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I. INTRODUCTION

This report covers our second year of effort on the task of
optimizing landing trajectories of the Boeing 737. The primary consid-
eration here Is the noise dellivered to the population residing near +the
air terminal but passenger comfort, fue! consumption and +ime elapsed
during the maneuver are also considered.

The results of our efforts during the first year were (1) a digital
simulation of the alrcraft, (2) a noise model and (3) a passenger
comfort model. During the second year, (1) the digital simulation has
been made more efficient time-wise, (2) a population model for the
Newport News-Hampion area has been developed (3} the noise model has
been integrated with the population model, (4) the steepest déscen+
optimization algorithm has been programmed and Is in the process of
being de-bugged and (5) some constant glide slope trajectories into
Patrick Henry Airport at Newport News have been simq!aTed, evaluated with
respect to the performance index and thelr ground track p|o++ed.



It., COMPLETION OF PCPULATION MODEL

In our landing-trajectory optimization study, one of the most
important considerations is aircraft noise. The noise tem in ‘the per-
formance index is based on the number of people recelving objectionable
noise and the duration of this noise. The nclse mode! generates the
"footprint" of the aircraft. This area then must be weighted with its
corresponding population density.

The work on the population mode! was begun a year age and was reported
in U.Va. Report No, EE-4038=101-74 [1]. The model has now been completed.
- For completeness the methodology utilized will be reviewed here.

The Newport News-Hampton area was selected as the first site for
which to calculate optimal landing trajectories. Data on population
were obtained from the U. S, Department of Commerce, Bureau of the
Census. These data were in the form of maps with numbers assigned to
each clty block and o other types of bounded regions. Tables weire
available which permlffed one to look up the population in each of these
regions. These regions were of various sizes and shapes, thus nececsi-
tating some preprocessing of the dara before storing it in the computer.
Figures 2.1 through 2.3 {llustrate the form of the data.

The approach utiiized was fo place over the population map a
transparent sheet on which had been drawn a grid of rectangles each one
having an area of one square mile. All the blocks or regions inside a
rectangle were tabulated, The corresponding populations determined and a
final fotal calculated for this rectangle. in this manner the population
data were converted 1o numbers on a uniform grid. This obviousty is much
more suited to the optimization procedure than the original data format.
Figure 2.4 illustrates the technique.

The task was performed manually. To give an idea of the amount of
work involved, an area of 20 miles radius contains 1257 square miles. This
means for a typical "near terminal area," the pcpulation must be tahulated
and totaled for 1257 rectangles. MWithin each rectangle there may be as
many as fOO blocks and or regions with the avérage being approximately 30.
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Determining Popufation Within One Square Mile

Figure 2.4 |{lustration of the Overlay Technique for



This means that approximately 40,000 numbers had to be processed
to obtain the population model for a single terminal area. Flgure 2.5
shows the finished product for one region of the Nowport News-Hampton
area.
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I'VE. INTEGRATION OF POPULATION MODEL AND NOISE MODEL

A. Introduction

The subroutine called "Nolse" computes the coordinates of the contour
of the noise footprint given the attitude, altitude and thrust tevel of
the alrcraft. A typical footprint superimposed on the populaTioh mode |l
is shown in Figure 3.1. For the population blocks which are completely
enclosed within the footprint, it a simple mattor to determine the
number of persons affected by 70 db. or more of noise. However, for
the population blocks which lje partially inside and partlially outside
the footprint contour, the problem i# more complex. And when one
conslders the fact that this calcularion will be performed once every
sacond during the forward Integration of an approach trajectory and 2|
times every second durlpg the backward integration of the adjoint vectors
required for the trajectory optimization, the need for efficiency Is
appreciated. Actualiy, it was orlginally planned to calculate the
noise at every integration step or each .t second. However, the con-
+inuity of the population distribution and the reiatively low speed of
the alrcraft have permitted the less frequent calculations.

