi-
gaticn aids ard their performance as well as the flight path geometry of
the aircraft with respect to each of these navigation stations. In addition,

14
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the user must define the avionics equipment utilized for each of the func-
tions, subfuactions, and modes. The navigation guidance and control system
configuration assumed in the error analysis code has been structured to

be general to permit investigation of a variety of subfunctions and modes.
No distinction is made in the code between automatic and manual command
generation or state estimation. It is assumed that state estimation is
performed by receiving periodic position updates, Between updates, v
sition is estimated by extrapolating from the last position estimate

using an estimate of the aircraft's velocity. The model is similar to

that developed by Bryson in ref. 8.

The error sources considered are time correlated velocity estimation
errors, time correlated altimeter error, and pure bias and white noise
for each of the range and bearing readings from up to two VOR/DME stations.
While the data bank has a capacity for storing information on a large
number of VOR/DME stations, it is assumed that, at most only two stations
are used simultaneously during any portion of the flight. The basic sys-
tem models are developed as discussed in ref. 8 and resulting variance
equations are propagated as discussed in decail in Appendices C and D.
While ref. 8 emphasizes air data as a means of performing velocity esti-
mation, inertial systems could provide this information,

If an inertial system is to considered, only the data values need .o
be changed. This neglects some effects unique to inertial systems, such
as the Schuler period*. Since updating occurs relatively rapidly com-
pared with the Schuler period of 84 minutes, the effect of neglecting the
Schuler period will be negligible.

Both the measurement and updating models are completely geueral so
that alternative measurement schemes ma- se studied. For example, consider
using raage (p) only information from two statioms (P,p). In this cace,
there would only be two measurements to precess. Also, discrepancies be-
tween true and model measurement matrices may be included.

The update routine provides the capability of alternative methods
of computing the gain. For example, if a Kalman filter is not included, a
simple least-squares method might be used to compute the gains. Also, an
arbitrary position fix might be used; then the measurement information
would completely replace previocus position estimation. The option is also
provided to vary the frequency c¢f the updates at times specified by the
user.

*Period of a pendulum whose natural frequency is equivalent to that of
a physizal pendulum whose length is equal to the radius (R) of the
Earth, T = 20/R73 = 84 minutes.

i6



. jr—

-

w3
-

"t

While the analysis of 2 Kaluan filtered system required iacluding
bias errors of states, the Monte Carlo simulation of the flighc of the
aircraft usi-g the state estimatiun scheme requires far fewer states.
Thus, covarionces which are a -abset »f the total 8 by 18 covariance
of the navigation analysis prog-im are stored and used orce during the
approach/landing phase in conjun:.ion with the random number generator
to generwte position and velociity .rrors over random sample aircraft
flight in the Monte Carlo prosgrzm.

The aircraft navigation, guiidace, and control varviance analysis
prcgram (ANGCAP) provides a wetl :d of detailed investigation of state
estimation using periodic updates from a wide range of measurements and
utilizing a wide range of methods of computing update gains. This analv-
sis detail docs not increase execution time of the Monte Carlv analysis
program, yet the capability is provided for performing Morte Carlo 2naly
sis of any of the analyzed state estimation schemes.

The aircraft state covariance at the end of each flight is cata-
logued in a master file for use in the plotting routine. The covariance
matrix is available for each sutfunction and mode and consists of the
cross track position deviation, the altitude deviation, and the alcag-
track time deviation specified in terms of early or late arrival at the
end of the flight segment period.

A plot of the covariance of thL: navigation errors and aircraft
deviation can also be provided over any route segment. In this mauner, if
an analysis of the en route navigation system (consisting of the on-board
avionics, desired flight path, and the available airborne and ground navi-
gation aids) is desired, only this portion of the program need be run.

Examples of the output of this program and =lots availabie {rom the
prcgram are presented in a later section of this report.

Reliability Model: The operational -tatus of the STOL aircraft
and its avionics is obtained in the simuiation by computing the probability
of fai.iure at several points in time. An exponential failure model is as-
sumed so that the probability of failure in time At is given by

_ -At /MIBF
Pfail(At) = l-e (1)
where MIBF = mean time between failure.

17
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During a Monte Carlo execution, the reliability model determines (by
a random sample from the reliability distribution) the time of the failure
for each of the components of interest. If the simulated time is less
than the component failure time, the Monte Carlo routine proceeds with
the component active. When the simulated time is equal to the component
failure time, a flag is set in "he Mante Carlo routine to make the com-
ponent fail. When a failure is detected, the system functions are searched
to determine the effect of the failure. The flight then continues normslly,
reverts to a back-up mode of operation, or in the event of a failure of a
critical subsystem, performs an unscheduled landing.

Maintainability Model: Airline operation normally assumes a mainten-
ance policy involving replace~.at -~ & line replaceable unit, rather than
repair of an avionics black box on the aircraft. One way to model equip-
ment replicement would be to specify a mean time to replace (MITR) para-
meter and use «n exponent! " probability distribution to obtain random
replacerent times. This is the technique used to model fajlures, and has
been found to be an adequate model for most failure phenomena. However,
the exponential model has two serious inadequacies with respect to replace-
ment times:

(1) Unrealistically small and large times can occur since the
exponential distribution is defined fromt = 0 to t = in-
finity.

(2) Repair time cannot be concentrated about some mean value
as would be the case for gimply replacing an avionics
"black box" that is known to have failed.

A probability distribution that overcomes the above limitations is the
beta distribution. The beta probability density function is given by

1 T(ym [t-to ]y-l -t 971
t

t,-t
f(t;styt;t)= N ~ ’—'l:"" , t < t<L t
o’ 1 ty t, T(Y)T(T) 1 to Loty-t o 1 (2)
=0, t < to or t > t1 ’
where I'(or) is the gamma function )
-1 -%
I'(a) = J"’ X e dx . (3
o
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Figure 6 shows the beta density function on the range t = 10 minutes to

= 20 minutes with a mean time of 15 minutes. The exponentlal distribu-
t}on with MITR = 15 minutes is also shown for comparison. The mean and
variance of the beta distribution are

_ Yt1°nto
S v “
ny
% = 2 (e-e )7, (5)
(THY) ™ (Ty+1) °

For the case 1 = y as shown in Figure 6, Equations (4) and (5) are

t=1/2 (tl-to) (6)
1

2 2

T LT A N M

2
For convenience, let O be given by

0'2= -
t P

2
- (ty-t) (8)

where Pg = peaking factor, a measure of the coucentration of
repair time about the mean time, t.

Note from Figure 6 that for M/Ay=1, a uniform density results, and thus

t = 1/2(t, - t)

and

Pf = 12

would represent a uniform density functiom.
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To completely define the beta density function, one must specify
the four parameters:

rr
1

expected repair time

rr
]

minimumlrepair time

tl = maximum repair time

o
]

peaking factor time.

The parameters T and y in the beta function are then given by

: 1 t,-t 2

=52 <: tl-t :>‘{(t1")(t'to)ct} @)
t 1 o
E-to

veg 1 (10)

Although the repair model defined above places an additional burden on the
user in specifying the required parameters, it is believed that the in-
creased flexibility obtained from the beta distribution justifies that
burden.

In order to use the program, it is necessary that the required data;
1’ to, t, and PF for the STOL subsystems be provided.

Monte Carlo Model. - The Monte Carlo model basically.implements for
each phase of a routine flight the specific logic and decisions that are
made during that phase of the flight. A computer implementation of the
model samples the probablistic event specified between the decision points
of the scenario a large number of times.

t

The use of the Monte Carlo routine may be best described by example.
The routine examines the schedule to determine the next flight segment,
Based upon the system availability from the reliability model of the re-
quired dispatch items, tle aircraft departure time is computed. (The
particular route leg flown is based upon the specified way poinis to the
next airport.,) Once a leg is chosen, the nominal flight time is obtained
from the table generated by the aircraft performance model. The sample
deviations from the nominal (cross track position, altitude, and time)
are obtained from the master file of distributions described by the co-
variance maxtrix for that segment and navigation mode.
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In the terminal area, the weather categories and avionic systems avail-
ability determine the capability to land or whether diversion to a dif-
ferent airport is required. If a landing can be accomplished, the aircraft
performance model provides A nomiral time to final approach while the air-
craft navigation-guidance-control analysis program statistics and traffic
statistics provide the time deviations from the nominal period. During
the final approach, the aircraft performance model provides the nominal
time and position for touchdown while the deviation from nominal provides
statistics on whether a missed approach was required or the landing was
successfully accouplished. The airport model provides nominal time and
deviations at gate arrival, and prepares for the next departure.

The output of the Monte Carlo routine is a mission effectiveness
report. The details of this output are provided in a later section of
this report.

Definition of Operational Euvironment

While the set of mathematical models that descrihe the operational
environment are completely general, the input data describing the operation-
al environment should normally be referenced to some time frame. For the
purposes of program check out, NASA directed that operational environment
data represent 1980. The primary factors considered in defining the
operational environment are the:

(1) City pairs served

(2) Airports used

(3) Aircraft used

(4) Air traffic mix and densi*y fir each airport
(5) ATC equipment, procedures, and standards

(6) Weather .

A discussion of each of these follows.

Route Network Connecting City Pairs Served.-The simulatioun can be
applied to nearly any route network. NASA-ames decided that the operational
environment to be used for purposes of demonstrating the program should be
the California ¢ orridor. The initial simulation considers service between
San Jose, Sacramento, and Santa Ana. It was agreed that this service would
utilize San Jose Municipal airport (SJC), Sacramento Executive airport (SAC),
and Orange County airport (SNA). Figures 7, 8 and 9 are coples of FAA Form
5010-1 for each of these airports. Figures 10, 11, and 12 are copies of
the present form of the input data for each of these airports respectively.
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1, Al bulldin~e not marked are hangare.
. ALl taxivays not lighted have
reflectors installed,

3+ ALl taxivays are 50' wide, amph,

by ALl rosds and ratlroais spproximatelyl
the samxe elevation as the runvays.

$s Wind Cone and Tetrahedreon are
iighted,

6, Residentisl areas swTound the
atrport,

7. All aprons have agph srfecing,

8. Ruu.ay Markiogs: 2-20"Instrument”
16-3< and 1230 “Basfc”,

9, PNWT 2-20 hes high intensity mrstuy
1ignts, RWYS 16~3¢ and 1230 have
mcus inteanaity mmray lights.
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It was assumed that the route network would be flown clockwise with the
earliest flight scheduled for departure at 7:00 a.m. with operations
ceasing at 11:30 p.m. The flight path between individual airports is a
function of the performance of the aivcraft whose flight is being simu-
lated and the navigation, guidance and control equipment and procedures
being utilized. - Careful consideration is given to ATC rules describing
air space utilization and speed and altitude relationships in generating
the flight path between airports. The flight between two airports is
considered to be one leg of the route network. The flight path is defined
in terms of way points which are referenced to ground navigation aids in
terms of range, bearing, altitude, and aircraft velocity. These way
points are extracted from the output of the powered lift STOL performance
model, Each leg of the route network is made up of six flight phases.

Phases of Flight: The six phases of flight considered to make up
one leg of the route network are:

(1) Preflight
(2) Taxi out
(3) Takeoff/climb

(&) Cruise
(5) Approach/land
(6) Taxi in

The preflight phase is considered to begin as soon as the aircraft
reaches the gate from the previous leg. During the preflight phase ground
servicing, maintenance, and flight plan filing and approval are accomplished.
In addition, the aircraft systems are checked out prior to entering the next
flight phase.

The taxi-out flight phase begins when the aircraft departs the gate.
During this phase of the flight all internal system functions, including
systems management, communication, navigation, guidance, control, and
hazard avoidance, are conducted. External environment factors influencing
the operation of the aircraft include the airport's geometry, movement of
other aircraft, weather and ATC equipment and operating procedures.

The takeoff phase is considered tc be complete when the aircraft is
airborne and reaches a specified altitude determined by input data. Fig-
ure 13 depicts this flight phase and the two previous flight phases.

The cruise phase flight begins when the aircraft completes its climb
to cruise altitude. The cruise altitude is a function of the length of the
flight leg between two airports, the aircraft's performance, and ATC
instrument flight rules (IFR). During cruise, the aircraft performs internal
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functions of systems management, navigation, guidance, control, communi-
cations, and hazard avoidance., The external environment influencing the
operation of the aircraft includes the routes to the destination airport
and the alternate airport, ATC equipment and flight rules, weather, and
other aircraft. The actual flight path flown on any leg is selec:ed by
the user subject to the constraints of aircraft performance and ATC rules.

If RNAV equipment is available it is theoretically possible to fly
a great circle route between two airports. In reality, if RNAV is assumed,
the aircraft should fly the cruise phase using an RNAV route designed in
accordance with the suggestions of the Airline Area Navigation Subcommittee
(ref. 9). 1t is also possible to fly a non-RNAV route by utilizing con-
ventional VOR/DME navigation and flying radials between VORTAC's. The
actual cruise flight path is subject to user selection of data.

For proper operation of the navigation, guidance and control an~lj-
sis program, it is necessary to define a waypoint at each heading, alti-
tude, or aircraft velocity change. It is also necessary to define a way-
point at each change from one navigation aid to another navigation aid.
Further details concernirg the definition of the waypoints and the resulting
flight path are given in Appendices E and B. Figure 14 depicts a typical
cruise phase flight path in the horizontal plane.

The approach and landing phase begins at initiating of descent from
cruise altitude to the approach altitude. The location of the waypoint
which defines initiation of descent is a function of the cruise altitude,
the approach altitude, and the aircraft's performance as well as ATC rules
governing the speed as a function of altitude. The descent may be phased
with an intermediate altitude between the cruise altitude and approach
altitude. It is possible that a delay balancing fix waypoint (ref. 9)
will be defined which requires holding due to air traffic delay. It is
assumed that the aircraft always flys over an initial approach, or feeder,
£ix in the terminal area. The altitude at that phase is a function of
the altitude of the planned glide slope intercept. The final approach
phase waypoint located on the extended runway centerline must be specified.
The location of this waypoint is a function of the desired altitude and
glide slope intercept, the glide slope selected, the aircraft's perfor-
mance, the weather, and the accuracy of the navigation, guidance and coun-
trol functions. Detailed discussion of the transiticen to final approach/
landing is included in Appendix E. Figure 15 depicts a typical approach/
landing flight path. Once the aircraft touches down it is considered to
have entered the final phase of the leg.

Taxi in is the sixth phase of a leg of flight between two airports.
During the taxi-in, the aircraft internal functions of systems management,
navigation, guidance, control, communicatiions, and hazard avoidance
are performed. External environment factors influencing the taxi of the
aircraft include the airport geometry and other surface traffic as depicted
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in Figure 16, The taxi~in phase is considered to have been completed when
the aircraft arrives at the gate. The preflight phase of the next leg
begins with aircraft arrival at the gate. Figure 17 depicts the previously
described mission profile for a single flight leg. This figure depicts the
possibility of diversion to an alternate field, an event possible due to
logs of an avionics function or weathe~ conditions being below the minima
the aircraft's avionics are certificated for during landing.

The route network involves flying each leg as described. The flight
path around the entire route network is represented by a number of way-
points as well as the schedule.

Schedule.-Figure 18 depicts the schedule for a closed route network,
with the aircraft departing San Jose Municipal at 7 a.m., landing at
Sacramento Executive at 7:30 a.m. and departing at 7:50 a.m., landing at
Santa Ana (Orange County) at 9 a.m., and departing at 9:30 a.m., with
landing at San Jose at 10:35. The waypoints which define the flight are
e sressed in terms of distance and bearing to various VOR/DME stations,
aititude, and air speed.

Figure 19 indicates a desired or nominal ground track for a radial
flight and the locations of the VOR/DME stations used. Note that this
is not a good flight track for an area navigation flight, since the flight
track passes over the VOR/DME stations in nearly all instances. If the
uge of RNAV or a Kalman filter is specified for the navigatiu: function,
mathematical models implemented in the aircraft navigat ion, guidance, and
control amalysis program prohibit use of an update from a particular siation
during the time the flight track is within 3,000 feet of that station,
The waypoints are not repeated if the same flight path is flown for each :
round trip around the route network. Figure 18 lists the schedule infor- ‘
mation for each round trip around the route network. For the schedule :
shown., four complete round trips would be flown during one day of operation.

Externally Blown Flap STOL Aircraft.-Figure 20 depicts the 100 pas- §

. senger externally blown flap aircraft designed for 2,000 foot field length.

This aircraft was selected by NASA Ames Research Center as the STOL trans-
port to be simulated. The aircraft is powered by Allison PD287-3 engines,
with a design cruise speed of Mach 0.7. The mission range is 500 nautical
miles with & STOL takeoff gross weight of a 142,600 pounds. Detail of

the simulation of the externally blown flap aircraft including description
of input data, processing, and cutput are presented in Appendix B.

Air Traffic Mix and Densitv.-In order to derive meaningful results,
input data are required giving the air traffic mix and density for each of
the city pairs making up the route network. As a minimum, this mix and
density should be broken into the scheduled operations as a function of the
time of day and the distribution of the unscheduled operations as a func-
tion of time of day. Further, the classes of the aircraft making up the
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scheduled and unscheduled operations is needed. In the model implemented

in the program, scheduled and unscheduled operations were combined by air-

craft type as a function of the time of day. Figures 21, 22, and 23 pre-

sent the results of a forecast for 1980, daily air traffic operations by

type and time of day for San Jose Municipal (SJC), for Sacramento Executive.

and Orange County, respectively. The development of these forecasts for

each of these airports is discussed in Appendix A. Since the results of

the forecast are input data, different forecasts can be used by merely :
changing the input data, !

Air Traffic Control.-The air traffic control system consists of
various navigatioo aids, flight rules and standards, and operational
procedures. Various documents (ref. 9, 10, 11 and 12) were reviewed to
assist in defining the ATC environment,

Air space utilization must be considered in construction of flight
paths to be used for the airports of interest. Nearlv all major city
pairs to be served by S10L will involve a terminal control area (TCA)
for at least omne city of the city pair. Terminal control areas are pre-
scribed in part 71 of the Federal Aviation Regulations (FAR). The pri-
mary limitation imposed by a terminal rontrol area is that speed of all
instrument flight rule (IFR) aircraft is restricted to less than 259 knots
telow 10,000 feet (ref. 11). The t.p of the TCA airspace is being expanded
to 12,500 feet for some terminal control areas. All aircraft are controlled
and separated by ATC in a terminal control area. The specific factor that
is considered in the definition of the terminal area air traffic control
environment is the separation criteria for aircraft in the terminal area.
This is restricted to the separation of consecutive aircraft along the
common path on final approach in the current ATC model in the program.
Various gtudies are being performed to determine what these criteria should
be. The results of these studies can be implemented by changing the input
data to that value from the present 3 nautical miles. Since the terminal
conivol radius and ceiling vary depending on the specific city, it is nec-
essary to have available the terminal control area charts for the cities
considered in the simulation. Currently, a terminal contrxcl area chart
for Los Angeles is being used and that for San Francisco is being obtained.
At present, Sacramento is not a terminal control area.

It can be assumed that the transition controller will properly route
the en route traffic to the approach controller sor the airport. The
terminal area separation criteria are a function of not only the specific
air traffic control procedures and equipment, but also a function of the
aircraft mix and density and specific aircraft characteristics as weil as
the airport characteristics. Since the model of the term’nal area environ-
ment allows variations in separation criteria in terms of distance and
time between consecutive aircraft movements over the same flight path, it
is necessary that data on the approach speed of all aircraft operating at
each airport be provided as input data. Typical approach speeds for the
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present jet aircraft are given in reference 12, These data were used co
group the aircraft into categories as a function of approach speed zs
discussed in the previous section of this report.

Figure 24 depicts the typical air traffic control functions in the
terminal area at each end of a typical flight leg.

En route airspace regulations are primarily related to choice of
flight altitude as a function of heading. For IFR operation, flight
altitude en route is to be at odd thousands of feet for headings of
0 to 180 degrees. Even thousands of feet of altitude are to be used
for headings from 180 degrees to 360 degrees. Area positive control (APC)
airspace regulation must be followed for all IFR flights above 10,000
feet on the West Coast between San Francisco and San Diego (ref. 11).

For operation within this area or any other positive control area, the
aircraft must be operated under IFR specified flight levels assigned by
ATC and equipped with instruments required for IFR operatioms.

It was assumed that the simulation should include the suggested
planning principles for RNAV if an RNAV route is assumed to be flown using
an RNAV equipned aircraft (ref. 9). RNAV route widths en route are as-
sumed to be 4 nautical miles. Since the output of the aircraft navigation,
guidance/control analysis program is used by the plotting code, the option
is available to plot the estimated and actual 30 deviations versus the 4
n.mi. route width. Since the route width is an input data parameter to
the plotting code, different route widths can be utilized.

Navigation Aids: As stated in the guidelines, it was assuuwed that
only existing en route navigation aids should be used. As previously
stated, the actual VOR/DME stations used depend upon the user selection
of the appropriate station as a function of the desired or nominal ground
track. Figure 25 is a listing of the VOR/DME stations with the numbers
corresponding to the nuwmbers plotted in Figure 19. These aids have been
entered into the program to permit use in the navigation, guidance and
control analysis program. These data were taken from references 14 ani
15.

As previously noted, a microwave landing system (MLS) was assumed
to be operational at each of the airports. The navigation, guidance
and control analvsis program models the microwave landing system in terms
of its azimuth, . evation, and coverage as well as the errors in each of
the measurements. In addition, the siting of the MLS configuration of
the airport can be changed by changing input data. This permits simu-
lation of a variety of MLS confi urations and permits trade-off of MLS
siting, common path length, and estimated and actual deviations as an
aircraft enters the teruinal area as discussed in further detail in i
Appendix E,
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Weather,-Sample copies of surface wind summaries were obtained from
the National Climatic Center at Asheville, North Carolina. Table 2 (a
copy of these data) presents the percentage frequency of wind direction
and speeds during the various years is indicated for the specific time
perivd shown. Similar surface wind information is available for all
hours by month and all months and all hours.

Table 3 presents & summary of ceiling versus visibility data for :he
same station, the same years, month, and time period. Data will be ex-
tracted for the appropriate time periods and used in the program to deter-
mire whether the ceiling and visibility permit VFR flight or require
acquisition of the MLS and specific avionics for a safe landing. These
data can also be acquired from the Natiowal Climatic Center.

Checkout of the program and the sample case runs, results of which
are presented in a later section of this report, were performed using the
sample data for all hours for the month of January.

En route winds are modeled as described in Appendix C. Data for the
en route wind statistics were extracted from ref. 8.

Mission Performance Measures

The measures of effectiveness used ir this study are the STOL Mis-
sion performance measures and STOL system function performance measures.
STOL mission performance measures could be specified a number of ways.

The performarce measures acceptatle to ore user of the information, which
will result from this and other studies, might be considered of little

value to other users. As a result, it is quite important that any mission
performance measures specified be meaningful to as many users as possible.
Before discussing the STOL mission performance measures formulated in this
study, it is necessary to discuss the categories of users of the information
and their information needs. In many cases, knowledge of these needs aided
in defining appropriate performance measures.

User Categories and Assumed Information Needs.-Users of this infor-
mation can be placed into either of two broad categories which shall be
defined as the (1) public and (2) private sectors. These categories can
be further subdivided ac~ording to the users' responsibility or viewpoint.

It is suggested that the public sector be subdivided as shown in
Table 4.
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TABLE 4. SUBCATEGORIES OF PUBLIC SECTOR

- Federal Government
Department of Transportation
Federal Aviation Administration
Civil Aeronautics Board
NASA
Department of Defense

State and Local Government
State Aviation Department
Local and Regional Planning Groups
City Government
Airport Authority

General Public

Pagsengers

At the Federal Government ievel, the Department of Transportation
(DOT) is assumed to be primarily concerned with the viability of STOL
compared with other modes of short haul transportation. If STOL is
viable, it is assumed that DOT would be concerned with the investment
required by the Federal Government to assist in implementirg commercial
STOL. Although this project is not directly concertied with estimating
the investment required to assist in jimplementing STOL, it is concerned
with identifying action which must tezke place, including technology develop-
ment, if STOL is to become viable.

The Federal Aviation Administration (FAA) can be asszumed to be con-
cerned with maximizing the number of passcnger movements with a specific
probability of safety within a given cost constraint. Since this sctudy
is not concerned with estimating capacity of airports but instead deter-
mining how capacity affects a flight of this S10L aircraft in terms of
avionics requirements, the type of capacity information of most use to
FAA will not be forthcoming. Analysis of capacity as affected by the
STOL aircraft could require modeling the movement of all aircraft using
that airport in great detail, an effort clearly beyond the scope of this
study. The cost constraint was not addressed in this study. FAA is
vitally interested in a determining investment required tc implement com-
mercial STOL with the advent of the Airport and Airways Development Act
of 1970. This investment would be a function of air routes, air traffic
control and navigational aids, and specific airport facility requirements.
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The Civil Aeronautics Board (CA3) is asuumed to be primarily concerned

with demand and indirectly, airlin. profitability. Having the power to
grant new routes or deny applications to & andou existing service, they
would require information that would assist them in making decisions which
hav> iirect impact on STOL viability.

NASA, whose primary role i{s advancement of technology, is primarily
concerned with knowing the technology developments required to make STOL
viable which includes economic goals., In addition, NASA requires infor-
mation related to the technology alternatives which, if developed, could
contribute to the desired viability. The cost of each of these alter-
natives will be needed by NASA to assist in determination cf the resources
required,.

While the Department of Defense (DOD) requires much of the same infcr-

mation needed by NASA, different mission performance measures might be
appropriate due to the unique characteristics of the military application
of STOL. The system criteria which will result from this evaluation will
not likely be representative of DOD STOL system criteria because of the
difference in the srenario. The present statement of work makes no allow-
ance for investigation of DOD applications and, therefore, no specific
militery mission performance measures were developed.

State and local government information needs will be less technical
than those of the Federal Governmen! wirh respect to the STOL vehicle
itself. 1In ge -cal, their principal concern will be with the economics
and the requir.. regulatory actions,

State aviation departments principal coacern will be the investment
required by the state government if STOL car be shown to have a positive
influence on regional development. The gtate aviation departments may
share in the financing of new facilities requested by local governments.

Local and regional planning groups will need information related to
STOL impact on regional development to aid in their planning, and estab-
lich reasonable land use plans. Tbe investment required by local goverr-
ments to provide needed facilities would be valuable information. Econo-
mic fmpact on the area would also be of interes:.

City governments will be interested in obtaining information that

would assist in determining the potential impact of STOL on the cities, viz.

informarion tliat would assist in determination of the economic influence,
and the costs of (1) providing airport access, (2) acquisition of land
and development of airport facilities, (3) safety services including fire
and police protection, and (4) the operation of the airport. Cities must
also concern themselves with the probable Jegree of gena2ral public accep-
tance since there is opposition, in many cases by a wall me/.ning minority
of the the populace, to air transportation bacause of noise and purported
environmental damage. Prior to the enactment of regulatory legislationm,

an examination of all available information should be made to determine the

need for and form of such legislationm.
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Local airpcic authorities are conceimed primarily with the crnstructinn
of facilities and operation of the afrport. Their inforwatic. .~2ds are
more technical than those of other local governmentul agencies since they
must oversce the design arJ cons*ruction of the necede. facilities as well
as operate the facilities once they are fn be..g. Physicel layvut, sizing,
etc are of vital interest, Some information of this type did result
from this study.

The general public, including the user as well as the nonuser, is
primarily interested in =ny form of transportation only as it impacts
them individually. The nonuser makes up the majority of the genera! public
now and for the immediate future. DPotentially, STOL will provide a iimiced
number of nonusers with jobs once in operation. A slightly greater number
would te employed during the con::ruction ¢f new facilities. These non-
users realize a direct economic benefit from STOL. The majority of the
populace would not realize such a direct eccnomic benefit, Their vieu of
STOL would depend upon its visibility in the iorm of new tarez or bond
levies to construct and operate the facilities, its safety., and th~. im-
, >t on each individual in terms of the disturbance it creaces with their
normal life style. If STOL is quiet, anonpo.!- ing, financially sel€-sup-
porting, aad does not disturb the life st ie of the general populace, the;,
would be minimally interested in information pertain.ng to & 1L,

The potential pass=~nger who mizht use STOL would be most concerned
with information pertaining to the reliab’lity of this mod¢ of shox. haul
transportation, the -omfrrt, the total trip time, the freque:cy of service
and the cost. This study will produce much of this information but will
not deal with cost during this phase.

Table 5 lists -ubcategories of users of the information, which will
result from this and other studies, considered to be in the priv.te sector.

TABLE 5. SUBCATEGORIES OF PKRIVATE SECTOR

Airlines
Airframe Manufacturers

Avionics Manufacturers

Airlines are concerned with demand, route structure, and the required
aircrart characteristics to service the demand and route stiicture while
making a profit. This studv will not determine demand and desired route
structure. These were specified by NASA ARC. The study has provided
infermation related to STOL operational considerations.
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Alr-frame manufacturers are vitally interested in determining whether
there is a market for STOL and, if so, the characteristics the aircraft
must possess. Much work has been done in an attempt to answer these
questions and this study, as well as others, provide additional information
of the type needed by airframe manufacturers.

Avionics manufacturers require information concerning the charac-
teristics STOL avionics systems should possess as well as the required
characteristics. This study provides information concerning only market
for STOL avionics.

The informaticn user categories nd their general information needs
were considered in defining the STOL mission performance measures presented
below. Additional work may be requirea in the f{uture as performance meas-
ures developed is related to information needs of the foregoing groups
wherever practical.

STOL Mission Performance Measures.-Mission performance measures for
STOL have been defined to satisfy the informatior needs of the various
interested groups discussed in the foregoing section. As discussed in a
later section of this report, a Monte Carlo routine developed for the six
flight phases provides the cumulative statistics resulting from defining
the legs making up the route network a selected number of times. These
statistics for the specific mission performance measures model include:

(1) Equipment-repair time

(2) Fuel-loading time

(3) Passenger-loading time
(4) Total ground tine

(5) Gate-departure delays

(6) Dispatch reliability (defined as the probability of
starting the scheduled flight without incurring a
cancellation or delay of more than 15 minutes because of
a system or componeat nonavailability)

(7) Takeoff delays

(8) Takeoff runway occupancy time
(9) Takeoff runway distance used
(10) VLnscheduled landings

(11) Migsed approaches

(12) Diversions to alternate

(13) Landing runway occupancy time
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(14) Landing runway distance used
(15) Gate arrival time deviation
(16) Landing time deiays

(17) 1Initial fuel load

(18) Initial takeoff weight

(19) TFuel consumed

(20) Canceled flights

(21) Scheduled flights tlown.

