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minimum admissible rate of speed change (maximum
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rate of speed change during kth guidance interval
distance between points Pj(Q;) and WP; where WP; is an
ordinary waypoint and P;{(Q;) is the beginning (end) of

the tutrn associated with WPi

fraction of zero-flap stall speed indicating minimum admis-
sible cruising airspeed in terminal area
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ground speed for any given airspeed when aircraft heading is
perpendicular to wind heading
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point Py

flight time from point Qi to point Qyyp along 4-D
flight path

kth guidance vector
acceleration due to gravity
constant flight-path angle of capture flight path

constant flight-path angle from point Q;_; to point Qj
along ground track

waypoint type indicator, INDEX; = 0 = WP; is ordinary way-
point; INDEX; = 1 = WP; is final heading waypoint
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current value of absolute time

flight time along 4-D capture flight path

minimum (maximum) attainable flight time from point @Q; to
point Quwp along 3-D flight path
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capture flight path :
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generic term for speed

time derivative of speed
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initial airspeed of aircraft
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FOUR-DIMENSIONAL GUIDANCE ALGORITHMS FOR AIRCRAFT IN AN
AIR TRAFFIC CONTROL ENVIRONMENT
Thomas Pecsvaradi

Ames Research Center
SUMMARY

This report describes the detailed theoretical development of three
guidance algorithms that form a part of an experimental 4-D guidance system.
The algorithms generate the ground track, altitude profile, and speed profile
required to implement the 4-D guidance concept.

The ground track algorithm computes a realistic, flyable ground track
consisting of a sequence of straight line segments and circular arcs. Each
circular turn is constrained to have a radius at least as large as the minimum
turning radius of the aircraft. The altitude profile algorithm generates an
altitude profile along the previously computed ground track. The altitude
profile consists of a sequence of piecewise constant flight-path angle seg-
ments, each segment lying within specified upper and lower bounds. Finally,
to determine the motion of the aircraft as a function of time along the 3-D
flight path, the speed profile algorithm generates a feasible speed profile
subject to constraints on the rate of speed change, permissible speed ranges,
and the effects of wind. The various flight path parameters are then combined
into a chronological sequence to form the 4-D guidance vectors. These vectors
can be used to drive the autopilot/autothrottle of the aircraft, so that a
4-D flight-path can be tracked completely automatically; or these vectors may
be used to drive the flight director and other cockpit displays, thereby
enabling the pilot to track a 4-D flight path manually. The system has a
number of unique features that aid in achieving precise arrival times: the
ability to capture any one of the waypoints along the flight path, the ease
with which the tracking mode (both automatic and manual) can be engaged and
disengaged, and the provision for manual path stretching as part of the overall
4-D guidance scheme.

The three guidance algorithms have been implemented in the form of a set
of computer programs and these programs have been tested extensively in a
static environment on the IBM 360/70 computer at Ames Research Center,

INTRODUCTION

Accurate terminal area guidance and control can be achieved with a system
concept referred to as 4-D guidance. During the last several years at Ames
Research Center, effort has been devoted to the design, development, and
implementation of an experimental 4-D guidance system. The system uses a



technique tp guide and control an aircraft not only in the three spatial
dlmen51ons, but in time as well. The aim of the technique is to provide a
flexible guidance scheme that can be used to predict and control accurately
‘the motion of an aircraft as a function of time. It must be emphasized that
the technique by itself is not sufficient to solve the complete multi-aircraft
terminal area guidance problem, for which many aircraft must be scheduled and
sequenced into common paths while minimum separation standards are assured.
The problem of aircraft scheduling has been discussed by Mclean and Tobias
(ref. 1), who developed an interactive real time system for scheduling and
monitoring many aircraft in the terminal area. An overall terminal area
guidance system that uses both the 4-D algorithms presented here and the
scheduling algorithms described in reference 1 appears to have a great poten-
tial for increasing terminal area effectiveness,

Research in 4-D guidance is currently under way by the Department of
Transportation, universities, and NASA. However, publications on alternate
approaches are not generally available. One possible alternate approach that
has been published is path stretching in a defined terminal area corridor
(ref. 2).

This report describes the detailed theoretical development and computer
implementation of those algorithms that generate the 4-D reference flight
path. Specifically, three main guidance algorithms are developed: the first
generates the ground track of the reference flight path, the second calculates
the altitude profile, and the third computes the desired speed profile. A
feasible method of combining the three algorithms into an on-line 4-D guidance
system is also described. Certain general aspects of some of these algorithms
are extensions of earlier work done at Ames; the particular techniques used to
generate the ground track and speed profile, however, represent new contribu-
tions. The design of the algorithms is modular so that many of the sub-
algorithms can be used independently or can be replaced with a minimum effect
on the overall system.

The algorithms are implemented in the form of a set of computer programs,
These programs were written in FORTRAN IV and were tested on the IBM 360/70
at Ames., Detailed programming descriptions of all subroutines, including flow
charts and source listings, are given in the appendix.

PROBLEM DESCRIPTION AND BASIC APPROACH

The fundamental problem facing controllers and pilots in the terminal
area is the safe and efficient guidance and control of aircraft from various
points in the terminal area to the runway. (The problem of safe and efficient
guidance of departing aircraft is just as important; however, since the basic
guidance tasks in the two cases are quite similar, it is sufficient to consider
the guidance tasks associated with approaching aircraft in developing a theo-
retical framework.) This task consists of two separate subtasks:
(i} selecting a 3-D flight path the aircraft is to follow and a time schedule
to be maintained along the flight path, and (ii) controlling the aircraft along



the 4-D flight profile determined in (i). In the current air traffic control
(ATC) system, subtask (i) is generally considered to be the responsibility of
the controllers. Selecting terminal area flight paths is made considerably
simpler by the existence of Standard Terminal Arrival Routes (STARS) and
Standard Instrument Departure (SID) routes. Portions of these routes, com-
bined with certain less well-defined paths determined at the time of flight
and transmitted to the pilot in the form of a series of verbal instructions
(vectoring), comprise the majority of terminal area flight paths. Thus,
selecting three-dimensional terminal area flight paths is reasonably straight-
forward, The determination, in advance, of a desired time schedule along such
paths, on the other hand, is much more difficult since it requires knowledge
of the ground speed of the aircraft as a function of time, which, in turn,
must be integrated to give position information. Clearly, accomplishing such
a task manually is very difficult, especially in a multi-aircraft environment,

Tracking a predetermined four-dimensional flight profile is, of course,
the responsibility of the pilot. This task can be carried out either manually
or automatically, using thefautdpilot/autothrottle of the aircraft. One of
the major shortcomings of current autopilots is, however, their limited capa-
bility of tracking complex, four-dimensional flight profiles. Although most
autopilots can perform such single functions as altitude hold, heading hold,
flight-path-angle hold, etc., they are not designed to perform a sequence of
such operations automatically. Similar comments apply to the autothrottle.
This report describes the development of a guidance technique that is suffi-
ciently flexible to permit manual or automatic tracking of complex four-
dimensional flight paths.

Most flight paths of aircraft can be modeled as sequences of straight-
line flights and coordinated turns, executed while flying at piecewise con-
stant flight-path angles. Speed changes occur at relatively few points along
the flight path and are usually accomplished at a nearly linear rate. The
principal control signals used to maneuver aircraft along such typical flight
paths are bank angle, flight-path angle, and acceleration of the aircraft. It
is assumed throughout the report that the flight-path angle is small, the
centrifugal force due to the turn is balanced by the horizontal component of
the 1ift, and the weight of the aircraft is balanced by the vertical conmponent
of the 1ift. It is further assumed that the speed of the aircraft is directly
controllable by an acceleration input. Under these assumptions, no sideslip
occurs and the point-mass equations of motion of an aircraft can be written as

X = v cos ¥ (1)
y = v sin ¥ )
z = vy | (3)
b=Etany (4
v =a (5)



where x, y, and z are the Cartesian coordinates of the aircraft position in
the usual z-downward-positive coordinate system, ¢ 1is the heading angle
measured clockwise from the positive x-axis, v is the speed, ¢ 1is the bank
angle, v is the flight-path angle, a 1is the acceleration of the aircraft,
and g is the acceleration due to gravity. Positive ¢, by convention, means
right wing down, which corresponds to a right turn; similarly, positive vy
means ascending flight. The quantities x, ¥, z, ¥, v are considered to be
the state of the aircraft, while ¢, y, and a are the controls.

In order to assure passenger comfort and to remain within the safe
operational characteristics of the aircraft, it is necessary to impose conh-
straints on the control variables. Accordingly, ¢, v, and a are assumed to
satisfy the fbllowing constraints:

[$(0)] S by (6)
Ymin € Y(t) $ Ypax (7}
apin S a(t) s aggy &)

These bounds, of course, depend a great deal on the type of aircraft con-
sidered. For a typical jet transport aircraft, extreme values of these bounds
may be épax = 30°, Ymin = -3°, Ymax = 8°, @min = -0.6 m/sec?,

amax = 0.6 m/sec?; for STOL aircraft, ypj, may be as low as -8°.

In addition, bounds must be placed on the admissible speeds of the alr-
craft. The upper bound is generally dictated by either Federal Aviation
Regulations or by structural considerations, while the lower bound depends
basically on the stall characteristics of the airplane. A more detailed
discussion of the speed constraints is given under Speed Profile. For the
present general discussion, it is simply assumed that the speed of the air-
craft satisfies constraints of the form

Viin $§ V(t) $ vpay (9)

It is convenient at this point to introduce a change of variables in
equation {4). When the ground track of an aircraft is considered, the
instantaneous radius of curvature, r, of the flight path is defined by (see
ref, 3)

v2

3 T g tan ¢

(10)

Thus, the radius of curvature is closely related to the bank angle. For pur-
poses of analysis, it is convenient to consider r, rather than ¢, as the
principal control variable used for horizontal maneuvers. Actually, to avoid
infinite values during the control process, a more appropriate control
variable, u, is defined as follows



.1 _gtan ¢ |
u= == T f11)

In terms of the control variable u, equation (4) can be rewritten as
¢ = vu . (4%)

Since ¢ and v are constrained by inequalities (6) and (9), respectively,
the admissible values of u are bounded from above and below. Thus, given any
. instantaneous speed, say v(t), along the flight path, the instantaneous value
of u(t) must satisfy the inequality

g tan dpay

o (12}

lu(t)] =

It can now be seen why u is a particularly convenient control variable
for accurate aircraft guidance: a constant nonzero u yields a ground track
with constant radius of turn, that is, a circular flight segment. Furthermore,
if u = 0, then the ground track of the resulting flight is a straight line.
Hence, if piecewise constant values are used for u, simple yet realistic
ground tracks can be generated. Piecewise constant values of u can be
obtained by appropriately varying ¢(t) according to equation (11).

While inequalities (6) through (8) constrain the admissible magnitudes
of the control variables ¢, v, and a, the rates at which these variables are
allowed to change are not limited. It is recognized that, in reality, these
controls can change only at finite rates. It is felt, however, that the
‘assumption of infinite control rates is not at all unreasonable for a guidance
technique whose purpose is to generate four-dimensional terminal-area flight
paths for periods of time that can be several orders of magnitude greater than
the time constants of the controls. Furthermore, the inclusion of rate con-
straints on the controls would result in a much more complicated problem and
would make the implementation of the results much more difficult. In view of
these remarks, the control rates are assumed to be unlimited. Under Four-
Dimensional Guidance Commands, a simple but effective way of accounting for
finite roll and pitch rates is described.

Before stating the precise problem to which this report is addressed, it
is instructive to look at the states and controls that correspond-to..a-typical
teyrminal area flight path. Figure 1 shows the ground track of an-aircraft
from an arbitrary point A to the touchdown point K. The ground track consists
of a series of connected straight lines and circular arcs. The altitude,
speed, and heading profiles corresponding to this ground track are shown in
figure 2; figure 3 illustrates the controls required for the flight path
depicted in figures 1 and 2. At point A, the aircraft is flying straight and
level but begins to decelerate to a lower speed. This lower speed is achieved
at point B, so that the flight from B to C is straight and level at constant
speed. At point C, the aircraft begins to descend to a lower altitude at
some constant, negative flight-path angle. -While continuing the descent, at
D it begins a ieft turn, capturing the new required heading at point E. From
E to F, the flight is straight at constant speed but is still descending. At
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Figure 1,— Ground track of aircraft in terminal area.
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F, the required altitude is achieved, so the aircraft levels off, maintaining
a straight and level flight at constant speed between F and G. At point G,
the aircraft begins to decelerate to the final approach speed, while at
point H it begins a right turn, all at level flight. At point I, the runway
centerline is intercepted and the final approach speed is achieved simultan-
eously. At this point, the aircraft begins its straight-in approach. At
peint J, transitioning occurs from level flight to capture the glide slope,
and the approach is continued until touchdown at point K.

In the current ATC system, the above guidance process is basically a
manual one: the controller transmits the commands to the pilot via radio-
telephone, and the pilot then executes these commands by appropriately
maneuvering the aircraft. Two major limiting factors in such a manual
guidance-control loop are the great deal of communications required and the
lack of accuracy with which arrival times to the runway can be predicted.
However, both limitations can be reduced substantially by use of airborne
digital computers, sophisticated cockpit displays, and a digital data-link
between ground and aircraft. These considerations are incorporated in the
development of the guidance scheme presented here.

The point of view adopted in this research was that the fundamental
problem of aircraft guidance is to generate a time sequence of guidance com-
mands corresponding to a desired four-dimensional flight path. That is, if a
set of realistic guidance commands could be identified for any terminal area
flight path, then the commands could be either coupled to the autopilot/
autothrottle of the aircraft for automatic tracking, or they could be pre-
sented on appropriate displays to the pilot for manual tracking. Since the
problems associated with tracking a sequence of guidance commands have been
treated elsewhere (see, e.g., refs. 4 and 5), they are not discussed here.

The first question to be resolved is: what is a minimum set of simple
inputs from which realistic guidance commands could be synthesized by an effi-
cient algorithm? To answer this question it is necessary to determine those
attributes of a 4-D flight path which are essential to describe it uniquely.
Consider the three spatial dimensions, that is, the 3-D path. As far as the
horizontal projection of typical flight paths is concerned, aircraft generally
navigate from point to point (referred to as waypoints) in straight-line seg-
ments (fig, 1}. At or near these waypoints, coordinated turns are executed to
capture the new heading of the next straight flight segment. Thus, the ground
track of an arbitrary flight path could be simply characterized by the
X,y coordinates of these waypoints in some coordinate system. Since aircraft
cannot change heading instantaneously, feasible turning radii should be
specified for the turns at the waypoints. A sequence of X,y coordinates and
turning radii alone, however, does not yield a unique ground track and there-
fore additional logic is required. As shown in the next section, two simple
classes of waypoints can be defined so that a unique ground track is obtained
by specifying the following four input quantities for each waypoint: x,y
coordinates, turning radius, and a binary variable that denotes the class to
which the waypcint belongs.



As discussed previously, the motion of aircraft in the vertical dimension
can be considered a sequence of constant altitude and constant flight-path-
angle segments (fig. 2). Therefore, arbitrary altitude profiles can be
uniquely determined by specifying the altitudes of those points along the
flight path at which the flight-path angle changes from one constant value to
another. To synthesize altitude profiles, it is assumed that the flight-path
angle can change from one constant value to another instantaneously. A
simple method of accounting for finite pitch rates is discussed under Four-
Dimensional Guidance Commands.

Having specified a complete 3-D flight path in the manner described
above, it now remains to characterize the motion of an aircraft as a function
of time along the prespecified 3-D path. This is equivalent to characterizing
the velocity profile along the flight path. Due to operational constraints,
aircraft performance limitations, and the desire to control accurately the
arrival times of aircraft, the problem of specifying feasible velocity pro-
files is difficult. It is further complicated when velocity profiles are to be
specified in the presence of wind. It is shown, however, under Speed Profile,
that judicious approximations can be made and realistic speed profiles can be
synthesized from a small number of input parameters.

The flow of computation in the 4-D flight-path synthesis is sequential
and is illustrated by the block diagram in fig. 4. The first step is to
generate the ground track from the given inputs. The ground track is then used
together with additional input parameters to compute a feasible altitude pro-
file. At this point, a 3-D path and the corresponding 3-D guidance commands
are determined. The last step is to generate a feasible speed profile that
satisfies the arrival time requirements. A detailed description of the
ground track synthesis is given in the following section, the altitude profile
generation is described under Altitude Profile, and the speed profile generat-
ing algorithm is discussed under Speed Profile.

GROUND TRACK SYNTHESIS

The ground track of a typical terminal area flight path consists of an
alternating sequence of straight lines and circular arcs. The transitions from
one straight-line flight to another with different heading occur at or near
points called waypoints. For example, a typical flight segment might be a
straight flight toward a VOR station along an inbound VOR radial, followed by
a straight flight on a different outbound radial. The transition from one
heading and the capture of the new heading occurs near the VOR station. In
this example, the VOR station can be considered a waypoint. Note, in this
case (as in many situations), there is no compelling reason for the aircraft
to fly directly over the waypoint. Since area navigation procedures make it
possible to offset VOR stations in a nearly arbitrary fashion, this type of
waypoint could be defined abundantly in the terminal area.

A different situation exists when an aircraft, after a period of straight
flight, is required to fly over a waypoint and capture a new heading

10
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simultaneously. Such a waypoint might be the outer marker or the approach
gate. It may also be any waypoint at which two or more flight paths merge and
continue along a common path,.

It is observed that the ground tracks corresponding to many terminal area
flight paths, and indeed most of the enroute flight paths as well, can be
characterized by these two types of waypoints. Consequently, the following
waypoint definitions are made.

Ordinary Waypoint

Figure 5(a) is a graphical illustration of an ordinary waypoint where the
ground track of a flight-path segment corresponds to a straight-turn-straight
sequence from point WPy, via point WP, to point WP.,. The aircraft at
point WP, is flying at a heading vy, directly toward point WP,. Prior to
reaching WP,, at point P,, a circu%ar turn of radius R, is begun and is
continued until, at point Q,, the new desired heading, V¥;, is achieved, If
such a ground track between points WP, and WP, is to be obtained by specify-
ing the x,y coordinates of WP, and the desired turning radius, then WP,
is defined as an ordinary waypeint. (This definition does not imply that
points WP, and/or WP; are ordinary waypoints.) Clearly, any straight-turn-
straight sequence can be specified by an ordinary waypoint as long as the
angular extent of the turn is less than 180°. Stated in a different form, if
the intersection of two straight directed line segments is considered to be an
ordinary waypoint, then the ground track of the resulting straight-turn-
straight sequence is uniquely determined (assuming, of course, that the
desired turn radius, R,, is also specified).

Final Heading Waypoint

A final heading waypeint is one over which the aircraft just completes a
turn and captures the desired heading of the next straight-line segment. This
situation is illustrated in figure 5(b), which shows an aircraft at point WP1
flying toward point P, at a heading v,. At P,, the appropriate turn of
radius R, is begun and is continued until, precisely at point WP,, the new
desired heading ¥, 1is achieved. If the ground track between points WP,
and WP2 is generated in this manner, then WP, is defined as a final heading
waypoint. (This does not imply that point WP, 1is a final heading waypoint.)
The essential quantities to be specified for a final heading waypoint are the
x,y coordinates of WP,, the heading 1, from WP, to the next point, say
WP,, and the radius of turn, R,, at WP,. It follows from the above definition
that, if the ground track of a straight-turn-straight sequence is specified by
a final heading waypoint, then the initial heading, ¥,, and the peint P,
where the aircraft initiates the turn must be computeé from geometric con-
siderations. Note that it is possible to generate a turn greater than 180°
by using a final heading waypeoint.

It is clear from the above definitions that any ground track consisting
of a sequence of straingt-line segments and circular arcs can be uniguely
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generated by merely specifying the appropriate sequence of waypoint parameters,
What is required is an algorithm to calculate those parameters of the ground
track that are not specified explicitly. Thus, for an ordinary waypoint, such
as WP in figure 5(a), only the x,y coordinates of the points WP,, WP,,
and WP,, along with the turn radius R,, would be specified explicitly; all
other parameters shown in figure 5(a) need to be computed. For a final head-
ing waypoint, such as WP, in figure 5(b), only the x,y coordinates of
points WP, and WP,, along with the turn radius R, and the desired waypoint
heading ¥, would be specified explicitly; the otﬁer parameters shown in
figure S(bi‘must be computed,

It is convenient to partition the algorithm into two parts, one for each
of the two types of waypoints. Before the overall algorithm is presented, the
two separate subalgorithms are described in detail,

First, consider an ordinary waypoint. Referring to figure 5(a), assume
that the x,y coordinates of the points WP,, WP,, WP, are given by
(XWP,,YWP, ), (XWPZ,YWPZ), and (XWP,,YWP;), respectively. Then the headings
¥y and Y, are given by

YWP2 - YWPl

bp = tan  \gp TR, 0 T S Ve 5T (13)
. YWP3 - YWP2

1113 = tan m‘; s -% < ‘P3 =% (14)

If wz and ws are known, the direction and angular extent of the turn A4¢,
can be expressed as

by - U, * 2T, if SIGN > 0 and ¥, < ¥,
A, =g -y, ~ 21,  if SIGN <0 and ¥, > ¥, (15)
by - Y, . otherwise
where SIGN is given by
SIGN = SGN[(YWP, - YWP,) cos y, - (XWP, - XWP,} sin ¥,] {16}

and the function SGN{*)} is defined as

1, if () >0
SGN(*) =14 0, if () =0 o an
-1, if (+) <0 -
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By convention, the direction of the turn is to the right if Ay, is positive
and to the left if negative. Since -m < §,, Y5 5 7, Ay, as given by equa-
tion (15) lies within the range -7 < Ay, < w.

Once Ay, is calculated, the expression for C, (see fig. 5(a)) is

obtained in terms of Ay, and the radius R2:

|83, ‘
C, =R, - tan 5 (18) -

The lengths of the two straight segments, D, and Da, are then given by

D, = [(XWP, - XWP )2 + (YWP, - ywp )2)1/2 - ¢, (19)
- . 2 . 211/2 _
D3 = [(XWP3 XWPZ) + (YWP, YWPZ)_] C, (20)
It is now a simple matter to determine (XP YP ) and (XQZ,YQ the X,y
coordinates of the beginning and end of the turn respectlveiy
XP, = XWP, - C, - cos ¥, ]
g (21)
YP, = YWP, - C, - sin ¢,
- . \
KQZ = XWP2 + C2 cos ¢3
\ (22)
YQ, = YWP, + C, + sin ¢3J
It is important to recognize that, since the locations of points WP,
We,, W may be completely arbitrary, it is possible to specify them in such
a way tﬁat or D, or both {as given by eqs. {(19) and (20}), are negative.

