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I.. 
EFFECTIVENESS EVALLTATION OF STOL TRANSPORT OPERATIONS 

By E l l i s  F. H i t t ,  Juergen M. H. Bruckner, 
Vivicent J. Drago, Ronald A. Bro\.m, 

Fred G. Rea, Richard F. P o r t e r  

BATTELLE 
Columbus Labora to r ies  

SUMMARY 

A shor t - t akeof f  and l and ing  (STOL) systems s imuia t ion  modei has  been 
developed and implemented i n  a computer code (kno-m a s  STOL OPS) which 
permits  e v a l u a t i o n  of t h e  o p e r a t i o n  of a STOL a i r c r a f t  and i t s  a v i o n i c s  
i n  a commercial a i r l i n e  o p e r a t i n g  environment. STOL OPS c o n c e n t r a t e s  
on t h e  e v i o n i c s  :unctions of n a v i g a t i o n ,  guidance,  c o n t r o l ,  communication, 
hazard avaidanc?.  and systems management. Ex te rna l  world f a c t o r s  i n -  
f luenc ing  t%e opera t ion  of t h e  STOL a i r c r a f t  inc lude  each a i r p ~ r t  and 
i t s  geometry, a i r  t r a f f i c  a t  each a i r p o r t ,  a i r  t r a f f i c  c o a t r o l  equipment 
and procedures ,  weather ( i n c l u d i n g  winds and v i s i b i l i t y ) ,  and t h e  f l i g h t  
pa+!l : .?tween each a i r p o r t  served by t h e  rou te .  

l h e  development of t h e  STOL OPS program provides  NASL a s e t  of 
computer progrems which can be use2 f o r  d e t a i l e d  a n a l v s i s  of a STOL a i r -  
c r a f t  and i t s  a v i o n i c s  and permit  e s tab l i shment  of system requirements 
a s  a f u n c t i o n  of a i r l i n e  miss ion  performance g o a l s ,  iv'hile t h e  p r i n c i p a l  
t h r u s t  of t h e  e f f o r t  r epor ted  h e r e i n  was development of t h e  STOL OPS 
program, t e n t a t i v e  r e s u l t s  a r e  p resen ted  f o r  tLa C a l i f o r n i a  c o r r i d o r  
s c e n a r i o  used t o  check out  t h e  program. 

Extensive  e x e r c i s e  c a s e s  must be run f o r  a wide v a r i e t y  of STOL 
s c e n a r i o s  p r i o r  t o  s p e c i f i c a t i o n  of conc lus ive  system c r i t e r i a .  The t en*  
t a t i v e  r e s s l t s  de r ived  w i t h  t h e  p r e s e n t  v e r s i o n  of the STOL OPS program 
have i n d i c a t e d  need ;or a d d i t i o n a l  exper imental  and moeel l ing e f f o r t .  
S u b s t a n t i a l  e f f o r t  should be devoted t o  es tabl ishment  and maintenance o f  
a d,+a bank f o r  a v i o n i c s  subsystems. 



INTRODUCTION 

The objective of this project was to develop and apply an overtill 
STOL systecs 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 wili be 
costly and must be used selectively in those areas or directions shown 
by analysis and simulation to be the most proaising. The present simu- 
lation will permit the assessmznt of various STOL avionics config~~rations, 
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 Folitical 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 sizmlation 
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 miss?'.on. The adaptation 
involved removal of certain deterministic and stochastic system models and 
development of others. These mathematical models, and the computer prc- 
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 simulatlon tools have been deve-oped to permit detailed simulatim 
of the specific STOL aircraft of interest as it operates over a route net- 
work typical of that expected for a comercial STOL operation. The inter- 
action of that aircrsft with the external world and the internal functions 
reqaired to fly that aircraft are simulated 4 :  detail. The external world 
factors include: each airport and its geometry; the opcration 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 avofdance, and syslzems 
management. In addition, the details of factors necessary for flight of 
the aircraft including inflight procedures and ground servicing procedures 



a r e  simulated. 

The development of the  STOL Operations (STOL OPS) computer progran: 
provides NASA a s e t  of computer programs which can be used f o r  de t a i l ed  
ana lys is  of a STOL a i r c r a f t  and i t s  avionics  and permit establishment 
of system requirements a s  a funct ion of a i r l i n e  mission performance goals.  
While the p r i n c i y l  t h rus t  of the  e f f o r t  reported herein 1Jas developrent 
of the  STOL CPS program, t e n t a t i v e  r e s u l t s  a r e  presented ' o r  the scenario 
used t o  check out the  program. Extensive exerc ise  cases :..use be run f o r  
a wide va r i e ty  of STOL scenar ios  p r i o r  t o  s p e c i f i c a t  on r , -  conclusive 
system c r i t e r i a .  The t e n t a t i v e  r e s u l t s  derived with tilt present  version 
of the STOL OPS program have ind ica ted  need f o r  addltioncrl experimental 
and modelling e f f o r t .  The present  version of the  prcf,rr~,2 and hence the 
res t i l t s  a r e  a funct ion of the study ground ru l e s .  

Study Ground Rules 

The ground r u l e s  used f o r  t h i s  study were mutually ;reed upon by 
NASA Ames Research Center and B a t t e l l e ,  and a r e  b,~sr?d on associated NASA 
s tud ie s  and experience. 

NASA Study Ground Rules.-The STOL a i r c r a f t  t o  be siml!lated i s  a 100 
passenger ex terna l ly  blown f l a p  veh ic l e  designed f o r  a 2,<;00 foot  f i e l d  
length ( r e f .  2 ) .  

The time frame and t h e  i n i t i a l  d e f i n i t i o n  of t he  opera t iona l  environ- 
ment t o  be considered should be 1980. The a i r  t r d f f i c  e~lvironment i s  fore-  
c a s t  f o r  t ha t  time frame. Assumptions were made chat m l y  minimal a i r p o r t  
configurat ion changes from present  day configurat ions ~1oi113 occur before  
1980, t h a t  the  ATC radio ~ a v i g a t i o n  aid; w o ~ l d  be unchtnged from t h e i r  pre- 
s en t  loca t ions  and performance, an? ~ t l a t  t he  microwave la-lding system (MLS), 
SC-117 Ccnfigurcltion G . ( ref .  3 ) ,  would be opera t iona l  jrt r:!ac:h of the -.ir- 
por t s .  

The scenario assumed f o r  development of the simulation was se rv i ce  i n  
the  Cal i forn ia  cor r idor .  This s e rv i ce  was assumed t o  be between San Jose 
Municipal Airport  (SJC), Sacramento Executive Airport (SAC:, and Orange 
County Airport  (SNA) a t  Santa Ana. 

Weather i n  1980 was assumed t o  be s i m i l a r  t o  h i - s to r i ca l  weather da ta  
ava i l ab l e  f o r  each of the  s i t e s  under considerat ion.  

ATC r u l e s  and procedures were assumed t o  be v i r t u a l l y  idet."cdl t o  
present  day standards.  Also, i t  was assumed t h a t  a r ea  navigat ion (RNAV) 
would be approved f o r  opera t iona l  usage. 



Curre:lt a<.rbol.r.e equipment requirerntnts for Categories I and 11 
operation (ref .  4 )  uere assumed to apply. I t  was further assumed that 
avionics and ope?:acing procedures covered by Federal Air Regulations, 
Part 25 and Yart 7-21 (refs .  5 and 6 )  would s t i l l  apply. 



METHODOI-OGY DEVELOPMENT 

Overall STOL OPS Concept and Computational Xethods 

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 ope~ations. 
These models include deterministic models and stochastic system models. 
The stochastic system models include both expected value mode!.s and 
Monte Carlo mcdels. A simple diagram illustrating the basic operations 
of the STOL Operations (STOL OPS) computer program is depicted in Figure 1 

FIGURE 1. STOL OPS ROUTINE FLOW DIAGRAM 
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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. Sone 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 sksulation routine. 

The mission effectiveness report depicted in Figure 1 is the prin- 
cipal output of the STOL OW, 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 advanthge of: the Monte Carlo meth.id is that it can readily handle 
systems of large dimensions, which also involve complex dectsion logic. 
The decision logic can be made to correspond with that involved in the actual 
flighc of the aircraft. In 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 complax situations may be very costly in 
computer time, especially if a high confidence'level in the results is 
desircd 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 kppropri~lte 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 whqle procedure is then repeated a 
number of times. Results of edch Monte Carlo run are binary events, i.e., 
either the event happened or did not happen. For ruample, in any given 
Monte Car1.o run, either the aircraft is dispatcl. 1 at the Flight is can- 
celled. The probability of an event is given b the stio 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 accuraLy 
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. Typ3-a1 reeults for 
a range of confidence levels and for a maximum allow~,le error of 5% of 
n/N are shown in Figure 3. 
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It can be seen from Figure 3 t h ~ t  i t  w i l l  usual ly  requi re  between 
1,000 and 10,000 Monte Carlo runs t o  obta in  reasonable accuracies  a t  a 
high confidence l eve l  (say g rea t e r  than 90%). It1 a complex scenar io .  
the number of decis ion poin ts  i n  each Monte Carlo run may be of the or-:er 
of 50 per  f l i g h t  leg .  I f  the ca l cu la t ion  a s soc i i t ad  with a  dec is ion  point  
a r e  lengchy, then the computer cos t  involved with one simulation can be- 
come q u i t e  s i g n i f i c a n t .  One obvious manner i n  which complltational time 
per Monte Carlo run can be reduced i s  t o  preca lcu la te  the  Pi(d) and the 
"addi t ional  computations" mentioned i n  Figure 2 .  These preca lcu la ted  
q u a n t i t i e s  a r e  s tored i n  a  da t a  bank and ex t rac ted  a t  t he  appropr ia te  
time during a  Monte Carlo run. The main object ion t o  performing exten- 
s ive  ca lcu la t ions  outs ide the Monte Carlo rout ine  i s  t h a t  some of t he  
f l e x i b i l i t y  i n  handling scena r io ' s  and/or decis ion log ic  assoc ia ted  with 
the  avionics  i s  l o s t .  The a l t e r n a t i v e s  allowed by the decis ion log ic  
must be somewhat r e s t r i c t i v e  t o  prevent the storage requirements of the 
data  bank u t i l i z e d  by the Monte Carlo rout ine  from becoming ex?esoive. 
In  addi t ion ,  the computer time i:ivclved i n  obtaining the precalclllated 
quant i t ies  could become so g rea t  a s  t o  defea t  the  usefulness  of t h i s  
approach. 

A more comprehensive descr ip t ion  of the  mathematical models and 
computation methodology follows. Fi.gure 4 has been developed a s  an a i d  
t o  the  understanding of t he  in t e r r e l a t ionsh ips  between the primary models. 

Determinis t ic  Xcde1s.-The p r inc ipa l  de t e rmin i s t i c  models a r e  the  air- 
por t  and powered l i f t  STOL perfortnance models. Each of these  is  b r i e f l y  
described below. 

Airport Model: The a i r p o r t  model allows a de t a i l ed  s imulat ion of 
ground operat ions a t  any a i r p o r t  f o r  which input  da ta  a r e  provided. The 
input data  a r e  contained i n  t h ree  a r rays .  The f i r s t  a r r ay  contains  t he  
information tha t  i s  needed t o  descr ibe s p e c i f i c  po in ts  of i n t e r e s t  i n  the  
a i r p o r t ,  e .g . ,  runway endpoint,  turnoff  po in t s ,  nnvigation a i d s  loca t ions ,  
e t c .  Each point i s  described by user  designate<, point  7.ilmcer, and X and 
Y pos i t ion .  The X and Y pos i t ion  i s  r e l a t i v e  t o  irrr c i i g i n  a t  t he  con t ro l  
tower with a  pos i t i ve  X a x i s  e a s t ,  and the p o s i t i v e  T ax i s  nor th .  A 
second a r r ay  contains  s p e c i f i c  information f o r  each runway, such a s  or ien-  
t a t i o n ,  length,  width, and turnoff  p - i n t s .  Rie t h i r d  a r r ay  descr ibes  all .  
the  t a x i  paths between a  runway and terminal bu i ld ing  area .  The a i r p o r t  
model i s  made up of the fol lowi~.g subrout ines .  

Landing: The landing rou t ine  i s  ca l l ed  a t  touchdown of the  a i r -  
c r a f t .  Input t o  t h i s  rout ine  i s  a runway d i s igna t ion ,  point  of touckdown 
and a i r c r a f t  touchdown weight. A constsnt  dece lera t ion  of 10 f t / s e c L  is 
used t o  c a l r ~ i a t e  runway time anJ d is tance  required t o  slow down t o  the  
t c x i  ve loc i ty .  Once i t  has been determined t h a t  t he  a i r c r a f t  has reached 
a sa fe  turnoff  ve loc i ty .  the  a i r c r a f t  w i l l  t u rn  o f f  onto the  neares t  taxi- 
wsy. The d is tance  and time from touchdown t o  turnoff  w i l l  be ca lcu la ted .  
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Taxi  In ;  Based upon t h e  t u r n o f f  t h a t  is  chosen, t h e  t a x i - i n  r o u t i n e  
d e s c r i b e s  t h e  a p p r o p r i a t e  t a x i  pa th  from d a t a  conta ined i n  t h e  t a x i  a r r a y .  
The a i r c r a f t  i s  assumed t o  t a x i  i n  a t  a cons tan t  v e l o c i t y .  C o n f l i c t s  
i n  i n t e r s e c t i o n s  a r e  no t  modelled. 

Deplaning: The deplane r o u t i n e  c a l c u l a t e s  time-consumed by pas-  
sengerc deplaning t n c  : + r e r a f t .  Once t h e  a i r c r a f t  has  reached t h e  g a t e ,  
t h e t e  is  a s e t  time de lay  t o  a l low bo th  t h e  f l i g h t  and ground crews 
time t o  p repare  f o r  deplanement. It i s  assumed t h a t  t h e  passengers  deplane 
a t  a  constant: r a t e  whi le  Ft*el ing is under way. S ince  deplaning t i m e  i s  
l e s s  than f u e l :  .I t i l . .~ ,  t h i i  r o u t i n e  has  been omit ted i n  t h e  Monte Carlo.  
I f  f u e l i n g  i s  n o t  r equ i red  a t  each s t o p ,  t h i s  r o u t i n e  i s  needed. 

Fuel:  The f u e l  r e q u i r e d  i s  determined from t h e  nominal f l i g h t  path .  
The t ime t o  r e f u e l  equa l s  t k e  pounds of f u e l  loaded d iv ided  by t h e  f u e l i n g  
r a t e .  

Boarding: The boarding r o u t i n e  c a l c u l a t e 9  t h e  t ime f o r  passengers  
t o  board.  It i s  assumed t h a t  passengers  board i n  a  10-minute meen t ime 
wi th  a 2-minute b d i s t r i b u t i o n .  

Cargo LoadIUnload: The ca rga  load r o u t i n e  assumes a  10-minute mean 
wi th  a  two minute la d i s t r i b u t i o n .  It i s  f u r t h e r  assumed t h a t  ca rgo  can 
b e  loaded and unloaded d u r i n g  dep lan ing ,  f u e l i n g ,  and boarding.  There- 
f o r e ,  t h e  t ime t o  unload and load t h e  ca rgb  i s  compared t o  t h e  t ime of 
t h e s e  t h r e e  events .  I f  t h e  load/unload time i s  g r e a t e r  thar. t h e s e  t h r e e  
t imes and g r e a t e r  than  t h e  scheduled ground t ime, t h e  a d d i t i o n a l  time i s  
c a l c u l a t e d  and a d;.,lr\y is  a t t r i b u t e d  t o  cargo loadinglunloading.  

Taxi Out: The d e s i r e d  t akaof f  runway is  provided a s  inpu t  d a t a  i n  
t h e  t a x i - o u t  r o u t i n e  and t h e  a p p r o p r i a t e  t a x i  pa th  t o  t h a t  runway Is des- 
c r i b e d  from d a t a  i n  t h e  t a x i  a r r a y .  The t a x i - o u t  t ime i s  c a l c u l a t e d  i n  
a manner s i m i l a r  t o  t a x i - i n  t ime. 

Takeoff:  T5e t akeof f  r o u t i n e  c a l c u l a t e s  t h e  t i x e  incur red  dur ing  
t h e  t akeof f  phase. Th is  inc ludes  runway-occupancy t i m e  and de lays  due 
t o  o t h e r  t r a f f i c .  

De ta i l ed  Descr ip t ion  of Ailrport Models : The d e t a i l s  involved i n  
t h e  development of equa t ions  comprising t h e  a i r p o r t  models a r e  conta ined 
i n  Appendix A of t h i s  r e p o r t .  

Powered-Lift STOL Performance Mode?: A computer r o u t i n e  has  been 
deveLoped t o  model t h e  performance of t h e  genera l  c l a s s  of p o w e r e d - l l i t  
STOL t r a n s p o r t  a i r c r a f t .  The i n p u t  v a r i a b l e s  t o  t h i s  r o d t i n e  a r e :  



H ,  a l t i t u d e  a p  a func t ion  of time 

V ,  t r u e  a i r s p e e d  a s  a f u n c t i o n  of t i n e  

W ,  weight 

PHI, maximum bank a n g l e  

IF,  an  i n t e g e r  which denotes  one t h r e e  p o a s i b l e  f l a p  
d e f l e c t i o n s  

GAM, f l i g h t  pa th  ang le  wi th  r e s p e c t  t o  a i r  mass ( i f  appro- 
p r i z c e )  

VWDOT, head-on component of wind g r a d i e n t  

M I ,  an i n t e z e r  which i d e n t i f i e s  t h e  d e s i r e d  o p e r a t i n g  mode. 

The f l i p b e  *.o1412 indicator, M I ,  has  e i g h t  p o s s i b l e  va lues  and 
s p e c i f i e s  ou . r , : ianti t ies t o  be compute#' a s  shown i n  Table  1. 

Any segir . f a d e s i r e d  f l i g h t  p r o f i l e  can be computed by s e l e c t i n g  
t h e  appropriacr: r l i g h t  mode. The fol lowing paragraphs d e s c r i b e  t h e  manner 
i n  which each f l i g h t  node can S e  used. 

I f  M=1  i s  s e l e c t e d ,  maximum t h r u s t  i s  determined frcm s t o r e d  d a t a  
a c  a  func t ion  of Mach .umber and a l t i t u d e  and used t o  a c c e l e r a t e  t h e  
a i r c r a f t  a long t h e  s e l e c t e d  f l i g h t  pa th  angle .  MI=4 i s  s i m i l a r ,  except  
t h a t  ri.nimum t h r u s t  i s  impl ied.  

I f  ;4=2 o r  3 i s  s e l e c t e d ,  maximum a v a i l a b l e  t h r u s t  is  uscd whi le  ,he 
ec,uivslent  a i r s p e e d  (US] o r  Mach number, r e s p e c t i v e l y ,  i s  h e l d  c o n s t a n t .  
'Rle use  of MI=5 o r  6 is s i m i l a r  except  t h a t  minimum t h r u s t  i s  employed. 

S e t t i n g  MI=7 o r  8 impl ies  f l i g h t  a t  cons tan t  equ iva len t  a i r s p e e d  
o r  Mach number, r e s p p c t i v c l y ,  a t  a s p e c i f i e d  f l i g h t  pa th  ang'e (which can 
be ze ro  f o r  l e v e l  c r u i s e ) .  The a p p r o p r i a t e  r h r u s t  s e t t i n g  i s  determined 
i n t e r n a l l y  i n  t h e  rou t ine .  I f  t h e  d e s i r e d  pa th  ang le  i s  beyond t h e  pe r -  
formance c a p a b i l i t y  of t h e  a i r c r a f t ,  t h e  s p e c i f i e d  f l i g h t  pa th  a n g l e  i s  
d i s regarded  and maximum performance i s  computed. 

4 

The f l a p  c o n f i g u r a t i o n  is  determined by t h e  v a l u e  of t h e  f l a p  
d e f l e c t i o n  i n t e g e r ,  IF. Values of 0, 1 and 2 denote f l a p s  up, t akeof f  
f l a p s ,  and landing f l a p s ,  r e s p e c t i v e l y .  Takeoff f l a p  s e t t i n g s  a r e  changed 
a t  150 knots i n d i c a t e d  a i r s p e e d .  On approach,  t akeof f  f l a p  s e t t i n g s  a r e  
used from 150 knots  t o  Va roach a t  which time landing f l a p  s e t t i n g s  a r e  
used. For e i t h e r  of t h e  !Etter two,  he use  o f  MI.7 o r  8 r e q u i r e s  an 
i t e r a t i o n  on a n g l e  o f  a t t a c k  and engine t h r u s t  t o  s a t i s f y  t h e  l i f t  co- 
e f f i c i e n t  and n e t  a x i a l  f o r c e  requirements f o r  equi!fbrium. This  i t e r -  
a t i o n  i s  a u t o m a t i c a l l y  performed i n t e r n a l l y  i n  t h e  r o u t i n e .  



TABLE 1 .  COMPUTED h1 RCRAFT PERFORK'\:; CE PARAMETERS AS 
A FUNCTION OF FLIGHT MODE INDICATOR 

P -. --- - 
Specified Compu I: e 2 - ---,-- 

Max 1'. Ln Constant C o n s t a n t  
MI GAI! Thrust T h r u s t  EAS >tach. NO, VDOT WDCYI (;AM 



Figure  5 i l l u s t r a t e s  climb p r o f i l e s  computed wi th  t h i s  r o u t i n e  f o r  
the  McDonnell Douglas 100 passenger ,  2000 f e e t  f i e l d  l eng th ,  EBF a i r p l a x  
f o r  two i n i t i a l  weig5ts.  For t h e s e  sample c a l c u l a t i o n s ,  che a i r c r a f t  
subrou t ine  was used i n  conjunct ion v i t h  a  s t andard  i n t e g r a t i o n  r o u t i n e .  

Each t ime t h e  a i r c r a f t  performance r o u t i n e  i s  used, a  check i s  made 
t o  i n s u r  t h a t  t h e  requ i red  l i f t  c o e f f i c i e n t  i s  wi th in  t h e  c a p a b i l i t i e s  
of t h e  a i r c r a f t  f o r  t h e  f l a p  p o s i t i o n  s e l e c t e d .  

Ana ly t i ca l  approximations a r e  used f o r  a l l  atmospheric d a t a  t o  s i m -  
u l a t e  s tandard cond i t ions .  For t h e  a i r c r a f t  d a t a ,  16 t a b l e s  a r e  used,  a l -  
though a l l  of t h e s e  a r e  never requ i red  f o r  any one s e l e c t e d  o p e r a t i n g  mode 
and f l a p  p o s i t i o n .  

Deta i led  p r e s e n t a t i o n  of t h e  mathematical  models comprising t h e  a i r -  
c r a f t  performance r o u t i n e  a r e  presented i n  Appendix B. This appendix l ists  
t h e  input  d a t a ,  t h e  equa t ions  and flow l o g i c ,  and t y p i c a l  ou tpu t  of t h i s  
model. The powered- l i f t  STOL performance model i s  used t o  g e n e r a t e  t h e  
nowinal f l i g h t  path .  The r e s u l c s  of t h i s  nominal a r e  used t o  d e f i n e  t h e  
nominal waypoints and f l i g h t  cimes. The nominal f l i g h c  t imes a r e  c o q u t e d  
only once and then s t o r e d  f o r  use  by t h e  Monte Car lo  r ~ u t i n e .  The Monte 
~ a r l o  r o u t i n e  then need only s p e c i f y  t h e  segments over  which t h e  f l i g h t  is  
t c  occur based upon t h e  o p e r a t i n g  schedule  and a v i o n i c s  a v a i l a b i l i t y .  The 
ncminal f i i g h t  times f o r  t h e  segments a r e  then immediately a v a i l a b l e  t o  t h e  
Kcnte Car lo  ro.1tir.e. 

Expected Value Models.-The p r i n c i p a l  expected v a l u e  models a r e  t h e  
a i r c r a f t  n a v i g a t i m ,  guidance, a,ld c o n t r o l  va r iance  a n a l y s i s ,  r e l i a b i l i z y ,  
and m a i n t a i n a b i l i t y  models. Each of t h e s e  a r e  b r i e f l y  desc r ibed  below. 

A i r c r a f t  N a v i ~ a t i o n ,  Guidance, and Control  Variance Analysis  Model: 
Hathematical  nlodels have been der ived  t o  implement s t a t e  e s t i m a t i o n  e r r o r  
a n a l y s i s  techniques and guidance/control  a n a l y s i s  methods d i scussed  i n  
detail i n  Appendices C and D. The FORTRAN computer code implementing t h e s e  
vodels  i s  d iscussed i n  d e t a i l  i n  Appendix E. Th is  code i s  execu tab le  a s  a  
s e p a r a t e  program f o r  3 a t a i l e d  a n a l y s i s  s t u d i e s .  I n  a d d i t i o n  t o  d e t z i l e d  
p r i n t o u t ,  thecode genera tes  m a t r i c e s  f o r  l a t e r  access  by t h e  Monte Carlo 
program. Thus, t h e  a i r c r a f t  n a v i g a t i o n ,  guidance,  and c o n t r o l  a n a l y s i s  
code m2y be thcught of a s  a  separaLe progrAm o r  a preprocessor  t o  minimi7e 
execut ion t i n e  requ i red  i n  t h e  l a r g e  Monte Car lo  code. 

The use r  must sappiy  d a t a  d e s c r i b i n g  t h e  l o c a t i o n  of t h e  grovnd navi-  
g a t i c n  a i d s  a r d  t h e i r  performance a s  w e l l  as t h e  f l i g h t  pa th  geo7.netry of 
t h e  a i r c r a f t  wi th  respec t  t o  each of t h e s e  nav iga t ion  s t a t i o n s .  In a d d i t i o n ,  



Time, Seconds 
(a) 

Distance, n . m i .  

(b 

Fuel Used. l b  
(c) 

FIGURE 5. CLIMB PROFILES 



the user ciust defi-ne the avionics equipment utilized £01 each of the func- 
tions, subfuactions, and modes. The navigation guidance and control system 
configuration assumed in the error ana!ysis 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 estiknation is 
performed by receiving periodic position updates. Between updates, r 
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 oE 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 detail in Appendices C and D. 
While ref. 8 emphasizes air data as a means of performing velocity esti- 
mation, inertial systerns could provide this information. 

If an F?ertial system is to considered, only the data values need Lo 
be changed. This neglects same effects unique to inertial systems, such 
as the Schuler period*. Since updating Dccurs relatively rapidly coin- 
pared with the Schuler period of 84 minuees, the effect of neglecting :he 
Schuler period will be negligible. 

Both the measurement and updating models are completely geileral so 
that alternative measurement schemes ma- .je st~died. For example, consider 
using range ( p )  only informatLon from two stations !p , p ) .  In this case, 
there would only be two measurements to precess. Aiso, discrepancies be- 
tween true and model measurement matrices may be included. 

T3e 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 night be used to compute the gains. Also, an 
arbitrary position fix might be used; then the measurement information 
would completely replace previous position estimation. The option is also 
provided to vary the frequency cf the updates at times specified by the 
user. 

*Period of a pendulum xhose natural frequency is equivalent to that of 
a physical pendulum whose length Is equal to the radius (R) of the 
Earth, T = 2nmg z 84 minutes. 



While t h e  a n a l y s i s  of 3 Ka1:nsn f i l t e r e d  system requ i red  i ? c l u d i n g  
b i a s  e r r o r s  of s t a t e s ,  t h e  Monte Car io  s i m u l a t i o n  of the  f l i g h i  of t h e  
a i r c r a f t  u s i - g  the s t a t e  e s t i m a t i o n  scheme r e q u i r e s  f a r  fewer s t a t e s .  
Thus, covari,lnces which a r e  a - ~ b s e t  qf t h e  t o t a l  18 by 18 covcr iance  
of  t h e  n a v i g a t i o n  a n a l y s i s  prcg:tm a r e  s t o r e d  and used occe  d u r i n g  t h e  
approach/ landing phase i n  conjun:t.;on w i t h  t h e  randona number g e n e r a t o r  
t o  g e n e r ~ t e  p o s i t i o n  and v e l x i i v  . r r o r s  over  random sample a i r c r a f t  
f l i g h t  i n  t h e  Monte Car10 p r o g r ~ n .  

The a i r c r a f t  n a v i g a t i o n ,  gqlida.lce, and c o n t r o l  v a r i a n c e  a n a l y s i s  
prcgram (ANGCAP) p r o v i ~ l e s  a rretb id of  d e t a i l e d  i n v e s t i g a t i o n  of  s t a t e  
e s t i m a t i o n  us ing  p e r i o d i c  updates  from o wide range of measurements and 
u t i l i z i n g  a wide range of methods of computing update gains.  Th i s  ana ly -  
s is  d e t a i l  d o e s  no t  i n c r e a s e  execu t ion  t ime of  t h e  Monte C a r l o  a n a l y s i s  
program, y e t  the  c a p a b i l i t y  Is provided f o r  performing Mocte Car lo  e n a l y  
s is  of any of t h e  analyzed s t a t e  e s t i m a t i o n  schemes. 

The a i r c r a f t  s t a t e  covar iance  a t  t h e  end of each f l i g h t  i s  card- 
logued i n  a  mas te r  f i l e  f o r  u s e  i n  t h e  p l o t t i n g  r o u t i n e .  The covar jance  
m a t r i x  i s  a v a i l a b l e  f o r  each s u t f u n c t i o n  and mode and c o n s i s t s  of the  
c r o s s  t r a c k  p o s i t i o n  d e v i a t i o n ,  t h e  a l t i t u d e  d e v i a t i o n ,  and t h e  a l c i ~ g -  
t r a c k  t ime d e v i a t i o n  s p e c i f i e d  i n  terms of  e a r l y  o r  l a t e  a r r i v a l  a t  t h e  
end of the  f l i g h t  segment p e r i o d .  

A p l o t  o f  t h e  c ~ v a r i a n c e  of  t t l  n a v i g a t i o n  e r r o r s  and o i r c r a f t  
d e v i a t i o n  can a l s o  be  provided over  any r o u t e  segment. I n  t h i s  mznner, i f  
a n  a n a l y s i s  of  t h e  en r o u t e  n a v i g a t i o n  system ( c o n s i s t i n g  of  t h e  on-board 
a v i o n i c s ,  d e s i r e d  f l i g h t  p a t h ,  and t h e  a v a i l a b l e  a i r b o r n e  and ground nav i -  
g a t i o n  a i d s )  i s  d e s l r e d ,  o n l y  t h i s  p o r t i o n  of  t h e  program need b e  run.  

Examples of  tke ou tpu t  o f  t 5 i s  program and ? I d t s  a v a i l a b i e  Erom t h e  
prsgram a r e  p resen ted  i n  a l a t e r  s e c t i o n  of  t h i s  r e p o r t .  

R e l i a b i l i t y  Model: The o p e r a t i o n a l  . i t a t u s  of t h e  STOL a i r c r a f t  
and i t s  a v i o n i c s  i s  obta ined i n  t h e  s i m u i a t i o n  by c o q u t i n g  t h e  p r o 5 a b i l i t y  
of  f a i l u r e  a t  s e v e r a l  p o i n t s  i n  time. An exponen t i a l  f a i l u r e  model i s  as- 
sumed s o  t h a t  t h e  p r o b a b i l i t y  of f a i l u r e  i n  t i n e  A t  is  given by 

where Ml'BF = mean t ime between f a i l u r e .  



During a Monte Carlo execution, the r e l i a b i l i t y  model determine9 (by 
a random sample from the r e l i a b i l i t y  d i s t r i b u t i o n )  the  time of the  f a i l u r e  
f o r  each of the components of i n t e r e s t .  I f  the simulated time i s  l e s s  
than the component f a i l u r e  time, t he  Monte Carlo rout ine  proceeds with 
thc component ac t ive .  When t h e  simulated time i s  equal t o  the  component 
f a i l u r e  time, a f l a g  i s  s e t  i n  "he Mqnte Carlo rout ine  t o  make the  com- 
ponent f a i l .  When a f a i l u r e  i s  de tec ted ,  the system funct ions a r e  searched 
t o  determine the e f f e c t  of t he  f a i l u r e .  The f l i g h t  then continues normally, 
r eve r t s  t o  a back-up mode of operat ion,  o r  i n  the  event of a f a i l u r e  of a 
c r i t i c a l  subsystem, performs an unscheduled landing. 

Maintainabi l i ty  Model: A i r l i n e  operat ion normally assumes a mainten- 
ance pol icy involving replaces:-.I!: - ' E l i n e  replaceable  u n i t ,  r a t h e r  than 
r epa i r  of an avionics  black box on the  a i r c r a f t .  One way t o  aodel  equip- 
ment rep:?cement would be t o  spec i fy  a mean time t o  replace (MTTR) para- 
n e t t r  and use 'in exponent: : 2robab i l i t y  d i s t r i b u t i o n  t o  obta in  random 
replacer..ent times. This i s  t h e  technique used t o  model f a i l u r e s ,  and has 
been found t o  be an adequate model f o r  most f a i l u r e  phenomena. However, 
t h e  exponential  model has two ser ious  inadequacies with respec t  t o  replace-  
ment times: 

(1) Unrea l i s t i ca l ly  small  and l a rge  t i m e s  can occur s ince  t h e  
exponential  d i s t r i b u t i o n  i s  defined from t = 0 t o  t = in -  
f i n i t y  . 

(2) Repair time cannot be concentrated about some mean va lue  
a s  would be the  case f o r  simply replacing an av ionics  
"black box" t h a t  is known t o  have f a i l e d .  

A probabi l i ty  d i s t r i b u t i o n  t h a t  overcomes the  above l imi t a t ions  is  the  f :  
bet& d i s t r i bu t ion .  The beta p robab i l i t y  densi ty  funct ion i s  given by 

,i 

* .  
: j  

t-to 
*- 

1 (2) 
0 - .  

r : . , > .  

= O ,  t <  t o o r  t >  tl , 

where I'(cY) i s  the gamma Lczt~ction 
* 



Figure 6 shows t h e  be t a  dens i ty  funct ion on the range to = 10 minutes t o  
t = 20 minutes with a mean time of 15 minutes. The exponent ia l  d i s t r i b u -  
t fon  with mTR = 15 minutes i s  a l s o  shown f o r  comparison. 'The mean and 
var iance  of the  be t a  d i s t r i b u t i o n  a re  

For the  case 9 = y as  shown i n  Figure 6, Equations ( 4 )  and (5  ) a r e  

2  
Tor convenience, l e t  ut be  given by 

where Pf = peaking f a c t o r ,  a  measure - of t he  roi lcentrat ion of 
r e p a i r  time about t he  mean time, &. 

Note from Figure 6 t h a t  f o r 7 \ & = l ,  a  uniform d e c s i t y  r e s u l t s ,  and thus  

and 

would represen t  a  uniform dens i ty  function. 





To completely define the beta density function, one nust specify 
the four parameters : 

- 
t = expected repair time 

to 
= minimum repair time 

t l  = maximum repair time 

Pf = peaking factor tiine. 

The parameters 7 and y in the beta function are then given by 

Although the repair model dsfined 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; 
tl, to, t, and PF for the STOL subsystems be provided. 

Monte Carlo Model. - The Monte Carlo model basically.imp1ements for 
each phase of a routine flight the specific logic and decisions that are 
made during that phase of the flight. A compute1 implementation of the 
model samples the probablistic event specified between the decision points 
of the scenario a large number of times. 

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, tb aircraft departure time is computed. (The 
particular route leg flown is based upon the specified way points to the 
next airport.) Once a leg is chosen, the nominal flight time is obtained 
from the table generated by the aircraft perfozmance 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 mextrix for that segment end navigation mode. 



In  t he  terminal a r ea ,  t he  weather categories  and avionic  systems a v a i l -  
a b i l i t y  determine the capab i l i t y  t o  land o r  whether diversion t o  a d i f -  
fe ren t  a i r p o r t  i s  required.  I f  a landing can be accomplished, t h e  a i r c r a f t  
performance model provides a nomipal time t o  f i n a l  approach while t he  a i r -  
c r a f t  navigation-guidance-control ana lys i s  program s t a t i s t i c s  and t r a f f i c  
s t a t i s t i c s  provide t h e  time devia t ions  from the  nominal period. During 
the  f i n a l  approach, the a i r c r a f t  performance model provides the nominal 
time and pos i t ion  f o r  touchdown while the  deviat ion from nominal provides 
s t a t i s t i c s  on whether a missed approach was required o r  the landing was 
successful ly  a c c o ~ ~ ~ p l i s h e d .  The a i r p o r t  model provides nominal time and 
devia t ions  a t  ga t e  a r r i v a l ,  and prepares  f o r  the next departure.  

The output of t he  Monte Carlo rou t ine  is a mission e f fec t rveness  
report .  The d e t a i l s  of t h i s  output a r e  provided i n  a l a t e r  sec t ion  of 
t h i s  repor t .  

I le f in i t ion  of Operational Environment 

While the  s e t  of mathematical models t h a t  descr ihs  t he  opera t iona l  
environment a r e  completely general ,  t h e  input data  descr ibing t h e  operat ion-  
a l  environment should normally be referenced t o  some time frame. For the  
purposes of program check ou t ,  NASA d i r ec t ed  t h a t  opera t iona l  environment 
data  represent  1980. The primary f a c t o r s  considered i n  def in ing  the  
opera t iona l  environment a r e  the:  

(1) City p a i r s  served 

(2) Ai rpor t s  used 

(3) Ai rc ra f t  used 

(4) A i r  t r a f f i c  mix and densiCy f .>r  each a i r p o r t  

(5) ATC equipment, procedures, and s tandards 

(6) Weather . 
A discussion of each of t hese  follows. 

Route Network Connecting C i t y  Pa i r s  Served.-The simulatiotl can be 
appl ied t o  nearly any route  network. wA-,unes decided t h a t  the  opera t iona l  
environment t o  be used f o r  purposes of demonstrating the program should be 
the Cal i forn ia  or r idor .  The i n i t i a l  s imulat ion considers  s e rv i ce  between 
San Jose, Sacramento, and Santa Ana. It was agreed t h a t  t h i s  s e r v i c e  would 
u t i l i z e  23n Jose Municipal a i r p o r t  (SJC) , Sacramento Executive a i rpo r t  (SAC), 
and Orange County a i r p o r t  (SNA). Figures 7, 8 and 9 a r e  copies  of FAA Form 
5010-1 f o r  each of these a i r p o r t s .  Figures 10, 11, and 12 a r e  copies  of 
the  present  form of the input  d a t a  f o r  each of these  a i r p o r t s  respec t ive ly .  
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It was assumed t h a t  t he  rou t e  network would be flown clockwise with t he  
e a r l i e s t  f l i g h t  scheduled f o r  depar ture  a t  7:00 a.m. with operat ions 
ceasing a t  11;30 p.m. The f l i g h t  path between ind iv idua l  a i r p o r t s  i s  a 
funct ion of t he  performance of t h e  a i r c r a f t  whose f l i g h t  i s  being simu- 
la ted  and t h e  navigat ion,  guidance and c o n t ~ o l  equipment and procedures 
being u t i l i z e d .  . Careful  cons idera t ion  is  given t o  ATC r u l e s  descr ib ing  
a i r  space u t i l i z a t i o n  and speed and a l t i t u d e  r e l a t i onsh ips  i n  generat ing 
the  f l i g h t  path between a i r p o r t s .  The f l i g h t  between two a i r p o r t s  i s  
considered t o  be one l e g  of t h e  rou te  network. The f l i g h t  path is defined 
13 terms of way po in t s  which a r c  referenced t o  ground naviga t ion  a i d s  i n  
terms of range, bear ing,  a l t i t u d e ,  and a i r c r a f t  ve loc i ty .  These way 
po in t s  a r e  ex t r ac t ed  from the output of  t h e  powered l i f t  STOL performance 
model. Each l e g  of t h e  rou t e  network i s  made up of  s i x  f l i z h t  phases. 

Phases of F l igh t :  The s i x  phases of f l i g h t  considered t o  nake up 
one l eg  of t h e  rou te  network a r e :  

(1) P r e f l i g h t  

(2) Taxi out  

(4) Cruise 

(6) Taxi i n  . 
The p r e f l i g h t  phase i s  considered t o  begin a s  soon a s  t h e  a i r c r a f t  

reaches t h e  ga t e  from t h e  previous leg. During t h e  p r e f l i g h t  phase ground 
serv ic ing ,  maintenance, and f l i g h t  p lan  f i l i n g  and approval a r e  accomplished. 
In  addi t ion ,  t h e  a i r c r a f t  systems a r e  checked ou t  p r f o r  t o  en t e r ing  t h e  next  
f l i g h t  phase. 

The tax i -ou t  f l i g h t  phase begins  when the  a i r c r a f t  depar t s  t he  gate .  
During t h i s  phase of t h e  f l i g h t  a l l  i n t e r n a l  system func t ions ,  including 
systems management, communication, navigat ion,  guidance, con t ro l ,  and 
hazard avoidance, a r e  conducted. External  environment f a c t o r s  in f luenc ing  
the  operat ion of t h e  a i r c r a f t  include t h e  a i r p o r t ' s  geometry, movement of 
o ther  a i r c r a f t ,  weather and ATC equipment and opera t ing  procedures. 

The takeoff  phase is  considered t o  be  complete when t h e  a i r c r a f t  i s  
a i rborne  and reaches a spec i f i ed  a l t i t u d e  determined by input  da ta .  Fig- 
u r e  13  dep ic t s  t h i s  f l i g h t  phase and t h e  two previous f l i g h t  phases. 