B. Time Saving Approximatinis

The subroutine for caiculating the numbey ~f people Inside the
contour begins by selecting the equations for one quadrant of the noise
contour and varying y in Increments of 500 feet. This continues until
a polnt of intersection of the noise surfane with the ground is found.
Suppose point | In Figure 3.1 Is this first point. The procedure checks
to see which population block this point Is in. The x coordinates of
the population boundaries Intersecting the line joining the two
noise contaur points are determined and stored. The sub-area within
each population block is then taken to be [00 feet times the lengths
of the path Just calculated. 'These areas are then weighted with the
respective population densities. Nex¥, y Is incremented by 100 feet,
point 2 is deferminedfﬁénd the procedure is rebea+ed.
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Figure 3.1 A Typical Nolse Fontprint Superimposed
on the Population Grid



When the Intersection of this quadrani of the noise model is
completed, the next quadrant is considered. Previously all four quadrants
had to be considered; however, a simple test was Introduced based on the
altitude, thrust level, rol) angle and pifch angle of the alrcraft. |f
this test is failed, then the ‘two upper quadrants of the noise model need
not be considered. This simpiification along with the approximation of
the area strips as rectangles, rather then trapezoids or triangles, has
reduced the computation time required to one third of Its original value,
The average time presently required to detormine the number of persons
inside a noise footprint is 28 milliseconds.

C. Ground Track

Besldes know!s3 the number of people affected by the noise and
integrating thiy wi%, respect to time, 1t is also desirable to have 2
graph of the ground track of this footprint. This envelope Is obtained
by determmining the outer extremes of the footprint at every point in time
and then passing |ines through these points., The information obtainod
thusly Is important in giving interpretation to the optimal trajectories.
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IV. PROGRAMMING THE STEEPEST DESCENT OPTIMIZATIOM PROCEDURE

A. Qutline of Steepest Descent

The method of steepest descent was first applied to optimal control
probjems by Bryson and Denham [2). For the convenience of the reader
and to clarify the notation to ba used ‘the maln results are presented
here.

' The equations of motion along with a differential cquation for the
performance index are written in state variable form

%= $(X,0) (4.1)

The last component of X evaluated at final time is the performance Index.
Said differently, after one has chosen a performance Index

M D PSR S

.
X(T ) = ] f Lt (4.2)

0 |

then let A

%oy = F o ) = LK) (4.3 | |

with ' ' 1

B : Y

X4 (0 =0 . X

. }
The remaining components of the state vector differential equation {
~ are the description of the system to be controlled which in our case is ;
the aircraft. |f these equations are of order n, then equation (4.1)

will be of order n + I. It is important to realize that kl through Rn
do not depend on_Xn+‘ al+hough Xn+| may depend on Xy through Xn as well ' ')

as U.




Along with the performance index there may be boundary conditions
which must be satisfled at t
as the scalar equation

£ These boundary conditions are written

¢(X(+f)) =0. (4.4)

Also if +f ts not prespecified one must formulate a stopping

condition to es+ab|ish_+f. This takes the form of the scalar equation

n(X(ff)) = 0 (4.5)

An initial estimate of the control history is made and equations
(4.1) are integrated forward in time until the stopping condition (4,5)
s satisfied. Then an iterative procedure is used to successively drive
¢(x(+f)) toward zero and simultaneously minimize ¢(X(+f)).

The iterative procedure requires the backward integration of the
following n x | vector differential equations

T

A¢ 5 - (3;) Ad _ {4.6a)
T

s o . (8f

A¢ = (ax) A (4.6b)

and

T _

. af

= - (2L .6
An (ax) pYs] {4.6c)

bl

with boundary conditions

: T

M) = BxCE ) /ax(E )T (4.7a)
oy o T -

Mt = vttt /gt 1t | . (4.70)

:~13‘



and

_ T
At = [an(x(Tf))/ax(Tf)] . _ | (4.7¢)

The control for the next iteration is given by the m x | vector

equation
| ' T 1/2
- o weltyd o v T dP2 - dy' gy/Tyy
Unew = Yora = WYy = Yo T/ IS ——
(4,8)
+ w-lx{;dwlw
where the m x | vector
= [y! = v (+,)/80+,)13¢/0u (4.9a)
the m x | vector
= [y) - yuCt /804 ) 1a%/3u | (4,9b)
Y‘p Yw YQ f f ’ .
the scalar
.i.
I Ty (4.108)
the scalar
+f _
P
I = -1 el
v g Yy At (4.10b)
and +ihas scalar
*f . . : B
1 Wiy dt. | . (4.100)