Negative and/or D, implies that WP, and/or we, is too close to the
waypoint WB for the given turning radius. The implications of this situa-
tion, and p0551b1e remedies for it, are discussed later in this section.

The above computational procedure is well suited for computer implementa-
tion as a separate subroutine. Accordingly, a subroutine called ROUND has
been written and is described in more detail in the appendix.

Consider a fipal heading waypoint such as shown in figure 5(b). It is
assumed that the following quantities are specified: (XWP ,YWP;) and
(XWP,,YWP,}, the x,y coordinates of the points WP, and WP 53 w , the desired
heading at WP,; and R,, the radius of turn. The parameters to be determined
are the headlng i and length D, of the straight flight segment, the x,y
coordinates (XP ﬁ ) of point P,, and the direction and magnitude of
turn sz.
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Before proceeding with the solution, it is informative to consider this
problem from a different point of view. Consider an aircraft located at point
WP, with a heading p3 (see fig. 6) given by '

Yy = MOD (Y5 + ™) (23)

(for an arbitrary angle ¢ expressed as the sum ¢ = Yy + n + 7 such that
-1 < g, <7 and n is an integer, MOD,(¥) = ¥,). Assume that the aircraft
is to fly directly to point WP1 in such a manner that the path length of the
corresponding ground track is minimized subject to the minimum turning radius
constraint R.. The resulting ground track is seen to be precisely the solu-
tion to the original problem, except that the aircraft will actually fly it in
the reverse direction, that is, from WP, to WP,. This type of minimum path-
length guidance problem was first proposed in reference 6, where the appro-
priate switching functions for the contrel law were calculated., A modified
solution to the problem is given here, ome particularly suitable for computer
implementation.

Define ¢, and Awé as

by = MOD, (y, + m) (24)
g = -8y, (25)

and let (X0,Y0) denote the x,y coordinates of the center of the turm,
point 0. Using certain geometrical arguments, the expressions for (X0,Y0) are

X0 = XWP, - R, + SIGN - sin g (26)
YO = YWP, + R, ¢+ SIGN - cos w; (27)

where SIGN is defined as
SIGN = SGN[(YWP, - YWP, )cos wg - (XWP, - XWP,}sin w;] (28)

The length, D,, of the straight-line segment is then

D, = [(XWP, - X0)2 + (YWP, - YO)2 - R,2]1/2 (29)
and the expressions for angles o,, a,, and 0y (see fig. 6) are
T
a, = MOD, (y; - SICN + =) (30)
. YWP1 - YO
o, = tan m (31)

Dz
a, = tan™! ﬁ; (32)
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Figure 6.— Inverse final heading waypoint problem.

17



Once a,, o,, and ¢, are known, the direction and angular extent of the turn
Ay, can be"expresséd as

(a - oy - SIGN + a, + Zm, if SIGN > 0 and o, < a

2 2 1
Aw; =1 @, - @ - SIGN * a; - 2r, if SIGN <0 and a, > o, {33)
aé - o - SIGN - o, otherwise

where the expression for SIGN is given by equation (28). The heading, w;,
of the straight-line segment and the x,y coordinates (XPZ,YPZ) of peint P,
are obtained in a straightforward fashion:

by = MOD_(yy + 495) (34)
- L * i -
XP2 = X0 + R2 SIGN sin ¢2
: (35)
YP, = YO - R, * SIGN - cos ¢,

The desired parameters of the original final heading waypoint problem
are now easily derived. In fact, the solution to the modified problem yields
the length of the straight flight segment and the x,y coordinates of the
beginning of the turn, peint P,. The heading V¥, is obtained from ¢, by

Py, = MOD, (¥, + m) (36)

and the direction and magnitude of the turn sz are given by equation (25},
that is,

B, = -89} (37)

As in the case of ordinary waypoint, it is possible to specify a final
heading waypoint in such a way that the radicand in equation (29} is negative.
This condition implies that, for the given waypoint location, desired final
heading, and minimum turning radius, point WP is too close to waypoint WP,.
Action to correct this condition is discussed 1ater.

A subroutine called NEWPSI has been written to compute the various
parameters associated with a final heading waypoint problem. This subroutine
is described in more detail in the appendix.

Ground Track Computation

Using the definitions of ordinary and final heading waypoints, along with
the computational subalgorithms described previously, an algorithm is now
described that generates a complete two-dimensional ground track from a
sequence of specified waypoints. A crucial idea in the algorithm is that it
generates the ground track by processing the waypoints in reverse order,

138



beginning with the last waypoint and proceeding sequentially until the first
waypoint is processed. This procedure makes it possible to generate the
required headings at final heading waypoints automatically, thereby eliminat-
ing the need to specify these headings explicitly as separate input data. The
only exception to this is the last waypoint (always assumed to be a final
heading waypoint)}, which requires that the value of the desired final heading,
denoted by Yginaj, be specified explicitly. This assumption is consistent
with usual terminal area operational procedures. Placing the last waypoint on
the extension of the runway centerline, declaring it to be a final heading
waypoint, and specifying the runway heading as the desired heading assures
that the aircraft is guided to the localizer and is properly aligned with the
runway at some point prior to landing. Such a final waypoint could be the
approach gate, the outer marker, or any other point on the runway centerline
beyond which 4-D control of the aircraft is either inappropriate or not
desirable. For example, based on the nominal landing speed of the aircraft,
the last waypoint may be 1 minute of flight from touchdown.

Consider a sequence of NWP waypoints, denoted by WPi, i=1,2,...,NWP,
and let the following parameters be given for each waypoint:

XWP ,YWP; X,y coordinates

Ry turning radius

INDEX; type of waypeint

The x,y coordinates are given in a runway-centered coordinate system,
in which the x-axis coincides with the runway centerline and is positive in
the direction of landing, the y-axis is perpendicular to the runway and posi-
tive to the right, and the origin is at the touchdown point. What might be a
sequence of five waypoints for the ground track of an arriving aircraft is
shown in figure 7. The dashed lines represent the idealized ground track the
aircraft would follow if it could change heading instantaneously at the
waypoints.

The turning radius Ry may or may not be explicitly specified as an
input. If it is nmot specified, then the minimum turning radius is computed
based on the maximum admissible bank angle and maximum possible ground speed
at waypoint i, and R; is set egqual to this minimum turning radius. If Ry
is specified as an input, then the minimum turning radius is computed as
described above and is compared with Rj: if Rj 1is greater than or equal to
the minimum feasible turming radius, then processing continues; otherwise, an

error message is generated and processing stops. For the remainder of this e

section, Rj is assumed to be greater than or equal to the respective minimum
feasible turning radius for all i = 2,3,...,NWP. (The computation of the
minimum turning radius is discussed at the end of this section. o

The input parameter INDEXj 1is a binary variable whose value is 0 or l.
INDEX; = 0 implies that waypoint i is an ordinary waypoint, while
INDEX; = 1 means that waypoint i is ‘a final heading waypoint. As mentioned
earlier, the last waypoint is always a final heading waypoint, that is,

19



WP, # WP,
Amm e A
|
|
I
|
|
|
i
I
I
I
I
I
)

I
|
|
|
I
l it Runway
I L~
[
l
I
i -y
I
|
I
| zg WP
Oop ~ 4
2 Gy o | /s
QOALITI{S l /
Am— e ——— ol
WP~ WP,

20

Figure 7.— A typical sequence of waypoints.



INDEXywp = 1. The first waypoint is also treated as a final heading waypoint,
although as will be shown, this is not necessary and is merely a convention.
All other waypoints may be chosen as ordinary or final heading type, so that
{INDEX;}, i = 2,3,...,NWP-1, is a completely arbitrary sequence of 0's

and 1's.

Assume that the algorithm has processed waypoints NWP, NWP-1, ..., i + 1,
and is currently to process waypoint i. At this stage of the algorithm, the
following quantities are available for all j =i +1, 1+ 2, ..., NWP:

L& heading of straight flight segment from WPj_, to point Pj

(XPj,YPj)  x,y coordinates of Pj, the point where the turn associated
with waypoint j begins

Ay angular extent of turn associated with waypoint j

(XQ;,YQ3) ~ x,y coordinates of Qs> the point where the turn associated
with waypoint Jj ehds

Now assume that waypoint i is an ordinary waypoint, that is, INDEX; = 0
(see fig. 8). Then, from figure 5(a), point WP, is replaced by WP; .,
Wp, by WP;, and WP, by P;j;,, and the subroutine ROUND is called to compute the
above parameters for waypoint i. The expressions for these parameters are
essentially the same as equations (13) through (22}, but are repeated below
for completeness:

YWP; - YWPy_,
Py = tan~! WP - XWP- , " < Yy £ (38)
1 i-1
SIGN = SGN{(YPj4+) - YWPi]cos ¥y - (XPj4q - XWPi)sin ¢i] (39)

Wieyp - W4 + 27, if BSIGN > 0 and 93, < Y5

By =L Yj4y - b3 - 20, if SIGN < 0 and Yiup > Yy (40)
Viey - Wi , Otherwise
fay; |
C; = Ry * tan > (41)
XPi = XWPi - Ci cos wi
(42)
YP; = YWP; - C; sin ¥

XQ; = XWP; + C; cos Uy

+

(43)

YQ; YWPi + C; sin ¥y
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If waypoint 1 1is a final heading waypoint, then INDEX; = 1 (fig. 9).

In this case, from figure 5(b), point WP

is replaced by WP;.,, WP, by WPy,

P, by Pj, and the subroutine NEWPSI is called to generate the following ground

track parameters:
¢£+1 = MOD (W54q + ™)

SIGN = SGN[(YWP;_, - YWPj)cos ¥, - (XWP;_, - XWP;)sin ¥i,,]

X0 » SIGN -« sin ¢

H

XWP; ~ Ry

1
i i+l

YO

i

T
YWP; + R; - SIGN +« cos Vi

D; = [(XWP;_, - X0)% + (YWPj_; - YO)2 - R; 21172

] m
@, = Monﬁ(pi+l - SIGN - 5)

X YWP; . - YO
Gy = ta U \TWP,_, - x0) > T2 =T

(

a, - a; - SIGN « ag + 27 , if SIGN > 0 and 0, < a
Byi =qo, - a; - SIGN = o5 -~ 2r , if SIGN <0 and o, > o)
L&Z -0y - SIGN + o, , otherwise
Ap; = ~Ag3

1 = MODL (9], * b))

=
[N
[

= MOD (¥ + m)

XP;

X0 + R;y + SIGN + sin

YP; = YO - Ry - SIGN + cos ¥

ft

XQ;

YQ;

XWP3

1l

YWP;

(44)

(45)

(46)

(47)

(48)

. (49)

(50)

(51)

(52}
(53)

(54)

(55}

- (56)
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In order to describe the two-dimensional ground track completely, it remains
to determine the length of the straight flight segments and the arclength of
the turns, Let D; denote the length of straight flight from point Q;_ ; to
point Pl, and 1et 4Dy represent the arclength of the turn Ay,

i= 2,3, ,NWP, Then the expressions for Dj and AD; are
D; = [(XP; - XQ;_)% + (YP; - YQ;.)%1%/2 (57)
Dy = Ry * Ay (58)

Minimum Turning Radius

In order to compute the minimum turning radius at each waypoint, it is
necessary to know the maximum ground speed of the aircraft at the waypoint and
the maximum permissible bank angle. The speed profile of the aircraft, how-
ever, is not known when the ground track is generated. Consequently, the
maximum ground speed must be approximated to compute the minimum turning
radius. In order to assure that at no waypoint will the guidance commands
require the aircraft to violate the maximum bank-angle constraint, the maximum
ground speed at each waypoint is taken to be the scalar sum of the maximum
possible alr3peed at the waypoints and the wind magnitude. The maximum pos-
sible airspeed, in turn, is a function of the maximum permissible airspeed at
the last waypoint and the distance along the flight path to the last waypoint.

Let v denote the maximum admissible airspeed in the terminal area, v,
the magnitude of the wind, and VGMAX; the maximum possible ground speed of
the aircraft at waypoint i. Since the airspeed to be achieved at the last
waypoint is specified as Vgipa3, VOMAXNWP = VEinal *+ V- For 1 < NWP,
VGMAX; 1is approximated by the following (see sketch (a)).

VGMAX ; if VOMAX{,, = V * vy

i+1 ¢
VGMAX; =4{v + v, , if VG 2 v + vy ' (59)
VG; , oOtherwise

where the expression for VG; is

VG

1

= 2 .
- IVGMAXi+1 - 2 apiql

(XP3 ., - XWPijz + (Ypi+1 - pri)2]1/2]l/2
(60)

The physical interpretation of VGj is as follows: if the aircraft were to
fly directly from waypoint i to point Pji; and apply the maximum decelera-
tion ap;,, then it could just achieve a ground speed change from VGj at
peint WP to VGMAX1+1 at point P;4;. Note how equations (59) and (60)
reflect the assumption that the upper envelope of the admissible speeds
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decreases monotonically as the aircraft approaches the last waypoint.
cally, if for some value of i, say i

<
&

Ground speed

!

(V+uy) in this range = VGMAX; = VG;

Maximum deceleration {ogin)

(vtvylin this range =————#=VGMAX; = y+v,,

o e A mm e e e VGMAXi+|

I
VY, = VGMAX; 4 =] VGMAX; = VGMAX; 4+
{

!
|
]

WP,

o S0
Pisy
Distance along ground track

Sketch (a).

j, VGMAX: = \-f 4+ VW’ then

VOMAX; _, = VGMAXj = v +v, for all i g j. g

Once VGMAX; is known, the minimum turning radius, RMIN;, at waypoint

can be computed from

VGMAX; 2

BMIN. =
1 g * tan ¢max

ALTITUDE PROFILE

Specifi-

i

(61)

Except for the very last phase of flight, namely flaring and decrabbing,
the motion of an aircraft in the vertical plane consists of constant flight-
path-angle segments connected by some sort of smooth transitioning between

adjacent flight-path angles.

To generate an altitude profile, it is assumed

that transitioning from one flight-path angle to another is instantaneous.
Whatever inaccuracy results from this assumption is minimized by introducing

appropriate lead times in the actual control law.

This method of compensating

for finite pitch rate is discussed under Four-Dimensional Guidance Commands.

The basic assumption in generating an altitude profile is that the flight-

path angle between adjacent waypoints remains constant.

Thus, in order to

generate the constant flight-path-angle segments, the desired waypoint alti-
tudes and the horizontal distance between each pair of adjacent waypoints must

be known.

In using waypoint altitudes to generate a sequence of constant flight-~
path angles, the following ambiguity must be resolved: ordinary waypoints do
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not lie on the actual flight path generated by the techniques described pre-
viously; consequently, the meaning of waypoint altitude for ordinary waypoints
must be defined. Therefore, it is assumed, somewhat arbitrarily, that the
waypoint altitude should be achieved precisely at the end of the turn asso-
ciated with the waypoint in question. Note that this is entirely consistent
with the definition of final heading waypoints. Thus, if ZWP;, i =1, 2,

., NWP, are the desired waypoint altitudes, then ZWPj is actually the
altitude of the aircraft at the point when the turn associated with WPj is
completed. Since the end of a turn at WP; is denoted by point Qj, the
altitude, 2Q;, at point Q; is therefore given by

ZQq = IWPy , i = 1,2,...,NWP (62)

The horizontal distance between points Qj_, and Q; has already been
computed and is simply the sum of the straight flight distance Dj and the
arclength of the turn at WP;, that is, &Dj. If the constant flight-path
angle between points Q;_, and Q; is denoted by GAMj, then the expression
for GAM; is (fig. 10)

1 Di + ADy

7Q. , - ZQs

-1 1

GAM; = tan~! (——1———~) , 1= 2,3,...,NWP (63)
Note that since the vertical axis is positive downward by convention, GAMj > O
implies ascending flight, while GAMj < 0 implies descending flight.

For sufficiently small values of its argument, the function tan~! ()
can be approximated to a high degree of accuracy by its argument. Since the
argument of tan~!(+} in equation (63) is generally quite small, and since
evaluating tan-1(-}) requires a relatively long execution time, for the com-
puter implementation of the guidance scheme, the value of GAMj 1is computed
from the approximate expression '

2Q;_, - 20

1-1 1

GAMy = =5 3D, (64)
1 1

Computing the sequence of flight-path angles according to equation (64)
is straightforward. It is conceivable that GAM; (as given by eq. (64)) may
be either infeasible from an aircraft performance point of view or undesirable
due to other operational constraints. Therefore, GAM; must be checked .
whether it satisfies the constraints

Ypig § GAMj S v, » §=2,3,...,NNP (65)

where 7Ypip a8nd Ypax Aare input parameters. If GAM; satisfiééfineéu&[ities
(65), then computation continues; otherwise, a message is gegetatéd stating
that GAM; lies outside the admissable range and computation stops.
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For a complete altitude profile, it remains merely to determine what the
altitude should be at the beginning of each turn, that is, at the points P;.
Let ZP; denote the altitude at point Pj, then ZP; is given by -

Zpl = ZQi"‘l - Di . GAMl

(66)
A typical altitude profile between two arbitrary points Q;_, and Q; 1is shown
in figure 10.

SPEED PROFILE

The primary objective of the 4-D guidance system described here is to
guide the aircraft accurately not only in the three spatial dimensions, but
also to control its motion as a function of time along the desired flight
path, thereby controlling the time of its arrival at the end of the flight
path. Thus, after the desired 3-D flight path is computed, it is necessary
to determine a time schedule the aircraft is to maintain along the flight
path. This, in turn, requires the determination of an appropriate speed
profile.

Clearly, if the speed profile of the aircraft were specified rigidly,
then so would its motion as a function of time along the flight path, in which
case control of its arrival time would not be possible. While the admissible
speed is not entirely arbitrary, at almost every point during the flight there
exists a definite range of speeds within which the aircraft may operate.

Admissible Speed Ranges

As mentioned briefly under Problem Description and Basic Approach, the
maximum admissible speed of an aircraft is dictated by either Federal Aviation
Regulations or by structural constraints. FAR 91,70a limits all aircraft to
an indicated airspeed of 250 knots below 3048 m (10,000 ft) mean sea level.
Since most terminal area operations take place below 3048 m, the 250-knot
speed may be considered an absolute upper bound. When the aircraft descends
to lower altitudes and approaches the runway, the speed is reduced and flaps
are deployed to maintain sufficient stall margin. Since at any flap setting
it is unsafe to fly at speeds greater than the flap placard speed, the upper
bound on the admissible speeds must be reduced so that it is consistent with
the flap placard speed.

The lower bound on the admissible speeds is basically a function of the
stall speed of the aircraft at any given flap setting. The generally
accepted lower bound on terminal area speeds is 30 percent above stall speed,
which itself is a function of the flap setting. This lower bound is often
increased to account for wind and gust effects.

In addition to the above considerations concerning the minimum and maxi-
mum admissible speeds, it is generally required that, for any flap setting,
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the aircraft be capable of flying at a maximum speed 80 percent above the
stall speed (for the given flap setting) without the need for configuration
change (ref. 7). Thus, if the flap setting of an aircraft is denoted by 3§
and the stall speed at that flap setting is represented by Vg(d&), then the
speed range available to the aircraft at any flap setting without configura-
tion change is given by

1.3Vg(8) s v < 1.8Vg(8) (67)

From the point of view of pilot workleoad, it is clearly desirable to have
a speed profile that requires a minimum number of configuration changes.
Furthermore, operational and economic considerations dictate that aircraft
land as quickly as possible with a minimum of delay. This, in turn, means
that aircraft should maintain as high a speed as is consistent with the cur-
rent air traffic situation for as long as possible. The question therefore
arises: what is the simplest way to specify the admissible speed ranges for
various types of aircraft so that the above ideas are reflected in the
resulting speed profile? One alternative could be to specify the minimum and
maximum speeds at every, or nearly every, peint along the flight path. Such
an approach would be not only prohibitive from the point of view of computer
storage requirements, but also totally unnecessary. Instead, the basic philos-
ophy is adopted that if the aircraft is sufficiently far away from the final
waypoint where generally a prespecified speed must be achieved, then the mini-
mum admissible speed should be set to 1.3 Vg{o), while the maximum admissible
speed should be given by the smallest of the three quantities: (a) 250 knots,
(b} the flap placard speed Vp(o) corresponding to zero flaps, and
(c) 1.8 Vg{o), where Vg (o) is the stall speed of the aircraft with zero flap
setting. As the aircraft proceeds along the flight path and approaches the
final waypoint, both the minimum and maximum speeds must be lowered gradually
so that the desired speed at the final waypoint can be achieved without
excessive rates of speed change (it is assumed that the proper flap setting
is maintained during the entire flight).

At this point, the objective is to select a small number of parameters
which, when specified as input, could be used to generate the minimum and maxi-
mum speeds consistent with the concepts described above. It will be shown in
the sequel that the stall speed and the flap placard speed of the aircraft at
zero flap setting, the maximum rate of speed change, the desired air speed at
the final waypoint, and the magnitude and direction of the wind, along with the
knowledge of the ground track, are sufficient to determine the admissible
speed ranges.