The c r u i s e  phase f l i g h t  begins when t h e  a i r c r a f t  completes i t s  climb 
t o  c r u i s e  a l t i t u d e .  The c r u i s e  a l t i t u d e  is  a  funct ion of t h e  length of t h e  
f l i g h t  l eg  between two a i r p o r t s ,  t h e  a i r c r a f t  ' s performance, and ATC 
instrument f l i g h t  r u l e s  (IFR). During c r u i s e ,  the a i r c r a f t  performa i n t e r n a l  





funct ions of systems management, navigat ion,  guidance, con t ro l ,  communi- 
ca t ions ,  and hazard avoidance. The ex te rca l  environment inf luencing the 
operat ion of the a i r c r a f t  includes the  routes  t o  the  des t ina t ion  a i r p o r t  
and the a l t z r n a t e  a i r p o r t ,  ATC equipment and f l i g h t  r u l e s ,  weather, and 
o ther  a i r c r a f t .  The a c t u a l  f l i g h t  path flown on any l eg  i s  selec-d by 
the user  subject  t o  the c o n s t r a i n t s  of a i r c r a f t  performance and ATC ru l e s .  

I f  RNAV equipment i s  ava i l ab l e  i t  is  theo re t i ca l ly  poss ib le  t o  f l y  
a grea t  c i r c l e  route  between two a i rpo r t s .  I n  r e a l i t y ,  i f  RNAV i s  assumed, 
the a i r c r a f t  should f l y  the  c r u i s e  phase us ing  an RNAV route  designed i n  
accordance with the suggestions of the A i r l i n e  Area Navigation I ; u b c m i t t e e  
( r e f .  9).  It is a l s o  poss ib le  t o  f l y  a non-RNAV route  by u t i l i z i n g  con- 
vent iona l  VOR/DME navigation and f l y i n g  r a d i a l s  between VORTAC' s. The 
a c t u a l  c r u i s e  f l i g h t  path i s  subjec t  t o  u se r  s e l ec t ion  of da ta .  

For proper operation of the  navigat ion,  guidance and con t ro l  an>'>- 
s i s  program, i t  is necessary t o  def ine  a waypoint a t  each heading, a l t i -  
tude, o r  a i r c r a f t  ve loc i ty  chcnge. It is a l s o  necessary t o  def ine  a way- 
poin t  a t  each change from one navigat ion a i d  t o  another navigat ion a id .  
Further d e t a i l s  concernit.& t h e  Gefinitcon of the waypoints and the  r e s u l t i n g  
f l i g h t  path a r e  given i n  Appendices E and B. Figure 14 depic t s  a t yp ica l  
c r u i s e  phase f l i g h t  path i n  t h e  hor izonta l  plane. 

The approach and landing phase begins a t  i n i t i a t i n g  of descent from 
c r ~ i s e  a l t i t u d e  t o  the approach a l t i t u d e .  The loca t ion  of t h e  waypoint 
which def ines  i n i t i a t i o n  of descect I e  a funct ion of t h e  c r u i s e  a l t i t u d e .  
t h e  approach a l t i t u d e ,  and the  a i r c r a f t ' s  performance a s  wel l  a s  ATC r u l e s  
gwerning  the  speed a s  a funct ion of a l t i t u d e .  The descent may be phased 
with an intermediate  a l t i t u d e  between the  c r u i s e  a l t i t u d e  and approach 
a l t i t u d e .  It is poss ib le  t h a t  a delay balancing f i x  waypoint ( r e f .  9) 
w i l l  be def ined which r equ i r e s  holding due t o  a i r  t r a f f i c  delay. It is 
assumed t h a t  t he  a i r c r a f t  always f l y s  over an i n i t i a l  approach, o r  feeder ,  
f i x  i n  the  terminal a rea .  The a l t i t u d e  a t  t h a t  phase is  a funct ion of 
the a l t i t u d e  of the  planned g l i d e  s lope  in t e rcep t .  The f i n a l  approach 
phase waypoint located on the  extended runway cen te r l i ne  must be spec i f ied .  
The loca t ion  of t h i s  waypoint is  a funct ion of the  des i red  a l t i t u d e  and 
g l i d e  s lope  in t e rcep t ,  t he  g l i d e  s lope  se l ec t ed ,  the a i r c r a f t  's p e r f o r -  
mance, the  weather, and the  accuracy of t he  navigat ion,  guidance and con- 
t r o l  functions. Detailed discussion of t he  t r a n s i t i c n  t o  f i n a l  approach/ 
landing i s  included i n  Appendix E. Figure i5 dep ic t s  a t y p i c a l  approach/ 
landing f l i g h t  path. Once t h e  a i r c r a f t  touches down i t  is  considered t o  
have entered t h e  f i n a l  phase of the  leg. 

Taxi i n  is the s i x t h  phase of a l eg  of f l i g h t  between two a i r p o r t s .  
During t h e  t ax i - in ,  t h e  a i r c r a f t  i n t e r n a l  funct ions of system8 management, 
navigat ion,  guidance, cont ro l ,  communications, and hazard avoidance 
a r e  performed. External environment f a c t o r s  inf luencing the  t a x i  of t he  
a i r c r a f t  include the a i r p o r t  geometry and o ther  surface t r e f f i c  a s  depicted 



W aypo f.n t 

FIGURE 14. TYPICAL C R U I S 3  PHASE HORIZONTAL FLIGHT PATH 



FIGURE 15. APPROALY/LANDING FLIGHT PAYH 



i n  Figure 16. The t a x i - i n  phase i s  considered t o  have been completed when 
t h e  a i r c r a f t  a r r i v e s  a t  the gate .  The p r e f l i g h t  phase of the next l eg  
begins with a i r c r a f t  a r r i v a l  a t  t he  ga te .  Figure 17 dep ic t s  t he  previously 
descr ibed mission p r o f i l e  f o r  a  s i n g l e  f l i g h t  leg.  This f i gu re  dep ic t s  the  
p o s s i b i l i t y  of d ivers ion  t o  an a l t e r n a t e  f i e l d ,  an event pos s ib l e  due t o  
l o s s  of an a v i o n i ~ s  funct ion o r  weathe- condi t ions being below the  minima 
the  a i r c r a f t ' s  av ionics  a r e  c e r t i f i c a t e d  f o r  during landing. 

The rou t e  network involves f l y i n g  each l eg  as described. The f l i g h t  
path around the  e n t i r e  rou te  network i s  represented by a  number of way- 
po in t s  a s  well a s  t he  schedule. 

Schedule.-Figure 18 dep ic t s  t h e  schedule f o r  a  c losed rou t e  network, --- 
with t he  a i r c r a f t  depart ing San Jose  Municipal a t  7  a.m., landing a t  
Sacramento Executive a t  7:30 a.m. and depar t ing  a t  7:50 a.m., landing a t  
Santa Ana (Orange County) a t  9  a.m. and depar t ing  a t  9:30 a.m., with 
landing a t  San Jose a t  10:35. The waypoints which def ine  t he  f l i g h t  a r e  
e- ,ressed i n  terms of d i s t ance  and bear ing t o  var ious VOR/DME s t a t i o n s ,  
a l t i t u d e ,  and a i r  speed. 

Figure 19 ind i ca t e s  a  des i red  o r  nominal ground t r a c k  f o r  a  r a d i a l  
f l i g h t  and t h e  loca t ions  of t h e  VOR/DME s t a t i o n s  used. Nott t ha t  t h i s  
is  n e t  a  good f l i g h t  t rack  f o r  an  a r e a  navigat ion f l i g h t ,  r.i.nce t h e  f l i g h t  
t r ack  passes  over t he  vORIDME s t a t i o n s  i n  near ly  a l l  ins tances .  I f  t he  
use of iWAV o r  a  Kalman f i l t e r  i s  spec i f i ed  f o r  the  narigaticii func t ion ,  
mathematical models implemented i n  t he  a i r c r a f t  navigat ion,  grlidance, and 
cont ro l  ana lys i s  program p r o h i b i t  use  of  an update from a p a r t i c u l a r  s t a t i o n  
during t h e  time the  f l i g h t  t r a c k  is  wi th in  3,000 f e e t  of t h a t  s t a t i o n .  
The waypoints a r e  not  repeated i f  t h e  same f l i g h t  pa th  i s  flown for  each 
round t r i p  around the  rou t e  network. Figure 18 l is ts  the  schedule In fo r -  
mation f o r  each round t r i p  around t h e  rou t e  network. For t he  schedule 
showr,, forjr complete round t r i p s  would be flown during one' day of  operatkon. 

External ly  Blown Flap STOL Aircraf t . -F igure  20 dep ic t s  t he  100 pas- 
senger ex t e rna l ly  blown f l a p  a i r c r a f t  designed f o r  2,000 foo t  f i e l d  length.  
This a i r c r a f t  was s e l ec t ed  by NASA Ames Research Center a s  tho  STOL t r a n s -  
por t  t o  be simulated. The a i r c r a f t  i s  powered by Al l i son  PD287-3 engines,  
with a design c r u i s e  speed of Mach 0.7. The mission range is  500 n a u t i c a l  
miles  with a STOL takeoff gross  weight of a  142,600 pounds. De ta i l  of 
t he  sfmulation of t h e  e x t e r n a l l y  blown f l a p  a i r c r a f t  including desc r ip t i on  
of input  da ta ,  processing, and output  a r e  presented i n  Appendix B. 

A i r  ' i r a f f i c  Mix and Density_.-In o rde r  t o  de r ive  meaningful r e s u l t s ,  
input da ta  a r e  required g iv ing  the  air t r a f f i c  mix and dens i ty  f o r  each of 
t he  c i t y  p a i r s  making up t h e  rou t e  network. As a minimum, t h i s  mix and 
densi ty  should be broken i n t o  t h e  scheduled operat ions a s  a funct ion of t he  
time of day and t h e  d i s t r i b u t i o n  of t he  unscheduled operat ions a s  a  func- 
t i o n  of t i m e  of day, Further ,  t he  c l a s s e s  of t he  a i r c r a f t  making up the  
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scheduled and unscheduled operat ions i s  needed. In  the  model implemented 
i n  the program, scheduled and unscheduled opcrat ions were combined by a i r -  
c r a f t  type a s  a  function of the time of day. Figures 2 1 ,  22, and 23 pre- 
s en t  the  r e s u l t s  of a  forecas t  f o r  1980.daily a i r  t r a f f i c  operat ions by 
type and time of day f o r  San Jose Municipal (SJC), f o r  Sacramento Executive. 
and O r a ~ g e  County, respect ively.  The development of these fo recas t s  f o r  
each of these a i r p o r t s  is discussed i n  Appendix A. Since the  r e s u l t s  of 
the forecas t  a r e  input da t a ,  d i f f e r e 3 t  fo recas t s  can be used by merely 
changing the input data .  

A i r  T ra f f i c  Control.-The a i r  t r a f f i c  cont ro l  system cons i s t s  of 
var ious navigation a ids ,  f l i g h t  ru l e s  and s tandards,  and opera t iona l  
procedures. Various documents ( r e f .  9, 10, 11 and 12) were reviewed t o  
a s s i s t  i n  def tning the  ATC environment. 

A i r  space u t i l i z a t i o n  must be considered i n  cons t ruc t ion  of f l i g h t  
paths t o  be used f o r  the a i r p o r t s  of i n t e r e s t .  Nearlv a l l  major c i t y  
p a i r s  t o  be served by SlOL w i l l  involve a  terminal con t ro l  a r ea  (TCAj 
f o r  a t  l e a s t  one c i t y  of t he  c i t y  pa i r .  Terminal con t ro l  a reas  a r e  pre- 
scr ibed i n  pa r t  71 of the  Federal Aviation Regulations (FAR). The p r i -  
mary l imi t a t ion  imposed by a  terminal w n t r o l  area i s  t ha t  speed of a l l  
instrument f l i g h t  r u l e  (IFR) a i r c r a f t  i s  r e s t r i c t e d  t o  l e s s  than 250 knots 
below 20,000 f e e t  ( r e f .  11).  The t ~ p  of t he  TCA a i r space  i s  being expanded 
t o  12,500 f ee t  f o r  some terminal  cont ro l  a reas .  A l l  a i r c r a f t  a r e  cont ro l led  
and separated by ATC i n  a terminal cont ro l  area.  The s p e c i f i c  f a c t o r  t h a t  
i s  considered i n  the  d e f i n i t i o n  of t he  terminal a rea  a i r  t r a f f i c  cont ro l  
environment is  the  separa t ion  c r i t e r i a  f o r  a i r c r a f t  i n  the terminal area.  
This i s  r e s t r i c t e d  t o  the  separa t ion  of consecutive a i r c r a f t  along the  
common path on f i n a l  approach i n  t he  cur ren t  ATC model i n  the  program. 
Various s tud ie s  a r e  being performed t o  determine what these c r i t e r i a  should 
be. The r e s u l t s  of these s tud ie s  can be implemented by changing the  input  
da t a  t o  t h a t  value from t h e  present  3 nau t i ca l  m i l e s .  Since the  terminal 
c o n i ~ o l  radius and c e i l i n g  vary depending on the  s p e c i f i c  c i t y ,  i t  i s  nec- 
essary t o  have ava i l ab l e  t he  terminal  con t ro l  area cha r t s  f o r  t h e  c i t i e s  
considered i n  t h e  simulation. Currently,  a terminal con t r c l  a r ea  cha r t  
f o r  Los Angeles i s  being used and t h a t  f o r  San Francisco i s  being obtained. 
A t  present ,  Sacramento is  not  a  terminal cont ro l  area.  

It can be assumed t h a t  t he  t r a n s i t i o n  c o n t r o l l e r  w i l l  pxoperly route  
the  en route  t r a f f i c  t o  t h e  approach c o n t r o l l e r  ?or t he  a i r p o r t .  The 
terminal  a r ea  separat ion c r i t e r i a  a r e  a  func t ian  of no t  only the  s p e c i f i c  
a i r  t r a f f i c  cont ro l  procedures and equipment, but a l s o  a  funct ion o f  !:he 
a i r c r a f t  mix and densi ty  and s p e c i f i c  a i r c r a f t  c h a r a c t e r i s t i c s  as weil a s  
the  a i r p o r t  cha rac t e r i s t i c s .  Since the  model of the t e r Y ? a l  area environ- 
ment allows va r i a t i ons  i n  separa t ion  c r i t e r i a  i n  terms of d is tance  and 
time between consecutive a i r c r a f t  movements over t he  same f l i g h t  path, i t  
is necessary t h a t  data  on the  approach speed of a l l  a i r c r a f t  opera t ing  a t  
each a i r p o r t  be provided a s  i npu t  data .  Typical approach speeds f o r  the  
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present  j e t  a i r c r a f t  a r e  given i n  re ference  12. These da ta  were used co 
group the  a i r c r a f t  i n t o  ca tegor ies  a s  a funct ion of approach speed a s  
discussed i n  the previous sec t ion  of t h i s  repor t .  

Figore 24 depic t s  t he  typ ica l  a i r  t r a f f i c  concrol funct ions i n  the  
terminal a rea  a t  each end of a t yp ica l  f l i g h t  leg. 

En route  a i r space  regula t ions  a r e  primarily r e l a t ed  t o  choice of 
f l i g h t  a l t i t u d e  a s  a funct ion of heading. For IFK operat ion,  f l i g h t  
a l t i t u d e  en route  i s  t o  be a t  odd thousands of f e e t  f o r  headings of 
0 t o  180 degrees. Even thousands of f e e t  of a l t i t u d e  a r e  t o  be used 
f o r  headings from 180 degrees t o  360 degrees. Area pos i t i ve  cont ro l  (APC) 
a i r space  regulat ion must be followed f o r  a l l  IFR f l i g h t s  above 10,UOO 
f e e t  on the  West Coast between San Francisco and San Diego ( r e f .  11).  
For o2erat ion wi th in  t h i s  a r e a  o r  any o the r  p o s i t i v e  con t ro l  a r ea ,  the  
a i r c r a f t  must be operated under IFR spec i f i ed  f l i g h t  l e v e l s  assigned by 
ATC and equipped with instruments required f o r  IFR operations.  

It was assmced t h a t  the simulation should include the  suggested 
planning p r i n c i ~ l e s  f o r  RNAV i f  an RNAV route  is  assumed t o  be  flown using 
an  RNAV equipne+ a i r c r a f t  ( r e f .  9 ) .  RNAV route  widths en route  a r e  as-  
sumed t o  be 4 nau t i ca l  miles. Since the  output of the a i r c r a f t  navigat ion,  
guidance/control ana lys i s  program is  used by the  p l o t t i n g  code, t he  opt ion 
is  ava i l ab l e  t o  p lo t  the  estimated and a c t u a l  3u devia t ions  versus the  4 
n.mi. rou te  width. Since the  route  width is an input  da t a  parameter t o  
t h e  p l o t t i n g  code, d i f f e r e n t  route  widths can be u t i l i z e d .  

Navigation Aids: A s  s t a t e d  i n  t he  guide l ines ,  i t  was assuued tha t  
only e x i s t i n g  en route  navigat ion a i d s  should be used. A s  previously 
s t a t e d ,  t he  a c t u a l  VOR/DME s t a t i o n s  used depend upon t h e  use r  s e l e c t i o n  
of the  appropriate  s t a t i o n  a s  a funct ion of t he  desired o r  nominal ground 
t rack.  Figure 25 is a l i s t i n g  of t he  VOR/DME s t a t io r i s  with the  numbers 
corresponding t o  the  numbers p lo t t ed  i n  Figure 19. These a i d s  have been 
entered i n t o  the program t o  permit use i n  t h e  navigat ion,  guidance and 
con t ro l  ana lys i s  program. These da t a  were taken f rop  references 14 an4 
15. 

A s  previously noted, a microwave landing system (MLS) was assumed 
t o  be opera t iona l  a t  each of t h e  a i r p o r t s .  The navigat ion,  guidance 
and cont ro l  analq-.nis program models t he  microwave landing system i n  terms 
of i ts  azimuth, evat ion,  and coverage a s  wel l  a s  the e r r o r s  i n  each of 
the  measurements. In addi t ion ,  t he  s i t i n g  of t he  MLS configurat ion of 
t he  a i r p o r t  can be changed by changing input da ta .  This permits simu- 
l a t i o n  of a v a r i e t y  of MLS conf j :~ura t ions  and permits t rade-off  of MLS 
s i t i n g ,  common path length,  and estimated and a c t u a l  devia t ions  a s  an 
a i r c r a f t  en t e r s  the t e r d i n a l  a r ea  a s  discussed i n  f u r t h e r  d e t a i l  i n  
Appendix E. 
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Weather.-Sample copies of sur face  wind summaries were obtained froni 
the National Climatic Center a t  Ashevi l le ,  North Carolina. Table 2 (a 
copy of these da ta )  presents  t he  percentage frequency of wind d i r ec t ion  
and speeds during the  various years i s  indicated f o r  the  s p e c i f i c  time 
period shown. Similar  sur face  wind information is  ava i l ab l e  f o r  a l l  
hours by month and a l l  months and a l l  hours. 

Table 3 presents  a summary of c e i l i n g  versus v i s i b i l i t y  da ta  f o r  :he 
same s t a t i o n ,  the same years ,  month, and time period. Data w i l l  be ex- 
t r ac t ed  f o r  t he  appropr ia te  time periods and used i n  the  program t o  de ter -  
mine whether t h e  c e i l i n g  and v i s i b i i i L y  permit VFR f l i g h t  o r  r equ i r e  
acqu i s i t i on  of the  MLS and s p e c i f i c  a ~ i o n i c s  f o r  a s a f e  landing. These 
data  can a l s o  be acquired from the National Climatic Center. 

Checkout of t he  program and the  sample case runs, r e s u l t s  of which 
a r e  presented i n  a l a t e r  s ec t ion  of t h i s  r epo r t ,  were performed using the 
sample data  f o r  a l l  hours f o r  the  month of January. 

En route  winds a r e  modeled a s  described i n  Appendix C. Data f o r  t he  
en rou te  wind s t a t i s t i c s  were ex t rac ted  from r e f .  8. 

Mission Performance Measures 

The measures of e f f ec t iveness  used i n  t h i s  study a r e  t he  STOL M i s -  
s ion  performance measures and STOL system funct ion performance measures. 
STOL mission performance measures could be spec i f ied  a number of ways. 
The performacce measures accep ta t l e  t o  one use r  of t he  information, which 
w i l l  r e s u l t  from t h i s  and o the r  s tud ie s ,  might be considered of l i t t l e  
value t o  o ther  users .  A s  a r e s u l t ,  i t  i s  q u i t e  important t h a t  any mission 
performance measures spec i f i ed  be meaningful t o  a s  many users  a s  possible .  
Before discussing the  STOL mission perfolmance measures formulated i n  t h i s  
study, i t  i s  necessary t o  d iscuss  t h e  ca tegor ies  of users  of t he  information 
and t h e i r  information needs. In many cases ,  mowledge of t hese  needs aided 
i n  def ining appropr ia te  performance measures. 

User Categories and Assumed Information Needs,-Users of t h i s  in for -  
mation can be placed i n t o  e i t h e r  of tvo broad categories  which s h a l l  be 
defined a s  the  (1) publ ic  and (2)  p r i v a t e  s ec to r s .  These ca t egor i e s  can 
be fu r the r  subdivided acp ~ r d i n g  t o  t h e  users  ' r e spons ib i l i t y  o r  viewpoint. 

It is suggested t h a t  t h e  publ ic  s ec to r  be subdivided a s  shown i n  
Table 4 ,  
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TABLE 4. SUB(2ATEGORIES 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 

Passengers 

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 implementing commercial 
STOL. Although this project is not directly concerned with estimating 
the investment requited to assist in tmplementing STOL, it is concerned 
with identifying action which must take place, includiq technol.ogy develop- 
ment, if STOL is to become viable. 

The Federal Aviation Administration (FAA) can be assumed to be con- 
cerned with maximizing the number ~f passenger rcovements with a specific 
probability of safety within a given cost constraint. Since this study 
is noL concerned with estimating capacity of airports but Instead deter- 
mining how capacity affects a flight of this SIOL aircraft in terms of 
avionics requirements, the type of capacity information of most use to 
FAA will not be forthcoming. Analysis af capacity as affected by the 
STOL aircraft could require mode!ing 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 addrea8ed in this study. FAA is 
vitally interested in a determining investment required tc implement corn-, 
mercial STOL with the advent of the Airport and Airways Development Act 
of 1970. ThLs investment would be a function of air router, air traffic 
control and navigational aids, and rpecific airport facility requirements. 



The Civil Aeronautics Board (CA3) iti asuumed to be primarily concerned 
with demand and indirectly, airlinG profitability. Baving the power to 
grant new routes or deny applications to t.,ndorl existing service, they 
would require information that wogld assist them in makjng decisions which 
hav? .!irect impact on STOL viahility. 

NASA, whose primary role is 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 Departmect of Defense (DOD) requires much of the same infcr- 
mation needed by NASA, different mission performance measures m ~ g h t  be 
appropriate due to the u~iquc chqracteristics of the military application 
of STOL. The system criteria wi.ich will result from this evaluation will 
not likely be representative of DOD STOL system criteria because of the 
difference in the scenario. The present statement of work makes no allow- 
ance for investigation of DOD applications and, therefore, no specific 
nlilitary mission performance measures were developed. 

State and local government infomation needs will be less technical 
than those of the Federal Government. with respect to the STOL vehicle 
itself. In ge . ~ a l ,  their principal concern will be with the economics 
and the req~ir,.~ regulatory actions. 

State aviation dtpartments principal co.lcern will br, the investment 
required by the state government if STOL can be shuwn to have a jrositive 
influence on regional development. The etate aviation dtpartments 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- 
?!sh reasonable lazd use plans. The investment required by local goverr- 
aents to provide needed facilities would be valuable information. Econo- 
mic impact on the area would also be of interest. 

City governments will be interestled in obtaining inforeration that 
would assist in determining the potential iquct of STOL on the citieb, vlz. 
information t:'at 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 inclrjding fire 
and police protection, and (4) the operation of the airport. Citles must 
also concern themselves with the probable Jegtae of genarel public accep- 
tance since there is opposition, in many cares by a wtll mtc.ning minority 
of the the populace, to air transportation bacaurc of noise and purported 
environmental damage. Prior to the enactment of regulatory legislation, 
an examination of all available information should be made to determine the 
need for and form of such legislation. 



Local a i r p c i . ~  a u t h o r i t i e s  a r e  conceltled p r i m a r i l y  wi th  t h e  c n n s t r u c t i c ~ n  
of f a c i l i t i e s  and o p e r a t i o n  of t h e  a i r p o r t .  The i r  i n i o r ~ a t i c , ~  :-zds a r e  
more t e c h n i c a l  than those  of o t h e r  l o c a l  governmentiil agenc ies  s i n c e  they 
must oversce  t h e  des ign ac,A c o n s C r u c t i o n  of t h e  n c e d e ~  f a c i l i t i e s  a s  w e l l  
a e  o p e r a t e  t h e  f a c i l i t i e s  once they a r e  In  bc. , ig.  P h y s i c a l  l a y o u t ,  s i .z ing,  
e t c  a r e  of  $ i t e l  i n t e r e s t .  Some in fo rmat ion  of t h i s  typt- d i d  r e s u l t  
from t h i s  s tudy.  

The  g e n e r a l  p u b l i c ,  i n c l u d i n g  t h e  u s e r  au w e l l  a s  t h e  nonuser ,  i s  
p r i m a r i l y  i n t e r e s t e d  i n  sny form of t r a n s p o r t a t i o n  only  a s  i t  impacts 
them i n d i v i d u a l l y .  The nonuser makes up t h e  m a j o r i t y  of t h e  genera l  ~ u b l i c  
now and f o r  t h e  immediate f u t u r e .  P o t e n t i a l l y ,  STOL w i l l  p rovide  a l i m i t e d  
number of nonusers wi th  jobs once i n  o p e r a t i o n .  A s l i g h t l y  g r e a t e r  nuinbe: 
would t e  employed dur ing  t h e  con: . ! ruct ion i\f new f a c i l i t i e s .  These non- 
u s e r s  r e a l i z e  a d i r e c t  economic b e n e f i t  from STOL. The mhjor i ty  of  t h e  
populace wo*~ld  n o t  r e a l i z e  such a d i r e c t  ~cc.tiomic b e n e f i t .  T h e i r  vie$, of 
STOL would depend upon i t s  v i s i b i l i t y  i n  t h e  i ~ r m  of new tar . tF  o r  bond 
l e v i e s  t o  c o n s t r u c t  and o p e r a t e  t h e  f a c i l i t i e s ,  i t s  s a f e t y .  and t h e  i m -  
, 3 t  on each i n d i v i d u a l  i n  terms o f  t h e  d i s t u r b a n c e  i t  c r e h i e s  w i t h  t h e i r  
normal l i f e  s t y l e .  I f  STOL is  q u i e t ,  aonpo:.!.. ing, f i n a n c i a l l y  se lc - sup-  
p o r t i n g ,  a ~ l d  does n o t  d i s t u r b  t h e  l i f e  st:,ie of  t h e  g e n e r a l  ~ o p u l a c e ,  the; 
would be minimally i n t e r e s t e d  i n  in fo rmat ion  pertkin;.ng t o  C 3L. 

The p o t e n t i a l  p a s s m g e r  ~ $ 3  might u s e  STOL would be most concerned 
wi th  informat ion p e r t a i n i n g  t o  t h e  r e l i a b r . l i t y  of  t h i s  mode of shor .  h a u l  
t r a n s p o r t a t i o n ,  t h e  .:omfrrt, t h e  t o t a l  t r i p  t ime,  :he f r e q ~ e r c y  of  s e r v i c e  
and t h e  c o s t .  Th i s  s tudy w i l l  produce much of  t h i s  informat ion b u t  w i l l  
no t  d e a l  w i t h  c o s t  dur ing t h i s  phase.  

Table  5 l i s t s  , - ~ b c a t e g o r i e s  of u s e r s  of  t h e  informat ion,  which w i l l  
r e s u l t  from t h i s  and o t h e r  s t u d i e s ,  cons ide red  t o  be  i n  t h e  p r i v - t e  s e c t o r .  

TABLE 5. SUBCATEGORIES OF PKIVrlTE SECTOR 

-- - - - - - -- - - 

A i r l i n e s  

Airframe Manufacturers  

Avionics ?fanufacturers 

A i r l i n s s  a r e  corlcerned w i t h  demand, r o u t e  s t r u c t u r e ,  and t h e  r e q u i r e d  
a i r c r a i t  c h a r a c t e r i s t i c s  t o  s e r v i c e  thf, demand and r o u t e  stx8:cture w h i l e  
making a p r o f i t .  Th i s  s tudv w i l l  n o t  determine demand and d e s i r e d  r o u t e  
s t r u c t u r e .  These were s p e c i f i e d  by M A  ARC. The s tudy ha& 3rov i Jed  
informat ion r e l a t e d  t o  STOL o ? e r a t i o n a l  c o n s i d e r a t i o n s .  



Air-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 atteinpt to answer these 
queqtions and this study, as well as others, provide additional information 
of the type needed by airframe manufacturers. 

Avionics manufacturers require informatian concerning the charac- 
teristics STOL avionics systems should possess as.wel1 as the required 
characteristics. This study provides information concerning only market 
for STOL avionics. 

The iaformaticn user categories m d  their general information needs 
were considered in defining the STOL mission performance measures presented 
below. Additional work may be required in the future as performance meas- 
ures developed is related to information needs of tbe foregoing groups 
wherever practical. 

STOL Xiseion Performance Measures.-Mission performance measures for 
STOL have been defined to satisfy the i n f o m t i o ~  needs of the various 
interested groups discussed in the foregoing section. As discussed in a 
later section of this report, a Monte Carlo routine drveloped 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 inclcde: 

(1) Equipment-repair time 

(2 ) Fuel- loading t ime 

(3) Passenger- loading time 

(4) Total ground ti= 

(5) Gate-departure deleys 

(6) Dispatch reliability (defined as the probability of 
starting the scheduled flight vithout incurring a 
cancellation or delay of more than 15 minutes because of 
a system or compone.lc nonavailability) 

(7) Takeoff delays 

(8) Takooff runway occupancy time 

(9) Takeoff runway distance used 

(10) Unscheduled landings 

(11) Missed approaches 

(12) 9iversions to alternate 

(13) Landing runway occupancy time 



(14) Landing runway d is tance  used 

(15) Gate a r r i v a l  time deviat ion 

(16) Landicg time delays 

(17) I n i t i a l  fue l  load 

(18) I n i t i a l  takeoff w e i ~ h t  

(19) Fuel consumed 

(20) Canceled f l i g h t s  

(21) Scheduled f l i g h t s  ilown. 

These mission performance measures a r e  funct ions of lower l eve l  
system funct ion performancr measures which a r e  discussed i n  a l a t e r  
sec t ion  of t h i s  report .  For example, missed approaches can be due t o  
system funct ion f a i l u r e s  such a s  l o s s  of a p a r t i c u l a r  subsystem 
required f o r  sa fe  landing under a given weather condit ion;  s t a t e  e s t i -  
mation e r r o r s ,  command generat ion e r r o r s ,  command execution e r r o r s ;  
c o n f l i c t  with o the r  a i r  t r a f f i c  a t  t h a t  a i r p o r t ;  and a i r c r a f t  pe r fo r -  
mance cons t ra in ts .  The s p e c i f i c  r e l a t i o n s h i p  of t he  STOL missioa 
performance measures t o  t h e  system funct ion performance moasures a r e  
included i n  the  Monte Carlo rou t ines  f o r  t he  s i x  f l i g h t  phases. 

Mission Performance Goals.-Mission performance goals  which must 
be spec i f ied  a s  numerical values include the  des i red  dispatch r e l i a b i -  
l i t y ,  permitted f l i g h t  cance l la t ions ,  and the  d e f i n i t i o n  of devia t ions  
which a r e  permitted f o r  each phase of f l i g h t .  These devia t ions  may be 
described i n  terms of a i rday  route  widths f o r  t h e  c r u i s e  phase, terminal 
a rea  path cons t r a in t s ,  and time devia t ions  a t  waypoints f o r  four-  
dimension (4-D)  o r  fixed t i m e  of a r r i v a l  (FTA) guidance. Spec i f ica t ion  
of a des i red  dispatch r e l i a b i l i t y  r equ i r e s  t he  designer  t o  al- locate  
t h a t  goal t o  the  various subsystems and e s t i n a t e  required i n f l i g h t  
r e l i a b i l i t y  and ground mai.ntenance parismeter goals.  

Reference 2 s t a t e s  t h a t  f l i g h t  cance l la t ion  automatically occurs  
i f  an a i r c r a f t  i s  delayed 3 hours. The reason f c r  s e l ec t ion  of t 5 f s  
value was not  given. It i s  f e l t  t h a t  t he  e l a ~ s e d  time pas t  scheduled 
departure,  a t  which poi? t he  cance l la t ion  cccurs ,  could be a funct ion 
of the  time t!ae next f l i g h t  i s  scheduled to  leave the  c i t y  t o  be served. 
The number of operat ions l i s t e d  f o r  each of t he  a i r p o r t s  considered i n  
t h i s  study do not  cu r r en t ly  have assoc ia ted  with them the  c i t i e s  served 
by these  operat ions.  Review o f  Reference 18 ind ica t e s  t h a t  -departure 
delays a r e  a t t r i b u t e d  t o  t he  various AT!. 100 systems. For t he  present ,  
a f l i g h t  w i l l  not be  considered t o  be delayed it i t  depar t s  wi th in  15  
minutes of the  scheduled departure time. Disbatch r e l i a b i l i t y  i s  
defined a s  



where 

' ~ i a ~ a t c h  a probabil i ty of dispatch 

= probabil i ty tha t  a l l  required systems werc 
operating a t  the  time of gate a r r i v a l  

' ~ e ~ l a c e  
= the probabil i ty t h a t  the replacement rime 

f o r  required subsysr2m i s  l e s s  than the  
scheduled ground time plus 15 minutes. 

Using the beta probabil i ty densi ty function f o r  replacement o r  r epa i r ,  
i f  the  maximm replacement time specif ied fo r  each subsystem i s  l e s s  
than scheduled ground t i m e  p lus  15  minutes, P will always be 
one.. I f  the maximum replacement time is  greaBfl%filn the  scheduled 
ground time plus 15 minutes, ' ~ c ~ l a c e  may l i k e l y  be less than one. 

For the  purpose of sxorcising the  program, a dispatch r e l i a b i l i t y  
goal of 98% was assumed. The r e s u i t s  ef synthesizing the  a v i o ~ i c o  t o  
meet t h i s  goal a r e  presented ir a l a t e r  sect ion OF t5 i r  report.  It i s  
presently assumed tha t  the a i r c r a f t  minimum equipment l i s t  (mi.) 5s 
determined by a da ta  item fo r  each of the  sxbsystens contained i n  the  
da ta  banic. This i s  consistent  with the  equipment required f o r  I F R  
dispatch by FAR p a r t s  25.1303 and 121.303. Reference 18 s t a t e s  t h a t  a 
maintainabil i ty "goal" i s  t o  design an a i rp lane  which not only has a 
low d i rec t  maintenance cos t ,  but  can a l s o  operate day in  and day out 
without delay and cancellat ion and w i l l  not be required t o  be taken out 
of service f o r  maintenance except a t  times of low t r a f f i c  densi ty,  
such a s  periods of a few hours on one o r  two week nights.  This  goal 
may not be completely obtainable, but it is ce r t a in ly  approachable and 
i s  a r e a l i s t i c  goal toward which the  a i rp lane  designer can d i r e c t  h i s  
maintainabil i ty e f fo r t s .  Th;s goal is  he rea f t e r  refer red  to . a s  h i s  
"optimum maintainability". To allow maintenance work t o  be concentrqted 
t o  a few evening hours separated by several  days, three major aspects  
of maintainabil i ty must be provided f o r  i n  the  design of the airplane:  

(1) Postponement of maintenancs f o r  several  days a f t e r  
the  moment the  need a r i s e s .  

(2) Rapid repa i r  o r  replacement t o  r e m i t  the  a i r c r a f t  
t o  be repaired during a scheduled s t a t i o n  stop 

(3)  Prediction cf i mending f a i l u r e s  t o  p e r t i t  replacement 
o r  r epa i r  a t  a planned z.Smtenat~ce period i n  advance 
of ac tual  fq l lure .  



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 
b:esigns, such as the DC-9, dispatch imperative considera- 
tion st~rted with an analysis of all system components to 
determine the need and practicability of inoperative dispatch. 
To avoid the penalties of direct duplication, design mdifi- 
cations can be made to permit functions to be perfor~ed by 
secondary, but existing, means when the primary means is 
inop.?ra t ive . " 

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. In these cases, 
a probability of replac-ment or repair of 99.75% in the scheduled ground 
time plus one hour might correspond to a dispatch reliability of 99% with 
only 15 minutes allowed, after which tine the nondispatch is counted as a 
delay. 

Systems Functicns, Subfunctions, and Modes 

A STOL system function is deilzoa as an operation or action required 
to conduct the STOL mission. Avionics systez funccions include state 
estimatio,~ (navigation), command generation (guidar.ca), command execution 
(control), communication, hazard avoidance, and systems manasement. A 
particular function may be performed in a variety of modes, which connotes 
specific combinatloris of avionics hardware subsystems and software. The 
speci':- mode that iz utilized in performing a function is dependent upon 
the a* ' hardware/software rzechanization, For example, if the state 
estimi- z function is done automati~~llv, defined as the subfunction of 
automctic navigation, the onboard computer w c ~ c l d  sample a v.riety of state 
measurements provided either sequentially or sinwltaneously. If a particu- 
lar state measurement is unreliable due to measurement uncertainties or 
hardware subsystem failures, ic 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 subfunct ions to be defined. Whatever the f unctfon, 
subfunctions permit automatic or manual modes. 



Before continuing the discussion of system functions and performance 
measures, i t  is  appropriate t o  define spec i f i c  parameters t o  be computed 
i n  the program. Table 6 contains a de f in i t ion  of the major s t a t e  vectors  
used throughout t h i s  work. 

TABLE 6. DEFINITION OF MAJOR STATE \iECTORS 

A x = nominal s t a t e  vector,  nominal f l i g h t  p ro f i l e  a s  a function of 
-" time 

x ac tua l  s t a t e  ve-tor, f l i g h t  p r o f i l e  flown by a i r c r a f t  as  a 
-a function of time 

A 
x = estimated s t a t e  vector ,  derived by processing s t a t e  measure- 
--e ment sensor outputs 

A 
x - x = d ac tua l  deviat ion vector ,  represents  a b i l i t y  of a i r c r a f t  -a n -a 

from performance point of view t o  maintain & 
A 

x - x=& ,  cmputed deviat ion,  vector  input t o  command generation 
-e 

function 

X - 
-e 

za = 2, s t a t e  est imation e r r o r  

The performance measure f o r  the  s t a t e  estimation function is  t f e  s t a t e  
estimation e r ro r ,  2, a s  defined i n  Table 5.  This e r r o r  represents  the  
s t a t i s t i c a l  uncertainty i n  the  s t a t e  (posi t ion,  veloci ty,  and time) estimates. 

The performance measurz f o r  command generation could . o s s G l y  be the  
computad deviation, ill, defined i n  Table 6 i f  3 manual mode i s  u t i l i zed .  
Higher order modes involving solut ion of guidance algorithms may require 
d i f f e r e n t  performance measures depending upon t3e algorithm t o  be  solved. 
I n  a l l  modes, the  value of & w i l l  be dependent upor the a i r  t r a f f i c  
cont rc l  procedures being simulated, For example, i f  pos i t ive  sir t r a t ' i i c  
control  i s  u t i l i z e d ,  which is probable a t  a i r p o r t s  operating nea t  capacity, 
then gc i s  dependent on ATX'S estimate of the  vehicle state and nominal 



f l i g h t  path. In  the  case where a i r  t r a f f i c  control  survei l lance might not 
be avai lable ,  the crew wauld have t o  r e l y  upon & computed onboard the 
a i r c r a f t  f o r  the command generation function. 

Since & i s  the  input t o  the  guidancelcontrol algorithms whose solu- 
t ions  r e s u l t  i n  performance of the command execution (control)  function,  
the  appropriate system performance measure f o r  the control function i s  
dependent upon the  control algorithm. Since the forin of t h i s  algorithm 
w i l l  depend upon whether f ixed time of a r r i v a l  (FTA) (4-D navigation/ 
guidance), o r  var iable  time of a r r i v a l  (VTA) (3-D navigation/guidance ar 
2-D navigation guidaace) i s  used, the  command execution function perfor-  
mance measure can, i n  general,  be s t  ted t o  inc1uc.e only the accuracy 
with which a system responds t o  the command generation. I n  the case of 
the  FTA guidance algorithm, the  command e x e c u t i ~ c  function performance 
measure i s  a time deviation a t  one o r  more spec i f i c  points  along the  
i l i g h t  path. 

In  the  case of the VTA guidance algorithm, the  appropriate performance 
measures f o r  the  commanci execution function i s  more d i f f i c u l t  t o  d i sc re te ly  
define along the  e n t i r e  f l i g h t  path. -4t the end of the f l i g h t  path, the  
a i r c r a f t  must be able  t o  execute a successful Landing. In  t h i s  case, f o r  
the  VTA algorithm, the control  function performance measure could be based 
upon a va r i e ty  of parameters which may be dependent upon weather. For 
example, i f  the weather conditions requi re  use of en MLS f o r  landing, the 
cross t rack and ~ l t i t u d e  deviat ions a t  the  MLS acquis i t ion  must be such 
t h a t  a landing c4; be safe ly  executed without v io la t ing  the performance 
const ra in ts  cf the a i r c r a f t  on the  f i r s t  approach. This e f i z c t i v e l y  
def ines  a window, a s  discussed i n  Appendix E,  t ha t  the  combination of navi- 
gation, guidance, and control deviat ions cannot exceed i f  a scccessful  
landing i; t o  be made on the f i r s t  approach. I f  the weather conditions 
a r e  VFR, the  control  function performance measure could be the deviat ions 
a t  decision height and touchdown dispersions. Figure 26 i s  a.b?ock 
diagram depicting the in terac t ions  between the  s t a t e  estimation, command 
generation, and command execution functions. 