These mission performance measures are functions of lower level
system function performance measures which are discussed in a later
section of this report. For example, missed approaches can be due to
system function failures such as loss of a particular subsystem
required for safe landing under a given weather condition; state esti-
mation errors, command generation errors, command execution errors;
conflict with other air traffic at that airport; and aircraft perfor-
mance constraints. The specific relationship of the STOL mission
performance measures to the system function performance mzasures are
included in the Monte Carle routines for the six flight phases.

Mission Performance Goals,-Mission performance goals which must
be specified as numerical values inclivde the desired dispatch reliabi-
lity, permitted flight cancellations, and the definition of deviationms
which are permitted for each phase of flight. These deviations may be
described in terms of airway route widths for the cruise phase, terminal
area path constraints, and tlme deviations at waypoints for four-
dimension (4~D) or fixed time of arrival (FTA) guidance. Specification
of a desired dispatch reliability requires the designer to allocate
that goal to the various subsystems and estimate required inflight
reliability and ground maintenance pa-zmeter goals.,

Reference 2 states that flight cancellation automatically occurs
if an aircraft is delayed 3 hours. The reason fcr selection of this
value was not given. It is felt that the elarsed time past scheduled
departure, at which poin the cancellation cccurs, could be a function
of the time the next flight is scheduled to leave the city to be served.
The number of operations listed for each of the airports considered in
this study do not currently have associated with them the cities served
by these operations. Review of Reference 18 indicates that departure
delays are attributed to the various AT/ 100 systems. For the present,
a flight will not be considered to be delayed it it departs within 15
minutes of the scheduled departure time, Disvatch reliability is
defined as

AL A e A R o~

57




/

1

PDispatch = Pretiable ¥ (1 = Preijabie! (PReplace)

where

PDispatch = probability of dispatch

PReIiable = probability that all required systems were
operating at the time of gate arrival
PReplace = the probability that the vreplacement time

for required subsystam is less than the
scheduled ground time plus 15 minutes.

Using the beta probability density function for replacement or repair,
if the maxirum replacement time specified for each subsystem is less
than scheduled ground time plus 15 minutes, P 1 will always be
one, . If the maximum replacement time is grea%gg #i&n the scheduled
ground time plus 15 minutes, P_ may likely be less than one.
Replace
For the purpose of exarcising the program, a dispatch reliability
goal of 987 was assumed. The resuits c¢f synthesizing the aviozies to
meet this goal are presented ir a later section of this report. It is
presently assumed that the aircirz2ft minimum equipment list (MEL) £s
determined by a data item for each of the subsystems contained in the '
data bank. This is consistent with the equipment required for IFR -
dispatch by FAR parts 25.1303 and 121.303. Reference 18 states that a ..
maintainability ''goal” is to design an airplane which not only has a 4

low direct maintenance cost, but can also operate day in and day out -

without delay and cancellation and will not be required to be taken out :
of service for maintenance except at times of low traffic density, ﬁ §
such as periods of a few hours on one or two week nights, This goal = :

may not be completely obtainable, but it is certainly approachable and
is a realistic goal toward which the airplane designer can direct his

maintainability efforts. This goal is hereafter referred to-as his : §
"optimum maintainability". To allow maintenance work to be concentrated oy
to 4 few evening hours separated by several days, three major aspects %%j

of maintainability must be provided for in the design of the airplane:

N gk
bovsoamins

(1) Postponement of maintenance for several days after
the moment the need arises.

o by e 4w

(2) Rapid repair or replacement to permit the aircraft

Sy

to be repaired during a scheduled station stop '3 !

(3) Prediction cf impending failures to per_it replacement .&f
or repair at a planned s2fntenance period in advance ;%:

of actual fajlure. R

oy !

i

;
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This reference further states that

"Dispatch with components inoperative permits achievement

of optimum maintenance at selected areas without schedule
interruptions, but has its penalties and is not applicable
to all components. The penalties in weight, cost, and
'switching systems' are equally obvious. On the most recent
‘esigns, such as the DC-9, dispatch inoperative considera-
tion sterted with an analysis of all system components to
determine the need and practicability of inoperative dispatch,
To avoid the penalties of direct duplication, design modifi-
cations can be made to permit functions to be performed by
secondary, but existing, means when the primary means is
inoparative,"

This concept parallels the concept of the modes for each of the functions
as considered in STOL OPS,’

Dispatch reliability goals have also been expressed in which the
allowance for repair time has been specified as one hour. 1In these cases,
a probability of replacement or repair of 99.75% in the scheduled ground
time plus one hour might correspond to a dispatch reliability of 997% with
only 15 minutes allowed, after which time the nondispatch is counted as a
delay.

.Systems Functions, Subfunctions, and Modes

A 5TOL system function is deiined as an operation or action required
to conduct the STOL mission, Avionics system functions include state
estimation (navigation), command generation (guidarce), command execution
(contrel), communication, hazard avoidance, and systems management, A
particular function may be performed in a variety of modes, which connotes
specific combinations of avionics hardware subsystems and software. The
speci 7~ mode that i:c utilized in performing a function is dependent upon
the 2.  * hardware/software mechanization. For example, if the state
estime. 2 function is dome automatic2lly, defined as the subfunction of
automatic navigation, the onboard computer would sample a v. riety of state
measurements provided either sequentially or simultaneously. If a particu-
lar state measurement is unreliable due to measurement uncertainties or
hardware subsystem failures, in automatic navigation the software logic
causes reversion to a backup mode and processed only those measurements
available, Crew selection of state estimation modes requires various
manual navigation subfunctions to be defined. Whatever the function,
subfunctions permit automatic or manual modes,
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Before continuing the discussion of system functions and performance
measures, it is appropriate to define specific parameters to be computad
in the program, Table 6 contains a definition of the major state vectors
used throughout this work.

TABLE 6. DEFINITION OF MAJOR STATE VECTORS

x Q nominal state vector, nominal flight profile as a function of
- time
x, g actual state veztor, flight profile flown by aircraft as a
function of time
A .
X, = estimated state vector, derived by processing state measure-
ment sensor outputs
1)
X, X = d_actual deviation vector, represents ability of aircraft
from performance point of view to maintain x,
X - X Q d , ccumputed deviation, vector input to command generation
“e “n —c
function
X, "X, =8, state estimation error
d =e+ d
=c = ~a

The performance measure for the state estimation function is tte state
estimation error, e, as defined in Table 8. This error represents the
statistical uncertainty in the state (position, velocity, and time) estimates.

The performance measurz for command generation could -ossibly be the
computed deviation, dc, defined in Table 6 if a manual mode is utilized.
Higher order modes involving solution of guidance algorithms may require
different performance measures depending upon the algorithm to be solved.
In all modes, the value of d. will be dependent upor the air traffic
control procedures being simulated., For example, if positive air tratiic
control is utilized, which is probable at airports operating ncar capacity,
- then dc is dependent on ATC's estimate of the vehicle state and nominal
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flight path, In the case where air traffic control surveillance might not
be available, the crew would have to rely upon d. computed onboard the
aircraft for the command generation function.

Since d. 1is the input to the guidance/control algorithms whose solu-
tions result in performance of the command execution (control) function,
the appropriate system performance measure for the control function is
dependent upon the control algorithm. Since the form of this algorithm
will depend upon whether fixed time of arrival (FTA) (4-D navigation/
guidance), or variable time of arrival (VTA) (3-D navigation/guidance ar
2-D navigation guidance) is used, the command execution function perfor-
mance measure can, in general, be st ted to incluce only the accuracy
with which a system responds to the command generation. In the case of
the FTA guidance algorithm, the command executiorn function performance
measure is a time deviation at one or more specific points along the
£light path,

In the case of the VTA guidance algorithm, the appropriate performance
measures for the command execution function i; more difficult to discretely
define along the entire flight path, At the end of the flight path, the
aircraft must be able to execute a successful landing. 1In this case, for
the VTA algorithm, the control function performance measure could be based
upon a variety of parameters which may be dependent upon weather., For
example, if the weather conditions require uvse of en MLS for landing, the
cross track and altitude deviations at the MLS acquisition must be such
that a landing cau be safely executed without violating the performance
constraints cf the aircraft on the first approach. This efiactively
defines a window, as discussed in Appendix E, that the combination of navi-
gation, guidance, and control deviations cannot exceed if a successful
landing i to be made on the first approach. If the weather conditions
are VFR, the control function performance measure could be the deviations
at decision height and touchdown dispersions. Figure 26 is a'block
diragram depicting the interactions between the state estimation, command
generation, and command execution functions,

If the crew selects a manual subfunction, this requires selection
of the specific manual mode also. It is recognized that the selection
of the automatic or manual subfunction is normally u function of flight
phase, i.e,, takeoff, cruise, descent, and landing. Primary functions
that !nvolve change of subfunction from automatic to manual and vice
versa, as a function of flight phase, are (1) navigation, {2) guidance,
and (3) control.

Navigation, Guidance, Control Subfunctions.=The subfunctions for
navigation, zuidance, and control are automatic and manual, Table 7 shows
all the possible combinations of these subfunctions.
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TABLE 7. COMBINATIONS OF SUBFUNCTIONS FOR
NAVIGATION, GUIDANCE, AND CONTROL

——— — — ———
Configuration Acceptable Unacceptable
Function 1 2 3 4 5 6 7 8
Navigation A A A M A M MM
Guidance A A MM M M A A
Control A MMM A A A M
I

The first four represent legitimate configurations, As an illustra-
tion, Configuration 1 could represent an area navigatior. (RNAV) system
coupled through an autopilot. Configuration 2 could represent the same
RNAV coupled through the flight director and pilot. Configuration 3 could
represent the case where che pilot has to fly raw deviation from a VOR
receiver. That is, he would not have the benefit of a flight director
computer to provide steering commands. Another possible mode for Configura-
tion 1 is tiie case where there is no RNAV computer and the aircraft has to
fly VOR radials in cruise., This mode con be classed as fully automatic
but does not have the flexibility of the mode described earler for
Configuration 1.

Configurations 5 and 6 are comparable tc¢ Comfigurations 3 and 4 except
that control is automatic. 7These could represant cases where the pilot
has to determine which direction to fly (manual guidance) but uses heading
hold or control wheel steering autopilot modes for control. Configurations
5 and ¢ are legitimate, However, they should have essentially the same
performance characteristics as Configurations 3 and 4. Thus, Configurations
5 and 6 are classified as unacceptable conditions and the possible modes
which they might represent are incorporated in Configurations 3 and 4,

Coufigurations 7 and 8 are unacceptable because automatic guidance is
not feasible if there is only manual navigation.

In running the evaluation program, it {s assumed that the most
automated subfunction will be used. That is, if automati: equipment is
available and working, it is assumed that the pilot will utilize the
equipment. This may not always be the c2se in practice, but it should
be true that if the automated equipment is required because of a particuler
weather condition or flight profile, the pilot will use it,
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Some comments about the impact of the various acceptable configura-
tions are appropriate for each phase of flight,

Takeoff/Landing: Subfunction availability will dictate whether or
not d takeoff or landing is possible for & particular weather condition.
In addition to subfunction availability, proper redundancy must exist for
the existing weather’ category.

Climbout/Approach: The degree of automation will dictate the complex-
ity of paths which can be followed for these phases of flight., That is,
with present day conventional ILS equipment and autopilots, an aircraft
could not operate in a dense environment requiring precise curved paths
for climbout and descent without an interruption of the ATC pattern. This
could cause schedule delays and missed approaches depending on when mode
reversions occur and the traffic density.

Cruise: The degree of automation will also dictate the types of
paths which can be flown for this phase of flight. For exampla, if an
RNAV computer fails, the aircraft must revert to flying VOR radials. 1If
other types of failures occur (such as both VOR's), the aircraft may no
longer be able to fly RNAV paths or VOR radials., Imn this case, the pilot
may have to declare an emergency and divert to another airporc, depending
on weather conditicns,

Hazard Avoidance,-The hazard avoidance function primarily Involves
avoiding conditions that can impose a hazard to the aircraft, These
conditions are weather, other aircraft, obstruction to flight such as
terrain and natural features, as well as man-made structures., The primary
performance measure that is used is the probability of receiving a hazard
avoidance warning in time to make the appropriate maneuver to avoid the ;
hazard. Equipment involved in the hazard avoidance function is discussed
in a later section. .

Communications,.-The communications function performance measure has
been modeled as the probability of being able to conduct successful voice
or digital data link communications, Since the radio navigation receivers
serve as input state measurement sensors, they are not considered part of
the communication function unless the same receiver/transmitter is used
for voice communications as well as radial navigation.

Systems Management,-The primary systems management function pevfor-
mance measures are fuel management and schedule delay., To properly
evaluate delay both at gate departure and takeoff, all of the successful
aircraft functions required for dispatch and flight progression are moni-
tored in the Monte Carlo program to assess the impact of failure rates
and maintainability parameters on performance.
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Constraints

A variety of parameters act as constraining factors. Many of these
parameters are dependent upon the scenario’ being simulated. The counstraining
parameters include those related to: (1) the aircraft, (2) the airport,

(3) the approach/landing performance limits, (4) the weather, and (5) the
navigation aids. As the simulation is exercised, it will be possible to
identify additional constraints beyond those described below, These
additional constraints may include those due to joint CTOI. and STOL opera-
tion, if the same runway is utilized, as well as those due to airport
configurations. Since two quite different types of constraints are involved,
physical and procedursl; it can be expected that constraints will be contin-
vally identified as the simulation is exercised for differing scenarios.

The aircraft and airport ccnstraints described below are implemented in the
Monte Carlo program whereas tie approach/landing performance limits &re not.

Aircraft. - The physical airzraft constraints include (1) operating
empty weight, (2) maximum fuel capacity, (3) maximum gross takeoff weight,
(4) maximum gross landing weight, (5) maximum takeoff thrust, (6) physical
dimensions including wing span, length, height, and gear foot print, (7)
aircraft operating ceiling, (8) aircraft performance including rate of h
climb, rate of sink, braking, etc., and (9) real-world realizable MIBF
and maintainability parameters for onbuard systems including avionics.

Airport., - The physical configuration of +the airport is a significant
constraining factor in that the configuration has a significant influence
on the number of operaticns that may be conducted per hour at that airport
under various weather conditions for the air traffic mix and density
utilizing that airport. 1In addition the location of the airport in itself ‘
effectively creates a constraint due to weather conditions in that locality.
The number of scheduled and unscheduled operations performed at the airport
as a function of time of day also act as a constraint on the flight of a
single STOL aircraft being simulated in detail in thie study. The combina-
tion of foregoing factors ultimatuly determines the delays to be expected
by tlhe STOL aircraft because of the foregoing airport related parameters.

Approach/Landing Performance Limits. - Realistic performances limits or

constraints during the approach and landing phzse are described below. 1f
the aircraft path and time errors exceed those limits, a missed approach
should be executed. There are several reasons for choosing, or being
directed, to execute a missed approach:

(1) 1If the terminal airspace is tightly controlled and the aircraft

is expected to fly a specific path, then large deviations could
create a collision hazard with other aircraft.
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(2) If the traffic control has sophisticated sequencing and
metering capabilities, then the aircrafc is expected to
maintain precise time control. Excessive deviation is
cause for directiag a missed approach.

(3) The most obvious reason for executing a missed approach
i3 {f the lateral or vertical performance in the last
few hundred feet of altitude is such that an unsafe
landing could result,

Each of the above is discussed in the following paragraphs and a
recommended format for approacn/landing performance limits is presented.

Causes of Excessive Deviations: Excessive deviations result from two
sourc2s: system failures and '"poor' fault-free performance, The pilot
can fit int, either category with blunders appearing like failures and
sloppy tracking looking like poor performance. Failures in critical
system elements that are detected will cause a missed approach at the
time of detection. Undetected failures will cause go-around when the
adverse performance be~omes obvious., It shoild be noted that before an
aircraft-control system can be certified, it must be shown that detected
and undetected failures yield only a very remote probability of hazard
(on the order of 10-7 to 10-9). For Category T and II type landing
systems, this remote probability is provided by insisting on pilot visi-
bility for the final landing stage. For Category III, it is through
multiple redundant systems., By the same token, it mrst be assumed that
the same assurance of remote probability of hazard due t. failures will
be rsovided for all operations in the terminal ares. Thus, for purposes
of the simulation, it can be assumed that all critical failures are
detected in the terminal area and that if a nissed approach is warranted,
it is executed at time of failure, (It should be noted that some terminal

area avionics may fail prior to reaching the terminal area but go undetected

until used. To account for these cases, failure exposure time should be

total flight time, but a portion of the terminal avionics equipment failures

reflecting undetected failures should be treated as if they occur in the
terminal area even though they occurred earlier.)

"Poor" fault-free performance (poor is in quotes because it does not
necessarily reflect poor design or pilot performance) results, generally,
from noise state estimation, large external disturbances, or excess
maneuvering requirements. Noisy state estimation is a matter of fact
with present ILS an:! terminal VOR/DML's., The new microwave landing
system promises o 1clieve most of these problems. £xternal disturbances
include steady wind, turbulence, eand windshear, Large deviations can also
occur if the turn onto thie final course is close enough to touchdown that
overshoots have insufficient time to settle.
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It is this "poor" performance which must be monitored in some manner
to determine whether a missed approach is warrented,

Present Performance Monitoring Methods Performance in the approach/
landing phase is presently monitored as follows. For a Category I or II
landing, the monitoring is with surveillance radar in the horizontal plane,
with localizer deviation aboard the aircraft and with pilot visibility
at the decision height, The surveillance radar is too crude to provid:
much more than gross monitoring, The pilot is controlling with the localizer
deviation and he monitors that deviatio- to avoid large errors. It slould
be noted that he smooths what he observes when the signal is noisy. For
example, when another aircraft overflys the localizer, it often causes
large oscillatory deviations and in some cases radio flag warnings. However,
the pilot recognizes these symptoms for what they are and smooths them
unless he is close to the decision height. Precision monitoring is accom-
plished at the decision height when the pilot must visri..y verify that he
can safely land or execute a missed approach.

For a Category III landing, reliance is placed on the integrity of
the control system and the ground navigation aids. If the pilot notes
that the control signals are sufficiently nulled and there are no fatlure
indications in either the aircraft or ground equipment, the landing preceeds.
There are variations in how the integrity monitoring is performed. For
example, the DC-10 used an independent monitor which models the aircraft
and control system and projects the landing point. The L-1011 uses quad-
ruple redundant systems and verifies that all systems agree. In addition,
excess ILS deviation monitors are activated as the aircraft approaches
touchdown. The ~urpose of both techniques is to detect failures and look
for gross control errors.

Prior to reaching the final landing pzath, monitoring is provided with
the surveillance radar and whatever navigation equipment is béing used
cnboard the aircraft,

Implemencation of Monitors in the Simuiation: There are two purposes
for describing performance limits in the simulation.

(1) To describe the true aircrart/control limits in the final
landing stage.

(2) To determine the impact on schedule performance of a given
set of limits monitored by an actual sensor.

The first objective implies monitoring aircraft performance w'th
respect tn true performance while the second implies monitoring with
respect to some state sensor or combination of sensors. The limits for
the second objective will necessarily be tighter than those for the first
to allow for estimation errors.
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Accurate performance limits should include constraints on position,
velocity and acceleration (or altitude). However, it is believed that
continuous assessment of position will provide adequate monitoring.

The recommended formats for lateral and vertical performance limits
are assumed independent This is felt to be reasonable because of the
relatively minor coupling between lateral and longitudinal axes and
because of the usual separation of laterai and {ongitudinal control systems.

Lateral Constraint Limits: Figure *7 shows the lsteral formai.
Over the distance dj, there is a small angle restriction representing per-

formance required for a safe landing. This distance could reflec: approxi-

" mately the last 30 seconds of flight, The or‘gin of the angles 8; and 0

is at the localizer and projected MLS azimuth location. This is logical
because it reflects gradually tightened performance as the aircraft approaches
touchdown and allows a reasonable error at touchdown. In addition, 61 is an
actual measurement and, thus, is the most likely measurement to use as a
monitor, ©2 reflects performance limits necessary to avoid obstacles on

the final approach., Present regulations restrict cbstacle height zs a func-
tion of angular deviation from the runway centerline. The distance d3
supplies a monitor of lateral position in the terminal arsa sufficient to
avoid a collision hazard,

Vertical Constrain* Limits: Vertical limits, Figure 28, are
similar to the lateral limits with @1, 92, and 27 covreSponding to 21, 62,
ard dj respectively. Over the distance dj, a constant altitude error is
used to reflect the transfer from a glide slope measurement to altitude
which occurs with automatic landing systems and effectively with manual
landing. The altitude at the distance d] from the transmitter is 50 -
100 feet,

Horizontal Position Time/Control: Time contrcl can be implemented
as control within a continuously moving slot or ccatrol to discrete way-
points, In any evert, the purpose is to achieve precise landing time and
safe separation on the common path. Again, two forms of monitoring are
desirable. First, the actual landing time should be assessed tu determine
whether it is within acceptable limits., If not, it can ba assumed that
a go-around would have been executed, This would be & fairly wide limit
giving the aircraft as much leeway as possible. A second limit can be
placed on the estimated time error at specific waypoints or continuously.
The methcd of implementation should depend on the form of time contrel,

MLS Acquisition Window: Prior to beginning the final approach scbiect
to the foregoing constraints, it is necessary to acquire the microwave
landiug system if c(he weather conditions are Category _ or lcower. Appendix
E presents a discussion of the transition to final approach and landing
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and the relationship of the lncation und size of the MLS acquisition
window to the estimated and actual deviations in terms of cross track,
altitude, and time.

Navigation Aids. - As discussed in a later section of this report,
the use of ground-based radio navigation aids for state estimation is highly
desirable. Figure 25 lists the radio navigation ground station data for
the aids previously depicted along the route network shown in Figure 19.
Note that each of these aids has a definite location and is denoted by a
class L or H. Data defining the coverage for each class have been extracted
from Reference 13 and are presented in Table 8.

Data on the MLS navigation aids coverage and accuracy were taken from
Reference 3. MLS location and availability are input variables also. It
is possible by data specification to have the glide slope and localizer
colocated or separated, The mean-time between outages and mean-time to
repair the MLS are estimated values and are input data,

ATC Standards and Operating Procedures. - The previously discussed
ATC regulations may b2 considered as constraints, These include the speed
limitations as a function of aititude, the flight altitudes as a function
of headinz, the en route airway width, thke sequencing and metering in the
terminal area, the ATC common path separation, and a common path length,
In addition, the maximum capacity of each runway may be considered a
constraint.

Airline Imposed Constraints.-While the allowable time afcver scheduled
gate departure before deiay is counted as an input variable, the airframe
manufacturer might view that time as a constraint. This time is normallv
determined by the airline operater., In addition the elapsed time past
scheduled gate departure, at which time a decision to cancel a f11ght is
reached, may be consfdered a constraint.

/1
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TABLE 8. ALTITUDE AND DISTANCE LIMITATIONS

VOR/VORTAC/TACAN NAVAIDS

Normal Usable Altitudes and Radius Distances

Class

oot 3

Altitudes, ft Distance, miles

12,000 and below 25
Below 18,000 40
Belouw 18,000 40
14,500 - 17,999 100*
18,000 - FL 450 130
Above FL 450 100

* Applicable only within the contiguous 48 states.
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Development of Base-Line Functional Requirements
and Initial System Operating Procedures

In the case where system criteria are being developed to meet perfor-
mance goals, an initial estimate of the functional performance of each
base-line made is required. These estimates will be modified during the
synthesis process to meet the STOL mission performance goals.

For each function, it is recessary to develop base-line modes
switching logic. The switching between modes can be a function of perfor-
mance measures not meeting that required for the functicn, or failure of
hardware required for a mode. Since the selection of switching logic
involves performing trade-offs between automatic mode selection as opposed
to mode selection by the crew, it has been decided that the crew would use
the automated modes, if they have confidence in those modes, before switching
to a manual mode which involves a higher work load, as discussed in a later
section of the report.

Development of initial system operating procedures is dependent upon
base-line system configurations, ini“ial estimates of system nerformance
requirements, and man-machine task allocations. In addition, the probable
air traffic control operational procedures would be included in the deve-
lopment of initial systen operating procedures. For example, it is possible
that if area navigation is to be utilized, standards will be established for
lateral track separation as well as vertical track separation. If both STOL
and CTOY, aircraft are utilizing area navigation, it is possible that
specific tracks would be established for each class of vehicles as a func-
tion of tiheir cruise and terminal arca speed (ref. 9). In defining the
base-line functional requirements ‘md initial system operating procedures,
it 15 useful to define a base-lir- STOL avionics configuration,

Base-Line Avionics Configuration. - The base-line avionics configuration
that was selectad for the study was taken from the Federal Aviation Admin-
istration's Federal Aviation Regulations (FAR) related to certification of
aircraft and theiv operation in various weather conditions. Tatle 9 is
based on data extracted from FAR Parts 25.1303 and 121.303 (refs. 5 and 6),
This table lists the avionics and other equipment required for IFR (instru-
ment flight rule) dispatch, Tabie 10 was extranted from FAA Advisory
Circular 120-20 (ref 16) and lists the airborne equipment requirements fcvr
Categories I and II operations. On the basis of these data, Table 11 has
been prepared as a definition of the baseline STOL avionics to be considered
in the initial simulatioa. This table lists th2 subsystems, the number of
subsystems required, and :‘he measurements the cubsystems provic:, classified
as direct or indirect, Note that the table does not assume a specific
configurairion for the avionics. That is, the intercornection of hardware
and software is not specified since the degree of redundancy in the STOI
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TABLE 9. EQUIPMENT REQUIRED FOR IFR DISPATCH
(FAR PARTS 25,1303 and 121,303)

v

SURSYSTEM ) ' NIRRER REQUIRED
AIR DATA
STATIC PRESSURE SENSOR .
FREE-AIR TEMPERATURE INDICATOR
. AIRSPEED INDICATOR
' ALTRETER
VERTICAL SPEED INDICATOR

NNNN

-

CLOCK WITH SWEEP SECOND HAND

ATTITUDE/UEADING REFERENCE ' D
MAGNETIC COMPASS
\ERTICAL GYROSCOPE (ARTIFICIAL HORIZON)
VERTICAL GYROSCOPE = INDEPENDENT
SLIP-SXID (TURN-AND~BANK)
DIRECTIONAL GYROSCOPE ) ..

P

COMMUNICATION :
VHF VOICE (TWO-WAY) !
VOR RECEIVER
DME RECEIVER
11S RECEIVER . . : .
" MARKER BEACON RECEIVER ' '
ADF RECEIVER "

'
o

e s 0O N

ran
e

AIRBORNE WEATIER unn*

AIRCRAFT LIGHTING o ) :
. INSTRIMENT LIGHTS }
POSITION LICHTS . .
ANTICOLLISION LICHT . . L
LANDING LIGHTS 2, i

ELECTRICAL _ .
INDEPENDENT CENERATOR & DISTRIBUTION 2 S
BATTERY . ‘ _ E

EFCINE "NSTRUIENTS ,
COCKPIT VOICE RECORDER ' ;e
LANDING GEAR AURAL WARNING

;
. i
1

%:25T BE OFPERATING SATISFACTORILY IF CURRENT WEATHER REPORTS INDICATE WEZATHER CONDITIONS t

s THAT CAX BE DETECTED WITH AIRBORNE WEATRER RADAR MAY REASONABLY BE EXFECTED ALONG ROUTE y ;
TO AR FIOWN. .

e
P
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TABLE 10. AIRBORNE EQUIPMENT REQUIREMENTS
CATEGORIES I AND II*

CAT 1
MINTMUM REQUIREMENTS (TUR30JET ONLY) CAT II (ALL AIRCRAFT)
. SINGLE FLICT DIRTLTOR 1/ OR REQUIRED HINIMUIM REQUIRSVENT = TWO-
: SINGLE ALIQMATIC #PTROACH ENGINE PROPELLER ATRCRAFT ONLY.

CCUPLIR 2/ '

INSTRUMENT FAILURE WARNING ' orrronaL a/ RIQUIRED PLUS FLIGHT CREW

SYSTEM ASSIGNYENTS AND PROCEDURSS

SPECIFIED IN NOTE 3/ BELCW.
| DUAL ILS AND GLISE SLO¥E NOT REQUIRED (XN.R.) REQUILED
{ RSCEIVLRS

SINGLE FLIGHT DIRECTOR WITH N.R. REQUIRED

DUAL DISELAYS 1/ AND SINLE

AUTOMATIC APPROACI! COUPLER 2/

Ok TWO INSEPINDENT FLIGHT

DILCCTOR SYSTEMS

EQUIZUNT FOR INDENTIFICATION N.R. REQUIRED. CAN BE:

OF DLCISION HEIGHT (1) RADAR ALTIMEIER, OR

(2) INNER'®' ZR3.

MISSED APPROACH ATTITUDE N.R. REQUIRED. ( . BE:

GUIDANCE + (1) ATTITUL “GYROS WITH
CALIBRATZD PITCH MARKINGS,
oR

(2) TFLIGHT JTRECTOR PITCH
COMMAN", OR
(3) COMPU" :D PITCH COMMAND.
AUTO THROTTLE SYSTEY N.R. REQUIRZD ALL TURBOJETS IF OPER-
ATIONS BASED ON DUAL FLIGHT
: DIRECIORS. ALSQ REQUIRED ANY
' AIRCRAFT USING SFLIT AXIS
COUPLERS IF APPLICANT CAN'T
SHOW IT DOES NOT SIGNIFICANTLY
REDUCE PILOT WORKLOAD.
RAIN REMOVAL EGUIPVENT | w.r. REQUIRED

1/ $INGLE AXIS FLIGHT DIRECTORS 1F BASIC GLIDE SLOPE INFORMATION
LISPLAYED ON SAME INSTRUMENT.

2/ SPLIT AXIS ACCCPIABIE.