Let the desired air speed at the final waypoint be denoted by Vgipais
and let v, and iy, denote the magnitude and direction of the constant wind
field, respectively. Furthermore, let VMINj, VMAXj, i = 1,2,...,NWP, repre-
sent the minimum and maximum air speeds at each waypoint. More precisely, it
is assumed that if there is a turn associated with waypoint i, then it is to
be flown at a constant airspeed, say VAj, that satisfies the constraints:

VMIN; < VA{ € VMAXj4 (68)
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Now let c and ¢ be two prespecified numbers satisfying the inequalities
l.3sc<cs<l.8 (69)

and define the minimum and maximum admissible cruising airspeeds, v and v in
the terminal area as follows:

v=oc " V5(0} }
v = min [C * Vg(0), vp(oj, 250 knots]

]

(70

n

v

It is now possible to determine the speeds VMINj and VMAXj, i=1,2,...,NWP,
The procedure is sequential and starts with the last waypoint. Since the air
speed at the last waypoint is specified, the following equalities are obvious:

VMINNWP = VMAXyup = Veinal (71)
It will be assumed throughout this analysis that
Vfinal <V (72)

This assumption is entirely consistent with current operational procedures
since Vfgipa1. in most cases, will be the final approach speed of an aircraft.
For i < NWP, VMIN; and VMAX; are computed as

n

v if VMINi+1 v; or if VMINi+1 < v and vmin, 2 v

VMIN, (73)

vmin.1 otherwise

1]

v if VMAX. v; or if VMAX, < v and vmax, > V
1+1 i+] 1

YMAX

1]

(74)
vmax:.L otherwise

where the expressions for vmin;j and vmaxj are

vmini = {[VMIN1+1-+VW cos(¢i+1 -ww)]z - 2cag .Di+1)1/2 - Vy cos(¢i+1 - )
(75)

vinax, = {[VMAXi+14-vw cos(¢i+1-¢w)]2 - 2 apin 'Di+1}1/2 - Vi cos (s, - by)
(76)

Both vminj and vmaxj can be given straightforward physical interpreta-
tion (fig. 11). Assume that the aircraft has just completed the turn at-way-
point i and is located at the corresponding point Qj. Then vmirij . is.the
precise air speed from which the aircraft could decelerate, using the maximum
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deceleration apjp, such that the resulting air speed at the beginning of the
next turn, that is, at point Pj4,, is exactly VMINj.,; similarly, vmax; is
the precise air speed from which the aircraft could decelerate, using the
maximum deceleration apjp, such that the resulting air speed at point Pj,,
is exactly VMAXj,.. The subroutine used to compute the speeds VMINj and
VMAX; is called VRANGE and is described in the appendix.

In order to define completely the minimum and maximum admissible speeds
along the entire flight path, and not just at the waypoints, it is assumed
that between any two adjacent waypoints the airspeed is constrained to the
union of the admissible speed ranges at the two waypoints. Thus, for aircraft
in flight from point Q; to point Pj+;, the air speed is limited to the '
range [min(VMIN;, VMINj. ), max(VMAX;, VMAXj,,)]. This point is discussed
further when the computation of the actual speed profile is described.

Attainable Arrival Times

Once the minimum and maximum admissible speeds are determined, the com-
putation of the corresponding range in the attainable times of arrival to the
last waypoint becomes relatively straightforward. In order to compute the
range of arrival times, it is necessary to determine the minimum and maximum
flight times from the first to last waypoint. With no additional effort, the
range of flight times from every waypoint to the last can be calculated.
These numbers are useful when implementing the overall guidance scheme.

Clearly, a flight profile at the maximum admissible speeds results in the
minimum flight time; similarly, flight at the minimum speeds yields the maximum
flight time (it is understood that the flight is along the previously generated
3-D flight path), The subroutine called TRANGE is used to compute the mini-
mum and maximum flight times.

Let TMIN;, TMAX;, i = 1,2,...,NWP denote the minimum and maximum flight
times, respectively, from waypoint i to the last waypoint. TMIN; and TMAXj
are computed via the subroutine called TRANS. The basic inputs required for
TRANS are the specification of a waypoint number i, the 3-D flight-path
parameters (actually, only the 2-D ground track parameters are needed) from
point Qj.; to point Qj, the minimum and maximum admissible speeds at the
two waypoints, and a positive number p satisfying the inequalities

0 csp < : (77}

The parameter p plays an important role in the computation of flight times.
It not only determines what the air speeds should be at the two waypoints
involved, but it also specifies the point at which the required speed change
should occur, In effect, p completely determines the speed profile between
waypoints (i~1) and i once the minimum and maximum admissible speeds at the
two waypoints are given (sketch (b)).
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Let VAi_l(p) and VA;(p) denote the desired air speeds at waypoints (i-1)
and i, respectively. Then VAi,l(p) and VA; (p) are defined in terms of p as

VA, . (p)

H

- VMAX, | - o(VMAX, , - VMIN, )

(78)

1}

VA; (p) = VMAX; - p(VMAXj - VMIN;)

Note that, since VMINj < WMINj_; and VMAX; g VMAX;_,, it follows that

VAj(p) < VA;_,(p). The ground speeds at points Qj., and Pj are then given
in terms of the above air speeds and the appropriate wind component. Thus, if
VQj_,(p) and VP;(p) denote the ground speeds at points Q;_; and Pj, then

VQi_l(p) VAi—lfp) + Vw COS(¢1 = ww) (79)

1t

VP; (p) = VA; (p) + vy cos(¥y ~ ¥) (80)
If VMIN; < VMIN;_; and/or VMAXj < VMAXj.,, then VAj(p) < VAi_l(pJ and
therefore VPj(p) < VQj_;(p). This implies that a speed reduction must occur
somewhere between waypoints i-1 and i. Where this speed change should occur
is again determined by the parameter p. Let S11;(p) be the distance flown
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at the ground speed VQj.,(p}, 512;(p) the distance required to effect the
speed change from VQj_,(p) to VPj{(p), and §22; (p) the distance flown at the
ground speed VPj(p) (fig. 12). Since any speed change is assumed to occur
during straight flight, the following equality must hold

11, (p) + 512, (p) + 522, (p) = D (81)

The distance S12;(p) is merely a function of the two ground speeds involved
and is given by

VPi2(p) - VQI_; (p) .
812, {0) = AR (82)

The distance S522;(p) is then defined in terms of p as

822, () = p - [D; - 812, (p)] (83)

The flight times associated with each of the above three distances can be
calculated as

811; (p) i D; - 812;(p) - 822;(p)

T ) =vg ) T ¥, ) 4
VP. (p) - VQ. . (p)
T12, (p) = —= i-1 85
1 (e} P (85)
322.1(0)
T22, (0] = ‘75;157" (86}

In order to compute the total flight time from point Q;_, to point Qj,
it remains to determine the time T23j(p) spent in the turn from point P; to
point Qi. A detailed discussion of the general problem of calculating the
flight time during curved flight is quite involved (see ref. 8). The problem
considered here is simplified somewhat by the assumption that the air speed
is held constant during the turn. It is shown in reference 8 that if the
desired constant air speed during the turn Ay; [(see ground track generation)
is VA;(p), then the duration of the turning flight, T23;(p), is given by

2+ R. » SGN(Ay. ) c V. - P+ AP, c P, -~y
_ 1 1 -1] 2 1 W 1 - -11°2 1 Ll
T23.(p) = , {tan [%I tan(—————zr~———)] tan [?; tan( 5 )]}

(87)

where - : , _ "<3f5'f; e
c, = VA, (o) + Vi - (88)
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¢, = [VA2(0) - v,2]V/2 9

Note that the ground speed is generally not constant during a turn, SO that
VP; (p) and VQ;(p) are different. For the sake of flexibility and modularity,
a separate routine, TTTURN, was written to calculate T23;(p} (see the
appendix].

The minimum and maximum flight times can now be generated from any way-
point to the last waypoint. Given any waypoint i, 1 =2, 3, . . ., NWP,
and a p satisfying inequalities (77), the corresponding flight time from
point Qj., to point Q; is denoted by Ti(p)}. From the above discussion,
T; (p) is given by

T, (e) = T11,(p) + T12; (o) + T22, (0} + T23,(p) (90)

and is an output of the subroutine TRANS. Clearly, p = 0 results in .the
maximum speed profile between the two adjacent waypoints involved, while

p = 1 yields the minimum speed profile between the waypoints. Thus, T;(0) is
the minimum flight time and Tj(1) is the maximum flight time between points
Qi.1 and Q4. .

The definitions of TMIN; and TMAXj require that

MINgp = TMAXyp =

0 (91)
For i < NWP, the flight times TMINj and TMAX; are computed sequentially,
but in reverse order. Thus, subroutine TRANGE starts with 1 = NWP, sets

p =0 or 1, calls the subroutine TRANS to compute T;(0} or T;(1), and then
generates TMINi_1 and TMAX;_, according to

2

TMIN, + T, (0) (92)

:

TMAX, + Ti(i) (93)

Desired Speed Profile

Once the minimum and maximum flight times from the first to the last
waypoint are known, that is, TMIN, and TMAX,, a desired flight time, denoted
by ENRTIM,, from the first to the last waypoint is selected. If the aircraft
is to achieve the desired flight time while flying along the previously
generated 3-D flight path without violating the speed constraints, ENRTIM,
must satisfy the following inequalities:

TMIN, ‘s ENRTIM; s TMAX, (94)
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Assuming that ENRTIM, is chosen such that inequalities (94) are satisfied,
the next step is to geénerate a speed profile which results in a flight time
equal to ENRTIM;. Let such a speed profile be called the desired speed pro-
file, with the following characteristies:

1. The airspeed remains between the minimum and maximum admissible air
speeds along the flight path.

‘ 2. The rate of speed change does not exceed the acceleration/deceleration
capabilities of the aircraft.

3. The ground speed yields the desired flight time between the first and
last waypoints.

From earlier developments in this section, generating the desired speed
profile is equivalent to finding the appropriate value for the single
parameter po. This particular parameterization scheme of the speed profile by
a single parameter was chosen to simplify the computations, thereby reducing
computer storage and time requirements. In certain situations, this scheme
may not be appropriate. Thus, it may be necessary to use two parameters, one
to reflect the speed level between the minimum and maximum admissible speeds,
the other to determine the points along the ground track at which speed
changes occur.

Conceptually, the problem of determining the appropriate p 1is straight-
forward. In practice, however, an iterative procedure must be used because
the functional relationship between p and the corresponding flight time is
not invertible. Thus, if the flight time from the first waypoint to the last
one corresponding to any p satisfying equation (77) is denoted by T(e),
then the explicit expression for T(p) is

NWP
T(e) = 3 T, () (95)
i=2

where Tj(p) are the output of the subroutine TRANS and are given by
equation (90). Consequently, the problem of generating the desired speed pro-
file is reduced to finding the value of o, say 0, that satisfies the
equation

NWP
2. T, (7) = ENRTIM (96)
i=2
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Iterative Procedure to Find p
Step 1— Let j = 1 and select the initial value of pj to be

ENRTIM-I - TMIN,

P5 = TTVRX, - TMIN (97)

Step 2— Compute T(pj) accbrding to equation (95), namely,

NWP
TG,) = 122 T; (o) (98)
Define ERRORj as
ERROR; = ENRTIM, - T(r,) , C(99)

and let e be an arbitrary positive number specified in advance.
Step &— 1f ERRORy4 satisfies the stopping criterion

|ERROR, | < e e (100)

o

then p = p; and the iterative procedure stops. If equation (100) is not
satisfied, %hen Pi+1 is set equal to

ERROR ;

-1 J 21
P01 = 2 SATI}("J‘* TVRX, = TMIN, 2)] v (101}

and steps 2 and 3 are repeated. The function SAT(+) used above is defined as
1 if ()21
SAT(+) =< () if -1 < (*) <1 (102}
| -1 if (*)} £ -1 | |

Defining Pj+y recursively by equation (101} assures that, if T(p4) <ENRTIM,
then pj+) > 033 if T(pj) > ENRTIM;, then pi,q < pj; and if T(ﬂj} = ENRTIM,,
then Pj+1 = Pj- Furthermore, equation (101) assures that 0 < pj+1 51 for
all j =1, 2,7. . . . Although it has not been proved, it is strongly sus-
pected that T({p)} as given by equation (95} is a monotonic function of p.
Consequently, the iterative procedure is expected to converge in a small num-
ber of iterations. Computational experience indicates that this is indeed

the case.

Having thus found the value of { that satisfies equation (96), it is a
simple matter to determine the desired speed profile. The required air speeds
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at the various waypoints are given by equations (78), the corresponding
ground speeds are genmerated by equations (79) and (80), and the points at
which speed changes occur are derived from equation (83); in all cases p 1is
replaced by §. The desired speed profile is therefore completely determined.

It will be useful to generate a sequence of NWP numbers that correspond
to the times required to fly from the various waypoints to the last waypoint
while tracking the 4-D flight path. More precisely, let ENRTIMj,
i=1,2, ..., NWP denote the time required to fly from the end of the
turn associated with waypoint i, namely, Qj, to the end of the turn asso-
ciated with waypoint NWP, namely, Qunwp, while tracking the desired speed pro-
file computed previously, From the definitions of Tj(p) and p, it follows
that ENRTIM; -can be computed by the recursive relationship:

ENRTIM, = ENRTIM, , - T,(8) , i=2,3, ..., N0 (103)

where ENRTIM;, is specified as an external input. Clearly, ENRTIM; satisfies
the following inequalities:

TMINi £ ENR‘TIMi s TMAXi s i=1,2, ..., NWP {104)

All computations described in this section have been implemented in the
form of a subroutine called SPEED. A detailed programming description of
SPEED is given in the appendix.

4-D GUIDANCE COMMANDS

In order to generate the sequence of 4-D guidance commands corresponding
to the desired ground track, altitude profile, and speed profile computed in
the three previous sections, it is necessary to interleave the individual
command components in chronological order. This interleaving process is
accomplished conveniently in the subroutine SPEED immediately following the
speed profile computations of the previous section.

Before giving a detailed description of generating the chronological
sequence of guidance commands, it is useful to recall the basic structure of
each of the three components — ground track, altitude profile, and speed pro-
file. The ground track of any flight path (as computed under Ground Track
Synthesis) consists of a sequence of alternating straight lines and c¢ircular
arcs (some of the turns, of course, may be degenerate). Thus, a straight-line
flight followed by a circular turn can be considered as the basic element or
"building-block" of the ground track. This basic element is completely
defined by the following parameters: the x,y coordinates of the beginning of
the straight line, the heading and length of the straight line, and the
direction, angular extent, and radius of the turn. Given these parameters,
the x,y coordinates of the beginning and end of the turn are uniquely deter-
mined and can be computed easily. From the definition of the basic element,
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it is clear that the number of basic elements in a complete ground track is
equal to the number of waypoints.

The altitude profile (as described under Altitude Profile) consists of
piecewise constant flight-path-angle segments between the beginnings of
straight-line flights. Each segment can be considered as the basic element of
the altitude profile. This is particularly appropriate since, in this case,
the basic element of the altitude profile coincides with that of the ground
track, resulting in a simple, well-defined basic element for the 3-D flight
path. The parameters that define each element of the altitude profile are
the z coordinate of the beginning of the segment and the sense and magnitude
of the constant flight-path angle. Since the ground track is already known,
the z coordinate at the end of the segment, as well as any other point, can
be computed. The expression for the =z coordinate of the end of the straight
flight segment is given under Altitude Profile.

Finally, recall from the previous section that the most general speed
profile consists of at most four separate subsegments for each basic element
of the 3-D flight path, that is, from the beginning of one straight line
flight to the beginning of the next one. The first three subsegments occur
in straight flight: the first subsegment is a constant speed flight, during
the second subsegment the speed is changed at a constant rate, and the third
subsegment is again a constant speed flight at the new speed. The fourth sub-
segment occurs during the curved flight, and the speed profile is such that a
constant air speed is maintained during the turn. These four subsegments can
be considered as the basic unit of the speed profile. A typical unit, such as
the one just described, is shown in figure 12. Due to the particular tech-
nique of generating the speed profile, the only parameters needed to compute
the four subsegments are the minimum and maximum admissible air speeds at the
waypoints, the direction and magnitude of the wind, and the parameter o that
reflects how close the actual speed level is to the maximum admissible level.

Each basic element of the 3-D flight path contains one to four basic
elements of the speed profile. Consequently, the entire sequence of 4-D
guidance commands is decomposed into subsequences, each of which describes
the desired motion of the aircraft from one waypoint to the next (actually,
by convention, a subsequence starts at the beginning of a straight flight
segment and ends at the beginning of the next straight flight segment}.

Guidance Vectors

1t is now evident that the guidance commands are piecewise constant dur-
ing individual guidance intervals. Let Aty denote the duration of the kth
guidance interval, and let the corresponding constant guidance commands during
the kth interval be represented by ak, uk, and vk, where ak is the rate of
change of air speed, uyx 1is the inverse of the turning radius (see equa-
tion (11)), and yg 1is the flight-path angle. Thus, the 4-D commands for the
kth guidance interval can be represented by a constant 4-vector, fy, of the
form: '
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fk = [Atk: ak: uk’ Yk] (105)

In order to assemble the chronological sequence of guidance commands, it is
necessary to determine the sequence of constant 4-vectors given by equa-
tion (105). This is accomplished in the subroutine SPEED using various
parameters of the ground track, altitude profile, and speed profile.

Assume that the command vectors £y have been determined from waypoint 1
to waypoint i-1 or, more precisely, from the beginning of the first straight-
line segment to the end of the turn associated with waypoint i-1, that is,
point Q;_;. Furthermore, assume that the number of nondegenerate command
vectors for this portion of the flight path is (NCIj.; -1), where a command
vector fy is said to be nondegenerate if the command interval Atk is
nonzero. (Actually, from a computational point of view, fy is considered
nondegenerate if Aty > g, where € 1is an arbitrarily small positive number.
In the computer implementation of the guidance system, & 1is taken to be 0.1
second.) The numbers NCI;, j =1, 2, . ., . , NWP play an important role in

the overall guidance scheme and will be discussed later.

Letting k = NCI;_,, the nondegenerate guidance vectors from point Q; ,
to point Q; can now be easily determined by the following sequence of

operations:
A

il

Step 1 — If T115({)

[

e, set fy [T11;(g), 0, 0, GAM;},
k =k + 1, and go to step 2;
otherwise, go to step 2.

Step 2 — If T125(9)

IS

e, set fk = [T125(3), 2pin, 0, GAM;],

k=k+ 1, and go to step 3;

otherwise, go to step 3.
Step 3 -~ If Tzzi(ﬁ) z g, set fx = [T224(p), O, O, GAM; ],
k=%k+ 1, and go to step 4; > (106)
otherwise, g0 to step 4,
Step 4 — If T23;(5} > e, set £} = JT23;(p), O, R » GAMi{,
1

k=%k+ 1, and go to step 5;
otherwise, go to step 5.

Step 5 — NCIj = k.

J
From (106), it is clear that NCI; - NCIj_; = 4 and therefore the 4-D flight
path between any two adjacent points Q. and Qi can be described by at

most four nondegenerate guidance vectors of the form of equation (105)}.

This in turn, implies that the maximum number, MAXSEG, of nondegenerate
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guidance vectors needed to generate a complete 4-D flight path satisfies the
inequality

MAXSEG < 4 + (NWP - 1) (107)

In view of (106), the number NCI; can be interpreted as a pointer in
the following sense. Suppose that all nondegenerate guidance vectors for a
particular 4-D flight path have been determined via the operations defined
by (106). Then the first guidance vector immediately following waypoint 1
(actually, point ;) is fNCIi' Thus, if for some reason the only 4~D guid-

ance vectors of interest are those starting at waypoint 1, the pointer NCIj
makes it possible to identify immediately the correct starting vector. - For
reasons which will become evident in the next section, the sequence {NCIi} is
-initialized by setting NCI1 = 5.

Once the guidance vectors are known, they can be applied in two different
ways for tracking the 4-D flight path. If the control surfaces of the air-
craft are coupled to the autopilot/autothrottle, then the guidance vectors
could be used as input to the autopilot/autothrottle, which, in turn, would
generate the appropriate signals to drive the control surfaces and the
throttle. This would allow one to track a 4-D flight path completely auto-
mactically. On the other hand, the guidance vectors could be used to drive
the flight director and other displays in the cockpit, thereby enabling the
pilot to track the 4-D flight path manually. Various mixed modes of operation
would also be feasible, for example, the throttle could be driven auto-
matically, while the remaining tracking functions could be performed by the
pilot.

The two main tracking options described previously have been incorpor-
ated in the design of an automated guidance and control system for STOL air-
craft (ref. 5). The system has been tested extensively in the STOLAND flight
simulator at Ames Research Center, and the manual tracking option has been
tested in flight.

Compensation for Finite Roll and Pitch Rates

Throughout the present analysis, it was assumed that aircraft can make
changes in bank angle and flight-path angle instantaneously.. This is a
reasonable assumption for the purposes of generating 4-D flight paths that
may be orders of magnitude longer (in time) than the time constants of the
controls involved. However, in order to achieve very precise tracking via the
guidance vectors described earlier, it is necessary to account, in some fash-
ion, for the fact that both the roll and pitch rates of aircraft are finite,

A simple yet effective means of compensating for these finite rates is by
introducing appropriate lead times in the guidance vectors. Thus, if the roll-
ing and pitching maneuvers are initiated slightly in advance of the times dic-
tated by the guidance vectors defined by (106), then the tracking errors can
be minimized. It will be shown in the sequel that very simple expressions
can be derived for the proper lead times, and these lead times depend only on
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the maximum control signal (bank angle and flight-path angle) and the maX1mum
contrel rates (roll and pitch rates).

Roll-Rate Compensation

Assume that the aircraft is flying along a straight line until at some
instant of time, say t,, a new guldance vector is applied that requires the
aircraft to roll to 1ts max1mum permissible bank angle 4gax. In generating
the guidance vectors, it was assumed that the aircraft is capable of rolling
to  dpax instantaneously at t.. This is clearly not true since the maximum
roll rate of aircraft in generaily limited, Denote this maximum roll rate by
émax and assume that all banking maneuvers are performed at this maximum
rate. Thus, if the roll begins at time tg, then the bank angle, as a function
of time, is given by

O(t) = dpap ¢ (t = to) (108)

Let t, be the earliest time the aircraft achieves ¢y .. Then the minimum
time required to effect a bank-angle change from 0 to ¢p,y is

Pmax
(t, - to) = -

¢max

(109)

The specific question therefore is: at what time, t,, should a banking
maneuver of the form of equation (108) begin if the sequence of idealized 4-D
guidance vectors requires an instantaneous bank-angle change from 0 to d¢pax
at time t.? In order to transform the question intc a well-defined problen,
the following boundary condition is imposed: at the instant, t,, when ¢(t)
(eq. (108)) achieves ¢mpax, the heading should be the same as i% ¢max had
been achieved instantaneously at t; and waintained until t,. These two
bank-angle histories are shown in figure 13(a).

Using equation (108) in equation (4) yields the following expression for

the heading at time t,:

BE,) = vlty) - infeos [inax * (, - to)]) (110)

v¢max

Similarly, if the instantanecus bank-angle change of ¢pax were applied at
t, and maintained until t,, then the reference heading, wr(tzj, at time t

would be z

plt,) = W(ty) + £ (ran ¢, I (t, - £)) (111)

Let T4 be the lead time, that is, Ty = - ty). Then equating w(tzj to
wr(t } and using equation (109) ylelds the %ollow1ng for Ty*
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¢ tn(cos ¢ )
T¢ - .max + = Max (112)
Pmax  Pmax 4" Pmax

Since, for the most terminal area operations, ¢pax < 30°, the following
approximations are valid:

¢2
In{cos ¢max] A - %?K {113)
tan ¢max ~ brax (114)
and the resulting expression for T4 is
¢
Ty = 2% (115)
2¢

(Note that the lead time given by equation (115) is equally applicable when the
aircraft is to roll out of a turn, that is, when the bank angle changes from
¢max to 0.) A typical value of ¢pax may be 5 degrees/second, and therefore
the lead times required for banking maneuvers may be of the order of 2 to

3 seconds.