I f  the crew s e l e c t s  a manual subfunction, t h i s  requires s e l e c t i o ~  
of the  speci f ic  manual mode also.  It i s  recognized tha t  the  se lec t ion  
of the  automatic o r  manual subfunction i s  nomal ly  iI functian of f l i g h t  
phase, i .e . ,  takeoff ,  c ru ise ,  descent, and landing. Primary functions 
t h a t  involve change of subfunction from automatic t o  manual and v ice  
versa,  a s  a function of f l i g h t  phase, a r e  (I) navigation, (2) (guidance, 
and (3) control.  

Navigation, Guidance, Control Subfunctions.-The subfunctions f o r  
navigation, ,pidecce, and control  a re  automatic and manual. Table 7 ~~hows 
a l l  the possible combinations of these subfunctions. 
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TABLE 7 .  COMBINATIONS OF SUBFUNCTI3NS FOR 
NAVIGATION, GUIDANCE, AND CONTROL 

The first four represent legitimate configurations. As an lllustra- 
tion, Configuration 1 could represent an area navigatior (RNAV) systm 
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, ha would not have the benefit of a flight director 
computer to provide steering coma11ds. Another possible mode. for Configura- 
tion 1 is the case where there is no RVAV computer and the aircraft has to 
fly VOR radials in cruise, This mode can be classed as fully automatic 
but does not have the flexibility of the mode described earler for 
Configuration 1. 

t d 

Configurations 5 and 6 are comparable tc Configurations 3 and 4 except 
that control is automatic. These could repres,.nt cases where t5e pilot 
has to determine which direc.tio3 to fly (manual guidance) but uses heading 
hold or control wheel steering autopilot modes fox control. Configurations 
5 and 6 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, 

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

Unacceptable 

5 6 7 8  

A M M M  

M M A A  

Acceptable 

1 2 3 4  

In running the evaluation program, it is assumed that the most 
automated subfunction will be used. That is, if automatic equipment is 
available and working, it is assumed that the pilot will utilize the 
equipment. This may not always be the ccse in practice, but it should 
be true that if the automated equipment is required because of a particular 
weather condition or flight profile, the pilot will use it, 

Navigation 

Guidance 

A A A M  

A A M M  

Control A H M M  I A A A M  
I 



Some comments about the impact of the various acceptable configura- 
t ions  e r e  appropriate fo r  each phase of f l igh t .  

Takeoff/Landing: Subfunction a v a i l a b i l i t y  w i l l  d i c t a t e  whether o r  
not  tl takeoff o r  landing is possible f o r  a- par t i cu la r  weather condition. 
In  addition t o  subfunction a v a i l a b i l i t y ,  proper redundancy must e x i s t  f o r  
the  exis t ing  weather'category. 

Climbout/Approach: The degree of automation w i l l  d i c t a t e  the complex- 
i t y  of paths which can be followed f o r  these phases of f l igh t .  That i s ,  
with present day conventional ILS equipment and autopi lo ts ,  an a i r c r a f t  
could not operate i n  a dense environment requir ing precise curved paths 
f o r  climbout and descent without an in ter rupt ion  of the  ATC pattern.  This 
could cause schedule delays and missed approaches depending on when mode 
reversions occur and the  t r a f f i c  density. 

Cruise: The degree of automation t r i l l  a l s o  d i c t a t e  the types of 
paths which can be flown f o r  t h i s  phase of f l i g h t .  For exampl?, i f  an 
RNAV computer f a i l s ,  the a i r c r a f t  must revert  t o  f ly ing VOR radia ls .  I f  
o ther  types of f a i l u r e s  occur (such a s  both VOR's), the a i r c r a f t  may no 
longer be able t o  f l y  RNAV paths o r  VOR radia ls .  I n  t h i s  case, the p i l o t  
may have t o  declare an emergency and d ive r t  t o  another a i r p o r i ,  depending 
on weather conditicns. 

Hazard Avoidance,-The hazard avoidance function primarily lnvolves 
avoiding conditions tha t  can impose a hazard t o  the a i r c r a f t ,  These 
conditions a r e  weather, o ther  a i r c r a f t ,  obstruct ion t o  f l i g h t  such a s  
t e r r a i n  and natura l  fea tures ,  a s  well  a s  man-made structures.  The primary 
performance measure t h a t  i s  used is  the  probabi l i ty  of receiving a hazard 
avoidance warning i n  time t o  make the appropriate maneuver t o  avoid the 
hazard. Equipment involved i n  the  hazard avoidance function is discussed 
i n  a l a t e r  section. 

Communications.-The communications function performance measure has 
been inodeled a s  the  probabi l i ty  of being able t o  conduct successful voice 
o r  d i g i t a l  da ta  l i n k  communications. Since the  radio  navigation rece ivers  
serve a s  input s t a t e  measurement sensors, they a re  not considered par t  of 
the  communication function unless the same receiver/ t ransmit ter  i s  used 
f o r  voice conmntnications a s  well  a s  r a d i a l  navigation. 

, 
Systems Management,-The primary system6 management function perfor-  

mance measures a r e  fue l  management and schedule delay, To properly 
evaluate delay both a t  gate departure and takeoff,  a l l  of the successful 
a i r c r a f t  functions required f o r  dispatch and f l i g h t  progression a r e  moni- 
tored i n  the Monte Car10 program t o  assess  the inpact of f a i l u r e  r a t e s  
and maintainabil i ty parameters on performance. 



Constraints 

A v a r i e t y  of parameters a c t  a s  cons t ra in ing  fac tors .  Many of these 
parameters a r e  dependent upon the  scenario 'being simulated. The coas t ra in ing  
parameters include those r e l a t ed  to: (1) the  a i r c r a f t ,  ( 2 )  the a i r p o r t ,  
(3) the approach/landing performance l i m i t s ,  (4) the  weather,  and (5)  the  
navigazion a ids .  As the simulation i s  exercised,  i t  w i l l  be poss ib le  t o  
i d e n t i f y  add i t i ona l  cons t r a in t s  beyond those described below, These 
add i t i ona l  cons t r a in t s  may include those due t o  j o i n t  CTOL and STOL opera- 
t i o n ,  i f  t he  same runway i s  u t i l i z e d ,  a s  wel l  a s  those due t o  a i r p r t  
configurat ions.  Since two q u i t e  d i f f e r e n t  types of cons t r a in t s  a r e  involved, 
physical  and procedurkl, i t  can be expected t h a t  cons t r a in t s  w i l l  b e  cont in-  
u a l l y  i d e n t i f i e d  as  the  s i m l a t i o n  i s  exercised f o r  d i f f e r i n g  scenarios .  
The a i r c r a f t  and a i r p o r t  c c n s t r a i n t s  described below a r e  implemented in  the  
Monte Carlo program whereas tila approachllanding performance l i m i t s  tire not.  

A i r c ra f t .  - The physical  a i r z r a f t  cons t r a in t s  include (1) opera t ing  
empty weight,  ( 2 )  maximum fue l  capac i ty ,  (3) maximum gross  takeoff weight,  
(4) maximum gross landing weight,  (5) msximum takeoff t h r u s t ,  (6) physical  
dimensions including wing span, length ,  he ight ,  and gear foo t  p r i n t ,  (7) 
a i r c r a f t  operat ing c e i l i n g ,  (8) a i r c r a f t  performance including r a t e  of 
climb, r a t e  of s ink,  braking, e t c . ,  and (9) real-world r e a l i z a b l e  MTBF 
and main ta inabi l i ty  parameters f o r  onbaard systems including avionics.  

Airport.  - The physical  conf igura t ion  of +.he a i r p o r t  i s  a  s i g n i f i c a n t  
constraining f a c t o r  i n  t h a t  t he  conf igura t ion  has 9 s i g n i f i c a n t  inf luence 
on the number of operatirlns t h a t  may be conducted p t r  hour a t  t h a t  a i r p o r t  
under var ious  weather condit ions f o r  the ai: t r a f f i c  n i x  and dens i ty  
u t i l i z i n g  t h a t  a i rpo r t .  I n  addi t ion  the  loca t ion  of t he  a i r p o r t  i n  i t s e l f  
e f f e c t i v e l y  c r e a t e s  a  cons t r a in t  due t o  weather condi t ions  i n  t h a t  l o c a l i t y .  
The number of scheduled and unscheduled operat ions performed .at the  a l r p o r t  
as a  funct ion of time of day a l s o  a c t  a s  a  cons t r a in t  on the  f l i g h t  of a  
s i n g l e  STOL a i r c r a f t  being simulated i n  d e t a i l  i n  t h i e  study. The combina- 
t i o n  of fore3oing f a c t o r s  u l t ima te ly  determines the  de lays  t o  be  expected 
by t3e  STOL a i r c r a f t  because of t h e  foregoing a i r p o r t  r e l a t ed  parsmeters.  

A ~ p r o a c h l t a n d i n ~  Performance L i m a ,  - R e a l i s t i c  performances l i m i t s  o r  
c o n s t r a i n t s  during the  approach and landingphrse  a r e  described below. I f  
t h e  a i r c r a f t  path and time e r r o r s  exceed those l i m i t s ,  a  missed approach 
should be executed. There a r e  severa l  reasons f o r  choosing, o r  being 
d i r ec t ed ,  t o  execute a  missed approach: 

( 1  If the  t e m i n a l  a i r space  i s  t i g h t l y  cont ro l led  and the  a i r c r a f t  
i s  expected t o  f l y  a  s p e c i f i c  pa th ,  then l a rge  devia t ions  could 
c r e a t e  a c o l l i s i o n  hazard with o ther  a i r c r a f t .  



(2) I f  the  t r a f f i c  control has sophisticated sequencing and 
metering capab i l i t i e s ,  then the a i r c r a f s  i s  expected t o  
maintain precise time control.  Excessive d tv ia t ion  i s  
cause f o r  d i rec t ixg  a missed app~oach. 

(3) The most obvious reason f o r  executing a missed approach 
13 i f  the  l a t e r a l  o r  v e r t i c a l  performance i n  the l a s t  
few hundred f e e t  of a l t i t u d e  i s  such tha t  an unsafe 
landing could resul t .  

Each of the above i s  discussed i n  the  following paragraphs and a 
recornended format f o r  approach/landing performance l i m i t s  i s  presented. 

Causes of Excessive Deviations: Excessive deviations r e s u l t  from two 
sourczs: system f a i l u r e s  and "poor" f au l t - f r ee  performance. The p i l o t  
can f i t  i n t J  e i t h e r  category with blunders appearing l i k e  f a i l u r e s  and 
sloppy tracking looking l i k e  poor performance. Sai lures  in  c r i t i c a l  
system elements tha t  a r e  detected w i l l  cause a missed approach a t  the  
time of detection. Undetected f a i l u r e s  w i l l  cause go-around when the  
adverse performance becomes obvious. It shotld be noted tha t  before an 
a i r c ra f t - con t ro l  system can be c e r t i f i e d ,  i t  must be shown tha t  detected 
and undetected f a i l u r e s  yield only a very remote probabi l i ty  of hasard 
(on the order of la-7 t o  10-9). For Category T and I1 type landing 
systems, t h i s  remote probabi l i ty  i s  provided by i n s i s t i n g  on p i l o t  v i s i -  
b i l i t y  f o r  the f i n a l  landing stage. For Category 111, it i s  through 
mult iple redundant systems. By the same token, it m * * s t  be assumed tha t  
the  same assurance of remote probabi l i ty  of ilszard due t, f a i l u r e s  w i l l  
be trovided f o r  a l l  operations i n  the terminal aruc, Thus, f o r  purposes 
of the simulation, it can be  assumed tha t  a l l  c r i t i c a l  f s i 'u res  a r e  
detected i n  the  terminal area and tha t  i f  a missed approach i s  vgrranted, 
it i s  executed a t  time of f a i l u r e ,  (It shosld be noted tha t  some t e r a i n a l  
a rea  avionics may f a i l  p r i o r  t o  reaching the  terminal a rea  but go undetectel 
u n t i l  used. To account f o r  these cases, f a i l u r e  exposure time should be 
t o t a l  f l i g h t  time, but a portion of the terminal avionics equiprnent f a i l u r e s  
r e f l ec t ing  undetected f a i l u r e s  should be t rea ted  a s  i f  they occur i n  the 
terminal area even though they occurred e a r l i e r , )  

"Poor" f au l t - f r ee  performance (poar is  i n  quotes because i t  does not 
necessar i ly  r e f l e c t  poor design o r  p i l o t  performance) r e s u l t s ,  general ly,  
from noise s t a t e  estimation, l a rge  extezxal disturbances, o r  excess 
maneuvering requirements. Noisy s t a t e  estimation is a matter of f a c t  
with present ILS an:! terminal VOR/CML's. The new micrcwave landing 
system promises ::o 2cl ieve most of thes t  problems. External disturbances 
include steady wind, turbulence, and windshear. Large deviations can a l so  
occur i f  the turn onto the f i n a l  course is  close enough t o  touchdown tha t  
overshoots have insuf f i c i en t  time t o  s e t t l e .  



It i s  t h i s  ttpoor" performance which must be monitored i n  some manner 
t o  determine whether a missed approach i s  warranted, 

Preseqt Performance Monitorinn Methods: Performance i n  the approach) 
landing phase i s  present ly  monitored a s  follows. For a Category I o r  I1 
landing, the monitoring i s  with su rve i l l ance  radar  i n  the ho r i zon ta l  plane, 
with l o c a l i z e r  deviat ion aboard the  a i r c r a f t  and with p i l o t  v i s i b i l i t y  
a t  the  dec is ion  height .  The surve i l lance  radar  i s  too crude t o  provid?  
much more than gross monitoring. The p i l o t  i s  con t ro l l i ng  with the  l o c a l i z e r  
devia t ion  and he  monitors thd t  deviat ior  t o  avoid la rge  e r ro r s .  It szrould 
b e  noted t h a t  he  smooths what he observes when the  s igna l  i s  noisy. For 
example, when another a i r c r a f t  over f lys  t he  l o c a l i z e r ,  i t  o f t en  causes 
l a r g e  o s c i l l a t o r y  devia t ions  and i n  some cases  rad io  f l a g  warnings. However, 
the  p i l o t  recognizes these  symptoms f o r  what they a r e  and smooths them 
unless  he i s  c lo se  t o  the  decis ion height .  Precis ion monitoring is accom- 
pl ished a t  the  decis ion he ight  when the  p i l o t  must v i s * . i r ~ y  v e r i f y  t h a t  he 
can safe ly  land o r  execute a missed approach. 

For a Category I11 landing, r e l i a n c e  i s  placed on the  i n t e g r i t y  of 
t h e  cont ro l  system and t h e  ground navigat ion aids .  I f  t he  p i l o t  no tes  
t h a t  the  cont ro l  s igna l s  a r e  s u f f i c i e n t l y  nul led and the re  a r e  no f a i l u r e  
i nd ica t ions  i n  e i t h e r  t he  a i r c r a f t  o r  grous-.? equipment, t he  landing proceeds. 
There a r e  va r i a t i ons  i n  how the  i n t e g r i t y  monitoring i s  performed, For 
example, the  DC-10 used an independent monitor which models t 5e  a i r c r a f t  
and cont ro l  system and p ro j ec t s  the  laxding poin t ,  The L-1011 uses  quad- 
ruple  redundant systems and v e r i f i e s  t h a t  a l l  systems agree. I n  addi t ion ,  
excess ILS deviat ion monitors a r e  ac t iva t ed  a s  the a i r c r a f t  approaches 
touchdown. The y r p o s e  of both techniques i s  t o  de t ec t  f a i l u r e s  and look 
f o r  gross con t ro l  e r ro r s .  

P r io r  t o  reaching t h e  f i n a l  landing path,  monitoring i s  provided with 
the  surve i l lance  radar  and whatever navigat ion equipment i s  b6ing used 
cnboard the a i r c r a f t  . 

Implemencation of Monitors i n  the  Simuiation! l h e r e  a r e  two purposes 
f o r  descr ibing performance l i m i t s  i n  the  simulation. 

(1) To descr ibe  the  t r u e  a i r c r a f t / c o n t r o l  l i m i t s  i n  t hc  f i n a l  
landing s tage.  

(2) To determine t h e  impact on schedule performance of a given 
s e t  of l i m i t s  monitored by an a c t u a l  sensor. 

The f i r s t  ob jec t ive  implies monitoring a i r c r a f t  performance wd.th 
respec t  t n  t r u e  performance while  t he  second implies monitoring with 
respec t  t o  some s t a t e  sensor o r  combination of sensors.  The l i m i t s  f o r  
t he  second objec t ive  w i l l  necessar i ly  be t i g h t e r  than those f o r  t he  f i r s t  
t o  allow f o r  est imation e r ro r s .  



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 for=lats for lateral and vertical performance limits 
are assumed independent This is felt to be reasonable because of the 
relatively minor coupling between ?.atera1 and longitudinal axes and 
because of the usual separation of lateral and longitudinal control systems. 

~ateral Constraint Limits:: Figure '7 shotJR the lateral forme 
Over the distance dl, there is a smal' angle restriction rep'esenthg per- 
formance required for a safe landing. This distance could reflecc approxi- 
mately the last 30 seconds of flight, The or2.gin of the angles 81 and e2 
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, 81 is an 
actual measurement and, thus, is the most likely measarement to use as a 
monitor. 82 reflects perfomnce limits necessary to avoid obstacles 3n 
the final approach. Present regulations restrict obstacle height ~s a func- 
tion of angular deviation from the runway centerline. The distance d3 
supplies a ml~nitor of lateral position in the terminal area sufficient to 
avoid a collision hazard. 

Vertical Constrain: Limits: Vertical limits, Figure 28, are 
similar to the loterrl limits with al, 02, and 22 corresponding to el, 82, 
and dg respectively. Over the distance dl, a constant altitude error is 
used to reflect the transfer from a glide slope measurement ta altitude 
which occurs with automatic landing systems and effectively with manual 
landing. The altitude at the distance dl f r m  the transmitter is 50 - 
10C feet. 

Horizontal Position ~ime/~untrol: Time control can be ignplemented 
as control within a continuously moving slot or ca,~trol to discrete way- 
points. In any evert, the 3urpose is to achieva precise 1an.ding time and 
safe separation on the common patt.. Again, two forms of monitorin& are 
desirable. First, the ectual landing time should be assessed to determine 
whether it is within acceptable limits. If not, it can be assumed that 
a go-around would have been executed. Thie would be a fairly wide limit 
giving the aircraft as much leeway as possible. A eecond 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 control. 

MLS Acqaisition Window: Prior to beginning the final approach sc5tect 
to the foregoing c,onstraints, it ie necessary to acquire the micrwave 
landhg system if ~ n e  weather conditions are Cate~ory 1 or lover. Appendix 
E presents a discussion of the transition to final approach and landing 
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and the relationship of the location and 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 rater section of this report, 
the use of grounci-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 tt 
repair the MLS are estimated values and are input data. 

ATC Standards and Operating Procedures. - The previously discussed 
ATC regulations mag bs considered as constraints. These include the speed 
limitations as a function of altitude, the flight altitudes as a function 
of headin?, the en route airway width, tke 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 afser scheduled 
gate departure before deiay is counte* as an input variable, the airframe 
manufacturer night view that time as a constraint. This time is normallv 
determined by the airline operator. In addition the elapsed time past 
scheduled gate departure, at which time a decision to cancel a flight is 
reached, may be considered a constraint!. 



TABU 8 .  ALTITUDE AND DISTANCE LIMITATIONS 

VOR/VORTAC/TACAN NAVAIDS 
Normal Usable Altitudes and Radius Distances 

Class Altitudes, ft  Distance, miles 

T 1; ,000 and below 
L &low 18,000 
H Be1t.z: 18,000 
H 14,500 - 17,999 
H 18,000 - FL 450 
H Above FL 450 

25 
40 
40 

loo* 
130 
100 

-- 

* Applicable only within the contiguous 48 states .  



Development of Base-Line Functional Requirements 
and Initial System Operating Pfocedures 

In the  case where system c r i t e r i a  a r e  being develo~~ed t o  meet perfor-  
mance goals,  an i n i t i a l  estimate of the functional performance of each 
base-line made i s  required. These estimates w i l l  be modified during the 
synthesis process t o  meet the  STOL mission performance goals. 

For each function, it is  necessary t o  develop base-l ine modes 
switching logic. The switching between modes can be a function of perfor- 
mancc measures not meeting tha t  required f o r  the  functicn, o r  f a i l u r e  of 
hardware required f o r  a mode. Since the  se lec t ion  of switching logic  
involves performing trade-offs  between automatic mode se lec t ion  as  opposed 
t o  mode se lec t ion  by the  crew, i t  has been decided tha t  the crew would use 
the automated modes, i f  they have confidence i n  those modes, before switching 
t o  a manual mode which i ~ v o l v e s  a higher work load, a s  discussed i n  a l a t e r  
sect ion of the report .  

Development of i n i t i a l  system operating procedures i s  dependent upon 
base-line system configurations, in i f : i a l  estimates of system performance 
requirements, and man-machine t a sk  al locat ions.  In  addit ion,  the  probable 
a i r  t r a f f i c  control  operztional procedures would be included i n  the deve- 
1op;nent of i n i t i a l  systen. operating procedures. For example, it i s  possible 
t h a t  i f  area navigation is t o  be u t i l i z e d ,  standards w i l l  be es tabl id led  f o r  
l a t e r a l  t rack  separation a s  well  a s  v e r t i c a l  t rack  separation. I f  both STOL 
and CTOT, a i r c r a f t  a r e  u t i l i z i n g  area navigation, i t  i s  possible tha t  
spec i f i c  t racks would be established for each c l a s s  of vehicles a s  a func- 
t i o n  of t h e i r  c ru ise  and terminal a rea  speed (ref .9) .  I n  defining the  
base-l ine functional requirements *!;id i n i t i a l  system operating procedures, 
i t  i d  usefui  t o  define a base-1fr.e STOL avionics configuration. 

Base-Line Avionics Configuration.- The base-line avionics configuration 
tha t  was selected f o r  the s t ~ d y  was taken from the  Federal Aviation Admin- 
i s t r a t i o n ' s  Federal Aviation Regulations (FAR) re la ted  t o  c e r t i f i c a t i o ~  of 
a i r c r a f t  and t h e i r  operation i n  various weather conditions, Table 9 i s  
based on data extracted from FAR P a r t s  25.1303 and 121.303 (refs .  5 and. 6). 
This t ab le  l i s t s  the avionics and other  equipment required for  IFR ( ins t ru-  
ment f l i g h t  ru le)  dispatch. Tabie 10 was extracted from FAA Advisory 
C i r c - ~ l a r  120-20 (ref 16) and l i s t s  the  airborne equipment requirements f c r  
Categories I and I1 opo,rations. On the  bas i s  of these data,  Table 11 has 
been prepared as  a d e f h i t i o n  of the  basel ine STOL avionics t o  be considered 
i n  the  i n i t i a l  simulatioa. This tab12 l i s t s  t h ~  subsystems, the number of 
subsystems required, and :he measurements the rubsystems provii: ,  c l a s s i f i ed  
as d i r e c t  o r  ind i rec t ,  Note tha t  t h ~  t a b l e  does not assume a spec i f i c  
conf igura~ ion  f o r  the  avionics. That i s ,  the  intercocnection of hardware 
snd software i s  not specified since the  degree of redundancy i n  the  STOI, 



TABLE 9. EQUIPMENT REQUIRED FOR IFR DISPATCH 
(FAR PARTS 25.1303 and 121.303) 

A I R  MTA 
STATIC PRESSURE S E S O R  
W E - E I R  TEZ!ERA?URE INC~CAIOR 
AIRSPEED Ih3ICnTOR 
ALTIEETER 
VERTIGIL SPEED INDICATOR 

UITlt %TEP SECOXD HAND 

ATTITUDEIIEADIKC' EFERENCZ 
1 . .8 

kblChETIC COZ.1PASS 
\TfiTICAL GI USCOPE (ARTIFICIAL Ham 
\?ERTIC\L CIROSCOPE ' INDEFEXDENT 
S L I  P S K I D  (TURY-ASDBAhX) 
DIRECTIOSAL CYROSCOPE 

COWINICATION 
VllF M I C E  (TWO-UAY) 2 
VOR RECE1VF.R 2 
mE RECEIVER 1 
11s RECEIVER 1 
lHRKER BEACON ReCEIm ' I 1 
ADV RECEIVER . . 

. 1  

AIRCRAIT L I C i f I  SC 
; IKSTRnIEhT L ? m  

POS I T  10s t ICHr'S 
AhTICOLLIS ION L X a  
UIDIKG LIG~ITS 

lA..DIKC C U R  AURAL YARIlZllC . 
%;.ST BE OPERATIIC S A T I S F A ~ I L ~  I? mm mm mm& m m  
THhT CAN BE OETECtED W I T H  AIRBOm W r t f E R  RAM )IAr m a b & l  W m E a D  #wrt 
m rr. nm. 



TABLE 10. AIRBORNE EQUIPMENT REQUIREMENTS 
CATEGORIES I AND 11* 

1 

KcEI';c:d 

S1::CLE FLXCY? 91RECTOR WITH 
CZAL DISFLIVS 11 SI:.;LE 
A L T S X I T I C  AYPR3rrC;: COYTIER 1/ 

f OR l Y O  IS2EPZ::DShT FLIGHT 
D1XCIT)R SYS?E?S 

ZQUi X-':C:.T FOX 1::DESTIFICATION 

j D S i  I L S  A!:D CLI5E S L 3 R  NOT REQL'IRED (S .R. )  I R E G C I l a D  I 

CA? 11 (ALL A'RCRAn) 

KISI%L$I XEQ?rX?2i'EhT ;T- no-  
LKCIST P R O P S L U R  AXRCRAlT OWLY. 

-- 

ccc?L.ZR r/  1 
j I?ST?.?JEE:Z F.4.4;LUFZ WAXVISC I O P T I O U L  11 4 Q U I i S 3  PLUS ~ZIGKT' CPZW 
! SYSTZ?: i ASS 1 CS?'C!\TS A S 3  ?ilOCEDUES - -  I s r ~ c r r : ~ ~  TS SOTE 31 BJWV. 

: X I S P ! f i .  RZqdi!C?E?irs 

. S I S C X  FLit::T D I V L T O B  11 Oil 

N.R. 

N.R. 

CAT I 
(TL'R30JET OSLY) 

REQUIRED 

REQUIRED 

BEQUICZD. CAX 3s: 

; S ISC'C AT; :O>:4TIC P PPROXCH 

(1) MKGR ALTLXXER,  OR 
(2) I h T E R  ! ZRS. 
RI:QUIEU. ! , BE: . (1) A ~ I ~ U L  ' c u ~ o s  wxm 

CALIBMTZD P I T C H  XAMYNCS, 
oa 

(2) X I G m  J ? S C T O R  P I T C H  
con%I-, OR 

(3) COYPLv :D PII'CH C W X D .  

REQUIPZD ALL T L ' W J E T S  I F  O E R -  
ATIOSS M S E D  ON DUAL FLIGXT 
DIRECTORS. ALSO P E Q U I E 3  ANY 
AIRCRAFT USING S P L I T  AXIS 
COUPLERS IF  AP?LICA?rT U X ' T  
SHOW I T  DOES KOT S I C N I P I C A M L Y  
REDUCE PILOT WORKIDAD. - 
REQUIRED 

! O F  DLCISIOS K I G X  

NISSED A??WOACH A T T I T U X  

I CulLXm 
I 

' ALTO T I R O T i U  S Y S l E l l  

11 ?';iSCLE AXIS FLICKT D I X C T O R S  I F  MSIC GLIDE SLOPE INFQRX4TIOX 
CI33ZAYE3 ON S A E  ISSTXUFZhT. 

a/ S P L I T  AXIS ACCEPTAB!E. 
9 I F  IX'ZCVED F.\IL.JiC 2.ILYIXC S Y S E X  SOT rROVI'JC7 FOR CAT I OPZRATIONS 

APPiIG'.hT WST ESTASLZSH FLICitT CRFJ PRPROCZDURES AND CUTY ASSICShELTS 
T3 PXOVIJC Zl?ZI?T4TZ i X ' I T C I D S  O F  ESSESTIAL IXSTRliFEhT AND E Q U Z R d S T  
t'hILLlrQS. S UC:f lJROCEDU?CS AS9 ASS 1G:;SKIS ARE REQUIMD FOR CATEGORY 
:I OPCRATIOSS . 

N.R. 

N.R. 

e 

RAIN RE;rX)VAL EQUiPXEhT I N.R. 



TABLE 11. BASE-LINE STOL AVIONICS 

Subsystem . Nwnber Measurement 
Required ' Direct ~ n d i r e c r  

. 
A i r  b t a  

. . - .  
Pitot-Stat ic . 2' 

. Free-Air Temperature Sensor 1 * 
Airspeed Indicator ' 2 

~ a r o d t r i c  Altimeter 2 

Vertical Speed Indicator 
s 2 

Angle of Attack Sensor 1 % 
A t t G u d e l ~ e a d i n ~  Ref erenca 

Magnetic Compass . . 1 WHM: 
Vertical Gyroscope 2 0 . 

1 Vertical  Gyroscope - Independent e s  9 
Slip-Skid (Turn/Bank) . 1: 8 

Direct ional Gyroscope I IUJG 

Clock With Sveep Second Hand 1 . . Time 
Cormaunicst ion' 

VHF Voice (Two-way) 

VOR Receiver 2 ' .  O, 
Dm Receiver 2 

'8 
WIS Receiver ?: AZ,' EL, B 

Marker Beacon lRec~.iver 1 Pix 
ADPReceiver . 1 BRG 

ATC Transponder (4096 Code, Modo M) 1 
Digital  Data Link (Two-way) , 2 

Flight Control Computer 

Rate Gyroscopes 

Accelcromc te r s  

Actuators 

. i 
& 

I " :  



Subsystem NU& c t Measurement 
, Required Direct Indirect 

Autothrottle Servo 

. Transducers 
Jnformation Presentation 

IPS Display 
Mode Selection Switches 

FLighi Director Display (ADI) 

Flight Director Display (HSI) 2 

Radio Magnetic Indicator 2 

Status Indicators 

Information Management 

Digital Computer 1 

Radar Altimeter - 1 h~~~ 
.Electrical 

Independent Generator & Distribution 2 

Battery 

Auxiliary Pr rer Unit (APU) 1 

Recorders 

Flight Dhta 1 

Cockpit Voice 1 

Reather Radar 



avionics w i l l  be a function of the desired system r e l i a b i l i t y  fo r  each of 
the  f l i g h t  phases. In  sollic ases,  a t r i p l e  redundant configuration might 
be des i rable ,  i n  other  f l i g ~ t  phases a duplicate system with f a i l  0perat:ional 
capabi l i ty  might be sui table ,  and in  other  f l i g h t  phases, a simplex system 
might be acceptable. Since the va r i a t ion  i n  system configuration with 
f l i g h t  phase can be handled in  an integrated system with the  proper design 
of the system hardware and software, thc various  mode^; f o r  each of the  
subfunctions related t o  the function of concern w i l l  indica te  the  operational 
configurations available. These configurations a r e  discussed i n  terms of 
the  system functions f o r  the various f l i g h t  phases i n  the succeeding 
paragraphs. 

The base-line system configuration can be represented by the  bloek 
diagram depicted i n  Figure 29. This block diagram, while qu i t e  general,  
assumes an understanding of the various subfunctions and modes f o r  each of 
t h e  system functions discussed i n  l a t e r  sect ions of t h i s  report .  Note chat 
the  radio navigation a ids  a r e  included under the  connmrnication systenr, 
whereas s t a t e  measurements sensors provide primari ly self-contained measure- 
ments based upon the  complete abs t~ lca  of any external  (grounddbased, 
airborne,  o r  s a t e l l i t e )  measurements. 

The computer l i s t i n g  of the input da ta  representing the basel ine STOL 
avionics and EBF a i r c r a f t  i s  sham i n  Figure 33. The a i r c r a f t  and avionics 
systems a re  broken in to  50 sec t ions  with one candidate subsystem shown under 
each section. These sect ions form the  hardware and a r e  iden t i f i ed  and 
grouped by the  ATA 100 system, The A i r  Transport Association (ATA) has 
u t i l i z e d  a i i s t i n g  of a i r c r a f t  systems by ATA number fo r  a number of years, 
Table 12 presents the l i s t i n g  of the ATA 100 system by number and by 
ident i fy ing system f o r  the subsystems considered t o  be the  primary subsystems 
of the a i r c r a f t .  In addit ion,  the  ATA uses a more deta i led  breakout o t  the  
v a r i w s  systems by assigning a s?cond s e t  of d i g i t s  t o  each ATA system. This 
breakont f o r  the avionics i s  given i n  Ta 11e 13. Note tha t  Section 1 of 
r igure 30 l i s t s  the  EBF STOL and the  nonavionics ATA systems tha t  a r e  not 
l i s t e d  i n  other  sections. Candidate 1 includes the ATA systems which corres-  
pond with tSose given in  Table 13. The f i r s t  da ta  item, the  weight, i s  the  
weig'nt of those ATA s y s t e m  £0:: the EBF 100 passenger STOL. This weight 
was extracted lrom Referent? 2. 

Data item 2 (YTBF) i s  the  required MTBF f o r  these ATA systems i f  the 
desired probabi l i ty  of nonfai lure i s  99.8% f o r  a one-hour f l i g h t ,  which i s  
the  duration of the longast leg  of the  route network being flown. Note 
t h a t  no mean-time-to-repair, minimum-time-to-repair o r  aaximumdtime-to- 
r e p a i r  is  l i s t e d  f o r  Data Items 3, 1, and 5 f o r  the  subsystems. I n  addit ion,  
no peaking fac to r  i s  given. Data item 7 ,  du?lication, is a crass  reference 
t o  o ther  sect ions,  which might use the  same equipment. I f  there  is  no dupli-  
ca t ion ,  the data value of zero i s  used. Data Item 8 is  the  number required 
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TABLE 12. ATA 100 SYSTEM LISTING 

- - - - - 

ATA 
No. System 

2 1 Air Conditioning 

Autopilot 

. Camnunicat ions 

Electrical Power 

Equipment/Furnishings 

Fire Protection 

Plight Controls 

Fue 1 

Rydraulic Pwer 

Ice and Rain Protection 

Ins t rmen t s 

La-ding Gear 

Ligirt s 

Nav iga t ion. 

ow3en 

Pneuma t ic 

WaterIWaste 

Airborne Auxiliary Power 

Doors 

Fuselage 

Nacelles/Pylons 

Stabilizers 

Windowa 

Wings 

Engines 

E;.;ine Fuel and Control 



TABLE 12. ATA 100 SYSTEU LISTING 
(Cont inued) 

ATA , 

No. System 
-- - 

Ignition 

Engine Air 

Engine Controls 

Engine Indicating 

M a u s  t 

Oil 

Starting 



TABLE 13, ATA SUBSYSTEM LISTING 

Autopi lot 

Amplification 

Actuation 

C~ntrolling 

Indicating 

Sensing 

Coupling 

Cammnicatirns 

Very High Frequency (VHF) 

Public Address and Passenger Enterfzainment 

Int erphone 

Audio Integrating 

Static Discharging 

Voice Recorders 

Electrical Power 

Generator Drive 

AC Generation 

DC Generation 

External Paver 

Electrical Load Distribution 

Hydraulic Power 

Main 

Auxiliary 

Indicating 

Instruments 

Pane 1 

Independent Instruments 

System and Subsystem 



TABLE 13. ATA SUBSYSTEM LISTING 
(Ccnt inued ) 

AT A 
No. System and Subsystem 

Landing Gear 

k i n  Gear and Doors 

Nose Gears and Doors 

Extension and Retraction 

Wheels and Brakes 

Steering 

Position and Warning 

Lights 

Flight Compartment 

Passenger Compartment 

Exterior 

Emergency Lighting 

Navigation 

Air Data Instrumentation 

Attitude and Direction Instrumentat ion 

Radio Navigation 

Radar Navigation 

Airborne Auxiliary Power 

Pawer Plant 

Engine 

Engine F ~ e l  and Control 

Ignition/Starting 

Air 

Engine Controls 

Znd ica t ing 

Bxhaus t 

Oil 



f o r  dispatch;  i n  o the r  words t h i s  is  a s ing le  a i r c ~ a f t .  Data Items 1 
through 8 a r e  s imi la r  f o r  a l l  o the r  sec t ions  of  data .  Note t h a t  Section 
46, ATA system 28, which i s  the  fue l  system, inclnded an add i t i ona l  da ta  
item, 9,  which i s  t h e  maximum mission f u e l  t h a t  can be loaded a s  described 
i n  Reference 2. 

S t a t e  ~ s t i m a t i o n  Function, - The s t a t e  est imation funct ion can be 
provided by e i t h e r  an automatic o r  manual subfunction. Figure 31 ind i -  
c a t e s  the  i n i t i a l  subfunctions and the  modes f o r  each of the subfunctions, 
w)lich w i l l  be invest igated f o r  the c r u i s e  f l i g h t  phase. It should be noted 
t h a t  the subsystems required f o r  each of the modes a r e  denoted by an x 
under t h a t  mode i f  t h e  subsystem i s  t o  be ut i . l ized i n  t h a t  mode. The sub- 
systems l i s t e d  a r e  given by the  sec t ion  l a b e l s  l i s t e d  i n  Figure 30, It 
i s  assumed, a s  previously s t a t ed ,  t h a t  t h e  navigation funct ion would nor- 
mally u t i l i z e  the  automatic subfunction during a l l  f l i g h t  phases. In  
addi t ion ,  i f  weather condit ions requi re  an instrument approach and landing, 
one o r  both MLS rece ivers  and the  radar  a l t ime te r  would be required f o r  
t h a t  f l i g h t  phase. This  i s  denoted a s  t h e  approach/landing navigat ion 
subfunction. This  subfunction i s  not  i l l u s t r a t e d  i n  Figure 31. 

! 
Note t h a t  a l l  automatic s t a t e  est imation modcs use one cr more 

measurenents of bearing ( 8 )  o r  d is tance  (P) .  Reference 17 ind ica t e s  t h a t  

\ 
the p r inc ip l e  en route  navigat ion a i d  t h a t  w i l l  be provided by FAA w i l l  be 
VORTAC.. The improvements t o  the VORTAC system discussed i n  reference 17 
i n d i c s t e  t ha t  modif icat ions t o  the ground s t a t i o n  c i r c u i t r y  w i l l  be made 
t o  p e m i t  handling of 200 a i r c r a f t  per VORTAC r a t h e r  than the  cu r r en t  100 
a i r c r a f t  l imi ta t ion .  I n  addi t ion ,  the  spacing between channels is being 
reduced t o  50 KHz from the presa,nt 100 KHz. These two modif icat ions t o  

I the  VORTAC syste-n appear t o  be the only major changes FAA plans to upgrade 
s p e c i f i c  f a c i l i t i e s  t h a t  do not provide adequate coverage o r  q u a l i t y  of 
rad ia ted  s igna l s  necessary f o r  a r ea  navigat ion (reference 17). 

Note t h a t  while Figure 31 l i s t s  on ly  the  required afrborne equip- 
ment f o r  the  funct ion t o  be performed, the  ground navigation s t a t i o n s  pro- 
viding the  measurements must be ava i lab le .  The arrar7ement of t he  modes 
f o r  the  automatic navigat ion subfunction r e su l t ed  from running ANGCAP f o r  
each poss ib le  mode and each l eg  of the  f l i g h t .  I n  general ,  t he  more 
accurate  modes r equ i r e  t h e  l a r g e s t  number of subsystems ava i l ab l e  and 
hence have a higher  p robab i l i t y  of unava i l ab i l i t y  then do l e s s  accura te  
modes requi r ing  fewer subsystems. Spec i f ic  r e s u l t s  of the  ANGCAP simula- 
t i o n  f o r  each of the modes i s  presented i n  a l a t e r  sec t ion  of t h i s  repor t .  
While addi t iona l  modes beyond those indicated i n  Figure 31 a r e  t h e o r e t i c a l l y  
poss ib le ,  t he  r e s u l t s  presented l a t e r  a r e  based upon the FAA required 
avionics  with the  addi t ion  of an onboard computer f o r  performance of 'JAV 
equation so lu t ions  and Kalman f i l t e r  equation solut ions.  
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Command ~eneration/~xecution 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-iion function, it is assumed that the autonatic 
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 manoal 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 mcasur ing the state of the aircraft with 
respect to potential hazards such as weather, o t h ~ r  aircraft, and obstruc- 
tions to flight such as terrain and natural features, as well as man-made 
structures, is processed to generate the appropriate c~mmand to avoid the 
hazard, It is assumed that the commend generated would be automatically 
fed tnto 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 mcdes 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 ~ v e d  and transmitted via the 
digital data link. The initial mc ir the automatic and nianual subfunc- 
tions for the communication funct!an .ie listed in Fig-~re 34. Additior-a1 
modes are possible by manipulation of input data. 

Systems Mananement Function.-The syste~s management function is also 
assuned to have automatic and manual subfunctions. Since the primary 
purpzse af 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 cf the computer. The initial m d e s  
selected for the automatic and manual subfunctions for systems management 
are listed in Figure 35. Ad Titional m d e s  are passible by specification 
of input data. 

Safe Flight Function.-The safe flight function has only one mode as 
shown in Figure 36. If 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 
to 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 Car10 run. Statistics are also calculated for the number of modes 
used for each function in a Monte Carlo run. 

Man-Machine Task Allocations.-Various attempts have been made to 
estimate crew ~erformance. 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 rpsponse 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. 

~akeoff/CZimb: After.preflight checkout has been accomplished and the 
aircraft is positioned for takeoff, all engines are run at or near full 
power. when-indicated airspeed has increased to V1 the vehicle is rotated 
to takeoff attitude. The vehicle becomes airborne shortly after rotation 
as a result of aerodynamic and augmented lift. 

Initial climbout follows a steep flight path; the steepness of the 
flight path is influenced by requirements for increasing forward speed, 
while maintaining a safe angle of attack along with any noise abatement or 
ATC procedures. 