3/ 1F IMPRCVED FAILURS WARNING SYSTEM NOT TROVIDED FOR CAT I OPSRATIONS
APPLICANT MUST ESTABLISH FLIGHT CREW PROCEDURES AND DUTY ASSICNMENTS
T3 PROVIDE IIDIZDTATZ DETECTINN OF ESSENTIAL INSTRUMENT AND EQUIPVENT
FAILURES. SUCH VROCEDURES AND ASSIGNMENTS ARE REQUIRED FOR CATEGORY
I1 OPLRATIONS, .

* SOURCE: [FAA ADVISORY CIRCULAR 120-2v, SEPT. 23, 1970.
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Flight Control Computer
Rate Cyroscopes
Accelerometers

Actuators

TABLE 11, BASE-LINE STOL AVIONICS
Subsystem Number Measurement
Required Direct Indirect.
Air pata
Pitot-Static . . ) 2 P Py 9
. Free-Afr Temperature Sensor “ 1 T, '
Afrspeed Indicator ’ : 2‘ VIAS
- Barometric Altimeter 2 th
Vertical Speed Indicator < 2 th
Angle of Attack Sensor 1 %y )
Attitude/Heading Reference
Magnetic Compass 1 MAG HDG
Vertical Gyroscope 2 Py O
Vertical Gyroscope -.Independent 1 0, 6
S18p-Skid (Turn/Bank) ' 1 8
Directional Gyroscope 1 HoG
| Clock With Sweep Second Hand 1 Time
Communication’ . .
VHF Voice (Iwo-Way) ) i 2
VOR Receiver 2 0.
DME Receiver * 2 Py
MLS Receiver 2 AZ, EL, R
&rker Beacon .Receiver 1 Fix
ADF Receiver 1 BRG
ATC Transponder (4096 Code, Mode 3A) 1
Digftal Data Link (Two-Way) 2
Autopilot 2

76

.

e 4 . .
L] e ]

s

PRRrrs—

Pous

W.‘.y
rens——

Pt v

P

o
] PRSI

w—-—-—-»......._h_‘
H
i R



iy g

[Cr

[

PO, pARmpeeti ey Wy

TABLE 11. (Continuad)

Subsystem

Number
Requirezd

Measurement

Dircct Indirect

Autothrottle Servo

. Transducers

Information Presentation
IPS Display
Mode Selection Switches
Flighi Director Display (ADI)
Flight Director Display (HSI)
Radio Magnetic Indicator
Status Indicators

Information Management
Digital Computer

Radar Altimeter

.Elecirical

Independent Generator & Distribution
Battery
Auxiliary Pcser Unit (APU)
Recorders
Flight Data
Cockpit Vo.ce

Weather Radar

AGL
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avionics will be a function of the desired system reliability for each of

the flight phases. In souc : ases, a triple redundant configuration might

be desirable, in other fligi't phases a duplicate system with fail operational
capability might be suitable, and in other £light phases, a simplex sysiem
might be acceptable., Since the variation in system configuration with

flight phase can be handled in an integrated system with the proper design
of the system havdware and software, the various modes for each of the
subfunctions related to the function of concern will indicate the operational
configurations available, These configurations are discussed in terms of

the system functions for the various flight phases in the succeeding
paragraphs.

The base-line system configuration can be represented by the block
diagram depicted in Figure 29. This block diagram, while quite general,
assumes an understanding of the various subfunctions and modes for each of
the system functions discussed in later sections of this report, Note chat
the radio navigation aids are included under the communication system,
whereas state measurements sensors provide primarily self-contained measure-
ments based upon the complete absencs of any external (ground-based,
airborne, or satellite) measurements,

The computer listing of the input data representing the baseline STCL
avionics and EBF aircraft is shown in Figure 30. The aircraft and avionics
systems are broken into 50 sections with one candidate subsystem chown under
each section., These sections form the hardware and are identified and
grouped by the ATA 100 system., The Air Transport Association (ATA) has
utilized & 1isting of aircraft systems by ATA number for a number of years.
Table 12 presents the listing of the ATA 100 system by number and by
identifying system for the subsystems considered to be the primary subsystems
of the aircraft. In addition, the ATA uses a more detailed breakout of the
varicus systems by assigning a sz2cond set of digits to each ATA system. This
breakout for the avionics is given in Tarle 13, Note that Section 1 of
Iigure 30 lists the EBF STOL and the nonavionics ATA systems that are not
listed in other sections. Candidate 1 includes the ATA systems which corres~
pond with those given in Table 13, The first data item, the weight, is the
weignt of those ATA systems fo.: the EBF 100 passenger STOL, This weight
was extracted from Reference 2,

Data item 2 (MTBF) is “he required MIBF for these ATA systems if the
desired probability of nonfailure is 99.87% for a one-hour flight, which is
the duration of the longest leg of the route network being flown., Note
that no mean-time~-to-repair, minimum-time-to-repair or maximum-time-to-
repair is listed for Data Items 3, ¢, and 5 for the subsystems. In addition,
no peaking factor is given. Data item 7, duplication, is a crnss reference
to other sections, which might use the same equipment. If there is no dupli-
cation, the data value of zero is used. Data Item 8 is the number required
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TABLE 12. ATA 100 SYSTEM LISTING

ATA
No. Systen
21 Air Conditioning
22 Autopilot
23 Communications
24 Electrical Power
25 Equipment /Furnishings
26 Fire Protection
27 Flight Controls
28 Fuel
29 Rydraulic Power
30 lce and Rain Protection
31 Instrurents
32 La~ding Gear
33 Lights
34 Navigation
35 Oxygen
36 Pneumatic
38 Water/Waste
49 Airborne Auxiliary Power
52 Doors
53 Fuselage
54 Nacelles/Pylons
55 Stabilizers
56 Windows
57 Wings
72 Engines
73 E: ;ine Fuel and Control
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TABLE 12. ATA 100 SYSTEM LISTING

(Continued)

ATA

No. System
74 Ignition
75 Engine Air
76 Engine Controls
77 Engine Indicating
78 Exhaust
79 0i1
80 Starting
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TABLE 13. ATA SUBSYSTEM LISTING
ATA
No. System and Subsystem
22 Autopilot
22-10 Amplification
22-20 Actuation
22-30 Controlling
22-40 Indicating
22-50 Sensing
22-60 Coupling
23 Commnicaticns
23-20 Very High Frequency (VHF)
23-30 Public Address and Passenger Enter:ainment
23-40 Interphone
23-50 Audio Integrating
23-60 Static Discharging
23-70 Voice Recorders
24 Electrical Power
24-10 Generator Drive
24-20 AC Generation
24-30 DC Generation
24-40 External Power
24-50 Electrical Load Distribution
29 Hydraulic Power
29-10 Main
29-20 Auxiliary
29-30 Indicating
31 Instruments
31-i0 Panel
31-20 Independent Instruments
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TABLE 13. ATA SUBSYSTEM LISTING

{(Ccntinued)

ATA

No. ) System and Subsystem
32 Landing Gear
32-10 Main Gear and Doors
32-20 Nose Gears and Doors
32-30 Extension and Retraction
32-40 Wheels and Brakes
32-5C Steering
32-60 Position and Warning
33 Lights
33-10 Flight Cowpartment
33-20 Passenger Compartment
33-40 ' Exterior
33-50 Emergency Lightiang
34 Navigation
34-10 Air Data Instrumentation
34-20 Attitude and Direction Instrumentation
34-30 Radio Navigation
34-40 Radar Navigation
49 Airborne Auxiliary Power
49-10 Power Plant
49-20C Engine
49-30 Engine Fuel and Control
49-40 Ignition/Starting
49-50 Alr
49-60 Engine Controls
49-70 Indicating
49-80 Exhaust
49-90 0i1l
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for dispatch; in other words this is a single airciaft. Data Items 1
‘through 8 are similar for all other sections of data. Note that Section
46, ATA system 28, which is the fuel system, included an additional data
item, 9, which is the maximum mission fuel that can be loaded as described
in Reference 2.

State Estimation Function, - The state estimation function can be
provided by either an automatic or manual subfunction. Figure 31 indi-
cates the initial subfunctions and the modes for each of the subfunctions,
which will be investigated for the cruise flight phase. It should be noted
that the subsystems required for each of the modes are denoted by an x
under that mode if the subsystem is to be utilized in that mode. The sub-
systems listed are given by the section labels listed in Figure 30. It
is assumed, as previously stated, that the navigation function would nor-
mally utilize the automatic subfunction during all flight phases. In
addition, if weather conditions require an instrument approach and landing,
one or both MLS receivers and the radar altimeter would be required for
that flight phase. This is denoted as the approach/landing navigation
subfunction. This subfunction is not illustrated in Figure 31,

Note that all automatic state estimation modes use one or more (
measurements of bearing (8) or distance (P). Reference 17 indicates that
the principle en route navigation aid that will be provided by FAA will be
VORTAC. The improvements to the VORTAC system discussed in reference 17
indicate that modifications to the ground station circuitry will be made
to pernit handling of 200 aircraft per VORTAC rather than the current 100
aircraft limitation. In addition, the spacing between channels is being
reduced to 50 KHz from the present 100 KHz, These two modifications to
the VORTAC system appear to be the only major changes FAA plans to upgrade
specific facilities that do not provide adequate coverage o:r quality of
radiated signals necessary for area navigation (reference 17).

Note that while Figure 31 lists only the required airborne equip-
ment for the function to be performed, the ground navigation stations pro-
viding the measurements must be available. The arrar-~ement of the modes
for the avtomatic navigation subfunction resulted from running ANGCAP for
each possible mode and each leg of the flight. 1In general, the more
accurate modes require the largest number of subsystems available and
hence have a higher probability of unavailability than do less accurate
modes requiring fewer subsystems, Specific results of the ANGCAP simula-
tion for each of the modes is presented in a later section of this report.
While additional modes beyond those indicated in Figure 31 are theoretically
possible, the results presented later are based upon the FAA required
avionics with the addition of an onboard computer for performance of YAV
equation solutions and Kalman filter equation solutions.
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Command Generation/Execution Functions.-The initial command generation/
execution subfunctions and modes implemented in the program are listed in
Figure 32, Additional modes are possible and can be added as desired. As
with the state estim.cion function, it is assumed that the automatic
guidance/control mode is utilized when available during all phases of
flight. Selection of a manual mode by the crew may occur during VFR
weather during the final approach., When visual cues are not available,
the crew must utilize the automatic guidance/control subfunction as des-
cribed previously.

Hazard Avoidance Function.-The hazard avoidance function is assumed
to have an automatic and manual subfunction. It is assumed that the auto-
matic subfunction would normally be used, with reversion to manual only
upon loss of the computer. The hazard avoidance function is very similar
to the combination of the state estimation and command generation functions
in that the output of sensors mecasuring the state of the aircraft with
respect to potential hazards such as weather, othur aircraft, and obstruc-
tions to flight such as terrain and natural features, as well as man-made
structures, is processed to generate the appropriate ccmmand to avoid the
hazard, It is assumed that the commend generated would be automatically
fed into the command execution subsystem if the automatic hazard avoidance
subfunction was used. If the manual hazard avoidance subfunction was
utilized, it is assumed that the command execution function would also be
performed manually. The initial modes for the automatic and manual subfunc-
tions for hazard avoidance are listed in Figure 33. Additional m-des are
possible and may be added to the code by loading input data.

Communication Function.-The communication function is assumed to have
automatic and manual subfunctions. It is assumed that the automatic sub-

function would be used normally with csion to manual only upon loss of
the computer processing informatior .ved and transmitted via the
digital uata link, The initial mc )¢ the automatic and manual subfunc-

tions for the communication functien -:e listed in Figure 34, Additioial
modes are possible by manipulation of input data.

Systems Managzement Function.-The systems management function is also
assumed to have automatic and manual subfunctions., Since the primary
purpcse of this function is to assess the status of the aircrait subsystems,
it is assumed that the automatic subfunction would normally be used with
reversion to manual only upon loss c¢f the computer., The initial modes
selected for the automatic and manual subfunctions for systems management
are listed in Figure 35, Ad’iitional modes are possible by specification
of input data.

Safe Flight Function.-The safe flight function has only one mode as
shown in Figure 36. 1If any of those hardware fail in flight, an unscheduled
landing is mandatory.
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Implementation of Functions in Monte Carlo Program.-As previously
stated, a system function is defined as an operation or action required
0 conduct the STOL mission. Each function's availability is evaluated {
at each time step in the Monte Carlomodel as described on page 6. Statis- -
tics that result due to reversion to a backup mode or loss of a function -
are computed in the Monte Carlo model. These statistics are represented
by some of the mission performance measures previously discussed on pages
56 and 57 and statistics on the number of times each function was lost in
a Monte Carlo run, Statistics are also calculated for the number of modes
used for each function in a Monte Carlo run.

[

[N

.

b wraant

Man-Machine Task Allocations.-Various attempts have been made to
estimate crew performance. Some of the methods used are reviewed in
Appendix F. Development and implementation of a valid, human performance
model was beyond the scope of this study. An analysis of crew activities
was conducted to estimate the informetior requirements and crew workload
over a typical flight leg. The flight leg was divided into three phases
characterized by similar system performance requirements. These phases
were then analyzed with respect to the base-line operational modes.

A general description of the functional requirements and their effects
on crew activities and operational modes was desired. In-depth review of
the operations was neither possible nor warranted, In particular, the
work-intensive tasks during final approach and landing could not be described
in detail since the rosponse characteristics of the aircraft and the guidance/
control system have not been defined. Nonetheless, it is assumed that in
order for the aircraft to be used in air carrier service, the man-allocated
tasks during this phase will be similar to present air carrier requirements
in a manual mode and similar to present cruise requirements in an automatic -
mode. ‘

Takeoff/Climb: After preflight checkout has been accomplished and the o
aircraft is positioned for takeoff, all engines are rum at or near full
power. When indicated airspeed has increased to Vi the vehicle is rotated
to takeoff attitude. The vehicle becomes airborne shortly after rotation
as a result of aerodynamic and augmented lift.

flight path is influenced by requirements for increasing forward speed,
while maintaining a safe angle of attack along with any noise sbatement or
ATC procedures,

Initial climbout follows a steep flight path; the steepness of the -

Transition from takeoff to climb configured flight is .accomplished
by increasing airspeed through the simultaneous reduction of augmented
lift and decreasing of the steepness of the flight path. Engine thrust Lt
remains near maximum during the transition. Pitch attitude is varied im
order to establish a zero degree or positive flight path angle while
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avoiding a stall angle of attack. Engine thrust is reduced after the
vehicle has accelerated to a speed which allows stable aerodynamic control.
The vehicle is flown from this point as a conventional aircraft.

A time line chart of anticivated system control requirements for the
takeoff is presented in Figure 37.

Cruise: During this phase, the vehicle is flown at a constant Mach
and altitude. Crew activities, therefore, involve navigation, fuel manage-
ment, maintaining a guard against other aircraft, and monitoring of automatic
equipment, Table 14 summarizes conventional information requirements during
the cruise phase,

The crew activities range from a solely monitoring function utilizing
an autopilot under altitude hold to a control function, if no autopilot is
used, or to guidance/control if the crew must generate guidance commands
from the navigation instruments, Workload over these operations varies
from very little to moderate,

Final Approach/Landigg: The transition to final approach may be fully
automatic or manual depending on the terminal guidance system utilized.
The microwave landing system together with an airborne computer may generate
the curved approach guidance paths needed. In addition, an autopilot may
be developed to automatically steer the aircraft on the desired flight path.
However, since horizontal turns and vertical maneuvers are critically
dependent on power setting, flap setting, aircraft weight, and center of
gravity, etc., all of which are flight dependent, it is unlikely that the
initial flights will be fully automatic, In this case, manual vectoring or
area navigation may be used to obtain navigation information from which the
crew must guide and control the aircraft to the final approach. 1In this
case, workload is at its peak. '

The last maneuver to final approach is an alignment with the runway
centerline., Preceding the letdown, the vehicle follows a level flight path
with a forward velocity slightly greater than stall speed. The approach is
initiated from a ground clearance altitude of approximately 1000 feet.
Engine power settings and pitch attitude are varied in order to maintain a
level flight path,

Descent to the runway threshold is initiated by lowering tb nose of
the aircraft, Indicated airspeed is maintained at & minimum < e value
during the descent along the steep glide path. Pitch attitud. char .=2s
furnish the primary vehicle control for holdiag e aesired letdown p:.h,
Power setting changes and thrust changes are minimized during the letdown.

Final deceleration preceding touchdown is accomplished by flaring
the aircraft to a predetermined pitch attitude when the vehicle is over

103




__Events
Control Parameter Takeoff Rotation Transition
Roll Cl4imbout
Pitch attitude . . « « « « ¢« + « &
Roll attitude. . . + ¢« « « & o « &
YaW. . & o« o ¢ ¢« ¢ s 0 0 o s s
Heading. . ¢ « ¢ ¢ ¢ o ¢ o o o & &
Ground clearance altitude. . . . .
Altitude rate; e o s e e s s s v »
Angle of attack. . . « « &+ ¢ ¢ o &
Indicated airspeed . . . . . ..
Power setting. . . . . « « &+ « ¢« ¢« | —_
Gross weight . . . T
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FIGURE 37 .

TIME LINE HISTORY OF ANTICIPATED SYSTEM
CONTROL ACTIVITY DURING TAKEOFF
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TABLE 14, INFORMATION REQUIREMENTS FOR CRUISE PHASES

Flight Control

Pitch attitude

Roll attitude

Yaw

Turn rate

Barometric altitude
Altitude rate

Mach

Heading

Engine performance data

Fuel Management

Fuel quantity

Fuel flow rate

Distance to destination
Ground speed

Navigation

Current position
Lestination position
Bearing to destination
Distance to destination
Ground speed
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the runway threshold., After touchdown, all engines are reduced to idle
power,

A time line chart of anticipated control uctivity during the landing
is presented in Figure 38,

Commonalities Among Mission Phases: Table 15 summarizes controlled
parameters common to pilot control activities involved in performing the
mission phases, By combining controlled parameters in this fashion, some
idea may be obtained regarding information which must be provided or provided
for in the pilot's cockpit area.

Several of the mission phases appear to be characterized by common
system control requirements for many of the flight control parameters.
Short field maneuvers closely approximate conventional takeoff and landing.
Although the STOL phases involve steeper letdown and climbout paths, the
vehicle must still be aligned with localizer and glide slope during the
approach to landing. In both conventional and STOL modes, takeoff is pre-
ceded by a takeoff roll, and aerodynamic lift is a major factor contributing
to takeoff lift. 1In both STOL and conventional modes, serodynamic stall
is a major factor in determining the maneuvering envelope. During the
cruise phase, conventional and STOL flight modes are identical.

Division of Crew Duties: It is assumed that two persons operate and
control all of the subsystems of the STOL aircraft, Table 16 summarizes
the basic division of crew duties which are thought to acceptably distri-
bute the activity involved in all flight phases for Category I, or better,
weather,

As discussed in reference 18, approach and landing in low visibility
weather conditions requires careful analysis to determine the role of the
crew. All test pilots who flew low-visibility approaches as reported in
reference 18 '"agreed that it is absolutely essentlal that pilots be provided
access into the automatic system'., In these low visibility conditions, it
was suggested that at least one pilot must maintain instrument flight to
touchdown, throughout roll-out, and during taxi~in, It was suggested that
one pilot maintain instrument flight to touchdown while the other pilot
acts as a decision maker, basing his decicions on the information acquired
from the instruments displays, independent landing monitor, or visual cues
if available. Reference 19 recommended that ''the aircraft commander should
be the decision maker while the other pilot is responsible for instrument
flight", Following this recommendation, Table 17 presents the division of
crew duties for Category II or III weather with copilot duties being those
of the instrument pilot and the pilot's duties being those of the aircraft
commander. It should be noted that this is essentially a reversal of the
data presented in Table 16, It is assumed that if the aircraft commander
acquired visual cues, he would inform the instrument pilot by calling out
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Mission Segments

Control Parameter Transition Descent Landing

Pitch attitude . . . ; o e o e o s

Roll attitude. . « &+ ¢ ¢ o o o o &

Yaw- ¢ ® & ® @ & ¢ s ¢ & s & s s o

Course tO runway . . « « o« o o« o o

Ground clearance altitude. . . . .

Altitude rate. . « . ¢« « ¢ ¢ o o o

Angle of attack. . . . . . ¢« ¢ . .

Indicated airspeed . . . . . . . & : (
Range to TUNWAY. +« ¢ « o ¢ o & & &

Power setting. . . « + ¢« ¢« + + o . ' -

Gross weight . . . . . . ¢« ¢« « « &

FIGURE 38. TIME HISTORY OF ANTICIPATED CONTROL ACTIVITY
DURING LANDING
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TABLE 15, SUMMATION OF PARAMETERS CONTROLLED
IN THE FLIGHT PHASES

Pitch attitude
Roll attitude
y Yaw
Turn rate
Mach
Indicated airspeed

Angle of attack

\\ Barometric altitude

Ground clearance altitude
Altitude rate

Magnetic heading

Present position

Waypoint position

Bearing to waypoint

Range to waypoint

Lateral deviation from course
Ground speed

Heading relative to wind
Engine power

Fuel quantity

Fuel flow rate

Distance to destination

Gross weight

Center of gravity

Angle of sideslip
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TABLE 16, DIVISION OF CREW DUTIES FOR CATEGORY I
OR VFR WEATHER

Pilot Duties Copilot Duties

Flight Control

Manual control manipularion Moricoring of primary power

and flight {nstruuments

* Auto-stabilizatfor - “ecifon

Auto-pilot mode s¢. .en

.= ulsion and Primary Power

Monitoring propulsion and

Engine on-off switching
primary power displays

Thrust magnitude variation
' Controlling center of gravity
Augmented 1ift setting changes :
Managing fuel supply
Secondary Power

Coutrolling electrical gen-
erating equipmeat

Monitoring electrical
hydraulic and pasumatic
subsystem displays
Controlling hydraulic pressure ¢
subsystems

Monftoring electrical, hydraulic
and pneumatfc subsystem displays

Communication
Channel and message monitoring :hanncl and function selecting
or:
Communication radios
Ravigation radios
Navigation
All flying All navigational computaticn

Control and interrogation of
area navigation computer and
other r wigational devices
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TABLE 17, DIVISION OF CKEW DUTIES
FOR CATEGORY II or III
WEATHER APPROACH & LAIDING

Pilot Duties

i

{

Copilot Duties

Flixat Control

Monitoring of flight instruments

Visual cue search

Manual control manipulation
Auto-stabilization selection

Autopilot mode selecticn

Propulsion and Primary Power

Monitoriag propulsion and
primary r-ver displays
Controlling cencer of gravity
changes

Thrust magnitude variation

Augmented lift setting

Secondary Power

Monitoring electrical, hydraulic
and pneumatic subsystem displays

Controlling electrical gen-
erations and hydraulic pressure
subsystems

Monitoring electrical, hy-
draulic and pneumatic sub-
system displays

(‘&nmunication

Channel and fuunction selection
for:

Communication radios
Navigation radios

Channel and message monitoring

Navigation
All flying

All navigational computation

Control and interrogation of
area nrvigation computer and
other navigational devices
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"Cue". As discussed in reference 18, when the visual cues were sufficiant
to late.aily align the aircraft with the runway ceuterline, the aircraft
commander would cz=11 out "Lateral' and assume control at the lateral axis
of the aircraft., The instrument pilot would still be assumed to be
performing the task of maintaining the instrument flight. When the aircraft
commander acquired sufficient references to visually control the aircraft,
he should call out "Visual". At this time he could, at his discretion, aid
with aircraft control with inputs to both the lateral and longitudinal axis.
There was still no transfer of control. If the visual pilot wished to take
complete control, he would state, "I have the aircraft", and assume complete
coatrol while the Instrument pilot relinquishes complete authority. It

was anticipated that this command would be executed by th= visual pilot

only after the aircraft vas safely on the runway, at which time he would
assume active control for the roll out. The instrument pilot would then be
responsible for configuring the aircraft for roll out (ref. 19).

Another important decision that must be made by the pilct in command
is whether or not to execute a missed approach. This decision should be
made by the visual pilot and executed by the instrument pilot on the
verbal command. When a missed approach is executed, the visuezl pilot
should reconfigure the aircraft, leaving the other pilot free to concentrate
on the go-around maneuver,

Mode Sclection: Mode selection by the crew involves many design trade-
offs as discussed in reference 18. As stated in reference 18, "maximum
considerations should be given to the number of modes. If too many modes
are provided, mode selection may produce confusion during a critical period
of flight". It was assumed that both pilots have an independent system
"with the ability to drive the autopilot from either, or in some situations,
combinations cf both". As recognized in reference 18, "an important opera-
tional consideration is the method used to display mode selection to the
pilot, 1If two pilots are invelved, then each must have intelligence per-
taining to the active modes and whether his system (assuming two systems)
is functioning correctly and/or operating the automatics. Annunciation
should therefore provide three basic types of information. What is the
mode? Who has control? Wwhat is the. level of automaticity serving the
mode?" Reference 18 states that "regardless of the level of automaticity,
the pilot will be the ultimate decision maker in the man/machine relation-
ship, as long as the aircraft are manned, Therefore, he must be provided
adequate means to evaluate systems performance and take corrective action
when required". The reference further states that predictive information
should be Jdisplayed and an iudependent sonitoring system must be available
to "help the pilot assess aircraft performance”,

Base-line Modes Switching Logic. - As previously stated, for each func~
tion it is necessary to develop base-line modes switching logic. Thke
switching between modes could be a function of performance measures not
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meeting those required for the function, or failure of hardware required
for a mode. In essence, for those functions such as navigation, the
base-line modes switching logic could be only a function of performance
measures not meeting those required for the functions if it was possible
to improve the performance by switching to a better mode. The priority
of modes has been ordered on the basis that the mode with best performauce
is preferred. The higher the mode number, the lower the performance. For
these reasons, the case would not arise in which switching to a bet‘ter
mode would be possibla unless the mode being utilized was manually selected
and a lower numbered mode was actually operational but not selected. In
other words, the only possibility of selecting a mode with better perfor-
mance would be the case where an automatic mode is available but the crew
has elected to operate with a manual mod¢. The program always uses the
automatic subfunction unless the user selects a manual subfunction. The
switching between modes for the automatic subfunction is performed by
determination of the availability of the subsystems required for each mode.
If ell subsystems or all modes are avajlable, the first mode is used. As
previously stated, when a failure is detected, the system functions are
searched to determine the effect of the failure mode. 'The flight then
continues normally, reverts to & backup mode of operation, or in event of
a failure of a complete function, performs an unschedjuled landing.
s

While the primary mode switching logic implemented in the program is
based upon the assumption of utilizing the automatic subfunction and
switching to back-up modes as failures occur, it is possible to modify
the switching logic to include mode selection by the crew. This requires
modelling the decision process which the crew has been trained to use to
fly the aircraft. In effect, since this is an advanced aircraft for which
the avionics systems requirements are to be established, this would require
designing the crew decision logic and implementing it in the program, a
task clearly beyond the scope of this study. As dicussed in reference 19,
the need exists to reverse.the trend toward increased number of switches,
dials, and displays that add to the pilot's workload in the task of mode
selection, Further study of the ciew selection decision logic, design,
and implementation of that logic for the STOL should be a high priority
task and should be performed in the immediate future.

Systewm Operating Procedures.-The primary system operating procedures
implemented in the program include the ATC procedures and rules that were
followed in generating the nominal flight path of the STOL aircraft. 1In
additio~ it has been assumed, as discussed in a later section of this report,
that the dispatch requirements in terms of the minimum equipment list must
be mev or the aircraft cannot be dispatched on the next leg of the flight,

As previously discussed in the airport model, certain ground services

such as fueling and loading the passengers are assumed to be performed

in series, while other ground services such as deplaning and loading and
unloading of cargo are assumed to be performed in parallel with the loading
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of fuel. A basic operating procedure implemented is that replacement of
required subsystems which have failed is begun as soon as the subsystem
failure is detected and the aircraft is on the ground,

Other system operating procedures included in the program are a
function of the performance of the navigation, guidance, and control program,
‘For example, it is possible to command heading changes or Leing ascent or
descent of the aircraft from a waypoint as a function of either estimated
position along track, estimated time, or estimated bearing to a VORTAC
station. The actual procedure used for flight path guidance has significant
implications, as discussed in Appendix E,

In addition, as discussed in Appendix E, the selection of the common
path length is a function of a microwave landing system coverage, the
navigation, guidance, and control contributions to the crosstrack and alti-
tude deviations at nominal acquisition of the microwave landing system
when that system is required, and the performance of the aircraft. It is
possible to increase the length of the commen path and thereby increase
the time spent flying within the coverage of the microwave landing system.
In the process of increasing the common path length, the overall capacity
of the airport may have been reduced.

The sample results presented in a later section of this report
suggest that certain operating procedures are better than others, For
example, if tilie crew wishes to minimize crosstrack deviations, it appears
from the results that this can best be done by command heading changes as a
function of bearing. This results in trading off the smaller crosstrack
deviations for greater time along track deviations. Definitive conclu-
sions should not be drawn from any of the results presented in the later
section since extensive exercise cases were beyond the sco- of the study.
The various trade-offs between system operating procedures may yield
definitive data as to the worth of the various operating procedures when
sufficient exercise cases are run,
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Details of Information Flow With 3TOL OPS

The STOL OPS progra. is modular in its construction. Each module is
a subprogram which, to a .arge degree, stands by itself except for specific
input and output parameters that permit coumuvicsation with the other modules.
The individual modules may be categorized in.o the four basic groups
described below.

Input.«The input sub;rograms recad data describiuy *he avionics subsys-
tems, functions, airports, navigation aids, rtheluled flig:ts, waypoints,
and aircraft performance, Thesc data are oryanized and stored for access
by other program modules.

Nominal Flight.-The powered-l1ift STOL perfcrmance model, doscribed in
Appendix B, is used to generate the nominal flight profiles for the
scheduled flights defined by the input data. The following profile is
used to simulate the aircraft cperation:

1. Maximum power climb, at takeoff airspeed, to 1500
feet above the runway

2. Level flight acceleration to 250 knots indiicatea airspeed

w
.

