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Spherical Mapping and Analysis of Aircraft Angles
for Maneuvering Flight

Juri Kalviste*
Northrop Corporation, Hawthorne, California

A spherical mapping technique has been developed for displaying attitude angles of aircraft and flight path in
three-dimensional maneuvering flight. The three sets of aircraft angles are the Euler angles, flight path angles,
and aerodynamic angles. A computer graphics display has been developed. The display shows the interrelation-
ship among these angles. The aircraft and velocity vector axes of rotation are also shown by the same mapping.
Using this display, it is clearly shown that for a coordinated maneuver, the aircraft does not roll about the veloc-
ity vector. A coordinated maneuver is achieved by rolling the aircraft about the axis of rotation of the velocity
vector. The spherical mapping is also used to derive useful relationships among the aircraft angles.
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Nomenclature
= acceleration due to gravity, ft/s2

= load factor along body x axis, g
= load factor along body y axis, g
= load factor along body negative z axis, g
= aircraft rotation vector resolved about body x, y,

and z axes, respectively
= aircraft velocity vector resolved about body x, y,

and z axes, respectively, ft/s
= total velocity (U2 + V2 + W2)*, ft/s
= aircraft and target position coordinates (X,Y)

horizontal, (H) vertical positive up
= aircraft heading angle, horizontal angle between

some reference direction (e.g., north) and the pro-
jection of the aircraft x axis on the horizontal
plane; positive rotation is from north to east

= aircraft pitch angle, vertical angle between the air-
craft x axis and the horizontal plane; positive rota-
tion is up

= aircraft roll angle, the angle between the aircraft
x-z plane and the vertical plane containing the air-
craft x axis; positive rotation is clockwise, about
the x axis, looking forward

= flight path heading angle, horizontal angle be-
tween some reference direction (e.g., north) and
the projection of the velocity vector on the
horizontal plane; positive rotation is from north
to east

= flight path elevation angle, vertical angle between
the velocity vector and the horizontal plane;
positive rotation is up

= flight path bank angle, the angle between the
plane formed by the velocity vector and the lift
vector, and the vertical plane containing the
velocity vector: positive rotation is clockwise,
about the velocity vector, looking forward

= angle of attack, the angle between the aircraft x
axis and the projection of the velocity vector on
the aircraft x-z plane; positive rotation is from the
z axis toward the x axis
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/? = sideslip angle, the angle between the velocity vec-
tor and the aircraft x-z plane; positive direction is
when the velocity vector is to the right of the x-z
plane, when looking forward

T = total aerodynamic angle, cos ~ ! (cosa cos/3)
w = total aircraft rotation vector (P2 + Q2+ R2)Vl

UPR = aircraft rotation vector component in the x-z
plane (P2+R2)l/2

Subscripts
B = body axis
E = Earth axis
p — pipper
PR = aircraft rotation vector component in the x-z

plane
R = aircraft axis of rotation in body coordinates
S - stability axis
T = target
v = velocity vector axis of rotation in body

coordinates
vw - velocity vector axis of rotation in wind axes
W = wind axis

Superscripts
( ) = derivative with respect to time
( )' = azimuth and elevation angle of vector projection

in x-z plane

Introduction

I N order to analyze aircraft maneuvers, the engineer must
know the aircraft attitude, flight path direction, and air-

craft attitude relative to the flight path. In particular, to
analyze the control of aircraft rolling motion, the engineer
must also know the direction of the aircraft axis of rotation in
inertial coordinates and relative to the direction of flight. The
relative attitude of the aircraft and flight path is defined by
angles between the aircraft coordinates, inertial coordinates,
and flight path (velocity) vector. Conventionally, we plot
each of these angles, representing three-dimensional motion,
as a function of time for a given maneuver. However, these
time history plots do not clearly show the interrelationship
among the angles.