Pitch-Rate Compensation

The derivation of the appropriate lead time to compensate for finite
pitch rate is analogous to the derivation of t1,. The essential difference
1s that the boundary condition imposed on the problem is in terms of the
altitude of the aircraft.

Referring to figure 13(b}, let the flight-path angle v(t) be given by

Y =Y * Ypay

(t - t5) (116)
where %max is ‘the maximum permissible pitch rate. Furthermore, let Ty be
the lead time defined by 1ty = t, - to. The problem is to determine Tty
subject to the following boundary condition: at the instant t, when v(t)
(as given by eq. (116)) becomes Y,. the altitude should be the same as if vy
had been achieved instantaneously at t; and maintained until t, (fig. 13(b%).

Using equation (116) in.(3) yields the following expression for the a1t1-
tude at time t, (assuming constant speed):

2(t,) = 2(to) + vrg ¢ (t, - t) + F vy .+ (t, - to)? (117)
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If the flight-path angle were changed instantaneously from vy, to Y at
t and maintained until t,, then the reference altitude, zr(tz): at time
t, would be

zp(t,) = z2(t ) + vyg © (t, - ty) * vy, * (t2 - tl) {118)

Equating (117) to (118) and using the fact that (t2 - to) (Yz - Yo)/%max’
yields the following for Ty '

T, = ———— (119)

In practice, the admissible maneuvers in the vertical plane are limited
not so much by the maximum pitch rate of the aircraft, but by the vertical
acceleration due to the pitching motion. Assuming that flight-path angle
changes take place at constant speed, the waximum vertical acceleration,
Zpaxs 1S obtained from equation (3) by simple differentiation:

*max = Y 'max _ (120)
Combining equations (119) and (120) yields

v (Y, - Yol
T =

¥ 2Znax

An accépted value of Zpzx 1is 0.68 m/sec? (2.25 ft/sec?), so that, for
typical términal area speeds and fiight-path angles, 1, 1is of the same order
of magnitude as Tye

Having thus obtained the lead times T4 and 1y, the timing of any 4-D
guidance vector that requires a change in bank angle and/or flight-path angle
is merely advanced by the appropriate lead time. Extensive simulations on the
STOLAND flight simulator indicate that compensating for finite roll and pitch
rates in the manner described above is more than adequate for accurate tracking
of typical terminal area flight paths.

A particularly convenient place to compute the lead times T4 and Ty is
in the subroutine SPEED. Details of these computations are discussed in the
appendix.

CAPTURE MODLE

The aim of any 4-D guidance scheme is to guide the aircraft accurately in
space and in time. Specifically, the aircraft is to be guided along a precise
3-D flight path and a precise time schedule so that its arrival time to the
last waypoint, and therefore to the runway threshold, can be predicted
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accurately, In order to accomplish this objective, not only must the aircraft
be guided accurately from the first waypoint to the last waypoint, but also
from its initial position in the terminal area to the first waypoint. Essen-
tially, a 4-D flight path must be generated from the current state of the air-
craft to the desired final state., The major difficulty in computing such a
flight path is the fact that the current state of the aircraft, which would
serve as the reference point for the computation, is continuously changing.
Thus, rather than consider the current position of the aircraft as the first
waypoint and contend with a nonstationary reference point, the segment from
the current aircraft position to the first waypoint is treated separately.
This part of the flight path is referred to as the capture flight path since
it represents the maneuvers required to capture the first waypoint.

Two important advantages are derived from separating the capture flight
path from the rest. First, the very complex and time-consuming computations
needed to generate the 4-D flight path from the first to the last waypoint are
performed usually once or, at most, a few times during the flight (the reasons
for computing the 4-D flight path more than once are discussed later). Thus,
valuable computer time is available for other guidance, control, and naviga-
tion functioms. Secondly, since the capture flight path is relatively simple
and is generated rapidly, manual path stretching and time control maneuvers
can be performed by the pilot. Such maneuvers will be shown to be important
elements of the overall 4-D guidance scheme.

Assume that the aircraft is at an arbitrary point in the terminal area,
say point PA, with heading Y¥A and airspeed VA (fig. 14). Furthermore,
assume that the 4-D flight path from waypoint 1 to waypoint NWP has already
been computed. Since the capability of capturing any one of the waypoints is
a very useful feature, the point to be captured is denoted by QB rather than
by QI. Note that this convention in notation anticipates the likelihood that
the capture flight path, in general, will begin and end with a turn. Thus,

QB may be the endpoint of the turn associated with any one of the waypoints
{from now on, it is called the capture waypoint). The heading to be achieved
at the capture waypoint is simply the heading of the straight-line segment
following point QB, and is denoted by ¥c, Finally, the airspeed at the
capture waypoint is denoted by VB. Thus, the objective is to generate a 4-D
flight path that starts at PA with a heading YA and speed VA and ends at
point QB with heading YC and speed VB,

The capture flight path satisfying the above end conditions is generated
using the same basic logic used in previous sections. First, the ground track
is computed using a straight flight segment and circular turns; then the
altitude profile is determined and, finally, an appropriate speed profile is
generated,

Ground Track Computation
Since minimum flight time is generally a desirable property of a flight

path, the ground track is to have a minimum path length. The problem of
computing the minimum path length ground track for arbitrary end conditions is

48



Figure 14.,—

Ground track of capture flight path.
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quite complex (ref. 9). It was shown in reference 9 that the most general
ground track of minimum length subject to a turning radius constraint consists
of either three alternating circular turns or two circular turns separated by
a straight-line flight. Rather than the complete algorithm developed in
reference 9, only a simplified version is used here, according to which ground
tracks with three alternating circular turns are ruled out. This simplifica-
tion has two significant advantages. First, the substantial computational
requirements to check for the existence of, and the actual determination of,

a three-turn minimum length flight path for arbitrary end conditions are
eliminated. It is shown in reference 9 that the regions of end conditions for
which the minimum length ground track consists of three consecutive opposite
turns are quite small and they usually occur when the two end points are very
close. Eliminating this type of ground track therefore reduces the computa-
tional complexity without significantly affecting the minimum length property.

The second advantage of not considering three-turn ground tracks is
related to pilot workload. When the 4-D flight path is to be flown completely
manually, the workload involved in tracking accurately a 4-D flight path con-
sisting of three consecutive, opposite turns appears to be excessive,

Thus the problem is reduced to finding a ground track that consists of a
turn, followed by a straight flight, followed by another turn, such that the
specified end conditions are met and the resulting ground track has minimum
path length among all such ground tracks. Such a ground track for two arbi-
trary end conditions (shown in fig. 14) is generated by the following itera-
tive procedure,

Iterative procedure— lLet RA be the radius of the turn beginning at
point PA (assuming a turn at PA is required), RB the radius of the turn
ending at point QB (again assuming that a turn at QB is required), and
define v¥C' as

YC' = MOD, (¥C + m) (121)

Now initialize the iterative procedure by setting QA, = PA and j = 1.

Step 1. With subroutine NEWPSI, generate the minimum path length ground
track starting at point QB with heading ¥C' and ending at point QAj_
subject to the minimum turning radius RB. Under Problem Description and
Basic Approach, it was shown that such a ground track consists of a circular
turn of radius RB, followed by a straight-line segment to point OQAj_1.
Denote the angular extent of the resulting turn by 4¥Bj, the end point of the
turn by PBj, and the heading of the straight line by WB}.

Step 2. With subroutine NEWPSI, generate the minimum path-length ground
track starting at point PA with heading YA and ending at point PB: sub-
ject to the minimum turning radius RA. Again, such a ground track consists
of a circular turn of radius RA, followed by a straight-line segment to point
PBj. Denote the angular extent of the resulting turn by AWAj, the end point
of the turn by QAj, and the heading of the straight line by YBj.
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Step 3. Define the quantity TEST by

TEST = = -~ IWBj - wsé] (122)

and let e be an arbitrarily small positive number. Then, if |TEST| 2 &,
set j = j +1 and repeat steps 1, 2, and 3; if |TEST| < ¢, the iterative
procedure is considered to have converged, yielding

A
AYA = AWAj
QA = QA
¥B = WBj ¢ (123)
PB = PBj
AYB = —A?Bj

J

Results of the first few iterations are shown graphlcally 1n flgure 15 for two
arbitrary end conditions. Extensive computational experiencé indicates that
the iterative procedure converges very quickly, usually after two or three
iterations.

Since at the time the iterative procedure is applied, the two end condi-
tions can be arbitrary, it is conceivable that the type of turn-straight-turn
ground track described above may not be feasible because of the close proxim-
ity of the end points. If this is the case, then at some stage of the itera-
tive procedure the minimum length turn-straight ground track from either point
QB to point QAj-1 or from point PA to point PB; is not feasible. If
this occurs, then an error message is generated by subroutine NEWPSI and
computation stops.

Altitude Profile

The altitude profile for the capture flight path is assumed to consist of
a single, constant flight-path-angle segment from the current aircraft alti-
tude to the desired altitude at the capture waypoint. Assuming that PA is
the current aircraft position and QB, the capture waypoint (fig. 14), the
flight-path angle GAMB is given by

ZPA - ZQB

GAMB = 33K~ DB + 4DB _ (124)

where ZPA and ZQB are the =z coordinates of points PA and QB, respectively;
ADA and ADB are the arclengths of turns AYA and AYB, respectively; and DB

is the length of the straight flight from point QA to point PB (fig. 14}.

Note that equation (124) is the approximate expression for GAMB analogous to
equation (64), rather than the exact expression involving the tan” leay
function. Before GAMB (as given by eq. (124)) is considered acceptable, it
must be checked to see whether it lies within the minimum and maximum
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Figure 15.— Ground track synthesis for capture flight path.
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admissible flight-path angles. If it lies outside the allowed range, then an
error message is generated and computation stops.

Finally, the 2z coordinates of points QA and PB are determined using
GAMB and some of the ground track parameters:

ZQA

= (125)
ZPB

ZPA - ADA.: GNMQlftL-
ZQA - DB - GAMB

Figure 16 shows the altitude profile corresponding to the ground track of
figure 14.

Speed Profile

For computational simplicity, the speed profile is assumed to consist of
at most four segments. The initial turn from point PA to QA is flown at
constant air speed VA; the second and third segments occur during the
straight-line flight, the second one being a constant speed segment at speed
VA and the third, a speed change segment from VA to VB at a constant rate.
Finally, the fourth segment is a turn at constant air speed VB. 5Such a typi-
cal speed profile is depicted in figure 17, which shows both the air speed and
ground speed profiles. The expression for the ground speeds at points QA and
PB, namely, VQA and VPB, are

VQA

VA + v, » cos {¥B - ¥,.)
{(126)

VPB = VB + v = cos(¥YB - )

The distance SAB required to achieve the ground speed change from VQA to
VPB is -

2 _ 2
WE S V02 p gy g von
min
SAB = , . (127)
E%gj—i;ygé—-, otherwise
max

Clearly, a speed profile of the structure described above is feasible only if
SAB < DB (128)

If equation (128) is not satisfied, then an error message is generated and
computation stops.

Finally, let TI1, T2, T3, and T4 denote the time duration of each of the

four speed segments. T1 and T4, which correspond to the two turns, are com-
puted by the use of subroutine TTTURN, Times T2 and T3 are given by
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Figure 16.— Altitude profile synthesis for capture flight path.
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_ DB - SAB
T2 = '—VQ*—A-'—-—* (129)

VPEB - VQA
a_.
min
T3 = (130)
Wi-VA, otherwise
max

, 1f VPB g VQA

4-D Commands

The 4-D commands for the capture flight path can be assembled in a manner
similar to those for the flight path from the first to last waypoint described
under Four-Dimensional Guidance Commands. At most four constant guidance
vectors are needed, one for each of the speed segments described above. Let
the four guidance vectors be fy, k=1, 2, 3, and 4. Letting k =1 and
using the same logic as in equation (106}, the nondegenerate vectors fj are
determined by the following sequence of operation:

Step 1 — If T1Z ¢, set £ = [T1, 0, SR AN ],
k =k + 1, and go to step 2;

otherwise, ‘ go to step 2,

Step 2 — If T2 z e, set £, = [T2, 0, 0, GAMB],
k= k+ 1, and go to step 3;
otherwise, ' g0 to step 3.

VPBZ . yQAZ

Step 3 — If TS 2 g, set fy = [T3, _-2-_'—51'-%_—_ ,» 0, GAMB], ( (131)

k =k + 1, and go to step 4;

otherwise, go to step 4.
Step 4 — If T4 2 ¢, set £y = |14, 0, SNEEYB) | Gav),

k=%k+ 1, and go to step 5;
otherwise, g0 to step 5,

Step 5 — NCI = k - 1,

In {131), e is the same small positive number as in (106), and NCI is the
number of nondegenerate command intervals for the capture flight path,
Clearly, NCI = 4, If TCAP denotes the time duration of the capture flight
path, then TCAP is given by

2
]
[

TCAP = Dty ' (132)
1

=
n
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The reason for starting the indexing of the guidance vectors fx in the
previous section with k = 5 should now be obvious., Letting the first four
vectors in the sequence {fy} refer to the capture flight path (actually, there
are only NCI < 4 nondegenerate vectors for the capture flight path) and the
remaining vectors fj, k =5, 6, . . . , MAXSEG + 4 refer to the flight path
from the first to the last waypoint, the entire 4-D flight path can be
characterized by the single sequence of guidance vectors {fi 1,
k=1,2, ... ,NCI, 5, 6, . . . , MAXSEG + 4. This convention eliminates
long and cumbersome recomputations of the guidance vectors that would other-
wise be required during on-line use of the guidance system.

The computation of the capture flight path is implemented in the form of
a subroutine called TST whose programming details are described in the
appendix,

ON-LINE 4-D GUIDANCE

The two separate parts of the 4-D flight path can now be combined to yield
"a continuous, on-line guidance scheme from an arbitrary initial aircraft
position, velocity, and heading to any desired final position, velocity, and
heading. Assume that the 4-D flight path from the first to the last waypoint,
as well as the 4-D capture flight path from the current aircraft position to
the capture waypoint, have been computed. Denote the index of the capture
waypoint by CWP, let TABS be the current value of absolute time and TOA
the absolute time of arrival to the last waypoint. Then, assuming that the
aircraft begins immediate tracking of the 4-D flight.path generated from its
current state through the capture waypoint to the final waypoint, the expres-
sion for arrival time to the last waypoint is

TOA = TABS + TCAF + ENRTIMpr (133)

Equation (133) plays a crucial role in the precise time control of ,
aircraft. First, the arrival time to any specified point, such as the outer
marker or approach gate, can be predicted by the use of equation (133) long
before the actual arrival. Thus, if the flight paths of several aircraft
merge at a common point, the arrival time of each aircraft to the merge point
is accurately predicted by equation (133). Consequently, potential conflicts
can be detected early, long before last minute collision avoidance maneuvers
would be required. Secondly, not only can the possible arrival time be pre-
dicted by use of equation (133), but it can also be changed in a highly con-
trolled fashion. Once the aircraft is under 4-D control, a desired arrival
time can be achieved in three ways:

1. Change the initial state of the aircraft by performing arbitrary
path-stretching maneuvers and speed changes, thereby changing TCAP.

2. Generate a new speed profile along the 3-D flight path from the cap-
ture waypoint to the last waypoint, thereby changing ENRTIMgyp.
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3. Select a different capture waypoint, that is, a new value for CWP,
thereby affecting both TCAP and ENRTIMcyp -

The first of these is the principle method of making gross changes in the
time of arrival. It is used primarily to delay arrival time since the 4-D
capture flight path is already very nearly the minimum time flight path from
the current aircraft position to the capture waypoint (unless the possibility
of increasing the speed is considered)}. Thus, the arrival time can be delayed
arbitrarily by appropriate path-stretching maneuvers. If the desired delay is
sufficiently long, then these maneuvers generally take the form of holding
patterns. By continuously recomputing the 4-D capture flight path from the
current updated aircraft state to the capture waypoint, the value of TCAP is
also updated. The attainable time of arrival from any point of the path
stretching or holding maneuver to the last waypoint is then found simply by
using the updated values of TABS and TCAP in equation (133). Assuming that
TCAP, and therefore TOA, change in a sufficiently continuous manner as the
aircraft performs the various maneuvers, any desired arrival time could be
achieved by initiating the tracking mode precisely at the instant TOA becomes
the desired time of arrival. (Although questions concerning the continuity of
TCAP have not been rigorously investigated, computational experience indi-
cates that TCAP 1is a sufficiently continuous function along the usual path-
stretching and holding maneuvers; for further discussion, see ref. 9.)

The second method of changing the arrival time is useful when minor
adjustments are desired. Recall that during the process of generating the
desired speed profile it was necessary to compute the two arrays TMIN;, TMAXj,
i=1, 2, .. . , NWP, which are the minimum and maximum feasible flight times
from waypoint i to the last waypoint along the 3-D flight path. Furthermore,
the actual flight time from each waypoint te the last one corresponding to the
desired speed profile is also available, and is denoted by ENRTIMj. Since
inequalities (104) hold for all i =1, 2, . . . , NWP, it is clear that
ENRTIMoyp, and therefore TOA, could be increased or decreased by simply
recomputing a new speed profile from the capture waypoint to the last waypoint,
Denote the desired change in TOA by ATOA. Then the new desired time of
arrival can be achieved using this second methed if and only if ATOA satis-
fies the inequalities:
£ ATOA < TMAX - ENRTIM

TMIN - ENRTIMCW (134)

CWP P CWP CWP

1f ATOA satisfies inequalities (134), then the new value of ENRTIMyyp is
set equal to ENRTIMcyp + ATOA and subroutine SPEED is called to generate
the new desired speed profile,

Note that the application of this method to change the arrival time
makes sense only if the aircraft is already tracking the capture flight path.
This is necessary so that the precise effect on TOA of changing ENRT IMoyp
can be predicted. Otherwise, it would be difficult to separate the effects on
TOA of changing ENRTIMppp and changing TCAP.
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The third technique of changing TOA is to select an entirely new cap-
ture waypoint. This is perhaps the most general method of achieving a new
arrival time. Clearly, once a new capture waypoint is selected, the first
two methods are again applicable. The significance of the third technique
lies in the fact that, in most cases, arrival time to the last waypoint can
be advanced substantially by capturing waypoints that are closer and closer to
the last waypoint (closeness, in this case, is measured by distance along the
flight path). In fact, the absolute earliest possible arrival time could be
achieved by setting CWP = NWP, that is, selecting the last waypoint as the
capture waypoint. This follows from the near minimum time property of the
capture flight path.

At this point, it seems appropriate to describe briefly the sequence of
events that would occur as a result of using the 4-D guidance scheme presented
here. Assume that an aircraft has just entered the terminal area and is about
to be placed under 4-D control.. The first step is to specify-the necessary
input parameters so that the 4-D flight path from the first to the last way-
point can be generated. This can be achieved in several different ways. Omne
possibility is for the pilot to enter the imput parameters into the onboard
computer, which would then generate the 4-D flight path — more precisely, the
4-D guidance vectors — from the first to the last waypoint. Since there is
no compelling reason to carry out this computation onboard the aircraft,
another possibility is to compute the 4-D flight path from the first to the
last waypoint in advance, perhaps even prior to takeoff, and store it in the
onboard computer. (Actually, several alternative 4-D flight paths may be gen-
erated and stored; in each case, however, the last waypoint is assumed to be
the outer marker or the approach gate or some other point along the final
approach.} Whichever method is used, it is assumed that the 4-D flight path
from the first to the last waypoint is available prior to engaging the online
guidance system.

The next step is to engage the online system, which immediately generates
the capture flight path from the current aircraft position to the first way-
point (assuming a feasible capture flight path exists). The two flight paths
are then combined to form a complete 4-D flight path from current aircraft
position to the last waypoint. Simultaneously, the would-be arrival time is
computed and displayed to the pilot. As the aircraft continues its flight in
the terminal area, the capture flight path and the projected arrival time are
continuously recomputed to reflect the current initial state of the aircraft.
At some point during the flight, Air Traffic Control specifies the desired
arrival time for the aircraft. The pilot then initiates one of the three
techniques described earlier to achieve the desired arrival time. When the
would-be arrival time displayed in the cockpit coincides with that requested
by ATC, he engages the tracking mode. Barring unforeseen circumstances, the
aircraft then follows the 4-D flight path and reaches the last waypoint pre-
cisely at the requested arrival time.

It is conceivable that, at some point during the tracking mode, the air-
craft may have to abandon the original arrival time, disengage the tracking
mode, and attempt to meet a new arrival time. This change may be due to
various reascns such as another aircraft given unshceduled priority to land,
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sudden change in weather over the airport, unforeseen runway congestion, col-
lision avoidance maneuver, etc. If the request is by ATC, then the pilot
would disengage the tracking mode, perform the necessary maneuvers to achieve
the new arrival time, and then re-engage the tracking mode., If the change is
due to a collision avoidance maneuver, then the tracking mode is again disen-
gaged (this time automatically). After the conflict has been resolved, a new
desired arrival time is specified and the pilot attempts to meet it using one
of the three techniques presented earlier.

The 4-D guidance system presented here has been implemented, along with
the necessary control law and executive functions, using the STOLAND avionics
hardware-software package (ref. 10) at Ames Research Center. The system has
undergone extensive testing in the STOLAND simulator, and it is currently
awaiting actual flight tests in the CV-340 aircraft. The system is described
further in reference 5.