" The éhange ir control during an iteration is limited by selecting
the scalar ' '

) T S



ff
g2 = [ suUTWsudt. (4.1

0
This constraint when properiy used ensures that |inearizations upon
which the iterative procedure is based will be valid. The scalar
quantity d¢ is +the amoupt of reduction in ¢(x(+f)) which one seeks during
a particular iteration. |f the radical of (4.8) is negative then one
has asked for too much reduction in ¢ for the change in control permitted
by (4.11) and dy must be reduced untl| the radical Is positive. Within
the accuracy of the linearization the control given by equation (4.8)
will then yleld the change in § specified and use ‘the remaihing freedom
allowed by equation (4,11) fo reduce 4.

B. Partial Derivative Calculation

The calculation of the n x n partial derivatives 9f/3x and the n x m
partial derivatives 2f/3u required in equation (4.6} and (4.9) may bo
accompl ished analytically or numerically. |f accomplished analytically
i+ sttll requires evaluation of the n? elements of 3f/8x and the n x m
elements of 2f/3u at every point in time. This is seen from the

foltowing
F;fllaxl, af /8%y, . . . afl/axn
af/ax = (4.12a)
X,U

and



af/du . (4.12b)

Lffn/aul, afn/auz, v e afn/aum

XU

|+ accomplished numerically, by finite differences, n + (n x n) + (n xm)
evaluations are required. This is seen from the following

XU
n

i ;(XIPXZ""uxJ + AXi.---Xn;U) = fi(XIIJXZl"'lx

X X JI.
2 A
J J (4.13a)

af, f

and

aij N fz(X'Ul.-.,Uk + AUk---Um) - fg(x,UI'ono,U

3Uk AUk

k,lll

The number of caiculations for the ftwo methods is almost equal.
Furthermore non-analytical data such as that from wind tunne! can be
used much more conveniently via +he second method. Also opportunities
for programmihg errors are fewer if the second method is used. For these
reasons the partial derivatives are determined numerically. )

C. Memory Storage Requirements

It is seen from equations (4.6}, (4.8) and (4.9) that the values
of X and U must be stored at every péinf in time during the forward
integration. If U ismx 1, X is n x| and The.fime quantization js chosen
as At, this storage fequires {n + m)?f/AT locations. Also from (4.3) '
and (4.9) it is seen that y¢ and Tq
~during the backward integration. This storage requires ZmTf/AT locations.

]

-must be stored at every point in time

e




it is important to note that this At referred to as the time
guantization Is not necessarily the time step for the numerical in-
tegration. Rather it represents the time between changes in the control
function. As was pointed out in Section Il a time step of .| seconds
was selected for the numerical integration. However if this value is
used for the time quantization a run of 300 seconds with n = I3 and
m = 9, would require (n + 3m)+f/A+ = 120,000 storage locations.

To reduce this number to a more tolerable value it was decided to
use a At of | second. This brings the storage requirements to 12,000
and still allows a reasonably fast changing control. Experiments were
performed to confirm that 9f/3x and 9f/3u do not vary excessively during
a one second interval. In fact some elements need be updated only every
ter seconds. '

D. Numerical integration Method

initially, the fourth-order Runge-Kutta method was used for numerical
Inregration of the differential equations describing the aircraft. This
method was used because it is self-starfing, generaily reliabie and was
fam!liiar to the authors. However, because of the high order of the
system and the amount of computation time required by the fourth-order
Runge-Kutta procedure, other methods were considered, One method which
appenred attractive was the Milne-Reynolds predictor-corrector technique
[3]. This method requires values of the dependent variables for four
previous points In tIme and cannot be used for start-up; however, it can
be used after a method such as the Runge-Kutta has been used fur a few
samples. The advantage of the Milne-Reynolds method is that it_requires
only two evaluations of the right hand side of the differential equations
per integration step whetreas the fourth-order Runge-Kutta method requlres
four evaluations, With our differential equations being nonlinear and
requiring table look-up of wind tunne! data, this evaluation is the most
Time consumfng part of the numerical integration.