For some simple restricted maneuvers, we can show the
angular relationships on a two-dimensional plot. If we con-
sider only the longitudinal motion of the aircraft in the vertical
plane, with zero sideslip angle and roll angle, the angular rela-
tionship can be represented as shown in Fig. 1. For the direc-
tional motion of the aircraft in the horizontal plane, with the
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pitch angle, angle of attack, and roll angle being zero, the
angular relationship can be represented as shown in Fig. 2.
These two two-dimensional representations of angles apply
only under the restricted condition where all the angles are
defined in the same plane. For more general maneuvering con-
ditions, these relationships do not apply. Unfortunately, these
simple relationships are sometimes used under conditions
where they do not apply, since these are the only simple rela-
tionships that can easily be visualized.

The more general definition of the angular relationships
involves angles between vectors in three dimensions. The
three-dimensional relationship is then represented by a two-
dimensional figure. A typical example of such definitions of
the angles is shown in Fig. 3.1 Two sets of angles are de-
fined. One set consists of the Euler angles (^,0,$), which
relate the aircraft attitude to inertial coordinates. The other
set consists of the aerodynamic angles (a,/3), which relate the
velocity vector to the aircraft coordinates. A third set, which
consists of the flight path angles (0,7,11) is not shown, since
this would make the figure overly complicated. Another
reason for omitting the flight path angle set from this figure
is that this set of angles is redundant. For example, in Fig. 1
the orientation of the aircraft x axis and velocity vector can
be defined by the two angles 6 and a. Similarly, the two
angles ^ and /3 define the orientation of the aircraft x axis
and velocity vector in Fig. 2.

The Euler and aerodynamic angles are used in stability and
control analysis, while the flight path angles are used in
point-mass trajectory analysis. It would benefit both
analyses to visualize all three sets of angles at one time to
analyze aircraft stability and maneuverability.

Another simplified model that is used to visualize aircraft
maneuvers is shown in Fig. 4. It shows that if the aircraft
rolls about the velocity vector (stability x axis for zero
sideslip angle), the angle of attack is constant and the
sideslip angle is constant (zero if the initial value is zero).
This condition is true only if the direction of the velocity
vector is constant, e.g., in a rotary balance wind tunnel test.

Rolling about the velocity vector is a good approximation
of a coordinated maneuver for small roll oscillations about
the wings' level steady-flight conditions. These conditions
are normally used for lateral-directional stability analysis
and control law design. For large-angle maneuvers, the
balance between the lift and gravity vectors is disturbed and
the direction of the velocity vector will change. In most
cases, the reason for rolling is to change the direction of the
velocity vector.

An example of a large-angle maneuver with a constant
angle of attack (and sideslip angle) is a steady-level turn. In
this case, the aircraft rotation vector is vertical in inertial
space while the velocity vector is horizontal (the aircraft does
not roll about the velocity vector). As will be shown later,
for a more general coordinated maneuver with zero sideslip
angle, the aircraft should roll about the axis of rotation of
the velocity vector. In a steady-level turn, the velocity vector
rotates about the inertial vertical axis in the same manner as
the aircraft rotation vector.

To help visualize aircraft maneuvers, an alternative
representation of aircraft angles called "spherical mapping"
has been developed.2 The angles involved and their inter-
relationships are clearly displayed on the same plot. The
direction of the aircraft axis of rotation is readily shown,
facilitating aircraft roll-axis control analysis. Spherical map-
ping is also used to derive important relationships among the
aircraft angles defining the aircraft attitude, aerodynamic
angles, and flight path angles.

Spherical Mapping
The spherical mapping technique displays the aircraft

angles on a two-dimensional surface of a unit sphere. We
start the development of this technique by taking the two-
dimensional plot of Fig. 1 and drawing a circle of unit radius

around the e.g., as shown in Fig. 5a. The angles between the
vectors can be defined as arc length along the unit circle. The
arc length can then be represented as a one-dimensional plot,
as shown in Fig. 5b. The angles are represented as length
along a line. This concept is extended to angles in three
dimensions by representing the angles on a two-dimensional
surface of a sphere of unit radius.