Transition from takeoff to climb configured flight is .accomplished 
by increasing airspeed through the simultaneous reduct ion of ~~tgmented 
lift and decreasing of the steepness of the flight path. Engine thrust 
remains near maximum during the transition. Pitch attitude is varied in 
order to establish a zero degree or positive flight path angle while 



avoiding a s t a l l  angle of at tack.  Engine th rus t  i s  reduced a f t e r  the 
vehicle has accelerated t o  a speed which allows s t ab le  aerodynamic control.  
The vehicle i s  flown from t h i s  point a s  a conventional a i r c r a f t .  

A time l i n e  char t  of ant icipated system control  requirements f o r  the  
takeoff is presented i n  Figure 37. 

Cruise: During t h i s  phase, the vehicle i s  f l e m  a t  a constant Mach - 
and a l t i tude .  Crew a c t i v i t i e s ,  therefore,  involve navigation, f u e l  manage- 
ment, maintaining a guard against  o ther  a i r c r a f t ,  and monitoring of automatic 
equipment. Table 14 summarizes conventional information requirements during 
the  c ru i se  phase. 

The crew a c t i v i t i e s  range from a sole ly  monitoring function u t i l i z i n g  
an autopi lo t  under a l t i t u d e  hold t o  a control  function, i f  no autopil-ot i s  
used, o r  t o  guidance/control i f  the crew must generate guidance coamauds 
from the navigation instruments. Workload over these operations va r i e s  
from very l i t t l e  t o  moderate. 

F inal  Approach/~andinq: The t r ans i t ion  t o  f i n a l  approach may be f u l l y  
automatic o r  manual depending on the  terminal guidance system u t i l i z e d .  
The microwave landing system together with an airborne computer may generate 
the  curved approach guidance paths needed. I n  addit ion,  an autopi lo t  may 
be developed t o  automatically s t e e r  the  a i r c r a f t  on the desired f l i g h t  path. 
However, s ince  horizontal  turns  and v e r t i c a l  maneuvers a r e  c r i t i c a l l y  
dependent on power se t t ing ,  f l a p  se t t ing ,  a i r c r a f t  weight, and center  of 
gravity,  etc . ,  a l l  cF which a r e  f l i g h t  dependent, i t  i s  un1ike:y tha t  the  
i n i t i a l  f l i g h t s  w i l l  be f u l l y  automatic. I n  t h i s  case, manual vectoring o r  
area navigation may be used t o  obtain navigation information from which the 
crew must guide and control  the  a i r c r a f t  t o  the f i n a l  approach. I n  t h i s  
case, workload i s  a t  i t s  peak. 

The l a s t  maueuver t o  f i n a l  approach i s  an alignment with the  runway 
centerl ine.  Preceding the  letdown, the vehicle follows a l eve l  f l i g h t  path 
with a fomard veloci ty  s l i g h t l y  grea ter  than s t a l l  speed. The approach i s  
i n i t i a t e d  from a ground clearance a l t i t u d e  of approximately 1000 f e e t .  
Engine power se t t ings  and p i tch  a t t i t u d e  a r e  varied i n  order t o  maintain a 
l eve l  f l i g h t  path. 

Descent t o  the runway threshold i s  i n i t i a t e d  by lowering tb nose of 
t h e  a i r c r a f t .  Indicated airspeed is  maintained a t  a minimum ie value 
during the descent along the  steep g l ide  path. Pi tch a t t i t u d , -  char <,.ts 
furnish the  primary vetlicle control  f o r  hcldiag e aesired letdown p t ~ ~ h .  
Power se t t ing  changes and th rus t  changes a r e  minimized during the  Letdown. 

Final decelerat ion preceding touchdown i s  accorqrlished by f l a r i n g  
the  a i r c r a f t  t o  a predetermined pi tch  a t t i t u d e  when the  vehicle i: over 



Events 
Control Parameter Takeoff Rotati03 Transition 

. . . . . . . . . .  Pitch attitude 

. . . . . . . . . .  Roll attitude. 

. . . . . . . . . . . . . . .  Yaw. 

. . . . . . . . . . . . .  Heading. 

. . . .  Ground clearance alt itude.  

Altitude rate. . . . . . . . . . .  
Angle of attack. . . . . . . . . .  

. . . . . . . .  Indicated airspeed 

Power sett ing.  . . . . . . . . . .  
. . . . . . . . . . .  Gross weight 

FIGURE 3 7 .  TPIE LINE HISTORY OF ANTICIPATED SYSTEM 
CONlXOL ACTIVITY DURING TAKEOFF 



TABLE 14. INFORMATION REQUIREMENTS FOP. CRUISE PHASES 

Flight Control Navigation 
Pitch attitude Current position 
Roll attitude Cestination position 
Yaw Bearing to destination 
Turn rate Distance to destination 
Barometric altitude Ground speed 
Altitude rate 
Blach 
Heading 
Engine performance data 

Fuel Management 
Fuel quantity 
Fuel flow rate 
Distance to destination 
Ground speed 



the runway threshold. After touclldown, a l l  engines a re  reduced t o  i d l e  
power. 

A time l i n e  chart  of ant icipated control  a c t i v i t y  during the  landing 
i s  presented i n  Figure 38. 

Commonalities Arnonn Mission Phases; Table 15 summarizes control led 
parameters comon t o  p i l o t  control a c t i v i t i e s  involved i n  performing the 
mission phases. By combining control led parameters i n  t h i s  fashion, some 
idea may be obtained regarding information which must be provided or  provided 
f o r  i n  the p i l o t ' s  cockpit area. 

Several of the  mission phases appear t o  be characterized by common 
system control requirements f o r  many of the  f l i g h t  control  parameters. 
Short f i e ld  maneuvers closely approximate conventional takeoff and landing. 
Although the STOL phases involve steeper letdown and climbout paths,  the 
vehicle must s t i l l  be aligned with loca l i ze r  and g l ide  slope during the  
approach t o  landing. In both conventional and SOL modes, takeoff i s  pre- 
ceded by a takeoff r o l l ,  and aerodynamic l i f t  i s  a major f ac to r  contr ibuting 
t o  takeoff l i f t .  I n  both STOL and conventional modes, aerodynamic s t a l l  
i s  a na jor  f ac to r  i n  determining the  maneuvering envelope. During the  
cru ise  phase, conventional and ETOL f l i g h t  modes a r e  ident ica l ,  

Division of Crew Duties: It is  assumed tha t  two persons operate and 
control  a l l  of the  subsystems of the STOL a i r c r a f t .  Table 16 summarizes 
the  basic division of crew du t i e s  which a r e  thought t o  acceptably d i s t r i -  
bute  the  a c t i v i t y  involved i n  a l l  f l i g h t  phases f o r  Category I ,  o r  b e t t e r ,  
weather. 

A s  discussed i n  reference 18, approach and landing i n  low v i s i b i l i t y  
weather conditions requires careful  analys is  t o  determine the  r o l e  of the  
crew, A l l  t e s t  p i l o t s  who.flew low-visibi l i ty approaches a s  reported i n  
reference 18 "agreed tha t  it i s  absolutely e s sen t ra l  t h a t  p i l o t s  be provided 
access in to  the automatic system". In these low v i s i b i l i t y  conditions, i t  
was suggested tha t  a t  l e a s t  one p i l o t  must maintain instrument f l i g h t  t o  
touchdown, throughout ro l l -out ,  and during taxi- in.  It was suggested tha t  
one p i l o t  maintain instrument f l i g h t  t o  touchdown while the other  p i l o t  
a c t s  a s  a decision maker, basing h i s  decicions on the infomat ion acquired 
from the  instruments displays,  independent landing monitor, o r  v i sua l  cues 
i f  avai lable.  Reference 19 recommended tha t  "the a i r c r a f t  commander should 
be the  decision maker while the  other  p i l o t  is  responsible f o r  instrument 
f l ight" ,  Following t h i s  recolpmendation, Table 17 presents the  d iv is ion  of 
crew du t i e s  f o r  Category I1 o r  I11 weather with copi lo t  dut ies  being those 
of the instrument p i l o t  and the p i l o t ' s  du t i e s  being those s f  the a i r c r a f t  
commander. It should be noted t h a t  t h i s  i s  essen t i a l ly  a reversa l  of the  
da ta  presented i n  Table 16, It i s  aseumed tha t  i f  the a i r c r a f t  commander 
acquired vioual cues, he would inform the  instrument p i l o t  by c a l l i n g  out  



Control Parameter 

. . . . . .  Pitch attitude 

. . . . . .  Roll attitude. 

. . . . . . . . . . .  Yaw. 

. . . . .  Course to runway 

Ground clearance altitude. 

. . . . . .  Altitude rate. 

Angle of attack. . . . . .  
Indicated airspeed . . . .  

. . . . .  Range to runway. 

. . . . . .  Power setting. 

. . . . . . .  Gross weight 

Mission Segments 

Transition Descent Landing 

FIGURE 38.  TIME H'ISTORY OF ANTICIPATED CONTROL ACTIVITY 
DURING 'LANDING 



TABLE 15. SUMMAT ION OF PARAPZTERS CONTROLLED 
IN THE FLIGHT PHASES 

Pitch attitude Range to waypolnt 

Roll attitude Lateral deviation from course 

Yaw Ground speed 

Turn rate 

Mach 

Heading relative to wind 

Engine power 

Indicated airspeed Fuel quantity 

Angle of attack Fuel flow rate 

Barometric altitude Distance to destination 

Ground clearance altitude Gross weight 

Altitude rate Center of gravity 

Magnetic heading Angle of sideslip 

Present position 

Waypoint posit ion 

Bearing to waypoint 



TABLE 16. D I V I S I G N  OF C W  DUTIES FOR CATEGORY I 
OR VFR WEATHER 

P i l o t  Dutieri Copilot Duties - - 
r l i r h t  Control 

Manual control  manipulatiun Mot..:coring of primary power 
and f l i g h t  instruments 

A u t e s t a b i l i z a t t o r  - ' rt;!on 

Auto-pilot mode kc'  L -en 

- , ~ l s ion  and Primary Power 

Engine on-of f ,  switching Honitoring propulsion and 
primury power displays 

Thrust aagnitude var ia t ion  
Controlling center of gravi ty 

Augmented l i f t  s e t t i ng  changes 

Managing fue l  supply 

pecondary Power 

Controlling e l e c t r i c a l  gen- Monitoring s l e c t r i c a l  
e r a t i ng  equipmeirt hydraulic and poeuma t i c  

subsystem displays 
Controlling hydraulic pressure . 
rubsystems 

. h i t o r i n g  e l ec t r i c a l ,  hydraulic 
and pneumatic subsystem displays 

Comrmnisat ion 

Quancl and message monitoring Chann.1 and function se lec t ing  
for: 

A11  f ly ing  

Cammanication radios 
Uavigation radios 

Al l  navigational computatizn 

Control and interrogation af 
area navigation computer and 
other r l.vig3t ionrr 1 devices 



TABLE 17. DIVISION OF CREW WTIES 
FOR CATEGORY I1 or I11 
WEATHER APPROACH ti LAi;SlliG 

Pilot ies Copilot Duties 

Flik.lt Control 

Monitoring of flight instruments Manual control manipulation 

Visual cue search Auto-stabilization selection 

Autopilot mode selecticn 

Propulsion and Primary Power 

Monitoring propulsion and Thrust magnitude variation 
primary r -uer displays 

* Augmented lift setting 
Controlling cenier of gravity 
changes 

Secondary Power 

Monitoring electrical, hydraulic Controlling electrical gen- 
and pneumatic subsystem displays erations and hydraulic pressure 

subsystems 

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

Channel and function selection Channel and message monitoring 
for: 

Conminication radios 
Navigation radios 

Navigation 

All navigational computation All flying 

Control and interrogation of 
area nc.vigatim computer and 
other navigational devices 



"Cue" . As discussed i n  reference 18, when the visual  cues xere s u f f i c i s n t  
t o  1ate.aily a l ign  the  a i r c r a f t  with the  runway c e ~ t e r l i n e ,  the a i r c r a f t  
commander would c z l l  out "Lateral" and assume c o ~ t r o l  a t  the l a t e r a l  axis 
of the a i r c ra f t .  The instruntent p i l o t  would s t i l l  be ~ s s m e 3  t o  be 
performing the task of maintaining the  instrument f l igh t .  When the  a i r c r a f t  
colmander acquired su f f i c i en t  references t a  v i sua l ly  control the a i r c r a f t ,  
he should c a l l  out A t  t h i s  time he could, a t  h i s  d iscre t ion ,  a id  
with a i r c r a f t  control  with inputs t o  both the  l a t e r a l  and longitudinal axis.  
There was st i l l  no t r ans fe r  of control.  I f  the  visgaal p i l o t  wished t o  take 
coatplete control,  he would s t a t e ,  "I have the a i rcraf t" ,  and assume complete 
coatrol  while the  :nstrumerit p i l o t  rel inquishes complete authori ty.  It 
was anticipated tha t  t h i s  cornnand would be executed by the  v isual  p i l o t  
only a f t e r  the a i r c r a f t  %*as safe ly  on the ~majj, at which time he would 
assume ac t ive  control fo r  the  r o l l  out. The instrument p i l o t  would then be 
responsible f o r  configuring the  a i r c r a f t  f o r  r o l l  ou t  (ref .  19). 

Another important decision tha t  mst be made by the  p i l c t  i n  command 
i s  whether o r  not to  execute a missed approach. This decision should be 
aade by the  visual  p i l o t  and executed by the  instrument p i l o t  on the  
verbal command. When a missed approach is executed, the  v isuel  p i l o t  
&auld reconfigure the a i r c r a f t ,  l e a v b g  the  other  p i l o t  f r e e  t o  concentrate 
on the go-around maneuver, 

Mode Selection: >lode se lec t ion  by the  crew involves amny design trade- 
o f f s  a s  discussed i n  reference 18. A s  s t a t ed  i n  reference 18, "maximum 
considerations should be ziven t o  the  n d e r  of modes. I f  too msny modes 
a r e  provided, mode se lec t ion  may produce confusion during a c r i t i c a l  period 
of flight". It was assumed t h a t  both p i l o t s  have an independent system 
'b i th  the  a b i l i t y  t o  d r ive  the  autopi lo t  fltom e i t h e r ,  o r  i n  some s i tua t ions ,  
combinations sf botht'. As recognized i n  reference 18, "an important opera- 
t iona l  consideration i s  the  method used t o  display mode se lec t ion  t o  the  
p i l ~ t .  I f  two p i l o t s  a r e  imolved,  then each must have in te l l igence  per- 
ta in ing t o  the ac t ive  modes and whether h i s  system (assuming two systems) 
is functioning correc t ly  and/or operating the  automatics. Annunciation 
should therefore provide three  bas ic  types of information. What i s  the  
mode? Who has control? 'fiat is thi; l eve l  of automaticity serving the  
mode?" Reference 18 s t a t e s  t h a t  "regardless of the  level  of automaticity, 
the  p i l o t  w i l l  be the  ul t imate decision maker i n  the man/machine re l a t i en -  
ship, a s  long a s  the  a i r c r a f t  a r e  manned. Therefore, he must be provided 
adequate means t o  evaluate systems performance and take correc t ive  ac t ion  
when requiredt1. The reference fu r the r  states tha t  predict ive information 
should be displayed and an iudependent sonitoring system must be avai lable  
t o  "help the  p i l o t  assess a i r c r a f t  per-formance". 

Base-line Modes %itching L o ~ i c .  - A s  previously s ta ted ,  f o r  each func- 
t ion  i t  i s  necessary t o  develop base-line modes switching logic. Tke 
switching between modes could be a function of performance measures not 



meeting those required for  the function, o r  f a i l u r e  of hardware required 
f o r  a mode. In essence, f o r  those functions such a s  navigation, the 
base-line modes switching logic  could be oaly  a function of performance 
measures not meeting those required f o r  the  functions i f  i t  was possible 
t o  improve the  performance by switching t o  a b e t t e r  mode. The p r i o r i t y  
of modes has been o.rdered on the  bas i s  t h a t  the  mode with best  performarlce 
i s  preferred. The higher the mode number, the  lower the  performance. For 
these raascns, the case would not a r i s e  i n  which switching t o  a b e t t e r  
made would be possibla unless the  mode being u t i l i z e d  was manually selected 
and a l w e r  numbered mode was ac tual ly  operational but not selected. In  
other  words, the only p o s s i b i l i t y  of se lec t ing  a mode with b e t t e r  perfor- 
mance would be the  case where an automatic mode is  avai lable  but the crew 
has elected t o  operate with a manual mSc. The program always uses the  
automatic subfunction unless the  user  s e l e c t s  a manual subfunction. The 
switching between modes f o r  the  automatic subfunction is  performed by 
determination of the  a v a i l a b i l i t y  of the  subsystems required f o r  each mode. 
I f  e l l  subsystems o r  a l l  modes a r e  available,  the f i r s t  mode i s  used. A s  
previously s ta ted ,  when a f a i i u r e  is  detected, the  system functions a r e  
6earched t o  determine the  e f fec t  of the  f a i l u r e  mode. ' f i e  f l i g h t  then 
continues normally, r eve r t s  t o  a backup mode of g p e r a t ~ o n ,  o r  i n  event of 
a f a i l u r e  of a complete function, performs an unscheduled landing. 

t 

While the  primary mode switching logic  implemented i n  the  program is  
based upon the-assumption of u t i l i z i n g  the automatic subfunction and 
switching t o  back-up modes a s  f a i l u r e s  occur, it is possible t o  modify 
the  switching logic t o  include mode se lec t ion  by the  crew. This requires 
modelling the decision process which the  crew has been trained t o  use t o  
f l y  the a i r c r a f t .  I n  e f f e c t ,  s ince  t h i s  is  an advanced a i r c r a f t  f o r  which 
the  avionics systems requirements a r e  t o  be established,  t h i s  would require 
designing the  crew decision logic  and implementing it i n  the  program, a 
t a sk  c lea r ly  beyond the scope of t h i s  study. As dicussed i n  reference 19, 
the  need e x i s t s  t o  reverse . the  trend toward increased number of switches, 
d i a l s ,  and displays tha t  add t o  the  p i l o t ' s  workload i n  the  task  of mode 
selection. Further study of the  ctew se lec t ion  decision logic ,  design, 
and implementation of tha t  logic  f o r  the  STOL should be a high p r i o r i t y  
t a sk  and shorrld be performed i n  the  immediate future. 

Systea Operating Procedures.-The primary system operating procedures 
implemented i n  the  program include the  ATC procedures and r u l e s  t h a t  were 
followed i n  generating the  nominal f l i g h t  path of the  STaL a i r c r a f t .  I n  
addition i t  has been assumed, a s  discussed in  a l a t e r  sect ion of t h i s  report ,  
t ha t  the  dispatch requirements i n  terms of the  minimum equipment l ist  must 
be mec o r  the  a i r c r a f t  cannot be dispatched on the  next leg of the  f l i g h t .  
As previously discussed i n  the a i r p o r t  model, ce r t a in  ground services 
such a s  fuel ing and loading the  passengers a r e  assumed t o  be performed 
i n  se r i e s ,  while other  ground services such a s  deplandng and loading and 
unloading of cargo a r e  assumed t o  be performed i n  p a r a l l e l  with the  loading 



of fue l .  A bas i c  operat ing procedure implemented i s  t h a t  replacement of 
required subsystems which have f a i l e d  i s  begun a s  soon a s  the  subsystem 
f a i l u r e  i s  detected and the a i r c r a f t  i s  on the  ground. 

Other system opera t ing  procedures included i n  the  program a r e  a 
funct ion of the  performance of the navigat ion,  guidance, and cont ro l  program. 

*For example, i t  i s  poss ib le  t o  command heading changes o r  being ascent  o r  
descent of t he  a i r c r a f t  from a waypoint a s  a funct ion of e i t h e r  estimated 
pos i t i on  along t r ack ,  estimated time, o r  estimated bearing t o  a VORTAC 
s t a t i o n .  The ac tua l  procedure used f o r  f l i g h t  path guidance has s i g n i f i c a n t  
implicat ions,  a s  discussed i n  Appendix E. 

I n  addition, a s  discussed i n  Appendix E ,  t he  s e l ec t ion  of t he  common 
path length i s  a funct ion of a microwave landing system coverage, t he  
navigat ion,  guidance, and con t ro l  cont r ibu t ions  t o  t he  c ros s t r ack  and a l t i -  
tude  devia t ions  a t  nominal acqu i s i t i on  of the microwave landing system 
when t h a t  system is  required,  and the  performance of the a i r c r a f t .  It i s  
poss ib le  t o  increase  the  length of t h e  corrrmcn path and thereby increase  
the  time spent  f l y ing  wi th in  t h e  coverage of t he  microwave landing system. 
I n  the  process of increasing the  connnon path length,  the  ove ra l l  capac i ty  
of the a i r p o r t  may hava been reduced. 

The sample r e s u l t s  presented i n  a l a t e r  sec t ion  of t h i s  repor t  
suggest t h a t  c e r t a i n  operat ing procedures a r e  b e t t e r  than o thers .  For 
example, i f  the  crew wishes t o  minimize c ros s t r ack  deviat ions,  it appears 
from the  r e s u l t s  t h a t  t h i s  c a n b e s t  be done by command heading changes a s  a 
funct ion of bearing. This  r e s u l t s  i n  t rad ing  o f f  the  smaller c ros s t r ack  
devia t ions  f o r  g rea t e r  time along t r a c k  deviat ions.  Def in i t i ve  conclu- 
s ions  should not be drawn from any of the  r e s u l t s  presented i n  the  l a t e r  
sec t ion  s ince  extensive exerc ise  cases  were beyond the  scoT of t he  study. 
The various t rade-of fs  between system operat ing procedures may y ie ld  
d e f i n i t i v e  da ta  a s  t o  the worth of the various operat ing procedures when 
s u f f i c i e n t  exerc ise  cases  a r e  run. 



Details of Information Flow With 3TOL OPS 

The STOL OPS progra:,. i s  modular i n  i t s  construction. Each module i s  
a subprogram which, t o  a .arge degree, s tands by i t s e l f  except f o r  s p e c i f i c  
input and output parameters t h a t  permit co..rrrmuict+t ion with the o the r  module::. 
The individual  modules may be categorized i n  :o  he four  bas i c  groups 
described below. 

Input.  -The input  sub; rograms read da t a  descr ib iuc; *he avionics  subsys- 
tems, funct ions,  a i r p o r t s ,  navigat ion a ids ,  z:hejuled flig::+s, waypoints, 
and a i r c r a f t  performance. Thesc da t a  a r e  organized and s tored  f o r  access  
by o the r  program modules. 

Nominal Flight.-The powered-lift  STOL perfcrmance model, d rscr ibed  i n  
Appendix B,  i s  used t o  generate  t he  nominal f:ight p r o f i l e s  f o r  t he  
scheduled f l i g h t s  defined by the  input data .  The following p r o f i l e  i s  
used t o  simulate t h e  a i r c r a f t  operation: 

1. Maximum power climb, a t  takeoff a irspeed,  t o  1500 
f e e t  above the  runway 

2. Level f l i g h t  acce lera t ion  t o  250 knots indicates airspeed 

3. Climb t o  10,000 f e e t  a t  constant  ind ica ted  xi" speed 
(2 50 knots) 

4. Level f l i g h t  acce lera t ion  co c r u i s e  ve loc i ty  

5. Climb t o  c r u i s e  a l t i t u d e  at  constant  Mach number 

6.  Level f l i g h t  c r u i s e  a t  constant  Mach n u d e r  

7. Constant Mach number descent t o  10,000 f e e t  

8. Decelerate t o  250 knots  indicated airspeed 

9; Descent t o  approach a l t i t u d e  a t  constant  indicated 
airspeed 

10. Decelerate  t o  approach ve loc i ty  

11. Descent along spec i f ied  g l ides lope  t o  rutmay, 

The p r inc ipa l  outputs  provided by the  nominal t r a j e c t o r y  simulation .are time 
of f l i g h t  and f u e l  consumed. 

Monte Carlo.-There eye s i x  jnajor Monte Carlo modules: Pref l ight . ,  
Taxi-Out, Takeoff, Climb, En Route, Landing. A de t a i l ed  descriptictn of 
t h e w  rou t ines  is  shown i n  Figures  39 through. 44. 

Output.-The output module p r i n t s  t he  r e s u l t s  of the Monte Carlo 
evaluation. The output i s  divided i n t o  th ree  groLps: ( I )  s t c t l r t i c s  for 
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random var iab les ,  (2 )  number of occurrences of spec i f i c  eve-its, and (3) 
percent of f l i g h t s  using each mode of each subfunction. 

Figure 45 shows t h e  output f o r  var iab les .  The f i r s t  th ree  columns 
l is t  the number of samples obtained, t he  mean va lue  of the va r i ab l e ,  and 
t h e  standard deviat ion of the variable .  The maximum and minimm values 
t h a t  occur during the  Monte Carlo evaluat ion a r e  l i s t e d  i n  the  next  two 
columns. The l a s t  four  columns show how many times a spec i f i c  maximum o r  
minimum i s  exceeded during the  evaluat ion,  

Figure 46 shows the output f o r  s p e c i f i c  events ,  and Figure 47 shows 
the  mode u t i l i z a t i o n .  

Output may be requested f o r  t he  l e g  between each a i r p o r t  p a i r  f o r  each 
f l i g h t ,  t o t a l s  of a l l  f l i g h t s  f o r  each leg ,  t o t a l s  f o r  a l l  l egs  of each 
f l i g h t ,  and t o t a l s  f o r  a;.l f l i g h t s  and a l l  l egs ,  
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SAMPLE RESULTS FROM APPLICATION OF STOL OPS 
TO CANDIDATE STOL SYSTEM CONFIGURATION 

ANGCAP Results  

A de t a i l ed  descr ip t ion  of t h e  a i r c r a f t  navigat ion,  guidance, and 
cont ro l  ana lys i s  program (ANGCAP) i s  presented i n  Appendix E. A discussion 
of  the  d e ~ a i l e d  output f o r  one leg  -" t he  route  network i s  provided f o r  the 
automatic navigation subfunction, Mode 1. The sample ..$suits from a l l  cases  
of ANGCAP a r e  summa-:zed below. No conclusions a r e  drawn s ince  the  anafy- 
s i  performed with ANGCAP i s  merely t o  demonstrate the  operat ion of the 
program and provide the  needed inforUlation f o r  operat ion of t he  Monte Carlo 
program. 

Figure 48 is  a  sample por t ion  of one pa je  of ANGCAP output during t h e  
f l i g h t  from San Jose  t o  Sacramento. This  page i s  one of many Ciscussed i n  
d e t a i l  i n  Appendix E. The output shown ind ica t e s  t h a t  t he  a i r c r a f t  has  
been f ly ing  8 minutes and t h a t  i t  has been 120 seconds s ince  the  l a s t  update 
using VOR/DME Sta t tons  5 and 6 l i s t e d  e a r l i e r  i n  Figure 25. Nine s t a t e s  a r e  
computed i n  the  prGqram: pos i t i on  i n  terms of magnetic e a s t  and nor th  
c&rtes ian  coordinates ,  a l t i t u d e  b i a s ,  ve loc i ty  b i a s  i n  magnetic e a s t  and 
north coordinates ,  and range and angle b i a s  t o  each of t he  VOR/DME s t a t i ons .  
The da t a  i n  the  columns a r e  t he  standard devia t ions  of each of t h e  nine 
s t a t e s .  The rows present  t he  following information: t h e  t r u e  e r r o r  and the  
e r r o r  t h a t  would be estimated by an  onboe?-d Kalman f i l t e r .  Since the  r e a l  
world and f i l t e r  model agree i n  t h i s  run, these  values a r e  i d e n t i c a l  with 
t he  t r u e  e r ro r .  The nominal t r a j e c t o r y  infcrmation a t  t h a t  t i m e  i s  given 
i n  terms of magnetic e a s t  and nor th  pos i t i ons  and a l t i t u d e ,  ve loc i ty ,  
magnetic heading, and f l i g h t  path angle,  The IrJ devia t ions  i n  t he  a c t u a l  
and ee t ina ted  s t a t e s  a r e  give11 in  terms of time along t rack ,  c ros s t r ack  
pos i t i on ,  and a l t i t u d e .  The la cont ro l  e f f o r t  l i s t e d  i s  c funct ion of t he  
opt ion  se lec ted  by the  user  f o r  cont ro l  of the  a i r c r a f t  a s  discussed i n  
Appendix E. I n  t h i s  casc,  c ross - t rack  s t ee r ing  i s  t h e  only cont ro l  opt ion 
being u t i i i z e d .  

The next l i n e  of data  gives measurements of range and betiring t o  s t a t i o n  
5 and s t a t i o n  6. That i s ,  the  range a t  t h i s  time i s  25.52 n a u t i c a l  miles 
t o  s t a t i o n  5 with a bearing of 159.54'. The range t o  S t a t ion  6 i s  24.06 
nau t i ca i  miles with a  bearing of -114.27'. These measurements a r e  processed 
using a  Kalman update. As a  r e s u l t  of t h i s  update, the nine s t a t e s  t r u e  and 
f i l t e r  es t imate of e r r o r  a r e  updated and the  ac tua l -  and es t imated-s ta te  10- 
devia t ions  a re  updated a s  wel l  a s  i5e l c r  cont ro l  e f f o r t .  Note t h a t  no 
change in  nominal has resu l ted .  Also note tha t  no change i n  the a c t u a l  s t a t e  
le dcviat  ions has resu l ted .  
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Further d e x r i p t i o n  of t!le complete output f o r  t h i s  f l i g h t  leg  i s  
provided in  Appendix E. 

Figure 49 is  a summery of the  cases made f o r  t h i s  run of ANGCAP. The 
case number i s  merely used f o r  iden t i f i ca t ion  pcrposes in  processing the 
data  fur ther  using the  p lo t t ing  code o r  the Monte Carlo code. The update 
type designation of 1 indica tes  a Kalnan update, whereas an update type 
designation of 2, a s  i n  Case 6, denotes a posi t ion-fix update, a s  discussed 
i n  Appendix E. The update frequency selected was the same f o r  the sample 
cases. The measurements c c 5 i n e d  with the a f r  data information a r e  denoted 
by the  number of VOR and DNE receivers  f o r  the  pa r t i cu la r  leg  flown. For 
example, Case 1 r e s u l t s  i n  the  use of 2 VOp's  and 2 DHE's, providing measure- 
mens of p / 8 , f o r  l e g  1. A t  the  end of ' a f l i g h t ,  the b deviat ions o r  
dispersions i n  the ac tual  s t a t e  a r e  153. 3 seconds along track,  0.38 n. m i .  
crosstrack,  a2d 50 f e e t  i n  a l t i tude .  Ihe  b deviations o r  dispersions i n  
the  estimated s t a t e  a r e  152'88 seconds along track,  0.27 A.  m i .  crosstrack,  
and 0 foot  i n  a l t i tude .  The f i n a l  l i n e  of pr in t ing  is  the  probabi l i ty  of 
acquiring the microweve landing system fo r  a 90' intercept  with a 2 n. m i .  
comrmn path a s  described i n  Appendix E. 

Similar ii.fornation is provided f o r  each of the  cases run. Leg 1 i s  
the  l eg  of the  route network from San Jose t o  Sacramento Executive, leg 2 
is  the route leg  from Sacramento Executive t o  Santa Ana, and l eg  3 i s  the  
route l eg  from Santa .ha t o  San Jose. 

Graphs of the actual-  and estimated-state b d e v i a t r m s  can be drawn 
using the data f o r  each output point of Figure 48 f o r  each l e g  of the  
route  network. Since the  e n t i r e  route network is  f l o w  fqur times i n  the  
schedule used for  the  sample runs, t h i s  could consume very many man-hours. 
Typically, t o  p lo t  the  b deviations i n  the  ac tual  end estimated s t a t e s  
requi res  2 man-hours f o r  each case f o r  each leg. 

To avoid t h i s  expense, the  p l o t t i i ~ g  routine has been u t i l i z e d  t o  p lo t  
the  crosstrack ( l a t e r a l  deviation) f o r  the  route network referenced +o a 
magnetic eas t  and nort5 ca r t e r i an  coordinate system. It is  possible t o  
p l o t  the  nominal f l i g h t  t r ack  a s  depicted i n  a igure  50. This p lo t  i s  f o r  
an IFR approach i n  Category I o r  worse weather conditions. Note t h a t  t h i s  
p lo t  is d i f fe ren t  from the  VFR f l i g h t  path given i n  Figure 19. I n  addit ion,  
i t  i s  possible t o  p lo t  more tha: one parameter f o r  the  route  network a s  
s h m  i n  Figure 51. For example, Figure 52 i s  a p lo t  f o r  one r o a d  t r i p  
around the  route network of the  ac tual  l a t e r a l  deviation, %, and a 4 n. m i .  
airway width Lor the RNAV mode using a Kalman update of one VOR bearing 
measurement and IRE measurements t o  two d i f fe ren t  vORTAC'S. Case 2 corres- 
ponds t o  Case 2 i n  Figure 49 f o r  the f l i g h t  l e g  from San Jose t o  Sacramento. 
Case 8 corresponds t o  I e g  2 i n  Figure 49 from Sacramato (SAC) t o  Orange 
County and Case 14 corresponds s imi lar ly  t o  Leg 3 f r o r  3range County (SNA) 
t o  Sen Jose (SJC). Use of t h i s  p lo t  routine present? &he information tha t  
would be obtained by hand p lo t t ing  the  output f o r  those cases as a function 
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of time fo r  each f l i g h t  leg. It should be noted tha t  the p lo t s  portray a 
40' azimuth coverage f o r  the MLS about i t s  heading and a range of 20 n.mi. 
a t  each a i r p o r t ,  i . e . ,  SC-117 Configuration G. 

Figure 53 is  a  lot of the  estimated crosstrack deviation (30) and 
the  nominal a i r c r a f t  f l i g h t  path f o r  the Kalman f i l t e r e d  update using 

P 10, 0 measurements. 

Figure 54 i s  a p lo t  of the  crosstrack ac tua l  30 deviations for  a 
Kalman f i l t e r  update using 0 ,  p measurements and the 4 n.mi. a i w a y  width. 
Comparison with Figure 52 reveals  tha t  the 3u l a t e r a l  deviations a r e ,  i n  
general, grea ter  than they were using the  p i e ,  p measurements. 

Figure 55 presents a s imi lar  p lo t  fo r  a Kalman f i l t e r  update using 
p/B measurements, except i n  t h i s  case the  nominal type f l i g h t  t rack  is 
p lo t ted  ra ther  than the  4 n.mi. a i w a y  width. 

F ig l re  56 i s  a s imi lar  p lo t  except i n  t h i s  case the pos i t ion  f i x  
update was used f o r  the p/0 measurements r a the r  than a Kalman f i l t e r  up- 
date. Comparison with Figure 55 reveals  the  smoothing e f f e c t  tha t  the  
Kalman f i l t e r  has i n  processing the  same measurements. 

F i g ~ r e  57 provides 8 summary s imi lar  t o  tha t  i n  Figure 49 f o r  the 
measurements noted. The t o t a l  of d i f f e ren t  measurement and update com- 
binat ions f o r  each ieg  was 11. 

Figure 58 i s  a p lo t  of the  nominal IFR f l i g h t  path and the  estimated 
crosstrack 3u deviation f o r  a Kalman f i l t e r  update using the bearing ma- 
surement t o  two d i f f e r e n t  VORTAC. 

Pisare 59 is a p lo t  of the  ac tua l  and estimated crossfrack 30 devia- 
t ions  fo r  a pos i t ion  f i x  update using a s ingle  bearing measurement. 

Figure 60 i s  a p lo t  of the  4-n.mi. airway width and the  ac tual  30 
deviation f o r  a Kalman f i l t e r  update using a s ing le  range measurement. 

Figure 61 I s  a p lo t  of the 4-n.mi. airway width and a crosstrack 
ac tua l  l u  deviation using no external  measurements. Note tha t  the  sca le  
on the deviation i s  one-third that  of the  previous p lo ts .  This is com- 
parable t o  f lying using a i r  data and heading only. As expected, t h e  ac tual  
cross t rack deviation uncertainty increases a s  a function of distance from 
each a i rpor t .  

Additional r e s a l t s  could be p lo t ted  f o r  the  various cases run, but 
s ince extensive exercise cases were beyond the  scope of the  < n t r a c t ,  addi- 
t iona l  p lo t s  were not made. Furthennore, the  complete l i s t i n g  of output 
f o r  a l l  of these runs is  not included i n  the  report ,  Since thc object ive 
was to  merely demonstrate the  use of the  ANGCAP program, no d e f i n i t i v e  
conclusion should be drawn from there r e s ~ l t a .  
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STOL OPS Monte Carlo Results 

To demonstrate the use of the  STOI, OPS program, four examples w e r s  
run: 

(?) Nominal demonstration run using data  presented i n  previous 
sec t  ions 

(2) Nominal with winds a l o f t  set t o  zero 

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

(4) Nominal with capacity a t  SNA increased t o  140 movements 
per hour, MTBF of f l i g h t  controls  increased t o  2000 hours. 

Case L. - Figdre 62 shows r e s u l t s  f o r  a l l  t r i p s  between each a i r -  
por t  p a i r  and t o t a l s  f o r  a l l  f l igh t s .  The E_fKx beside each decimal number 
indicates a power of 10, f o r  example 

The simulation c a a s i ~ t e d  of 250 Monte Carlo evaluations of four suc- 
cessive round t r i p s  from SJC t o  SAC, SAC t o  SNA, and SNA t o  SJC. Thus a 
t o t a l  of 1000 scheduled f l i g h t s  between each a i r p o r t  p a i r  was evaluated. 

The r e s u l t s  presented i n  Figure 62 (a) can be interpreted a s  follows. 
Of the 10CO scheduled f l i g h t s  from SJC t o  SAC, 51 (or 5.1 percent) required 
equipment repai r  p r i o r  t o  departure witk a mean repai r  time of 41.938 
minutes, a maximum repai r  t i m e  of 346.835 minutes, and a minimum repa i r  
time of 0.869 minute. A maxianlm constraint  time of 120 mf.~utes was speci- 
f i e d ,  a f t e r  which time a f l i g h t  cancellat ion was assured. Thia const ra in t  
was exceeded 3 times out  of the 51 occurrences. A mtnimum const ra in t  time 
of 15 miilutes was specified. The value given f o r  tile number of times is  
t h e  number of samples fo r  which repai r  required ;ess than 15 minutes. This 
c a s t r a i n t  was exceeded 18 times out of the 51 occurrences. 



Fuel was loaded 975 times out of 1000 scheduled f l i g h t s  with the  
values f o r  time involved and cons t r a in t s  exceeded ~ v i n g  a s imi l a r  
i n t e r p r e t a t i o n  t o  t h a t  f o r  equipment repa i r .  The termination af a 
Monte Carlo evaluat ion by a cancel led f l i g h t  o r  unscheduled landing 
causes the program t o  recycle  t o  the beginning of the next day. There- 
f o r e ,  i f  the f i r s t .  f l i g h t  on the  day is  cancel led,  the program does rr?t 
consider t he  remaining f l i g h t s  t h a t  day, e i t h e r  a s  cance l la t ions  o r  as 
being flown. The 25 f l i g h t s  no t  accounted f o r  a r e  the  r e s u l t  of t h i s .  

Passengers and cargo were a l s o  loaded 975 times out of 1000 f l i g h t s ,  
2nd with the  values a r e  'given f o r  time involved and cons t r a in t s  exceeded. 

The r e s u l t s  fo r  ground se rv i ce  time a t e  given f o r  974 of the 1000 
scheduled f l i g h t s .  This i nd ica t e s  t h a t  one f l i g h t  out of 975 d id  nor 
complete ground servicing i n  time t o  avoid being cancelled. While the 
maximum ground serv ice  time i s  only 111 minutes, the f l i g h t  probably 
a r r ived  s o  l a t e  t h a t  t he  combination of the l a t e  a r r i v a l  and ground ser -  
v ic ing  r e su l t ed  i n  cance l la t ion .  The ground se rv i ce  time includes a l l  
ground serv ic ing  except r epa i r .  Results f o r  f u e l  weight loaded and the 
i n i t i a l  fue l  load f o r  975 f l t g h t s  of the  1000 scheduled a r e  given on the 
next two l i n e s .  

The r e s u l t s  f o r  i n i t i a l  takeoff  weight f o r  974 out of 1000 scheduled 
f l i g h t s  a r e  given on the  next l i ne .  

The r e s u l t s  f o r  ga te  departure delay time a r e  given f o r  the  974 
f l i g h t s  t h a t  departed of t h e  1000 scheduled f l i g h t s .  This i nd ica t e s  t h a t  
26 out of 1090 f l i g h t s ,  o r  2.6 per,cent of the  time, t h e  complete schedule 
could :lot be completed due t o  cancel led f l i h h t s  and unscheduled landings. 
No value was given f o r  a miaimum cons t r a in t  and therefore  no r e s u l t s  a r e  
pr in ted .  A maxinum cons t r a in t  of 10 minutes pas t  scheduled ga t e  departure 
time was exceeded by 579 out of 974 f l i g h c s  t h a t  departed. 

Takeoff holds were experienced by 048 out of the  974 f l i g h t s  t h a t  
departed the  ga te  and the  r e s u l t s  given. The mean hold time due t o  a l l  
causes was 2.2 minutes with a maximum hold of 15.5 minutes. The maximum 
cons t r a in t  of 4 minutes was exceeded by 87 of t he  649 f l i g h t s .  

Takeoff delays were evaluated f o r  a l l  of t h e  974 f l i g h c s  t h a t  departed 
t h e  ga t e  with a mean delay of 30.7 minutes. A t  l e a s t  one f l i g h t  departed 
1.34 minutes ea r ly  a s  indicated by t h e  negat ive minimum value. The maxi- 
mum takeoff de lay  was 281.54 minutes. The minimum cons t r a in t  i nd ica t e s  
156 f l i g h t s  experienced no takeoff delays.  