Climb to 10,000 feet at constant indicated ai~ speed
(250 knots)

Level flight acceleration co cruise velocity
Climb to cruise altitude at constant Mach number

Level flight cruise at constant Mach nuwber
Constant Mach number descent to 10,000 feet
Decelerate to 250 knots indicated airspeed

O 0 N O
L ]

Descent to approach altitude at constant indicated
ajrspeed

10. Decelerate to approach velocity
11. Descent along specified glideslope to runway.

The principal outputs provided by the nominal trajectory simulation .are time
of flight and fuel consumed.

Monte Carlo.-There ave six major Monte Carlo modules: Prefligat,
Taxi~Out, Takeoff, Climb, En Route, Landing. A detailed descripticm of
these routines is shown in Figures 39 through 44.

Output.~The output module prints the results of the Monte Carlo N
evaluation, The output is divided into three groups: (1) stetirries for ;i
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FLIGHT
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LOAD FUEL REQUIRED T
FOR NEXT FLIGHT

Y CANCEL
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AS SCHEDULED ?
d DELAY
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‘ FIGURE 39. PREFLIGHT MONTE CARLO ROUTINE
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FLIGHT ON ;ﬁgm

ADD TIME REQUIRED TO
TAXI TO TAKEOFF

l

‘ GO TO TAKEOFF

CAN REPAIR BE
ACCOMPLISHED WITHIN
T MINUTES ?

}o

CANCEL
" FLIGHT

FIGURE 40. TAXI OUT MONTE CARLO ROUTINE
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IAKEOFF__

y

CALCULATE RUNWAY
TIME AND DISTANCE
OCCUPANCY

y

GO Tu CLIMB

FIGURE 41. TAKEOFF MONTE CARLO ROUTINE

CLIMB
\-——v-—/

{

CALCULATE TIME AND
FUEL REQUIRED FOR

CLIMB

HAS FAILURE OCCURRED
REQUIRING ABORT DURING
CLIMB?

GO TO EN ROUTE

EXECUTE
UNSCHEDULED
LANDING

FIGURE 42, CLIMB MONTE CARLC ROUTINE
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EN ROUTE

1

CALCULATE TIME AND
FUEL REQUIRED

l

HAS FAILURE OCCURRED
REQUIRING ABORT?

1N

EXECUTE
UNSCHEDULED
LANDING

GO TO LANDING

FIGURE 43. EN ROUTE MONTE CARLO ROUTINE
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LANDING

¢

CALCULATE TIME AND
FUEL REQUIRED

Y

HAS FAILURE OCCURRED
REQUIRING ABORT?

EXECUTE
UNSCHEDULED
LANDING

IS HOLD REQUIRED DUE
TO OTHER TRAFFIC?

DELAY FLIGHT
BY HOLD TIME,
CALCULATE

"FUEL USED

]

I

N 135 WEATHER

A\
VFR? /

MLS ACQUIRED FOR

LANDING?

Y

'E

EXECUTE MISSED -
APPROACH

¥y 4

CALCULATE RUNWAY TIME
AND DISTANCE OCCUPANCY

Y

TAXI TO ARRIVAL GATE

¥

GO TO PREFLIGHT

FIGURE 44. LANDING MONTE CARLO ROUTINE
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random variables, (2) number of occurrences of specific events, and (3)
percent of flights using each mode of each subfunction.

o

Figure 45 shows the output for variables. The first three columms
list the number of samples obtained, the mean value of the variable, and .
the standard deviation of the variahle, The maximum and minimum values !
that occur during the Monte Carlo evaluation are listed in the next two ’
columms, The last four columns show how many times a specific maximum or
minimum is exceeded during the evaluation, !

Figure 46 shows the output for specific events, and Figure 47 shows
the mode utilizatfon. f

Output may be requested for the leg between each airport pair for each
flight, totals of all flights for each leg, totals for sll legs of each
flight, and totals for a.l flights and all legs.
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SAMPLE RESULTS FROM APPLICATION OF STOL OPS
TO CANDIDATE STOL SYSTEM CONFIGURATION

ANGCAP Results

A detailed description of the airecraft navigation, guidance, and
control analysis program (ANGCAP) is presented in Appendix E, A discussion
of the derailed output for one leg ~“ the route network is provided for the
automatic navigatioa subfunction, Mode 1. The sample . :sults from all cases
of ANGCAP are summa.ized below. No conclusions are drawn since the analy-
si performed with ANGCAP is merely to demonstrate the operation of the
program and provide the needed inforwation for operation of the Monte Carlo
program,

Figure 48 is a sample portion of one page of ANGCAP output during the
flight from San Jose to Sacramento. This page is one of many Ciscussed in
detail in Appendix E, The output shown indicates that the aircraft has
been flying 8 minutes and that it has been 120 seconds since the last update
using VOR/DME Stations 5 and 6 listed earlier in Figure 25. Nine states are
computed in the program: vosition in terms of magnetic east and north
cartesian coordinates, altitude bias, velocity bias in magnetic east and
nortih coordinates, and range and angle bias to each of the VOR/DME stationms.
The data in the colummns are the standard deviations »f each of the nine
states, The rows present the following information: the true error and the
error that would be estimated by an onboard Kalman filter. Since the real
world and filter model agree in this run, these values are identical with
the true error, The nominal trajectory intcrmation at that time is given
in terms of magnetic east and north positions and altitude, velocity,
magnetic heading, and flight path angle, The I deviations in the actual
and estimated states are given in terms of time along track, crosstrack
position, and altitude. The 1o control effort listed is & function of the
option selected by the user for control of the aircraft as discussed in
Appendix E, In this case, cross-track steering is the only control option
being utiiized.

The next line of data gives measurements of range and bearing to station
5 and station 6. That is, the range at this time is 25.52 nautical miles
to station 5 with a bearing of 159.54°, The range to Station 6 is 24.04
nautical miles with a bearing of ~114,27°., These measurements are processed
using a Kalman update. As a result of this update, the nine states true and
filter estimate of error are updated and the actual- and estimated-state lo-
deviations are updated as well as ihe lo control effort. Note that no
change in nominal has resulted. Also note that no change in the actual state
lor deviations has resulted.
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Further description of the complete output for this fiight leg is
provided in Appendix E,

Figure 42 is a summary of the cases made for this run of ANGCAP, The
case number is merely used for identification purposes in processing the
data further using the plotting code or the Monte Carlo code. The update
type designation of 1 indicates a Kalman update, whereas an update type
designation of 2, as in Case 6, denotes a position-fix update, as discussed
in Appendix E, The update frequency selected was the same for the sample
cases, The measurements ccmbined with the atir data information are denoted
by the number of VOR and DME receivers for the particular leg flown. For
exanple, Case 1 results in the use of 2 VO™’'s and 2 DME's, providing measure-
mens of p/ 8, for leg 1. At the end of * o flight, the kb deviations or
dispersions in the actual state are 153. J seconds along track, 0.38 n. mi.
crosstrack, and 50 feet in altitude. 1lhe lg deviations or dispersions in
the estimated state are 152.88 seconds along track, 0.27 a. mi. crosstrack,
and 0 foot in altitude. The final line of printing is the probability of
acquiring the microwave landing system for a 90° intercept with a 2 n. mi.
common path as described in Appendix E.

Similar iw.formation is provided for each of the cases run. Leg 1 is
the leg of the route network from San Jose to Sacramento Executive, leg 2
is the route leg from Sacramento Executive to Santa Ana, and leg 3 is the
route leg from Santa Ana to San Jose.

Graphs of the actual- and estimated-state Iy deviations can be drawn
using the data for each output point of Figure 48 for each leg of the
route network. Since the entire route network is flown four times in the
schedule used for the sample runs, this couid consume very many man-hours.
Typically, to plot the b deviations in the actual and estimated states
requires 2 man-hours for each case for each leg,

To avoid this expense, the plotting routine has been utilized to plot
the crosstrack (lateral deviation) for the route network referenced to a
magnetic east and north cartesian coordinate system. It is possible to
plot the rominal flight track as depicted in FPigure 50, This plot is for
an JFR approach in Category I or worse weather conditions. Note that this
plot is different from the VFR flight path given in Figur- 19, 1In additiom,
it is possible to plot more tha: one parameter for the route network as
shown in Figure 51. For example, Figure 52 is a plot for ome round trip
around the route network of the actual lateral deviation, 30, and a 4 n. mi.
airway width Jlor the RNAV mode using a Kalman update of one VOR bearing
measurement and DME measurements to two different VORTAC's. Case 2 corres-
ponds to Case 2 in Figure 49 for che flight leg from San Jose to Sacramento.
Case 8 corresponds to Ieg 2 in Figure 49 from Sacramento (SAC) to Orange
County and Case 14 corresponds similarly to Leg 3 fror Jrange County (SNA)
to San Jose (SJC). Use of this plot routine presents . he information that
would be obtained by hand plotting the output for those cases as a functinn
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of time for each flight leg. It should be noted that the plots portray a

40° azimuth coverage for the MLS about its heading and a range of 20 n.mi.

at each airport, i.e., SC-117 Configuration G.

Figure 53 is a plot of the estimated crosstrack deviation (30) and
the nominal aircraft flight path for the Kalman filterea update using
p /6, © measurements.

Figure 54 is a plot of the crosstrack actual 3¢ deviations for a

Kalman filter update using p, p measurements and the 4 n.mi. airway width.

Comparison with Figure 52 reveals that the 30 lateral deviations are, in
general, zreater than they were using the p/6, p measurements.

Figure 55 presents a similar plot for a Kalman filter update using
p/6 measurements, except in this case the nominal type flight track is
plotted rather than the 4 n.mi. airway width.

Figire 56 is a similar plot except in this case the position fix
update was used for the p/0 measurements rather than a Kalman filter up-
date. Comparison with Figure 55 reveals the smoothing effect that the
Kalman filter has in processing the same measvrements.

Figare 57 provides a summary similar to that in Figure 49 for the
measurements noted. The total of different measurement and update com-
binations for each ieg was 11.

Figure 58 is a plot of the nominal IFR flight path and the estimated
crosstrack 30 deviation for 2 Kalman filter update using the bearing mea-
surement to two different VORTAC,

Figure 59 is a plot of the actual and estimated crosstrack 3o devia-
tions for a position fix update using & single bearing measurement,

Figure 60 is a plot of the 4-n.mi., airway width and the actual 3¢
deviation for a Kalman filter update using a single range measurement.

Figure 61 is a plot of the 4-n.mi. airway width and a crosstrack
actual 1o deviation using no external measurements. Note that the scale
on the deviation is one-third that of the previous plots. This is com-

parable to flying using air data and heading only. As expected, the actual
cross track deviation uncertainty increases as a function of distance from

each airport.

Additional results could be plotted for the various cases rum, but

since extensive exercise cases were beyond the scope of the ( ntract, addi-

tional plots were not made. Furthermore, the complete listing of output
for all of these runs is not included in the report. Since thc objective
was to merely demonstrate the use of the ANGCAP program, no definitive
conclusion should be drawn from these results.
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STOL OPS Monte Carlo Results

To demonstrate the use of the STOL OPS program, four examples werse
run: '

{!') Nominal demonstration run using data presented in previous
sections

(2) Nominal with winds aloft set to zero

(3) Nominal with IFR weather occurring 100 percent of the
time

(4) Nominal with capacity at SNA increased to 140 movements
per hour, MIBF of flight controls increased to 2000 hours.

Case 1. - Figure 62 shows results for all trips between each air-
port pair and totals for all flights. The Elxx beside each decimal number
indicates a power of 10, for example

6.1E + 02 = 6.1 x 10°,

= 610 .

The simulation cousicted of 250 Monte Carlo evaluations of four suc-
cessive round trips from SJC to SAC, SAC to SNA, and SNA to SJC, Thus a
total of 1000 scheduled flights between each airport pair was evaluated.

The results presented in Figure 62(a) can be interpreted as follows.
Of the 1000 scheduled flights from SJC to SAC, 51 (or 5.1 percent) required
equipment repair prior to departure withk a mean repair time of 41.938
minutes, a maximum repair time of 346,835 minutes, and a minimum repair
time of 0.869 minute. A maximum constraint time of 120 minutes was speci-
fied, after which time a flight cancellation was assuwed. This constraint
was exceeded 3 times out of the 51 occurrences. A minimum constraint time
of 15 minutes was specified, The value given for tie number of times is
the number of samples for which repair required iess tham 15 minutes., This
cor.straint was exceeded 18 times out of the 51 occurrences.
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Fuel was loaded 975 times out of 1000 scheduled flights with the
values for time involved and constraints exceeded iving a similar
interpretation to that for equipment repair. The termination of a
Monte Carlo evaluation by a cancelled flight or unscheduled landing
causes the program to recycle to the beginning of the next day. There-
fore, if the first flight on the day is cancelled, the program does rot
consider the remaining flights that day, either as cancellations or as
being flown. The 25 flights not accounted for are the result of this.

Passengers and cargo were also loaded 975 times out of 1000 flights,
and with the values are given for time involved and constraints exceeded.

The results for ground service time are given for 974 of the 1000
scheduled flights. This indicates that one flight out of 975 did not
complete ground servicing in time to avoid being cancelled. While the
maximum ground service time is only 111 minutes, the flight probably
arrived so late that the combination of the late arrival and ground ser-
vicing resulted in cancellation. The ground service time includes all
ground servicing except repair. Results for fuel weight loaded and the
initial fuel load for 975 flights of the 1000 scheduled are given on the
next two lines,

The results for initial takeoff weight for 974 out of 1000 scheduled
flights are given on the next line.

The results for gate departure delay time are given for the 974
flights that departed of the 1000 scheduled flights. This indicates that
26 out of 1000 flights, or 2.6 percent of the time, the complete schedule
could uot be completed due to cancelled flights and unscheduled landings.
No value was given for a minimum constraint and therefore no results are
printed. A maxirum constraiunt of 10 minutes past scheduled gate departure
time was exceeded by 579 out of 974 flights that departed.

Takeoff holds were experienced by 648 out of the 974 flights that
departed the gate and the results given. The mean hold time due to all
causes was 2.2 minutes with a maximum hold of 15.5 minutes. The maximum
constraint of 4 minutes was exceeded by 87 of the 649 flights,

Takeoff delays were evaluated for all of the 974 flighcs that departed
the gate with a mean delay of 30.7 minutes. At least one flight departed
1.34 minutes early as indicated by the negative minimum value., The maxi-
mum takeoff delay was 281.54 minutes, The minimum constraint indicates
156 flights experienced no takeoff delays.

Takeoff runway occupancy time and distance results are given on the

next two lines. These values are deterministic results from Subroutine
ARCFT (Appendix B) for .™me takeoff weight given earlier.
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A mean landing hold time of 0.638 minute was experlenced by 287 out
of 1000 scheduled arriving flights at SAC. The maximum holding time was
2,57 minutes. .

Total flight time for the 972 flights arriving at SAC from SJC was -
21.44 minutes mean with a wmaximum of 36.07 minutes. At least one fligh. -
had a flight time of 12.46 minutes. Two flights that departed SJC for {
SAC made unscheduled landings due to loss of a required function.

The minimum constraint number indicates 267 flights experienced no {
landing delay. Landing delays greater than 10 minutes were experienced
by 556 flights. -

The output variables starting at equipment repair and extending through
takeoff runway distance are associated with the departure airport while the
remaining variables are associated with the arrival airport.

The landing runway-occupancy time and distance results are given next.
It should be noted that results for minimum runway occupancy time and dis-
tance are a function of the aircraft touchdowa conditions (weight, vel-
ocity), deceleration, and turnoff velocity, whereas the landing runway oc-
cupancy time is a function of these factors and the airport's geometry.
In other words, the minimum runway occupancy values are those due to reaching
turnoff velocity after touchdown while the landing runway occupancy and
distance include taxi to the nearest taxiway intersection after deceleration
to turnoff velocity.

The gate arrival delay time is referenced to the scheduled gate ar-
rival time as discussed previously. As noted previously, the mean gate de-
parture delay at SJC was 30.66 minutes, whereas the mean gate arrival delay
at SAC is 28.67 minutes which indicates that most flights would arrive on
time at SAC if they departed SJC on time. Of the 972 flights arriving at
SAC, 742 exceeded the scheduled gate arriv . time.

Mean fuel consumed was 3648.5 pounds with a maximum fuel consumption
of 5740.2 1b. A constraint value on fuel consumption was not loaded but can
be done so at user option. Ffuel remaining had a minimum value of 606.4
pounds which corresponds to the maximum fuel usage flight. Mean fuel re-
maining was 2698.2 pounds.

The event tabulation in Figure 62a lists the number of occurrences
at each of the specific events. Of these 1000 flights, none of rhe avionics
functions were lost. The safe flight function was lost two times out of.the
1000 scheduled flights,.resulting in two unscheduled landings. Fortv
hardware failures occurred.

Due to limitation: imposed by computer storage, subsystem failure counts
were divided into groups of 10. The event failure in Sections 1-10 indicates
how many times any of the first 10 scbsystems failed. It is interesting to
note that of the 40 hardware failures shown for flights between SJC and SAC,
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a required function was lost only twice. If back-up modes were avail-
able for the safe flight function, it is possible that the unscheduled
landings would not have occurred.

The three cancelled flights resulted from exceedinz the 120-minute
constraint previously discussed for equipment repair.

As previously discussed, 974 of the scheduled 1000 flights departed
the gate. The dispatch reliability, previously defined as the number of
scheduled flights departing within 15 minutes of the scheduled gate de-
parture time, is given as 438, a 43.87% dispatch reliability.

The scheduled flight time was exceeded by 70 of the flights from
SJC to SAC. No flights were diverted to an alternate zirport in this
example. There was one missed approach in all the 1000 scheduled flights
floun, 972. Category I, or worse, weather, labeled as IFR, existed for
17 of the flights. There were no failures of the MLS. Holds for take-
off clearance totaled 648 and holds for landing clearance totaled 287.

Figure 62(b) presents a summary of the modes used for each function
for.the 1000 scheduled flights from SJC to SAC. The state estimation (
function used the automatic navigation subfunction Mode 1 1007 of the .
time and reverted only to Mode 3 which was used 0.2% of the time. Since
Mode 2 was not used, this indicates a failure of a DME receiver rather
than a VORTAC which would have caused reversion to Mode 5. The state
estimation subfunction of approach/landing navigation, Mode 1, was used
1.7% of the time. Reversion to the other modes of this subfunction did
not occur.,

Similarly, the command generation/execution functions operated omnly
in Mode ] of the automatic guidance/control subfunction.

The hazard avoidance function operated in the automatic hazard sub-
function using Mode 1 1007 of the time and reverting to Mode 3 for 1% of
the time. Examination of this subfunction in Figure 33 indicates that
both the radar altimeter and weather radar failed.

The comnunication function operated in Mode 1 of the automatic commu-
nication subfunction 100% of the time and did not revert to-a backup
mode or subfunction.

The system management funct'on operated in riode 1 of the automatic i
system-management subfunction and reverted to the manual system-management "
subfunction, Mode 4, for 0.2% of the time. Examinaction of Figure 35 indi- -
cates that a computer failure would cause this reversion sequence. il

The safe flight function has only one subfunction and mode and there-
fore operated in Mode 2 100% of the time with no reversion possible.
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Similar interpretations of the results can be made by the reader
for the 1000 scheduled flights from Sacramento (SAC) to Santa Ana (SNA)
by referring to Figures 62(c) and (d). The results for the 1000 scheduled
flights from SNA to SAC are summarized in Figures 62(e) and (f).

The results for the totals of all flights around the route network,
3000 scheduled flights, are shown in Figures 62(g) and (h). The large
number of takeoff and landing holds are due to the traffic at SNA and its
capacity as can be seen by examining the statistics for each individual
leg of the route network. By referring to Figure 23 it can be seen that
the number of operations per hour at SNA is over 120 for the three round
trips before the last of the day. As can be seen in Figure 30, SNA has
a VFR capacity of 120 movements per hour, which clearly indicates that
the airport is overloaded.

The sensitivity to operational procedures is also shown in Figure 62.
For example, Figure 62(h) indicates that 2065 flights exceeded the maxi-
mum gate departure delay constraint of 10 minutes, while the dispatch
reliability indicates the 1019 flights departed within 15 minutes after
the scheduled gate departure time. This indicates that of the 29G5 flights
that departed the gate, 84D departed within O to 10 minutes of scheduled
time, and another 179 departed between 10 and 15 minutes of scheduled time.
If dispatch reliability were defined at 10 minutes after scheduled de-
parture time and increased 507 to 15 minutes, a 21.37% increase over the
number of aircraft defined as dispatched at 10 minutes results.

Case 4, described later, illustrates the sensitivity to the operational
environment that results from increasing the capacity at SNA.

Case 2.-Figure 63 also illustrates the sensitivity to the operational
environment since no en route winds were included. Comparison of the total
flight time statistics for Cases 1 and 2 shows that the winds assumed had
little effect on the flight schedule.

Case 3.-Figure 64 shows * .e results obta.ned for operations during IFR
weather only. The improvement in schedule reliability for chis case occurs
because of the reduced traffic at SNA for IFR crunditions. Notice the mis-
sed approaches are 161 with 22 flights diverted to aiternate airports.

Case 4.-Figure 65 shows the results for an assumed capacity of 140
movements per hour at SNA and an increased MIBF of 2000 hours for the flight
controls. The improved capacity shows that the mean “akeoff/land holding
times for all flights have been reduced from 6 to 8 minutes for Case 1 to
about 2 minutes., In addition, the total number of holds exceeding 4 min-
utes was reduced from 1062 to 361 out of 3000 flights,

The increased MIBF for flight controls was used to illustrate an ex-

pected sensitivity to technology improvement and hence a decrease in the num-
ber of losses of the safe flight function. However, the actual results show
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an increase in safe flight losses., This variation is acceptable for a
Monte Carlo estimate. The probability of losing safe flight is approxi-
mately 10 out of 3000, or 0.003. Figure 3 shows that for n/N = 0.05, a
factor of 10 larger than above, in excess of 20,000 samples are required
for 5% accuracy of the result. A probability of 0.05 implies 150 oc-
currences out of 3000 totals. The 5% accuracy bound is then '8 occurrences.
Thus, a variation of only 5 for 3000 totals and a probability of 0.003 is
well within the expected Monte Carlo deviatioms.

The Monte Carlo results for each round trip and leg of that trip are
presented in Appendix G for the case: summarized above.

Examples of Experiments Needed Based on Limited STCL OPS Applications.-
A wide variety of experiments are suggested as a result of the limited
cases run. These include: substantiation of the many data values such ,
as the steering time constants used in ANGCAP; Kalman updating using two f
VORTAC stations, either simultaneously or sequentially; the MLS acquisition
operational procedure; etc. Experiments that might be required should not
be fully designed without conducting extensive exercise cases of STOL OPS.
STOL OPS results can serve as the initial conditions for many experiments.
The results of the experiments should be presented in a format similar to
STOL OPS results to permit easy comparison.
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CONCLUDING REMARKS

The basic goals of this study have been met and exceeded in many
cases. The STOL systems simulation model was developed, and computer
programs collectively called STOL OPS have been written and checked out. :
A demonstration of STOL OPS and its use in evaluating STOL avionics con-
figurations, air trafiic control procedures, ground based navigation aids,
and operational procedures was conducted. -

Sample results from the demonstration runs are discussed in the pre-
ceding sections of this report. For the nominal run, 96.66% of the
scheduled flights were flown. The dispatch reliability of about 34% is
entirely unacceptable to an airline and this low value is due primarily
to air traffic delays. As illustrated in Figure 62(g), the mean gate
delay time is 37.67 minutes. The results indicate that increasing the
capacity of SNA by 20 operation: per hour as shown in Figure 65(a) reduce
the mean gate departure delay to 6.23 minutes yielding on 87% .dispatch
reliability. In other words, a 16.5% increase in the number of operations
per hour at a single airport in the route network results in greater than ‘
2507, inrrease in total dispatch reliability. An increase in the number
of movements can come about if the separation between aircraft on the com-
mon path is decreased, because of improved navigation, guidance, and con-
trol accuracy, air traffic control equipment and procedures, or airport
redesign. Definitive conclusions should not be drawn since only limited
exercise cases have been rum.

It is of interest to note from Figure 64 that for 3000 scheduled op-
erations in instrument weather, 2743 or 91.47% were flown. Of these 2743, 22
were diverted to an alternate airport. Fifteen of these 22 diversions were
due to MLS failure. Only 161 flights executed a missed approach; 22 of
these were due to MLS failure and 139 to the deviations in final approach
resulting in failure to acquire the MLS when it was operational using a 90
degree intercept at a 2-n.mi. common path for the MLS siting and coverage
used. More definitive conclusions should not be made without extensive
exercise cases being ran,

Finally, it is also of interest to note that the state estimation
subfunction always operated in the automatic navigation subfunction Mode 1
with reversion to only Modes 2 and 3. The command generation/execution
function always operated in the automatic subfunction (mode 1). Similar
observations can be drawn by the reader for the other functions. In gen-
eral, all data values need to be carefully reviewed and extensive exercise
cases run with this and different scenarios prior to drawing definitive
conclusions.
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RECOMMENDATIONS

~ The set of computer programs that comprise STOL OPS provide the
capability to perform detailed analyses of an externally blown flap
STOL aircraft and various avionics configurations. These analyses should

include:

(1) Evaluation of avionics systems concepts
(2) Evaluation of operation procedures

(3) Synthesis of avionics system configurations for a
variety of mission performance goals

(4) Repeat of (1) throuzh (3) above for differing operational

environments.

A more detailed listing of suggested exercise cases which should be run
is given in Table 18. These exercise cases could be conducted under an
extension to this contract or at NASA Ames Research Center.

After application of STOL OPS to the suggested exercise cases, a
large number cf additional tasks should be performed. These tasks, in-
cluding the exercise task, are listed in Table 19. It is very important
that a technological forecast be performed. Results of this forecast
of avionics technology would aid in assessing the feasibility of alter-
native system concepts, identifying potential technological developments
and their agsociated risk, cost, and time required for development.

The demonstration cases whose results are presented herein have sug-
gested that experiments should be designed to substantiate critical data
values. These experiments range from the establishment of failure rate
data collection and analysis tn piloted simulations to determine the
adequacy of (1) the time constants used for steering, and (2) the use-
fulness of t'ie operational proceduvres such as changing heading as a func-
tion of either estimated along track position, time, or bearing to a

VORTAC or waypoint, etc.

Additional mathematical models need to be developed to consider per-

formance of all functions and improved models should be developed for models

currently being used such as the capacity and weather models. Complete

discussion of all tasks recommended in Table 19 is inappropriate until
further discussions are held withl NASA Ames Research Center concerning

the priority of each of the recommended tasks.
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TABLE 18. SUGGESTED EXERCISE CASES

10.

Evaluate Effectiveness of Each Function's Modes

Evaluate MLS Configuration G Siting and Acquisition
Probability for Subfunctions/Modes (Single and Parallel
Runway Operations)

Evaluate Various Operational Procedures for
o Fixed Time of Arrival
e Variable Time of Arrival

Evaluate Other Scenarios

Evaluate Improved Utilization of Aircraft by Reduction
of Ground Time and Using Fixed Time of Arrival

Establish Avionics Requirements to Mee~ Variations in
Mission Performance Goals

Investigate by Sensitivity Analysis the Need for Improved
Models of Final Approach

Establish Needed Backup Modes for Each System Function in
Terms of Reliability, Maintainability, Performance for
Specified Mission Performance Goals, and Safety Levels for
Each Flight Phase

Investigate Sengitivity of Cross Track Deviations to
Steeving Time Constant

Evaluate Reduced Constraints Impact and Establish Function
Requirements

o Route Width

e Common Path Length
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TABLE 19. SUGGESTED TASKS

—up—y

10.

11,

12.

Application of STOL OPS to Suggested Exercise Cases

Perform Technological Forecast and Mode! Selected Systems
Design Experiments to Substantiate Critical Data Value
Develop and Incorporate Human Performance/Reliability Models

Develop Optimum Reliability/Maintainability Allocation Model
for Multimode System

Develop and Incorporate Cost of OCwnership/Benefit Model
Synthesize 1980 STOL Avionics for CAT I, CAT II, and CAT 1.il.
Establish Systems Criteria for 1980 Mission Performance

Goals

Develop Additional State Sensor Error Models and Incorporate
in Navigation, Guidance and Control Analysis Program

Develop Augmentor Wing or RTOL Model
Incorporate Various Guidance Law Models

Investigate Alternative MLS Configurations Data Rates by
Modeling Closed-Loop Final Approach with EBF

Investigate Need for Surveillance Radar
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10.

11.

12.
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APPENDIX A
OPERATIONAL ENVIRONMENT

Airport Model

The eirport model is designed to encompass @ -acroscopic view of an
airport's airside activities. This view is similar to being in the cockpit
of an aircraft as it perfurms the various tasks related to its airport
airside operation,

General input information for the airport mod.l includes such infor-
’ mation as airport latitude, longitude, altitude, and controliled airspace
radfius -z well as information that is needea to describe specific points
of int- rest in the <i.port; e.g., runway end points, turroff roints, etc.
Eech of these points is designated by an x and y position rel- e to an
origin (such &s the control tower) with the positive x axis e.- 'd the
positive y axis no:th,

The runway information includes specific information for euach .unway
+uch as orientation, length, width, turnoff points, etc. Inpuc data for
\ a typical alroort is showa in Figure A-1,

Before each Monte Carlyv simulation, the incr.mental times nveded cc
process th~ aircrafcr through segments of the airport are computed and
stered for use Iin the Monte Carlo routine, In this manner, every airport

) event has a precalculated time associated with it (consisting of a noninal
time plus possibly a random component) and the Monte Carlo routine neel not
compute the time ‘-ach time the event is processed.