The angles are represented as arc length along great circles
or dihedral angles between great circles, as shown in Figs. 6a
and 6b. The aircraft heading angle ^ and the flight path
heading angle a are measured from some reference heading
direction, in a horizontal plane, along a great circle of the
unit sphere. The aircraft pitch angle 0 is measured in a ver-
tical plane containing the aircraft x axis, along a great circle.
Similarly, the flight path elevation y is measured in a vertical
plane containing the velocity vector.

For the zero sideslip case (Fig. 6a), the velocity vector is in
the x-z plane of the aircraft (this is the definition of zero
sideslip). The angle of attack a is measured along the great
circle containing the aircraft x axis and the velocity vector (in
the aircraft x-z plane). The aircraft roll angle <£ about the x
axis is defined as the dihedral angle between the x-z plane
and the vertical plane through the aircraft x axis. If the x-z
plane is vertical, then the roll angle is zero, corresponding to
the "wings level" condition.

The dihedral angle between the x-z plane and the vertical
plane through the velocity vector is defined as the bank angle
li. For a small-value of angle of attack, the roll angle <t> and
the bank angle /i are approximately equal, where spherical
triangles can be represented by linear triangles. The bank
angle is the rotation of the x-z plane about the velocity vec-
tor. Since the lift vector is perpendicular to the velocity vec-
tor and in the x-z plane of the aircraft, the bank angle is the
measure of lift-vector rotation. The bank angle is used in the
point-mass trajectory calculations. The bank angle is zero
when the x-z plane is vertical.

X-AXIS

HORIZONTAL
CG'

Fig. 1 Angular relationships for longitudinal motion with zero
sideslip and roll angle.

X-AXIS

HORIZONTAL
REFERENCE
DIRECTION

e =o
a =0

0 =0

CG
Fig. 2 Angular relationship for directional motion with zero pitch
angle, angle of attack, and roll angle.
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Fig. 3 Definition of Euler angles
(t,0,<t>) and aerodynamic angles
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Fig. 4 Roll about velocity vector with constant angle of attack.
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Fig. 5 Angles defined as arc length along unit circle.

For the nonzero sideslip angle case (Fig. 6b), the angle of
attack is measured from the aircraft x axis to the projection
of the velocity vector in the x-z plane. The sideslip angle ft is
measured along the great circle containing the velocity vector
and the projection of the velocity vector in the x-z plane.
The bank angle is the dihedral angle between the great circle
defining sideslip and a plane perpendicular to the vertical
plane at the velocity vector.

This two-dimensional plot (Fig. 6), on the surface of the
unit sphere, shows the interrelationship between the Euler,
aerodynamic, and flight path angles. It is more convenient to
visualize the angles from the aircraft center of gravity, which
is chosen as the center of the unit sphere as shown in Fig. 7a.
For this "inside-out" representation, the positive heading
angle is to the right and the positive roll angle is in clockwise
rotation about the aircraft x axis. The linearized plot of the
angular relationship is shown in Fig. 7b. This figure can be
further simplified by only plotting the angle of attack and
sideslip angle lines in an inertial azimuth and elevation coor-

dinate system, as shown in Fig. 7c. The aircraft azimuth and
elevation are plotted at 0^,0) while the flight path azimuth
and elevation is plotted at (v,y). The azimuth and elevation
of the velocity vector projection in the x-z plane (stability x
axis) (a',7') can be computed from the Euler angles and
angle of attack with a sideslip angle equal to zero (see the
next section). Connecting the three points with lines defines
the a and ft lines. The roll angle $ is the angle between the
vertical and the a line at the x axis. The bank angle /* is the
angle between the horizontal and the ft line at the velocity
vector. This plot (Fig. 7c) is used to display aircraft angles in
maneuvering flight.