AN ILLUSTRATIVE EXAMPLE

A simple example illustrates the ideas described here. The aircraft
under consideration is a STOL-type aircraft subject to the following perfor-
mance and operational constraints:

Pmax = 30°, maximum bank angle
Ypax = 15°, maximum flight-path angle
Yoin = -7.5°, minimum flight-path angle
> (135)
apax = 0.305 m/sec?, maximum acceleration
apip = -0.305 m/sec?, minimum acceleration
Vs (0} = 45,72 m/sec, stall speed with 6 = 0° flaps

£

Further, it was assumed that during flight, when the aircraft is sufficiently
far away from the outer marker, the admissible air speed may lie anywhere
between 1.3V, (0) and 1.7V, (0), that is,

c=1.3, c= 1.7 (136)
The geometry of the 3-B flight path is defined by six waypoints whose

input parameters are (for this example, distances are in m, speeds in m/sec,
and times in sec):

i 1 2 3 4 5 6
INDEX I 0 0 0 i T
XWP4 2286 7010 7010 -5182 -5334 -2438
YWP} 2438 2438 -2591 -2591 0 0
ZWP; -988 -988 -988 -988 -549 -244
Ry --- 1219 1219 --- 1295 ---
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The desired final heading and final speed of the aircraft at the last
waypoint are given by

Yeina1 = 0

(137)

Vfinal = 41.15 m/sec

Finally, it is assumed that, in this particular case, the magnitude of the
wind is negligible so that
Ve =0 m/sec (138)
The first step is to generate the 3-D flight path by computing the ground
track and then the altitude profile. This was accomplished using subroutine
THREED. The resulting ground track is shown in figure 18, and the altitude
profile is illustrated in figure 19.
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L
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Figure 18.— Ground track for example problem.
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i 2 3 4 5 6

by 0 -90° 180° 180° 0
GAM; 0 0 0 -6.0° -6.0°
D4 3505 2591 10973 152 2896
XP; 5791 7010  -5182  -5334  -2438
YP; 2438  -1372  -2591  -2501 0
ZP4 -988 -988 -988 -972 -244
By -90° © -80° 0 -180° 0
R; 1219 1218 627 1295 299
AD 1915 .+ 1915 0 4070 0
XQ; 7010 5791  -5182  -5334  -2438
YQy 1219 -2591  -2591 0 0
7Q; -988 -988 -988 -549 -299

After the 3-D flight path is completely determined, the next step is to
compute the speed profile. This involves the computation of the admissible
speed ranges at the waypoints with subroutine VRANGE, the attainable minimum
and maximum flight times with subroutine TRANGE, and, finally, the computation
of the actual speed profile corresponding to a desired time of arrival. The
minimum and maximum admissible airspeeds at the waypeints are

i 1 2 3 4 5 6
i
VMIN; 59.4 56.4 59.4 56.1 58.5 41.1
VMAX 77.7 77.7 77.7 58.1 58.5 41.1

The corresponding minimum and maximum flight times from each waypoint to the
last waypoint are

i 1 2 3 4 5 6
TMIN; 406 336 278 130 58 0
TMAX; 483 392 316 130 58 0

At this point, a specific desired flight time must be selected from the
first waypoint to the last waypoint. Although any number in the range (TMIN,,
TMAXI) can be selected, it was decided to generate the minimum time flight
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path. Thus, the desired flight time from the first to last waypoint was

chosen to be TMINl, namely,

ENRTIM,

= TMIN

1

= 406 sec

(139)

Having thus specified ENRTIM,, subroutine SPEED is called to generate the

speed profile (fig. 20).

As expected, the speed profile coincides with the

maximum admissible speed at every point since the minimum flight time was

desired.
comparison.

The winimum admissible speed profile is also shown in figure 20 for

The next step in the guidance algorithm is to assemble the various guid-
ance commands in chronological order and to form the 4-D guidance vectors.
This task is accomplished by subroutine SPEED, resulting in the following
chronological sequence of nondegenerate 4-D guidance vectors:

k Aty ag Uy Yk
5 45.1 0 0 0
& 24,6 0 -1/1219 g
7 33.3 0 0 0
8 24.6 0 -1/1219 0
9 87.5 0 0 0
10 61.0 -.305 Y 0
11 0.6 0 0 -6.0
12 2.0 -.305 0 ~6.0
13 69.5 0 -1/1285 -6.0
14 0.9 0 0 -6.0
15 57.0 -.305 0 -6.0
The corresponding values of NCI; are
i 1 2 3 4 5 6
NCI4 5 7 s 11 14 16

The lead times <t4 and ty are also computed in subroutine SPEED. Since
the‘ground speed, and therefore the bank angle, may be different at the
beginning of a turn from that at the end of the turn, each turn requires the

computation of two lead times. For the specific example under consideration,
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however, the wind was assumed to be negligible, so the ground speed, and
therefore the bank angle, remain constant during a turn. Consequently, the
same lead time applies to both the beginning and end of a turn. The values of
the lead times for this example are

i 2 3 4 5 6

Ty 2.7 2.7 3.0 1.5 3.0
i

Ty, 0 0 4.5 0 3.2

1

This completes the computation of the 4-D flight path from the first to the
last waypoint.

In order to illustrate the computation of the 4-D capture flight path,
the following initial conditions are assumed for the aircraft:
y

Xac = ~1524

Yac = 4572 aircfaft position

Zpc = -610 ' (140)
bae = 0° aircraft heading

Vac = 83.8 m/sec aircraft airspeed J

Assuming that the first waypeint is the capture waypoint, that is, CWP = 1,
subroutine TST is called to generate the capture flight path. Using the
notation of figure 14, the 3-D parameters of the capture flight path are

3

XPA = -1524 YOA = 4352 A¥B = 34.6°

YPA = 4572 ZQA = -674 RB = 1067

ZPA = -610 GAMB = 4.9° ADB = 645

YA = ] ¥B = -34.6° XQB = 2286 L

(141}

AYA = -34.6° DB = 3036 YQB = 2438

RA = 1241 XPB = 1680 ZQB = -088

ADA = 750 YPR = 2627

XQA = -819 IPB = -933
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The speed profile along the capture flight path was then computed by TST,
and the 4-D guidance commands were assembled into the following nondegenerate
4-0 guidance vectors:

k Aty ax uy Yk
1 8.9 0 -1/1241 4,9°
2 17.0 0 0 4,9°%
3 20.0 ~-0.305 0 4.9°
4 8.3 0 1/1067 4.9°

Assuming that no lead time is introduced for the first turn of the capture
flight path, the lead times for the capture waypoint — in this case, the first
waypoint — were found to be To, = 3.0 sec and Ty, T 4.8 sec.

CONCLUSIONS

This report presented the detailed theoretical development and computer
implementation of three main guidance algorithms for an experimental 4-D
guidance system, Using a small number of input parameters, the three
algorithms generate the ground track, altitude profile, and speed profile of
the 4-D reference flight path, respectively. At every stage of the computa-
tions, special caré is exercised to assure that the final 4-D flight path is
feasible from the point of view of aircraft maneuverability and structural
limitations, terminal area operational constraints, and passenger comfort.

The flexibility of the algorithms is reflected in the various cptions that
can be provided to the pilot for purposes of controlling the time of arrival:
any combination of manual path stretching, speed profile recomputation, and
the arbitrary selection of the capture waypoint may be used to control the
arrival time of the aircraft. Furthermore, the method of representing the
4-D flight paths, namely, by sequences of guidance vectors, is particularly
well suited for automatic or manual tracking.

Ames Research Center
National Aeronatuics and Space Administration
Moffett Field, Calif., 94035, October 8, 1974
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APPENDIX

The Appendix describes the programming details of all routines used in
the computer implementation of the 4-D guidance system. These routines are:

Main executive routine: FOURD

Subroutines: THREED, ROUND, NEWPSI,
VRANGE, TRANGE, SPEED,
TTTURN, TRANS, and TST

External functions: PIMOD and SGN

For each program, a statement of the required function to be performed
is given, followed by a brief description of the computational method. All
input, output, and temporary variables are defined. A list of numerical con-
stants used in each program is also included. Finally, the subroutines called
by each program, as well as the name of the calling program, are listed.

In order to make the appendix a self-contained programming reference for
the 4-D guidance system, a flow chart and source listing for each program are
also included. Finally, the printed output of a typical computer run is
given.

FOURD

Required function:

FOURD is the main executive routine used to compute a complete 4-D
flight path.

Method:

Numerical values for the required input variables are read from punched
cards and are printed out for visual inspection. Constants and often-used
variables are defined and polar variables are converted from degrees to
radians. Then the subroutine THREED is called, which generates the 3-D flight
path between the first and last waypeints. Next the routine VRANGE is called
to compute the admissible speed ranges along the 3-D flight path; then TRANGE
is executed to determine the corresponding minimum and maximum feasible time
ranges from each waypeoint to the last one (in order to enable the program to
be used on-line in an interactive manner, the index of the first waypoint to
be captured is defined as a variable and is denoted by CURWPT; given a set of
waypoints WP;, i =1, 2, . . . , NWP and an integer value for CURWPT,

1 < CURWPT < NWP, the program will generate a 4-D flight path from the way-
point whose index is CURWPT to the last one, i.¢., whose index is NWP}.
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At this point, a desired flight time, denoted in the program by
ENRTIMcypypT, 15 required from the capture waypoint to the last waypoint.
This time can be any number in the range (TMINcyrwpT, ™MAXcpurwpr). In the
present version of the program, TMINgupwpT was chosen arbitrarily. Calling
the subroutine SPEED generates the corresponding feasible speed profile,
Thus, the 4-D flight path is computed. Polar variables are converted from
radians to degrees and the flight-path parameters are printed out.

The remaining portion of FOURD (starting with internal statement number
9500) is used as an executive Toutine to generate the capture flight path
via subroutine TST. The input set needed for this part of the program con-
sists of the position, heading, and speed of the aircraft, as well as the
index of the waypoint to be captured (CURWPT). This input is read from
cards, printed out, and then subroutine TST is called. The parameters of
‘the resulting 4-D capture flight path are printed.

Input data:

MAXPHI maximum admissible bank angle, deg

MAXGAM maximum admissible flight-path angle, deé

MINGAM minimum admissible flight-path angle, deg

MAXACC maximum admissible acceleration (positive), ft/sec?

MAXDEC maximum admissible deceleration (negative), ft/sec2

PHIDOT maximum admissible roll rate, deg/sec

VSNF stall speed of aircraft with zero flaps, ft/sec

VSFF stall speed of aircraft with full flaps, ft/sec

CUPPER ratio of maximum admissible cruising airspeed in tefminal
area to zero-flap stall speed (same as c¢ in eqs.
(69) and (70})

CLOWER ratio of minimum admissible cruising speed in terminal area
to zero-flap stall speed (same as ¢ in eqs. (69) and (70))

NWP number of waypoints used to define flight path

HFINAL desired heading at the last waypoint, deg

GFINAL desired flight-path angle at the last waypoint, deg

VFINAL desired airspeed at the last waypoint, ft/sec

HW - estimated wind direction, deg

VW estimated wind magnitude, ft/sec
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INDEX; waypoint-type indicator; INDEX; = 0 = waypeint 1 is
ordinary waypoint; INDEXj = 1 = waypoint 1 is final
heading waypoint

XWP;, YWP;, Cartesian coordinates of waypoint i, ft
ZWP;

Ry desired turning radius at waypoint i, ft; if Ry Is
unspecified (i.e., Rj = 0.), then R;j is set equal to
the minimum feasible radius

Cutput data:

See the output from subroutines THREED, VRANGE, TRANGE, and SPEED.

Temporary variables:

CURWP1 index of waypoint following the capture waypoint (=CURWPT+1)

NWP1 =NWP+1
GTANFI *=G+TAN (MAXPHI)
L =CRCDeyrwpT
Constants:
PI = 3,14159
TWOPI = 6.28319
G acceleration due to gravity, 32.172 ft/sec?
RADDEG radians-degrees conversion factor, 57.2958 deg/rad

Subroutines required:

70

THREED generates 3-D flight-path parameters

VRANGE computes minimum and maximum feasible airspeeds at each
waypoeint

TRANGE computes minimum and maximum attainable flight times from

each waypoint to the last waypoint
SPEED generates the sequence of 4-D command sequence

TST - generates the 4-D capture flight path from initial ailrcraft
state to the capture waypoint



FOURD

|
CURWPT =|
CRCBcyrweT =5

Y

READ: WRITE :
LISTI, % LisTi,
LIST2, LIsT2,
LIST3 LIST3

Pl = 3.14159

TWOP] = 6.28319

G=32.172 '

RADDEG = 57.2958

]

CURWP! = CURWPT +1
NWPI = NWP +1

Fiywes = HFINAL/RADDEG
GAMpwe) = GFINAL /RADDEG

HW = HW /RADDEG
MAXGAM = MAXGAM /RADDEG
MINGAM = MINGAM/RADOEG
MAXPHI=MAXPHL/ RADDEG
PHIDOT =PHIDOT/RADDEG

GTANFI= G % TAN (MAXPHI)
VUPPER = CUPPER % VSNF
VLOWER = CLOWER % VSNF

THREED

VRANGE

TRANGE

i

ENRTIMcurweT = TMINcuRweT

|

SPEED

¥

i = CURWPI ]

H, = H, % RADDEG
TURN; = TURN; % RADDEG
GAM, = GAM; % RADDEG

_

B

WRITE:
LIST4, LISTS
LISTS, LISTT

k= CRCDcurweT

GAMREF, =GAMREF, % RADDEG
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Y

WRITE:
LISTY!
i = CURWP!

\

k=1

H; = H; / RADDEG
=i+l TURN, = TURN; /RADDEG
GAM; = GAM; / RADDEG GAMREF, = GAMREF, % RADDEG_I

e 2u S

i < NWP
| k=k+I

k > CAPSEG

WRITE:
LISTIZ,
LISTI3

READ:
LISTIO

END

CURWP| = CURWPT +|
HAC =HAC /RADDEG

TST

]

HAC = HAC % RADDEG
TURNAC = TURNAC % RADDEG
HWP = HWP » RADDEG
TURNWP = TURNWP % RADDEG
GAMWP = GAMWP % RADDEG
DAC = O

L




LIST1,LIST2, . . . ,LIST13 contain the following variables:

LISTL:

LISTZ:
LIST3:

LIST4:

LIST5:
LIST6:
LIST7:

LISTS:

LISTO:

LIST1D:

LIST11:

LISTiZ:

LIST13:

MAXPHT , MAXGAM, MINGAM, MAXACC , MAXDEC , PHIDOT , VSNF, VSFF, CUPPER,
CLOWER

NWP,HFINAL, GFINAL, VFINAL, VW, HW
INDEX; ,XWP{ ,YWP; , 2Py Ry, i=CURNPT ,CURWPT+1, . . . ,NWP

I ,GAM; Dy ,XP; ,YP3, 2P, TURN , Ry, DELD, XQ4, YQ3,2Q4;
i=CURWPT+1,CURWPT+2, . . . ,NWP

VMIN;,VMAX;; i=CURWPT,CURWPT+1, . . . ,NWP
TMIN;,TMAX;; i=CURWPT,CURWPT+1, . . . ,NWP
VA;, ENRTIM;,CRCDj; i=CURWPT,CURWPT+1, . . . ,NWP

TIMREFy , TRNREF} , GAMREF} , ACCREFy ; k=CRCD(\jpuprs
CRCDCURWPT+1’ . e ,MAXSEG

TLEADTi,TLEADSi,TLEADPi; i=CURWPT+1,CURWPT+2, . . . ,NWP
XAC, YAC, ZAC,HAC, VAC, CURWPT

HAC, GAMWP , DAC, XAC, YAC, ZAC , TURNAC,, RAC , DELDAC , XQAC , YQAC, ZQAC,
HWP , GAMIP , DWP , XPWP , YPWP , ZPWP , TURNWP , RWP , DELDWP , XQWP , YQWP , ZQWP

TIMREFk,TRNREFk,GAMREFk,ACCREFk; k=1,2, . . . ,CAPSEG

TLEADTI,TLEADsl,TLEADP1
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COMMON PI,TwOPI,G,RADDEG,GTANF I, NWP, HFINAL,GFINAL, VFINAL jHW, VW,
IMAXPHI ,MAXGAM, MINGAM, MAXACC ,MAXDEC,PHIDOT, VENF , VEFF, VUPPER,
2VLOWER,CURWPT,CURWPL ,NWP1,'T,RU, T1,X8C,YAC,ZAC,HAC, VAC,MAXSEG,
3CAPSEG,UAC, TURNAC,RAC,DELUAC, XQAC, YGAC, ZOAL ,HWP ,GAMAP, DAP, XPWP,
UYPWP ZPWP, TURNWP ,RWP ,DELDWP , XUWWP, YQWP, 2UwWP, INDEX(20) ,XWP(20),
SYWP(20),2ZWP (20),R(20),M(21),GAM(21),0(20),XP(20),¥P(20),2P(20),
6TURN(20),DELD(20),Xu(20),YR(20),2Q(20),VMIN(20),VMAX(20),VvA(20],
TVP(20),V0(20),0VW(21),THINC20),THMAX{20),ENRTIM(20),CRCO(20),
BTI11€20),T112(20),7T122¢20),T123(20),7T11,712,722,723, TIMREF(60),
QTRNREF (BO),GAMREF (80),ACCREF(B0),TLEADT(20), TLEADS(20), TLEADP(20)

REAL MAXPHI,MAXGAM,MINGAM,MAXACC,MAXDEL

INTEGER CURWPT,CURWPY,CAPSEG,CRLD

CURWPTE}

CRCD(CURWPT)SS :

READ(S,1) MAXPH],MAXGAM,MINGAM,MAXACC,MAXDEC,PHIDOT,

LVSNF ,vSFF ,CLUPPEN,CLOWER

FORMAT(OF10,1/4F10,1)

READ(S,2) NWP,MFINAL,GFINAL,VFINAL,HW, VA

FORMAT(I10,5F10,1%)

READ(S,3) (INDEXCIY, XWP(I),YWP{]),ZwP (1), R{1),ImCURWPT,NUPF)

FURMAT(I10,4F10,1)

WRITE(6+4) MAXPHI MAXGAM ,MINGAM MAXACC ,MAXDEC,PHIVGUT,
IVSNF,VSFF,CUPPER, CLOWER '

FORMATL/ /72X, "MAXPH]L &', Fb,1/2%, 'MAXGAM 5',Fb,1/2X, 'MINGAM =1,
1F6,1/2%, "MAXACE =',Fe , 1/2X,'MAXDEC =2',Fe,1/2X,'PHIDOT =2!',Fe,1/
22X, VVSNF =+ ,F6,1/2X,'VSFF =1 ,F6,1/2%,'CUPPER =1,F6,1/2X,
SICLOKER  =21,F6,1)

WRITE(S&,5) NP HFINAL ,GFINAL/VFINAL sHW, VW

FORMAT(///72X,"NwP ®1,1d,5X,'HF INAL =),F8,1,5X%,'GFINAL =!',Fd,1,
19X,V VFINAL ='¢FB.1,SX¢‘HW 3';FE.1.5!9'VN ='.FB.1)

wRITE(6,8)

FORMAT(///72%, VINDEXCI) V4%, "XwWP (I, dx, tywP(I),4x, 1 2uP(I),06X,
LRI /) '

WRITECO,3) CINDEXCIYXWPUL),YWP(I)eZWP(L),R(I))ISCURNPT, NuP)

PIs3,14159

TWOPIEb,28319

Ge3eg,172

RADDEG®S7,2958

CURMPLaCURWPT 4]

NAPIBNWP+]

HazHW/RADDEG

M(NWP1I2HFINAL/RADDEG

GAM{NWPL ) GFINAL 7RADDEG

MAXGAMEMAXGAM/RADDED

MINGAMBMINGAM/RADDEG

ORIG
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11
12

13
14
15
1&
17
ig

t9

21
22

23
3
LY

MAXPRIaMAXPHI/RADOEG
GTAMFIBGRTAN(MAXPHI)
PHIDOT=PHIDOT/RADDEG
VUPPEREZCUPPER®VENF
VLOWERECLOWER »V SNF
CALL THREED(R100)
CALL VYRANGE
CALL TRANGE
ENRTIMICURWPT)ISTMIN(CURWPT)
CaLL SPEED :
B0 11 I=CURWP] ;NP
HeIysH(I)=RADDEG
TUAN(I)=TURN(T)«RADDEG
GaM{I)sGAM(I)»RADDEG
WRITE(G,12)
FURMATE///ax,'H(IJ'-ux,'GAM(I)'.bx.'Dclll.Sx,'xP(I)'.Sx.'vpcr)'l
in,iZP(L)'a3X.'IURN(I)',bX.'R[IJ'.SX.lDELDtI)l,SX,'xQ(IJ',Sx,
21Y0(1)Y, 8%, ZalI1' /)
WRITE(6,13) thI).GAMir)thI),XF(IJpYF{I);ZP(I)aTUﬂN(I)rR(I)-
LDELDCLY, XQULY,YQCIN,2QC1), ISCURAWPLNWP)
FORMAT(2X,2F10,2,10FL0,1)
WRITE(&,14).
FORMAT(/ /72X, "VMIN{IIT 10X, 1VMAX(])!/)
WRITE(B,15) (VMINCI),VMAX (1), I3CURWPT NKP)
FORMAT¢3X ,FS,1,12X,F5,1}
WRITE(8,10) )
FORMATE// /72X VTMINEIN Y, 10X, TUAX(]) /)
WRITE(6,17) (TMINCI) TMAX(I), ISCURWPT,NuP)
FORMAT(2X,Fo,1s11%X,F&,1)
WwhRITE(6,18)
BORMAT(///2X, \VACI) 1, 10x, tENRTIMCLII !, 10X, 'CREVCIIT/)
WRITE(6,19) (VA(I),ENRTIM(I),CRCD(T),ISCURWFT, NuWR)
FORMAT(2X,FS,1, 10X, FT,1,15X%,14}
LECRCD(CURKET)
DO 21 KalL , MAXSEG
GAMREF (K)SGAMREF (K)#RADDEG
WRITE(&,22)
FGRM&T(/I!Q!;‘TIMREF(K)';HX,'THNREF(K)l,?x,IGAMREF(K)"Ex'
{VACGREF (K) 1/)
WRITE{(6,23) {TIMREF (K}, TRNREF (K) ,GAMREF (X)), ACCREF (K) ,KEL,MAXSEG)
FORMAT(Z2X,8F14,1)
WRITE(6,31)
FORMAT(//10%, VTLEADTCI) ', 5X, ' TLEADS(I)!,5%, '\ TLEADP (I} /)
WRITE(&,32) (TLEADT(I),TLEADSCL),TLEADP(TI),IGCUKWP] NWP)
FORMAT(2X,3F14,1)
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24
25
2e

27

28
29

1a0
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DO 24 I=2CuRwR) , NWP
M{I)sH(I)/RADDEG
TURNCTIBTURN(I) /RADDEG
GAM(J)YSGAM(T)/RADDEG
READES,25) AL, YAL,2AC,HAC,VAC,CURNWRT
FORMAT(SF10,1,110)
WRITE(A,26)
FORMATC///7Xs " XAC 70, VYAC!) g TXKo VZACY o 7%, THACT, 7X, VAL 6%, ICURWPT!
173
WRITE(&,29) XAC,YAC,ZAC,™al,Val,CURWPY
CURWPIBCURWPT 3¢
HACZHAC/RADDEG
CalLlL TSTC&100)
MACEHAC*RADDEG
TURNACZTURNACXRADDEG
HuPaHwP«RADDED
TURNWPSTURNWPXRADDEG
GAMWP=GAMNPxRADDEG
DACsO,
WRITE(&,27) '
FORMATE/AZ/13X,"HY  Tx, IGAMY 9X D) By, 1dp! , Bx,typ! Bx, V7Pt ,ax,
T'TURNY ,OX IR, aX,'DELDY,8X, VX0 ,8X,'Y3"' ,RX» 2G4
1ZQAC I HUWP , GAMWP yDWP, XPWP, YPWP s ZP#P, TURNWP , RWP, DELDWP, XQuwP, YQwP, Zuwp
FORMAT2X,12F10,.1)
DD 29 X%1,CAPSEG
GAMREF (K)EGAMREF (K} =xRADDEG

WRITE(6,22)
WRITE(&,23) (TIMREF(K),TRNREF(K) ,GAMREF (K] ACLREF(K) KE1.,CAPSEG)
WRITE(6,31)
WRITE(6,32) TLEADT(1),TLEADS(L),TLEADR (1)
CONTINUE
STOP
EnD
Ory
G
6911%£¥4L,pa
R o7 GH
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THREED

Required function:

Using waypoint input parameters and aircraft performance constraints,
THREED computes the 3-D flight-path parameters.