The model considers the following phases:

(1) Landiug
(2) Texi into gate area
(3) Refuel
. (4) Cargo load/unload
| (5) Passenger enplanement
(6) Taxi out to take.[f runway
(7) Takeoff,

Al! ajirport service times are taken sequentially =xcepc cargo loading
whbich is in parallel with refueling,

166



AN . .o e e . , . .- . W mt g we G TRIAR L BTN IR LA R g‘i —
. . ~
PR, . < )
‘ \ * . -
o ¥ IMOQYIV TVOIdAL V ¥04 VIVQ LOANI "1~V J¥NOT4H
. 10O e e, A SRR . . o .
X i O ——— i e e - e e — - e e e -
; o —- . — - - - - °
& v e == “(2 g2 Sl ~CYTEPTRET SELT 3
a" P . =81 =€Z =€! Y1 “Cl =42 =27 = » °
" et ot ToTTTT o s ms e °8 oL %1 =L -9 ~il - v
i - . «{] «51 =91 ~9{ =0 = < .
{ et b - 202 ¢ w2l ofl a¥l § «€ = < ]
- e e e ad =g =4 Pl = =9 al —— Iy -
i ‘ - - FEL I 1 u:..s:x:. “on 2inowrxvd -
. — e e ) o V1 =iNICd BoNIeda3u 34vD -]
’ i - T - T : ses NOLLITWyOA L 301027 124081n o
< _ - °
- P02 202 c0T 0T ___ {S1MIALIDONIA_ddonyna ez . CHNIMIYE HOWWOD  *0gt (ST R JC
N —————em - - g1%--22% 12 02 IN104 3O0N333g3e  ° (9301 460> 20179 *006% (Xgdnigsa * “le *338
-y . . *» _ € H | . $440NUNL 008t (A %Ay A1) 4402%vL *00C (DaUIUNIGYIN 9 "ON AvannY o
C : ‘02 02 ‘02 ~.S.v:?:ue..u\. d4oNerys *2 (WM HAYE HORKDD *0st [(FEIL TR
— «< " -t 4t 9 [ 4NIOd 3IONJY343e L¥] (030) 20075 0179 *00se YWIINEP) | $ “le *s34 9
o ™ orem - - RUUTS N SR S SJUNBNL *00ST U LTy BwlND JU3NVL . *02T (93U)UNIOISN  $ "UN ATAUNE
O m 03 ‘oz 02 °* ($L3)2112073A JI0NYMNL 2 tWN) Hivd Zm..:ou *ost (garmguin ©
. - [ 4 3 S 2 SR ) ANIOd 3IN3¥Ig3a L (930144078 400D 61wy (Lingea) s *ls *434
(o W . . 3 v [ 4 2 b $440Nuns C00RL  (14)*LTy UNLTD sguaNyy 021 .o._c.c....c-.... » CUN AvaNY °
I ﬂ 92 *0z 02 ° IMIALLI0TIA 4d0Hgna 2 (WNIMIvd NOWKOD __ *UST tysqula —
b ——tmees srmem i ct e ™e 00 14 IN10¢ 3N3u1430 ol (9301 400> U119 T *slvy LIV PR € " *ie *438
w - . N n 2 | S, S440n8ns C00ST  (141°477 BW1T) SaANYE *00C  (DJGIVLIGYSH € "IN AvrnnY o
ﬁ/_ °02 ‘g2 (LM ALI2093A Jdununa 2 (W) RAYY NOWHOD *0y (pdrnguln
' T ortntme o T ] $ e AN1Od A9N3adize  °*4 (030) 46015 JULND  *000C  (lginigeal 2 ‘1o ‘434 [ ]
> — —————— LI S Si4unyna *Qa8T_ (L)LY AWIND S30INYL | CULL__(DMU YiiQvan 2. *ON AVAINYE . _
b 20z L INAMIALIZ0YEA dd05uns 02 (WNIHLY¥D NUWAQD  *Qy (1d) mguIn . O
—_— b - 14 ’ IN1Od On3I4343e L (0301440 30370 ¢000€ (L )HaDwad { *1e *434
= r—— — .. e —. € - . $440NENL *00SU | (L4)°17y UNETD AdLdny. *062 (00 uniGYIM 1 "G AVALNG o
n.m e = e <t o+ 7 1o o e+ 2= ta  emee ——— e — . R e e %8 NULLIYROUI ] AYANIIS see _ __
O . )
= ———— ettt R T L LT T *006¢ *0062 *00vc *0y0¢ tug2y UIA0L 1BA WiYCH IINTISIQ
. ) _ _ *0see 002~ (0K *00iCe 3t *U6tE- YNVl dos ibvd 3IVNtQ
'a) , — - - 92 $2 Y] €2 22 ¥4 SUN ANIUd 3INsB3 sHY ©
. Q i S 0@ T e QOO 000 Z T "*0009= T T 05T~ 052t~ *0gL="" °082=" 7 *0ys” *y0LT= T B3M04 AuA miuON 33 WISIO
, & “8oie~  col2t=  cfose=  <dfst *052- s00L *001 *00- *Ugsle Y0¥  y3IACL adn sSvd 2INTISIQ -]
. Q. i Rt 11 61~ " sl I3 9t [1 .t €t 2t 11 *UN LH10g JINIBIS3Y
| H it 1 1] L *05g~ ~ " *002¢~ ‘0502~ *005C" *0SEL~ *d0L *u0, 3w *99ye T w3tei luh wicON JINVISIO °
O sosis  edu- *ust *gost *os2~ *vot2~ *dout~ LT *Uyil- BVl dum sve dduvislQ |
-9 6 - [} e Te T s v R 4 T e - U uMaU¢ 2303539 ®
*$T  «(WMNISATLTY 3OvdSUIY CIVW0QINOD *0L3  =(1430n4117W Q%0 $S T21=2004IUNLT U°0 0& LE =3UNs]at | JIS=a4vN 300D )
’ : 00 NULIVIBUINS TTDINID eoe o
T : = T e ) : e Ml S0 NS = .
-. ' - o
R . ) R . °
. 4
T R wewd wwel wees O m e m— —— o —— vt N,
RS
- .l .




Landing.-This phase of the modal covers the aircraft's activities
during runway occupancy. A constant deceleration of 10 ft/sec2 is used to
calculate runway distance required to slow down. Once it has been deter-
mined that the aircraft has reached a safe turnoff velccitv, the aircraft
is assumed to turn off onto the nearest taxiway. The distance and time from
touchdown to turnoff is calculated for the aircraft,

Taxi Into Gate Area.-On the basis of the turnoff that is chosen, the
taxi-in route describes the appropriate taxi path for the aircraft from
airport configuration data. The aircraft is assumed to taxi in at a
coustant velocity,

Refuel.-This routine calculates the time taken to refuel the aircraft
by dividing the poinds to be loaded by the fueling rate (1lb/sec).

rassenger Enplanement,~This portion of the model calculates the time
for passengers to board. A normal distribution with a 10-minute mean
value and 2-minute deviation is used for passenger enplanement.

Cargo Load/Unload.-The cargo load phase calculates the time to load/
unload baggage and freight. A normal distribution with a 10-minute mean
value and a 2-minute deviation is used to determine cargo load time,

Taxi OQut to Takeoff Runway.-This phase of the model calculates the
time for the aircraft to taxi out to the takeoif runway by methods similar
to those described in the taxi-in phase.

Takeoff.-The time incurred during takeoff is calculated here. This
will be the runway occupancy time during takeoff.

Weather

At the present time, the probabilicy of VFR weather is input as data.
Data from the National Oceanic and Atmospheric Adminjstration showed VFR
weather occurring 97.8% of the time at Orange County. Recause of lack of
information for San Jose and Sacramento, this same value is used for all
airports.

Winds aloft are modeled as time correlated, normal random processes.
The input data required for both east and west winds are:

(1) Mean wind
(2) One-sigma deviation

(3) Correlation time constant.

The winds are assumed to decrease linearly from the above values at
10,000-ft altitude to zero at the ground surface.
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Traffic Forecast Development

Ideally' the operational environment would be defined by forecasting
the total short-haul-transportation-system demand and applying a modal
split program to determine the short-haul-air-traffic demand. By utilizing
data on the capacity of the aircraft which might serva this demand,
estimated load factors, and flight characteristics of the aircraft serving
this demand, it would be possible to specifically arrive at the STOL air
traffic mix and density for the city pairs making up the route network.
Since the operational enviromment includes not only STOL aircraft but
other aircraft it is necessary to determine the aeronautical activity
for the airports concern. There is a need to know:

(1) The type of aircraft users (STOL and CTOL air carriers,
scheduled air taxi, general aviation, and military
s.rvices where applicable

(2) Types and volumes of operational activity (aircraft
operations, passengers arriving and ceparting, based
aircraft, etc.)

(3) Aircraft mix (lerge capacity CTOL transports, STOL
transports, smaller commercial, business, aund
pleasure aircraft).

With regard to the types of airport users, CTOL and STOL air
carriers will, respectively refer to all conventional and short-takecff-
type scheduled conmercial aircraft other than air taxis. Scheduled air
taxis refer to aircraft operators for hire which engage in the scheduled
transportation of passengers and/or property, and which generally operate
small aircraft less than 12,500 pounds maximum takeoff weight. If desirable,
the aircraft can be separated by weight and performance characteristics
and included in the various othaer type categcries. General aviation aircraft
comprise the segment of civil aviation which encompasses all facets of avia-
tion not mentioned above. These include:

(1) VUnscheduled air taxi services

(2) Business, (corporate =~ executive transpertation)

(3) Commercial (aerial application - industrial - sp - :ial)
(4) Personal (recreation - flight proficiency)

Military aircraft refers to those aircraft of all the military services
utilizing airports serving primarily civil aircraft,
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Major types of operational acitivity that should be considered are:

(1) Aircraft operations (movements)
(2) Busy hours operation

(3) Enplaning passengers

(4) Enplaning and deplaning cargo
(5) Based aircraft .

Aircraft operations include the total number of landings (arrivals)
and takeoffs (departures) from an airport. Busy-hour operations are the
total number of aircraft operations which occur at an airport's busiest
hour, computed by averaging two adjacent busiest hours of a typically
high activity day (ref. A-1). Data on enplaning passengers and air cargo
and deplaning cargo can be used to determine ground facility requirements.
These data are also of use in determining changes that will occur in
aircraft operations due to the introduction of a new type of aircraft to
th2 airport, such zs one with a higher weight and capacity. It is assumed
that over an extended pevriod of time, the number of deplaning passengers
wiil equal the enplaning ones. Data on based aircraft, which are the total
number of active general aviation aircraft which use or may be expected to
use an airport as "home base' wouid be needed if a determination of present
or future ground facility requicements were desired.

In order to derive meaningful results from the simulation, at a
ninimum, the aircraft mix and density should be deterwmined separately for
scheduled and unscheduled operations and distributed as a function of time
of day for the time period of interest. This would require forecasting
the above data. Although such a forecast is outside the scope of work on
this study, input data must be available for operation of the program. A
preliminary forecast was therefore made for each of the three airperts.

Development of 1980 Air Traffic Forecast for Suan Jose Municipal. -

Reference A-2 includes a forecast of aircraft opevations in 1980 in terms
of itinerant operations for scheduled air carrier and general aviatior as
well as local operations for general aviation., Military operations, both
itinerant and local, are included but are relatively small in number. The
percent distribution of these operations by aircraft types is also forecast
for 1980. Reference A-3 discussed the traffic distribution between the
three San Francisco Bay Area airports. It also forecasts the growth
patterns expected for the Bay Region, While a specific percentage % the
Bay Region aircraft operations is not forecast for San Jcse in 1980, the
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APPENDIX A

projection of population for Santa Clara County indicates that it will
contain the greatest population in 1980 with the largest porcentage
increases occurring from 1965 to 1980. These figures indicate that Santa
Clara County, the location of San Jose Municipal, will contain over 25
percent of the Bay Area population. While SJC operations made up 5 percent
of the total Bay Area traffic and Santa Clara County contained 21 percent
of the pnopulation in 1966, it is felt that a conservative estimate of the
totai Rav Area air traffic to be handled by San Jose in 1980 is 15 percent.
Referenc2 A-2 reports that 525,000 annual scheduled air-carrier operations
are forecast for the San Francisco hub in 1980. Fiftesn percent of these
operations is 78,750 annual operations at San Jose. On an average daily
basis this is about 216. 1If the same percent distribution by air-carrier
group is assumed to apply at all San Francisco Bay airports, then San Jose
can be expected to have 79 operations daily with aircraft of over 200 seat
capacity, 65 operations of aircraft having a capacity of 122 to 199 seats,
and 66 operations by aircraft having 75 to 119 seats. The final air carrier
operations would be 8 by aircraft possessing less than 54 seats. It is
assumed that the 200 seat (and over) aircraft would be DC-10 or L-10l1 type.
It is assumed that the 120 to 199-seat-capacity aircraft would be 727 type
gircraft, Since it is unlikely that the DC-9 and 737 types of aircraft
will be retired by 1980, it is assumed that the 75 to 119 seat capacity
aircraft consists of two-thirds DC-9 and 737 type and one-third 100 passen-
ger STOL, The S54-seat (and under) aircraft which provide 8 operatioms daily
at San Jose is assumed to be a DHC-7 type aircraft. The summation of
itinerant and local operations by general aviation for the Bay Area equals
5,172,700 annually. 1In 1970, San Jose handled approximately 14 -ercent of
the general-aviation traffic for the Bay Region, If it is assumed that no
additional general aviation airports are built aad that San Jose would
handle the same percentage of the forecast traffic, the annual general
aviation operations at San Jose in 1980 would be 755,595, while would yield
a daily average of 2,070 operaticns. Present daily average operatioms at
San Jose in the peak month are 1,333. Quice clearly the uumber of general
aviation operations will lie somewhere between these two numbers, more
likely at the lower ead. For this reason, it is assumed that the general
aviation operations total 1,364. If it is assumed that the percent distri-
bution is the same as that forecast in reference A-2 for general aviation
aircraft for the San Francisco hub, then 5.1 percent of the general aviation
operations would be turbine powered and considered to be light twins, This
yields 70 turbine-powered aircraft, with the remainder of the 1,364 being
all other general-aviation aircraft, It is assumed that the number of
general-aviation multiengine aircraft 1is the same percentage as is presertly
based at San Jose, i.e., 12 percent. This yields 155 operations by
multiengine general-aviation aircraft, which would include those turbine
powered. Quite obviously, these numbers are estimates and for the purpose
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of this forecast, a total of 190 operations by light-twin general-aviation
aircraft has been assumed. The balance of the 1,364 are light-single type,
Figure A-2 shows the assumed mix and distribution by 5 aircraft types for
San Jose in 1980, These numbers are quite subjective and should be consi-
dered tentative for the purpose of checking out the program,

Development of 1980 Air Traffic Forecast for Sacramento Executive. -
The forecast for Sacramento Executive, which is shown in Figure A-3, was
arrived at by assuming that the aircraft operations for 1980 in the
Sacramento hub, as reported in reference A-4, should be provided with air
carrier operations divided between Sacramento Metropolitam, the present
air carrier served site, and Sacramento Executive on an equal basis. This
would provide 35,501 scheduled air carrier operations annually at Sacramento
Executive. Assuming the same mix by aircraft types, there would be 7,029
annual operations by aircraft having 120 to 199 seat capacity, 25,951
operations by aircraft having 75 to 119 seat capacity, and 2,521 operations
by aidrcraft having less than 54 seats capacity. This provides the daily
average of 19 (120 to 199 seats}, 71 (75 to 119 seats), and 7 (less than 54
seats), It is assumed that the capacities falling in the range of 75 to
119 seats are provided by the 45 DC-9 or 737 types of aircraft and 25 STCT
aircraft, If the assumption is made that the summation of the itinerant
and local general aviation operations is distributed equally on an annua!
basis between 11 airvorts in the Sacramento hub, 120,000 annual operations
would be conducted at each airport. Reference A-3 indicates that 2.8
percent of these operations are forecast to be turbine-powered airc:aft.
If it is assumed that turbine-powered aircraft are multiengine, this wov.d
indfcate 3,360 turbine powered aircraft operations anauslly at each sitc,
with the remaining 116,640 by all other general aviation aircraft., Figure
8(a) indicates that 10 percent of the based general aviation aircraft at
Sacramento Executive are currently multiengine. These multiengine aircraft
would include the turbine-powered aircraft., Using this breakdown, 12,000
multiengine aircrait operations would occur on an annual basis and 108,000
single-engine aircraft operations., The annual traffic in 1970 is indicated
to be 191,543 itinerant and local operations by general aviation as shown
in Figure 8(a). Quite obviously, this number is hi her than the number
arrived at by taking the forecast for the Sacramento hub and distributing
the operations across 11 airports. The peak month operations totaled 20,070
in 1970, as shown in Figure 8(a) for Sacramento Executive. Therefore, it
wss decided that the distribution of the operations acrosa 11 airports was
unrealistic, and it has been assumed that the total operations in 1980 would
approximate those of the peak month in 1970, or about 240,000 ananual opera-
tions by general-aviation aircraft. It was further assumed that 10 percent
of these operations were provided by trin engine aircraft and 90 percent by
single engine aircraft, Figure A-3 gives the mix and density of aircraft
estimated for Sacramento Executive in 1980,
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Development of 1980 Air Traffic Fc.ecast tor Orance County. - Fore~
casting of the air traffic mix and dens‘ty at Santa Ana (Orange County
Airport) provides a similar choice among various alternatives., Air carriet
operations were forecast in reference A-2 for the Los Angeles hub. This
indicaves a 161 percent increase in air carrier operations from 1970 te
1980. Presently, there are 707 weekly operations at Orange County (ref.
A-5), which equals 101 dailv operations. A 161 percent increase would
yield 163 daily operations at Santa Ana in 1980. Alternatively, irn 1970,
8.76 percent of the Los Angeles hub air-carrier operations were conducted
at Orange County. The continucd growth of the Los Angeles Metropolitam
Area will be into the open land, which is toward San Diego, and eastward
into the desert and northward. Population in the area around Orange County
will increase, and it could be assumed that 10 percert of the Los Angeles
hub of air-carrier operations might be conductad at Orange County in 1980,
This would yield 185 daily operations. Reference 4-6 states that "Orange
County and Long Beach airport operations have only slightly increased over
1972 due to public resistance' in 1980. For “.is reason, it has been
assumed that the air-carrier operations that could be provided by 727,

737 and DC-9 types of aircraft will remain close to the present number
and that the primary additional operations will be provided by STOL, As
indicated in Figure A-4, this yields 102, 727-type air carrier operations
and 48 STOL-type operations daily.

General aviation operations can be estimated in a variety of manners.
For the Los Angeles area hub, reference A-2 indicates a 229 percent increase
for local general aviation from 1970 to 1980 and a 281 percent increase in
itinerant general aviation operations from 1970 to 1980. Orange County had
261,446 annual local general-aviation operations in 1970 and 225,407 arnual
itinerant general-aviation operations for a total of 486,853 general avia-
tion operations annually. The peak-month operation: in 1970 were 51,000,
If it is assumed that the above percentage increases apply across all airports
for the Los Angeles area in 1980, 598,711 annual local general-aviation
operetions and 634,169 annual, itinerant generzl-aviation operations could
be expected, yielding a total of 1,232,880 annual general-aviation opera-
tions in 1980 at Santa Ana. This would yield a daily number of 1,640 local
and 1,737 itinerant, giving a sum of 3,377 general-aviation operationsg daily
ut Orange County. If it is assumed that the operations should be based upon
the percent increase from the present peak month, 4,304 general-aviation
operations would occur daily at Orange County ir 1980. If one assumed that
the operations should be based on an equal distribution between 19 Los
Angeles area airports to be utilized by general aviation, the total Los
Angeles local operations by general aviation in 1980 would be divided by
19 airports to yield 412,847 annual, local general aviation operations
per airport in 1980, Similarily, 273,658 itinerant operations could be
expected at each general-aviation airport giving a sum for the local and
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itinerant of 586,505 general-aviation operation. This yields 1,881 general-
aviation operations daily. At Santa Ana, the present daily operaticns for
the peak month would be 1,700. Obviously, the 1980 general-aviaticn opera-
tions at Orange Mounty would then range somewhere from 1,700 to 4,304 daily.
Since the possibility of changing the configuration of Orange Clounty airport
is quite limited (ref., A-7), it is suggested that the general aviation
operations be based initially upon the present peak month, or 1,700 daily
general-aviation orerations,
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APPENDIX A
Airport Capacity Model

A traffic mix model utilizing Poisson dictribution queueing theory
has been developed. This model is based on work done by Goldman (ref. A-8).
The following data are required for each aircraft type, {:

Ai = arrival rate (landings per uait time)

L4
i

departure rate (takeoffs per unit time)

C, = common path length used

<
B

velocity while on the common path

TAi landing runway occupancy time

TDi = takeoff runway occupancy time ,
In addition, a minimum separation distance, 5, and separation time, T ,
must be specified. The mix model is used to compute a service rate S

(operations per unit time),

N N
S =1,0/(T +ZZ p r.) (A-1)
8 ya1,4=113 1

vhere

pij = the probability an operation is of type j following an
operation of type i, and

rij x the minimum time allowed for an cperation of type j

to follow an operation of tyve i

N = number of aircraft typss .,

Operation type indices i and j are used to deuote aircraft types and
landings or takecffs:

1< 4 < .1 denotes a type i landing, an’
N+ 1< 1< 2N denotes a type i takeoff.
A completely random uncorrelated craffic mix is assumed, thus

Pyj T PyPy ' (A-2)
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where Pi is the probability a single operation is of type i,
N
’ = < <
A Py Ai/jE1(Ai + Dj) 1< 1< N, and
N
p; =D, /T (A, + D)) N+1<1s 2N
i i-N 1=l i 3 (A-3)

The minimum time between operations is computed by

j )
1S1SN, 1€3j<N

rij - A/vi + Min (Ci’cj).(%i - %s)o(V{<Vj) (landing - landing)

r,, = Av

14 { N (v1> \4

1€{SN, N4+ 1 < § S 2N
(landing following takeoff)

N+ 1S i<2N, 1< jJsS N~
(takeoff following landing)

13 = Tpi-n N+LS1<2N,n+1%j< 2N
(takeoff - takeoff)

(a-4)
With the service rate known, the queue load fact.r F mcy be computed as:
N
F =T (A +D)/S (A-5)
i=]

where F is the ratio of total derand rate to total service rate. The mean
waiting time, W, is the same for all types sharing the same rumway,

F

Wt Fs . (A-€)

ety ———g—y gty C—
v )

The above model has veen implemenial as a4 separate FORTRAN computer program.

Capacity Mcdel Computer Code. « Sample output of the capacity model is
shown in Figure A-5(a) and (b), The data required is shown at the top of
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APPENDIX A

Figuce A-5(a). The model has the capability of analyzing up to ten air-
craft types, In the example shown, four types are considered. For each
type of aircraft, VFR and IFR demand rates for landings and takecff are
required. For landings, additional information describing approach
velocity, common-path usage, and runway-occupancy time are required. For
takeoffs, it was assumed that turns after leaving the runway eliminate the
need for considering common path conflict. Thus, the oaly additional take-
off information is the runway occupancy time. 1In addition, short and long
runways are considered, and the appropriate runway length must be indicated
for each aircraft type. The minimum separation distance and time require-
ments are also treated as two distinct values for IFR and VFR conditions

in this model, The safety margin is a time interval to allow for growth of
dispersion in the along-track position after clearance for landing is given.
Since STOL aircraft are of particular interest in this wmodel, the subroutines
are written to allow repeated evaluations of the data with changes being
made to the STOL common path lenmgth. Thus, Figure A-5 (a and b) includes
results for STOL common paths from .5 n.mi, to 2 n.mi. in addition to the

1 n.mi. specified in the data at the top of Figure A-5(a), For each STOL
common-path assumptions, three blocks of output are produced. These blocks
show the service rates, load faciors, and mean waiting times for an aircraft
assuming that separate runways are available for landings and takeoff or that
landings and takeoffs are mixed on the same runway. Within each block,
queueing statistics are shown for short and long runways, assuming that the
traffic is dispersed between the two runways as indicated in the data. A
third line shows the statistics if all operations (short and long) are
combined on the long runway., The fourth and final line of each block gives
the statistics for the following assumptions:

(1) All aircraft indicated long use the long runway

(2) Aircraft indicated as short will use the short
runway, and if the long runway is not in use, {t
will also be used for short runway traffic.

Each line in the output shows, separately for VFR and IFR conditions, the
service rate in operations pex lLour, the load factor (arrival rate over
service rate), and the mean waiting time in minutes. If the arrival rate
is equal to or greater than the service rate, an infinite queue and

infinite waiting time result. These conditions are shown by 999999.99 in
the output.

This model may be interpreted in the following way. Consider, for
exemple, the output at the top of Figure A-5(a) (STOL common path equals
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1 n.mi.) for a STOL aircraft arriving to make a landing with four runways

in operation, one each for landing, takeoff, short, and long. Under VFR
conditions the mean waiting time would be 8.1 minutes. Under IFR conditions
the mean waiting time would be 6.67 minuces. It should be noted that the
increased waiting time during visual corlitions is due to the higher traffic
specified in the data (64 landings per uour rather than 30 landings per
hour)., This increased traffic during visual conditions results in a longer
mean waiting time even though the service rate increases from 20.2 landings
per hour to 54.5 landings per hour. At the other extreme, consider the

case ol landings and takeoffs mixed on the same runway which is handling
both short- and long-runway aircraft. Under visual conditions, the combined
service rate is 80 operations per hour, while under IFR conditions, it is
43 operations per hour. These are both less than the arrival rates (128

and 60) and result in infinite queues,

The impact of STOL common path length requirements may be investigated
using this model. Consider landings only using a short runway, mean waiting
time under instrument conditions for a common path length of .5 n.mi, is
6,58 minutes., If the STOL common path length is increased to 2 n.mi, the
mean waiting time increases to 6.85 minutes as shown at the bottom of
Figure A-5(t).

The Monte Carlo analysis program requires a2 load factor and service
rate under instrument and visual conditions for each airport. These numbers
may be extracted from output such as shown in Figure A-5 from the appropriate
aircraft operating policies (mixing traffic on runways and data chosen for
the appropriate time of day. The results shown in this sample output were
taken from forecasts of traffic for the 1980 period during the peak hours of
8:00 to 9:00 a.m.
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POWERED LIFT STOL PERFORMANCE MODEL

o i A s G "
N

Nomenclature

The following nomenclature is used in the program listiags,
equations, and discussion of input data for subroutine ARCFT.

FORTRAN Equation

Name Symbol Definition

AFC Cx Net axial force coefficient
ALFA Angle of attack, degrees ;
ALFL11 Angle of attack, degrees, from Table B-11 % (
ALFT13 Angle of attack, degrees, from Table B~13 E
ALFT14 Angle of attack, degrees, in Table B-14 %
ALF12 Angle of attack, degrees, in Table B-12 é
c c Speed of sound, feet per second %
Ch CD Total drag coefficient g
CDho CDo Profile drag coefficient ;
CD4 Input values of CDo for Table B-4 g
CDh5 Input values of K1 for Table B~5 §
CD6 Input values of K, for Table B-6 %
CL c Lift coefficient
CLMAX Maximum 1ift coefficient
CLR CLRoll Lift coefficient during takeoff roll
CLR19 Input values of CLRoll for Table B-19
CcLl Maximum CL input values for Table B~l
CL11 Input values of CL for Table B-11
CL13 Input values of CL for Table B-13
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FORTRAN

Name

CL15
CL16
CMU
CMUM
MUll
CMU12
CMU13
MU14
tMULS

cMUL9

CM10

X
CZCM
DCDH
DEL

DSDH

FG
FGMIN
FL12

FN

186

Equation
Symbol

FG

Cuin
(Cn'cuo)

APPENDIX B

Definition

Input values of CL for Table B-15
Input values of CL for Table B~16
Gross thrust coefficient

Maximum value of gross thrust coefficient
Input values of C“ for Table B-11
Input values of Cp for Table B-12
Input values of CP for Table B-13
Input values of Cu for Table B-14
Input values of CH for Table B-15
Input values of Cu for Table B~19

Ram drag coefficient

Input values for ratio of ram drag coefficient

to gross thrust coefficient for Table B-10

Net axial force coefficient

Output ratio from Table B~16

Gradient of speed of sound with altitude, sec™t

Atmospheric pressure ratio

Cradient of density ratio with altitude, ’ft:_1
Equivalent airspeed, knots

Gross thrust, 1b

Mintpum value of gross thrust, 1lb

Gross axial force coz2fficient from Table B-12

Net thrust, 1b
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|
FORTRAN Equation
Name - Symbol ' Definition
FNMAX F]% Maximum value of net thrust, 1b
FNMIN F Minimum value of net thrust, lb
MvIn
FN2 Output F from Table B-2, 1b
Nmax
FN3 Output F from Table B~3, 1b
NN
FN7 FN/6 Normalized net thrust input values to Table B-7
FS FS Excess thrust error in itere’ .on process, lb
FT14 (CD-C# ) Gross axial force coefficient output of Table B-14 .
° {
FXS FXS Excess thrust, 1b é
FXSR st Q Required value of excess thrust to fly profile, 1b §
RE :
F8 Maximum gross thrust input values to Table E-8, 1b §
F9 Minimum gross thrust input values to Tabie B-9, 1b :
GAFC (CD-Cu ) Gross axial force coefflcient
o
GAM Y Flight path angle, positive for climb, radians f
GLIM Limiting acceptable takeoff acceleration, g's 3
H2 Altitude input values to Table B-2, ft
IF Flap position iudicator, integer ;
ICL Indicator for CL exceedance, integer i
i
¢
K1 K, °°n/°°L |
2 ;
K2 Kz OCD/BCL ;
M M Mach number |
MI Flight mode indicator, integer ;
M1 Mach number values for input to Table B-1 {
M2 Mach number values for input to Table B-2
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M4 Mach number values for input to Table B-4
M7 | Mach number values for input to Table B-7
PHI P Bank angle, iﬁ radians
Q Q Dynamic pressure, 1b/ft2
RHO P Atmospheric density, slugs/ft3
S S Wing area, ft2
SIGMA g Atmospheric density ratio
TP v Square root of absolute temperature ratio
\ \ True airspeed, ft/sec
VDOT v Rate of change of true airspeed, ft/sec2
VWDOT Vw Head-on component of wind gradient, ft/sec2
V8 True airspeed input values for Table B-8
V9 True airspeed input values for Teble B-9
vio True airspeed input valués for 'fable B«10
W W Aircraft gross weight, 1b
WDOT W Fuel flow, 1b/hr
WDT 3%5 Normalized fuel flow input values for Table B-7
.- .N Normalized fuel flow output of Table B-7

Description

The powered-1ift STOL performance model, subroutine ARCFT, is
designed to be used as a subprogram to an iantegration routine for the
purpose of generating flight profiles which reflect the performance
capability of the aircraft,

The argument list for calling ARCFT i{s H, V, W, PHI, IF, GAM,
VWDOT, VDOT, WDOT, MI. Of these, H, V, W, PHI, IF, VWDOT, and MI are
always specified. In addition, GAM may be specified, depending upon the
selection of the flight mode indicator, MI, as explained below.
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APPENDIX B

The output variables from ARCFT are always VDOT and WDOT. GAM
is also an output-variable for certain values of MI.