The MIIne-Reynb}ds method proved very adcurafe with deviations from
the Runge-Kutta simulation oteurring only affer the fourth significant

A7



figure. The computation time was reduced from .07 seconds per second
of simulated time to .61 seconds per second of simulated +ime. This

procedure is the one presently being Implemented in our simulation of the

aircraft.

Some experimentation on step size was performed. |F was determined
that .| seconds was the laignst step which could boe used by elther

integration method and stlli yield accurate resuits.

E. Cholce of Backward !ntegration Method

For the nonlinear system under consideration (equation {4.1)) it
was determined that the maximum Integration step size which ylielded _
accurate results was .| seconds. Assuming that this would also hold for
the Incremental model and realizing the eigenvalues of (Bf/ax)T are the
same as those of 3f/dx tells us that the maxImum step size for equations
(4,6) using the Milne-Reynolds methods would also be .| seconds. This
means that 10 integration steps would be required between storage poinfs.
The M]ine-Reynolds method requires two evaluations of *he right hand
side of the differential equations for each integration step. This would

be 20 evaluations for one second. Each evaluation requires the multipli-
cation of the n x n matrix (af/ax)T by the n x | vector or n? multiplica-

tlons. Doing this 20 fimes per At and once for each of the three A
vectors yields 60 n? multiplications per | second of simulated time.

Referring to equations (4.6) and (4.7) 1t is noted that the three
vector differential equations are Identical except for their boundary
conditions. This suggests the possibility of effectively using the
transitlon matrix as an alternate means of obtaining the so!uations of
these equations, i.e.

;
A(F = at) = o (BF/AXYL=0T), s (4. 14)

Using a Pade approximation .[4] to the matrix exponential one has

T - | |
(3f/3) M _x _ Lo ) a2 L a3yn Lasiazydpz
e =T = 5 A+ A2oos AV HI + 5 A & 5 A2 4 5o AY)
: | (4.15)
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where

A= (af/ax)TAT

The Padée approximation of (4.15) has one percent accuracy [4] up
to AmaxA+ = 2.8, The maximum eigenvalue of #f/3x was estimated to be 2
which implies that equation 4.15 will be accurate for &t £ |.4 seconds
and therefore will be satisfactory for the required At of one second,
The number of multiplications required to compute equation (4.15) is
4an3, To multiply the transition matrix by each of the three Aladjoint)
vectors requires an additional 3n% multiplications.

Thus fo integrate the three adjoint vecotrs, equation (4.6), backward
one second requires 4nd + 3n2 multiplications plus the caiculation of
af/ax. This iIs to be compared with the 60n% multipliications plus the
calculation of 3f/ax required using the Milne-Reynolds method. For
n = 12 these numbers become 7,344 and 8,640 multiplications. Assuming a
computation time of 10 psec per multipiication this is a dlfference of
.01296 seconds of computation per second of infegration. When compared
to the time required for The determination of 3f/dx which is .364 seconds
this difference is seen fo be quite small. 1+ was thorefore decided to
use the most convenient method for fthe integration. This turned out to
be the Milne-Raynolds method since it had already been programmed for
The forward integration.

F. Reduction of System Order

_ Because of the extreme complexity of this problem, every effort has
been made to do things as efficlent!y as possible. This has taken the
form of simplifying approximations in some cases, proper choice of in-
tegration methods, minimization of memory storage requiremenis, etc.

An additional simplification has involved the differential! equation de-
scribing the time rate change of the welght of the aircraft. Because of
the relatively short flight +ime under consideration, (<500 seconds) ‘he
percentage change in weight is less than 1%. |1 was thus decided to
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examine the effect of neglecting this equation. On a simulation of 300
seconds using the same open loop control for both cases, with and
without the welght change equation, the final altitudes differed by only
{0 feet out of a total change of 2000 feet. Also the flight path angles
differed by only .06 degrees out of 3 degrees, |t was then declided
that +he weight change equation could be neglected without appreciably
affecting the aircraft behavior. This reduced the dimension of the
state vector from thirteen to twelve.