Method: *

Beginning with the last waypoint, the minimum turning radius is computed
and compared to the specified turning radius (if the radius is not specified,
it is set equal. to the minimum turning radius). If the specified radius is
smaller than the minimum feasible one, a diagnostic message 1s printed and
control is returned to the main executive routine FOURD.

Next, the type of waypoint under consideration is determined by checking
the value of INDEXj. For ordinary waypoints {INDEX;=0}, subroutine ROUND is
called; for final heading waypoints (INDEX;=1}, NEWPSI is called. This step
yields the ground track between the waypoint under consideration and the
preceding one. Then an upper bound on the ground speed at the previous way-
point is computed, and the above process is repeated sequentially for all
but the capture waypoint.

When the complete ground track is known, the altitude at the end of the
turn associated with each waypoint is set equal to the prespecified waypoint
altitude and the constant flight-path-angle segments between adjacent way-
points are determined. Each flight-path-angle segment is checked to assure
that the minimum and maximum flight-path-angle constraints are not violated.
If any one of the flight-path-angles is outside the admissible range, a
diagnostic message is printed and control is returned to FOURD.

Input data:

NWP " number of waypoints used to define flight path
- VFINAL desired airspeed at the last waypoint, ft/sec

VW estimated wind magnitude, ft/sec

INDEX 4 waypoint type indicator (see input data for FOURD)
XWP; ,YWP; Cartesian waypoinf coordinates, ft i
IWP3

GTANFI =G+TAN (MAXPHI)

CURWPT index of capture waypoint

CURWP1  =CURWPT+1 ORIGINAL PAGE 13

OF POOR QUALITY
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MAXGAM
MINGAM
MAXDEC
VUPPER
Output data:

Hj

GAM4
Dj

XP;,YP;,
TURN

Rj
DELD;

XQi,YQi,
Q4

maximum admissible flight-path angle, radian
minimum admissible fligh-path angle, radian
maximum admissible deceleration (negative), ft/sec’

maximum admissible cruising airspeed in terminal area, ft/sec

heading of straight flight from point Qi_1 to peint Py,
radian '

flight-path angle from point Qj-1 to point Q;, radian

length of straight flight from point Q;_, to point Pj, ft

X,y,z-coordinates of beginning of turn at waypoint i, ft

angular extent of turn at waypoint i; TURN; > 0 = right turn,
TURN; < 0 = left turn; radian

turning radius at waypoint i, ft

arciength of TURNj, ft

x,y,z-coordinates of end of turn at waypoint i, ft

Temporary variables:

VGMAX

RMIN

HI1

HI

Constants:

GTANFI

PI

78

maximum possible ground speed at waypoint to be processed,
ft/sec

minimum admissible turning radius at waypoint to be processed,
ft

reverse of heading Hj4, at final heading waypoints;
HIl=modﬂ(Hi+1+ﬂ), radian

reverse of heading H;, radian

=G+TAN (MAXPHT)

=3.14159



Subroutine required:

NEWPSI computes ground track between waypoints (i-1) and i when
waypoint i is a final heading type (i.e., INDEX;=1)

ROUND computes ground track between waypeints (i-1), i, and (i+1)
‘ when waypoint i is an ordinary type (i.e., INDEX;=0)}

Called by: FOURD
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( THREED )

i = Nwe
VGMAX = VFINAL + VW

RMIN = VGMAXZ/GTANFI

0 < R; < RMIN

WRITE:
"R; TOO

XQ; = XWP;

YQ; = YWH

HI! =PIMOD (H; 4.4 + PI}
X1 = XQ;

Yl = YQ

Hi = HI

Rl =R,

X2 = pri"l

Y2 = YWPI'—I

NEWPSL

|

TURN; = ~TURN

DELD; = DELDI
XP, = XQI
YP, = YQl

Hj = PIMQD (H2+ PT)

~ ] smaLL”
RMIN= _
}
RETURNI

X1 = XWP;_,
Y{ = YWPi__|
X2 = XWP,
Y2 = YWP,
X3 = XP; 4
¥3= YPi+|
R2 = R,

ROUND

]

xXP, = XpP2
YP = YP2
XQ[ = X@2
YR = YQ2
TURN; = TURNZ
DELD; = DELD2
Di4+1= D3

Hi=H2
1

i £ CURWPI i> CURWPI




XQourwet = XWPcurRweY
YOcurwet = YWFcurweY
ZQcurwer™ ZWPcuaweT

[
i= CURWP!

J
D; = ({XP-l-XQi_.ﬂa+(YPi-YQg_|)?
ZQi = ?_\NF’1

GAM; = (ZQj_—ZQ;) #{D; + DELD;)

V2
)

WRITE:
it
I SAM; ) ouis?c:r;mo'

! ronge "
MINGAM < GAM; < MAXGAM

Zpi = ZQi—|" D"* GAM] RETURNI

(< NWP_ 5 nwp

> VUPPER + VW

< VUPPER + VW

l VGMAX = {VGMAXZ -2 % MAXDEC % {(XP, 1~ XWP; 12 + (YR, -YWP; )2)/2)i2
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SUBROUTINE THREED(#*)

COMMON PI,TwORY,G,RADDEG,GTANFT , NwP , HFINAL,GFINAL, VFINAL,HW,Vu,
IMAXPH] , MAXGAM  MINGAM, MAXACC (MAXDECPHIDOT ,VSNF,V8FF,VUPPEN,
SVLOWER,CURWPT ,CURWP] ,NWPY,1,R0U,TI,xAC,YAC,ZAC,HAC, VAL ,MAXSED,
SCARSEG,UAC, TURNAC , RAC, DELDAC ,XQAC, YGAC, ZAAC , HWP ,GAMWP ,DuP, XPAPF,
UYPWP, ZPAP, TURNWF , RWF ,DELDWP , XUWP, YOWP , ZAWP, INOEX (20, XwP (£20),
SYWP(20),ZWP(20),R(20),H(21),6AM(21),D(20),XP(20),YP(20),2P(20),
STURN[20)},DELD (20, XB(203.¥YB{20),2U0(20),vyMIN(20),VMAX(20),VA(20),
TVP(20),V0(20),0VvW(21),TMINC20),TMAX(20),ENRTIM(20),CRCD(2Q),
BTI11(20),T112€20),7122¢20),1123(20),T11,712,722,723,TIMREF(80),
FTHNREF (B0),GAMREF(B0),ACCREF (B0, TLEADT(20), TLEADS(20),TLEADP(20)

REAL MAKPHI,MAXGAM,MINGAM, MAXALL ,MAXDEC

INTEGER CURWPT,CURWRL,CAPSEG,CRCD

IaNwP

VOMAXEVF INAL+VH

RMINSYGMAX®YGMAX/GTANF ]

IF(R(IN,.GT.0,) GO TO 20

RCEIIsRAMIN
G0 TO 30
JFE(R(]),.GELRMIN) GO TO 30
wRITt(e;EU I,RMIN
FORMAT (/772X PRt 12,1) TUD SMALL, RMIN 3 ',F8,1)
GO TO 100
TFCINDEX(I),EQ,0) GO TO 40
XA(I)sXWPR ()
YRrI)mywe(l)
RI1EPIMOO(K(I+{)+P])
CALL NEWPSI(XN(I)aYB(L) HIL RCIY  XuP{Twl),¥WP(I~1),TURNC(I),
1 DELD(I) XP(T1),YP(E),HI,R100)
TURN(I)==TURN(I)
HEIYsPIMUD(H]+PI)
GO TO 50 ‘

CALL ROUND(XWP (w1, YWP(Iml ), XWR (I, YuP (1), XP(Tel),YP(Iel),R¢(1Y,
LXPCEIY YPLOLY o XWCIY s YOCLY s TURNCI) »ORLDCE) ¢DCI*1)eHCI),R100)

IFCILLE,CURWPLY GO TO 60

Is]=1

IF(veMaX GE,YUPPER+VW) GO TO 10

VOMAXBIRRT (VOMAX «VOEMAX w2  aMAXDECASQRT ¢ (XP LI+l )mXWP(]l))wu2e
1 (YPLlel)=YuP(1))wn2))

IF(VGMAX ,GE ,VUPPERSVW) VGMAXSVUPPER+VW

0O TO 10

XG{CURWPYIZXWRICURWPT)

YQ{CURWPT)ZYWP(CURWRT)

ZWICURWPTISZWPICURWPT)

DO 70 I=CURWPL,NWP



61
70
100

DEIISSARTI(YP () =Xti{Iol))xel2+(YP(IY=YR(]l=]]})e¥2)
L(IY=ZwP{)
GAMILIS(L0(I=1)=Z0¢I)/0(I)+DELD(]IY)

IF(GAM(T Y, LE MAYXGAM AND,GAM(]) GEMINGAM) GO TU 70
WRITE(L,61) 1
FURMAT(///2%,'GAMMA QUTSIDE RaNGE!', 110}
GU TO 100

IP(1)2Z0(1=1)=Df1)sGAM(I)

BETURHN

RETURN |

EnD ’
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ROUND

Required function:

This routine is used to compute the ground track parameters of a flight
path defined by three points in the following manmer: the ground track
begins at one of the points with a straight line directed toward the second
point; near the second point, a circular turn of a given radius is made such
. that the resulting new heading is directly toward the third point.

Method:

The headings of the straight lines from the first point to the second
point and from the second point to the third point are first computed. From
their relationship, the magnitude and direction of the required turn are
determined. It is then checked whether the three points are sufficiently
far apart so that the turn computed above is in fact feasible. If either
end point is too close to the middle point, a diagnostic message is printed
and control is returned to the calling program (in this case, THREED). If
the turn is feasible, then the arclength and the x,y-coordinates of the
beginning and end of the turn are computed.

Input data:
X1,Y1 X,y-coordinates of first point, ft
X2,Y2 | X,y-coordinates of second point, ft
X3,Y3 x,y-coordinates of third peint, ft
R2 turning radius at second point, ft

Qutput data:

H2 heading of straight line from first point to second point,
radian

H3 heading of straight line from second point to third point,
radian

TURNZ angular extent of turn near second point, radian

(note: |TURN2|<m)

D2 length of straight line from first point to point where
turn begins, ft

D3 length of straight line from end of turn to third point, ft

DELD2 arclength of TURNZ, ft
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XP2,Yp2 X,y-coordinates of beginning of turm, ft
XQ2,Yq2  x,y-coordinates of end of turn, ft

Temporary variables:

SIGN reflects direction of TURNZ; SIGN=+1 =
TURN2>0, SIGN=-1 = TURN2Z2<O
SIDE distance between beginning {end) of turn and second
point, ft
Constants:
PI =3,14159
TWOPI =6.28319
Subroutine required: - None
Called by: THREED
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ROUND

{d

P =314189

TWOPL = 6.28319

H2 = ATAN2{Y2 Y], X2-X}
H3 = ATANZ(Y3-Y2, X3-X2)
SIGN = SGN {(YB—YE}*COS{HZJ—(XE—XZ)*SIN(HZJ)

SIGN = C

H3: H2

SIGN <0

SIGN; O

HOS

H3 < H2

H3 = H3+ TWOP]

M3 H2

N
H3 > M2

H3 = HS—TWOF’ﬂ

TURNZ =H3 -H2
SIDE = R2 % TAN (ABS{TURNZ)/2)
D2 =((x2-xn2 +{y2-y )2 -SDE

D2<Q

p2:0

03 ={(x3-X2)2 +(Y3~Y2)2)/2-SIDE

03:0

RETURNI

D3 <0

DELD2 =R2%* ABS{TURNZ)
%P2 =X2-SIDE % COS{H2)
YP2 = Y2-SIDE % SIN(H2)
*Q2 = Y2 +SIDE % COS{H3)
YQ2 = Y2 +SIDE % SIN(H3)

RETURN

i

§
{ RETURNI
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SURROUTINE ROUNULRY, Y1 22, Y2523, ¥3,m2,XP2,¥YP2, 42,702, TuRid,

1DELLA2,D3,H2, )

Pizs, 14159

TwDPIsh, 28319

M2 ATANZ (Y2wy ], ad=11)

MEsATANCZ(Y3aY2,i3axg) '

SIGNESGNI(YswyP )« CUSIHZ ) (XG=ad ) adNEm2 )Y

IFESTLN LT, 0, GO TU |

IFER3 LT R2) R3IsME+TwUV]

Gu T4 ¢

TF M3 6T H2) kR3zWiI=Tagb]

TUFnNesHIen?2

SiDezreTan(AurS{TURNZY} /AL,

DRE3GuT((x2a2]Ya(X2mY i)+ (¥2=Y1)1a{vZmw¥{))=5IUE

TPtug, GE U, GO TO 3
wHITE &, 10) x2,Y2
FOMMAT( /772X, twayPUTaTS TOO CLUSE!N7/F20,1/F 20,10
L TU S5 )

DESSENT ((23uX2)a{ XA 2) 4 (Y3=Y @ ) ul{Y3ayY2) 51Ut

IF(L‘-saGELaUe) Gﬂ TH W :
WRITE(L,10) x3,¥5
el Tu %

DELweasks*LRBS(THaNZ)

pP2eX el DB 00O (N2)

YP2sYee s IREASINIHS)

A 2aXge3I0ELCUR(ME)Y

YR22Y2+STI0E+RIN(HIDY

WETURN :

wETURN

BN

4
!
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NEWPSI

Required function:

This voutine is used to compute the ground-track parameters of the
minimum length flight path between two given points; the flight path and
therefore the ground track is subject to a given initial heading and a
minimum turning radius constraint.

Method:

The desired ground track comsists of a circular turn followed by a
straight-line segment. It is first determined whether the two points are
distinct. In the pathological case when the two points coincide, the turn
is set equal to zero and the intermediate computation is omitted. If the
two points are distinct, then the direction of the turn is determined by
noting whether the second point lies to the right or left of the directed
line that passes through the first point and has the given initial heading.
When the direction of the turn is known, its center is computed, and it is
checked whether the second point lies inside the resulting circle. if
the second point lies inside the circle, a diagnostic message is printed
and control is returned to the calling program. If the second point is
not inside the circle, then the three angles ANGLEl, ANGLEZ2, and ANGLE3
are computed and are used to determine the angular extent of the turn.

The last step is to compute the arclength, the straight-line heading
toward the second point, and the X,y-coordinates of the end of the turn.

Input data:
X1,Y1 x,y-coordinates of the first point, ft k
H1 initial heading at the first point, radian
R1 radius of turn at the first point, ft
X2,Y2 X,y-coordinates of the second point, ft

Output data:
TURN1 angular extent of turn, radian (-2% < TURN1 < 2w)
PELD1 arclength, ft
XQ1,YQ1 x,y-coordinates of end of turn, ft

H2 heading of straight line, radi}iﬁ~

Tea
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Temporary variables:

SINH1
CasH1
DX
DY
TEMP
XC,YC
SIGN
SIGNR1
D
ANGLE1
ANGLE?2
ANGLE3
Constants:
HALFPI
TWOPI
Subroutines

Called by:

=sin(H1)

=cos (H1)

=X2-X1, ft

=Y2-Y1l, ft

=|ox{+|DY], ft

X,y-coordinates of the center of turn, ft

=+1 if TURN120; =-1 if TURN1<O

=SIGNsR1, ft

length of straight-line segment (or its square}, ft
heading of line from center of turn to first point, radian
heading of line from center of turn to second point, radian

=tan~! (D/R1), radian

=1.5708
=6.,28319
required: None

THREED and TST

39



HALFPI =1.5708

TWOPI = 6.28319

- SINHI = SIN(H)
NEWPST COSHi= COS(HI)

DX = X2 -XI

DY = Y2 =Y

oxl +loy

=0

SIGN = SGN (DY % COSH! - DX % SINHI}
SIGNRI = SIGN % R

XC = X| - SIGNR! % SINHI

YC = Y1 +SIGNRI % COSH

D={X2 -XC¥ +(Y2-YC-RIZ

D=0

TURN! =0

D=(p)2

ANGLE! = PIMOD{H{-SIGN % HALFPI}
ANGLEZ = ATANZ (Y2-YC, X2-XC)

SIGN 20

ANGLEZ < ANGLE!
ANGLEZ = ANGLE2 + TWOPL

f

SIGN <0

*fclose”
X1, X2, Yl
Y2

( RETURMI )

ANGLEZ > ANGLE!

ANGLEZ = ANGLEZ ~TWOPL

|

i

ANGLE3 = ATAN (D/RI)
TURNI = ANGLEZ2~ANGLE!-SIGN ¥ ANGLE3

[-
Y

DELDI= Rl % ABS{TURNI)
H2 = PIMOD (H! + TURNI)
XQ1 = XC + SIGNRI % SIN(H2)
YQI = YC - SIGNRI % COS{H2}

ORIGINAL PAGE IS
90 OF POOR QUALITY
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i

SUBROUTINE NEWPST(Xio¥Yl,HLl,R1,X2,Y2, TURN],DELDL, XU, YR, H2,*)
HALFPlEl,5708
TwGPlse, 28319
SINALESIN(HL)
COSMI=COS (YD
Dysy2eyl
DXsngeit]
TEMFEABS(UX)eaBE(DY)
IFCTEMP GT.0,) O TU 1}
TURNi=Q,
GO TO 5
SIGNESGN(DY*COSHI=DX %S INKHL)
SIGNRI=STGNaR]
YCexi=8 ENRIeSInNA]
YCezY1+S1IGNRI*COSH]Y
Dz AR XCI*(X2mXCI+(¥Y2=YC)2({YR2mYL)=R]xR]
IF(U.,GE.G,Y GO TO 2
wRITECE,10) X1, X2,Y8,Y2
FORMAT(//772%, "wAYPOINTS TOU CLOSE!/2F20,1/2F20,1)
0 TQ o
DaSyRT (D)
ANGLE1=2PIMODIMI=SIGNHALFFRL)
ANGLEZSATANZ(Y2=YC,x2=xC)
TE(STuN LT, 0,) 6O TO 3
IF CANGLE2, LT, ANGLEY) ANGLER2ZANGLEZ+TWOP]
Gao 10 4
[FEANGLER ,GT,ANGLEL) ANGLEZ2SANGLEZ=TWOR]
ANGLEI=ATAN(D/RL)
TURNISANGLE2=ANGLEI=SIGN®ANGLES
DELDI=RIwaBS(TURNY)
MeEPIMODIMT ¢ TURNT)
XQ1sXC+8TGNRL2SIN(HZ)
YalsyYC=STGNRI2COB(ME)
RETURN
RETURN |
EnD
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VRANGE

Required function:

This routine computes the mininum and maximum admissible airspeeds
at each specified waypoint.

Method:

First the wind component along the ground track at the beginning and
end of each turn is computed. Then, starting with the last waypoint and
proceeding sequentially backward, a minimum and maximum airspeed at the
previous waypoint are generated under the following assumptions: the
desired minimum and maximum cruising speeds (VLOWER and VUPPER) are main-
tained as long as possible, at the last waypoint the desired speed VFINAL
is achieved, and speed changes occur at the maximum rate.