The flap position indicator, IF, is an input integer which
denotes one of three possible flap deflections:

IF = 0, flaps up
IF = 1, takeoff flap setting
IF = 2, landing flap setting.

The flight mode indicator, MI, {8 an assigned integer which
specifies one of nine possible operating modes. These are:

MI = 1, maximum thrust with prescribed GAM
MI = 2, maximum thrust climb at constant equivalent

airspeed (EAS)

MI = 3, maximum thrust climb at constant Mach number
MI = 4, minimum thrust with prescribed GAM

MI = 5, minimum thrust descent at constant EAS

MI = 6, minimum thrust descent at constant Mach anumber
MI = 7, comstant EAS on prescribed GAM

MI = 8, constant Mach number on prescribed GAM

MI = 9, takeoff roll.

Any segment of a desired flight profile can be computed using
the appropriate operating mode. The following paragraphs describe the
mannrr in which each modg can be used.

If MI = 1 is selected, maximum thrust is determined from stored
data as a function of Mach number and altitude and used to accelerate the
ajrcraft along the selected flight path angle. MI = 4 is similar, except
that minimum thrust is implied. A special feature has been incorporated
into the routine when MI = 4 has been selected and the flaps are deflected
(IF = 1 or 2) because of the interrelationship which exists between engine

thrust and 1lift for powered-1lift afrcraft., If the maximum lift coefficient

is insufficient at minimum thrust, additional engine thrust, up to the
maximum value, is automatically provided to maintain flight.

If MI = 2 or 3 is selected, maximum available thrust is used
while the equivalent airspeed (EAS) or Mach number, respectively, is held
constant. In these cases, the flight path angle, GAM, is not specified,
but becomes an output variable. The use of MI = 5 or 6 is similar except
that minimum thrust is employgd.

Setting MI = 7 or 8 implies flight &t constant EAS or Mach num-
ber, respectively, at a specified Zlight path angle (which can be zero
for level cruise). If the desired path angle is beyond the performance
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capability of the aircraft, the specified flight path angle i{s disregarded
and maximum performance ir computed.

If the ground roll during takeoff is to be computed, MI = 9 is selected.
In this case, the fuel flow and acceleration are computed and a check is
made to determine whether the aircraft has reached sufficient airspeed for
1ift-off, If the aircraft cannot become airbornme, GAM = 0 is returned,
If takeoff speed has been reached, a small nonzero value of GAM is returned
as an indicator that another mode should be selected to computer the initial
clumb, For passenger comfort, it may be desirable to constrain the takeoff
acceleration. Consequently, the full-thrust acceleration is disregarded if
the input quantity GLIM is exceeded, aad the value of GLIM, in g's, is used
instead.

As mentioned previously, the flap configuration is determined by the
value of the integer, IF, If the flaps are extended (IF =1 or 2), the
use of either MI = 7 or 8 will both result in flight at constant EAS at the
specified flight path angle, if within the aircraft's capability. 1In this
case, iteration on angle of attack and engine thrust is required to satisfy
the 1ift coefficient and net axial force requirements for equilibrium, This
iteration is automatically performed internally in the routine,

Each time ARCFT is called, a check is made to insure that the required
1ift coefficient is within the capabilities of the aircraft for the flap
position selected, If this condition is not satisfied, the run is aborted.

A flow chart wvhich illustrates the computational legic of ARCFT is
presented in Figure B-1*. It may be seen that ARCFT calls another subrou-
tine, ATMS, to provide atmospheric parameters, and two external functionms,
FULFLO and AFC, Flow charts for these auxiliary routines are presented in
Figurcs BP-2%, B-3%, and B-4%, respectively.

FULFL.0 computes the instantaneous rate of change of weight due to
fuel consumption as a function of net thrust, MACH number, atmospheric pres~
sure raticn, and atmospheric temperature ratio.

AFC computes the net axial force coefficient, with flaps n either
takeoff or landing configuration, as a function of 1ift coefficient, gross
thrust coefficient, and ram drag coefficient,

% Tables mentioned with flow charts (Figures B-l through B-4), while not
having prefix B-, numerically correspond to those in this appendix, i.e.,
B-1, etc.
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(EQ. 33) (EQ. 34)
DENSITY RATIO
" (EQ. 35) Tl

y

DENSITY RATIO GRADIENT

FIGURE B-2, FLOW CHART FOR SUBRCUTINE ATMS

NORMALIZED NET TURUST
.(EQ. 3IT)

)

NORMALIZED FUEL FLOW
(TABLE 7)

K!
FUEL ‘FLOW
(EQ. 38)

G
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APPENDIX B

* - i
MAX. C_FOR GIVEN MAX. C, FOR GIVEN §
3
THRUST COEFFICIENT THRUST COEFFICIENT i
(TABLE 15) (TABLZ 16) . H
GROSS THRUST COEFF. ¢ES yes | GROSS THRUST COEFF. o
REQUIRED TO RAISE = CL>¢6 REQUIRED TO RAISE - ]
¢ c‘nu §
Luax ! L3
(TABLE 17) ol (TABLE 18) ;
l GROSS AXIAL ROSS AXIAL L 'é s
FORCE COEFFICIENT FORCE COEFFICIENT 3
MAX,.GROSS THRUST (TABLE 12) . (TABLE 14) MAX. GROSS THRUST ;
COEFF. AVATLASLE y COEFF. AVAILABLE
(TABIE 8 & EQ 24) l I (TABLE 8 & EQ 24) i i
3
COMPUTE NET AXIAL ¢
FORCE COEFFIZIENT 5 1
. 14 B
(EQ ) 8

ANGLE OF ATTACK FOR

ANGLE OF ATTACK FOR
REQUIRED C. AND GIVEN

COMPUTE RAM DRAG
COEFFICIENT WITH

REVISED GROSS THRUST
(TABLE 10 & £Q. 13)

' .

y

COMPUTE RAM DRAG

COEFFICIENT WITH I__
REVISED GROSS THRUST
(TABLE 10 & =Q. 13)

* TABLES 11 AND 13 REQUIRE FICTITIOUS COMBIRATIONS OF ANCLE OF AYTACK AND C

PO Tk - R S

a=f REQUIRED C, AND GIVEN L c .
- JGROSS THRUST COEFF. CROSS THRUST COEFF. 3
(TABLS 11) (TABLE 13) .

5

[STRPREIEN

e

TO COMPLETE THE ARRAYS, THFE PURPNSE OF TABLES 15 AND 16 IS TO ENSURE L
THAT THE VALUZS BEING USED .RE WITHIN THE LECITIMATE RANGE.

FIGURE B-4. FLOW CHART FOR FUNCTION AFC
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APPENDIX B

All equations and data tables are identified by number on the flow
The data tables are listed in the succeeding section, while the

charts.
equations are listed below.

Equation 1: Mach number

Equation 2: dynamic pressure
2

Q = pv

2

Equation 3: required lift coefficient

li!

CL = ® co: % (assumes cos [Y] = 1)

Equation 4: drag coefricient, flaps up

2
C.=C +K CL + KZCL

D- D, " 1

Equation 5: acceleration on specified flight path angle, flaps up

F,. - CQS
V= vw+ g[-y———‘l- - sin Y]

Equation 6: flight path angle at constant EAS, flaps up

I3 x - “
)Yt wFy - G

Y = sin
v2

8w

49
dH

Equation 7: acceleration for coastant EAS
2
s __V (dc
v 25 \dH sin Y
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Equation 8: flight path angle &at constant Mach number, flaps up

. s -
UVt wy qus)l

g+ MV(%% l

Y = sin_

Equation 9: acceleration at constant Mach uumber
. dC
V= Mv(dR}Sin Y

Equation 10: net thrust required for specified flight path angle at con-
stant Mach number

\ |
wlr . dcC; e
Fy = CpQ8 + g‘£§ + MV~dHJsin Y VW}

Equation 11: net thrust required for specified flight path angle at con-
stant EAS

2
W v {dc o
FN = CDQS +'E {[g - EE(E;J]Sin Y - VW}

Equation 12: gross thrust coefficient

(2]
Bl

Equation 13: ram drag coefficient

C
Mo
c“o = CH —=(V)
CF

Equation 14: net axial force coefficient, flaps down

Cx = - Cuo) + cuo
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APPENDIX B

Equation 15: excess thrust
}XS = -CXQS
Equation 16: net thrust, flaps down

Fy=GC- cuo)QS
Equation 17: acieleration during ground roll

. (The rolling friction
V= é[gxs - “(CL Qs - wﬂ coefficient, &, is
Roll assumed to be 0.02)

Equation 18: flight path angle at constant EAS, flaps down

g
) T s
¥ = gin 2
_ Y (do
8" "2 ‘4

Equation 19: acceleration along specified flight path angle, flaps down
F
y g XS ]
v Vw +g [ W sin vy,
Equation 20: excess thrust required for specified flight path angle at

constant EAS )
w . v do ~>
g = iyt [5 - 5 (g )] oo o}
w 2 dH
XSREQ g o

Equation 21: excess thrust error

Equation 22: new gross thrust estimate for iteration

F = F +

ew  Cowp Cuq
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P

Equation 23: min gross thrust available

H
FGyry = 6[FGMIN(V)]
yquation 24: max gross thrust available § %
7
FGypy = S[FGy, 4 (V)] i
]
Equation 25: atmospheric density (H < 36000 ft) T
o =2 [.034475 + (.0192138% x 107*%) - (.050381H x 10'5)] 2 i
i
iquation 26: atmospheric density (H2 36000 ft) .3? (
1
o =2 [.039078 + (.0392278 x 10719 - (.072121H x 10'5)] 2 :
Equation 27: atmospheric temperature ratio (H.< 36000 ft) _
|
/8 = 1-,000003695H o
: o
Equation 28: atmospheric temperature ratio (H = 36000 £ft) :

Jo = 867

=
i

et
o

tvs
erats g

Equation 29: speed of sound (H < 36000 ft)

prerecp e

o~y
Loty
o o bt R et P SRR St

C = 1117.1 - .00412776H
Equation 10: speed of sound (H 236000 ft)
C = 968.5
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Equation 31: atmospheric pressure ratio (H < 36000 ft)

& = .0003375 o C*

Equ-tion 32: atmospheric pressure ratio (H = 36000 ft)

§ = 316.57
Equation 33: speed of sound gradient (H < 36000 ft)

dc . _
& .00412776 p

Equation 34: speel of sound gradient (H 2 36000 ft)

dC

a0

Equation 35: atmospheric density ratio
¢ = p/.00237705
Equation 36: atwmogpheric density ratio gradient
do -8
<ET>=‘ (.06 Hx 10 7) - .0000292

Equation 37: normalized net thrust

F
F n.—l.‘-
ND 3

Equation 38: fuel flow

Ww=-5/@ W)
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APPENDIX B
Input Data

The Powered-Lift STOL Performance Model (Subroutine ARCFT) requires

the following input data to describe the physical characteristics of the
aircraft

Discrete Parameters

Fortran Name Value in Sample Cases
s 1901.
GLIM 0.33

Data Tables

The numerical designation on the following data tables correspond to
those used in the flow charts of Figures B~l, B-2, B-3, and B~4. The
subroutine requires that the number of points of each table be as shown
below. The FORTRAN name is used for all quantities.

TABLE B-1, MAXIMUM LIFT COEFFICIENT VERSUS MACH NUMBER FOR FLAPS UP

M1 CL1
0 1.05
) 1.05
.8 0.70
- —

These data were assumed to apply to the sample aircraft.
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APPENDIX B %
TABLE B-2., MAXIMUM NET THRUST AS A FUNCbeN OF MACH NUMBER AND ALTITUDE %
' %
— — ¥

FN2 (4 engines)
M2

H2 0 .2 .35 .60 .8
0 96,680 67,200 52,000 39,600 39,600
5000 80,446 55,190 43,264 32,947 32,947
10000 66,500 46,222 35,776 27,238 27,233
15000 54,584 37,940 29,380 22,374 22,374
20000 4h, 464 30, 906 23,920 18,216 18,216
25000 35,924 24,970 19,344 14,731 14,731
30000 28,767 19,995 15,496 11,801 11,801
36000 21,545 14,975 11,588 8,791 8,791
40000 17,960 12,484 9,672 7,356 7,356

The data are assumed values.

TABLE B-3, MINIMUM NET THRUST AS A FUNCTION OF MACH NUMBER AND ALTITUDE

FN3 (4 engines)

:
i
M2 3
H2 0 .2 .35 .60 .80 :
0 9,668 6,720 5,200 4,000 4,000 3
5000 8,044 5,519 4,326 3,295 3,295 5
10000 6,650 4,622 3,577 2,724 2,724 :
15000 5,458 3,794 2,938 2,237 2,237 :
20000 4,446 3,090 2,392 1,821 1,821 !
25000 3,592 2,497 1,934 1,473 1,473 {
30000 2,876 2,000 1,550 1,180 1,180 :
36000 2,154 1,497 1,189 879 879 g
40000 1,796 1,248 967 735 735 :

These are also assumed values and are 10 percent of the
maximum thrust values given in Table B-2,

.
i
i
;
?
i
|
i
!
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TABLE B-4. PROFILE DRAG COEFFLCIENT VERSUS MACH NUMBER

FLAPS UP
= —
M4 CD4
0 0.0202
0.60 0.0202
0.63 0.02128
0.65 0.0218
0.68 0.0222
0.70 0.0226
0.74 0.0235
0.76 0.0243
0.78 0.0299
0.80 0.0411

These values and those of Tabies R-5 and B-6 were obtained by
parabolic drag polar iits to the data of Figure 5-7 of MDC J4199.%

dC
D
TABLE B-5. ———— VERSUS MACH NUMBER, FLAPS UP

o,
M4 CD5
0 0.01
0.60 0.01
0.63 0.0023
0.65 -0.001
0.68 -0.001
0.70 -0.001
0.74 ~0.001
0.76 -0.001
0.78 -0.032
0.80 -0.0915

* "Study of Quiet Turbofan STOL Aircraft for Short-Haul Transportationm,
Phase I Report, Volume II", McDonnell Douglac Corporation, October,
1972,
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BCD ;
TABLE B-6. SE—Z- VERSUS MACH NUMBER, FLAPS UP :
' . L
VA _ CD5
0 0.04
0.60 0.04
0.63 0.054
0.65 0.06
0.68 0.06
0.70 0.06
C.74 G.06
0.76 0.06
0.78 0.12
0.80 0.23
—

TABLE B-7. NORMALIZED FUEL FLOW AS A FUNCTION OF MACH NUMBER AND
NORMALIZED NET THRUST

These data are from Figure 6-19 of MDC J4195 cwcept for
extrapolation to zero Mach Number and to FN/§ = 100,000 1b,

L =
WDT (4 engines)
FN7
M7 8,000 16,000 24,000 32,000 40,000 48,000 56,000 64,000 100,000
0 4,000 6.000 8,000 10,000 12,200 14,400 17,000 20,000 33,500 :
L 0.2 5,400 7,560 9,640 12,000 14,520 17,200 20,000 23,000 36,500 '
0.3 6,600 8,880 11,360 14,000 16,800 19,840 23,120 26,600 40,000 i
0.4 7,680 10,240 13,000 15,840 18,920 22,400 26,040 30,000 43,900 %
N 0.5 9,000 11,640 14,520 17,600 20,920 24,640 28,640 32,000 47,120 }
0.6 10,200 12,960 15,800 19,200 22,640 26,440 30,400 34,200 51,300 :
0.7 11,200 14,000 17,000 20,240 23,840 27,720 31,600 35,400 52,500 !
0.8 :

12,200 14,800 17,800 21,200 24,720 28,600 32,600 36,400 53,500 ;

o nvmdn -
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TABLE B-8. MAXIMUM GROSS THRUST VERSUS TRUE AIRSPEED

These data are adapted from Figure 6-13

of MDC J4199
V8 F8
0 96,680
120 99,854
170 102,245
220 105,949
290 111,809
338 116,966

TABLE B-9. MINIMUM GROSS THRUS? VERSUS TRUE AIRSPEED

v9 F9

9 9,668
122 9,985
170 10,224
220 10,595
290 11,181
338 11,696

o .

TABLE B-10. RATIO OF RAM DRAG COEFFICIENT TO GROSS THRUST
COEFFICIENT, AS A FUNCTION OF TRUE AIRSPEED

V10 CM10

0 0
135 0.2218
270 0.4179

These data were deduced from Figuire 6-13 of }MDC
J4199 with the assumption that the ratio is indeperdent
of thrust setting and altitude,
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TABLE B-11, LANDING CONFIGURATION ANGLE OF ATTACK AS A FUNCIION !
OF LIFT COEFFICIENT AND GROSS THRUST COEFFICIENT !

These dats are based upon unpublished data corrected
for trimmed conditions. Some of the values in the
table are fictitious and are tabulated only to com-
plete the array for computer use,

————

ALFL 11

- . CMU 11
CL1li 0 1.08 2,07 3.07
0 -14.6 =20.9 -24.2 -26.0
1 -3.7 -12.8 -17.0 -19.6
2 9.0 4.7 -9.8 -13.2
2.5 18.C -.8 -6.2 -10.0
3.0 27.0 3.2 ~2.6 6.8
4.0 36.0 12.3 4.5 =0.4
4.5 40.5 18.6 8.0 2.8
5.0 45.0 24.9 11.6 6.0
3.5 49.5 31.2 16.0 9.3
5.75 51.75 34.35 18.7 11.0
6.00 56.¢C 37.5 22.8 12.8
6.50 60.5 43.8 31.0 16.4
7.0 65.0 50.1 39.2 20.6

l
l

TABLE B-12. GROSS AXIAL FORCE COEFFICIENT AS A FUNCTION OF GROSS
THRUST AND ANGLE OF ATTACK, LANDING CONFIGURATION

ML N NB e i TP e Gt

These are tased upon unpublished data.

»
f

WW

MU 12
ALF 312 0 1.08 2.07 3.07
-6 0.32 -0.38 -1.02 -1.7
0 0.29 ~0.25 =0.82 -l.4
10 0.41 .12 -0.30 -0.72
16 0.56 0.41 =0.12 «0.2
20 0.68 0.60 -0.43 0.2
24 0.78 0.80 -0.85 0.58

205




“ﬁt"& o

W—ﬂ

APPENDIX B

TABLE B-13. TAKE-OFF CONFIGURATION ANGLE OF ATTACK AS A FUNCTION
OF LIFT COEFFICIENT AND GROSS THRUST COEFFICIENT

These data are based upon unpublished data, corrected
for trimmed conditions. Some of the values in the
table are fictitious and are tabulated only to com-
plete the array for computer use.

ALFT 13
MU 1
CL13 0 1.08 2.07 3.07
0 -8.5 -11.3 -11.3 -12.0
1.0 0.4 -3.4 -5.0 “6.4
2.0 12.7 4.7 1.6 -0.4
3.0 27.4 12.8 8.4 5.5
4.0 42,1 23.0 15.2 11.4
5.0 56.8 35.0 23.3 17.4
5.5 60.0 47.0 30.0 20.6
6.0 60.0 50.0 36.7 24.8
6.25 60.0 50.0 40.0 28.4

TABLE B-14, GROSS AXIAL FORCE COEFFICLENT AS A FUNCTION OF GROSS
THRUST COEFFICIENT AND ANGLE OF ATTACK, TAKEOFF CON-
FIGURATION

These are based upon unpublished data.

o e L

FT 14

QU 14
ALFT14 0 1,08 2,07 3.07
-6 0.21 -0.76 -1.64 -2.52
0 0.18 =0.73 -1.60 «2.44
4 0.19 -0.69 -1.50 -2.31
8 0.22 -0.59 -1.36 -2,.12
14 0.34 -0.38 -1.08 -1.79
20 0.52 -0.10 =0.70 -1.32
30 0.92 0.51 0.10 -0.38
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TABLE B-15.

APPENDIX B

MAXIMUM LIFT COEFFICIENT I! THE LANDING CONFIGURATION

-AS A FUNCTION OF GROSS THRUST CCEFFICIENT

Because Table B-11 requires fictitious vaiues to complete
the array, it is necessary to establish the maximum
legitima*~ value of lift coefficient

MU 15 CL 15

2.40
4.60
6.00
7.25

W N =
e e @

QOO
~ ~ o0

TABLE B-16.

MAXIMUM LIFT COEFFICIENT IN THE TAKEOFF CONFIGURATIONS
AS A FULCTION OF GROSS THRUST COEFFICIENT

Becau~e Table B-13 requires fictitious values to com-
plete the array, it is necessary to establish the
maximum legitimate value of lift coefficient

CMU 15 CL 16

0 2.30
1.08 4.10
2.07 5.30
3.07 6.25

TABLE B-17.

GROSS THRUST COEFFICIENT REQUIRED TO ATTAIN SPECIFIED
MAXIMUM LIFT COEFFICIENT, LANDING CONFIGURATION

This table is identical to Table 15 except that the
independent variable is CL15 and the dependeat
variable is CMUl5, No additional input data are
required,
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APPENDIX B

TABLE B-18., GROSS THRUST COEFFICIENT REQUIRED TO ATTAIN SPECIFIED
MAXIMUM LIFT COEFFICIENT, TAKEOFF CONFIGURATION

This table is identical to Table B-16 except that the
independent variable is CL16 and the dependent variable
is CMU1l5. No additional input data are required.

TABLE B-19. LIFT COEFFICIENT DURING GROUND ROLL, IN TAKEOFF
CONFIGURATION, AS A FUNCIION OF GROSS THRUST
COEFFICIENT

It is assumed that the angle of attack is zero
throughout the takecff roll amd ground effects
are neglected,

oMU 19 CLE 19
0 0.6
1.08 1.12
2.0/ 1.50
3.07 1.90

Output

Figure B=5 is one page of output data f-om one applica-
tion of subroutine ARCFT, This sample page ir part oi the climbout,
cruise, and initiation of descent from San Joses Municipal to Sacramento
Executive. The data presented were defined earlier in this Appendix.
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APPENDIX C

ATRCRAFT NAVIGATION ERROR ANALYSIS

This appendix describes, in general terms*, the analysis technique
used to determine the state estimation (navigation) errors. The development
of the technique follows. It is assumed that a stochastic model of
the state transition and the state estimator are known. The models are
linearized about a nominal solution. A minimum variance is used to
determine the state estimation errors. It is shown that this estimator
reduces to the solution of the Kalman-Bucy filter =quation.

It is assumea that the state of the system to be estimated
can be modelled by the stochastic differential equation

x(t) = f(x,t) + G(t) w(t)
y(t) = h(x,t) + n(t),

where x(t) is the state of the system, y(t) is the observation of the
system, and w(t) and n(t) are continuous time white noise processes;
f(x,t) and h(x,t) are the deterministic parts of the system and observa-
tion nonlinearities, and G(t) is the coefficient matrix for process noise
respectively., The white noise sourccs are introduced to account for not
only the stochastic disturbances, but also the system uncertainties due to
nonnominal parameters and unmodelled states.

It is assumed that the state (vector) is Gaussian with known
mean and variance, i.e.,
E [xo} = xo

o

E[ %o - %) (% = %o T} = P(o) .

* The specific formulation used in ANGCAP is discussed in Appendix E.
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The stochastic inputs, w(t) and a(t), are assum>d to be
white, Gaussian with zero mean and covariance

E [W(t) Wl (T)] = Q(t) § (t-1)
E [n(t) o (T)] = R(t) § (t-1)
and that
e [u(e) of (1)] =0 .

It is assumed that a linearization about a nominal solution is
possible for small deviations of concern. In practice the linearization
would be about the current estimate, whereas in the analysis, the
linearization is about a predetermined nominal path. Denote the deviation
value of x(t) by &x(t), i.e.,

sx(t) = x(t) - x(t) .

Similarly the nominal value of x(t) has an associated nominal
observation y(t) and an observed deviation 8y(t) such that

sy(t) = y(t) - y(v)

y(t) = h( x(t) ) .

and

Expanding f(x(t),t) and h(x(t),t) in a Taylor series expansion about
the nominal solution x(t),

x(t) = x(t) + 6%(t)
o |

ax l x(t)

= f(x{t),t) + 6x(t) + o(&x(t)) + G()w(t)

y(t) = y(t) + Sy(v)

= BE(),t) + 2

- §x(t) + o(8x(t)) + n(t) ,

x(t)

where
lim o(6x(t)) = o .
§x(t) > o
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Hence

8k(t) = F(t) éx(t) + G(t)w(t) + o(dx(t)) ,

Sy(t) = H(t) Sx(t) + n(t) + o(éx(t)) ,
vhere

F(t) = -g{ )

x(t)

and

B =

“ix(e) °

At this point it ics convenient to drop the second order
stochastic terms o(é6x(t)) by incorporating their effects in w(t) and
n(t). Hence, the more nonlinear the system dynamics f and b, the
larger e value of covaria.ce for x(t) and n(t), respectively,

Because f(x)t)) and h{x(t)) are predetermined nominal values,
it is necessary to determine only the deviations from the nominal in
order fo determine the total system state. Hence, from this point on,
it is assumed that an estimate of the linear (perturbed) state equations
is required where w(t) and n(t) incorporate the nonlinear second order
dynamics., in addition, for ease of notation, the deviation values 6x(t)
wnd §y(t) are simplified to x(t) and y(t), respectively. This suould
not cauvse any Jifficulty since the total state is the sum of the estimated
state plus ary nominal state value.

An anzlogous presentation could be made concerning a process
reprezented by discrete difference equations. However, since the
procedure is directly analogous, it will not be done.

The error analysis technique parallels the technique used to
determine the errors duz to incorrect modelling in Kalman filtering. It
will later be shown that the technique is not limited to analyzing Kalman
filters. The technique can be used to model any estimation process
which can be transformed into the form

% = F()x(t) + K(b) [y(t) - H(t)x(t)],

where x(t) is the state of the system, y(t) is the observation, and
F, X, and H are the filter coefficients used to weight the previous
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state estimates with the present observations. However, for the present,
it is assumed that a Kalman filter is being utilized and that the actual
errors, due to an incorrect modeling «f the Kalman filter, are to be
determined. The derivation of this filter is found in reference C-1.

The necessary equations are presented below. The analysis of continuous
systems and that of discrete systems are presented. For a filter which
uses continuous state estimation with discrete updates, the filter analysis
is a combination of the two techniques.

Analysis for Continuous Systems

The basic process is described by a first order differential
equation in vector form:

dx(t)

T F(t)x(t) + G(t)w(t) . (c-1)

The observation is
y(t) = H(t)x(t) + n(t), (Cc-2)

where

x(t)

an n_ vector of states with
E [x(0)] = 0
y(t) = an ny vector of observations

w(t) = an n, vector of stochastic inputs to the process
with

E[w(t)] =0 {c-3)
Elw(t)w'(1)] = Q)8 (t-1) (c-4)

§(t) is the Dirac delta function

n(t) = an ny vector of the observation noise with

E(n(t)) = 0 (C-5)
E[n(t)n'(7)] = R(t)§ (t-1) (c-6)
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F(t), G(t), H(t): n. Xn_, n_ X n_, n_ X n_, matrices respectively,
and E [ ] is an expected vallle OpgratXr onxstochastic variables. It
is assumed that the process noise w and observation noise n have no
correlation to each other,

E[w(t)n'(t)] = 0 . c-7)
*
The optimal estimator x (t) of x(t) which minimizes

*
E[|!x - x||?] having the observaticn y(t) from t = 0 to t is
described by the following differential equation,

*
£ . pox"(0) + KO - KO O], (c-8)
where -1
K(t) = P(t)H'(O)R (t) . (c-9)

It is assumed that R(t) is positive definite for t > 0., The covariance
matrix P(t) is defined by

P(t) AE [ [x(8) - x(8)] [x(8) - x(£)]' (c-10)
and it is obtained as a solution of a matrix Riccati equation
O . pOP(e) + BOF (D) - POB (DR (DH()P(E)
+ 6(t)Q(1)G'(¢) . '

(c-11)

The initial conditions for Equations (C-8) and (C-11) are, reépectively,
*
x () =0 (C-12)
P(0) = E[x(0)x'(0)] . (c-13)
The optimal estimator described above is based on the correct
information of initial conditions, and noise covariances, as well as
coefficient matrices. Suvpose one designs the estimator on the basis of

incorrect information with respect to these quantities:

(1) Incorrect P (0) rather than the correct P(0)
(a priori cSvariance of states)

(2) Incorrect Qc(t) rather than the correct Q(t)
(covariance of the process noise)
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APPENDIX C

(3) Incorrect Rc(t) rather than the correct R(t)
(covariance of the observation noise)

(4) 1Incorrect F_(t) rather than the correct R(t)
(process matrix)

(5) Incorrect G (t) rather than the correct G(t)
{coefficient matrix of the process noise)

(6) Incorrect Hc(t) rather than the correct H(t)
(observation matrix).

The resultant estimator is no ionger an optimal one, but becomes
suboptimal. This suboptimal estimator is denoted x:(t) and is described
by

dx:(t) * *
S = FOx (8) +K (D) - B (Ox (D] , (c-14)
where *
x (0) = 0 (C-15)
' -1
Kc(t) = Pc(t)H c(t)Rc (t) (C-16)

and the calculated covariance P (t) is computed by the same Riccati
equation as Equation (C-11), buf with the incorrect model specified by
elements 1 through 6 in the above listing:

P _(t) ,
—g— = F ()P _(t) + P _(D)F(t)

- P (B! (DR] {t)E_(DP (1) (c-17)

+ Gc(t)Qc(t)Gé(t) .