Another simp)ifying assumption was to maintain the landing-gear down
through the approach maneuver., Previously the ianding-gear position,
up or down, had been treated as a control variabie, However, +he-effec+
of the landing gear position nn |1ft+ and drag was found to be small com=-
pared with the effects of the main control surfaces. Therefore, to
reduce the complexity of the optimization procedure 11 was decided to
have the landing-gear lowered at a specified range from the runway.
This simplification reduced the dimension of the control vector from
nine to elght. The states and controls are defined as: x; - velocity,
X, - angle of attack, X3 - side slip angle, x, - roll rate,
X5 - pitch rate, xg ~ yaw rate, x7 - yaw angle, xg - pitch angle,
xg = roll angle, xi10 = ground coordinate X, %31 - ground coordinate vy,
Xyp = altitude, x5 - performance index, uy - thrust, u, - elevator,
us - flaps, uy - spoiler panels 2 and 3, ug ~ spoller paneis 6 and 7,
ug - rudder, uy - aileron and ug - stabiiizer. Controis u, and ug are

assumed independent.

G. Selection of Stopping Condition -
| Fer an optimization problem with unspecified final time one must
have a way of determining +f. Since there may be several terminal
constraints such as those on attitude, velocity, altitude, efc., the
chances are s!im that all of these conditions will be satisfied simul-
taneouslty, especially during the first few iterations. The stopp ing
condition must be a scalar quan+i+y-which is certain to be satisfied

- even for a very poor trajectory since the initial guess may indeed be a

poor trajectory.
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The cholce for stopping condition for the aircraft landing problem
was taken to be the time rate of change of dlstance between the alrcraft
and the runway., As long as this distance is being decreased, the problem
continues to run; however, whenever the distance boegins to increase, i.0.
Just as the rate change goas through zero, the problem is terminated.
This stopping condition will work whether or not the alrcraft passes
directly over the runway and therefore can be used even though the
Initial trajectory may have a large final ervor.

The equation for the stopping condition is

, or

| d
x()) = 547 [xyg = x10)2 + xqy - x116)%] (4.16a)
n(x(’rf)) = (Xyg - ><.10F)f'10 + (%31 - XnF)fn (4.16b)

where the subscripts F represent the specified final conditions.

H. Selection of Boundary Conditiors and Coefficients

The steepest descent optimization procedure has a dual goal of not
only minimizing the performance index but also satisfying the boundary
condifions at final time. There are nine boundary conditions which must
be met at final time. These could be specified as nine separate equations,
but this would necessitate the use of nine A¢ vectors. As a means of
minimizing the complexity of the problem it was decided to merge the nine -
boundary conditions Info & single constraint equation which could be
driven to zero if and only I1f ali nine boundary conditions were met.

A quadratic form was chosen for fhe constraint equation with co-
efficients chosen so that "equal” errors would contribute equally to the
¥ function, e.g. it was felt that a .l degree error in flight path angle
shoutd contritute the same amount as a 100 foot error in position etc,

The final form of the constraint equation fotlows:
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Yixtt ) = .010x; - x1F>2 + 400[(xg - %p) - (xg = sz)Jz
+ 7.5_% |05(Xu - XNF)Z + 1.5 % iOG(XB - XGF)Z
t o )
5% 10%xy = xy)2 + 1.5 x 10%(xg = xg.) (4.15)
+ 2 x 107" (%) - xioF)z + 2% 107" (% - XIIF)Z
+ 3 x |0"3(X12 - XIZF)Z

. Selection of Performance Index

At the beginning of this project it was decided that nolse to the
population residing near the alr terminal, passenger discomfort, fuel
and time should all enter into the performance index. The nojse model
along with the population model yields the number of persons receiving
noise in excess of 70 pndb. This quantity is integrated with respect
to time and the cumulative quantity Is called noise with dimensions of

people-seconds,

The time is simply the duration of the flight. |t is important to
keep this time reasonably small in order to minimize the congestion ‘
among planes waiting 1o land. Fuel utiiized during the descent mansuver
ts Included for obvious economic reasons. Passenger comfort Is Important
and must be considered lest *he optimization pracedure develop a
trajectory with violent maneuvers. Constraints such as structural
timitotions of the alrcraft are included within the aircraft model; however,
ona could operate within these constraints and still cause considerable _
discomfort to the average passenger. Thus a penalty function is included ij
which contributes very heavily to the performance index whenever the ]

comfort limits are exceeded.