Input data:
CURWP1 index of waypoint immediately following the capture way-
point (=CURWPT+1)
NWP index of last waypoeint
NWP1 =NWP+1
Vi _estimated wind magnitude, ft/sec
HW estimated wind direction, radian
Hy headings of straight-line segments in ground track, radian
(1=CURWP1,CURWP1+1, . ., . ,NWP1)
VFINAL desired airspeed at last waypoint, ft/sec
VLOWER desired minimum cruising speed, ft/sec
VUPPER desired maximum cruising speed, ft/sec
MAXDEC maximum admissible deceleration, ft/sec® (negative)
Qutput data:
VMIN;, minimum and maximum airspeeds at waypoint 1,i=1,2, s
VMAX{ ft/sec
DVW; component of the wind in the directioh'Hi, i=CURWP1,
CURWP1+1, . . . ,NWP1l; ft/sec

92
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Temporary variables:

MAXV maximum airspeed at point Qy from which aircraft could decelerate
at a rate MAXDEC and achieve VMAX;  at point P, ft/sec

MINV  maximum airspeed at point Qj from which aircraft could decelerate

at a rate MAXDEC and achieve VMINi+1 at point P. ., ft/sec
Constants: None
Subroutines required: None
Called by: FOURD

93



1= CURWP! = VRANGE

]

Y

DVW; = VW% COS(H; -HW)

i NWPI

i< NWPt

iz NWP
VMIN; = VFINAL
VMAX; = VFINAL

VMAX; +, < VUPPER

i

MAXV = {{ VMAX 11+ DVW,; 4)2-2 % MAXDEC % DVW; 412 -DvW, 4,

MAXYV > YUPPER

VMAX; = MAXY

VMAX; = VUPPER ]

\

VMIMMINH; < VLOWER

VI.OWER {

MINY = ({ VMIN 4, + DVWi1)2 =2 % MAXDEC % DVW, 4} 72 < DVW;4¢

MINV > VL.OWER My
- VLOWER »

VMIN; = VLOWER VMIN; = MINV

I

RETURN

OF POOR QUALITY
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40
50

&0
70

SUBROUTINE VRANGE

COMMON PI-TNOPIaG;RADDEGaGTANFI.NWP.HFINAL.GFINAL;VFINAL.HN.VN.
IMAKPHIuMAXGhM,MINGAH.MAXACC.HAXDEC.PHIOUT,VSNF,VSFF,VUPPER;
EVLDNER.CUHWPT.CUHNPI;NWPi;I.RU.TI.!AC,YAC.ZAC,HAC.VAC,MAXSEG-
3CAPSEG,UAC, TURNAC ,RAC,DELVAC, XGAC, YGAC, ZQAC, HWP,GAMWP ,DWP, XPWF,
uYPwP,zpwﬂ,Tuanp,RNF,DELDwP,XQNP,meP.zuwP,INDExtaoz.wateo)-
SVNP(ZU}-ZNP(ZOJ;R(EOI;H(EI)-GAM(EI).D(?O).XP(&O).YP(EOJ;ZPtEOJn
ﬁTuRN(ZUJ-DELD(ZOI,!G(EO).YQ(EO).ZGCEO).VMIN(EO).VHAX(QD)pVAIZOJ.
?VP(EOJ-VG(EO).Dvwcall.TMIN(QDJ.THAX(EO}pENRTIMEZOJ;CRCD(EUJn
BTIlltEO)-TII?(RO).TIEE(ZOJ-TIEB(ZOJ.Ti!,TIE.TEZ,TZS.TIMREF(SO).
QTRNREF(GO)-GAMREF(EOJ.ACCREF(BOJ-TLEADT(EOJ;TLEhDS(EOJ-TLEAOP(EOJ

REAL MAXPMI,MAXGAM,MINGAM,MAXACC,MAXDEC

INTEGER CURWPT,CURWPY,CAPSEG,CRCD

DO 20 I=sCURwWP1,NWPl :

DVACIISVWRCOSCHCT ) =HW)

IeNuP

VMINCI)IEVFINAL

VMAX (1Y SVFINAL

Izsl=1}

IF(YMAX(T1+1),GE, ,VUPPEKR]) GO TO 40
Mﬂ*V=SGRT(tVHthI*11+Dvw(I+1)Jt*e-a.-MAxDECtD(I+1J)-DVw£1+1)
IF(MAXY ,GE,VUPPER) GO T0 40

VMAX{1YBMAXY
GO TO S0

VMAXLEIYRVUPPER

TFEVMINCI+1),GE,VLOWER) GO TO 80
MINV:SGRT((VMIN(I+1)+DvN(I+1J)**E-&.*MAXUEC*D(I*IJ)vqutI+1)
[F(MINV,GE,VLOWER) GO TO &¢

VMINCI)BMINY
Gu TO 70

VMINEIISVLOWER

IF¢{I.6T.1) GO TO 3D

RETURN

END

Cht
b

oo AL 1%5
ORIGINAL PAGENIS

FaAd

OF POOR QUALITY
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TRANGE

Required function:

The routine computes the minimum and maximum feasible flight times from
each waypoint to the last one.

Method:

The minimum and maximum flight times are computed by use of subroutine
TRANS. Starting with the last waypoint and proceeding sequentially back-
ward, RO is first set to zero. This implies the maximum feasible speed
profile; calling TRANS generates the corresponding minimum flight time
between adjacent waypoints. RO is then set to 1 and the process is repeated
for the maximum flight time between adjacent waypoints.

Input data:

CURWP1  index of waypoint immediately following the capture waypoint

NWP index of last waypoint

Also, all inputs required for subroutine TRANS,

Output data:

TMIN4 minimum feasible flight time from waypoint i (actually, from
point Q;) to last waypoint (to point QNWP)’ sec

TMAX; maximum feasible flight time from waypoint i (actually, from
point Q;) to last waypoint (to point QNWP)’ sec

Temporary variables:

RO (see input data for TRANS)
TI flight time from point Qj.; to point Q; corresponding to a
particular value of RO (TI is the output of TRANS), sec
Constants: None
Subroutines required: TRANS
Called by: FOURD
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TRANGE

i

i = NWP
TMINi =0
TMAX; =0

}_t

RO=0

{1

TMIN; ;= TMIN; +T1

l

RO =

TRANS

0

TMAX;_; = TMAX; + TI

i >CURWPE

RETURN
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SUBROUTINE TRANGE
COMMON PI;TWGPI.G.R&DUEG:GTANFI,NWP,HFINQLQGFINhL;VFINAL;HHpVN'
IHA!PHI|MAKGAMIHING‘MI”AxACClMA‘DEC'PHIDOTIVSNFDVSFFEVUPPEk;
2VLG“EH|CURNPT'CURNPIpNNPl;I.RU|TI;XAC,?ﬁC,ZAC;HAC;VﬁC,MAISEGo
3CAPSEG,DQC,TURNAC,RAC.DLL.DAC.K(JAC.YQAC.ZQAC,HNP,GAHNP,QHP,)(PWP,
QYPNP.ZPNP.TURNMP.RNP,DELDNP. XQHP.YGwP;ZQWP.INOEXEEOJ.XNPIED);
SYNP(ZGJQZWP(ZOJrR(EO)!Hfal3|GAM(21)!0(20);XP(2030YP(20)aZP(EUJo
6TURN(20) ,DELDC20),Xu(20),YR(20),20(20),VMIN(20),VvMAx(20),VA(20),
TVPL20),VG(20),0vW(21), THINC2O), TMAX(20),ENRTIM(20),CRCD(20),
BTI11(203,TI12¢20),T122¢20),7123(20),T11,T12,722,723,TIMREF(80),
QTRNREF(&OJIGAMREF(BO)i‘CCREF(BOJITL&ADT(EO]lTLEADS{EOJJTLEADPKEOJ
REAL MAXPHI;MA!GAM,MINGAH,MAX&CC,MAXDEC
INTEGER LCURWPT,CURWPL,CAPSEG,CRCD
I#NwP
TMIN(IY=0,
TMAX(I)=0,
10 RO=0,
Cali TRANS
TMINCIw]YTMINCIY*T]
RQO=1,
CALL TRANS
TMAX (el Ia3TMAX(I)+T]
IFCL,LE,CURNP]L) RETURN
[e]lw=}
GO T 10
EnND

E\T .
OF Roop o1t o s

s
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SPEED

Required function:

The purpose of this routine is threefold. First, the value of RO that
yields the desired flight time from the capture waypoint to the last way-
point is determined. This is accomplished by an iterative process. Once
the proper RO is found, the 4-D reference commands are assembled in a
chronological sequence. Finally, the appropriate lead times are computed
to compensate for finite roll and pitch rates.

Method:

The iterative procedure to find RO starts with an initial value and
computes the corresponding flight time from the capture waypoint to the last
waypoint. If the resulting flight time differs from the desired value by
more than 1 sec (arbitrary), then RO is updated and the flight-time compu-
tation is repeated.

After the correct value of RO is found, the 4-D reference commands
are assembled between each pair of adjacent waypoints, starting with the
capture waypoint and proceeding to the last waypoint. This operation
results in four arrays that contain the sequences of piecewise constant
4-D guidance commands for the entire flight path. Note that any command
whose time duration is less than 0.1 sec was omitted from the final
sequence.

The last block of computations for each waypoint involves the deter-
mination of the appropriate lead times for finite roll and pitch rate
compensation. Since the lead time for roll-rate compensation depends on
ground speed, and since the ground speeds at the beginning and end of a
turn are generally different, two lead times are computed for each turn —
one applies to the roll into the turn, the other, to the roll out of the
turn.

Input data:
CURWPT index of capture waypoint
CURWP1 =CURWPT+1
NWP index of last waypoint
TMIN-ypweT minimum feasible ﬁlight time from the capture waypoint to
the last waypolnt, sec
TMAXCURWPT maximum feasible flight time from the capture waypoint to

the last waypoint, sec
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ENRTIMZCUprT desired flight time from the capture waypoint to the last
. < <
waypoint, sec (TMINCURWPT'ENRTIMCURWPT'TMAXCURWPT)
index of the reference command applied at the capture way-
point; this variable initializes a pointer for the
sequence of 4-D reference commands

CRED G yrwpT

MAXACC (MAXDEC) maximum admissible acceleration (deceleration), ftr/sec?

R; turning radius at waypeint i, ft

TURN4 direction and extent of turn at waypoint i, radian

GAM; flight-path angle from point Q;_, to point Q;, radian

VP; (VQ;) ground speed at beginning (end) of the turn at waypoint i,
ft/sec

PHIDOT maximum admissible roll rate, radian/sec

VANWP desired airspeed at last waypoint, ft/sec (same as
VFINAL)

DVWNWP1 (see output data of subroutine VRANGE)

Also, all other inputs required for the subroutine TRANS.

Output data:

ENRTIM4 flight time from waypoint i (from point Q;)} to the last
waypoint, sec

VQuwp ground speed at last waypoint, ft/sec

ACCREFk constant value of the reference rate of change of air-

speed during the kth command interval, ft/sec?

TRNREFy constant value of the signed reference turning radius
{or its inverse) during the kth command interval, ft

GAMREF constant value of the reference flight-path angle during
the kth command interval, radian

TIMREFy time duration of the kth command interval, sec

TLEADT lead-time compensation for finite roll rate prior to

rolling into the turn at waypoint i, sec

TLEADS; lead-time compensation for finite roll rate prior to
rolling out of the turn at waypoint 1, sec
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TLEADPi

CRCD3

MAXSEG

lead-time compensation for finite pitch rate prior to
changing flight-path angle from GAM; to GAM; ., at
waypoint i (actually at point Q;), sec

index of the reference command applied at waypoint i
{actually at point Qi)

total number of nondegenerate guidance commands needed
to generate the complete 4-D flight path

Temporary variables:

RO (see input data for TRANS)
TRO flight time from the capture waypoint to the last way-
point corresponding to any given value of RO, sec
TI11,TI12, time duration of the four guidance intervals from point
T122,Ti23, Qj_, to peint Q; corresponding to any given value of
RO, sec
ERROR difference between desired flight time from the capture
waypoint to the last waypoint and that corresponding
to any given value of RO, sec
Constants:
G acceleration due to gravity, 32.172 ft/sec2
Subroutines required: TRANS
Called by: FOURD
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RO=.5
i =CLIRWPT

RO = (ENRTIM; - TMIN;) /{TMAX; - TMIN; )

i = CURWP|
TRO=0

-

TRO = TRO + TI
TIH, = TII

it THZ; = TI2
TI22;=T22
TI23,=723
ENRTIM, = ENRTIM,_ - TI

P < NWP ¢
i NWP
Ob@l?v

Op 'POO;[' » ERROR =ENRTIMc qwet-TRO ]

<j
ERROR] @

[RO= RO +ERRCR /{TMAX CURWPT -TMIN CURWPT)J

. e

[ RC={I-+SGN(RO- 51172 |

4

-5l
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k= CRCOcyRwPT
VQnwp = VAnwp *DVWiwp

i= CURWPI

VA VA,

ACCREF, =0
TRNREF, = &
GAMREF), = GAM,;
TIMREFy = TIl};
k=% +i

TIZ;

ACCREF = MAXDEC

i

ACCREF = MAXACC

RETURN

TLEADP, = ABS(GAM+{~GAM;) ¥ VQi/4.5
TLEADS; = ATAN(VQ#AG%R;)/(2 % PHIDOT)
TLEADT; = ATAN (VPE/(G%R;))/(2 % PHIDOT)

{

K=k +I

TIMREF, = TI23;
GAMREF, = GAM,
TRNREF, = SGN(TURN;) ¥ R;
ACCREF = ©

)

TRNREF), = O
GAMREF, = GAM;
TIMREF, = TII2;
k=k+l

Ti22;

ACCREF,
TRNREF

0
Q

GAMREF, = GAM;
TIMREF, = T122
K=K+ |

ORIGINAT, PAGE I8
OF POOR QuaLITY
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SURBROUTINE SPEED
COMMON PI.TNOPI,G,nADDEG.GTANFI.NwP,HFINlL.GFINAL,VFINAL.Hw,vw.
1HAXPH1.MAXGAH,HINGAM,MA!ACC,MAKDEC.PHIDQT,VSNFpVSFF,VUPPEN,
avLOnER,CURwPT,CURmP1,NuPi,!.HU.TI.XAC,YAC,ZAC,HAC,VAC,MAXSEG.
SCAPSEG,DAC,TURNAC,RAC,DhLDhC.XQhC,YuiC,ZQAC.HNP.GAMwP,DNP,!PNP,
QYPNP.IPNP,TURNNP.RWP;DELDNP.XQWP.YQWP,Z@WP.INDEXtZOJiXNP(ED):
EYwP(EOJ,ZWP(ZOIpH(EOI.H(le.GAM(21).DtEOJ.XPtQOJ.VPLEO),ZP(aOJp
bTURN(EOJ.DELD(EO):XQ(EOJrYQ(ZOJuZG(EO)-VMIN(203;VMAXtZDJpVA(EOJp
7VP(20).VG(EOI.DVN(EIJ.TMIN(ZO)-TMA!(EOJ;ENRTIHCEOJ.CRED(EOJ.
8?111{20).T112(20].rIE&(EOJ.Tlalczoa,711.Tia.Taa.TQS.TIMREFtBOJ.
QYRNREF(EOJ'GAHREFtBO).ACCREF(aU).TLEADT(ZO).TLEADS(EOJ,TL&&DP(EOJ
REAL MAXPHI, MAXGAM,MINGAM,MAXACC,MAXDEC
INTEGER CURWPT,CURWFP1,CAPSEG,CRCD
RO=0,%
[FC(TMAX(CURWPTI=TMIN(CURWPT) 6T ,1,)
1R0=(ENRTIM(CURNPT3-TMIN(CURNPTJJ/(TMA!(CURNPT)-THIN(CURNPI))
1=CURWP]
TRO=0,
CallL TRANS
TROSTRO+T]
TIi1({l}=T11
TI12{11=T1d
Ti22(1)s722
TI23(1)8Tel
ENRTIM(L)ISENRTIM(I=1)=T]
IFC(I.GENWPY GO TO 30
Iz]+1
GO TO 20
FRRORZENRTIMICURWPT )= TRY
IF(ABS (ERROR) ,L.T41.) GO TO 40
ROSRU+ERROR/ (TMAX(CURWPT)=TMIN(CLURWPT))
IF(ABS(RO=0,5),67,0,%9) RO=(1,+SGN{RO=0,%))/2,
GO T 10
KaCRCUOCCURWPT)
VEINWPIZVAINWRPI4DVW(NWP L)
DG 90 IsSCURWRY , NWP
IFCTIILCIY) LTL0,1) GO TO 50
ACCREF (K)=0,
TRNREF(xk)z20,
GAMREF (K)sGAM(I)
TIMREF(K)aTI11(])
KEK+]
IF(Tl12(1Y ., LT,0,1) GU TO &0
ACCREF (x)sMAXDEC
IFCVA{T) GT,va(il=1)) ACCREF(K)mmAxXACCT



60

790

80

S0

CrRC
MAX

END

TRNKEF (un)=D,

GaMeer txYzGam{l)

TIMeEF(RYIBTIIZ2(])

KK+l : -

[Ferige¢In, LT,0,1) GU 1O 70

ACCREF(RYI=U,

TRNREF (k)=20,

GAMREF (X)EGAM(])

TiMREFP ()2TIZZ(])

K=K+l
IF¢TIZ23¢1),LT,0,1) G 7O BQ

ACCREF (mY=0,

TRMNNEF (A SSGN(TURNTE) AR (]

TIMeEF(K)=TI23(]1)

TR
TLEADT(T)RATANC(YP (I &VP (1) )/ (GaR (LYY /(2,xPKIDOT)
TLEAUS (I YATANCIVO(TI® VA1) )/ (G* (1)) /(2,*PaIDOT)
TLEAUP(I)=ARS(GAR(L+11eGAaM I )Y« VAT /4,5
Rrly=K
SELER=]

- RETURN

0O
Qﬁ?%gglégﬂﬁElg
ALEPY
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TTTURN

Required function:

Given the parameters of a circular turn (i.e., initial and final headings
and turning radius), the magnitude and direction of the estimated wind, and a
desired constant airspeed during the turn, this routine computes the time
required to complete the turnm.

Method:

The time spent during the turn is given by expression (87). Since the
tan~! {+) functions in (87) are one-to-many, additional logic must be incor-
porated to arrive at the correct result. The final values of BETA2Z and BETAI
represent the first and second tan™! (+) functions on the right side of equa-
tion (87), respectively.

Input data:

HSTART initial heading at beginning of the turn, radian
TRN direction and angular extent of the turn, radian
RTRN radius of the turn, ft

YWIND magnitude of wind, ft/sec

HWIND direction of wind, radian

VAIR desired constant airspeed dﬁring turn, ft/sec

QOutput data:
TRNTIM time spent during the turn, sec
Temporary variables:

Ci ground speed corresponding to the given airspeed and wind
when the aircraft heading is parallel to the wind head-
ing, ft/sec

c2 ground speed corresponding to the given airspeed and wind
when the aircraft heading is perpendicular to the wind
heading, ft/sec

ALPHAL difference between initial heading and wind direction, radian

ALPHA2 =ALPHA1+TRN, radian
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BETA1 value of the second tan~! (°) function in equation (87), radian

BETA2 value of the first tan~! (*) function in equation (87), radian
Constants:

PI =3,14158

TWOPI ™ =6,28319

Subroutines required: None

Called by: TRANS, TST
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TTTURN

4

PI=3 14159
TWOPL=6,283I19
‘Gi=VAIR +VWIND

2 =(VAIRZ+vwIND2)! /2
ALPHAI=HSTART-HWIND

[ALPHAI

¢

, ALPHA| = ALPHA!-SGN{ALPHAI) ¥ TWOPL

BETAI = ALPHAI/2 l

PI/2= > .000i
[BETAI *

BETA! =ATAN(C2 % TAN(BETAI) /C1}

l

-

ALPHAZ = ALPHAI+TRN
BETA2=ALPHAZ2 /2

>PI

|ALPHAZ| ——}

BETAZ =BETAZ2-SGN{ALPHA2) % PI

1IN,
Oor POOgLQgA Gn s Lian. 0000l

[BETAZI *

-

L BETAZ = ATAN (C2 % TAN( BETA2)/Cl

>PI
lALPHAZ] *

/2N

L BETA2 = BETA2 +SGN{ALPHAZ) % P1

- I

TRNTIM=2 % RTRN % SGN{TRN )*(BETAE-—BETAH/CE—|

RETURN

i

108



SUBROUTINE TTTURN(HSTART , TRN,RTRN, VRIND HWINU,VEIR, TRNTIM)
PIad,14159

TwhPIza,28319

CiaVAIR+VWIND

CR2=SART(VAIR*VAIR+VWINDR*YAIND)

ALPHALZHSTART kMW IND

IFCABSLALPRAL) BT, FPIL) ALPHALZALPHALwSGN(ALPHA LY #TwOP]
BETALl=ALPAALZZ,

1F(P1/2,=4BS(8ETAL),GT,0,0001) BETAIzSATAN(C2xTAN(BETALD)/CYL)
ALPHAZZALPHAL+THN

BETAZzALPMAZ/2,

TF (ABS({ALPHA2) . 6T,Pl) BETAZZRETA2mSGN{ALPRAZ)#P]
IF(PI/2,~ARS(HBETAZ) ,GT,0,0001) SETAZ2ATAN(CZ*TAN(HETAZY}/CL)
IFtABS(ALFHMAR) GT ,PI) BETA2SBETARZ+SUN(ALPHAZ)*P]

TANTINM=2, *RTRN*SGN(TRN)«(BETA2=BETALY /02

RETUKN

END

ORlgny
AL
o Poog 08 Is
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TRANS

Required function:

Given a value of 1i,2<i<NWP, certain parameters of the 3-D flight path

between waypoints (i-1) and i, the minimum and maximum airspeeds VMIN1 )

VMINi,VMAXiﬁI,VMAXi, and a specific value of RO, this routine computes the

transfer time from point Qi_1 to point Qi'

Method:

First the airspeeds at waypoints 1i-1 and i are computed using the
minimum and maximum admissible airspeeds and the speed level parameter RO.
Then the corresponding ground speeds at the beginning and end of the straight
flight segment are determined. Next, the parameter RO 1is used to determine
the point in the straight flight segment at which the necessary speed change
should begin. Once the lengths of the constant speed and constant speed-
change segments are known, the corresponding time durations are calculated.
In order to determine the flight time during the turn, subroutine TTTURN is
called.

Input data:
i waypoint number indicating the second of a pair of
adjacent waypoints between which the transfer time
is to be computed, 2<i<NWP

VMINi_l(VMAXi_ ) minimum (maximum) admissible airspeed at waypoint i-1,

ft/sec

VMINi,VMAXi minimum (maximum) admissible airspeed at waypoint i,
ft/sec

RO fraction indicating speed profile deviation from maxi-

mum admissible speed profile, 0<R0<1
DVWi component of wind along the headlng H , ftfsec
MAXACC (MAXDEC) maximum admissible acceleration (deceleratlon) ft/sec?