Takeoff runway occupancy t h e  and d is tance  r e s u l t s  a r e  given on the  
next  two l i nes .  These values a r e  de t e rmin i s t i c  r e s u l t s  from Subroutine 
ARCFT (Appendix B) f o r  .'ie takeoff  weight given e a r l i e r .  



A mean landing hold time of 0.638 minute was experienced by 283 out 
of 1000 scheduled a r r iv ing  f l i g h t s  a t  SAC. The maximum holding time was 
2.57 minutes. 

Tota l  f l i g h t  time f o r  the  972 f l i g h t s  a r r iv ing  a t  SAC from SJC was 
21.44 minutes mean with a maximwn of 36.07 minutes. A t  l e a s t  one f l i g h ~  
had a f l i g h t  time of 12.46 minutes. Two f l i g h t s  tha t  departed SJC f o r  
SAC made unscheduled landings due t o  loss  of a required function. 

The minimum const ra in t  number indica tes  267 f l i g h t s  experienced no 
landing delay. Landing delays g rea te r  than 10 minutes were experienced 
by 556 f l i g h t s .  

The output var iables  s t a r t i n g  a t  equipment repai r  and extending through 
takeoff runway distance a r e  associated with the departure a i r p o r t  while the 
remaining variables a r e  associated with the  a r r i v a l  a i r p o r t .  

The landing runway-occupancy time and distance r e s u l t s  a r e  given next. 
It should be noted tha t  r e s u l t s  f o r  minimum m a y  occupancy time and dis-  
tance a r e  a function of the a i r c r a f t  touchdown conditions (weight, ve l -  
oc i ty ) ,  decelerat ion,  and turnoff ve loci ty ,  whereas the  landing runway oc- 
cupancy tiax is  a function of these f ac to r s  and the a i r p o r t ' s  geometry. 
In other  words, the minimum runway occupancy values a re  those due t o  reaching 
turnoff veloci ty a f t e r  touchdown while the  landing runvay occupancy and 
distance include t a x i  t o  the  nearest  taxiway in tersec t ion  a f t e r  decelerat ion 
t o  turnoff velocity. 

The gate a r r i v a l  delay time is referenced t o  the scheduled gate a r -  
r i v a l  time a s  discussed previously. A s  noted previously, the  mean gate de- 
par ture  delay a t  SJC was 30.66 minutes, whereas the  mean gate  a r r i v a l  delay 
a t  SAC is  28.67 minutes which indica tes  tha t  most f l i g h t s  would a r r i v e  on 
time a t  SAC i f  they departed SJG on time. Of the  972 f l i g h t s  arrivin.g a t  
SAC, 742 exceeded the  scheduled gate  a r r i v  . time. 

Mean f u e l  consumed was 3648.5 pounds with a maximum f u e l  consumption 
of 5740.2 1b. A constraint  value on fue l  consumption was not  loaded but can 
be done s o  a t  user  option. Fuel remaining had a minimum value of 606.4 
pounds which corresponds t o  the  maximum f u e l  usage f l i g h t .  Mean f u e l  re- 
maining was 2698.2 pounds. 

The event tabulat ion i n  Figure 62a l ists the number of occurrences 
a t  each of the  spec i f i c  events. Of these 1000 f l i g h t s ,  none of rhe avionics 
functions were los t .  The s a f e  f l i g h t  function was l o s t  two times out  o f - the  
1000 scheduled f l i g h t ~ , ~ r e s u l t i n g  i n  two unscheduled landings.  fort:^ : 

hardware f a i l u r e s  occurred. 

Due t o  l imi ta t ions  imposed by computer storage, subsystem f a i l u r e  counts 
were divided in to  groups of 10. The event f a i l u r e  i n  Sections 1-10 indica tes  
how many times any ~f the  f i r s t  10 s~bsys tems  fa i l ed ,  It is in te res t ing  t o  
note t h a t  of the  40 hardware f a i l u r e s  shown f o r  f l i g h t s  between SJC and SAC, 
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a required funct ion was l o s t  only twice. I f  back-up modes were ava i l -  
ab l e  f o r  t he  s a f e  f l i g h t  funct ion,  i t  is  poss ib le  t h a t  t h e  unscheduled 
landings would not  have occurred. 

The th ree  cancel led f l i g h t s  r e s u l t e d  from exceeding t h e  120-minute 
cons t r a in t  previously discussed f o r  equipment r epa i r .  

As previously discussed, 974 of t h e  scheduled 1000 f l i g h t s  departed 
t h e  gate .  The dispatch r e l i a b i l i t y ,  previously defined as the number of 
scheduled f l i g h t s  depart ing wi th in  15 minutes of t he  scheduled ga t e  de- 
pa r tu re  time, i s  given as 438, a 43.8% dispa tch  r e l i a b i l i t y .  

The scheduled f l i g h t  time was exceeded by 70 of the f l i g h t s  from 
SJC t o  SAC. No f l i g h t s  were d iver ted  t o  an  a l t e r n a t e  a i r p o r t  i n  t h i s  
example. There was one missed approach i n  a l l  the  1000 scheduled f l i g h t s  
flown, 972. Category I, o r  worse, weather, labeled a s  IFR, ex i s t ed  f o r  
17 of t h e  f l i g h t s .  There were no f a i l u r e s  of the  MLS. Holds f o r  take- 
of f  c learance t o t a l e d  648 and holds f o r  landing clearance t o t a l e d  287. 

Figure 62(b) presents  a suauaary of t h e  modes used f o r  each funct ion 
f o r - t h e  1000 scheduled f l i g h t s  from SJC t o  SAC. The s t a t e  est imation 
funct ion used t h e  automatic navigat ion subfunction Mode 1 100% of the  
time and reverted only t o  Mode 3 which w a s  used 0.2% of t h e  time. Since 
Mode 2 was no t  used, t h i s  i nd ica t e s  a f a i l u r e  of a DHE r ece ive r  r a t h e r  
than a VORTAC which would have caused reversion t o  Mode 5. The s t a t e  
est imation subfunction of approach/landing navigat ion,  Mode 1, was  used 
1.7% of t he  time. Reversion t o  t he  o the r  modes of  t h i s  subfunction d id  
not  occur. 

S imi la r ly ,  t h e  command generation/execution funct ions operated only 
i n  Mode I of the  automatic guidance/control subfunction. 

The hazard avoidance funct ion operated i n  the  automatic hazard sub- 
funct ion using Mode 1 100% of t he  time and r eve r t i ng  t o  Mode 3 f o r  1% of 
the  time. Examination of t h i s  subfuncttcm i n  Figure 33 ind ica t e s  t h a t  
both t h e  radar  a l t i m e t e r  and weather radar  f a i l e d .  

The connnunication funct ion operated i n  Mode 1 of t he  automatic commu- 
n i ca t ion  subfunction 100% of t he  time and did not  rever t  t 0 . a  backup 
mode o r  subfunction. 

- The system management f u n c t ' m  operated i n  lrrode 1 of t h e  automatic 
system-management subfunztion and rever ted  t o  t he  manual system-management 
subfunction, Mode 4, f o r  0.2% of t he  time. Examination of Figure 35 ind i -  
ca t e s  t h a t  a computer f a i l u r e  would cause t h i s  reversion sequence, 

The s a f e  f l i g h t  funct ion has only one subfuncti.on and mode and there-  
f o r e  operated i n  Mode 2 10077 of t h e  time wi th  no reversion poss ib le .  
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Similar in terpre ta t ions  of the  r e s u l t s  can be made by the reader 
f o r  the 1000 scheduled f l i g h t s  from Sacramento (SAC) t o  Santa Ana (SNA) 
by re fe r r ing  t o  Figures 62(c) and (d). The r e s u l t s  f o r  the  1000 scheduled 
f l i g h t s  from SNA t o  SAC a r e  summarized i n  Figures 62(e) and ( f ) .  

The resul t s '  fo r  the t o t a l s  of a l l  f l i g h t s  around the route  network, 
3000 scheduled f l i g h t s ,  a r e  shown i n  Figures 62(g) and (h). The large 
number of takeoff and landing holds a r e  due t o  the t r a f f i c  a t  SNA and i t s  
capacity a s  can be seen by examining the  s t a t i s t i c s  f o r  each individual  
leg  of the  route network. By re fe r r ing  t o  Figure 23 i t  can be seen tha t  
the  number of operations per hour a t  SNA is  over 120 f o r  the  three round 
t r i p s  before the  l a s t  of the day. A s  can be seen i n  Figure 30, SNA has 
a VFR capacity of 120 movements per  hour, which c lea r ly  indica tes  tha t  
the a i r p o r t  i s  overloaded. 

The s e n s i t i v i t y  t o  operat ional  procedures i s  a l s o  shown i n  Figure 62. 
For example, Figure 62(h) indica tes  t h a t  2065 f l i g h t s  exceeded the  maxi- 
mum gate departure delay const ra in t  of 10 minutes, while the dispatch 
r e l i a b i l i t y  indicates the  1019 f l i g h t s  departed within 15 i i n u t e s  a f t e r  
the  scheduled gate departure time. This indica tes  tha t  of the  2965 f l i g h t s  
t h a t  departed the gate,  840 departed within 0 t o  10 minutes of scheduled 
time, and another 179 departed between 10 and 15 minutes of s2heduled time. 
I f  dispatch r e l i a b i l i t y  were defined a t  10 minutes a f t e r  scheduled de- 
par ture  time and increased 50% t o  15 minutes, a 21.3% increase over the 
number of a i r c r a f t  defined a s  dispatched a t  10 minutes r e su l t s .  

Case 4,  described l a t e r ,  i l l u s t r a t e s  the  s e n s i t i v i t y  t o  the  operat ional  
environment tha t  r e su l t s  from increasing the capacity a t  SNA. 

Case 2.-Figure 63 a l s o  i l l u s t r a t e s  the  s e n s i t i v i t y  t o  the  operat ional  
environment s ince no en . route  winds were included. Comparison of the t o t a l  
f l i g h t  t i m e  s t a t i s t i c s  f o r  Cases 1 and 2 s h w s  t h a t  the  winds assumed had 
l i t t l e  e f fec t  on the f l i g h t  schedule. 

Case 3.-Figure 64 shows ie r e s u l t s  o b t a ~ n e d  f o r  operations during IFR 
weather only. The improvement i n  schedule r e l i a b i l i t y  for  chis  case occurs 
because of t h e  reduced t r a f f i c  a t  SNA f o r  IFB crndit ions.  Notice the mis- 
sed approaches a r e  161 with 22 f l i g h t s  diverted t o  a l t e r n a t e  a i rpor t s .  

Case 4.-Figure 65 shows the  r e s u l t s  fo r  an assumed capacity of 140 
movements per hour a t  SNA and an Increased MI'BF of 2000 hours fo r  the  f l i g h t  
controls.  The improved capacity s h w s  tha t  the  mean '..akeoff/land holding 
times fo r  a l l  f l i g h t s  have been reduced from 6 t o  8 minutes f o r  Case 1 t o  
about 2 minutes. In addit ion,  the  t o t a l  number of holds exceeding 4 min- 
u tes  was reduced from 1062 t o  361 out of 3000 f l i g h t s .  

The increased MTBF f o r  f l i g h t  controls  vas used t o  i l l u s t r a t e  an ex- 
pected s e n s i t i v i t y  t o  technology improvement and hence a decrease in  the  num- 
be r  of losses of the sa fe  f l i g h t  function. However, the  ac tua l  r e s u l t s  show 
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an increase  i n  s a f e  f l i g h t  losses .  This va r i a t i on  is acceptable f o r  a  
Monte Carlo est imate.  The p robab i l i t y  of los ing  safe  f l i g h t  i s  approxi- 
mately 10 out of 3000, o r  0.003d Figure 3 shows tha t  f o r  n/N = 0.05, a  
f a c t o r  of 10 l a rge r  than above, i n  excess of 20,000 samples a r e  required 
f o r  5% accuracy of the r e s u l t .  A p robab i l i t y  of 0:05 implies 150 oc- 
currences ovt of 3000 t o t a l s .  The 5% accuracy bound i s  then !8 occurrences. 
Thus, a  va r i a t i on  of only 5 f o r  3000 t o t a l s  and a  p robab i l i t y  of 0.003 is 
well  within t h e  expected Monte Carlo devia t ions .  

The Monte Carlo r e s u l t s  f o r  each round t r i p  and leg  of t h a t  t r i p  a r e  
presented i n  Appendix G f o r  t he  case t  sumar i zed  above. 

Examples of Experiments Needed Based on Limited STCL OPS Applications.-  
A wide va r i e ty  of experiments a r e  suggested a s  a  r e s u l t  of t he  l imited 
cases  run. These include: s u b s t a a t i a t i o n  of the  many da t a  values such 
a s  the  s t e e r i n g  time cons tan ts  used i n  ANGCAP; Kalrnan updating using two 
VORTAC s t a t i o n s ,  e i t h e r  simultaneously o r  sequent ia l ly ;  t he  MLS acqu i s i t i on  
opera t iona l  procedure; e t c .  Experiments t h a t  might be required sbould no t  
be f u l l y  designed without conducting extensive exerc ise  cases  of STOL OPS. 
STOL OPS r e s u l t s  can serve  a s  t he  i n i t i a l  condi t ions f o r  many experiments. 
The r e s u l t s  of the experiments should be presented i n  a  format s imi l a r  t o  
STOL OPS r e s u l t s  t o  permit easy comparison. 



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 trafzic 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 ilhstrated in Figure 62(g), the mean gate 
delay time is 37.67 minutes. The results indicate that increasing the 
capacity of SNA by 20 operations per hour as shown in Figure 65(a) reduce 
the mean gate departure delay to 6.25 minutes yielding ?n 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 
250% increase in total dispatch reliability. An increase in the number 
of movements can come about if the separation between aircraft 011 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 run. 

It is of interest to note from Figure 64 that for 3000 scheduled op- 
erations ia instrument weather, 2743 or 91.4% 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 f11 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, a11 data values need to be carefully reviewed and extensive exercise 
cases run with this and different scenarios prior to drawing definitive 
conclusions. 



RECOMMENDATIONS 

The set of computer programs that comprise STOL OF'S 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 opcration procedures 

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

(4) Repeat of (1) through (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 associated 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 to piloted simulations to determine the 
adequacy of (1) the time constants used for steering, and (2) the use- 
fulness of t'te operational procedures 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 with1 NASA Ames Research Center concerning 
the priority of each of the recommended tasks. 



TABLE 18. SUGGESTED EXERCISE CASES 

1. Evaluate Effectiveness of Each Function's Modes 

2 .  Evaluate MLS Configuration G Siting and Acquisition 
Probability for ~ubfunctions/Modes (Single ant! Parallel 
Runway Operations) 

3. Evaluate Various Operational Procedures for 
s Fixed Time of Arrival 

Variable Time of Arrival 

4. Evaluate Other Scenari.0~ 

5. Evaluate Improved Utilization of Aircraft by Reduction 
of Ground Time m d  Using Fixed Time of Arrival 

6. Establish Avionics Requirements to Mee: Variations in 
Mission Performance Goals 

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

8. 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 

9. Investigate Sensitivity of Cross Track Deviations to 
Steering Time Constant 

10. Evaluate Reduced Constraints Impact and Establish Fmction 
Requirements 

Route Width 
Common Path Length 



TABLE 19. SUGGESTED TASKS 

Application of STOL OPS to Suggested Exercise Cases 

Perform Technological Forecast and Model Selected Systems 

Design Experiments to Substantiate Critical Data Value 

Develop and Incorporate Human ~erformance/~eliabili ty Ibdels 

Develop Optimum ~eliability1Maintainability Allocation Model 
for Multimode System 

Develop and Incorporate Cost of Onmership/Benefit Model 

Synthesize 2980 STOL Avionics for CAT I, CAT 11, and CAT 111. 
Establish Systems Criteria for 1980 Mission Performance 
Goa 1 s 

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

Develop Augmentor Wing or KTOL Model 

Incorporate various Guidance TAW Models 

Investigate Alternative MLS Configuratibns Datn Rates by 
Modeli~~g Closed-Loop Final Approach with EBF 

Investigate Need for Surveillance Radar 
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APPENDIX A 

OPERATIONAL ENVIRONMENT 

Airport  Model 

The a i r p o r t  mock1 i s  designed t o  encompass 8 ~ a c r o s c o p f c  view of an 
a i r p o r t ' s  a i r s i d e  a c t i v i t i e s ,  This view i o  s imi l a r  t o  being i n  the  cockpit  
of an a i r c r a f t  a s  i t  perfcrms the var ious t a sks  r e l a t e ?  t o  i t s  a i r p o r t  
a i r s i d e  operat ion.  

General input information f o r  t he  a i r p o r t  mod..l includes such in fo r -  
mation a s  a i r p a r t  l a t i t u d e ,  longi tude,  a l t i t u d e ,  and cont ro l led  a i r space  
radiup - 3  wel l  a s  information t h a t  i s  needea t o  descr ibe s p e c f f i c  po in t s  
of i n t .  r e s t  i n  the  2i :port;  e.g., runway end poin ts ,  t u r ~ o f f  p ~ i n t s ,  e t c .  
E ~ c h  of these po in t s  is designated by an x and y pos i t ion  r e l c  ,.e t o  an 
o r i g i n  (such rs the cont ro l  tower) wi th  t he  p o s i t t v e  x a x i s  e. - ~d the  
p o s i t i v e  y  a x i s  n o ~ t h .  

The runway information includes s p e c i f i c  information f o r  each ~dnway 
t ~ c h  a s  o r i e n t a t i o ; ~ ,  l ength ,  width,  tu rnof f  po in ts ,  e t c .  Inpuc da ta  fo r  
a  t yp i ca l  a i r p o r t  i s  shm:,~ i n  Figure A-1. 

Before each Zlante Carlo simrllation, t he  i n c r , ~ n e n t a l  times noedec cc 
process the a i r c r a f t  through segments of t h e  a i r p o r t  a r e  cowputed and 
s tc red  f o r  use In  t he  Monte Carlo rout ine.  I n  t h i s  manner, every a i r , t o r t  
event haa a  precalculated time assoc ia ted  with it (cons is t ing  of a  noninal 
time p lus  p s s s ib ly  a  random component) and the  Iforrte Carlo rou t ine  neetl no?: 
compute the  time aach time the  event i s  processed. 

The model considers  t h e  following phases: 

(1) Landing 

(2) Texi i n t o  ga t e  a r ea  

(3) gefuel  

(4) Cargo load/unload 

(5) Passenger enplanement 

(6) Taxi out t o  take," Ef runway 

(7)  Takeoff. 

Al! a i ~ o r t  s e rv i ce  times a r e  taken sequent ia l ly  sxcel;ir cargo loaoi?a 
which i s  in p a r a l l e l  with refuel ing.  
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Landing. -This phase of the mods1 covers the  a i r c r a f t ' s  a c t i v i t i e s  
during runway occupancy. A constsnt decelerat ion of 10 f t / s e c 2  i s  used t o  
ca lcula te  runway distance required t o  slow down. Once i t  has been deter -  
mined tha t  the  a i r c r a f t  has reached a safe turnoff ve loci ty ,  the a i r c r a f t  
i s  assumed t o  turn off onto the nearest  taxiway. The distance and time from 
touchdown t o  turnoff i s  calculated f o r  the a i r c r a f t .  

Taxi In to  Gate Area.-On the bas i s  of the turnoff tha t  i s  chosen, the 
taxi- in route describes the appropriate t a x i  path f o r  the  a i r c r a f t  from 
a i rpor t  configuration data. The a i r c r a f t  i s  assumed t o  t a x i  i n  a t  a 
constant velocity. 

Refuel.-This routine ca lcula tes  the  time taken t o  refuel  the  a i r c r a f t  - 
by dividing the  poinds t o  be loaded by the  fuel ing r a t e  ( lb lsec) .  

Passenger Enp1anement.-This port ion of the model ca lcula tes  the  time 
f o r  passengers t o  board. A normal d i s t r ibu t ion  with a 10-minute mean 
value and 2-minute deviation is  used f o r  passenger enplanement. 

Cargo LoadlVnload . -The cargo load phase ca lcula tes  the  t ime t o  load/ 
unload baggage and f re ight .  A normal d i s t r ibu t ion  with a 10-minute mean 
value and a 2-minute deviation is used t o  determine cargo load time. 

Taxi Out t o  Takeoff Runway.--This phase of the  w d e l  ca lcula tes  the  
time for  the a i r c r a f t  t o  t a x i  out  t o  the  takeozf runway by methods similar  
t o  those described in  the  taxi- in phase. 

Takeoff. -The time incurred dt:ring takeoff i s  calculated here. This 
w i l l  be the runway occupancy time during takeoff.  

Weather 

A t  the present time, the  probabil i ry of VFR weather is  input a s  data. 
Data from the National Oceanic and Atmospheric Administratioti showed 'VFR 
weather occurring 97.8% of the time a t  Orange County. necause of lack of 
information fo r  San Jose and Sacramento, t h i s  same value i s  used f o r  a l l  
a i rpor ts .  

Winds a l o f t  a r e  modeled a s  time correlated,  normal random processes. 
The input data required for both e a s t  and w e s t  winds are: 

(1) Mean wind 

(2) One-sigma deviation 

(3) Correlation time constant. 

The winds a r e  assumed t o  decrease l i n e a r l y  from the above values a t  
10,000-ft a l t i t u d e  t o  zero a t  the ground surface. 
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T r a f f i c  Forecast  Development 

Idea l lya the  opera t iona l  environment would be defined by fo recas t i ng  
the  t o t a l  short-haul- t ransportat ion-system demand and applying a modal 
s p l i t  program t o  determine the sho r t -hau l - a i r - t r a f f i c  demand. By u t i l i z i n g  
da t a  on the  capac i ty  of t he  a i r c r a f t  which might servz t h i s  demand, 
estimated load f a c t o r s ,  and f l i g h t  c h a r a c t e r i s t i c s  of t he  a i r c r a f t  serving 
t h i s  demand, i t  would be poss ib le  t o  s p e c i f i c a l l y  a r r i v e  a t  t h e  SOL a i r  
t r a f f i c  mix and dens i ty  f o r  t h e  c i t y  p a i r s  making up the  rou te  network. 
Since the  opera t iona l  enviror~ment includes not  only STOL a i r c r a f t  but 
o ther  a i r c r a f t  it i s  necessary t o  determine t h e  aeronaut ica l  a c t i v i t y  
f o r  t he  a i r p o r t s  concern. There i s  a  need t o  know: 

(1) The type of a i r c r a f t  u se r s  (STOL and CTOL a i r  c a r r i e r s ,  
scheduled a i r  t a x i ,  general  av i a t i on ,  and m i l i t a r y  
s. rv i ce s  where appl icab le  

(2) Types and volumes of opera t iona l  a c t i v i t y  ( s i r c r a f t  
operat ions,  passengers a r r i v i n g  and t?eparting, based 
a i r c r a f t ,  e t c . )  

(3) A i r c r a f t  mix ( l e rge  capac i ty  CTOL t r anspo r t s ,  STOL 
t r anspo r t s ,  smaller  commercial, business ,  and 
p leasure  a i r c r a f t ) .  

With regard t o  the  types of a i r p o r t  u se r s ,  CTOL and STOL a i r  
c a r r i e r s  w i l l ,  r e spec t ive ly  r e f e r  t o  a l l  conventional and shor t - takecf f -  
type scheduled conmiercial a i r c r a f t  ocher than a i r  t ax i s .  Scheduled a i r  
t a x i s  r e f e r  t o  a i r c r a f t  opera tors  f o r  h i r e  which engage i n  t h e  scheduled 
t r anspo r t a t i on  of passengers and/or property,  and which genera l ly  operate  
small a i r c r a f t  l e s s  than 12,500 pounds maximum takeoff weight. I f  de s i r ab l e ,  
t h e  a i r c r a f t  can be separated by weight and performance c h a r a c t e r i s t i c s  
and included ic the  var ious o t h a r  type ca t sgc r i e s .  C ~ n e r a l  av i a t i on  a i r c r a f t  
comprise t h e  segment of c i v i l  av i a t i on  which encompasses a l l  f a c e t s  of av ia -  
t i o n  not  mentioned above. These include: 

(1) Unscheduled a i r  t a x i  s e rv i ce s  

(2) Business, (corporate  - execut ive t r anspc r t a t i on )  

(3) Commercial ( a e r i a l  app l i ca t i on  - i n d u s t r i a l  - sp  ~ : i a l )  

(4) Personal ( r ec rea t ion  - f l i g h t  prof ic iency)  

M i l i t a r y  a i r c r a f t  r e f e r s  t o  those a i r c r a f t  of a l l  t he  m i l i t a r y  s e rv i ce s  
u t i l i z i n g  a i r p o r t s  serving pr imar i ly  c i v i l  a i r c r a f t .  
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Major types of operational a c i t i v i t y  tha t  should be considered are: 

(1) Aircraft  operations (movements) 

(2) Busy hours operation 

(3) Enplaning passengers 

(4) Enplaning and deplaning cargo 

(5) Based a i r c r a f t  . 
Aircraft  operations include the  t o t a l  number of landings (a r r iva l s )  

and takeoffs  (departures) from an a i r p o r t .  Busy-hour operations a r e  the  
t o t a l  number of a i r c r a f t  operations which occur a t  an a i r p o r t ' s  busiest  
hour, computed by averaging two adjacent busiest  hours of a typica l ly  
high a c t i v i t y  day ( ref .  A-1). Data on enplaning passengers and a i r  cargo 
and deplaning cargo can be used t o  determine ground f a c i l i t y  requirements. 
These data a re  a l so  of use i n  determining changes tha t  w i l l  occur i n  
a i r c r a f t  operations due t o  the introduction of a new type of a i r c r a f t  t o  
t h ~  a i rpor t ,  such zs one with a higher weight and capacity. It i s  assumed 
t h a t  over an extended period of time, the  number of deplaning passengers 
wLI !  equal the enplaning ones. Data on based a i r c r a f t ,  which a r e  the t o t a l  
number of ac t ive  general avia t ion  a i r c r a f t  which use o r  may be expected t o  
use an a i rpor t  a s  ''home base" would be needed i f  a determination of present 
o r  fu ture  ground f a c i l i t y  requiLneaent s were desired,  

In order  t o  derive meaningful r e s u l t s  from the simulation, a t  a 
minimum, the a i r c r a f t  mix and densi ty should be detersined separately f o r  
scheduled and unscheduled operations and d is t r ibuted  a s  a function of time 
of day f o r  the  time period of i n t e r e s t .  This would require forecast ing 
the  above data. Although such a forecas t  is  outside ihe scope of work on 
t h i s  study, input data mst be avai lable  f o r  operation of the  program. A 
preliminary forecast  was therefore made fo r  each of the  three  a i r p c r t s .  

Development of 1980 A i r  T ra f f i c  Forecast fo r  Snn Jose Municipal. - 
Reference A-2 includes a forecast  of a i r c r a f t  opecations in  1980 i n  t ~ m s  
of i t ine ran t  operations f o r  scheduled a i r  c a r r i e r  and general aviatior. a s  
well  a s  local  operations f o r  general aviat ion.  Mil i ta ry  operations, both 
i t ine ran t  and local ,  a r e  included but a r e  r e l a t i v e l y  small i n  number. The 
percent d i s t r ibu t ion  of these operations by a i r c r a f t  types i s  a l ~ o  forecast  
fo r  1980. Reference A-3 discussed the t r a f f i c  d i s t r ibu t ion  between the  
three  San Francisco Bay Area a i rpor t s .  It a l s o  forecas ts  the growth 
pat terns  expected f o r  the Bay Region. While a specj f ic  percentage cf the  
Bay Region a i r c r a f t  operatfons is  not forecast  f o r  San Jcse i n  1980, the  



pro j ec t ion  of population f o r  Santa Clara County i nd i ca t e s  t h a t  it w i l l  
con ta in  t he  g r e a t e s t  population i n  1980 with the  l a r g e s t  percentage 
increases  occurr ing f r m  1965 t o  1980. These f i gu re s  i nd i ca t e  t h a t  Santa 
Clara  County, t he  loca t ion  of  San Jose  Municipal, w i l l  contain over 25 
percent  of the Bay Area population. While SJC opera t ions  made up 5 percent 
of t h e  t o t a l  Bay Area t r a f f i c  and Santa Clara County contained 21  percent 
of t k  ~ o p u l a t i o n  i n  1966, i t  i s  f e l t  t h a t  a conservat iqe es t imate  of the 
t o t a l  Fav Area a i r  t r a f f i c  t o  be handled by San Jose i n  1980 is 15 percent .  
Referenc~2 A-2 reporcs  t h a t  525,000 annual scheduled a i r - c a r r i e r  opera t ions  
a r e  fo recas t  f o r  the San 3ranc isco  hub i n  1980. F i f t e r n  percent  of these  
operat ions i s  78,750 annual opera t ions  a t  San Jose.  On an average d a i l y  
b a s i s  t h i s  i s  about 216. I f  t he  same percent d i s t r i b u t i o n  by a i r - c a r r i e r  
group i s  assumed t o  apply a t  a l l  San Francisco Bay a i r p o r t s ,  then San Jose  
can be expected t o  have 79 opera t ions  d a i l y  with a i r c r a f t  of over 200 s e a t  
capac i ty ,  65 operat ions of a i r c r a f t  having a capac i ty  of 122 t o  199 s e a t s ,  
and 66 opera t ions  by a i r c r a f t  having 75 t o  119 sea t s .  The f i n a l  a i r  c a r r i e r  
operat ions would be 8 by a i r c r a f t  possessing less than 54 sea t s .  It i s  
assumed t h a t  t he  200 s e a t  (and over) a i r c r a f t  would be DC-10 o r  L-1011 type.  
It i s  assumed t h a t  t he  120 t o  199-seat-capacity a i r c r a f t  would be 727 type 
s i r c r a f t .  Since it i s  un l ike ly  t h a t  t h e  DC-9 and 737 types  of a i r c r a f t  
w i l l  be r e t i r e d  by 1980, i t  i s  assumed t h a t  t he  75 t o  119 seat capac i ty  
a i r c r a f t  c o n s i s t s  of two--thirds DC-9 and 737 type and one-third 100 passen- 
ger  STOL. The %-seat  (and under) a i r c r a f t  which provide 8 opera t ions  d a i l y  
a t  San Jose i s  assumed t o  be a DHC-7 type a i r c r a f t .  The summation of 
i t i n e r a n t  and l o c a l  opera t ions  by general  a v i a t i o n  f o r  t h e  Bay Area equa ls  
5,172,700 annually.  I n  1970, San Jose  handled approximately 14 .ercent of 
t h e  general-aviat ion t r a f f i c  f o r  t he  Bay Region. I f  i t  i s  assumed t h a t  no 
add i t i ona l  general av i a t i on  a i r p o r t s  a r e  b u i l t  sad t h a t  San Jose  would 
handle the  same percentage of  t h e  fo recas t  t r a f f i c ,  the  annual general  
a v i a t i o n  operat ions a t  San Joee i n  i9SO would be 755,595, while  would y i e ld  
a d a i l y  average of 2,070 operat ions.  Present d a i l y  average aperatians a t  
San Jose i n  the  peak month a r e  1,333. Quice c l e a r l y  t he  uumber of general  
av i a t i on  opera t ions  w i l l  l i e  somewhere between these  two numbers, more 
l i k e l y  a t  the  lower ead. For t h i s  reason, i t  is assumed t h a t  t he  general  
av i a t i on  operat ions t o t a l  1,364. I f  i t  i s  assumed t h a t  t h e  percent  d i s t r i -  
but ion i s  t h e  same a s  t h a t  fo r ecas t  i n  re fe rence  A02 f o r  general  a v i a t i o n  
a i r c r a f t  f o r  t he  San Francisco hub, then 5.1 percent  of t h e  general  a v i ~ t i o n  
operatrons would be tu rb ine  powered and considered t o  be l i g h t  twins. This  
y i e l d s  70 turbine-powered a i r c r a f t ,  wi th  t he  remainder of t h e  1,364 being 
a l l  o the r  genera l -a l f ia t ion  a i r c r a f t .  It i s  assumed t h a t  t h e  nnmber of 
general-aviat ion multiengine a i r c r a f t  i s  the  same percentage a s  is  p r e s e ~ t l y  
based a t  San Jose,  i .e. ,  12 percent .  This  y i e l d s  155 opera t ions  by 
mul t iengi t~e  general-aviat ion a i r c r a f t ,  which would include those t u rb ine  
powered. Quite  obviously, t he se  numbers a r e  es t imates  and f o r  t he  purpose 
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of t h i s  fo recas t ,  a ro ta1  of 190 operat ions by l igh t - twin  general-aviat ion 
a i r c r a f t  has been assumed. The balaace of the 1,364 a r e  l i gh t - s ing le  type. 
Figure A-2 shows the  assumed nix and d i s t r i b u t i o n  by 5 a i r c r a f t  types f o r  
San Jose  i n  1980. These numbers a r e  q u i t e  subjec t ive  and should be consi- 
dered t e n t a t i v e  f o r  the purpose of checking out the program. 

Development of 1980 A i r  T r a f f i c  Forecast f o r  Sacramento Executive. - 
The forecas t  f o r  Sacramento Executive, which i s  shown in Figure A-3, was 
ar r ived  a t  by assuming t h a t  the a i r c r a f t  operat ions f o r  1986 i n  the-  
Sacramento hub, a s  reported i n  reference A-4, should be provided with a i r  
c a r r i e r  operat ions divided between Sacramento Metropolitan, the  present  
a i r  c a r r i e r  served s i t e ,  and Sacramento Exe'cutive on an equal bas i s .  This 
would provide 35,501 scheduled a i r  c a r r i e r  operat ions annually a t  Sacramento 
Executive. Assuming the same mix by a i r c r a f t  types,  there  would be 7,029 
annual operat ions by a i r c r a f t  ?aving 120 t o  199 sea t  capac i ty ,  25,951 
operat ions by a i r c r a f t  having 75 t o  119 sea t  capaci ty,  and 2,521 opera t ions  
by a s r c r a f t  having l e s s  than 54 s e a t s  capacity.  This provides t he  d a i l y  
average of 19 (120 t o  199 s e a t s ) ,  71 (75 t o  11: s e a t s ) ,  and 7 ( l e s s  than 54 
s e a t s ) .  It i s  assumed t h a t  the  c a p a c i t i e s  f a l l i n g  in  the range of 75 t o  
119 s e a t s  a r e  provided by t h e  46 DC-9 o r  737 types of a i r c r a f t  and 25 STPT 
a i r c r a f t .  I f  the assumption i s  made t h a t  t he  summation of t he  i t i n e r a n t  
and loca l  general av i a t ion  operat ions i s  d i s t r i bu ted  equal ly  on an ann-al 
b a s i s  between 11 a i r p o r t s  i n  the  Sacramento hub, 120,000 annual operat ions 
would be conducted a t  sach a i r p o r t .  Reference A-3 ind ica t e s  t h a t  2.8 
percent of thr:se operat ions a r e  fo recas t  t o  be turbine-powered airc: 'aft .  
I f  i t  i s  assumed t h a t  turbine-powered a i r c r a f t  a r e  multiengine, t h i s  kor -d  
ind ica te  3,360 turb ine  powered a i r c r a f t  operat ions annusl ly  a t  each s i t i ,  
with the remaining 126,640 by a l l  o the r  general av ia t ion  a i r c r a f t .  Figure 
8(a) i nd ica t e s  t h a t  10 percent of the based general av ia t ion  a i r c r a f t  a t  
Sacramento Executive a r e  cu r r en t ly  multiengine. These multiengine a i r c r a f t  
would include the turbine-powered a i r c r a f t .  Using t h i s  breakdown, 12,000 
multiengine a i r c r a f t  operat ions would occur on an annual b a s i s  and 108,000 
single-engine a i r c r a f t  operations.  The annual t r a f f i c  i n  1570 is  indicated 
t o  be 191,543 i t i n e r a n t  and loca l  operat ions by general av i a t ion  a s  shown 
i n  Figure 8 (a ) .  Q u i t e  obviously, t h i s  number i s  h i , he r  than the  number 
a r r ived  a t  by taking the  fo recas t  f o r  t he  Sacramento hub and d i s t r i b u t i n g  
the  operat  ions across  11 a i rpo r t s .  The peak month operat ions t o t a l e d  20,C3r) 
i n  1970, a s  shown i n  Figure 8(a)  f o r  Sacramento Executive. Therefore,  i t  
w s s  decided t h a t  the  distribution of the  operat ions acrosp 11 a i r p o r t s  was 
u n r e a l i s t i c ,  and i t  has been assumed t h a t  the t o t a l  operat ions i n  1980 would 
approximate those of the peak month i n  1970, o r  about 240,000 annual opera- 
t i o n s  by general-aviat ion a i r c r a f t .  It gas f u r t h e r  assumed t h a t  LO percent 
of these operat ions were provided by tr7i.n engine a i r c r a f t  and 90 percent  by 
s i n g l e  engine a i r c r a f t .  Figure A-3 gives t he  m i x  and dens i ty  of a i r c r a f t  
estimated f o r  Sacramento Execut.ive in  1980. 
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Developmant of 1980 A i r  T r a f f i c  Fc-ecas t  f o r  Oran2e County. - Fore- 
s a s t i n g  of the  a i r  t r a f f i c  mix and dens'.ty a t  Santa Ana (Orange County 
Airport)  provides a s imi l a r  choice among various a l t e r n a t i v e s .  A i r  c a r r i e r  
operat ions were fo recas t  i n  reference A-2 f o r  t he  Los Angeles hub. This 
indicates a 161 percent increase i n  a i r  c a r r i e r  operat ions from 1970 t o  
1980. Present ly,  t he re  a r e  707 weekly operat ions a t  Orange County ( r e f .  
A-51, which equals  101 d a i l v  operat ions.  A, 161 percent increase would 
y ie ld  163 d a i l y  operat ions a t  Santa Ana i n  1980. Al te rna t ive ly ,  i n  1970, 
8.76 percent of the Los Angeles hub a i r - c a r r i e r  operat ions were conducted 
a t  Orange County. The continucd growth of t he  Los Angeles Metropolitan 
Area w i l l  be i n t o  the  open land, which i s  toward San Diego, and eastward 
i n t o  the  dese r t  and northward. P ~ p u l a t i o n  i n  the area around Orange County 
w i l l  increase ,  and i t  could be assumed t h a t  10 percect of the  Los Angeles 
hub of a i r - c a r r i e r  operat ions might be conductad a t  Orange County in  1980. 
This  would y ie ld  185 d a i l y  operat ions.  Reference h . 6  s t a t e s  t h a t  "Orange 
County and Long Beach a i r p o r t  opera t ions  have only s l i g h t l y  increased over 
1972 due t o  publ ic  res i s tancef '  i n  1980. For  is reasoit, i t  has been 
assumed t h a t  the  a i r - c a r r i e r  opera t ions  t h a t  could be  provide6 by 727, 
737 and DC-9 types of a i r c r a f t  w i l l  remain c lose  t o  the presenr  number 
and t h a t  the primary addi t iona l  opera t ions  w i l l  be  provided by STOL. As 
indicated i n  Figure A-4,  t h i s  y i e lds  102, 727-type a i r  c a r r i e r  operat ions 
and 48 STOL-type operat ions da i ly .  

General av i a t ion  operat ions can be estimated i n  a v a r i e t y  of manners. 
For the Los Angeles a r ea  hub, re ference  A-2 i nd i ca t e s  a 229 percent increase 
f o r  l oca l  general av i a t ion  from 1970 t o  1980 and a 281 percent increase  i n  
i t i n e r a n t  general av i a t ion  operat ions from 197U t o  1980. Orange County had 
261,446 annual l oca l  general-aviat ion operat ions i n  1970 and 225,407 a m u a l  
i t i n e r a n t  general-aviat ion operat ions f o r  a t o t a l  of 486,853 general  avia-  
t i o n  operat ions annua1l.y.' The peak-month operations i n  1970 were 51,000. 
I f  it  i s  assumed t h a t  t h e  above percentage increases  apply across  a l l  a i r p o r t s  
f o r  the Los Angeles a r ea  i n  1980, 598,711 annual l oca l  gmera l - av ia t ion  
operet ions and 634,169 annual, i t i t e r a n t  general-aviat ion operat ions could 
be  expected, y i e ld ing  a t o t a l  of 1,232,880 annual general-aviat ion opera- 
t i o n s  i n  1980 a t  Santa Ana. This  would y ie ld  a d a i l y  number of 1,640 l o c a l  
and 1,737 i t i n e r a n t ,  giving a sum of 3,377 general-aviat ion opera t ions  d a i l y  
iit Orange County. I f  i t  is assumed t h a t  the operat ions should be based upon 
the  percent increase  from the  present  month, 4,304 general-aviat ion 
operat ions would occur d a i l y  a t  Orange County ic 1980. I f  one as~umed t h a t  
t h e  operat ions should be based on an equal d i s t r i b u t i o n  between 19 Los 
Angeles area a i r p o r t s  t o  be u t i l i z e d  by general  av i a t ion ,  the  t o t a l  Lo8 
Angeles l oca l  operat ions by general av i a t ion  i n  1980 would be divided by 
19 a i r p o r t s  t o  y ie ld  412,847 annual,  l o c a l  general  av i a t ion  opera t ions  
per  a i r p o r t  i n  1980, S imi l a r i l y ,  273,658 i t i n e r a n t  operat ions could be 
expected a t  each general-avlat ion a i r p o r t  giving a sum f o r  t he  l o c a l  and 
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APPENDIX A 

itinerant of 586,505 general-aviation operation. This yields 1,881 general- 
aviation operations daily. At Santa Ana, the present daily operations for 
the peak month would be 1,700. Obviously, the LPSO general-aviaticn opera- 
tions at Orange County would then range somewhere from 1,700 to 4,304 dbiily. 
Since the possibility of changing the configuration of Orange Zounty airport 
is quite limited (ref. A-7), it is suggested that the general aviation 
operations be based initial.1~ upon the present peak month, or 1,700 daily 
general-aviation operations. 
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Airport  Capacity Model 

A t r a f f i c  mix model u t i l i z i n g  Poioson d i s t r i b u t i o n  queueing theory 
has  been developed. This model i s  bssed on work done by Goldman ( r e f .  A-8). 
The following da ta  a r e  required f o r  each a i r c r a f t  type, i: 

.Qi = a r r i v a l  r a t e  ( landings per  ~ ~ i t  time) 

Di Y departure  r a t e  ( t akeo f f s  per u n i t  time) 

Ci = colnrnon path length  used 

v = ve loc i ty  while  on the  common path 
i 

T ~ i  
r landing runway occupancy time 

TDi I takeoff runway occupancy time . 
In add i t i on ,  a minimum separa t ion  d i s t ance ,  A ,  and separa t ion  time, Ts, 
must be spec i f ied .  The mix model i s  used t o  compute a s e rv i ce  r a t e  S 
(operat ions per  un i t  time). 

where 

P i j  = the  p robab i l i t y  an opera t ion  is  of type j following an 
operat ion of type i, and 

s: t he  minimum time allowed f o r  an operat ion s f  type j 
r i  to follow an opera t ion  of type i 

N = number of a i r c r a f t  types 

Operation type ind ices  i and j are used t o  dts .?re  a i r c r a f t  types  and 
landings o r  t akecf fs :  

1 5 i s ,I denotes a type i landing,  an.' 