In addition to these quantities, certain other penalty functions
are added to ensure that the aircraft does not exceed its design capabilities.
These Include penalties for exceeding limits on altitude, altitude ascent
rate, altitude descent rate, angle of attack, minimum velocity, etc.
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The performance Irdex inciuding the ponalty functions is given

below.

.t.f

b= % ) J o) XoU)dt {4.16a)

fop)= 5 % 1073 x FUEL RATE + J0=" x NOISE RATL + 7 x 1073

+ PENALTY FUNCTIONS (4.16b)
The coefflcients above were selected so that time and fuel would

contribute to the porformance index approximately ten purcent as much

as noise, The numbor 7 x 1073 {s the coefficient for time. Note that

the time rate, d/d+{t), is one.

The penalty functions fo!low

Al ord A7 Aot A2 el
- veryT . *ans a’ + piTch
PENALTY FUNCTIONS = G727z * 720412 * (7166792 - (5.8336)2
A2 1l A2
- we VawW +
Y GreeZ T (177802
: 100 100 100
I T e e e R T
Max Desc. Rate Max Asc. Rate Max Alf,
10 b _ yp 100
+ (Min. AI+.) 0 4+ (Lozd Factor .75) . (X2 10)
X2 i.75 15 o
( X9 )100 . -5 %o
¥ Low Speed Buffet Coeff "High Spoed Buffet Cooft
s o) Vstay) 100 ’
, X1

The first group of terms represents the comfort Index [1,5],
As long as this term is less than unity, the passengers are comfortable,

The number raised to the one hundredth power is very small and contributes

- atmost nothing to the performance index. When the accelerations are
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large howeveor and the bracketed term excoeds unity, then the performance
index receives a large positive input. Tho {y, terms represent rate
chango of altitude. The first fy, torm applies during descent using a
max imum descont rata of 250 feet/sec. The sccond fi, ‘term app.ies
during ascont and uses o maximum ascent rate of {00 feet/sec. The

X1z terms are used to keep ‘the alrcraft model within acceptable altitude
limits, Without flaps, h . 1Is 35,000 feet. With flaps, hmax is 20,000
feat. The limit, Wnin’ is 100 f+. The load factor term reflects the
structural timitations on the aircraft. The first term in x, 1s used to
maintain the angle of attack between =5 and +25 degrees. Tha second
term in x keeps The angle of attack below that valuo which couses low
speed buffet. The term in c, xeeps the lift coefficient below that
value which causes high speed buffet. Logic in the program is used to
switch in the appropriate ‘terms depending on the state of the aircraft.
The final term Is used to penalize whenever the alrcraft veloclty gets
near stall velocity. Each of these fterms In the penalty function is
raised to the power of 100 fn an attempt to ensure that none of the
limitations wiil be exceeded.
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V. CONSTANT GLIDI-5LOPE APPROACHES

A, Goneral Utillty of Performance Moasura

The selection of a performance measure 1o be associated with a tosk
Is generally non~-trivial. It forces one to give serious ‘thought to what
the real objectives are and then to eXpross thosc objectives in mathes
mavical form. One normally formulates a porformance index as a part of
an optimization package; however, tha use of a performance measure
should not be restricted to variational procedures. Many ‘times thare
may be severa| alternative sub-optimal sirategies which one would 1ike
to compare. it may be that these strategies are casy to implement,
acceptable to the users, or have other desirable characteristics., In
situations such as these, a performance measure can be very useful as
a means of aevaluating the various strategies.

‘B. Three-Degree and Six-Degree Glide Siopes

Two approach trajectories of interest are the three-degree and +the
six~degree constant glide slope frajectories. |4 was decided to simulate
these flights as a means of testing our alrcraft simulation and also to
compare the performance of the tfrajectories. The atignment and position
of the Patrick Henry Alrport runway are shown in Figures 5.3, 5.6, 5,9
and 5.12. The flights were begun at a range of 16 nautical miles from
the end of the runway at the altifude obtained by extending the
apprapriate glide slope back from a point 383 feet high and 1.17 nautical
miies out. This termination point allows a three-degree glide slope
to be used for the last |.17 nautical miles of the landing manguver.
Approaches were simulated for runways 6, 24, 2 and 20, each at the 3°
- and the 6°glide siopes, y{e%dlng'eighT trajectories. On our coordinate
system, Figures 5.3, 5.6, 5.9 and 5.12, runway 6 is at an angle of -27°,
runway 24 s at an angle of 153°, runway 2 Is at an angle of -72° and
runway 20 is at an angle of 108° measured with respect to the x axis.