Angular Relationships
The relationship among the three sets of angles can be

computed by using spherical trigonometry. As an example, a
portion of the spherical surface of Fig. 7a can be divided
into spherical triangles, as shown in Fig. 8. This is only one
example of many triangles that can be formed. By applying
the laws of sine and of cosine to the spherical triangles, the
angular relationships can be derived, as shown in Fig. 9.
Each of the three sets of angles is a function of the other two
sets.

Simple Maneuvers
The change in the aircraft angle display due to the body

axis rates (P,Q,R) is illustrated in Fig. 10. The aircraft is
assumed to be initially at a nonzero roll angle with zero
sideslip angle; the velocity vector is in the x-z plane. The
velocity vector direction is assumed to be constant for this
example. A roll rate causes the x-z plane to rotate about the
x axis, which causes changes in the sideslip angle and angle
of attack, as shown in Fig. lOa. A pitch rate causes the x-z
plane to rotate about the y axis, thereby increasing the angle
of attack, as shown in Fig. lOb. A yaw rate causes the x-z
plane to rotate about the z axis, causing a change in the
sideslip angle and a slight change in the angle of attack, as
shown in Fig. lOc. Rotating the x-z plane about the z axis
causes the great circle to move approximately parallel near
the x axis.

These simple motions can be combined to perform a
maneuver to change the direction of the x axis from one
point to another, as shown in Fig. 11. It requires only two
rotations to change the elevation and azimuth of the aircraft,
as shown in Figs, lla and lib. In both cases, the maneuver
caused the sideslip angle to build up. If we put a zero sideslip
angle constraint on the maneuver, then three rotations are
required, as shown in Fig. lie.

Combining a roll rate and yaw rate motion is equivalent to
defining the rotation of the x-z plane about an axis other
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NIT SPHERE
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Fig. 6 Angles defined on a unit sphere.

b) - a

X-AXIS

(o. 7)

REF a i// b* \l*-o c> A Z I M U T H - ^ / , a
Fig. 7 a) Inside-out view from center of sphere, b) linearized plot, and c) plotted in elevation and azimuth coordinates.

\l>-o

COSr=COSdCOS0 COS r= COS (90-0) COS (90-7)
+ SIN (90-0) SIN (90-7) COS C/'-a)

Fig. 8 Spherical trigonometry is used to derive angular re-
lationships.

than the x and z axes. In the example of Fig. lie, the rota-
tion is about the velocity vector VT.

The term "roll axis of the aircraft" has two meanings. In
flight dynamic analysis, we take the total rotation vector of
the aircraft o> and resolve it into components along three
body axes. The component along the x axis is roll rate P,
along the y axis pitch rate <2, and along the z axis yaw rate
R. Therefore, the x axis is defined as the roll axis.

In maneuvering flight, a coordinated maneuver is defined
in terms of pitching and rolling the aircraft. The pitching
maneuver is the rotation of the x-z plane about the aircraft y
axis. The rolling maneuver is the rotation of the x-z plane
about an axis to keep sideslip small. For small-angle rolling
motion, where the velocity vector does not change direction,
a coordinated maneuver is achieved by rolling about the
velocity vector, as depicted in Fig. lie. In large-angle
maneuvering flight, roll axis control means controlling the
axis about which the aircraft x-z plane rotates. This is the
second definition of "aircraft roll axis." This definition will
be used throughout the balance of this paper.

For large-angle roll maneuvers, the velocity vector direc-
tion changes due to a change in the direction of the forces on
the aircraft. In this case, rblling the aircraft about the veloc-
ity vector does not achieve a coordinated zero-sideslip angle
maneuver, since the velocity vector changes direction. A
coordinated maneuver is achieved by rolling the aircraft
about the axis of rotation of the velocity vector, as shown in
Fig. 12. The direction of the aircraft axis of rotation and the
velocity vector's axis of rotation can be computed from
measured parameters.