The actual covariance P (t) is defined as the error
covariance associated with the sugoptimal estimator Equation (C-14),
hence,

P (038 [xy(0) - x(8)] [x(®) = x(0)]]" . (c-18)

This is the covariance to be expected in an estimator when insufficient
design parameter data are available. The main purpose of this :ection
is to derive equations describing P _(t). For this purpose, it is
easier to derive a differential equgtion governing the evolution of

P (t). Thus, differentiating P_(t) of Equation (C-18) and exchanging
the order of the differentiating operator and the expected-value
operator yields
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P(6) = E|[x:() - k(6)] [x"(8) - x(e)]"

[ )

I
\ \
+{E G0 = x(0] [(0) - x|

However, from Equations (C-1) and (C-14),

(D - %) = [F(6) - K (OH (9] [xa(6) - x(0)]
+ AF(t)x(t) - K_(c)aH(e)x(t)

+ Kc(t)n(t) - G(t)w(t)

where
AF(t) = Fc(t) - F(t)

AH(t) = Hc(t) - H(t)
Also, x(t) is obtained from Equation (C-1):
x(t) = U(t,0)x(p) + J‘ U(t,s)G(s)w(s)ds
o

where U(t,s) is defined by

i’l’-g—t-'—sl = F(t)U(t,s)

with
U(s,s) =~ 1, t>s82>0
and I is an identity matrix.

*
Furthermore, xa(t) is derived from Equation (C-14)

b4

* t
xa(t) = jo vc(t,s)KC(s)y(s)ds
where Vc(t,s) is defined by

avc(t,s)
ot
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When i*(t) and x*(t) are substituted into Equation (C-19)
together with %(%) of Equagion (C-1) and its solution x(t) in
Equation (C-23), paying attention to the fact that w(t) and n(t)
are uncorrelated white noises, the following three differential
equations are applicable:

dPa(t)
= (R0 - K (OH(DIR (0 + B (O [F (0)

- K (H (£)]' + [aF(t) - K, (£)8H(t) JA(e)
+ A'(t) [AF(t) - Kc(t)AH(t)]'

+ xc(c)x(:)x;(:) + 6(£)Q(L)G' (t)

UE = FoMD + MOFLD - K (DE ()"
+ P (t)[AF(t) - Kc(t)AH(t)]'
- B(OQBE' (0)

dp_(t)

at = F(t)P (t) +P_()F'(r) + G(t)Q(r)c’ (1),
where A(t) and Px(t) are defined by
A(c)gr.l}(t) [x.(t) - x(u';]:_‘
P, ()4 E[x()x' ()] .

The initial conditions for Equations (C-28) through (C-30) are given,
respectively, by

Pa(O) = P(0)

A(0) = -P(0O)

P (0) = P(0) .

(c-28)

(C-29)

(C-30)

(C-31)

(c-32)

(c-33)

(C-34)

(c-35)
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The matrix equations can be arranged in a more familiar
form as follows. Defining the 2n x 2n matrices,

LA P

(F;Kcﬂc) (AF-KCAH)

0 F
and
(k RCrcsh)  -cqe”
E o= T T )
-GQG GQG
equations (C-28 , (C-29), and (C-30) can be written as

X = AX + XAL 4 2

which is a solution of the covariance equation for a process
described by

dx

aa T &t E,

where T
E(x(0)x"(0)] = X(0)

E[x(0)] = E[£(t)] = O
E(E(e) E(1)] = E () 8(c -T) .

Hence, the computation of the actual mean and covariance for the n

order system described by Equations (C-14) through (0-17)éés equivalent

to the computation of the mean and covariance for the 2xn  order
system described by “quations (C-40) through (C-43).

Note that for the calculated Kalman filter gain, K
requires the solution of Equations (C~16) and (C-17). If a Kalman
filter gain is not used (or is approximated), then the wethod used
for obtaining Kc must be simulated and P_ need not be calculated.
Hence, the techfiique is applicable for afialysis of all filters
satisfying Equation (C-14), as initially proposed.
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Analysis for Discrete Systems
The technique utilized in the previous section is applied to
discrete systems and similar results are derived. Symbols are defined
in the same manner as in the continuous systems, snd similar assumptions
are made concerning modelling errors and noise statistics.
The process and observation equations are respectively,
x(tk + 1) = ¢ (k) x(k) + G(k)w(k) (C-44)
y(k) = H(k)x(k) + a(k) . (C=-45)

*
The optimal estimate x (k -~ 1) given the information
Y(k) = [y(0), y(1),"*", y(k)] is given by

Xk + 1) = 80X (W) + KW [y(k) - HEIOX (K], (C-46)

where
K(k) = & (K)P(K)H' (k) [H(K)P(K)H® (k) + R(k)]™T (C-47)
x(@©) = 0. (C-48)

The covariance matrix P(k) is defined by
P(k) A E {[x*(k) - x() 1[x"(K) - x(k)]'} (c-49)
and it is governed by the fgllowing nonlinear difference equation:
P(k + 1) = [¢(k) - K(k)H(k)]P(k) [¢(k) - K(k)H(k)]' (€-50)
+ K(k)R(k)K(k)' + G(k)Q(k)G' (k)
with
P(0) = E{x(®)x'(0)] . (c-51)
Wher the ‘ncorrect models that are the counterparts in a

discrete system of tho:e described earlier are used, the resultant
suboptimal estimator xa(k) is computed by

ik + 1) = 0 (0xi(k) + K (O [y(k) - B (0%, (k)] (c-52)
vith 1
K. = o (P _(OH!(K)[H (WP (B! (K) + R_(K)] (c-53)
x2(0) = 0 . (C-54)
219
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The calcrlated covariance Pc(k) is

Pc(k +1) = [oc(k) - Kc(k)ﬂc(k)]Pc(k)[¢c(k) - Kc(k)Hc(k)]'
+ Kc(k)Rc(k)K'(k) + Gc(k)Qc(k)Gé(k) .

The actual covariance associated with this suboptimal
estimator x:(k) is defined a-

P04 E(Ix, (0 - x(0][x, 00 - x0T,

The recurrenc: equations describing Pa(k) are derived similarly
to the continuous case

P D) = [8,00) = K (R ()P, () [0 ()-K (W)H () '
+ 1800 = K_(k) 8H(k) 1ACK) o _(K) - K (K, (k)]
+ [Qc(k) - Kc(k)Hc(k)]A'(k)[A¢(k) - Kc(k)AH(k)]'
+ [80() - K_(K)8H(K) P, (K) [A8(K) - K (K)AH(K)]'

+ Kc(k)R(k)Ké(k) + G6(k)Q(k)G' (k)

Ak + 1) = o) AK) [¢ (k) - K (KH (k)]
+ 0(k)P_(k)[Ae(k) - K_(k)aH(K)]’
- 6(k)Q(k)G' (k)

Px(k +1) = ¢(k)Px(k)¢'(k) + G(k)Q(k)G' (k)

where A(k) and Px(k) are defired by

A(k)Aﬁ{x(k)[x:(k) - x(l))"
P_(K)AE[x(k)x" (k)]
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The initial conditions for the recurrence equations [Equations /{.-57) through
(C-59)] are given by, respectively,

Pa(O) = P(0) (C-62)
A(0) = P(C) (C-63)
Px(O) = P(0) . (C-64)

The matrices can be arranged in similar fashion as
before defining

EXCIAS
X(k) = {

(C-65)

|

! K !

l-../\.( ) Px(k) l
-

_ (s, - &) (o8 - xaW) €-66)

A
and 0 ¥
(KCRK: + GQG - e’ (C-67)
= - - 06" 6" .
Equations (C-57 through (C-59) can be written as
X(k + 1) - AGOX(K)AT (k) + Z(k) . (C-68)
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When analyzing continuous time-discrete data systems, a combination of

the two analyses is used. Between dJata measurements Equations (C-36)
through (C-39) are used to propagate the estimate and its covariance with
-ﬁ?, H,, AH, and R set to zero. At a measurement, Equations (€-65) through
(C-68) are used to update the estimate and covariance with 9~ equal to I,

and A%, G, end Q set equal to zero.

Measurement Error Models

The previously discussed wodels for analyzing continuous and
discrete systems requires error models for each of the measurement.
Various references (refs. C-2 through C-6) were survcyed to determine
models previously used to characterize the sources of error observed.

Most present radio navigation aids provide either angle or raage
measurement (VOR, DME, ILS, MLS). All of the references dictatc a common
form for the VOR/DME error sources, a random but constani bias, and a
time uncerrelated white noise. The references differ, however, in the
specific values assigned to the statisticzl parameters. Since these
values are input data, the user may select the value felt to be most
representative.

VOR Error Model.-The VOR bearing error is modelled as the sum
of a random bias and a white-noise component. The zero mean bias com-
ponent consists of two independent bias socurces, a misalignwent of the
station radials and an imperfect calibration of the VOR receiver. The
white noise component is an apprcximation to the high frequency (compared
to the observation frequency) noise due to multipath errors, polarization
errors, receiver sensitivity and other station errors.

Typical rms values of the ground and airborne equipment bias
errors are 0.8 and 0.6 degree', respectively. The approximate bias error
is thus 1.0 degree , rms. A reprcsentative value of the variance and of
the high-frequency VOR noise is 1.0 degrees.

DME Erro. Model.-The DME range erxor is also modellsd as the
sum of a random bias and a white noise component. IThe zero mean bias com-
ponent consists of the time delays between reception and processing of
the DME signals by the ground and airborne equipment. The white noise
component is due to pulse distorting errors and receiver generated noise.
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APPENDIX C

A typical rms value of the ground and airborne equipment bias
errors are 0.1 n.mi. ‘resulting in an aggregate rms bias error of 0.4 n.mi,
Representative values of the variance and correlation ime of the high
frequency DME noise are 0.1 n.mi, and 3.6 seconds.

Air Data System Error Models, - The assumed measurements are

(1) Static pressure, P,
) Total, stagnation, or pitot pressure, P,
(3) Air temperature, T

4) Angle of attack, am

Dynamic pressure, q., is related to static and stagnation
pressure as follows:

q, = pt - P, - (C-69)
Mach number M, is defined as
VTAS
M= — , (¢-70)
where
VTAS = true airspeed

a = local speed of sound .

The local speed of sound is defined as

Yp o
a :\: p £ = YgRT s

(c-71)
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where

Y = specific heat ratio of air = 1.4

p = air density

g = gravity

R = constant = 53.3 ft./°R

Ts= free-stream static-air temperature

For compressible flow,

. 2 avi-l
P, =ps[1 +Y_]; DV‘I‘AS

Y 298

(c-72)

Substituting from Equations (C-69) through (C-71) into Equation (C-72), M can

be expressed as

. =\]s[<%§ . 1)1/3.5 “J .

The free-stream static-air temperature is defined as

T T

m n

T =
8

-1 =
g Xloq2 1+ 2mé
2

where 1 = recovery factor of temperature probe

Pressure altitude, h, is derived from the hydrostatic equation

-

dp = -pg dh .

(c-73)

(C-74)

(C-75)

If temperature is assumed to vary linearly with altitude (ref. C-7),i.e.,

T=T -oh ,
[+
224

(C-76)
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where @ = temperature lapse rate, and T = standard day sea-level temp-
aratures, then it can be shown that
) =dp _1___dh .
p R T-ob (c-77)
This can be solved to give pressure ratio~variation with altitude
1/aR
P
LA A s . (c-78)
|
Solving for h yields .
Ro
To P
o h=—1|1 -(-——) ) (C-79)
. o Py
| The measured static pressure, Py» has a correction applied for static
. defect, SD’ and p in Equation (£-79) is usually taken to be
- = { -
) ¢
" Substituting for p, Equation (C-79) becomes
T P SD Rar
- h=e —2 1 ~f—2—=- . (c-81)
L © LA
L.
¢
- Figure C-1 depicts the usual air .a system computations.
[, In some cases, the computed pressure altitude is corrected for
variation of local T and p_ from the staaxdard day. This correcticn is

not of interest for fhe purgose of deriving error models for altitude and
true airspeed.

The primary sources of pressure altitude and true airspeed esti-
mation errors are measurement errors, mathematical approximations, and
atmospheric conditions being other than the standard day.
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Examination of Equation (C-81) reveals that the primary errors in
altitude are due to: :

{1) Incorrect static pressure measurement p_, due to
jnstallation, transducer, and calibration errors.

(2) Incorrect static defect correction, S_, due to
mathematical approximation as a function of many
variables such as static pressure, dynamiz pressure,
and angle of attack (referenc.s C-6 and C-8),

(3) Variation of temperature lapse rate from standard
day lapse rate (note that lapse rate error would
not affect relative vertical s_.acing of aircraft
using barometric altimeters but could cause air-
craft descending to impact the terrain),

(4) Variation of barometric pressure as a function of
flight path (uncompensated pressure gradient). The
effect of this is the same as en*ering the wrong
local barometric pressure.

The static pressure error has been considered to include both bias (static
defect) and random (instrument) components. Nonstandard atmosphere varia-
tions are considered to be bias. Table C-1 lists typical models for the
error sources and their components.

Reference C-9assumes the altimeter related errors are:

(1) Error due to horizontal gradient of pressure
(2) Nonstandard temperature errors

(3) Static pressure measurement error

(4) Instrument error.

If the variation in altimeter error can be determined from the
nominal flight path and atmospheric environment, the spatially correlated
altimeter errors will be converted to time correlations, thus avoiding in-
troducing additional state variables for the spatial correlation terms. If
not, state variables for the spatial correlation terms (such as pressure and
temper: ture lapse rate) must be incorporated into the error model.
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TARLE C-1. TYPICAL BAROMETRIC ALTIMETER ERROR MODELS

Error Model
(ref. C-10) (ref, C-2)
Static Pressure %’3 vaAS
Bias 1 mbar OB T
Random  0.2%7 h 25 x 10 "h° + .25 0<h<10,000 ft.

Nb25 x 1071%2 4+ 100 10,000<0<100,000 ft.

Nonstandard Atmosphere 2 x 10.—7h
Bias 7.5%p —_—
pe
Random
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APPENDIX C

The effects of the incorrect sources of T s p , a, and S_ on the
altitude were determined as follows.

Reference C-9 indicates that the effects due to static defect and
nons tandard lapse rate, respectively:

AhsD = 1.7 x 10-4 x (velocity in feet/secz)

Aha = .03 x (altitude).

It can easily be shown that the error due to an incorrect temperature
setting is

AT
Ah =

ATo T
o

x (altitude).

The error in altitude due to an incorrect pressure setting is more difficult
to determine. Figure C-2 is a plot of the effect of a 1% error in p

ac a function of altitude. A quadratic curve was fitted to this plot.

From this curve, the following altitude error for an incorrect pressure

setting was obtained:
8p

Ah = 5.7
Apo o

x (altitude).

Although there can be correlation between the temperature pressure and lapse
rate errors it was convenient to assume the errors to be independent. In
any case, if the errors are correlg&ed the results would not differ greatly.

From reference C-9, 10 values for __o = .03 and from reference C-10, a2 Io
value for 8P, = .001. To
P
0
Hence,

2. 1/
Bhypo + Bhy+ By = [ C 03)2 + (.03)2 + (00572 V%

.043 h.

Then utilizing a more conservative sum of error approach between this error
and the error due to static defect, the total error &h is defined to be

Ah = .047h + 1.7 x 10”2 v2,

The correlation time for altitude errors is much greater than the filter
update time. Hence, the error can be modeled as a statistical bias, The
program computes the rms error for each phase from the altitude and velocity
conditions at the start of each phase,
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True airspeed can be written as

Voag =@M =M \/YgRTs . (C-82)

The true airspeed can be used in improving the state estimate (refs, C-9
through C-12) for many of the modes of the state estimation function.

o e s

The primary sources of error in VTAS are due to:

(1) 1Iacorrect static, p_, and dynamic, q , pressure
measurements due to installation, trdnsducer, and

! calibration errors (ref., C-13}

(2) Incorrect temperature measurement, Ty

(3) Computation errors.

Indicated airspeed, VIAS’ is displayed also on the basis of the
relation

(C-83)

The navigation procedure normally involves estimating the velocity
of the aircraft with respect to the ground. This velocity, V, can be ex-
pressed as

" .
V=V +V Cc-84

e

where Vrag 1s the onboard estimate using air data measurements and V, is

the error due to the effects of wind, errors in Vqpq as previously dis-
cussed, and heading errors. Wind effect estimation errors are on the order
of 40 knots (rms) en route and 5 to 10 knots (rms) during landing (refs. C-2
through C-5). Hence, the velocity error due to wind is about 10 to 257 of the
nominal aircraft velocity. Maximum heading error is limited to 1.5° to

2° and thus contributes less than 3.5% error in nominal velocity. The
airspeed error is typically on the order of 17 to 4% (refs. C-ll and C-12).
Assuming that the wind, Vpag and heading errors are independent, it can

be shown that the rms error for Ve, Ca, is roughly equal to the rms wind
error as follows: using the low rms error for wind variance, Oy, and the
high rms errors for the heading and airspeed erroxs, O and OTags

iy, SRy eeting e

[ ce-[(02+a§+c,§as)]1/2 2 12
= [ (DA 4 035N + LomNH
= [ (100 + 12 + 16)107412 y
- 1w
s ‘.lv 231
=0
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Hence, the major source of ground speed error u.ing air data measurements
is the wind.

The high frequency winds or gusts cause relatively insignificant
deviations from the nominal. Of particular interest, are the (relatively)
slow varying winds. Muasured data on these winds are relatively nonexis-
tent, The wind is modeled as the sum of two orthogonal (i{n the horozontal
plane) independent, exponentially correlated, random processes. The rms
values are on the order of 10% to 20% of aircraft velocity with correlation
times on the order of 6 to 15 minutes. Valnes used for the simulation are
40 knots rms en route and 10 knots rms in the terminal area.

MLS Error Model. - It has been assumed that the microwave landing
gystem would initially bte Configuration G of those recommended by sC-117
(ref. C-13), For this system, the error model is that suggested by SC-117,
which assumes that the errors are primarily white Gaussian noise with the
error in elevation equal to 1.4 feet (25), the error in azimuth eaual to 11
feet (20) and the error in range equal to 20 feet (20). Reference C-2
states that the errors are 0.63 milliradian bias and 0.40 milliradian noise
(lo) in azimuth, 0.87 milliradian bias and 0.61 milliradian noise {(ls) in
elevation and an assumed bhias of 2,0 feet and noise of 20 feet {ls) for
range. Reference C-2 does not state which of the configurations this error
model is representative of, For this reason, the previous values from
reference C-13 were utilized.

It has been decided that an error model for the radar altimeter
is not required since the radar altimeter is primarily used for flare com=-
mand generation and not in state estimation. Should the use of the radar
altimeter change, an error model can be incorporated in the previously dis-
cussed state estimation error models,

232

>
[

4

sol sy
-~

Wit Lk Lt bemied  beee  bewmad e i Rl Bt e

Ol S S vl W Ml e bl e

o T O R e g syl e s e

Calee s v oare ma e s

PPN v

e AR ¥

Er



o SR e

'

amn  FEER fem—

C-1

C-2

c-3

c-4

c-8

c-9

c-10

c-11

c-1?

C-i3

APPENDIX C

References

Nishimura, T., '"Modeling Errors in Kalmen F{ilters", NASA CR 11092,
June 1970,

McGee, L. A,, et al, "Navigation for Space Shuttle Approach and
Landing using an Inertial Navigation System Augmented by Various
Data Sources', Proceedings of the Space Shuttle Integrated

Electronics Conference, NASA Manned Spacecraft Center, May 1971.

Bryson, A, E., and Bobick, J. C,, "Improved Navigation by Combining
VOR/DME .Information and Air Data", J. Aircraft Vol. 9, No. 6, June
1972, pp. 420-426.

Johansen, M,, "A Survey of General Coverage Navaids for V/STOL
Aircraft - A VOR/DME Error Model", CR-1588, May 1570, NASA,

Hemesath, N, B,, "Optimal and Suboptimal Velocity-Aiding for
VOR/DME Systems'', AIAA Guidance, Control and Flight Mechanics
Conference, Santa Barbara, California, August 17-19, 1970.

Kayton, M., and Fried, W., Avioaicg Navigation Systems, J., Wiley
and Sons, Inc., New York, N.Y., 1969.

Perkins, Courtland D., and Hage, Robert E,, Airplane Performance
Stability and Control, John Wi~y & Sons, Inc., New York (1960).

Yai1,sh, Norman P., et al., "Interface Optimization Investigation",
AFAL-TR-67-152, Univac Federal Systems Division, February 1968.

Widnall, William S., et al., "Space Shuttle Landing Navigation
Using Precision Distance - Measuring Equipment', N 71-35775,
Intermetrics, Inc., August 2, 1972,

Kriegsman, B, A,, and Gustafson, D, E,, "Entry Navigation Anaiyses",
Proceedings of the Space Shuttle Integrated Electronics Conference,
NASA ™ X-58963, Volume I, May 11-13, 1971.

Erwin, Ralph L,, Jr., "Influence of Flight Dynamics on Terminal
Sequencing and Approach Control", Appendix B-5, '""Report of Depart-
ment of Transportation Air Traffic Control Advisory Committee',
Volume 2, Appendixes, Department of Transportation, December 1969.

Marino, A, S,, et al., "Definition and Analysis of Flight Command
Functions and Computations', AFFDL-TR-68-145, November 1968,

"A New Guidance Syster for Approach and Landing", Document No.
D0-148, Prepared by SC-117, Radio.Technical Commission for Aero-
nautics, December 18, 1970.

233




w4

APPENDIX D

GUIDANCE/CONTROL FUNCTIONS AMALYSIS

Two basic approaches can be takea to determine the guidance/
control eriors, The first is to model the open loop equations describing
the guidance and control laws and cleose the loop to obtain the closed
loop respouse. The second is to estinate the closed loop response from
observed response data. Since the initial intent of this program is not
to obtain and modify guidance/controi lawa but to determine their effect
on the overall system, only the closed loop response is of importance.
Additionally, tte closed loop response s eag 27 to obtain from field
test data. Henu. the second approach will b en to model the guidance/
control errors.*

The approach i1s :0 develop an estim. : ~f the power spectral
density of the (assumed¢ st:ationary Gaussiar, - .88 y(t) which is the
lateral deviation of an ajivcraft attempting t+ ¥ .low the guidance
commands., This spectral density is designate. 57s).

The spectrum must satisfy

jw
2 -l .
oy ) f-jm 3(s)ds (D-1)

This is by uo means adequate to determine ¥(s) uniquely. To further define
this spectrum, we observe that y(t), the position deviation, must not be
excessively large, and furthermore, it must be reasonably smooth. In
esgence, it {8 intuitive judgments on these points which permit selection
of a model for the spectrum.

The "smoothness of the deviations''may be specified bv fixing

the average number of times per second vhich the deviation changes sign.
Applying Rice's zern-crossing result (ref, D-1) to this case gives

1 ["’ 373 1/2
— (s)ds
a3 - joo

o 2 ’
y

b~ 1
[ |
=¥

{0-2)

where No is the expected number of sign changes per second.

Equations (D-1) and (D-2) specify two conditions, No and ¢

effec.{ively define 09 since y

* The specific formulation used in ANGCAP {s discussed in Appendix E.
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a? - -!'—/j szfp(s)ds (z-3)
y 2n
i
222
= Noﬂ ay

by Equation (D-3). The ver‘ance of the acceleration is given by

=
0.2 = -%—] 3445 (s)ds . (D-4)

In order for cg to exist, it is necessary for £(s) to be of the order of
at least s-6 fdr large s. Passing white noise through a third-order
dynamic system would give this sort of spectrum, Accordingly, the
fcllowing form for & is proposed:

2
1 . k

|s” + w s +w |2 l(rs + 1)|2 i

The first term is suggested by the pilot using feedback to keep the 3
aircraft on the desired track. It represents a second-order filter, with
damping ratio fixed at 1/2, This represents a rather mild tendency to

overshoot the desired position, The second term is selected rather ;
arbitrarily to bring the system up to the desired order. ¢ may also be
exprecsed as f(s8)f(~s) where i

K . (D-6)
2
+ wns + wn)(TB + 1)

f(8) =
(t:2

There are three unknown parameters in this model,.

Selecting cz, N , and og and utilizing equations (D-1), (D-2),
(D-4), and (D-5) will “deffne the dlosed loop frequency response, The values
used initially for lateral deviations are

ay = 1500 feet 235
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¥ ‘
o VML

No = 1/200 reversals/second

a.i = 1,5 feet:/so.acom:l2 .

o e 7

Measured data taken from the American Airlines STOL evaiuation
program (utilizing an MDC-188) form tte basis for ¢ and N, (Ref. D-2),

While the standard deviation en route was sometim:s slightly greater, this :
¢ could have been due to increased navigation errors. o.. is an intuitive AL
i guess based upon flight experience aad comfort levels. ” A 2 value of

lateral acceleration greater than 0.1 g is usually rated as irritating and

uncomfortable,
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Once these values are specified, the definite integrals must
be evaluated before the model parameters can be determired, Definite -
integrals of the form

I

" R

frequently arise in mean square error parameter . timization, The values
can be found in references D-3 and D~4 for example,

\ - i f I (s)e (-8)d 7) ‘f;
e e - jeo e8 s e8 s)ds , (M- 2
where - E
es(S) = c(s)/d(s) (D-8) .
4
n-1 . %
k q
c(s) = T 8 -9) E
L +
and % 3
N k i
d(s) = T d4s (p-10) p I8
=0 § E

i
Using the tables for N = 3, the model parameters are found to i
b
) 3
T = 4,45 zeconds g}
® = 0,016 rad/s.cond :
236 k= l..l‘7 .

ey

g &
e i
£y « “ )



ol
L d
/

APPENDIX D

Complete flight data on longitudinal and vertical deviations have not been
found. Once these data are specified, the analysis for the longitudinal
deviation procecds as before. However, because longitudinal errors

result in altitule errors during ascent or descent, the total error ir the
vertical plane due to guidance and control become

2 2 2 2
g, = 0, + g, tan‘c |

where ~# is the desired flight path angle and 02 and CZ are the altitude
and along track guidance/control error variances.

The pilot/aircraft dynamics need not be modelled in as great a
detail during the en route phase as in the terminal area. The time span
between observed daviations and corrections increases since the need to
correct for observed deviations is less acute and the navigation informa-
tion is more coarse. As a result, the third order system postulated
earlier can be greatly simplified with no appreciable degradation in the
error analysis.

For the en route phase, the short time constant T is dropped
and the damped oscillatory response is approximated by a time constant
defined by the envelope of the oscillatory response, The time constant
defining the envelope in the terminal area ie equal to

1. 1

€ ® o008

125 seconds .

For the en route phasa, it is postulated that the time constant would be
roughly twice this number, possibly a little less, With these guide-
lines, the steering time constant for the en route phase is 200 seconds.

In order to reduce lateral crrors due to external disturbances
such as wind, i: is important that the steering time constant be short
compared to the disturbance time constant. However, too short a time
constant requires greater steering efforts, which are not required if the
disturbance frequencies are high and their amplitudes low.
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AIRCRAFT NAVIGATION GUIDANCE CONTROL
ANALYSIS PROGRAM (ANGCAP)
DESCRIPTION AND FXAMPLE OF RESULTS

Program Description

ANGCAP performs error and deviation analysis assuming linear propa-
gation of dispersion from the nominal trajectory. Dispersion propagations
are treated by solving in closed form the solution to the Ricatti differential
equation for propagation of variance, Three different classes of state
vector dispersions are stored internally. These classes are:

(1) The actual deviation, d , of the aircraft
from the nominal trajeE?ory

(2) The estimate of the deviation, d , of the
aircraft from the nominal trajezgory

(3) The navigation error, e, as predicted by a
Kalman filter.

The Class 1 state vector represents true aircraft conditions and should
be referred to for computing statistics regarding the aircraft behavior,
flass 2 states represent the only information available to the pilot or
dther control systems. Class 3 states were included to permit evaluation
of the accuracy of suboptimal filters. As will be shown in the discussiou
of the data, statistics describing the error sources are specified both

as assumed for the real world and as assumed by the filter. This permits
investigating modeling discrepancies for filter stability analysis.

Each cii the classes of state vector has nine elements:

1-3, the aircraft posgition in a local coordinate system
(magnetic east, north, vertical)

4-5, random wind velocities in magnetic East and North
coordinates;

6-9, navigation aid dispersion biases in range and
azimutl. measurements.
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It should be noted that aircraft velocity is not treated directly
as a state, It is assumed that the aircraft motion relative to the moving
air mass is determined by the steering law. Thus, velocity is wind velocity
plus the computed deviations in position times the steering coefficients.

From the state vectors discussed above and their linear statistics
(covariances), statistics of a number of important parameters may be computed.
For example, some output is presented in crosstrack, along track, and verti-
cal coordinates for more convenient interpretation.

L’near Models, ~ The state vectors and covariances discussed
above are propagated internally in ANGCAP utilizing closed-form formulae
for the state transition matrix and additive noise of a linear navigation
and control system. The state transition and additive noise matrices are
comparable to A and Q in a discrete filter as discussed in Appendix C.
The propagation and control model assumes the aircraft is flown in the
following manuer. The pilot or automatic conirol system compares the navisgu-
tion solution to the desired nominai trajectory and makes adjustmente co the
direction and magnitude of the velocity of ihe aircraft relative to the random
moving atmosphere (winds). These adjustments are made to steer out indicated.
deviations in along track crosstrack and vertical coordinates utilizing a
corresponding set of time constants known as Tgteer. It is well recognized
that the reduction of the dynamics of the aircraft under the control of the
pilot or automatic control system to a simple linear first order model
ignores many of the problems associated with the design and analysis of
such systems. It is felt, however, that this model is sufficiently accurate
to represent the controllability of the aircraft for the purposes of estab-
1ishing dispersions entering the MLS coverage area after the cruise and
terminal area operations., It should be realized that this model is entirely
insufficient to describe behavior of the aircraft during short periods of
critical operation such as final approaches, particularly in the coverage of
a MLS system.

Additional features of ANGCAP will be discussed in the following
s2ctions describing input data requirements and sample output.
Input Data Description

¥Figure E-1 shows the input data describing the airports, radio
navigation aids, and MLS systems,

Airports are identified by both an index and a three<letter
alphabetic code. The position pf the airport is entered as a latitude
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and longitude (degrees, minutes and seconds). The vadius to the boundary
of the airport's controlled air space is also required. Landing operations
are defined by the length (nautical miles) of the common path utilized

by -TOL aircraft and the runway heading. The MLS type available at that
airport is specified by an index. One or two navigation aids (VOR/DME)
available for use in the terminal area are specified by indices. For
example, airport number 1, Sacramento, has VOR/DME Station Number 5
available in the terminal area. The zero indicates no secondary station
is available. For convenience in interpreting the output, the latitude
and longitude of each airport is converted into magnetic east and north
coordinates (nautical miles) relative to a reference point specified in
the data.