N + 1 S i s 2 N  denotes a type i takeoff .  

A completely random urlcorrelated c r a f f i c  mix i s  assumed, thus 

P i j  = p i p j  
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where Pi i s  thd probabil i ty a s ingle  operation i s  of type 1, 
. N 

1 4 1 5 N, and 

The minimum time between operations is  computed by 

1 1  (landing I landing) 
'ij = A / v ,  +Win (Si,Cj).(; - - ),(vi<vj) 

i v~ 
IsisN, N + 1 4 j 5 2 N  

(landing following takeoff) 

N +  1s 1 6  2N, 1 s j 4 N ' 

(takeoff following landing) 

N - ; . ~ 4  i < 2 N ,  n i - l S j s 2 N  

(takeoff - takeoff)  

With the s c r ~ i c e  r a t e  known, the  qiauu load f a c t ~ r  F mcy be computed as: 
N 

F = r: !Ai + D ~ ) / S  (A-5) 
i - I  

where F i s  the  r a t i o  of t o t a l  desand r a t e  t o  t o t a l  service r a t e .  The mean 
waiting time, W ,  i s  the same f o r  a l l  types sharing the same ruwiay, 

The above model has been iraplemenial a s  d separate FORTRAN computer program. 

Capacity Mcdel C?rnputer Code. - Sample output ~f the capacity ~ m d e l  i s  
shown i n  Figure A-5(a) and (b) .  *he data  reqcired is  shown a t  the  top of 
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Figure A-5(a). The model has  the  c a p a b i l i t y  of analyzing up t o  t en  a i r -  
c r a f t  types. I n  the example shown, fou r  types a r e  considered. For each 
type of a i r c r a f t ,  VFR and IFR demand r a t e s  f o r  landings and takeoff  a r e  
required.  For landings,  add i t i ona l  informat ion descr ib ing  approach 
ve loc i ty ,  conmon-path usage, and runway-occupancy time a r e  required.  For 
takeof fs ,  i t  was assumed t h a t  t u r n s  a f t e r  leaving the  runway e l imina te  t h e  
need f o r  consider ing conmon path c o n f l i c t .  Thus, the  o3lp add i t i ona l  take- 
o f f  information is t h e  runway occupancy time. I n  addi t ion ,  sho r t  and long 
runways a r e  considered, and t h e  appropr ia te  runway length must be ind ica ted  
f o r  each a i r c r a f t  type. The minimum separa t ion  d i s t ance  and time requi re -  
ments a r e  a l s o  t r e a t e d  a s  two d i s t i n c t  va lues  f o r  IFR and VFR condi t ions  
i n  t h i s  m d e l .  The s a f e t y  margin i s  a time i n t e r v a l  t o  allow f o r  growth of 
d i spers ion  i n  t he  along-track p o s i t i o n  a f t e r  c learance f o r  landing is given. 
Since STOL a i r c r a f t  a r e  of p a r t i c u l a r  i n t e r e s t  i n  t h i s  model, t he  subrout ines  
a r e  w r i t t e n  t o  allow repeated eva lua t ions  of t h e  da ta  with changes being 
made t o  t he  STOL common path length. Thus, Figure A-5 (a  and b) inc ludes  
r e s u l t s  f o r  STOL common pa ths  from .5  n.mi. t o  2 n.mi. i n  add i t i on  t o  t h e  
1 n.mi. spec i f ied  i n  t he  da t a  a t  the  top of Figure A-5(a). For each STOL 
common-path assumptions, t h r ee  blocks of output a r e  produced. These blocks 
show the  s e rv i ce  r a t e s ,  load faccors ,  and mean wai t ing  times f o r  an a i r c r a f t  
assuming t h a t  separa te  runways a r e  a v a i l a b l e  f o r  landings and takeoff  o r  t h a t  
landings and takeof fs  a r e  mixed on t h e  same runway. Within each block, 
queueing s t a t i s t i c s  a r e  shown f o r  shor t  and long runways, assuming t h a t  t h e  
t r a f f i c  i s  dispersed between t h e  t-do runways a s  indicated i n  t h e  data .  A 
t h i r d  l i n e  shows the  s t a t i s t i c s  i f  a l l  opera t ions  ( shor t  and long) a r e  
combined on the long runway. The four th  and f i n a l . 1 i n e  of each block gives  
the  s t a t i s t i c s  f o r  t he  following assumptions: 

(1) A l l  a i r c r a f t  ind ica ted  long use t h e  long runway 

(2) A i r c r a f t  i t d i c a t e d  a s  shor t  w i l l  use  the sho r t  
runway, and i f  t he  long runway i s  not  i n  use,  i t  
w i l l  a l s o  be used f o r  sho r t  runway t r a f f i c .  

Each l i n e  i n  t he  output  shows, s epa ra t e ly  f o r  VFR and IFR condi t ions ,  t h e  
se rv ice  r a t e  i n  opera t ions  per  Lour, t h e  load f a c t o r  ( a r r i v a l  r a t e  over 
se rvfce  r a t e ) ,  and the  mean wai t ing  t i n e  i n  minutes. I f  t h e  a r r i v a l  r a t e  
i s  equal t o  o r  g r e a t e r  than t h e  s e rv i ce  r a t e ,  an i n f i n i t e  queue and 
i n f i n i t e  wa?ring time r e s u l t .  These  condition^ a r e  shown by 999999.99 i.n 
t he  output.  

This  mode? may be i n t e rp re t ed  i n  the  following way. Consider, f o r  
exiimple, t he  output a t  t h e  top  of Figure A-5(a) (STOL common path equa ls  
182 
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1 n.mi.) i o r  a STOL a i r c r a f t  a r r i v i n g  t o  m a k ~  a landing with four  runways 
i n  operat ion,  one each f o r  landing, takedff ,  sho r t ,  and Long. Under VFR 
condit ions the  mean wait ing time would be 8.1 minutes. Under IFR condit ions 
the  mean wait ing time would be 6.67 minaces. It should be noted t h a t  the 
increased wait ing time during v i sua l  c 0 ~ 3 i t i o n s  i s  due t o  t he  higher  t r a f f i c  
spec i f ied  i n  the da t a  (64 landings per  i~ovlr r a t h e r  than 30 landings per  
hour). This increased t r a f f i c  during v i sua l  condi t ions r e s u l t s  i n  a longer 
mean wait ing time even though the  serv ice  r a t e  increases  from 20.2 landings 
per  hour t o  54.5 landings per  hour. A t  t he  o ther  extreme, consider  t he  
case 02 landings and takeoffs  mixed on the  same runway which i s  handling 
both shor t -  and long-runway a i r c r a f t .  Under v i sua l  condi t ions,  the  combined 
se rv i ce  r a t e  i s  80 operat ions per hour, while  under IFR condit ions,  it i s  
43 operat ions per  hour. These a r e  both l e s s  than the a r r i v a l  r a t e s  (128 
and 60) and r e s u l t  i n  in£ i n i t e  queues. 

The impact of STOL common path length  requirements may be inves t iga ted  
using t h i s  model. Consider landings only using a shor t  runway, mean v a i t i n g  
time under instrument condit ions f o r  a conanon path length of .5  n.mi. i s  
6.58 minutes. I f  t h s  STOL common path length i s  increased t o  2 n.mi, the  
mean wait ing time increases  t o  6.85 minutes a s  shown a t  the  bottom of 
Figure A- 5 (I?) . 

The Monte Carlo ana lys is  program requ i r e s  s load f a c t o r  and serv ice  
r a t e  under instrument and v i sua l  condi t ions f o r  each a i r p o r t .  These numbers 
may be ex t rac ted  from output such a s  shown i n  Figure A-5 from the  appropr ia te  
a i r c r a f t  operat ing p o l i c i e s  (mixing t r a f f i c  on runways and da ta  chosen f o r  
t h e  appropriate  time of day. The r e s u l t s  shown i n  t h i s  sample output were 
taken from fo recas t s  of t r a f f i c  f o r  t h e  1980 period during the  peak hours of 
8:00 t o  9:00 a.m. 
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POWRED LIFT STOL PERFORMANCE MODEL 

Nomenc 1 a t  ure 

The following nomenclature is used i n  the program l i s t i n g s ,  
equations, and discussion of input da ta  for  subroutine ARCFT. 

FORTRAN Equation 
Name S ymbo 1 Defini t ion 

AFC cx Net a x i a l  force coeff ic ient  

ALFA Angle of a t tack ,  degrees 

Angle of a t tack ,  degrees, from Table B - 1 1  

Angle of a t tack ,  degrees, from Table E-13 

Angle of a t t ack ,  degrees, i n  Table B-14 

Angle of a t tack ,  degrees, i n  Table B-12 

Speed of sound, f e e t  per  second 

Total  drag coe f f i c i en t  

P ro f i l e  drag coeff ic ient  

Input values of CD fo r  Table 8-4 
0 

Input values of Kl for  Table B-5 

Input values of K2 f o r  Table B-6 

C~ 
L i f t  coe f f i c i en t  

Maximum l i f t  coeff ic ient  

L i f t  coeff ic ient  during takeoff r o l l  
c ~ R o l l  

Input values of C 
Laor i 

fo r  Table B-19 

Maximum CL input values for  Table B-1 

Input values of CL for  Table B-11 

Input values of C for  Table 8-13 L 
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FORTRAN 
Namc 

Equation 
.Symbol Defini t ion 

Input values of C for  Table B-15 L 

Input values of C fo r  Table B-16 
L 

Gross th rus t  coeff ic ient  CMU 

CMUM 

mull 

mu12 

CMU13 

CMU 14 

CMU15 

Maximum value of gross th rus t  coeff ic ient  

Input values of C for  Table B-11  
P 

Input values of C f o r  Table B-12 
C1 

Input values of C f o r  Table B-13 Cr 

Input values of C,, fo r  Table 8-14 

Input values of C fo r  Table B-15 v 
Input values of C,, f o r  Table B-19 

Ram drag coeff ic ient  

Input values f o r  r a t i o  of ram drsg coef f i c i en t  
t o  gross th rus t  coeff ic iant  fo r  Table B-10 

N e t  a x i a l  force coef f  i c  kent 

Output r a t i o  from Table B-16 

Gradient of  speed of sound with a l t i t u d e ,  sec  - 1 

CX 

CZCM 

DCDH 

DEL 

DSDH 

Atmospheric pressure r a t i o  

Cradient of densi ty r a t i o  with a l t i t u d e ,  f t - I  

Equivalent airspeed, knots 

Gross thrus t ,  l b  FG 

FGMIN 

n 1 2  

FN 

Minimum value of gross thrus t ,  l b  

Gross ax ia l  force cos f f i c i en t  from Table B-12 

Net thrust, Ib 
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FORTRAN 
Name 

FNMAX 

E'NMIN 

FN2 

FN3 

FN7 

FS 

FT 14 

Em 

FXSR 

F8 

F9 

GAFC 

GAM 

GLIM 

H 2  

I F  

ICL 

K 1  

K2 

M 

M I  

M 1  

M2 

Equation 
Symbol ' De f i n i  t ion 

Maximum value of net thrus t ,  l b  

Minimum value of net th rus t ,  l b  

Output F from Table B-2, l b  
NMAX 

Output F from Table B-3, l b  
NMIN 

Normalized net  th rus t  input valrles t o  Table B-7 

Excess th rus t  e r r o r  i n  i t e r e '  ;.on process, l b  

Gross a x i a l  force coeff ic ient  output of Table B-14 

Excess th rus t ,  Ib 

Required value of excess thrus t  t o  f l y  p ro f i l e ,  l b  

Maximum gross thrus t  input values t o  Table b-8, l b  

Minimum gross th rus t  input values t o  Tabiz 3-9, l b  

Gross a x i a l  force coef f Lcient 

F l igh t  path angle, pos i t ive  fo r  climb, radians 

Limiting acceptable takeoff accelerat ion,  g ' s 

Alt i tude input va lu t s  t o  Table B-2, f t  

Flap pos i t ion  iiidicator,  in teger  

Indica tor  fo r  C exceedsnce, integer L 

Mach number 

Fl ight  mode indicator ,  integer 

Mach number values f o r  input to Table B-1 

Mach number values for input t o  Table 8-2 
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Mach number va lues  f o r  inpu t  t o  Tab le  B-4 M4 

M7 

PHI 

Mach number va lues  f o r  i n p u t  t o  Tab le  B-7 

Bank ang le ,  i n  r a d i a n s  

Dynamic p r e s s u r e ,  l b / f t  
2 

Q 

RHO 

S 

SIGMA 

Atmospheric d e n s i t y ,  s l u g s /  f t  3 

Wing a r e a ,  f t  
2 

Atmospheric d e n s i t y  r a t i o  

Square  r o o t  o f  a b s o l u t e  temperature  r a t i o  

True  a i r s p e e d ,  f t / s e c  

2. 
Rate  of  change o f  t r u e  a i r s p e e d ,  f t / s e c  

Head-on component of  wind g r a d i e n t ,  f t /sac 
2 

True a f rdpeed  inpu t  va lues  f o r  Table  B-8 

True  a i r s p e e d  i n p u t  v a l u e s  f o r  TeSle B-9 

True a i r s p e e d  inpu t  v a l u e s  f o r  Table  B-10 

A i r c r a f t  g r o s s  weight,  l b  

WWT 

WDT 

F u e l  flow, l b l h r  

Normalized f u e l  f low i n p u t  va lues  f a r  Tab le  B - 7  

Normalized f u e l  f low ou tpu t  o f  Table  B-7  

D e s c r i p t i o n  

The powered-l if  t STOL performance model, eubrou t ine  ARCFT, is  
des igned t o  be used as a subprogram to a n  i a t e g r a t t o n  r o u t i n e  f o r  t h e  
purpose o f  g e n e r a t i n g  f l i g h t  p r o f i l e s  which r e f l e c t  t h e  performance 
c a p a b i l i t y  of t h e  a i r c r a f t .  

The argument l is t  f o r  c a l l i n g  AXCFT is H,  V, W, PHI, IF ,  W, 
VWDOT, VWT, WDOT, M I .  Of these ,  H,  V, W, PHI, IF,  VWWlT, and XI are 
always s p e c i f i e d .  I n  a d d i t i o n ,  GPM may be s p e c i f i e d ,  depending upon t h e  
s e l e c t i o n  of t h e  f l i g h t  mode i n d i c a t o r ,  M I ,  a8 explaLned b e l w .  

188 
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The output  v a r i a b l e s  from ARCFT a r e  always VDOT and WDOT. GAM 
is a l s o  an o u t p u t , v a r i a b l e  f o r  c e r t a i n  v a l u e s  o f  M I .  

The f l a p  p o s i t i o n  i n d i c a t o r ,  I F ,  i s  an  inpu t  i n t e g e r  which 
denotes  one o f  t h r e e  p o s s i b l e  f l a p  d e f l e c t i o n s :  

I F  = 0, f l a p s  up 
I F  = 1, takeof f  f l a p  s e t t i n g  
I F  = 2,  l and ing  f l a p  s e t t i n g .  

The f l i g h t  mode i n d i c a t o r ,  M I ,  is a n  ass igned i n t e g e r  which 
s p e c i f i e s  one o f  n ine  p o s s i b l e  o p e r a t i n g  modes. These a re :  

M I  = 1, maximum t h r u s t  wi th  p resc r ibed  GAM 
M I  = 2, maximum t h r u s t  cl imb a t  cons tan t  e q u i v a l e n t  

a i r s p e e d  (EAS) 
M I  = 3, maximum t h r u s t  c l imb a t  cons tan t  Mach number 
M I  = 4, minimum t h r u s t  wi th  p resc r ibed  GAM 
M I  = 5, minimum t h r u s t  descen t  a t  cons tan t  EAS 
M I  = 6, minimum t h r u s t  descen t  a t  cons tan t  Mach number 
M I  = 7 ,  cops tan t  E M  on presc r ibed  GAM 
M I  = 8, cons tan t  Mach number on p resc r ibed  GAM 
M I  = 9, t akeof f  r o l l .  

Any segment of a d e s i r e d  f l i g h t  p r o f i l e  can be computed us ing 
t h e  a p p r o p r i a t e  o p e r a t i n g  mode. The fol lowing paragraphs  d e s c r i b e  t h e  
manner i n  which each mode can be used. 

I f  M I  = 1 is s e l e c t e d ,  maximum t h r u s t  is determined from s t o r e d  
d a t a  as a func t ion  o f  Mach nunber and a l t i t u d e  and used t o  a c c e l e r a t e  t h e  
a i r c r a f t  a long t h e  s e l e c t e d  f l i g h t  pa th  angle.  M I  = 4 is s i m i l a r ,  excep t  
t h a t  minimum t h r u s t  is  implied.  A s p e c i a l  f e a t u r e  has been incorpora ted  
Lnto t h e  r o u t i n e  when M I  = 4 has  been s e l e c t e d  and t h e  f l a p s  are d e f l e c t e d  
( I F  = 1 o r  2) because of t h e  i n t e r r e l a t i o n s h i p  which e x i s t s  between engine 
t h r u s t  and l i f t  f o r  powered- l i f t  a i r c r a f t .  I f  t h e  maximum l i f t  c o e f f i c i e n t  
is i n s u f f i c i e n t  a t  minimum t h r u s t ,  a d d i t i o n a l  engine t h r u s t ,  up t o  t h e  
maximum va lue ,  is a u t o m a t i c a l l y  provided t o  maLntain f l i g h t .  

I f  M I  = 2 o r  3 is s e l e c t e d ,  maximur~ a v a i l a b l e  t h r u s t  is used 
whi le  t h e  equ iva len t  a i r s p e e d  (EAS) o r  Mach number, r e s p e c t i v e l y ,  is he ld  
cons tan t .  I n  t h e s e  c a s e s ,  t h e  f l i g h t  path  ang le ,  GAM, is n o t  r p e c i f i e d ,  
but becomes a n  ou tpu t  v a r i a b l e .  The use o f  M I  - 5 or 6 is  similar except  
t h a t  minimum t h r u s t  is employed. 

S e t t i n g  M I  = 7 o r  8 i m p l i e s  f l i g h t  st cons tan t  EAS o r  Mach num- 
ber ,  r e s p e c t i v e l y ,  a t  a s p e c i f i e d  : l igh t  pa th  a n g l e  (which can be ze ro  
f o r  l e v e l  c r u i s e ) .  I f  t h e  d e s i r e d  pa th  a n g l e  is beyond t h e  performance 
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c a p a b i l i t y  of t he  a i r c r a f t ,  t h e  spec i f ied  f l i g h t  path angle i s  disregarded 
and maximum performance i. computed. 

I f  t he  ground r o l l  during takeoff i s  t o  be computed, M I  = 9 i s  selected.  
I n  t h i s  case,  the  f u e l  flow and acce lera t ion  a r e  computed and a check i s  
made t o  determine whether the  a i r c r a f t  has  reached s u f f i c i e n t  a irspeed f o r  
l i f t - o f f .  I f  t he  a i r c r a f t  cannot become a i rborne ,  GAM = 0 i s  returned. 
I f  takeoff speed has been reached, a small nonzero value of GAM i s  returned 
a s  an ind ica to r  t h a t  another mode should be se lec ted  t o  computer the  i n i t i a l  
clumb. For passenger comfort, i t  may be  des i r ab l e  t o  cons t ra in  the  takeoff 
acce lera t ion .  Consequently, t he  f u l l - t h r u s t  acce lere t ion  i s  disregarded i f  
the  input quant i ty  GLIM i s  exceeded, and t h e  value of GLIM, i n  g ' s ,  i s  used 
ins tead .  

As mentioned previously, t h e  f l a p  configurat ion i s  determined by the  
value of  the in teger ,  IF.  I f  t h e  f l a p s  a r e  extended (IF = 1 o r  2 ) ,  t he  
use of e i t h e r  M I  = 7 o r  8 w i l l  both r e s u l t  i n  f l i g h t  a t  constant  EAS a t  the  
spec i f ied  f l i g h t  path angle,  i f  wi th in  the  a i r c r a f t ' s  capab i l i t y .  In  t h i s  
case ,  i t e r a t i o n  on angle of a t t a c k  and engine t h r u s t  is required t o  s a t i s f y  
the  l i f t  coe f f i c i en t  and n e t  a x i a l  fo rce  requirements f o r  equilibrium. This  
i t e r a t i o n  i s  automatical ly  performed i n t e r n a l l y  i n  t h e  rout ine ,  

Each time ARCFT i s  c a l l e d ,  a check i s  made t o  insure  t h a t  t h e  required 
l i f t  coe f f i c i en t  i s  wi th in  the  c a p a b i l i t i e s  of t h e  a i r c r a f t  f o r  the f l a p  
pos i t i on  selected.  I f  t h i s  condi t ion i s  not  s a t i s f i e d ,  the  run i s  aborted. 

A flow cha r t  which i l l u s t r a t e s  t he  computational l og ic  of AhCFT is  
presented i n  Figure B-I*. It may be seen t h a t  ARCFT c a l l s  another  subrou- 
t i n e ,  ATMS, t o  provide atmospheric parameters, and two ex te rna l  func t ions ,  
FULFLO and AFC, Flow cha r t s  f o r  these  a u x i l i a r y  rout ines  a r e  presented i n  
Figuras  B-2*, B-3*, and B-4*, respec t ive ly .  

FIJLFLO computes the  instantaneous r a t e  of change of weight due t o  
f u e l  consumption a s  a funct ion of n e t  t h r u s t ,  MACH number, atmospheric pres-  
su re  r a t i c n ,  and atmospheric temperature r a t i o .  

AFC computes the ne t  a x i a l  fo rce  coe f f i c i en t  , with f l a p s  i n  e i t h e r  
takeoff o r  landing configurat ion,  a s  a funct ion of l i f t  c o e f f i c i e n t ,  gross  
t h r u s t  c o e f f i c i e n ~ ,  and ram drag  coe f f i c i en t .  

- 
* Tables mentioned with flow cha r t s  (Figures  B-1 through B-4), while  not  
having p re f ix  B-, numerically correspond t o  those i n  t h i s  appendix, i.e., 
B-1, e t c .  
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NO 

1 
DENSITY 
(W. 26) 

6 
TEMPERATURE RATIO PERATURE RATIO 

(EQ. 28) 
I 

SPEED OF SOUND GRADIENT 

PICURB 8-2. FLAW C W T  FOR SUBROUTWE A M S  

NOR"(At1ZED PUEC FLOW 
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I I ( T A B U  16) 

(TAB13 17) 

CROSS A X U L  
FORCE COEFMCIENT ?QXCE CO&FFICIMT 

MX.GROSS 'IHRUST (TABLE 12) I .  (TABLE 10) LUX. GROSS lXIHRUST 
COEFF. AVAILULE CQEFF. AVAILABLE 
(TABLE 8 & EQ 24) (MbtE 8 & EQ 2 4 )  

I w I 
COCIPUTS NET AXW 
FOltCE COEFIlSIfirP 

COMPUTE WQY DRAG CC?!PUTE IUW MUC - COEFFICIEST KITS COEFFICfEm WI'M - 
REVISED CROSS IHRUST REVISED CROSS 'LXRUST 

(l%BL.E 10 & q. 13) 
* 

TABLES 11 AND 13 W4UIRIS FXCTInOVS WIRATfDPSS OF &=E OF AmACK AND CL 
10 COMPLETE IZ:E ARRAYS. TEE PURmSE OF = U S  15 AMD 16 IS TO EHSlXE 
nIAT THE V N E S  BEING USED Uf'IliXU ZHE LPCfTIHME W. 

FIGURE 8-4. FWW QUDT FOR FtUCTIU8 aft 
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A l l  e q u a t i o n s  and d a t a  t a b l e s  a r e  i d e n t i f i e d  by number on t h e  flow 
c h a r t s .  The d a t a  t a b l e s  a r e  l i s t e d  i n  t h e  succeeding s e c t i o n ,  whi le  t h e  
equa t ions  a r e  l i s t e d  below. 

Equation 1: Mach number 

Equat ion 2: dynamic p r e s s u r e  

Equation 3: requ i red  l i f t  c o e f f i c i e n t  

=--  I 
(assumes cos  [YJ = 1) C~ Qs cos  9 

Equzt ion 4: drag c o e f f i c i e n t ,  f l a p s  up 

2 + K C + K2CL 
1 L 

Equation 5: a c c e l e r a t i o n  on s p e c i f i e d  f l i g h t  pa th  angle ,  f l a p s  up 

- c,os 
i = cW + - - s i n  

W I 
Equat ion 6: f l i g h t  pa th  angle a t  cons tan t  EM, f l a p s  up 

Equation 7 :  a c c e l e r a t i o n  for c o n s t a n t  EAS 
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Equat ion 8: f l i g h t  pa th  ang le  a t  c o n s t a n t  Mach number, f l a p s  up 

Equat ion 3: a c c e l e r a t i o n  a t  c o n s t a n t  :.lath number 

Equat ion 10: n e t  t h r u s t  r equ i red  f o r  s p e c i f i e d  f l i g h t  pa th  a n g l e  at  con- 
s t a n t  Mach number 

Equat ion 11: n e t  t h r u s t  r equ i red  f o r  s p e c i f i e d  f l i g h t  path  ang le  a t  con- 
s t a n t  EAS 

Equation 12: g r o s s  t h r u s t  c o e f f i c i e n t  

Equat ion 13: ram d r a g  c o e f f i c i e n t  

Equat ion 14: n e t  a x i a l  f o r c e  c o e f f i c i e n t ,  f l a p s  down 
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Equation 15: excess  t h r u s t  

Equation 16: ne t  t h r u s t ,  f l aps  down 

Equation 17 : a c ~ e l e r a t  ion during ground r o l l  

(The r o l l i n g  f r i c t i o n  
QS-w)] coe f f i c i en t ,  P, is 

L ~ o l l  assumed t o  be 0.02) 

Equation 18: f l i g h t  path angle a t  constant  EAS, flapsadown 

l J 
Equation 19: acce lera t ion  along spec i f i ed  f l i g h t  path angle,  f l a p s  down 

F~~ i =iw + g [T - s i n  y] 

Equation 20: excess t h r u s t  required f o r  spec i f i ed  f l i g h t  path angle  a t  
constant  EAS 

W - - {-iw + [g - 
g 

Equation 21: excess t h r u s t  errox 

Equation 22: new gross t h r u s t  es t imate  f o r  i t e r a t i o n  
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Equation 23: min gross thrust available 

FGWIN = 6 I  FGMIN(V)I 

 quat ti on 24: max gross thrust available 

FGmx = ar FG,(V)l 
Equation 25: atmospheric density (H C 36000 ft) 

p - 2 [.014475 + (.019211$ r 10-19) - (.05038IH x 10 1 

Squation 26: atmospheric density (H r 36000 ft) 

0 5 1  

Equation 27: atmospheric temperature ratio (H.< 36000 ft) 

Equation 28: atmospheric temperature ratio (H 2 36000 ft) 

Je .867 

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

C 1117.1 - .00412776H 

Zqua::ion 70: speed of sound (H 236000 ft) 

C * 968.5 
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Equation 31: atmospheric pressure rat io  (H < 36000 f t )  

06 - ;0003375 P c2 

Equ-tioa 32: atmospheric pressure rat io  (Hz 36000 f t )  

6 = 316.57~ 

Equation 33: speed of sound gradient (He 36000 f t )  

dC -- -.00412776 p dH 

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

Equation 35: atmospheric density ratio 

Equation 36: atn..wpheric density rat io  gradient 

Equation 31:  normalized net thrust 

Equation 38: fuel flow 
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Input  Data 

The Pcwered-Lift STOL Performance Model (Subroutine ARCFT) r equ i r e s  
t h e  following input  da t a  t o  descr ibe  t h e  physical  c h a r a c t e r i s t i c s  oE t h e  
a i r c r a f t  

Discrete  Parameters - 
For t ran  Name 

Data Tables 

Value i n  Sample Cases 

The numerical designat ion on the  following da ta  t a b l e s  correspond t o  
those used i n  t h e  flow cha r t s  of Figures  B-1, B-2, 33-3, and B-4. The 
subrout ine r equ i r e s  t h a t  t he  number of po in t s  of each t a b l e  be a s  shown 
below. The FORTRAN name is  used f o r  a l l  q u a n t i t i e s .  

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

M 1 CLl 

These d a t a  were assumed t o  apply t o  t h e  sample a i r c r a f t .  
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TABLE B-2. MAXIMUM NET THtiUST AS A MINCTI~N OF MACH NUMBER AND ALTITUDE 

FN2 (4 engines) 
M2 

H2 0 -2 -35 .60 .8 

- 

The data are assumed values. 

TABLE B-3. MINIMUM NET TXRUST AS A FUNCTION OF MACH NUMBER AND ALTITUDE 

FN3 (4 engines) 
M2 

H2 0 .2 -35 .60 ,80 

0 9,668 6,720 5,200 4,000 4,000 
5000 8,044 5,519 4,326 3,295 3,295 
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 
40000 1,796 1,248 96 7 735 735 

These are also assumed values and are 10 percent of the 
maximum thrust values given in Table B-2. 
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TABLE B-4. PROFILE DRAG COEPFlCIENT VERSUS MACH NUMBER 
FLAPS UP 

These values and those of Tables P-5 and B-6 were obtained by 
parabolic drag polar ;its to the data of Fibure 5-7 of MDC J4199.* 

TABLE B-5 .  1 a c ~  VERSUS MACH NUMBER, FLAPS UP 
ac, 

* "Study of Quiet Turbofan STOL Aircraft for Short-Haul Transportation, 
Phase I Report, Volume II", McDonnell Dottglac CorporatLon, October, 
1972. 
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b C ~  
TABLE R-6. -7 VERSUS MACH NUMBER, FLAPS UP 

a C ~  

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

These data are from Figure 6-19 of MDC J4193 except fo r  
extrapolation to zero Mach Number and to FN/6 = 10G,C)00 lb. 

WDT (4 engines) 
FN 7 

32,000 40,000 48,000 56,000 64,000 

10,000 12,200 14,400 17,000 20,000 
12,000 14,520 17,200 20,000 23,000 
14,000 16,800 19,840 23,120 26,600 
15,840 18,920 22,400 26,040 30,000 
17,600 20,920 24,640 28,640 32,000 
19,200 22,640 26,440 30,400 34,200 
20,240 23,840 27,720 31,600 35,400 
21,200 24,720 28,600 32,600 36,400 

I.: 



APPENDIX B 

TABLE B - 8 .  MAXIMUM GROSS THRUST VERSUS TRUE AIRSPEED 

These data are adapted from Figure 6-12 
of MDC 54199 

- - -- - - - -- - - -- - - - -- 

TABLE B - 9 .  MINIMUM GROSS THRUS'I' VERSUS TRUE AIRSPEED 

TABLE B - 1 0 -  RATIO OF RAM DRAG COEFFICIENT TO GROSS THRUST 
COEFFICIENT, AS A FUNCllION OF TR'JX AIRSPEED 

These data were deduced from Figule 6-13 of EIDC 
34199 with the asrumption that the ratio f s  independent 
of thrust set t ing and altitude,. 
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TABLE B-11. L A M I N G  CONFIGURATION MGLE OF ATTACK AS A FUNCTION 
O F  L I F T  COEFFICIENT AND GROSS THRUST C O E F F I C I E N T  

These datc are based upon unpublished data corrected 
for trinantd conditions. Some of the values i n  the 
table are f i c t i t i t a s  and are tabulated only to com- 
plete the array for computer use. 

TABLE B-12. GROSS AXIAL FORCE C O E F F I C I E N T  AS A FUNCTION O F  GROSS 
THRUST AND ANGLE O F  ATTACK, LANDING CONFIGURATION 

These are tssed upon unpublished data. 
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TABLE B-13. TAKE-OFF CONFIGURATION ANGLE OF ATTACK AS  A FUNCTION 
OF L I F T  COEFFICIENT AND GROSS THRUST COEFFICIENT 

These data are based upon unpublished data, corrected 
for trimmed conditions. Some of the values i n  the 
table are f i c t i t ious  and are tabulated only to com- 
p l e t e  the array for computer use. 

CMU 13 - ..- 
CL13 - 0 1.08 2.07 

,- 3.07 

T A B U  B-14. GROSS AXIAL FORCE COEFFICIENT AS A FUNCTION O F  GROSS 
THRUST COEFFICIENT AND ANGLE O F  ATTACK, TAKEOFF COtJ- 
FIGURATION 

T h e s e  ate based upon unpublished data. 



APPENDIX B 

TABLE B-15. MAXIm1 LIFT COEFFICIENT I1 THE LAhDING CONFIGURATION 
.AS A FUNCTION OF GROSS THRUST CCEFFICIENT 

Because T a b l e  B-11 r e q u i r e s  f i c t i t i o u s  va lues  t o  complete 
t h e  a r r a y ,  i t  i s  necessa ry  t o  e s t a b l i s h  t h e  maximum 
legit ima'? v a l u e  of l i f t  c o e f f i c i e n t  

CMU 1 5  CL 15 - 

TABLE B-16. MAXIMUPi LIFT COEFFICIENT I N  THE TAKEOFF CONFIGURATIONS 
AS A FUllCTION OF GROSS THRUST COEFFICIENT 

Becau8.e Table  B-13 r e q u i r e s  f i c t i t i o u s  va lues  t o  com- 
p l e t e  t h e  array, i t  i s  necessa ry  t o  e s t a b l i s h  t h e  
maximum l e g i t i m a t e  v a l u e  of l i f t  c o e f f i c i e n t  

TABLE B-17. GROSS THRUST COEFFICIENT REQUIREI) TO ATTAIN SPECIFIED 
MAXIMUM LIFT COEFFICZEI4T, LANDING CO1JFICURATION 

T h i s  t a b l e  i s  i d e n t i c a l  t o  Table  15  excep t  t h a t  t h e  
independent v a r i a b l e  i s  CL15 a d  t h e  dependeat  
variable i s  OlU15. No a d d i t i o n a l  input  data are 
requ i red .  

207 
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TABLE 8-18. GROSS THRUST COEFFICIENT. REQUIRED TO ATTAIN SPECIFIED 
PIAXIMUn LIFT COEFFICIENT, TAKEOFF CONFIGURATION 

This  t a b l e  is  i d e n t i c a l  t o  Table B-16 except t h a t  the  
independent v a r i a b l e  is CLl6 and t h e  dependent va r i ab l e  
is CMU15. No add i t i ona l  input  d a t a  are required. 

TABLE B-19. LIFT COEFFICLENT DURING GROUND ROLL, I N  TAKEOFF 
COFFIGURATION, AS A FUNCIION OF GROSS THRUST 
COEFFICIENT 

It is a s s u e d  t h a t  t h e  angle  of a t t a c k  i s  ze ro  
throughout t h e  takecf f  r o l l  and ground e f f e c t s  
are neglected. 

Output 

Figure B-5 is  one page of output  d a t a  f,:om one appl ica-  
t i o n  of subrout ine ARCFT. This sample page i? p a r t  of t he  climbout, 
c ru i s e ,  a d  i d t i a t i o n  of  descent  from San Jos: Municipal t o  Sacramento 
Executive. The d a t a  presented were defined e a r l i e r  i n  t h i s  Appendix. 
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AIRCRAFT NAVIGATION ERROR ANALYSIS 

This appendix descr ibes ,  i n  general terms*, t he  ana lys i s  technique 
used t o  determine the  s t a t e  est imation (navigat ion)  e r ro r s .  The development 
of the  Lechnique follows. I t  is assumed t h a t  a s t o c h a s t i c  model of 
the s t a t e  t r a n s i t i o n  and the s t a t e  es t imator  a r e  known. The models a r e  
l inear ized  about a nominal so lu t ion .  A minimum variance is used t o  
determine the  s t a t e  est imation e r r o r s .  It is shown t h a t  t h i s  es t imator  
reduces t o  the so lu t ion  of the  Kalman-Bucy f i l t e r  equation. 

It i s  assumed tha t  the s t a t e  of the  system t o  be estimated 
can be modelled by the s t o c h a s t i c  d i f f e r e n t i a l  equation 

where x ( t )  is the s t a t e  of t he  system, y ( t )  is the  observation of the 
system, and w(t) and n ( t )  a r e  continuous t i n e  white  noise  processes; 
f ( x , t )  and h (x , t )  a r e  the  de t e rmin i s t i c  p a r t s  of the  system and observa- 
t i o n  non l inea r i t i e s ,  a l d  G(t) is the  coe f f i c i en t  matrix f o r  process noise 
respect ively.  The whits  co i se  sourccs a r e  introduced t o  account f o r  no t  
only the  s tochas t i c  dis turbances,  bu t  a l s o  the  system unce r t a in t i e s  due t o  
nonnominal parameters and u n d e l l e d  s t a t e s .  

It is  assumed t h a t  the  s t a t e  (vector)  is Gaussian with known 
mean and variance, i . e . ,  

* The spec i f i c  formulation used i n  ANGCAP is  discussed i n  Appendix E. 
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The s tochas t i c  inputs,  w(t) and n ( t ) ,  a r e  assum?d t o  be 
white, Gaussian with zero mean and covariance 

and tha t  

It is assumed tha t  a  l inea r i za t ion  about a  naminal so lu t ion  is  
possible f o r  small deviations of concern. In prac t ice  the  l inea r i za t ion  
would be about the current  estimate, whereas i n  the analysis, the  
l inear iza t ion  is  about a  predetermined nominal path. Denote the deviation 
value of x ( t )  by 6x( t ) ,  i .e . ,  

Similarly the nominal value of x( t )  has an associated nominal 
observation y ( t )  and an observed deviation 6y(t) such t h a t  

6y(t)  = y ( t )  - ;(t)  
and 

at) = h( a t )  ) . 
Expanding f ( x ( t ) , t )  and h (x ( t ) , t )  Zn a Taylor series expansion about 
the nominal so lu t ion  x ( t ) ,  

l i m  0(6x(t))  = o . 
6x(t)  > o  



Hence 
6 i ( t )  = P(t )  bx(t) + G(t)w(t) + o(Cx{t)! , 

and 
.It) = 

G ( t )  ' 

A t  t h i s  point i t  is convenient t o  drop the second order 
. j tochastic terms o(bx(t))  by incorporating t h e i r  e f f e c t s  i n  w(t) and 
n ( t ) .  Hence, the more n o n l i n e ~ r  the  system dynamics f and b ,  the 
l a rge r  3 e  value of covaria;lce f o r  x ( t )  and n(t) ,  respectively. 

Because f (x) t )  ) and h(g( t ) )  a r e  predetermined nominal values, 
it i s  necessary t o  determine only the  aeviat ions from the  nominal i n  
order  t o  determine the t o t a l  system s t a t e .  Hence, from t h i s  point on, 
i t  is assumed t ha t  an estimate of the  l j n e a r  (perturbed) s t a t e  equations 
is required where ~ ( t )  and n ( t )  incorporate the nonlinear second order 
dynarntrs. i n  addit ion,  f o r  ease of notat ion,  the deviation values 6x( t )  
a c i  6y(t) a r e  sircplified t o  x ( t )  and p(t), respectively. This s.~ould 
not came any X f f i c u l t y  sfnce the t o t a l  s t a t e  is the sum of the estimated 
s t a t e  plus a r j  nominal s t a t e  value. 

An analogous presentat ion could be made concerning a process 
represented by d i sc re te  difference equations. However, s ince  the  
p rxedure  is d i rec t ly  analogous, it w i l l  not be done. 

The e r r o r  analys is  technique p a r a l l e l s  the technique used t o  
de ters ine  the e r ro r s  duz t o  incorrec t  modelling i n  Kalman f i l t e r i n g .  It 
w i l l  l a t e r  be shown tha t  rhe technique i s  not limited t o  analyzing Kalman 
f i l t e r s .  The technique can be used t o  model any estimation process 
which can be transformed i n t o  the form 

where x ( t )  is the s t a t e  of the system, y ( t )  is the observation, and 
F, R, and H a re  the  f i l t e r  coeff ic ients  used to weight the previous 
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s t a t e  es t imates  with the  present  observations.  However, f o r  t he  present ,  
i t  is  assumed t h a t  a Kalman f i l t e r  is being u t i l i z e d  and t h a t  the a c t u a l  
e r r o r s ,  due t o  an inco r rec t  modeling of the Kalman f i l t e r ,  a r e  t o  be 
determined. The der iva t ion  of t h i s  f i l t e r  is found i n  re ference  C-1. 
The necessary equations a r e  presented below. The ana lys is  of continuous 
systems and t h a t  of d i s c r e t e  systems a r e  presented. For a f i l t e r  which 
uses  continuous s t a t e  est imation with d i s c r e t e  updates,  the  f i l t e r  ana lys i s  
is a combination of t he  two techniques. 