Axes of Rotation
The direction of the aircraft's axis of rotation in body coor-

dinates can be defined by two angles (otR,PR), similarly to the
way we define the direction of the velocity vector by (a,/3) as
shown in Fig. 13a for <XR. This diagram is drawn for a positive
roll and yaw rate where the vectors are along the positive x and
z axes. For a negative roll rate, the vector would be along the
negative x axis and aR would be greater than 90 deg (solid line
in Fig. 13b).
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FLIGHT PATH ANGLES. (7,a.^) = Ha.0.0.^.

SIN7- ( C O S a S I N 0 - S I N a C O S 0 C O S 0 ) COS0 + (-COS0SIN0) SIN/3

SIN (a-*) COS7 = l-SINa SIN0) COS0 + (COS0) SIN 0
COS to-*) COST = (COSa COS0 + SINa SIN0 COS0) COS0 + (SIN0 SIN0) SIN0

SIN» COST = (COS0 SIN0) COS/3 + (COSaSIN0 - SINa COS0 COS0) SIN/3
COS// COST = (COSa COS 0 COS0 + SINa SIN0)

EULER ANGLES. (0.vJ/0) = f (a./3,7.o,M)

SIN 0 = (SINa COS7 COS/*) + (COSa SIN7) COS/3 + (COSa COSTSIN^) SIN/3

SIN (*-o) COS0 = (SINa SINp) + (-COSa COSu) SIN0
COS (*-a) COS0 = (-SINa SIN7 COS/u) + (COSa COST) COS/3 + (-COSa SIN7 SIN/j) SIN/3

SIN0 COS0 = (COS7 SIN;/) COS/3 + (-SIN7) SIN/?
COS0 COS0 = (-t-COSa COS7 COSp) + (-SINa SIN7) COS/3 + (-SINa COS7SIN^) SIN/3

AERODYNAMIC ANGLES. (a.0) = f (0.^.0.7.a)

SIN/3 = COS7 [SIN0 SIN 0 COS (a-*) + COS0 SIN to-*)I - SIN 7 (COS0 SIN0I

SINaCOS^ = COS71SIN0 COS0COS to-*) -SIN0SIN to-*)! - SIN7 [COS0COS01
COSaCOS^ = COS7lCOS0COS(a-*) i +SIN7ISIN0]

Fig. 9 Relationships among Euler angles, flight path angles, and
aerodynamic angles.

VELOCITY VECTOR DIRECTION IS CONSTANT
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Fig. 11 Representation of aircraft maneuvering from © to
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Fig. 10 Aircraft attitude change due to body axis rotations.

To be able to relate more conveniently the rotation axis to
the velocity vector for both positive and negative roll rate,
the rotation vector is reflected to the forward hemisphere, as
shown in Fig. 13b (broken line). The 0% due to the pitch rate
is defined similarly to the aerodynamic angle 0. The equa-
tions for the rotation vector angles are:

= sign (P)

Q
——

OJ

U)PR

(1)

(2)

(3)

(4)

The rate of change of the velocity vector direction is a
function of the aircraft total load factor, the direction of the
gravity vector, and the total velocity. To compute these
angles, we can start with the equations for the rate of change

COORDINATED MANEUVER
0 = 0

X-AXIS

CENTER OF
ROTATION

Fig. 12 For a coordinated maneuver, the aircraft rolls about
velocity vector axis of rotation.

of the flight path angles:

g
a~————— [nx(sma sin/* —cosa sin/3 cos/*)

VT cosy

+ ny (cos/3 cosjit) + nz ( COSQJ sin/x + sino: sinjS cosjn) ] (5)

£ P ina cosju + cosa sin/3 sin/i) — ny (cos/3 sin/z)

+ nz ( cosa cosfji — sina sin/3 sin/i ) — cosy ] (6)

[i= (P cosa+R sina) sec/3 -hd siny

g
+ -77- (nx sina + nz cosa - cos/* cosy) tan/3 (7)
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Fig. 13 a) Direction of rotation vector is defined similarly to direction of velocity vector; b) rotation vector is reflected to the forward hemisphere.
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Fig. 14 Graphical display of dynamic maneuver.