Radio Navigation Aids, - As shown in the center of Figure E-1,
radio navigation aids are identified by both a numeric index and &
label. The class of each station indicates whether VOR and/or DME
information is available from that station. The L and H, specifying low
or high frequency stations, are not used by the program. The position
of each station is specified as a latitude, longitude, and elevation
(altituda). Local magnetic variation must also be specified to permit
interpreting bearings as magnetic rather than true. For convenience in
interpretation of results, the station's latitude and longitude are
also converted to east and north coordinates.

Microwave Landing System Definitions. - The coverage of each of
the microwave landing system configurations is defined at the bottom
of Figire E-1. The coverage is specified by the elevation angle above the
horizon (degrees), the width of the beam measured from the center line
(degrees), and the maximum range of the beam (nautical miles).

Default Data Values. - Some items of data are stored internally
in the program as defaulc values which will be utiljized by the code
unless an overriding number is specified. To avoid confusion in inter-
pretation of results, each run tabulates all default values contained
in the program as shown in Figure E-2, If, in a given run, any of these
data were to be changed, the changed values would be shown in the out-
put. The following list defines each of the default data items and
its value.

(1) VAPRCH, 100 knots, the appoach velocity of the
aircraft for terminal operations prior to a landing.

(2) THCOMP, 7 degrees, the angle of descent on the common
path (glide slope).
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(6)
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9)

(19-11)

(12-13)

(14-15)

(16-17)

APPENDIX E

BNKANG, 25 degrees, the bank angle for turns in
the terminal area,

THDSCN, 3 degrees, the flight path angle for
descent into the terminal area .

TSTABL, 120 seconds, the time period allowed for
stabilization after completing the descent into
the termminal area prior to entering the MLS
beam,

HAPRCH, 1000 feet, the approach altitude at which the
aircraft enters the MLS beam,

DMIN, 400 feet, the winimum distance allowable after
completing the turn to the final path before begin-
ning the descent on the glide slope,

TSTRCR, zero, 200 seconds, zero, the steering time
constants during cruise,

TSTRAP, zero, 60 seconds, 60 secondes, the steering
time constants during approach maneuvers,

TAUADA and TAUADM, the auto correlation times in
seconds for the altimeter, east and north winds
during enroute operations and east and north

winds in the terminal area. The suffices A or M
indicate the values assumed for the actual winds and
the values assumed in the Kiulman filter model,

SIGADA and SIGADM, the standard deviation of errors
associated with the altimeter, east and north winds
during enroute operations and east and north winds
in the terminal area. Altimeter errors are in feet,
and wind errors are in nautical miles per hour.

STNA and STNM, are the white noise error of VOR/DME
measurements, actual and model. For example, STNA
in Figure E-2 chows that the white noise assumed in

the actual stations is 0.1 degree in bearing and 1 n,mi,

in range.

STBA and STBM are similar values for the standard
deviation of the station bias errors.
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The program repeats some of the data shown in Figure E-2 in
the form of Figure E-3 for more easy interpretation. Figure E-3 shows
the altitude and velocity sensing errors from the altimeter and air Jata
system. The locations of the stations to be utilized in a particular
leg and their error values are also listed.

En Route Wavypoints

En route way points are specified in ANGCAP with data cards
identical to those used in STOL OPS. Figure E-4 is a printout of the
en route waypoint data and is very similar to the waypoint data print-
out of STOL OPS. It should be noted that waypoints are specified in
terms of a distance and bearing from one of the VOR/DME stations. The
other two VOR/DME station indices associated with each waypoint indicate
the stations used for navigation when approaching that waypoint.
Altitude indicates the altitude at that waypoint and airspeed, the speed
approaching the waypoint. The position (distance and bearing) of the
last waypoint in each leg is disregarded by the code. Instead, a set
of waypoints for terminal area operations is computed from parameters
including glide slope angle, common path length, approach speed, ap-
proach velccities, etc., as described in the following section.
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APPUNDIX E

Determination of Waypoints For Transition to
Final Approach and Landing

As depfcted in Figure E-~5, successful <ransition from terminal
area approach to final approach along the common path is dependent upon:
(1) the location of the waypoint designating the length of the common
path, (2) the aircraft performance characteristics, (3) the microwave
landing system (MLS) coverage, and (4) the statistics representing posi-
tion and velocity deviations from nominal at MLS acquisition.

If it is assumed that the pilot desires to have the aircraft
stabilized on the extended runway center iine at the waypoint designating

length of the common path prior to initiating the pitchover, the sequence
of maneuvers might be:

(1) Transition from descent to level flight at desire. pitch
over altitude for glide slope intercept [designated as
(1) in Figure E-5]

(2) 1Initiation of turn onto common path [designated as (2) in
Figure E-5]

(3) Complete turn onto common path [designated as (3) in
Figure E-5], stabilize, perform sidestep maneuver,
stabilize and initiate pitchover to intersect glide slope
[designated as (4) in Figure E-S5].

(4) On glide slope on common path [designated as (5) in Figure
E‘S] .

Turn Onto Common Path Maneuver,~ Two possibilities exist for
the actual turn maneuver. The first assumes the turn is a coordinated
turn during which altitude is maintained and the bank angle is limited
to a maximum value, For this case, the turn radius, , and rate of turn

are a function of velocity, V, bank angle, ¢, and wormél load factor, i.e.,

Lcos @=W

Lsin @ = C.F, = Eli

8y
L sin @ = L cos @ V?
gRT
..
Rp g tan P y

where L = lift
W = yeight .
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The second case assumes a constant rate of turn is maintained. In this
case

9= x‘l(vz

& Ry
\f the first cas: is considered with V = 100 knots, g = 32.174 £t/secZ,
and # = 30°, Ry = 1535 ft, The accepted practice under instrument flight
rules is tc use a 3%/sec turning rate. For V= 100 knots, this yields

Ry = 3226 ft and @ = 15°22', A thorough analysis and experimental program
is required to determine which is the better tur~ maneuver procedure.

Ideally, the noint to initiate the turnm is a function of the

radius of turn, Ry, and the nominal common path intercept zngle. Refer-
ring to Figure E-6, the horizontal intercept geometry relationsiipc are:

CT = (1 - cos A)
DT=§:rrsin)\ .

k\)‘
. , &~=——INITIATE TURN

Ry

~

]
~
~

S~

=

CEe————

T‘-CI*—-———RT cos \

FIGURE E-6. HORIZONTAL INTERCEP™ GEOMETRY
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Table E-1 lists the desired point to initiate the turn referenced
downtrack (DT) and crosstrack (CT) from the waypoint on the extended center-
line for three turn radii. The crosstrack coverage of the MLS is also given
for a 20° azimuth as a function of common path length, L. Figure E-7 is a
plot depicting the curn initiation point as a function of intercept angle
for Ry = 1335 feet.

Sidestep Maneuver, - In setting the length of the common path,
designated as waypoint (3) in Figure E-5, an along track digtance allow-
| ance, D, must be made to permit performing a sidestep maneuver after
) completing the nominal turu onto the common path. Normal IFR procedures
involve stabilizing on the heading of the runway after completing the
turn maneuver and then initiating a sidestep maneuver to correct for cross-
t-ack error, Yoo due to a variety of errors such as:

(1) Rolling to wings level too early or late compared
with the nominal time

(2) Holding an incorrect bank angle

l (3) Velocity errors when the turn is initiated
(4) 1Initiating the turn too soon or late compared with the -
[ nominal waypoint for turn initiation.
i
(5) Winds :
.- . ok

The along track distance, D, the aircraft traverses while
performing a sidestep maneuver can be determined as a function of the
following parameters:

(1) V = approach velocity, ft/sec,

L (2) T = time to roll to @, seconds,
(3) @ = bank angle (suggested as 12° in Ref. E-1)

%) Yo initial crosstrack error to be removed.

The sequence of the sidestep maneuver is depicted in Figure E~8. Let
t = duration of each #° bank turn = 1/2 (% - 4T).

The lateral acceleration during each turn is given by

e

a =g tan @. ‘

- 251




[

TABLE E-1. TYPICAL TURN INITIATION COORDINATES
REFERENCED TO COMMON PATH WAYPOINT
Common MLS
Path Crosstrack
Rps ft A, deg CT, ft DT; ft Length, ft Coverage
1335 15 45,48 345.52 3040 1106.47
1335 30 178.85 667.50 6080 2212.94
1335 45 391.01 943.99 12160 4425.86
1335 60 667.50 1156.15
1335 75 989.48 1289.52
1335 90 1335,00 1335.00
1535 15 52.30 397.29
1535 30 205.64 767.50
1535 45 449.59 1085.41
1535 60 767.50 1329.35
1535 75 1137.71 1482,70
1535 90 1535.00 1535.00
3226 15 109.91 834.95
3226 30 432.19 1613.00
3226 45 944 .86 2281.14
3226 60 1613.00 2793.81
3226 75 2391,05 3116.09
3226 90 3226.00 3226.00
252
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8. Generalized Roll Maneuver ﬁ
12° Bank -
Breakout 12° Bank
_\\\\\q Turn z
3
| |
j_
t-—dA—pF—————= ;
i | f-
R |
¢ — it
i —
i Roll Out HE 3 = I
1 Wings Level / i :
Roll to 1/ ! !
12° Roll out 50 ft Flare -
Wings Level i

b. Components of Corrective S-Turn Maneuver
(Ref. E-_l)

FIGURE E-8. SEQUENCE OF SIDESTEP MANEUVER
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The lateral velocity and distance traveled while the aircraft rolls to
@ is negligible.

Hence, the crosstrack error is approximately equal to twice
the lateral position gained during each @ roll maneuver, that is

= 2[1/2 a t2]

¥y =
p2 _or 2
=g tan @ (1/4) -8yt 16T
\')
y, =& 520 802 - gp1v + 161V .

4v

Rearranging to solve the required longitudinal distamnce, D, to correct
for an initial lateral displacement error, Yo? yields

2
p2 - 8pTv + 16TV - 2V Yo

g tan @

or

N/ yo

= 2y | m——

In both constant bank angle and constant rate of turn approaches,

pilot induced and wind induced lateral errors of 400 feet can be expected.

For example, if § = 30° T equals 2 seconds, and V equals 100 knots, then
D becomes 2934 feet.

The minimum total common path length, L, is given by the sum
of the ground distance traversed from pitchover to landing including
intercepting the glide slope at altitude, h, plus D, i.e.,

z oD o2
tan(glide slope angle) tan Y

L = + D )

where Z = altitude at pitchover initiation.

To be conservative, the effect of stabilization times before,
T,, and after, T,, the sidestep maneuver should be included as well as
tge distance traversed toward the runway during the pughover from level
flight to the glide slope. In this case,
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B + VTA + VTP .

L = (Z/tan ¥) + D + VT
Nominally, Ty and T, may be equal with a 2-second magnitude, and Tp =
12 seconds. For Y = 100 knots = 168.9 ft/sec, Y = 7°, Tg = Ty = 2 seconds,
and Tp = 12 seconds

VTB + VTA + V'rP = 676 + 2165 = 2841 .

This value is less than D and, therefore, the equation for determing the
length of the common path was selected as

L= (Z/tan Y) + D

to avoid being overly conservative. Clearly, if an additional term is to
be added in the future, it should be VTp.

To determine whether MLS coverage exists before the initial turn
assuming no sidestep or stabilization, consider the case depicted in
Figure E-9 for a 7-1/2° glide.slope with a 1000-foot minimum altitude.
Typical results are given in Table E-2 for various turn radii, Rg.

—
d
1000 ft 1
Dy
Ry
7 1/2° \
20° -
|-——7640 £ it 2'1.25 mi. L —-—+— R’r
L,

FIGURE E-9. EXAMPLE OF MLS ACQUISITION
AND TURN ONTC COMMON PATH
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TABLE E-2. TYPICAL RESULTS RELATING TURN INITIATION
4ND MLS ACQUISITION

Radius of turn, ft 1000 2000 3000 4000

. Length (R, + 7640), ft 8640 9640 10640 11640
-1
@ (tan = ————) | de 6.5 1 40 0
Ry + 7640~ 2 16.4 2

D, =L, tan 20°, rt 2940 3300 3740 4000 ft
i d; =Dy - Ry, £t 1940 1300 740 0
] D R 11.5 7.7 4.4 0

v 169

Hence, for approaches considered here, the aircraft will always be under MLS

coverage prior to turning if it can theoretically transition to the glide slope
at .00 foot altitude .

Pushover Maneuver

R . 7L

- Flight
. Path

FIGURE E-10. PUSHOVER MANEUVER

. As depicted in Figure E-10, assume "pushover'" to descent is a constant V maneuver
accomplished as follows:

L At point "1" a AC; reduction is abruptly initiated to create a tolerable
reduction in load factor n Eo a value less than 1.0. From that point om, thrust
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is reduced on a schedule to keep V constant throughout the pushover. Upon reach-
ing the desired descent angle (2), C. is avruptly increased to reestablish trim
at the constant V still being flown. LThe elapsed time, distance covered, and
altitude lost during the maneuver (from point 1 to point 2) is found as follows:
Now MVY = L-W cos Y.

L
Also, ng = a °F L = nmg.
Therefore, mV¥ = nmg ~ mg cos Y
or ?‘%[n-cos'W.

Assume Y is always sufficiently small such that cos ¥ = 1.

Then\'{=€[n-1].

Let the pushover n = 0.95 .
Then ¥ = -0.05 5 .
The elapsed time for maneuver is (assume Y. = 0)
e=Yp ..UM
¥ 0.05g

Let g = 32.174 and v, = - 7° = - 0.122 radimms, then

t = 0.0759v (k) .

The horizontal distance traveled is

x =Vt = 0.0759V2.

Now

h=v§ = v{§ [n-l]}
or g = g [n-1]
or, for n = 0.95

h = 32,174 [-.05] = - 1.609.

The altitude loss during the pushover 1is

2

Ah = 1/2 h t% = 1/2 (-1.609) (.0759)2 v2

Ah = - 0.0046 V.
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In summary then, for Y2 = -7°, :
t = 0.0759V
x = 0.07592

Ah = - 0,0046V2

Ngw take the case where V = 100 knots = 168.9 ft/sec.
vé = 28,527 ft2/sec?

and t
X
Ah

12.82 seconds A
2165 ft \
131 ft . 9 (

ne ud ne

l If x is included in the commcn pathk length input tc the program, then

L = (h/tan Y) +x + D,

o A S A S e

\\ Part of x is included if L = (Z/tan Y) + D.

Therefore, the program has input L, DMIN Z, and Y. The program solves for D :
as follows: ! 3

‘{ D=1 - (than Y) - DMIN.

DMIN could be considered to include that part of x not included by Z tan Y.

Therefore, the location of the waypoint to initiate the turn on final is given by
X=L4+ RT
Y = RT
Z =h + Ah

referenced to the runway centerline and elevation.

The location of the waypoint denoting the common path length is

given by:
X=1L
Y=0
L}
Z = h + Ah

referenced to the runway centerline and elevation.
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APPENDIX E

Table E-3 defines the two wsypoinés for Y = zo, V = 100 knots, T = 2

seconds, Yo = 400 feet, winitial = 30, ¢sidestep = 12°, and h = 869 feet. l %
j
TABLE E-3. EXAMPLE OF FINAL APPROACH ] f
WAYPOINTS WITH 90" INTERCEPT ;
Initiate Turcn Common Path -
X(ft) 13,614 12,079 .l‘
Y(ft) 1,535 0 . {
Z(ft) 1,000 1,000 :
V(knots) 100 100

s P —
——

At this common path length the 20° MLS azimuth and elevation coverages o
are 4396.4 feet crosstrack and vertical. For RT = 1535, the aircraft would have B
nominally tracked the MLS for 2861.4 feet which is equivaleut to about 17
seconds of flignt within the beam.

Approach Waypoints.-ANGCAP computes approach waypoints for the
transition from the cruise flight utilizing cruise waypoints to the final
aprroach discussed in the previous section, A 90-degree turn onto the com-
mon path is assumed in creating the approach waypoints. Working backwards B
toward the en routs waypoints, a period of level flight for stabilization
after descent is used to establish the pull cut from the descent. The de- 18]
scent is assumed to be made at the average of the en route and approach E
velocities. With the descent flight path angle (specified as a parameter
in the data), the location of the teginning of the descent from cruise

waypoint of the en route data.

T
altitude can be computed. With these computations completed, the location ﬁié
of a final en route waypoint along a line 90 degrees from the runway head- !
ing and offset by a distaance computed from the stabilization time and de- :
scent distance is created. This waypoint's position is used as the final X i
i
;
%
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APPENDIX E

Typical ANGCAP CQutput

One run of ANGCAP can perform a number of analysis cases. Each
case consists of the analysis of a flight from an origin to a destination
airport. The analysis is for a specific system configuratioa defined by
the type of upcdate (Kalman or Position Fix) the number of VOR receivers
(0, 1 or 2) and the number of DIX receivers (0, 1 or 2). The update
frequency must also be specified, Experience has shown that a frequency
of approximately one update every 2 minutes is sufficient for most analyses.
I1f desired a detailed printout of deviations during cruise operations as
shown in Figure E-11 may be obtained, As shown :n Figure E-12, a
summary is obteined for each case, Finally, a summary of all cases in a
run is printed as shown in Figure E-13,

Detailed Cruise Output., - The cruise output is divided into blocks
of information at each time during the flight. For example, consider the
output of Figure E-11(a). Since errors generated early ia the flight
have little impact on the final approzch values, the analysis of takeoff
is very crude. As shown between the two rows of X's near the top of
Figure E-11(a), takeoff is analyzed as a discontinuous speed change to
the cruise velocity of 400 knots. A flight path is then computed from
the coordinates of the originating airport and the first cruise way-
points. During this and all subsequent cruise segments, output is shown
before and after each update. For example, consider the output at 4
minutes shown in the middle of Figure E-11(c). Conditions prior to and
after the Kalman update are printed. For each time, the first twc rows of
information are the kb values of the true state estimation errors
and the values the filter.would asrume for the errors. These are expressed
in the state variables of the problem as labeled. It should be noted that
in this run the actual and model values of autocorrelation times and stan-
dard deviations of navigation error sources were assumed identical. Thus,
these two rows are equal for all blocks.’ The aircraft's nominal trajectory
and the lo deviations of the actual state and estimated state are
then shown. For ease of interpretation the actual and estimated state
dispersions in the down rang. direction are expressed in terms of time
of passage rather than position. Finelly the lo control effort values
are shown. These are obtained by multiplying the estimates state devia-
tions by the controlled gains associated with the naramater Tsteer,

For this run Tsteer during cruise was specified to be zero with the
exception of the crosstrack component, Thus, no control

L01
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APPENDIX E

effort is showu except a 3.94 degree hes%ing change. This heading change
represents the action by the pilot to currect for estimated state deviation
of 1,53 n.ai, After the update, the actual state deviations have not
changed, ‘his is because of & new :~t of measurement injormation in no
way affects the state of the air:raf.. The estimate does not chat ge

with the update. Thus, after the update, the improved information results

in an estimated crosstrack deviation of 1.57 n.mi. and the resulting control
effort increases to 4.05 degrees,

Additional output i{s shown at each waypoint. Waypoints are
treated as potential discontinuities in the velocity of the aircraft. The
time at which the velocity change is wade on a perturbed mission may be
specified by the user. If no specification is made, it is assuwed that
all heading changes are made when the pilot estimates frhiat n» has ze.o

crosstrack error on his new heading. Consider, for ev- the velocity
change madc at 5.91 minutes shown in the center of Fi. +11(d). This
is thc waypoint where the aircraft begins its descer. ‘r the terminal

area, A: shown between the rows of Xs, this waypoin. ..jquires a velocity
change of =150 knots, a descent of 5 degrees, and a heading chanc: of 46.9
degrees. Comparing the lo- deviation values ju-t pricr to and ,ust

after the heading cliange it should be noted that the estimated crosstrack
deviations drop to zero., The effect of these deviations map into an
increased deviation in along track pos=itinm,

V..locity magnit' de changes are assumed to b¢ made at the same
time a heading changc is made. 1If no heading change is commanded at a
waypoint with a velocity change, it is assume¢ that the velocity change
is made when the estimated along-track positiuan is at the nominal value.
Vertical velocity changes are made in 3 simiiar way when level flight is
followed by an ascent or descent. If, however. che vertical velocity
change is from climbing or descanding to level il-.ght, it is assume.} that
the pilot makes the man:uver wh2an che estinated (barometric altimeter)
altitude is at the desired value. .r examyle, when entering the terminal
area (shown in Figure E-11(k) at 23.. . miruvces into the example, the flight
path angle change of } degrees is cnown commanded by altitude. Thus, the
dispersion output at the bottom of Figure E-11(k) shows zero deviaticn in
the estimaced state after the pull out Jtom ihe descent. "he actual state
deviations a:. then equal to the altimeter error, 50 feer, It is assumed
that the steering time constants 2ce increasel ef'er the aircraft enter the
terminal area, This represznts the tighter contyol ol the aircraft mainta.ined
by the pilot when maneuvering in the tevminsg]l area and oreparing to enter
the microwave landing system, Thus, contivi cffort for crosstrack errorea
(heading corrections) jumps from 37 degrees to 6o Jeyrees after leveling
out from the d: -ent. The analysis concludes with the output at the bot-
tom of Figure E-11} showing an siong-track deviaticn resulting in time-
of-arrival variance of 153,19 seconds with 2 c¢rosetvacr» deviation of
0,38 n.mi, and 50-foot altituie deviatious. This cu.;n.t is the result
for the point where the aircraft is asrumed to enter the ¥".5, As mentioned
earlier, the entire run is summarized i1 Figure E-12, Figure E~12 shous
the waypoints, the velocity, heading, and flight path anyle of
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the aircraft between wavpoints, and the nevigation aids used. The d.s-
persions 2t the intersection with the MLS are repeated in Figure E-12.

If no cruise output had been selected (prini option zero), Figure E-12
wouvld be the only output produced. To m2-n.ain a check on the analysis
during the cruise conditions, the maximum ! deviations of the aircvaft
in the three coordinates (along track, ~russtrack, and altitude) are
summarized. In this particular run, maxima in all three coordirates
occrrred at 25.54 seconds, Particular attentioa shculd be paid to the
seemingly large altitude deviation, 2,240 feet. This number is scmewhat
misleading. 23.54 minutes is the point dur.ng the mission when ‘he pLli
out from descent to approach maneuvering is beguo. At this time, the
norinal altitude of the aircraft is 1,000 feet. It would be erroneous,
however, to assume that because the altitude deviation are 2,240 feet, a
high probabilizy of contact with the ground exists. It must be remembered
that it vas specified that pull out from descent would be made when the
aitimeter indicated the desired aititude. Thus, for & perturbed run with
a lower altitude, pull out would be made earlier and an altitude of 2,240
feet less than nominal wculd be nov reached near the end of the descent.
Referring back to the output for 23,54 minutes (at the cente: of Figure
E-11K), just prior to the flight path change of 3 degrees, the altitude
deviation of 2,239 feet are shown. S<i.c a pull out would be made when
the indicated altitude equaled the desirad nominal of 1,000 feet, the
assumed normal distribution of all errors would be truncated. These large
altitude deviations are more reasonably interpreted miday in the descent
portion of the flight. For example, at 20 minites (the bottom of Figure
E-11G), altitude deviations of 1,901.7 feet are shown with the nomiral alti-
tude at 4,284 feet. These deviations occur because it is assumed that the
pilot began the descent when his indicated along-track position was at che
nominal value for beginning the descent. Since deviations of the estimated
alorg-track position are on the order of 2 minutes, an obcerver on the
g-orund would note deviations of approximately 1,900 feet in aircrait pssing
over his head with these statistics.

In addition to the case summary shown in Figure E-12, 3 summary
of all cases in a run, shown in Figure E-13 is produced. Figure E-13
shows the various combinations of system configurations evaluated during
this study. The airport pairs considered are indicated by the leg indices
1 through 3. Update types are (1) Kalman filter and (2) position fixes.
The prob " (lities of intersecting the MLS beam with sufficient Jistance
to maneuver prior to descent on the glide slope are shown in *he right-hand
columm of Figure E-13. These numbers are the input to the Monte Carlo
analysis from ANGCAP, The Monte Carlo analysis computes on & random basis
the modes available in each flight as it enters the MLS. Each mode is
then defined in terms of the system configurations shown in Figure E-13
and the appropriate probability of suitable encounter with the MLS is
used.
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APPENDIX F

CREW_PERFORMANCE

Review of Crew Peformance Estimation Methods

Three contractor reports prepared by Bolt, Beranek and Newman,
Inc. (BBN) (refs. F-1 through F-3) and one report by Bunker-Ramc have been
reviewed (ref. E-4). The Bunker-Ramo approach is basically one of tasx
analysis and workload estimation. It does not lend itself to modeling
man in the loop and, hence, is not further discussed.

In general, BBN models the human operator as an optimal
controller "subject to his inherent limitations and constraints" {(refs,
F-1 and F-2). Nonetheless, their representation of the optimal controller
is always the linear, quadratic cost, completely observable represent-
atioa. This framework is said to allow a systematic approach to the
modeling of human operators. 1In contrast, the quasilinear describing
function model of the human operator, used by Systems Tecknology Incor-
porated (STI), is said to rely "heavily on judgments concerning the
closad-loop system structure" (ref. F-2).

It would appear that, in the simple tasks analyzed, the two
approaches are equivalent. With the infinite time Kalman filter formu-
lation, the BBN human operator consists of a two-state (second order)
estimator with certain gain constants. The STI human operator is also
modeled by a second order system. BBN must make judgments concerning
the manner in which the humarn cperator weighs his performance index;
STI must make value judgmenis concerning the frequency respunse of the
crossover model they employ. In reality, by modifying the performance
index, the frequency response of the operator is altered. Tnis dual
nature is even pointed out by BBN when they state that "there is a one-
to-one correspondence between g end T,, the smaller g, the smaller is
T" (ref. F-2). The g is the performance index weight on the derivative

n
of control action; T, is the neuromuscular lag time constant.

For multitask assignments, BBN predicts the amouatr of fixatiom
time per task by minimizing an optimal control problem suk _ect co the
length of duration on a particular task, Good agreement in shown for a
two-task assignment.

Senders and Carbonnel (also with BBN) predict fixation time as

a function of the frequency content of the signal being received (refs,
F-5 and F-6), Good agreements have also been repcorted in this case.

The basic difference between the approach used by BBN and STI
appears to be the following: tne BBN time domain spproach allows one to
expand their model in situctions wherz their linear quadratic model does
not adequately predict human operator response. The display requirements
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study irndicated that the human operator exhibited no control when the
error was small instead of a control directly proportional to the error
a3 oredicted by optimal controi theory. BBN thus modified their medel to

account for this dead band instead of just getting an epproximate overall
linear model (ref. F-3).

In contrast, the STI :3dcl has rrmained relatively fixed over
the years, The compensation linitations of the human operator are buiit
into the model. Any grcss nonlirearities would defy classical frequency
domain analysis. This is not to suggest that the power of the BBN model
is necessarily a worthwhile feature. The optimal control model and human
operator response are in fairly close agreement if the human operator can
perform the task. Hence, the model predicts the most optimistic recpouse
for the Luman operator. Thus, if the optimal control model predicts
inferior pervormancc, the human operztor will exhibit inferior performance,
But, if the optimal control model predicts adequate perforrance, a judg-
ment must be made whether a well-trained human operator can duplicate this
performance. llis is especially difficult to determine for higher order
plants not dominated by the first and second order characteristics pre-
sently studied. The optimal centroller can assimilate all the information
regarding the plant characteristics, the observed deviations, and the con-
trol actions, The human operator has a finite memory time and a limited
capability. If the task is too dificult and stress increases, his
performance will decrease. Hence, it would appear that tie BBN model
must be used with care in order to avoid optimistic conclusions.

In contrast to the models above, whose formulation is essentially
based on mathematical traccability, several hierarchical models of human

operators have been proposed. These models inherently limit the capabilities

of the human operator _us the STI model), but the technique is not limited
to classical analysis. The models qualitatively postulate the structure
of the human operator control laws and then formulate a theory to determine
the qualitative amount of action. The models postulate that, at any one
time, only onec task is actively being controlled, However, a second task
may be monitore’,

The remaining tasks are placed in a "hold" mode until the
operator is finished with the present task and decides to actively control
one of the remaining tasks. The next task to be controlled is determined
by a decision hierarchy which determines the variable to be controlled
and the extent of control based on the system error and the amvunt of
operator stress,

Because of this generality, thaese models have the potential
for modeling the human operator in a more detailed manmmer, In actuality,
none of the hierarchical models investigated has a completely defined
decision hierarchy, In addition, the quantitative control laws
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are arrived at in a somewhat "fuzzy'" fashi~n. Since :xtensive model
matching is needed at the pcesant time, it is difficult to determine
whether these models can be used at the present tims to prediet human
operator performan:e,.

Benjamin has used an hierarchical model to describe a human
opcrator in a simple helicopter flying task (ref. F-7). In the simulation,
only one control loop was closed at a time, corresponding to the highest
level of hierarchy which has error values in the range of concern., The
simulated data compared favorably with the real time simulator data.

Wherry has formulated an extensive hierarchical model for
simulating aircraft scenarios (ref. F-8). However, except for simple
psychomotor tasks, little of the actual theory and even less experimental
verification has been accomplished,

In both models, the active control law was formulated as a
monotonic function of the error as follows; a deadband region, a step rise,
a linear rise, and a saturating limit, There were more than one such
curve depending on the amount of pilot stress, The decision hierarchy is
based upon vehicle stability considerations,

As one can see, while the above approaches may be intuitively
appealing, there are so many variables that it is difficult to determine,
from actual experimental data, the values to assign to the variables.

It should be noted, however, that the recent work of BBN has
included a deadzone region and is addressing itself to the problem of con-
trolling one task at a time. 1In addition, reduced state estimation theory
may be helpful in modeling the inability of the human operator to
optimally estimate all the state variables, Hence, control theoretic
aspects may be uscd to quantify the variables in these hierarchical mcdels,
In this way, their full potential could be exploited,
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