Analysis f o r  Continuous Systems 

The bas i c  process is described by a f i r s t  o rder  d i f f e r e n t i a l  
equation i n  vec tor  form: 

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

where 

x ( t )  = an n vec tor  of s t a t e s  with x 

E [x(O)] = 0 

y ( t )  = an n vec tor  of observations 
Y 

w(t) = an n vec tor  of s t o c h a s t i c  inputs  t o  the  process 
W 

with 

b( t )  is the  Dirac d e l t a  funct ion 

n ( t )  = an n vec tor  of the  observation noise with 
Y 
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F ( t ) ,  G(t),  H(t): nx X nx, nx X nw, n X nx.matrices respect ively,  
and E [ ] is an expected value operatgr  on s t o c h a s t i c  var iab les .  It 
i s  assumed t h a t  the process noise w and observation noise  n have no 
co r re l a t ion  t o  each other ,  

* * The op t ima le s t ima to r  x ( t )  of x ( t )  whichminimizes 
~ [ l l x  - x1I2]  having the  observat icn y ( t )  from t = 0 t o  t is 
described by the following d i f f e r e n c i a l  equation, 

where 
~ ( t )  = P ( ~ ) H v ( ~ ) R - ' ( ~ )  . 

It is assumed t h a t  R(t) is  pos i t i ve  d e f i n i t e  f o r  t 0. The covariance 
matr ix P ( t )  is  defined by 

and i t  is  obtained a s  a so lu t ion  of a n a t r i x  Ricca t i  equation 

The i n i t i a l  condi t ions f o r  Equations (C-8) and (C-11) a re ,  r e spec t ive ly ,  

P(0) = E [x(O) x' (0) 1 . (C- 13) 

The optimal e s t i ~ a t o r  described above is based on the  co r r ec t  
information of i n i t i a l  conditions,  and noise covariances,  a s  well as 
coe f f i c i en t  matr ices .  Suopose one designs the est imator  on the  b a s i s  of 
i nco r rec t  information with respec t  t o  these quan t i t i e s :  

(1) Incor rec t  P ( O j  r a t h e r  than the  cor rec t  P(0) 
( a  p r i o r i  cgvarianca of s t a t e s )  

(2) Incor rec t  Qc(t) r a t h e r  than the  co r r ec t  Q(t) 
(covariaiice of the  process noise)  
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(3) Incor rec t  Rc(t)  r a t h e r  than the  cor rec t  R(t) 
(covariance of the  observation noise)  

(4) Incor rec t  F _ ( t )  r a t h e r  than the cor rec t  R(t)  
(process makrix) 

5 Incor rec t  G ( t )  r a t h e r  than the cor rec t  G(t) 
( c o e f f i c i e n t  matr ix  of the process noise) 1. 

I.: 
( 6 )  Incor rec t  Hc(t) r a t h e r  than the  co r r ec t  H(t) 

(observation matr ix) .  

The r e su l t an t  es t imator  is no i o n r e r  an optimal one, bu t  becomes 
suboptimal. This suboptimal es t imator  is  denoted x;(t) and i e  described 
by 

where 

and the ca lcu la ted  covariance P ( t )  is  computed by the same R icca t i  
equation a s  Equation (C-11), buf with the  inco r rec t  model spec i f i ed  by 
elements 1 through 6 i n  the  above l i s t i n g :  

The a c t u a l  covariance P ( t )  is defined a s  the e r r o r  
covariance associated with thr. s&optimal es t imator  Equation (C-14), 
hence, * * 

P.(~)A - ~ [ [ x ~ t )  - x ( t )  1 [xp(t)  - ~ ( t )  l)l . - 
This is the covariance t o  be expected i n  an es t imator  when i n s u f f i c i e n t  
design parameter da t a  a r e  ava i lab le .  The main purpose of t h i s  sec t ion  
is  t o  der ive  equations descr ibing Pa( t ) .  For t h i s  purpose, i t  is  
e a s i e r  t o  der ive  a d i f f e r e n t i a l  equation governing the  evolut ion of 
P (t). Thus, d i f f e r e n t i a t i n g  P,(t) of Equation (C-18) and exchanging 
tfle order  of the d i f f e r e n t i a t i n g  opera tor  and the expected-value 
operator  y i e lds  
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However, from Equations (C-1) and (c -14 ) ,  

where 

Also, x ( t )  i s  obtained from Equation (C-1): 

x ( t )  = U(t,O)x(Q) + U(t,s)G(s)w(s)ds 

where U(t, s )  is  defined by 

with 

U(S,S) I, t > 8 > 0 - - 
and I is an ident i ty  matrix. 

* 
Furthermore, x ( t )  Is derived from Equation (C-14) 

a 

* 
x*(t) = St q ( t , . ) ~ c ( s ) ~ ( . ) d s  , 

0 

where V ( t , s )  !.s defined by 
C 

(C- 2 3) 
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* * 
When 2 ( t )  and x ( t )  a r e  s u b s t i t u t e d  i n t o  Equation (C-19) 

together  with k(e) of ~ ~ u a f i o n  (C-1) and i ts  so lu t ion  x ( t )  i n  
Equation (C-23), paying a t t e n t i o n  t o  the f a c t  t h a t  w(t) and n ( t )  
a r e  uncorrelated white  noises ,  t h e  fol.lowing th ree  d i f f e r e n t i a l  
equations a r e  appl icable:  

+ ~ ~ ( t ) ~ ( t ) ~ ; ( t )  + G ( ~ ) Q ( ~ ) G '  ( t )  (C- 2 8) 

where A(t) and Px( t )  are def ined by 

* 

The i n i t i a l  condi t ions f o r  Equations (c-28) through ((2-30) a r e  given, 
respec t ive ly ,  by 

(C- 34) 

(C-35) 
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The matrix equations can be arranged i n  a more f ami l i a r  
form as follows. Defining the 2n x 2n matr ices ,  

equations (C-28 , (C-291, and (C-30) cac be wr i t t en  as 

which is  a so lu t ion  of the  covariance equation f o r  a process 
described bv 

where 
E [ x ( o ~ x ~ ( o )  j = X(0) 

Hence, the computation of t he  a c t u a l  mean and covariance f o r  t he  n t h  

order eystem described by Equation8 (C-14) through i C - 1 7 ) t i ~  equf.valent 
t o  the  computation of the  mean and covariance f o r  t he  2xn o rde r  
sys  tem described by 3quations ((2-40) through (C-43). 

Note t h a t  f o r  the  ca lcu la ted  Kalman f i l t e r  gain, K 
reqni res  the so lu t ion  of Equetione ( 0 1 6 )  and (C-17). If a hlman 
f i l t e r  gain is no t  used (or  is approximated), then the  method w e d  
f o r  obtaining Kc must be oimulated and P need not  b e  calculated.  
Hence, the  technique is appl icable  for  &alyois  of a l l  f i l t e r s  
s a t i s f y i n g  Equation (C-14), as i n i t i a l l y  proposed. 
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Analysis f o r  Discre te  Systems 

The technique u t i l i z e d  i n  the previous s ec t i on  is  appl ied t o  
d i s c r e t e  systems and s i m i l a r  r e s u l t s  a r e  derived. Symbols a r e  defined 
i n  the  same manner a s  i n  the continuous systems, a d  s i m i l a r  aseumptions 
are made concerning m d e l l i n g  e r r o r s  and no i se  s t a t i s t i c s .  

The process and observat ion equat ions a r e  respec t ive ly ,  

* 
The optimal es t imate  x (k -" 1) given the  information . . . 
k )  a Y ,  1 )  y(k)I  is given by 

where 

~ ( k )  = 4 ( I ~ ) P ( ~ ) H '  (k) [ H ( L ) P ( ~ ) H '  (k) + R!L) I-' 
* 

x (0) = 0 . 
The covariance matr ix  P(k) is defined by 

and i t  is governed by t h e  following nonl inear  d i f fe rence  equation: 

When the '.ncorrect  model^ t h a t  are the  counterpar ts  i n  a 
d i s c r e t e  system of thobe descr ibed e a r l i e r  a r e  used, the r e s u l t a n t  
suboptimal es t imator  x:(k) is computed by 

wi th  
~ ~ ( k )  - ~ ~ ( k ) ~ ~ ( k ) R ; ( k )  [ ~ ~ ( k ) P ~ < k ) " ( k )  + R,(k) I-' 
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The ca1o:lated covariance Pc(k) is 

The actual covariance associated with this  suboptimal 
estimator x*(k) i s  defined a- 

a 

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

i + [ ~ @ ( k )  - Kc(k)AH(kj]A(k)[@ (k) - K (k,dc(k)lt 
C c 

where A(k) and Px(k) are defined by 
* 

A(~)BE(X(L)  I X , ( ~ )  - X(W I t ]  

(C- 5 8) 
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The i n i t i a l  conditions for the recurrence equations [ ~ q u a t  ions ( ; - 5 : )  through 
(C-59)]  are given by, respectively,  

The matrices can be arranged i n  s imilar fashion as 
before defining 

Equations (C-57 through (C-59) can be written as 

(C- 6 6 )  
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When analyzing continuous t ime-discrete  data  systems, a combination of 
the  two analyses i s  used. Between data  measurements Equations (C-36) 
through (C-39) a r e  used t o  propagate the es t imate  and i t s  covsriar~ce with 

3 , He, AH, and R s e t  t o  zero. A t  a measurement, Equations !c -55 )  through 
( -68) a r e  used t o  update the est imate and covariance with @, equal t o  I ,  
and A@, G,.end Q s e t  equal t o  zero. 

The previously discussed models f o r  analyzing continuous and 
d i s c r e t e  systems requi res  e r r o r  models f o r  each of the  measurement. 
Various references ( re fs .  C-2 through C-6) were surveyed t o  determine 
models previously used t o  charac te r ize  the  sources of e r r o r  observed. 

Most present  rad io  navigat ion a i d s  provide e i t h e r  angle  or  rsnge 
measurement (VOR, DME, ILS, HLS). A l l  of t he  references ci ic tats  a common 
form f o r  the VOR!EE e r r o r  soutces ,  a random but  constest. b i a s ,  and a 
time unccrrelated white noise. The references clifr'er, however, i n  t he  
spec i f ic  values assigned t o  t he  s t a t i s t i c i t  parameters. Since these  
values a r e  input data ,  t h e  u se r  zsy s e l e c t  the  va lue  f e l t  t o  be most 
representat ive.  

VOR Error %del.-The VOR bearing e r r o r  is  modelled a s  t he  sum 
of a randam b i a s  and a white-noise cumponent. The zero inean b i a s  com- 
ponent cons is t s  of two independent b i a s  scurces,  a misalignf&nt of the  
s t a t i o n  r a d i a l s  and an imperfect ca l ib ra t ion  of the  VOR receiver .  h e  
white noise component i s  an apprcximation t o  the  high frequency (compared 
t o  the observa t im frequency) noise due t o  mult ipath e r r o r s ,  po l a r i za t ion  
e r ro r s ,  rece iver  s e n s i t i v i t y  and other  s t a t i o n  e r ro r s .  

Typical nns values of the ground and a i rhorne  equipment b i a s  
e r r o r s  a r e  0.8 and 0.6 degree., respect ively.  The approximate b i a s  e r r o r  
i s  thcs  1.0 deg ree ,  rols. A representa t ive  value of t he  variance and of 
the  high-frequency VOR noise  is 1.0 degrees. 

DhIE Erro.- -Yodel.-The DME range e r r o r  i s  a l s o  modelled a s  the 
sum of a random b ia s  and a v h i t e  no i se  component. %re: zero mean b i a s  cornd 
ponent cons is t s  of the  t i m e  de lays  between recept ion  and processing of 
the DME s igna l s  by the  ground and a i rborne  equipment. The white no i se  
component is due t o  pulse d i s t o r t i n g  e r r o r s  and rece iver  generated noise.  
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A typ ica l  rms value of the ground and airborne equipment b ias  
e r r o r s  a r e  0.1 n.mi. , r e su l t i ng  i n  an aggregate rms b i a s  e r r o r  of 0.4 n.mi. 
Representative values of the variance and co r re l a t ion  time of the h igh  
frequency DME noise a r e  0.1 n,nL. and 3.6 seconds. 

A&D..ta System Error  Models. - The assumed measurements a r e  

(1) S t a t i c  pressure , Ps 

(2) Tota l ,  s tagnat ion ,  o r  p l t o t  pressure P t  

(3)  A i r  temperature, Tm 

(4) Angle of  a t t a c k ,  am 

Dynamic pressure,  qc, i s  r e l a t e d  t o  s t a t i c  and s tagnat ion  
pressure  a s  follows : 

where 

qc = Pt - Ps (C- 69 ) 

Mach number M, i s  defined a s  
VTAS 

M=- 
a 2 

v ~ A s  = t r u e  airspeed 

a = l o c a l  speed of sound . 
The l o c a l  speed of sound is  defined a s  

(C- 70)  
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where 

y s p e c i f i c  hea t  r a t i o  of a i r  = 1.4 

p - a i r  dens i ty  

g - grav i ty  

R = constant  = 53.3 f t . / O ~  

TS= free-stream s t a t i c - a i r  temperature 

For compressible flow, 

Subs t i t u t ing  from Equations (C-69) through (C-71) i n t o  Equation (C-72), M can 
be expressed a s  

The free-stream s t a t i c - a i r  temperature i s  defined a s  

T m =m 

where'l) = recovery f a c t o r  of temperature probe 

Pressure  a l t i t u d e ,  h ,  i s  derived from t h e  hydros t a t i c  equat ion 
. 

d p c - p g d h  . (C-75) 

If temperature i s  assumed t o  vary l i n e a r l y  wi th  a l t i t u d e  ( r e f .  C-7),i.e, 
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where CY a temperature lapse r a t e ,  and To standard day sea- level  temp- 
arat t r res ,  then it can be shown t h a t  

This can be s ~ l v e d  t o  give pressure  r a t i o c ~ a r i a t i o n  with a l t i t u d e  

Solving f o r  h y i e l d s  

The measured s t a t i c  pressure ,  ps, has  a cor rec t ion  appl ied f o r  s t a t i c  

de fec t ,  SD, and p i n  Equation ( C - 7 9 )  i s  usua l ly  taken t o  be 

S u b s t i t u t i n g  f o r  p ,  Equation ((2-79) becomes 

T 
(C-81) 

CT 

Figure C - 1  dep ic t s  the u.sual a i r  ,a system computations. 

I n  some cases ,  the computed pressure a l t i t u d e  is cor rzc ted  f o r  
v a r i a t i o n  of l o c a l T  and p from the sta2dard day. This co r r ec t ion  is 
not of i n t e r e s t  f o r  ?he pur$ose of der iving e r r o r  models f o r  a l t i t u d e  and 
t rue  airspeed.  

The primary sources of pressure a l t i t u d e  and t r u e  airspeed esti- 
mation e r r o r s  a r e  measurement e r r o r s ,  mathematical approximations, and 
atmospheric condit ions being o ther  than the  standard day. 
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Examination of Equation (C-81) revea ls  t h a t  the  primary e r r o r s  i n  
a l t i t u d e  a r e  due to:  

(1) Incor rec t  s t a t i c  pressure measurement ps, due t o  
i n s t a l l a t i o n ,  t ransducer ,  and c a l i b r a t i o n  e r r o r s .  

(2) Incor rec t  s t a t i c  de fec t  cor rec t ion ,  SI., due t o  
mathematical approximation a s  a funct lon of many 
va r i ab l e s  such a s  s t a t i c  pressure,  dynamiz pressure,  
and angle  of a t t a c k  (referent-s C-6 and C-8). 

(3)  Var ia t ion  of temperature lapse r a t e  from standard 
day lapse  r a t e  (note  t h a t  lapse r a t e  e r r o r  would 
not  a f f e c t  r e l a t i v e  v e r t i c a l  s,acing of  a i r c r a f t  
using barometric a l t i m e t e r s  but could cause a i r -  
c r a f t  descending t o  impact the  t e r r a i n ) ,  

(4) Var ia t ion  of barometric pressure a s  a func t ion  of  
f l i g h t  path (uncompensated pressure grad ien t ) .  The 
e f f e c t  of t h i s  is t h e  same a s  en t e r ing  t h e  wrong 
loca l  barometric pressure.  

The s t a t i c  pressure e r r o r  has been considered t o  include both b i a s  ( s t a t i c  
de fec t )  and random ( i n s  t r m e n t )  components. Nonstandard atmosphere va r i a -  
t i o n s  a r e  considered t o  be b ias .  Table C - 1  lists t y p i c a l  models f o r  the 
e r r o r  sources and t h e i r  components. 

Reference C-9assumes the  a l t i m e t e r  r e l a t e d  e r r o r s  a r e :  

(1) Er ror  due t o  ho r i zon ta l  g rad ien t  of pressure 
(2) Nonstandard temperature e r r o r s  
(3) S t a t i c  pressure measurement e r r o r  
(4) Instrument e r r o r .  

I f  the v a r i a t i o n  i n  a l t i m e t e r  e r r o r  can be determined from the  
nominal f l i g h t  path and atmospheric environment, the s p a t i a l l y  co r r e l a t ed  
a l t i m e t e r  e r r o r s  w i l l  be converted t o  time co r r e l a t i ons ,  thus avoiding in-  
troducing add i t i ona l  s t a t e  va r i ab l e s  f o r  the  s p a t i a l  c o r r e l a t i o n  terms. If 
not ,  s t a t e  va r i ab l e s  f o r  the  s p a t i a l  c o r r e l a t i o n  terms (such a s  pressure and 
temperi t u r e  lapse r a t e )  must be incorporated i n t o  the e r r o r  model. 
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TABLE C- 1 TYPICAL BAROMETRIC ALTIMETER ERROR MODELS 

Error Model 
(ref. C - 1 0 )  (ref. C-2)  -- - 

Stat ic  Pressure 
c, 13 

v2 
TAS 

Bias 1 mbar r 

3 - 1  2n - ~- w 

Random 0.2% h -5 (Kh<lO,OOO ft. 

Nonstandard Atmosphere 

Bias 7,5% p 

Random 
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The e f f e c t s  of the incor rec t  sources of T O ,  po, a, and S on the 
a l t i t u d e  were determined a s  follows. D 

Reference C-9 ind i ca t e s  t h a t  t h e  e f f e c t s  due t o  s t a t i c  defec t  and 
nonstandard lapse r a t e ,  respec t ive ly :  

2 
"so = 1.7 x low4 x ( v e l o c i t y  i n  f e e t l s e c  1 

Ah,, .03 x ( a l t i t u d e ) .  

It can e a s i l y  be shown t h a t  t h e  e r r o r  due t o  an i nco r r ec t  temperature 
s e t t i n g  is 

I 
ATo 

A h ~ ~ o  To 
x ( a l t i t u d e ) .  

The e r r o r  i n  a l t i t u d e  due t o  an i nco r r ec t  pressure s e t t i n g  is  more d i f f i c u l t  
t o  determine. Figure C-2 is a p lo t  of the  e f f e c t  of a 1% e r r o r  i n  p 
ac a funct ion of a l t i t u d e .  A quadrqt ic  curve was f i t t e d  t o  t h i s  plo?. 
From t h i s  curve, the  following a l t i t u d e  e r r o r  f o r  an i nco r r ec t  pressure 
s e t t i n g  was obtained: 

Ah = 5.7 x ( a l t i t u d e ) .  
*PO Po 

Although the re  can be c o r r e l a t i o n  between the  temperature pressure and lapse 
r a t e  e r r o r s  i t  was convenient t o  assume the e r r o r s  t o  be independent. In 
any case ,  i f  the e r r o r s  a r e  correl t$ed,  t he  r e s u l t s  would not  d i f f e r  g rea t ly .  
From reference C-9, 10 values f o r  = .03 and from reference C-10, a ID 
value f o r  A ~ .  = .001. - To 

P 
0 

Hence, 

l / z h  
A h ~ t o  

+ Ah,, + AhA = [ ( 0 0 3 ) ~  + (-0312 + (-00.57) 1 
PO 

Then u t i l i z i n g  a wre conservat ive sum of e r r o r  approach between t h i s  e r r o r  
and the e r r o r  due t o  s t a t i c  de fec t ,  the  t o t a l  e r r o r  Ah is def ined t o  be 

The c o r r e l a t i o n  time f o r  a l t i t u d e  e r ror9  is much g rea t e r  than the  f i l t e r  
update time. Hence, t he  e r r o r  can be modeled a s  a s t a t i s t i c a l  bias. The 
program computes the rms e r r o r  f o r  each phase from the a l t i t u d e  and v e l o e i t g  
condi t ions a t  the s t a r t  of each phase. 
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FIGURE C-2. ERROR IN ALTITUDE VERSUS PRESSURE ERROR 
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True airspeed can be wr i t t en  a s  

The t rue  airspeed can,be used i n  improving the s t a t e  est imate ( re fs .  C-9 
through C-12) f o r  many of the  modes of t he  s t a t e  est imation function. 

The primary sources of e r r o r  i n  V a r e  due to:  
TAS 

(1) I aco r rec t  s t a t i c ,  ps, and dynamic, qc,  pressure 
measurements due t o  i n s t a l l a t i o n ,  transducer,  and 
c a l i b r a t i o n  e r r o r s  ( r e f .  C-13) 

(2)  Incor rec t  temperature measurement, TM 

(3) Computation e r r o r s .  

Indicated airspeed,  VuS, is displayed a l s o  on the  b a s i s  of the 
r e  l a  t ion 

(C-83) 
0 

The navigation procedure normally involves est imating the  ve loc i ty  
of the a i r c r a f t  with respec t  t o  thz ground. This ve loc i ty ,  V ,  can be ex- 
pressed a s  

where VTAS i s  t he  onboard es t imete  us ing  a i r  da t a  measurements and Ve i s  
t he  e r r o r  due t o  the  e f f e c t s  of wind, e r r o r s  i n  VTAs a s  previously d i s -  
cussed, and heading e r r o r s .  Wind e f f e c t  es t imat ion  e r r o r s  a r e  on the  order  
of 40 knots (rms) en route  and 5 t o  10 knots (rrns) during landing ( re fs .  C-2 
through C - 5 ) .  Hence, t he  ve loc i ty  e r r o r  due t o  wind i s  about 10 t o  25% of the  
nominal a i r c r a f t  ve loc i ty .  Maximum headiag e r r o r  i s  l imited t o  1.5' t o  
2' and thus cont r ibu tes  l e s s  than 3.5% e r r o r  i n  nominal ve loc i ty .  The 
airspeed e r r o r  i s  t yp ica l ly  on the  order  of 1% t o  4% ( r e f s .  C-11  and C-12). 
Assuming t h a t  the wind, VTAS and heading e r r o r s  a r e  independent, i t  can 
be shown t h a t  the rms e r r o r  f o r  Ve,  Fe, is  roughly equal t o  the  nus wind 
e r r o r  a s  follows: using the low rms e r r o r  f o r  wind variance,  Ow, and the  
high rms e r r o r s  fo r  t h e  heading and airspeed e r ro r s .  % and crTqS, 

D e - 1 ( 0 2 + 0 2 + m 2  ) J  I/ 2 
w h Tas 

2 2 1/2 - [ + (.035)2\12 + ( . 0 4 )  V 1 
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Hence, t he  major source of ground speed e r r o r  ubmg a i r  data  measuTements 
i s  the wind. 

The high frequency winds o r  gus t s  cause r e l a t i v e l y  i n s i g n i f i c a n t  
devia t ions  from the nominal. Of p a r t i c u l a r  i n t e r e s t ,  a r e  the  ( r e l a t i v e l y )  
slow varying winds. Measured da ta  on these winds a r e  r e l a t i v e l y  nonexis- 
t en t .  The wind i s  modeled a s  the sum of two orthogonal ( i n  the  horozontal 
plane) independent, exponent ial ly  cor re la ted ,  random processes.  The nns 
values a r e  on the order  of 10'7 t o  20% of a i r c r a f t  ve loc i ty  with co r r e l a t ion  
times on the  order  of 6 t o  15 minutes. Values used f o r  the s imulat ion a r e  
40 knots rms en route  and 10 knots m s  i n  the  terminal area.  

MLS Error Model. - It has  been assumed t h a t  the  microwave landing 
system would i n i t i a l l y  be Configuration G of those recommended by SC-117 
( r e f .  C-13). For t h i s  system, the  e r r o r  model is t h a t  suggested by SC-117, 
which assumes t h a t  the  e r r o r s  a r e  pr imar i ly  white Gaussian noise  with the 
e r r o r  i n  e leva t ion  equal t o  1.4 f e e t  (a), t he  e r r o r  i n  azimuth equal t o  11 
f e e t  (b) and the  e r r o r  i n  range equal t o  20 f e e t  (a). Reference C-2 
s t a t e s  t h a t  t h e  e r r o r s  a r e  0.63 mi l l i r ad i an  b i a s  and 0.40 mil l i r ad i an  noise 
(lo) i n  azimuth, 0.87 mi l l i r ad i an  b i a s  and 0.61 mi l l i r ad i an  noise  (h) i n  
e leva t ion  and an assumed b i a s  of 2 .0  f e e t  end noise of 20 feet: [lo) f o r  
range. Reference C-2 does not s t a t e  which of the  configurat ions t h i s  e r r o r  
model i s  representa t ive  of. For th i s  reason, the  previous values from 
reference C-13 were u t i l i z e d .  

It has been decided t h a t  an e r r o r  model f o r  t he  radar  a l t i m e t e r  
i s  not  required s ince  the ~ a d a r  a l t i m e t e r  i s  pr imar i ly  used f o r  f l a r e  com- 
mand generation and not i n  s t a t e  estimation. Should the  use of t h e  radar  
a l t ime te r  change, an e r r o r  model can be irrcorporated i n  the  previously d i s -  
cussed s t a t e  est imation e r r o r  models. 
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GUIDANCE/CONTROL FUNCTIONS P.PALYSIS 

Two bas ic  approaches can be taken t o  determine t h e  guidance1 
cont ro l  e r i o r s .  The f i r s t  i s  t o  model the open loop equations descr ibing 
the  guidance and cont ro l  laws and c lose  the  loop t o  obta in  the closed 
loop response, The second i s  t o  estfrrate  the  closed loop response from 
observed response data .  Since the i n i t i a l  i n t e n t  of t h i s  program i s  not 
t o  obta in  and modify ~ u ~ d a n c e / c o n t r o ~  lawa but t o  determine t h e i r  e f f e c t  
on the ove ra l l  system, only the closed loop response i s  of importance. 
Additionally,  t t e  closed loop response 2s t ' o  obta in  from f i e l d  
t e s t  data.  Hen<, t h e  sec,md approach will b ren t o  model the  guidance/ 
cont ro l  errors.* 

The approach is  :o develop an e s t i av  ; r l f  t h e  power s p e c t r a l  
dens i ty  of t h e  (assumed st:ationary Gaussiar, i: ,+i ss y ( t )  which i s  t h e  
l a t e r a l  devia t ion  of a? a i r c r a f t  &ttempting t a  ' . L l o w  the  guidance 
conmands. This s p e c t r a l  dens i ty  is des igna te .  5 fs). 

The spectrum must s a t i s f y  

Thia is  by uo means adequate t o  determine # ( s )  uniquely. To f u r t h e r  de f ine  
t h i s  spectrum, we observe that y ( t ) ,  t he  pos i t ion  deviaelan,  must not  be 
excessively la rge ,  and furthermore, it must be reasonably snoottr. In  
eusence, it is i n t u i t i v e  judgments on these  poin ts  which permit s e l e c t i o n  
of a model f o r  t h e  spectrum. 

The "smoothness of t he  deviations"may be spec i f i ed  by f i x i n g  
t h e  average number of times per second u-hich t h e  deviat ion changes s ign.  
Applying Rice's zero-crossing r e s u l t  ( r e f .  D--1) t o  t h i s  case gives 

where No is the  expected number of s ign  changes per  second. 

Equations (D-1) and (D-2) spec i fy  two condttions.  No and a 
ef f e c ~ i v e l y  define u s ince  Y 

9 

* The spec i f i c  formulation used in  ANGCAP is didcurbad i n  Appendix E. 

2 34 
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by Equation (D-3). The var(ance of t he  acce l e r a t i on  i s  given by 

2 In  order  f o r  D.. t o  exist, it is necassary f o r  F(s) t o  be of t h e  o rde r  of 
a t  l e a s t  s'6 f g r  l a r g e  s. ?assing white  no ise  through a th i rd -o rde r  
dynamic system would give t h l s  s o r t  of spectrum. Accordisgly, t he  
fcl lowing form f o r  Y i s  proposed: 

The f i r s t  term i s  suggested by t h e  p i l o t  using feedback t o  ke2p t h e  
a i r c r a f t  on t h e  dks i red  t rack .  I t  represen ts  a second-order f i l t e r ,  w'ith 
damping r a t i o  f ixed  a t  112. This represen ts  a r a t h e r  mild tendency t o  
overshoot thq  des i r ed  pos i t ion .  The second term is se l ec t ed  r a t h e r  
a r b i t r a r i l y  t o  br ing t h e  system up t o  t h e  des i red  order .  4 may a l s o  be 
expreesed a s  f ( s ) f ( - s )  where 

There a r e  t h r e e  unknown parameters i n  t h i s  model. 

Se lec t ing  cr2 N , and U? and u t i l i z i n g  equations (D-1) , (D-2), 
Y' (D-4), and (D-5)  w i l l  deffne the  J losed loop frequerley response. The values  

used i n i t i a l l y  f o r  l a t e r a l  dev ia t ions  a r e  

o = 1500 f e e t  
Y 
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Measured da ta  taken from the  h e r i c a n  Air l ines  STOL evaiuation 
program (u t i l i z ing  an MDC-188) form tke  tasis f o r  cr and No (Ref. P2). 

Y. While the  standard deviation en route s a s  sometims s l i g h t l y  g rea te r ,  t h i s  
could have been due t o  increased navigation errors .  o m .  is  an i n t u i t i v e  
guess based upon f l i g h t  experience aad comfdrt levels .  A 2r value of 
l a t e r a l  accelerat ion grea ter  than 0.1 g is usually rated as i r r i t a t i n g  and 
uncomfortable . 

Once these values a r e  specif ied,  t h e  d e f i n i t e  in teg ra l s  must 
be evaluated before the  model parameters can be determined. Defini te  
in tegra ls  of the  form 

where 

and 

frequently arise i n  mean square error parameter I 3timization. The values 
can be found i n  references  D-3 and D-4 f o r  example. 

Using t h e  tables  f o r  N = 3, t h e  model parameters are found t o  
be 
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Complete f l i g h t  d a t a  on longi tudina l  and v e r t i c a l  devia t ions  have no t  been 
found. Once these  da t a  a r e  spec i f i ed ,  t h e  ana lys is  f o r  t he  longi tudina l  
devia t ion  proceeds as  before.  However, because longi tudina l  e r r o r s  
r e s u l t  i n  a l t i t z l e  e r r o r s  during ascent  o r  descent,  t h e  t o t a l  e r r o r  i r  the  
v e r t i c a l  plane eue t o  guidance and con t ro l  become 

2 2 
02 - c7; + ox tan , Z 

2 
where e is t h e  des i red  f l i g h t  path angle and oh and o r  a r e  the  a l t i t u d e  
and along t r ack  guidance/control e r r o r  variances.  

The p i l o t / a i r c r a f t  dynamics need not  be modelled i n  a s  grea t  a 
d e t a i l  during the  en route  phase a s  i n  the terminal area.  The time span 
between observed deviat ions and cor rec t ions  increases  s ince  the  need t o  
co r r ec t  f o r  observed devia t ions  i s  l e s s  acute  and the  navigat ion informa- 
t i o n  i s  more coarse.  As a r e s u l t ,  the t h i r d  order  system postulated 
earlier can be g rea t ly  s impl i f ied  with no apprec iab le  degradat ion i n  t h e  
e r r o r  ana lys is .  

For t h e  en route  phase, the sho r t  time constant  7 i s  dropped 
and t h e  damped o s c i l l a t o r y  response is approximated by a time constant  
defined by t h e  envelope of t h e  o s c i l l a t o r y  response. The t i m e  constant  
def in ing  t h e  envelope i n  t he  terminal a r e a  i e  equal t o  

- 

For t h e  en route  phasa, i t  is postulated t h a t  the time constant  would be 
roughly twice t h i s  number, possibly a l i t t l e  l e s s .  With t he se  guide- 

I l i n e s ,  t h e  s t e e r i n g  time constant  f o r  t h e  en route  phase i s  200 seconds. 

In order  t o  reduce l a t e r a l  errors due t o  ex t e rna l  dis turbances 

I such as wind, i t  is important t h a t  t h e  s t e e r i n g  time constant  be s h o r t  
compared t o  t h e  ciisturbance t i m e  constant .  Horever, too s h o r t  a t i m e  
constant  requi res  g i e a t e r  s t e e r i n g  e f f o r t s ,  which a r e  not  required i f  t h e  

I d i s turbance  frequencies a r e  high and t h e i r  amplitcdes low. 
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AIRCRAFT NAVIGATION GUIDANCE CONTROL 
AWLY -- S IS PROGRAM (ANGCAP) 

DESCRIPTION ASD E W I P L E  OF RESULTS 

Program Description 

ANGCAP performs e r r o r  and devia t ion  ana lys i s  assuming l i n e a r  propa- 
ga t ion  of dispersion from the  nominal t r a j ec to ry .  Dispersion propagations 
a r e  t rea ted  by solving i n  closed form the  so lu t ion  t o  the R i c a t t i  d i f f e r e n t i a l  
equation f o r  propagation of variance. Three d i f f e r e n t  c l a s s e s  of s t a t e  
vector  d i spers ions  a r e  s tored  in t e rna l ly .  These c l a s s e s  a r e :  

(1) The ac tua l  devia t ion ,  d  , of t h e  a i r c r a f t  
from the  nominal t r a j e z o r y  

(2)  The est imate of t he  devia t ion ,  d  , of the  
a i r c r a f t  from the  nominal tra j e s o r y  

(3) The navigat ion e r r o r ,  g, a s  predicted by a 
Kalman f i l t e r .  

The Class 1 s t a t e  vec tor  represents  t rue  a i r c r a f t  condi t ions and should 
be re fer red  t o  fo r  computing s t a t i s t i c s  regarding t h e  a i r c r a f t  behavior. 
Class 2 s t a t e s  represent  the  only information ava i l ab l e  t o  t he  p i l o t  o r  
~ t h e r  cont ro l  systems. Class 3 s t a t e s  were included t o  permit eva lua t ion  
of the accurccy of suboptimal f i l t e r s .  A s  w i l l  be shown fn t he  discussiorr 
of t he  da t a ,  s t a t i s t i c s  descr ib ing  the  e r r o r  sources a r e  spec i f ied  both 
a s  assumed f o r  t he  r e a l  world and a s  assumed by the  f i l t e r .  This permits 
i nves t iga t ing  modeling discrepancies  f o r  f i l t e r  s t a b i l i t y  ana lys is .  
Each of the  c l a s se s  of s t a t e  vec tor  has n ine  elements: 

1-3, the  a i r c r a f t  pos i t i on  i n  a l o c a l  coordinate  system 
(magnetic e a s t ,  iiorth, v e r t i c a l )  

4-5, random wind v e l o c i t i e s  i n  magnetic East and North 
coordinates  ; 

6-9, navigat ion a i d  d ispers ion  b i a ses  i n  range and 
azinnttl. measurements . 
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and longitude (degrees, minutes and seconds). The radius t o  the boundary 
of the a i r p o r t ' s  controlled a i r  space is  a l s o  required. Landing operations 
a re  defined by the length (na1:tical miles)  of the common path u t i l i z e d  
by JTOL a i r c r a f t  and the runway heading. The M U  type avai lable  a t  t h a t  
a i rpor t  i s  specif ied by an index. One o r  two navigation a ids  (VOR/DME) 
avai lable  fo r  use i n  the  terminal area a r e  specif ied by indices. For 
example, a i rpor t  number 1, Sacramento, has VOR/DME Sta t ion  Number 5 
avai lable  i n  the terminal area. The zero indicates no secondary s t a t i o n  
i s  available.  For convenience i n  in terpre t ing  the output, the  l a t i t u d e  
and longitude of each a i r p o r t  i s  converted in to  magtetic eas t  and north 
coordinates (nautical  miles) r e l a t i v e  t o  a reference point  specif ied i n  
the data. 

Radio Navigation Aids. - A s  shown in  the center  of Figure E-1, 
radio navigation a ids  a r e  ident i f ied  by both a numeric index and a 
label .  The c l a s s  of each s t a t i o n  indicates whether VOR and/or DME 
information i s  avai lable  from tha t  s t a t ion .  The L and H, specifying low 
o r  high frequency s t a t ions ,  a r e  not used by the  program. The pos i t ion  
of each s t a t ion  i s  specif ied a s  a l a t i tude ,  longitude, and elevation 
(a l t i tude) .  Local magnetic va r i a t ion  must a l s o  be specif ied t o  permit 
in terpre t ing  bearings as magnetic r a the r  than true.  For convenience i n  
in terpre ta t ion  of r e s u l t s ,  the s t a t i o n ' s  l a t i tude  and longitude a r e  
a l s o  converted t o  eas t  and north coordinatee. 

Microwave Landing,.System Definitions. - The coverage of each of 
the  microwave landing system configurations is  defined a t  the bottom 
of Fig l re  E- l .  The coverage is  speci f ied  by the elevation angle abuve the 
horizon (degrees), the  width of the  beam measured from the center  l i n e  
(degrees), and the maximum range of the  beam (nautical  miles). 

_Default Data Values. - Some items of data a re  stored in te rna l ly  
i n  the program a s  default values which w i l l  be u t i l i z e d  by the  code 
unless an overriding number is specif ied.  To avoid confusion i n  i n t e r -  
pre ta t ion  of r e su l t s ,  eaeh run tabulates a l l  default  values contained 
i n  the  program a s  shown i n  Figure E-2. I f ,  i n  a given run, any of these 
data were t o  be changed, the  changed values would be shown i n  the out- 
put. The following l is t  defines each of the  defaul t  data items and 
i t s  value. 

(1) VAPRCH, 100 knots, the  appoach veloci ty  of the  
a i r c r a f t  f o r  terminal operations p r io r  t o  a lauding. 

(2) THCOMP, 7 degrees, the angle of descent on the  common 
path (g l ide  slope). 
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BNKANG, 25 degrees,  t he  bank angle f o r  tu rns  i n  
t he  terminal  area. 

THDSCN, 3 degrees,  t he  f l i g h t  path angle f o r  
descent i n t o  the  terminal  a r ea  . 
TSTABL, 120 seconds, t h e  time period allowed f o r  
s t a b i l i z a t i o n  a f t e r  completing the descent i n t o  
the  terminal a r ea  p r i o r  t o  en ter ing  the  MLS 
beam. 

HAPRCH, 1000 f e e t ,  t he  approach a l t i t u d e  a t  which the  
a i r c r a f t  en t e r s  t he  MLS beam. 

DMIN, 400 f e e t ,  the  minimum dis tance  allowable a f t e r  
completing the  t u r n  t o  the  f i n a l  path before begin- 
ning the  descent on the  g l i d e  slope, 

TST.RCR, zero,  200 seconds, zero, the s t e e r i n g  time 
constants  during c ru i se ,  

TSTRAP, zero,  60 seconds, 60 seconds, the s t e e r i n g  
time cons tan ts  during approach maneuvers. 

TAUADA and TAUADM, the  au to  c o r r e l a t i o n  times jn 
seconds f o r  the a l t i m e t e r ,  e a s t  and nor th  winds 
during enroute operat ions and e a s t  and north 
winds i n  t he  terminal  a rea .  The s u f f i c e s  A o r  M 
i nd ica t e  t he  values assumed f o r  the a c t u a l  winds and 
the values assumed i n  the  k h a n  f i l t e r  model. 

SIGADA and SIGADM, the  standard devia t ion  of e r r o r s  
assoc ia ted  with the a l t i m e t e r ,  e a s t  and north winds 
during enroute operat ions and e a s t  and north winds 
i n  t he  terminal  area.  Alt imeter  e r r o r s  a r e  i n  f e e t ,  
and wind e r r o r s  a r e  i n  nau t i ca l  miles  per  hour, 

STNA and STNM, a r e  t he  white noise  e r r o r  of VOR/DME 
measurements, a c t u a l  and model. For example, STNA 
i n  Figure E-2 ehows t h a t  the white noise assumed i n  
t he  a c t u a l  s t a t i o n s  is  0.1 degree i n  bearing and 1 n,mi. 
i n  range. 

STBA and STBM a r e  s imi l a r  values f o r  the s tandard 
devia t ion  of the  s  tatLon b i a s  e r ro r s .  
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The program repea t s  some of t h e  da ta  shown i n  Figure E-2 i n  
t h e  form of  Figure E-3 f o r  more easy i n t e r p r e t a t i o n .  Figure E-3 shows 
t h e  a l t i t u d e  and ve loc i ty  sensing e r r o r s  from the  a l t i m e t e r  and a i r  da ta  
system. The loca t ions  of the  s t a t i o n s  t o  be u t i l i z e d  i n  a  p a r t i c u l a r  
l e g  and t h e i r  e r r o r  values  a r e  a l s o  l i s t e d .  