These flight path angular rates are transformed to the
wind axis orthogonal body coordinate system by using the
inverse Euler angular rate transformation:

(8)

(9)

(10)

Qvw - 7 COSM + * smM COS7

vw = a cosju, COSY - y sin/z

The flight path angular rates are then transformed from
wind axes to body axes through an angle of attack and
sideslip angle transformation:

PV=PVW cosa cos/3-Qyw cosa sm(l-Rvw sina (11)

Qv = Pvw sin/3 + Qvw cos/3 (12)

Rv =PVW sina cos/3-Qvw sina sin/3+Rvw cosa (13)

The three rate components (Pv, Qv, Rv) are the velocity
vector rotational rate components in body coordinates.
These rate components can be used to define the axis of
rotation of the velocity vector in body coordinates (av,/3v) by
using the same equations previously given to define aR and
A*-

One practical consideration in the computation of the
rotational axis direction is that if the rotational rate is zero
(for either the aircraft or the velocity vector), then there is
no axis of rotation. In this case aR and /3R can be set to zero
for no aircraft rotation and 0:̂  and /3V can be set to a and /3
if there is no velocity vector rotation. The directions of the
rotation axes are defined in inertial coordinates (aR,yR) and
(0v>yv) by using the equations of Fig. 9.

Display of Maneuvers
The main advantage of the spherical mapping representa-

tion of the aircraft angles is that it facilitates the display of
dynamic maneuvers. To illustrate this, a portion of an air-
craft rolling maneuver is depicted in Fig. 14. This is an un-
coordinated maneuver since the sideslip angle is nonzero.
The figure shows the locus of the aircraft attitude angles
(&,6) and the flight path angles (0,7). The line segments
connecting the aircraft x axis and the flight path represent
the angle of attack and sideslip at the indicated unit of time.
The roll angle </> is represented as an angle between the air-
craft x-z plane (a line) and the vertical. The figure shows
that sideslip is decreasing during the illustrated portion of
the maneuver. The complete roll maneuver is shown in Fig.
15. The aircraft and velocity vector axes of-rotation are also
shown.

The maneuver starts from the wing level (x-z plane ver-
tical), in level flight (7 = 0), and with the angle of attack and
pitch angle equal to approximately 11 deg. The aircraft has
rolled to about 90 deg after 7 s. The maximum sideslip angle
of approximately 2 deg occurs at 6.5 s. At 10 s, the aircraft
has rolled to approximately 160 deg, the sideslip angle is
close to zero, and the angle of attack has reduced to approx-
imately 4 deg.

At 9 s, the aircraft x-z plane line is extended to show the a.
and |8 of the two rotation vectors. The projection of the air-
craft and velocity vector rotation vectors in the x-z plane, aR
and av, are not equal; therefore, the maneuver is not a con-
stant sideslip maneuver. The flight path pitch rate Qv is
greater than the aircraft pitch rate QR (/3v>/3R)-9 therefore,
the angle of attack is decreasing.

A similar roll maneuver, but one with a computed rudder
input to coordinate the maneuver (zero sideslip angle), is
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Fig. 15 Display of aircraft and flight path attitude and axes of
rotation for roll maneuver.
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Fig. 16 A zero sideslip angle coordinated roll maneuver.
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Fig. 17 Display of aircraft alpha and beta lines.

shown in Fig. 16. It can be observed that, for the coor-
dinated maneuver, the aircraft does not roll about the veloc-
ity vector. At the initiation of the maneuver, both the air-
craft and velocity vector rotation axes are along the velocity
vector. As the velocity vector changes direction, the two axes
of rotation are not along the velocity vector.