D.1 length of stralght line segment from point Q to
point P ft

H. heading of stralght line segment from point Q to
point P radian

TURN. direction and magnitude of turn at waypoint i, radian
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R. radius of turn at waypoint i, radian

1
VW wind magnitude, ft/sec
HW wind direction, radian
Output data:
VAi;l,VAi airspeeds at waypoints i-1 and i, ft/sec
VQi—1’VPi ground speeds at points Qi_1 and Pi, ft/sec
T11 durations of straight flight flown at constant ground speed
vVQ. ., sec
i-1
Ti2 duration of straight flight during which speed is changed
from VQ. to VP,, sec
i-1 i
T22 duration of straight flight flown at constant ground speed
VP., sec
1
T23 duration of curved flight flown at constant airspeed VAi,
sec’ X
TI duration of flight from point Qi-1 to point Qi’ sec

Temporary variables:

Al2 rate of change of speed occurring in straight flight, ft/sec?
512 distance required to change speed from VQi__1 to VPi at a
rate given by Al2, ft
522 iength of straight flight flown at constant ground speed
VvP., ft
1
Constants: an@§xaﬁj”

R L
T o
R s A
Subroutines required:” TTTURN

T

Called by: TRANGE and SPEED
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{ TRans )

1

VAi_l = VMAXi_l“RO*(VMAXi_I‘VMIN'I_I )

VA, =VMAX; -RO %
VQ'[_| = VAi—l+ D\f"ﬁ/-I
VP, = VA; + DVW;
Al2 = MAXDEC

(VMAX; = VMIN, }

Vpi > VQ;.._j

\

AI2 = MAXACC
| [
512 =(VP2-VQZ | )/(2% AI2)
S22 =RO% {D;-SI2)
TI = (D;-S12-522)/VQ;_
T2 = (Vpi —VQi_|)/A'2
T22 = $22/VP,
Y
HSTART = H,
TRN = TURN,;
RTRN = R,
VWIND = VW
HWIND = HW
VAIR = VA, 0
‘B
1r op Wy, ,
D8 g6
TTTURN 4L

]
T23 = TRNTIM
TI=TI+TI2

+T22+723

RETURN

S



SURKOUTINE TRANS

CUMMON PI,TWDPInG,HADDEGnGTANFI,pr,HFINAL,GFINAL,VFIN&L,HN,VN,
lﬂhpol.MA:GAM.ﬂlmuam,MAxALc,MAquc.PHIDUT.VsmF,vS&F,vuPPER,
EVLOHEH,CURNPT,CURNPl.pri,I,HU,TI,XAC,YAC,ZAC,HAC,VAC,MAKSEG,
SCAPSEG.UAE.TURNaC,RAC.DELDAC,xuac;Vunc.ZQAC,HNP,GAMwP,DwP,xPWP,
HYPNP-ZPNP-TUHMWP,RWP.UELDﬁP.quP.YHwP,Zump:INOEKIEO),XNP(aﬁj.
SYWP (209, ZWP(203,R(20),M{21),6AM(21),0(201,XP(20),¥YP(201,2P(20),
bTURN{&DJ.DELD(EO).!H(&OJ-YU(ZO),ZQ(EO);VMINCBU);VHAX(BUBaV¢(201-
TVPE20),VA(20),DVA(21), THINC20 ), THAX (20),ENRTIM(20),CRCD(20],
8T111(293.T112(201,Tlaatao).TIaS(QO).T11,Tle.Tea.TES.TIHHEF($O}a
QTHNREFIEO):GAMREF[HO).AKCQEF(50).TL&ADT(ED),TL&&DS(&O),TLtAOP(ZU}
REAL MAXPHI,MaXi3AM, MINGAM, MAXACL,MAXDEL

INTEGEWR CURAPT,CURWK],CAPSEG,CRCD
VACI=1)SYMAX (w1 arkUe (VAKX ]=1)wvMIn{]*1]))

VACIYayMAX(]) =Ry (vMAL{])=vMuIal]l)) '
Vall=133vA(lalYalvu({l]}

yR{l)svAal[YsOvn( D) :

Al 23MAXDEC

IF (VP {1) . GT,vQfI=1Y) al12=maxaccC

S122(VP (1) evP(T3eva(lei ) eyl (lal))/(2,%812)

gePz=Ru*(D(I)=812)

T115(0(1)=512e522)/VvR{TImt]}

T12s(vP({Ty=va(l=1)1/412

TeRz8p2asVEL])

Capl TVFURN(H{I):TURN(I)nH(l);VWoHWpVAfLJ'T£33

TIsTi1+T1 247224723

RETURN

END

GE IS
ORIGINAL PA
OF POOR QUALITY
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TST

Required function:

This routine is used to generate a 4-D capture flight path from the
current aircraft state to one of the waypoints {capture waypoint) on the pre-
computed flight path.

Method:

The capture flight path is computed in several distinct stages. After
proper initialization, subroutine NEWPSI is used in an iterative fashion to
generate the ground track. If at any stage of the iterative process the
ground track is not feasible (because the aircraft is located too near the
capture waypoint), a diagnostic message is printed and control is returned te
the calling program.

After the ground-track parameters have been computed, the constant flight-
path angle is determined. If this angle falls outside the permissible range,
a diagnostic message is printed and control is returned to the calling
program,

Next it is checked whether the ground track (its straight segment) is
long enough to allow the required speed change. If not, a diagnostic message
is printed and control is returned to the calling program.

The last stage of the process generates the sequence of 4-D reference
commands for the capture flight path and the lead times associated with the
capture waypoint. This stage is analogous to the last stage of subroutine
SPEED.

Input data:
XAC,YAC,ZAC X,y,z-coordinates oflaircraft position, ft
HAC aircraft heading, radian
VAC airspeed of aircraft, ft/sec
CURWPT index of the capture Waypoint, 1<CURWPT<NWP
VW wind magnitude, ft/sec
HW wind direction, radian
XQCURWPT X,y,z-coordinates of capture waypoint (actually of the
YQeyuRweT end of the turn associated with the capture way-
ZQcyurweT point), ft
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VACURKPT

HCURWP1

MINGAM (MAXGAM)

DVWCURWP1
MAXACC (MAXDEC)

PHIDOT

VQcurwPT

GAMCURWP1

Output data:

TURNAC

RAC
DELDAC

XQAC, YQAC , ZQAC
VQAC

HWP

GAMP

DWP

XPWP,YPWP, ZPWP
TURNWP

RWP

airspeed at capture waypoint, ft/sec

heading of straight-flight segment immediately fol-
lowing the capture waypoint, radian

minimum (maximum) admissible flight-path angle, radian
wind component along the heading Hgypypy, ft/sec

maximum admissible acceleration (deceleration),
ft/sec?

maximum admissible roll rate, radian/sec

ground speed at the end of the turn associated with ths
capture waypoint, ft/sec

flight-path angle immediately following the capture
waypeoint, radian

direction and magnitude of first turn in the capture
fiight path, radian

turning radius of first tura in capture flight path, ft
arclength of TURNAC, ft

x,y,z-coordinates of end of first turn in capture
flight path, ft

ground speed at end of first turn in capture flight
path, ft/sec

heading of straight segment in capture flight path,
radian

constant flight-path angle of the capture flight path,
radian

length of straight segment in capture flight path, ft

x,y,z-coordinates of beginning of second turn in
capture flight path, ft

direction and magnitude of second turn in capture
flight path, radian

turning radius of second turn in capture flight path,
ft '
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Temporary variables:

116

DELDWP

XQWP , YQWP , ZQWP
VPWP

ACCREF
TRNREF,
GAMREF;

TIMREF)

TLEADT,
TLEADS;

TLEADP{

CAPSEG

VWP
HH2

HH1

TEST

DUMMY

Al2

arclength of TURNWP, ft

X,y,z~-coordinates of end of second turn in capture
flight path (same as XQCURWPT’YQCURWPT’ZQCURWPT)’ ft

ground speed at beginning of second turn in capture
flight path, ft/sec

constant value of the reference rate of change of
airspeed during the kth command interval, ft/sec?

constant value of the signed reference turning radius
{or its inverse) during the kth command interval, ft

constant value of reference flight-path angle during
the kth command interval, radian

time duration of the kth command interval, sec

lead-time compensation for finite roll rate prior to
rolling into the turn at the capture waypoint, sec

lead-time compensation for finite roll rate prior to
rolling out of the turn at the capture waypoint, sec

lead-time compensation for finite pitch rate prior to
changing flight-path angle from GAMWP to GAMCURWP1
at the capture waypoint, sec

total number of nondegenerate guidance commands needed
to generate the 4-D capture flight path, 1<CAPSEG<4

airspeed of capture waypoint, ft/sec
reverse of heading Hpypwpy, radian

heading of straight line generated by NEWPSI the first
time it is called in the iterative process, radian

variable that measures the convergence of the iterative
process generating the ground track of the capture
flight path, radian

wind component along the heading HWP, ft/sec

rate of change of speed occurring in the straight-
flight segment of the capture flight path, ft/sec?



512 distance required to change speed from VQAC to VPWP at
a rate given by Al2, ft

TA time duration of any one of the command intervals in
capture flight path, sec

Constants:
PI =3.,14159
G | acceleration due to gravity, 32.172 ft/sec?
GTANFI =G*TAN(MAXPHI)

Subroutines required: NEWPSI and TTTURN

Called by: FOURD
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TST

Y

RAC = (VAC +VW)2/GTANFI
XQAC = XAC

YQAC=YAC

VWP =VAcyrwPT

XQWP = XQcyaypr

YQWP = YQcurweT

ZQWP = ZQcurwet

RWP =(VWP+VW)Z/GTANFT
HH2 = PIMOD(H e pwpy + P1)

1
Xl = XQWP
Yi = YQWP
HY =HH2
Rl = RWF
X2 = XQAC
Y2 = YQAC
\
NEWPSI

TURNWP = TURN]I
DELDWP = DELDI
XPWP = XQt
YPWP= YQ!
HHI=H2

X2 XAC
Y1=YAC

HI= HAC

Rl =RAC

X2= XPWP
Y2:YPWP

]

NEWPST

{ RETURN! )

WRITE:

"GAMMA

outside
range "

MINGAM SGAMWP < MAXGAM

GAMWP = (ZAC-ZQWP)/{DELDAC +DWP +DELDWF)
DWP = {{XPWP-XQAC) +{ YPWP -YQAC)?)'/2
TURNWP = - TURNWP

2002

TEST

TEST = ABS (PI-ABS(HWP-HHI))
{

HWP = H2

- YQAC=YQ!
XQAC = XQi
DELDAC = DELD!
TURNAC = TURN!

4

ORIGINAL PAGE IS
s OF POOR QUALITY



7

DUMMY = VW ¥ COS(HWP ~HW)
VQAC = VAC + DUMMY -
VPWP = VWP + DUMMY
VQWP = VWP + DVWe rwpi
AlZ = MAXDEC

VPWE VPWP> VQAC

VQAC/
Al2 =MAXACC

512 = (VPWPZ-VQACE) /(2 % Ai2)

S12 >DwpP
312: DWP

WRITE:

" Deliay
too large®

- ZPWP = ZQAC -DWP ¥ GAMWP

7QAC = ZAC ~DELDAC % GAMWS J

RETURN!

HSTART = HAC
TRN = TURNAC
RTRN = RAC
VWIND = VW
HWIND = HW
VAIR = VAC

{ TTTURN )

TA=TRNTIM

ORIGINAL PAGE 18
OF POOR QUALITY
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f-'lCCREFk =0
TRNREF, = SGN{ TURNAC) ¥RAC

<0

GAMREF, = GAMWP
TIMREF, = TA

k=k +|

r TA={DWP-5I12)/ VAT J

—

ACCREF, =G
TRMREF, =0

%\
<0l

GAMREF; = GAMWP
TIMREF, = TA
Kkt

|

TA=(2 %5121/(VOAC +VPWP)]

ACCREF, = Al2
TRMREF,= C
Ta GAMREF, = GAMWP
TIMREF, = TA
<0l k=k+1
|

HSTART = HWF

TRN=TURNWP

RTRN = RWP

VWIND = VW

HWIND = HW

VAIR =VWP

TA=TRNTIM
ACCREF, =0

TRANREF, = SGNITURNWP) %RWP

<!

=1 GAMREF, = GAMWP
TIMREF, = TA
k=k+ |

CAPSEG =k-!

TLEADT| = ATAN/VPWPZ/(GXRWP)) /(2 % PHIDOT)
TLEAGS, = ATAN{VQE rypr /(G ¥RWP) 2 % PHIDOT)
TLEADPM = ABS (GAMCURWPT—GAMWP) *VQ CURWPTM' 3

RETURN

ORIGINAL PAGE Is
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SURROUTINE TET ()

COMMON P1,TwWOPI,G,RADDEG,GTANFI, NaP , HFINAL,GFINAL,VFINAL ,HW,VH,
IMAXPH]I , MAXGAM, MINGAM MAXACC,MAXDECG, PHIDOT VONF ,VSFF ,VUPPER,
EVLOWER, CURNPT.CUprl NwPL,I,RU,11,XAC,YAC,ZAC,HAC,VAC,MAXSEG,
ICAPSEG,DAC, TURNAL,RATC, DELDAC;!GAC:YGAC-ZQAC HWP,GAMWR ,DWP, XPWP,
HYPNPaZPﬂP.TURNNP.RHP:DELDNP,KQWP,YGHP,ZGNP.INDEX(EOJ,XwP(EOJ,
SYWP(20),ZWP(20),R(20),H(21),6AM(21)1,D(¢201,XP(20),YP(20),2ZP(20),
STURN(20),DELD(20),XAC20),YG(20Y,2G¢20),VMIN(20),VMAX (20}, vA(20),
TVRE20),vA(20),D¥vW{21),TMINE2O), TMA!(EO),ENRTIMIEO).CRCDIED).
BTI11¢20),TI12¢20),T122¢20),T123¢20),T341,T712,722,723, TIMREF(80),
JTRNREF (BO),GAMREF (80),ACCREF (80), TLEADT (20, TLEADS(20), TLEADP (20)

REA|L MAxPHI.MAXGAH.MINGAM,MAXACE,HAXDEC

INTEGER CURWPY,CURWPY,CAPSEG,CRCD

RACA(VACSYN) 2 {VAC+VN)/GTANF]

XWACEXAC

YRACEYAL

VHPEVA{CURWRT)

AGWPEXQ(CURKPT)

YAWNPEYQ(CURWPT)

ZUwPeZQ{CURNPT)

RAPA(YWPSYNT R (VWP eV i) /GTANF]

AH28PIMUD(H{CURNF{I+P])

CALL NEWPSI(XGWP,yQaP HH2,RWP,XUAC,YRAC, TURNKP, DELDWP,XPWP,YPWP,
1HH1,8100)

CalL NEwPSI(XAC.YAC.HAC.RAC.XPWP.YPHP,TURNAC;DELDAC.XU#C-YQAC.
tHwP,2100)

TESTEARS{PI=ABS (HwParHL))

IF¢TEST,GE,0,02) GO TO 10

TURNWPE=TURNWPR

DWPSSORT((XPWP=XQAC ) w22+ (YPWPeYUAC)ww2)

GAMWPR(ZAC=ZOWP)/({DELDAC+DWP+DELDWP)

IF(GAMWP ,LLE ,MAXGAM, AND GAMWP,GE (MINGAMY GO TO 20

WRITE(&,15)
FORMAT(//7/72X,'GAMMA QOUTSIDE RANGE')
GO TO 100

DUMMYZVA*LOS(HWP=Hu)

VUACSVAC+DUMMY

VPWPEVWP#DUMMY

VOWPSVWP+DVR(CURWPL)

dy2sMAXOEC

IF¢VPAP,GT,vRAC) Al2amaxaCC

S128(VPWPHVPWP=VRACHVWAC)/ (2, %A)2)

IF(Si2,LE,DuP) GO TO 30

WRITE{6,25%)
FORMAT( /772X, '"DELTAV TUO LARGED)
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&4

790

89

100

122

GO TJY 199
ZridLzal=LELDALshaMa®P
ZFRaPZiRAl=0nPaliaMupP
Kzl
DALl 1TTURN(HIC, TURNAD , A0 VW, ma, VAL, TAR)
IF(Ta,LT,0:.1Y GO 10 59
aCLHEF {®)20,
TRNREF {RIESEN{ TUrNLGL Y erAC
GAMREF (K 2L AMAF
TIMHEF(K)sT8
RN
Taz{DwPkP=S12)svizal
IFCTa, LT ,G,1) Gu TN &m0
Aal(HeF (120,
TRNReF (R )a(,
GAMBREF (R iz aMuwp
TIMmeF (K)=14
Keasl
Tas(2,a512) st vAAD sV
IFCTA,LLT U1y GU TO 790
ACCREF(RYmal2
TRNHEF (K)=0,
GAMREF (EjaQiMwP
TIMREF (K )=T4
K=K 41
CALL TTTURN(HAP, TURNWP WP, ¢y My, VP, T4}
TRLTa, LT,0,1) GU T 8O
ACCREF{®)ZD,
TRNREF (K )=SGN{TURNAP Y erwP
GAMREF{K)SGaAMAY
1IMREE(K)=T4
KEK 4]
CaRSELzK=]
TLEADT L1 IZATAN( (VP wPevPaP )/ (GaRwPYT/ 12, sPHTLOTY
TLCEADBCI)aATANCIVULCURarT ey (CURARTII/LGRRAPIY /(2 sPHTIUOT
TLEADF (1)SAGS (GAM(CURWP L) =G AMAP I wVa{CURwPTI /U, S
ReTuURN
QETURN 1
END

ORIGINAL PAGE IS
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PIMOD (XYZ)

Required function:

This function converts an arbitrary angle XYZ to the equivalent angle
within the range -un<XYZ<rw,
Method:

If XYZ > w, it is decreased by 2m decrements until it falls within the
desired range. If XYZ < -m, it is increased by 27 increments until it fall
within the desired range.

Input data (argument):
XYZ any angle, Tadian

© Qutput data (value of function):

- PIMOG(XYZ) , -m<PIMOD (XYZ} 27
Temporary variaﬁles: None
Constants:
PI =3.14159
TWOPI =6,28319

Subroutines required: None

Called by: THREED, NEWPSI, and TST

s
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PIMCD(XYZ)

P1=314159
TWOPI = 6.28319
PIMOD=XYZ

1

PIMOD = PIMOD ~TWOPI

PIMOD = PI 3

PIMOD: PL PIMOD > Pl
RETURN

PIMOD < PI

1

PIMOD = PIMOD + TWOPI

4

PIMOD:-P1
PIMOD < -PI

PIMOD > -PI
RETURN
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FUNCTINON PIMAD(XYZ)
Plzs,14]15%9
TwhPlze , 28319
PIMOD=xY?
IF(RPIMOD,EQR,FL) RETURN
IF(RPIMOLLLT,PIY GO TO 20
PIMOOSPIMOD=TwOPR]
GO 10 10
IF(RIMODD GT,=P1) RETURN
PIMODRPIMODS TWOPI
GO Y0 20
EnD
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SGN(XYZ)

Required function:

This function generates the sign of its argument.

Method:

If XYZ 2 0, the value of the function is set to +1; if XYZ < 0, it is
set to -1,
Input data {(argument]):

XYZ any number

Output data (value of function):

_f{+1 if XYz z O

SGN (XYZ) - {-1 if XYZ < 0O
Temporary variables:  Nomne
Constants: None

Subroutines required: None

Called by: ROUND, NEWPSI, SPEED, TTTURN, and TST
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SGN (XYZ)

SGN =1

XYZ<0

SGN =-1

RETURN
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FUNCTION SGNEXYZ)
SGN=EY,

IFCRYZ ,LT,0,) SunNs=i,
RETURN

END

ORIGINAL PAGE IS
OF POOR QUALITY
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CALL FDURD

MAXPHI = 30,0
MAXGAM = 15.0
MIMGAM = =7.5
MAXALL = 1.0
MAXINEGC = ~1,0
PHIDAOT = 5.0
V3F = 160,0
MERE = 12040
CUPPER = 1.7
CLOWER = 1.3
NHR = & HF INAL = 0.0 GFIMAL =
IINEX L) P (1) YWP (1) IWPLI) RITY
1 7500.0 BROG0.0 =3240.0 0.0
4] 23000 .0 ROON .0 -3240,0 4000 .0
0 FELTTING -A500.0 ~3240.0 £000,0
O =17000,0 ~8500,N =3240,0 6.0
1 =17%00,.0 N0 -1HN0 .0 4250,0
1 =H00ON0 N }of} =H{1{) 4} 0.0
HIL) GAMI 1) IR XPIT) YPII)
0.00 N.00 115nn.0 16000.0 R0 D
~50, 00 0,00 85000 Z23000.0 =4 500 40
180,00 400} J6NNN.O =17000,.0 =HSH0 L0
Lan, 00 -5 . 9h 0N, 0 <17500.0 “B5100.0
=000 ~-6heN3 950N.0 -A000. 0 —.0
KSR ATI R ] Hhidd )
255 .8

1G5h.0

D.0

ST EDVd TYNIOIHO

ALTVAD 400d 40

VFINAL =
IPL1} TURMIT)
=3240,0 =90,.,0
=3240,0 =90,0
=-3240 0 i
=31 HA LN -1A0.0
00,0 1.0

135.0

RUIY

&£0N0,0
A4000,0
PNRTLG
4250,0

QRAl,2

= 180.0 Vi
NELNET) X0}
H2R3,.2 23000,0
bP2R3,7 190N0,0
0.0 ~17000,0
13351, =175800,0
0.0 =A0NG.0

= 0.0
Yoin FAMB R
4000,0 =3240,0
~H500,0 =3Z240,0
=BS0N, 0 =3240,0
0.0 =1R0N.0
.0 =A0N,.0



0¢t

19%.0 255,0
195 .0 25540
1949.0 194, 0
192 .0 19240
135.0 135.0
THMINITY THAXIT)
4(thae 3 433.0
4346,5 391 .8
27845 31640
1an,.1 130,56
5747 HR.3
0.0 Oa0
VYALT) EMRTINIY CRCOUTY
2hh, 1) 406,3 5
255,n 33h,.,9 7
255,0 2TH.H 9
164,00 130.1 11
192,0 57.9 14
135.0 -0.0 lﬁ
TIMREFRK) TRNREFIKY GAMREF (X} ACCREF{K}
45,1 NN e} n.o
2hab —4000.0 0.0 n.n
33,3 0.0} N0 N0
Zhab 4000 ,0 0,0 0.0
A7.5 0.0 0.0 (1]
fi)ald (ha 0.0 ~140
s h 0aly —-6.0 0.0
FINS] n.0n ~h 4} =1.0 1
£9,5 4 250,0 6.0 0.0
[$ 3 0.0 ~6Ha 0 a0
5740 0.0 —6.0 -1,0
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TLEARTII)

2.1
2.7
3.0
1.5
3.0
XAC YAC
-5000.0  15000.0
H GAM
0.0 &4
-34.6 4

YIMREF (K)

R.9

TLEANTLE)

3.0

TLEADSA{T) TLEADP(T)
2.7 0.0
267 0.0
3.0 445
1.5 0.1
3.0 3.2
ZAC HAC VAC
=2000.0 0.0 215.0
D xXP Yp
0.0 =5000.0 150000
9961.9 55112 #619.8
TRNRZFIK) GAMREF (K )
=40T71.% 449
00 4.9
0.0 ha%
3500.8 ba9
TLEADSID) TLEADBPLY)
3.0 4uf

CURWPT

1

P

~2000,0
=3059.h4

ACCREF (K}

TURM R NELD Xa
-4 .5 4071 o4 2460, 0 -26R7,0
A4k 3500.8 2115.2 7500.0

YO

14279,2
ROOD .0

0

=2208,8
=3240.0
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