En Route Waypoints 

En rou te  way po in t s  a r e  spec i f i ed  i n  ANGCAP with da ta  cards  
i d e n t i c a l  t o  those used i n  STOL OPS. Figure E-4 i s  a  p r in tou t  of the 
en  rou t e  waypoint da ta  and i s  very s i m i l a r  t o  t he  waypoint data  p r i n t -  
out  of STOL OPS. It should be noted t h a t  waypoints a r e  spec i f i ed  i n  
terms of a d i s tance  and bear ing  from one of t h e  VOR/DME s t a t i o n s .  The 
o t h e r  two vOR/DME s t a t i o n  i nd i ce s  assoc ia ted  with each waypoint i nd i ca t e  
t h e  s t a t i o n s  used f o r  navigat ion when approaching tha t  waypoint. 
A l t i t ude  i nd i ca t e s  t he  a l t i t u d e  a t  t h a t  waypoint and a i r speed ,  t he  speed 
approaching the  waypoint. The pos i t i on  (d i s tance  and bear ing)  of t h e  
l a e t  waypoint i n  each l eg  i s  disregarded by the  code. Instead,  a  s e t  
o f  waypoints f o r  terminal a r ea  operat ions i s  computed from parameters 
including g l ide  s lope angle ,  common path length ,  approach speed, ap- 
proach v e l c c i  t i e s ,  e t c .  , a s  descr ibed i n  the following sec t ion .  
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Determination of waypoints For Tranatzion t o  
F ina l  Approach and Landing 

A s  dep!cted i n  Figure E-5, success fu l  t r a n s i t i o n  from terminal  
a r ea  approach t o  f i n a l  approach along the  common path is dependent upon: 
(1) the  loca t ion  of the waypoint des igna t ing  the length  of the  common 
path,  (2) the  a i r c k a f t  performance c h a r a c t e r i s t i c s ,  (3) the microwave 
landing system (MLS) coverage, and (4) the  s t a t i s t i c s  represen t ing  posi-  
t i o n  and ve loc i ty  devia t ions  from nominal a t  MLS acqu i s i t i on .  

I f  i t  is  assumed t h a t  t he  p i l o t  d e s i r e s  t o  have the  a i r c r a f t  
s t a b i l i z e d  on the extended runway cen te r  l i n e  a t  the  waypoint designat ing 
length of the  common path p r i o r  t o  i n i t i a t i n g  the  p i t c h w e r ,  t he  sequence 
of maneuvers might be: 

(1) Trans i t i on  from descent  t o  l e v e l  f l i g h t  a t  desire.  p i t c h  
over a l t i t u d e  f o r  g l i d e  s lope  i n t e r c e p t  [designated a s  
(1) i n  Figure E-51 

(2) I n i t i a t i o n  of  t u rn  onto comaaon path [designated a s  (2) i n  
Figure E-S] 

(3) Complete t u rn  onto common path [designated a s  (3) i n  
Figure E-51, s t a b i l i z e ,  perform s ides t ep  maneuver, 
s t a b i l i z e  and i n i t i a t e  pi tchover  t o  i n t e r s e c t  g l i d e  s lope 
[designated a s  (4) i n  Figure E-51 .~ 

(4) On g l i d e  elope on common path [designated a s  (5) i n  Ffgure 
E-51. 

Turn Onto Common Path Manecver,- Two p o s s i b i l i t i e s  e x i e t  f o r  
the  a c t u a l  tu rn  maneuver. The f i r s t  assumes the  tu rn  is a coordinated 
t u rn  during which a l t i t u d e  is  maintained and the  bank angle  is limited 
t o  a maximum velue. For t h i s  case ,  the  t u rn  rad ius ,  , and r a t e  of tr:m 3 a r e  a  funct ion of ve loc i ty ,  V ,  bank angle,  9 ,  and ~,orm 1 load f a c t o r ,  i . e . ,  

L cos 0 = W 

2 
L s i n  0 C.F. " FJ\ 

8RT 
L 6 i n  0 = L cos 0 v2 

8a'f 
v2 

5 - g 0  
where L = l i f t  

W = weight . 
248 
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The second case  assumes a constant  r a t e  o f '  t u rn  is maintained. I n  t h i s  
CIZS e 

2 iF the  f i r s t  c a s  is considered wi th  V = 100 knots ,  g = 32.174 f t / s e c  , 
a d  0 = 30°, + 1535 ft. The accepted p rac t i ce  under instmalent f l i g h t  
r u l e s  is t o  use a 3O/sec turning rate. For V ' 100 knots,  t h i s  y i e lds  
RT = 3226 f t  and 0 lS022'. A thorough ana lys i s  and experimental program 
is required t o  determine which is  the b e t t e r  tur-  maneuver procedure. 

Idea l ly ,  t h e  no in t  t o  i n i t i a t e  the  t u r n  is a funct ion of the 
radius of turn, RT, and the  nominal coammn path in t e rcep t  sngle. Refer- 
r i n g  t o  Figure E-6, the hor izonta l  i n t e r cep t  georsetry r e l a t i onsh ips  are: 

cr = a, ( 1  - cos A) 
DT = d s i n  A . 

FIGURE E-6. HORIZONTAL INTERCEP GEMTRY' 
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Table E l l  l i s t s  the des i red  po in t  t o  i n i t i a t e  the  tu rn  referenced 
d a w n t r a c ~  (DT) and cross t rack  (CT) from the waypoint on the  extended center-  
l i n e  f o r  th ree  tu rn  raGii .  The c ros s t r ack  coverage of the  MLS is a l s o  given 
f o r  a 20' azimuth as a funct ion of common path length,  L .  Figure E-7 is a 
p l o t  depic t ing  the curn i n i t i a t i o n  poin t  a s  a funct ion of i n t e r c e p t  angle  
f o r  RT = 1335 f e e t .  

Sidestep Maneuver. - I n  s e t t i n g  the  length of t he  commn path,  
designated a s  waypoint (3) i n  Figure E-5, a n  along t r ack  d i s t ance  allow- 
ance, D,  must be made t o  permit performing a s ides t ep  nraneuver a f t e r  
completing the  nominal turrt onto the common path. Normal IFR procedures 
involve s t a b i l i z i n g  on the heading of the  runway a f t e r  completing the  
t w n  nraneuver and then i n i t i a t i n g  a s ides t ep  manewer t o  c o r r e c t  f o r  cross-  
t - ack  e r r o r ,  yo, due t o  a v a r i e t y  of e r r o r s  such as :  

( I )  Rol l ing  t o  wings l e v e l  too e a r l y  o r  l a t e  compared 
wi th  the nominal time 

(2) Holding a n  inco r rec t  bank ang1.e 

(3) Velocity e r r o r s  when the  tu rn  is i n i t i a t e d  

(4) I n i t i a t i n g  the  tu rn  too soon or  l a t e  compared with t h e  
norninal waypoint f o r  t u rn  i n i t i a t i o n .  

(5) Winds . 
-. .* 

The along t rack  d is tance ,  D,  t he  a i r c r a f t  t raverses  while  
performing a s ides t ep  maneuver can be determined a s  a funct ion of the 
following parameters: 

(1) v = approach ve loc i ty ,  f t l s e c ,  

(2) T = time t o  r o l l  t o  8 ,  seconds, 

(3) 0 = bank angle  (suggested a s  12' i n  Ref. E-1) 

(4) yo= i n i t i a l  c ros s t r ack  e r r o r  t o  be removed. 

The sequence of the s ides t ep  maneuver is depicted i n  Figure E%. Let  

t = dura t ion  of each do bank tu rn  - 112 & - 4 ~ ) .  v 

The l a t e r a l  acce l e ra t ion  dur ing  each tu rn  is given by 

a = g tan 0. 



TABLE E - 1. TYPICAL TURN INITIATION COORDINATES 
REFERENCED TO COMMON PATH WYPOINT 

C o m n  MIS 

%b f t  
Path Crosstrack 

h ,  dep: Cr, ft DTJ f t  Length, ft Coverage 





a. Generalized Roll Maneuvei 

Wings Level 

b. Components of Corrective S-Turn Maneuver 
(Ref. 5-1) 

FIGURE E-8. SEQUENCE OF SIDESTEP MANEWER 
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The l a t e r a l  v e l o c i t y  and d i s t a n c e  t r a v e l e b  whi le  t h e  a i r c r a f t  r o l l s  t o  
8 i s  n e g l i g i b l e .  

Hence, t h e  c r o s s t r a c k  e r r o r  i s  approximately equa l  t o  twice  
t h e  l a t e r a l  p o s i t i o n  gained dur ing each 0 r o l l  maneuver, t h a t  is 

Rearranging t o  so lve  t h e  r e q u i r e d  l o n g i t u d i n a l  d i s t a n c e ,  D, t o  c o r r e c t  
f o r  an i n i t i a l  l a t e r a l  displacement e r r o r ,  y , y i e l d s  

0 

2 
4" Yo D~ - 8 D T V +  1 6 ~ ~ ~ ~  - - = 0 
g t a n  Il 

I n  both cons tan t  bank ang le  and c o n s t a n t  r a t e  of t u r n  approaches,  
p i l o t  induced and wind induced l a t e r a l  e r r o r s  o f  400 f e e t  can be expected.  
For example, i f  0 = 30°, T e q u a l s  2 seconds,  and V e q u a l s  100 knots ,  then 
D becomes z934 f e e t .  

The minimum t o t a l  common pa th  l eng th ,  L, is given by t h e  sum 
of t h e  ground d i s t a n c e  t r a v e r s e d  from p i t c h o v e r  t o  landing inc lud ing  
f n t e r c e p t j n g  t h e  g l i d e  s lope  a t  a l t i t u d e ,  h ,  p l u s  D, i.e., 

Lt- 2 + D  , +D=K7 t a n  (gl i d e  s l o p e  ang le )  

where Z = a l t i t u d e  a t  p i t c h o v e r  i n i t i a t i o n .  

To be conserva t ive ,  t h e  e f f e c t  o f  s t a b i l i z a t i o n  times before ,  
T , and a f t e r ,  TA, t h e  s i d e s t e p  maneuver should be incllrded as w e l l  as 
t i e  d i s t a n c e  t r a v e r s e d  toward t h e  runway dur ing t h e  puehover from l e v e l  
f l i g h t  t o  t h e  ~ l i d e  slope.  I n  t h i s  case, 
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Nominally, TB and IA 
1 2  seconds. For Y = 
and Tp = 12 seconds 

may be equa l  wi th  a 2-second magnitude, and Tp = 
100 knots  = 168.9 f t / s e c ,  Y = 7O, Tg = TA = 2 seconds,  

Th is  va lue  is  l e s s  than  D and, t h e r e f o r e ,  t h e  equa t ion  f o r  determing the  
l e n g t h  o f  t h e  common pa th  was s e l e c t e d  as 

t o  avoid being o v e r l y  conservat ive .  C l e a r l y ,  i f  an  a d d i t i o n a l  term is t o  
be added i n  t h e  f u t u r e ,  i t  should be VTp. 

To determine whether MLS coverage e x i s t s  b e f o r e  t h e  i n i t i a l  t u r n  
assuming no s i d e s t e p  o r  s t a b i l i z a t i o n ,  cons ider  t h e  c a s e  dep ic ted  i n  
F igure  E - 9  f o r  a 7-1/2' g l i d e .  s l o p e  w i t h  a 1000-foot minimum a l t i t u d e .  
Typical  r e s u l t s  a r e  given i n  Table  E-2  f o r  v a r i o u s  t u r n  r a d i i ,  RT. 

k-7640 f t r - d g 1 . 2 5  m i .  

FIGURE E - 9 .  EXAMPLE OF KLS A C Q m S I T I O N  
AND TURN ONTO C W O N  PATH 
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TABLE E-2. TYPICAL RESULTS RELATING TURN INITIATION 
PNI) MLS ACQUISITION 

Radius o f  t u r n ,  f t  1000 2000 3000 4000 

Length (RT + 7640) , f t  8640 9640 10640 11640 

cr ( tan- '  % ) , deg 6.5 12 16.40 20 
R, + 7640 
I 

Dl = L1 t a n  ZOO,  i t  2940 3300 3740 4000 f t  

d l  = Dl - RT, f t  1940 1300 740 0 

1 t .d l - -  s e c  
V 169'  

Hence, f o r  approaches considered h e r e ,  t h e  a i r c r a f t  w i l l  always b e  under MLS 
coverage p r i o r  t o  t u r n i n g  i f  i t  can t h e o r e t i c a l l y  t r a n s i t i o n  t o  t h e  g l i d e  s l o p e  
a t  AOOG f o o t  a l t i t u d e  . 
Pushover Maneuver 

1 
Path A v - 

'I I FIGURE E- 10. PUSHOVER MANEWER 

1. A s  d e p i c t e d  i n  F igure  E-10, assume "pushover" t o  descen t  is a c o n s t a n t  V maneuver 
accomplished a s  fo l lows : 

( 
1. A t  po in t  "11' a AC r e d u c t i o n  is a b r u p t l y  i n i t i a t e d  t o  c r e a t e  a t o l e r a b l e  

r e d u c t i o n  i n  load f a c t o r  n ko a v a l u e  l e s s  than  1.0. From t h a t  po in t  on, t h r u s t  
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is reduced on a schedule t o  keepV conntant throughout the pushover. Upon reach- 
ing the des i red  descent angle ('f2), C is ab rus t ly  increased t o  r e e s t a b l i s h  t r i m  
a t  the constant  V s t i l l  being flown. ''The elapsed time, d i s tance  covered, and 
a l t i t u d e  l o s t  during the maneuver (from point  1 t o  point 2) i s  found a s  follows: 

Now MV? = L-W cos Y. 

T, 
Also, ng = - o r  L = nmg. m 

Theregore, mV9 = nmg - mg cos Y 

Assume y is always s u f f i c i e n t l y  small  such t h a t  cos Y a 1. 

Then i( = [n - 11 . 
Let the pushover n = 0.95 
Then 7 ' -0.05 f 

The elapsed time f o r  maneuver i s  (assume Y1 a 0) 

Le t  g = 32.174 and Y2 = - 7' = - 0.122 radtana, then 

t - 0.0759~(&) . 
The hor izonta l  d i s tance  t raveled i s  

2 
x = V t  = 0.0759V . 

Now 

o r  h a g [n-1] 

Or 8 f o r  n 0.95 

The a l t i t u d e  loss  during the pushover is 



0 
I n  summary then, f o r  Y2 ' -7 , 

N w take the case where V = 100 knots - 168.9 f t / s e c .  
Vq = 28,527 f t 2 / s e c 2  

N 

and t = 12.82 seconds 
x 2165 f t  

Ah 131 f t  

1 I f  x i s  included i n  the commcn path length input t c  the program, then 

\ Par t  of x is included i f  L = (Z/tan Y) + D. 

Therefore,  the program has input  L, D ~ ~ ~ ,  
Z :  and Y. The program solves f o r  D 

a s  follows: 

D~~~ 
could be considered t o  include t h a t  par t  of x not included by 2 tan Y. 

Therefore,  the loca t ion  of the wavpoiat t o  i n i t i a t e  the turn  on f i n a l  i s  given by 

referenced t o  the runway cen te r l i ne  and e leva t ion .  

The loca t ion  of the waypoint denoting the common path length is 
given by: 

referenced t o  the runway cen te r  l i n e  and e leva t ion .  
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Table E-3 def ines  the two wgypoinis f ~ r  Y ' go, V 100 knots,  T = 2 
seconds, y,, - 400 feet,, @initial * 30 , 'sides t e  

= 12 , and h 869 f e e t .  

TABLE E-3. EXAMPLE OF FINAL $PPRWCH 
WAYPOINTS WITH 90 INTERCEPT 

I n i t i a t e  Turn Common Path 

A t  t h i s  common path length the 20' MLS azimuth and e l eva t ion  coverages 
a r e  4396.4 f e e t  c ros s t r ack  and v e r t i c a l .  For E$ = 1535, the a i r c r a f t  would have 
nominally tracked the MLS fo r  2861.4 f e e t  which i s  equiva ler~ t  t o  about 17 
seconds of f l i g h t  within the beam. 

Approach Waypoints.-ANGCAP computes approach waypoints fo r  the 
t r a n s i t i o n  from the c ru i se  f l i g h t  u t i l i z i n g  c ru i se  waypoints t o  t he  f i n a l  
a p ~ r o a c h  discussed i n  the previous sec t ion .  A 90-degree turn  onto the  com- 
mon path is assumed i n  c r ea t ing  the approach waypoints. Working backwards 
toward the  en routs  waypoints, a period of l e v e l  f l i g h t  f o r  s t a b i l i z a t i o n  
a f t e r  descent is used t o  e s t a b l i s h  the  p u l l  c a t  from the  descent. The de- 
scent  is assumed t o  be made a t  the average of the en route  and approach 
ve loc i t i e s .  With the descent f l i g h t  path angle ( spec i f ied  a s  a parameter 
i n  the da t a ) ,  the loca t ion  of the beginning of the  descent from c r u i s e  
a l t i t u d e  can be computed. With these computations completed, the loca t ion  
of a f i n a l  en route  waypoint along a l i n e  90 degrees from the  runway head- 
ing and o f f s e t  by a d is tance  computed from the s t a b i l i z a t i o n  time and de- 
scent  d i s tance  is created. This waypoint's pos i t ion  is used a s  the  f i n e l  
waypoint of the e n  route  data.  
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Typical ANGCAP Output 

One run of ANGCAP can perform a  nmber  of ana lys i s  cases .  Each 
case  c o n s i s t s  of the ana lys i s  of a  f l i g h t  from an o r i g i n  t o  a  des t i na t i on  
a i r p o r t .  The ana lys i s  i s  f o r  a  s p e c i f i c  system conf igura t ion  defined by 
the  type of update (Kalman o r  Pos i t ion  Fix)  the nmber  of VOR r ece ive r s  
(0, 1 o r  2 )  and the  number ~ i :  DId3 r ece ive r s  (0, 1 o r  2 ) .  The update 
frequency must a l s o  be spec i f i ed .  Experience has  shown t h a t  a  frequency 
of approximately one update every 2 minutes is  s u f f i c i e n t  f o r  most analyses .  
I f  desired a  de t a i l ed  p r i n t o u t  of dev ia t ions  during c r u i s e  operat ions a s  
shown i n  Figure E-11 may be obtained,  As shown t n  Figure E-12, a 
summary is  obteined f o r  each case, F ina l ly ,  a  summary of a l l  cases  i n  a  
run i s  pr in ted  a s  shown i n  Figure E-13. 

Detai led Cruise Output. - The c r u i s e  output i s  d i v i d e d  i n t o  blocks 
of info-tion a t  each time during the  f l i g h t .  For example, consider  t he  
output of Figure E - l l ( a ) .  Since e r r o r s  generated ea r ly  i;l t he  f l i g h t  
have l i t t l e  impact on the  f i n a l  approach va lues ,  the ana lys i s  of takeoff 
i s  very crade. A s  shown between the  two rows of X ' s  near t h t  top of 
Figure E - l l ( a ) ,  takeoff  i s  analyzed a s  a  discontinuous speed change t o  
t h e  c r u i s e  ve loc i ty  of 400 knots.  A f l i g h t  path i s  then computed from 
t h e  coordinates  of t h e  o r i g i n a t i n g  a i r p o r t  and the  f i r s t  c r u i s e  way- 
po in t s .  During t h i s  and a l l  subsequent c r u i s e  segments, output i s  shown 
before  and a f t e r  each update. For example, consider  the output  a t  4 
minutes shown i n  t he  middle of Figure E - l l ( c ) .  Conditions p r i o r  t o  and 
a f t e r  t he  Kalman update a r e  p r in t ed .  For each time, t he  f i r s t  twc rows of 
in forna t ion  a r e  t he  b values  of t he  t r u e  s t a t e  es t imat ion  e r r o r s  
and the  va lues  the  fi l ter.wou1d asrl.ime f o r  t he  e r ro r s .  These a r e  expressed 
i n  the  s t a t e  va r i ab l e s  of  t he  problem a s  labeled.  It should be noted t h a t  
i n  t h i s  run the  a c t u a l  and model values  of au toco r r e l a t i on  times and s t an -  
dard devia t ions  of navigat ion e r r o r  sources were assumed i d e n t i c a l .  Thus, 
t he se  two rows a r e  equal  f o r  a11 blocks. '  The a i r c r a f t ' s  nominal t r a j e c t b r y  
and the  1u devia t ions  of t h e  a c t u a l  s t a t e  and estimated s t a t e  a r e  
then shown. For ease of i n t e r p r e t a t i o n  t he  a c t u a l  and estimated s t a t e  
d i spers ions  i n  the down rang. d i r e c t i o n  a r e  expressed i n  terms of time 
of passoge r a t h e r  than pos i t ion .  F i n a l l y  t he  b con t ro l  e f f o r t  values  
a r e  shown. These a r e  obtained by mult iplying the  es t imates  s t a t e  devia- 
t i o n s  by the  cont ro l led  gains  a s s o c i a ~ e d  with t h e  nsrameter ' rsteer.  
For t h i s  run r s t e e r  during c r u i s e  was spec i f ied  t o  be zero with t h e  
exception of the  c ros s t r ack  component. Thus, no cont ro l  
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APPENDIX E 

e f f o r t  is shom~ except a  3.94 degree hez4ing  change. This heading change 
represents  the ac t ion  by the  p i l o t  t o  ccirrect f o r  estimated s t a t e  deviat ion 
of 1.53 n.c,i. After t he  update,  the ac tua l  s t a t e  devia t ians  have not 
changed. Yhis i s  because of a  new in t  of measurement inCormation in no 
way a f f e c t s  the s t a t e  of the  a i r x a f ~ .  The est imate does not charge 
w i t h  the update. Thus, a f t e r  the  update, the improved informatian r e s u l t s  
in  an estimated c ross t rack  devia t ion  of 1.57 n.mi. and the  r e s u l t i n k  cont ro l  
e f f o r t  increases  t o  4.05 degrees. 

Additional output i s  shown a t  each waypoint. Waypoints a r e  
t rea ted  a s  po ten t i a l  d i s c o n t i n u i t i e s  i n  the  ve loc i ty  of the a i r c r a f t .  The 
time a t  which t h e  ve loc i ty  change i s  l a d e  on a  perturbed mission may be  
specif ied by the user.  I f  no spec i f i ca t ion  i s  mad$, it i s  assutied tha t  
a l l  heading :tianges a r e  made when the p i l o t  es t imates  *ha1 11:.  has ze,o 
cross t rack  e r r o r  on h i s  new heading,, Consider, f o r  e v -  I the ve loc i ty  
change madc a t  5 .91minutes  shown in  the  center  of Fiq : , . l l (d) .  This 
i s  thc waypoint where the a i r c r a f t  begins i t s  descec. . c  the te tminal  
area.  A; s5own between the  rows 01 gs ,  t h i s  waypoin, , ,qu i res  a ve loc i ty  
change of -150 knots,  a  descent of 5 degrees,  and a headinn charm: of 4 6 . 9  
degtees.  comparing the 10- devia t ion  values just p r l c r  t o  and ,ust 
aFt.er the heading change it should be noted t h a t  the estimated c ross t rack  
devia t ions  drop t o  zero. Thc e f f e c t  of these devia t ions  map i n t o  an 
increased deviat ion in  along t r ack  po*rt53n. 

V ~ l o c i t y  magnit- de changes a r e  assurnec! t o  bt- made a t  the  same 
time a heading changc i s  made. I f  no heal ing change is comman6ed a t  a 
waypoint with a  ve loc i ty  change, i t  i s  assumx! t h a t  t h e  ve loc i ty  change 
is made when the estimated along-track pos i t ion  is a t  the  nominal value. 
Ver t ica l  ve loc i ty  changes a r e  made in  3 sirnil;: way when l eve l  f l i g h t  is 
followed by an ascent o r  descent.  I f ,  however. <he v e r t i c s l  ve loc i ty  
change is from c l iab ing  o r  descending to  1c.vel i l - -ght ,  It is aisume.J tha t  
the p i loc  makes the mant=uver wk?n itre e s t i nn ted  (5arometric a l t ime te r )  
a l t i t u d e  i t s  a t  the desired value. ~r exam7 l e ,  when en te r ing  the terminal 

a rea  ( s h m  i n  Figure E- l l (k )  a t  23..;.; m i r , c ~ e s  i n t o  t h e  example t h e  f l i g h t  
path angle change of .) degrees is cnown commanded by a l t i t u d e .  h ,  the 
dispersion outpbt a t  the bottom of Figure E-1L(k) shows zc?ro.deviatir,n i n  
t hc  estimaced s t a t e  a f t e r  the  p u l l  out :torn ;he descent. "hz a c t u a l  s t a t e  
devia t ions  a r ?  then equal t o  t he  a l t ime te r  e r r o r ,  50 feec, It i s  assumed 
t h a t  the s t ee r ing  time constants  pze ~ a c r e a s t ?  e f ' , e r  t he  a i r c r a f t  e n t e r  the 
terminal a res .  This r c p r e s m t c  the  t i g h t e r  c o ~ t i o l  r b l  t he  a i r c r a f t  milinta~ned 
by the  p i l o t  when mansuveting i n  the tei-mirllb;?, area and preparing t o  e n t e r  
the  microwave landing system, Thus, cont rv i  c f f o r t  f o r  c ros s t r ack  e r ro rb  
(heading correcti .ons) jumps from 37 degrees t o  6b degrees a f t e r  l eve l ing  
out from the dt ~ c n t .  The ana lys is  concludes w i t h  the outpilt a t  thy bot-  
tom of Figure ~-11bl showing an aiong-track devia t icn  r e su l t i ng  i n  t'Sme- 
o f - a r r iva l  variance of 153.19 seconds with a c t o 8 = t r a c l  de\rf$tion of 
G.38 n.mi. and 50-foot a l t i t u d e  d e ~ i a t i o l ~ s .  This  su,p.t: i s  t he  re . ru l t  
for the point  where the a i r c r a f t  i s  as~umed t o  e n t a r  the  .FEjr;,S, As mentioned 
e z r l i e r ,  the e n t i r e  run i s  sunanarizer! i r  Figure E-i2.  FSdure E-12 shows 
the waypoints, the ve loc i ty ,  heading, and f l l g h t  path ank:le of 
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t h e  a i r c r a f t  between waypoints,  tnd  the  n t v i g a t i o n  a i d s  used. The d L s -  
pcrs ions  a t  t h e  i n t e r s e c t i o n  wi th  t h e  NLS a r e  repea ted  i n  F igure  E-12. 
I f  no c r u i s e  output  had been s e l e c t e d  ( p r i n r  o p t i o n  ze ro) ,  Figure  E - 1 2  
would be  t h e  o n l y  output  produced. Tn m-.n,ain a  check on t h e  a n a l y s i s  
dur ing  t h e  c r u i s e  c o n d i t i c n s ,  t h e  maxiaua, I- d e v i a t i o n s  of t h e  a i r c r a f t  
i n  the  t h r e e  coord ina tes  (a long t r a c k ,  c r ~ s s t r a c k ,  and a l t i t u d e )  a r e  
summarized. In t h i s  p a r t i c u l a r  run,  xaxina i n  a l l  t h r e e  c o o r d i c a t e s  
occl-rred a t  25.54 3zcor .d~.  P a r t i c u l a r  a t t e n t i 0 2  shcatd  he paid  t o  t h e  
seerniiigly l a r g e  a l t i t u d e  d e v i a t i o n ,  2,240 f e e t .  Th i s  number i s  scmewhst 
misleading.  23.54 ninu-es  i s  the  point  dur,ng t h e  mission wher. :he p ~ l l  
o u t  from descent t o  approach maneuvering i s  beguc. A t  t h i s  t ime, t h e  
nominal a l t i t u d e  of t h e  a i r c r a f t  is  1 ,000 f e e t .  It would be erroneous ,  
however, t~ assume t h a t  because t h e  a l t i t u d e  d e v i a t i o n  a r e  2,240 f e e t ,  a  
h igh p r o b a b i l i t y  of r o n t a c t  w i t h  the  ground e x i s t s .  It must be remembered 
t h a t  i t  :;as s p e c i f i e i  t h a t  p u l l  ou t  from descen t  would be made when t h e  
a i t i m e r e r  ind ice ted  t h e  d e s i r e d  a i t i t u d e .  Thus, f o r  a per turbed run wi th  
a lower a l t i t u d e ,  p u l l  o u t  woulC be made e a r l i e r  and an a l t i t u d e  of 2,240 
f e e t  l e s s  than nominal wculd be noL reached n s 3 r  t h e  end of t h e  descent .  
Referr ing back t o  the  o u t p c t  f o r  23.54 minutes ( a t  t h e  cente: of Figure  
~ - 1 l 0 ,  j u s t  3 r i o r  t o  t h e  f l i g k t  pa th  change of 3 degrees ,  t h e  a l t i t u d e  
d e v i a t i o n  of 2,239 f e e t  a r e  shmm. S?.tbr, a p u l l  o u t  vould be made when 
t h e  ind ica ted  a l t i t u d e  equaled the  d e s i r z d  nominal of 1,000 f e e t ,  t h e  
assumed nom.ai d i s t r i b u t i o n  of 2 1 1  e r r o r s  would be t runca ted .  These l a r g e  
a l t i t u d e  d e v i a t i o n s  a r e  more reasonably  i n t a r p r e t e d  mrday i n  t h e  descent  
p o r t i o n  of t h e  f l i g h t .  For  example, a t  20 m i n ~ t e s  ( t h e  bottom of F igure  
E-llCjj), a l t i t u d e  d e v i a t i o n s  of 1,901.7 f e e t  a r e  shown wi th  t h e  nominal a l t i -  
tude a t  4,284 f e e t .  Thase d e v i a t i o n s  occur  bececse  i t  i s  assumed t h a t  t h e  
p i l o t  began t h e  descec t  when h i s  ind ica ted  a long- t rack  p o s i t i o n  v s s  a t  chi. 
nominal value  f o r  beginning t h e  descent .  Since  d e v i a t i o a s  o f  t h e  es t imated 
a locg- t rack  p o s i t i o n  a r e  on t h e  o r d e r  of 2 micutes ,  an observcr  on t h e  
g-nun? would no te  d e v i a t 5 . m ~  of approximately 1 ,400 f e e t  i n  a i r c r a f t  p s s i z g  
over  h i s  head wi th  t h e s e  s t a t i s t i c s .  

I n  a d d i t i o n  t o  t h e  case  summary shown i n  F igure  E - 1 2 ,  .? summary 
o f  a l l  cases  i n  a  run ,  shown i n  F igure  E - 1 3  i s  produced. Figure  E-13 
shows the  va r ious  cornbinations o,C system c o n f i g u r a t i o n s  evaluated dur ing  
t h i s  study. The a i r p o r t  p a i r s  considered a r e  i n d i c a t e d  hy t h e  !eg i n d i c e s  
1 through 3. Update types  a r e  (1) Kalrnan f i l t e r  and (2) p o s i t i o n  f i x e s .  
The p rob , .  L l i t i e s  of i n t e r s e c t i n g  t h e  MLS beam w i t h  s u f f i c i e n t  d i s t a n c e  
t o  maneuver p r i o r  t o  descen t  on t h e  g l i d e  s l o p e  a r e  shown i n  *he r ight-hand 
column of Figure  E-13. These numbers a r e  t h e  inpu t  t o  t h e  Monte Car lo  
a n a l y s i s  from ANGCAP. The Monte Car lo  a n a l y s i s  computes on a random b a s i s  
t h e  modes a v a i l a b l e  i n  each f l i g h t  a s  i t  e n t e r s  t h e  MLS, Bach node i s  
then def ined i n  terms of t h e  system c o n f i g u r a t i o n s  shown i n  F igure  E-13 
and t h e  a p p r o p r i a t e  p r o b a b i l i t y  o f  s u i t a b l e  encounter  w i t h  t h e  MLS i s  
used. 
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APPENDIX F 

Review of Crew Pefonnance Estimation Methods 

Three cont rac tor  r epo r t s  prepared bv Bolt ,  Beranek and Newman, 
Inc.  (BEN) ( r e f s .  F-1 through F-3) and one report  by Bunker-Ram@ have been 
reviewed ( r e f .  E-4). Tile Bunker-Ramo approach i s  b a s i c a l l y  one of tasK 
ana lys i s  and workload est imat ion.  I t  does not lend i t s e l f  t o  modeling 
man in t he  loop and, hence, is not  f u r t h e r  discussed. 

I n  general ,  BBN models t h e  human operator  a s  an optimal 
c o n t r o l l e r  "subject t o  h i s  inherent  l i m i t a t i o n s  and cons t ra in t s '  ( r e f s .  
F-1 and F-2). Nonetheless, t h e i r  represen ta t ion  of t he  optimal c o n t r o l l e r  
i s  alwayz the  l i n e a r ,  quadra t ic  c o s t ,  completely observable represent-  
atiort .  This  framework is  s a i d  t o  allow a systematic  approach t o  t h e  
modeling of human operators .  In  c o n t r a s t ,  the  quas i l i nea r  descr ib ing  
funct ion model of the human opera tor ,  used bv Systems Technology Incor- 
porated (STI) ,  i s  s a id  :o r e l y  "heavily on judgments concerning t h e  
closed-loop system s t ruc tu re"  ( r e f .  F-2). 

It would appear t h a t ,  i n  t h e  simple tasks  analyzed, t h e  two 
approaches a r e  equivalent .  With the  i n f i n i t e  time Kalman f i l t e i -  fomu-  
l a t i o n ,  the  BBN human operator  c o n s i s t s  3f a two-state (second order )  
es t imator  with c e r t a i n  gain constants .  The ST1 human operator  i s  a l s o  
modeled by a second order  system. BBN must make judgments concernirrg 
t he  manner i n  which the hzriar, cpera tor  weighs h i s  performance index; 
ST1 must mkct value judgmenis concerning t h e  frequency respunse of t h e  
crossover  model they employ. I n  r e a l i t y ,  by modifyi-ng t h e  performance 
index, t he  frequency response of t h e  opera tor  i s  a l t e r e d .  This dual 
nattlre i s  even pointed out by BBN when they s t a t e  t h a t  " there  i s  a one- 
to-one correspondence between g end T,, t h e  smaller g ,  t he  smaller  is  
T ~ ' '  ( r e f .  F-2). The g i s  t h e  performance index weight an the  de r iva t ive  
of cont ro l  ac t i on ;  T~ i s  t h e  neurornuscular l a g  time constant.  

For mul t i t ask  assignments, BBN p red i c t s  t he  amount of f i x a t i o n  
time per t a s k  by mjcinizing an optimal con t ro l  problem sut ,ect  co the  
length of dura t ion  on a ~ e r t i c u l a r  t ask ,  Good agreement in  shown f o r  a 
two-task assignment. 

Senders and Carbonnel ( a l so  with BBN) p r ed i c t  f i x a t i o n  t i m e  a s  
a funct ion of the  frequency content  of t he  s igna l  being received ( r e f s .  
F-5 and F-6). Good agreements have a l s o  been reported i n  t h i s  case.  

The bas i c  d i f f e r ence  betueen the  approach used by BBN acd ST1 
appears t o  be the  following: t he  BBN time domain cpproach al lows one t o  
expand t h e i r  m3del i n  s i t u ~ t i o n s  wherz t h e i r  l i n e a r  quadra t ic  model does 
not adequately p red i c t  human opera tor  response. The d isp lay  requirements 

2 80 
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s tudy  icd ica ted  t h a t  t h e  hwnan operazor exhib i ted  no con t ro l  when t h e  
e r r o r  w 2 s  s ~ a l l  ins tead  of a  con t ro l  d i r e c t l y  proport ional  t o  t h e  e r r o r  
as predic2ed by optimal con t ro i  theor].  BBN thus modified t h e i r  mcdel t o  
account f o r  t h i s  dead band ins tead  o i  j u s t  g e t t i n g  an approximate ove ra l l  
l i n e a r  model ( r e f .  F-3). 

I n  con t r a s t ,  t he  ST1 :.s3c?. has remained r e l a t i v e l y  f ixed  aver  
t h e  years .  The compensatior. l i i n i t a t i ons  of t h e  bman opera tor  a r e  b u i i t  
i n t o  the model. Any grcss  n o n l i n e a r i t i e s  would defy c l a s s i c a l  frequency 
domain ana lys i s .  This is not  t o  suggest t h a t  t h e  power of t h e  BSN model 
is necezsa r i l y  a worthwhile f ea tu re .  The optimal con t ro l  m d e l  and human 
opera tor  response a r e  i n  f a i r l y  c l o s e  agreement if t h e  human opera tor  can 
perform t h e  task.  Hence, t h e  model p r ed i c t s  t h e  most o p t i m i s t i c  response 
f o r  t h e  1.uman operator .  Thus, i f  t h e  optimal con t ro l  model p r ed i c t s  
i n f e r i o r  per.'ormancc,, t h e  human ope ra to r  w i l l  e x h i b i t  i n f e r i o r  performance. 
But, i f  t h e  optimal cont ro l  m d e l  p r e d i c t s  adequate performance, a  judg- 
m n t  must be made whether a  well-traineci human opera tor  can dup l i ca t e  t h i s  
performance. This is e spec i a l l y  d i f f i c u l t  t o  determine f o r  higher  order  
p l a n t s  not  dominated by t h e  f i r s t  and second order  c h a r a c t e r i s t i c s  pre- 
s e n t l y  s tudied.  The optimal c o n t r o l l e r  can a s s i m i l a t e  a l l  t h e  information 
regarding t h e  p lan t  c h a r a c t e r i s t i c s ,  t he  observed devia t ions ,  and the  con- 
t r o l  ac t ions .  The hm.an opera tor  has a  f i n i t e  memory t i m e  and a  l im i t ed  
capab i l i t y .  If  t h e  t a s k  is KOO d i f i c u l t  and s t r e s s  i nc reases ,  h i s  
performance w i l l  decrease.  Hence, i: would appear t h a t  t h e  BBN model 
muzt be used with ca re  i n  o rde r  t o  avoid o p t i m i s t i c  conclusions.  

In  con t r a s t  t o  t h e  nodels  above, whose formclat ion is  e s s e n t i a l l y  
based on ma thma t i ca l  tractability, seve ra l  h i e r a r c h i c a l  models of human 
opera tors  have been proposed. These mo6e:s inheren t ly  l i m i t  t h e  c a p a b i l i t i e s  
of t h e  human opera tor  ,AA t h e  ST1 model), but t h e  techniqv~e is  not  l imi ted  
t o  c l a s s i c a l  ana lys i s .  The models q u a l i t a t i v e l y  pos tu l a t e  t h e  s t r t ~ c t u r z  
of  t h e  human operdtor  con t ro l  laws and then formulate a  theory t o  determine 
t h e  q u a l i t a t i v e  amount of ac t ion .  The models pos tu l a t e  t h a t ,  a t  any one 
time, only onc t a sk  is  a c r i v e l y  being cont ro l led .  However, a  second t a sk  
may be monitore '. 

The remaining t a sks  are placed i n  a  "hold" mode u n t i l  t h e  
opera tor  is  f in i shed  with t h e  present  t a s k  and decides  t o  a c t i v e l y  cont ro l  
one of  t h e  remaining tasks .  The next  t a s k  t o  be cont ro l led  is  determined 
by a  dec is ion  hierarzhy which determines t h e  v a r i a b l e  t o  be con t ro l l ed  
and t h e  ex ten t  of con t ro l  based on t h e  system e r r o r  and t h e  amount of 
opera tor  s t r e s s .  

Because of phis g e n e r a l i t y ,  these  models have t h e  p o t e n t i a l  
f o r  modeling t h e  human opera tor  i n  a  more d e t a i l e d  manner. In a c t u a l i t y ,  
none of t h e  h i e r a r ch i ca l  models i nves t i ga t ed  has a  completely def ined 
dec is ion  hierarchy,  In add i t i on ,  t h e  q u a n t i t a t i v e  con t ro l  laws 
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a r e  a r r i ved  a t  i n  a somewhat "fuzzy" £ashi:-3. Since dxtensive model 
matching is needed a t  t h e  present  time, i t  is d i f f i c u l t  t o  de t e rn ine  
whether these models can be  used a t  the  present  t i ~ e  t o  pred ic t  human 
opera tor  performanle. 

Benjamin has used an  h i e r a r c h i c a l  model t o  descr ibe  a human 
opcrator  i n  a simple he l i cop te r  f l y ing  task  ( r e f .  F -7 ) .  In  t he  s imulat ion,  
only one cone101 loop was closed a t  a t i m e ,  corresponding t o  t h e  highest  
l e v e l  of hierarchy which has e r r o r  values  i n  t he  range of concern. The 
simulated d a t a  compared favorably wi th  t h e  r e a l  t i m e  s imulator  data .  

Wherry has formulated an ex tens ive  h i e r a r ch i ca l  model f o r  
s imulat ing a i r c r a f t  scenarios  ( r e f .  F-8). However, except f o r  simple 
psychomotor tasks ,  l i t t l e  of t h e  a c t u a l  theory and even less experimental 
v e r i f i c a t i o n  has been accomplished. 

I n  both models, t h e  a c t i v e  con t ro l  law was formulated a s  a 
monotonic funct ion of  t h e  e r r o r  a s  fol lows;  a deadband region, a s t e p  rise, 
a l i n e a r  r i s e ,  and a s a t u r a t i n g  l i m i t .  There were more than one such 
curve depending on t h e  amount of p i l o t  stress. The dec is ion  h ie ra rchy  is 
based upon veh ic l e  s t a b i l i t y  cons idera t ions .  

As one can see, while  t h e  above approaches may be i n t u i t i v e l y  
appealing, t h e r e  a r e  s o  many v a r i a b l e s  t h a t  it is d i f f i c u l t  t o  determine, 
from a c t u a l  experimental da t a ,  t h e  valrres t o  ass ign  t o  t h e  va r i ab l e s .  

It should be noted. however, t h a t  t h e  recent  work of BBN has 
inclbded a d e a d z ~ n e  region and is addressing i t s e l f  t o  t h e  problem of con- 
t r o l l i n g  one task  a t  a t i m e .  In add i t l on ,  reduced s t a t e  es t imat ion theory 
may be he lp fu l  i n  modeling t h e  i n a b i l i t y  of the  human operator  t o  
opt imal ly  est imate  a l l  t h e  s t a t e  var iab les .  Hence, cont ro l  t h e o r e t i c  
aspec ts  may be used t o  quant i fy  t h e  va r i ab l e s  i n  these  h i e r a r c h i c a l  mcdsls. 
I n  t h i s  way, t h e i r  f u l l  p o t e n t i a l  could be exploi ted.  
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