Spherical mapping can be used to display aircraft
maneuvers in real-time simulations or from flight tests. For
real-time maneuvers, it is best to display only the angle of at-
tack and sideslip angle lines, as shown in Fig. 17. The
number of displayed lines should be limited to approximately
10 lines for 2 s of flight to keep the display clear. As a new
pair of angle of attack and sideslip angle lines is added, the
first displayed pair of lines is faded out. The change of
position and attitude of the new lines, being displayed at a
fixed rate, gives an indication of the aircraft maneuvering
rate.

Other information that can be displayed by the spherical
mapping technique are the pipper position and target direc-
tion in air-to-air combat maneuvering. The pipper position
in body coordinates can be defined by two angles (ap,j3p)
and transformed to inertial coordinates (op,yp) by using the
equations of Fig. 9. The inertial direction of the target
relative to the aircraft can be computed from the relative
target position (XT,YT,HT) and the aircraft position
(XA,YA,HA) coordinates:

AX=XT-XA AY=YT-YA

AH=HT-HA

AY
A'

AH
~A~

AX
A'

A'
~A~

(14)

(15)

(16)

(17)

(18)

The display of pipper and target positions, together with air-
craft attitude in maneuvering flight, is useful in visualizing
air-to-air combat maneuvering techniques.
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Fig. 18 Display of velocity vector and rotation axes in body
coordinates.

Another way to visualize aircraft maneuvering flight is to
display the angles in body coordinates. This would be
equivalent to the standard head-up-display format. As an ex-
ample, a portion of the coordinated maneuver of Fig. 16 is
shown in Fig. 18. The (0,0) value represents the aircraft x
axis. The aircraft positive z axis is 90 deg below the x axis,
while the aircraft positive y axis is 90 deg to the right of the
x axis. The positive value of the angle of attack is defined in
the vertical downward direction, while the positive sideslip
angle is defined in the horizontal right direction.

Figure 18 shows the locus of the velocity vector and the
directions of the two rotation axes. For this coordinated
maneuver, the sideslip angle is zero and the velocity vector
locus is in the x-z plane. The projection of the rotation axis
directions in the x-z plane (aF and av) are equal. This means
that the aircraft and the velocity vector rotate about the
same axis in the x-z plane, and that is the reason that the
sideslip angle is constant (zero).

The sideslip angles of the rotation axes (/3/? and ($v) are
proportional to the aircraft and velocity vector rotation com-
ponents in the aircraft x-z plane. For the maneuver displayed
in Fig. 18, &R is greater than 0V. This means that the aircraft
pitch rate is greater than the velocity vector pitch rate;
therefore, the angle of attack is increasing. For a maneuver
with a constant angle of attack and sideslip angle, the two
rotation axes would be superimposed.

The body axis plot can also be used to display the target
and pipper positions in addition to the rotation axes and the
velocity vector to analyze aircraft tracking maneuvers. The
body axis angle of the target (ar,/3r) can be computed from
the inertial target angles (oT,yT) by using the equations of
Fig, 9.

Concluding Remarks
The spherical mapping technique that has been developed

is useful for the visualization of angular relationships in
maneuvering flight. Conceptually, the angles are displayed
on the surface of a unit sphere. In practice, the spherical sur-
face has been linearized in terms of an orthogonal plot of
azimuth and elevation angles. For large elevation angles, the
linearization causes a distortion of the displayed a, /3, </>, and
JLI angles. The distortion can be reduced by several means:
1) computing the azimuth and elevation of points along the
a and /§ lines (approximately every 2 deg) causes these great
circle lines to become curved, reducing the distortion of the
displayed <t> and /x angles, and 2) reducing the spacing of the
constant azimuth lines as a function of the elevation angle
reduces the distortion of the a and /3 line length. Other
"mapping" techniques can be used to display the surface of
the sphere on a linear plot.

The main advantage of the spherical mapping display is
that it allows one to interpret three-dimensional angular rela-
tionships in two dimensions. One can simply take a set of
angles from flight test or simulation results and sketch the
angular relationships.
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