The actual flight path angies are 2.79° and 5.85°. Additional
ad justments on the open loop controls could have made these values closer
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Figure 5.9 Topographical Map Showing Approaches to Runway 2.
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Figure 5.12

Toporraphical Map Showing Approaches to Runway 20.



to 3° and 6°; however, this has not been done at this time. The
overlays, Figures 5.2, 5,5, 5.8 and 5.11 can be used to show thr ground
tracks for the eight trajectories. The steepor six-degree glide slope
benefits first from the fact that less thrust Is required to malntaln
the specifled velocity and therefore less nolse Is gencrated by the
engines, Secondly, the fact that the steeper trajoctory is

higher abave the ground also causes the footprint to be gonorally
smaller. These factors result in a ground track for the six-degree
approach which Is shorter and more narrow than that for the three-degree

approach,

Besides the ground track itself, the intersection of I+ with the
population model 1s also of vital significance. The second overlays,
Figures 5.1, 5.4, 5.7 and 5.10 demonstrate this feature. It is seen
+hat the approach along runway 24 spends a good deal of time over the
Chesapeake Bay and over the rural areas to the northeast. The approéch
along runway 20 spends most of its time over the northern rural areas.
These two approaches therefore influence fewer people than do the
approaches along runways 6 and 2. Al{ of these factors are reflected In

the values of the performance index for the runs which are:

Runway 6 | 6° gllide slope Pl = i6.1
Runway 6 3° glide siope Pl = 23.5
Runway 24. 6° glide slope Pl = 9.2
Runway 24 3° glide siope Pl = 12.6
Runway 2 - 6° glide slope Pl = 19.8
Runway 2 39 glide slope Pl = 28.0
Runway 20 6° glide sliope Pi = 9.2
Runway 20 3° g{ide slope Pl = [3.3

Runway 24 gives the best value for the performance index followed by
runways 20, 6 and 2 In that order.

Printouts of the computer simulations are shown in Table | through 3.
Table | is a glossary of input variables., |In Tables 2 and 3 are given
results for the approaches to runway 6. On the first three pages of =
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Table 5.1 Glossary of Input Variables
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Table 5 2 Simuluation Printout for 2° Glldo Slope
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Tables 2 and 3 the Input data are printed as a chock on fhe user's input
accutracy. Thls is followed by a page of headers denoting +the positions

and dimensions of ‘the output variables as they appoar In the printout. Next
are the printouts of the output variables themselves at twenty second
intervals., The final two pages glve the ground track coordinates in
thousands of feot. Because all the 3° trajectories were similar only

one set of printouts is given, The fuel, time and passenger comfort terms
are identical, Only the nolise torm differs. The same Is true also for

the 6° ftrajéctories.

The computer execution time averages sixty percent of roal time
l.e, to simulate a 400 second flight trajectory requires approximatoly
240 seconds of execution time. The cost of the 400 second flight Is
approximately +wen+yfflve dollars. Our estimate of the execution time
required for the backward Integration required by the optimization
procedure is twice that of the forward Integration making the cost per
iteration approximately seventy-five dollars.

i+ will be interesting to see how the optimum trajectories are
influenced by factors such as rivers, spots of high population density,
etc. The plots of the ground track should aid in these interpretations.
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Vi. Future Work

Now that all the various models required by the optimization pro=-
cedure have been developed and tested the actua! trajectory optimization
can begin. Landing trajectories will be optimized for flights from
Washington, D. C. Both the 60 degree and ‘the 240 degroe runway dlrections
will be utilized. Whlle the total computer program is enormous and
quite expensive to run it is stil| hoped that some sensitivity studies
can be made. Coefficients on the various terms in the performance index
will be varied and also perhaps variations in the point at which the air-
craft enters the near terminal area can be considered.

In addition to its use in the optimization studies it Is hoped
that the alrcraft simulation and +the performance measure wiil flnd
application In evaluating and comparing non-optimal trajectories which
for one reason or another may be worthy of consideration.
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