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SUMMARY

The Flight Control Requirements for Weapon Delivery program developed a
methodology for evaluating weapon delivery accuracy and establishing accuracy
requirements for manually coupled integrated tactical aircraft weapon system
configurations. Man~machine multi-axis analytical models were developed for pre-
dicting weapon delivery accuracy of fighter aircraft. These analytical models,
called the "Terminal Aerial Weapon Delivery Simulation" (TAWDS) computer programs,
are unique tools for relating the dynamics of manually integrated aircraft weapon
systems to weapon delivery impact error statistics. The TAWDS programs simulate
weapon delivery tasks for air-to-air gunnery, air-to-ground gunnery, and bombing,

Analytical multi-axis pilot models, which realistically transform weapon
delivery tracking errors into aircraft steering commands, were developed. Track-
ing performance results, acquired from analytical pilot simulations, were com~
pared with those obtained from the manned simulations and the Tactical Weapon
Delivery (TWeaD) flight test evaluation programs. These comparisons indicate
that the TAWDS programs in conjunction with manned simulation studies provide a
very cost-effective approach for designing, developing, and optimizing advanced
aircraft weapon delivery systems. Background informsiion on development of pilot
models for use in evaluating manually coupled aircraft weapon delivery systems is
contained in Volume II.

The TAWDS analyses also show that flying qualities for fighter aircraft per-
forming weapon delivery tasks can be evaluated in terms of weapon system effec-
tiveness (probability of kill)., A set of flying qualities which provides opti-
mized tracking cepability as well as weapon delivery effectiveness for fighter
ailrcraft was determined by the TAWDS analyses. This same set of flying qualities
also compared very favorably with the set of flying qualities selected by pilots
in a manned simulation study to be best for weapon delivery tracking tasks. Based
on these study results, it 's recommended that the TAWDS set of flying qualities
be considered for inclusion into MIL-F-8785B as a guideline for the design of
fighter aircraft flying qualities characteristics to assure a high probability of
kill for these aircraft performing weapon delivery. These flying qualities charac-
teristics can readily be achieved through judicious design of active feedback
flight control systems in future fighter aircraft.

The TAWDS methodology computes a set of impact error statistics which is
transformed into a probability of kill measure of merit by using a target vulner-
ability model. This capability provides a useful analytical tool for comparing
and evaluating competitive fighter aircraft weapon system designs. It is there-
fore recommended that the TAWDS methodology also be considered for MIL-F-8785B as

an evaluation procedure for determining weapon effectiveness of fighter aircraft

performing weapon delivery.

xxi
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SECTION 1
INTRODUCTION

During the past few years considerable USAF and industry efforts have
been directed to developing tactical aircraft flight control systems which
improve weapon delivery accuracy. These efforts, which included analytical
studies and weapon delivery testing, have generated weapon delivery math
models and pilot models, developed flight control systems for improving weapon
delivery, and established flight test techniques for assessing aircraft maneu-
verability and the combat potential of new weapon systems. The wealth of data
generated by these efforts has provided a basis for establishing a methodology
to determine flight control criteria for weapon delivery.

The goals of this program were (1) to use the results of these previous
efforts for developing an analytical model capable of predicting weapon deliv-
ery accuracy for piloted tactical aircraft, and (2) to use this analytical
model as a design tool in generating performance specifications for highly
maneuverable air superiority fighters and attack aircraft,

The best analytical procedures of previous efforts have been combined in
this study to develop two advanced Terminal Aerial Weapon Delivery Simulation
(TAWDS) digital computer programs, one for air-to-air gunnery and the other for
air-to-ground gunnery and bombing. These programs enable digital simulations
of various closed loop weapon delivery systems under manual control to be per-
formed. Weapon delivery accuracy can thus be predicted and evaluated in the
presence of probabilistic disturbances.,

The air-to-air gunnery TAWDS program uses Monte Carlo statistical proce-
dures to evaluate the dynamic characteristics of various integrated aircraft
weapon system configurations in terms of bullet impact error ensemble statis-
tics. The air-to-ground weapon delivery TAWDS program uses the state space
statistical covariance method to determine the effects of various integrated
aircraft weapon systems' dynamic characteristics on weapon delivery accuracy.

During the development of the TAWDS programs, it was necessary to show
that the TAWDS programs realistically simulate weapon delivery and can be
used as a design tool in generating performance specifications for highly
maneuvering fighter aircraft. The conclusions drawn from a literature survey
on pilot modeling were (1) additional pilot model development for simulating
weapon delivery was necessary to provide the TAWDS programs with the capability

to realistically simulate weapon delivery, and (2) the TAWDS flying qualities
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results should be similar to those determined by pilot evaluation. Conse-
quently, pilot-in-the~loop weapon delivery studies were performed to estab-
lish the credibility of the TAWDS prcgrams.

% In these manned simulation studies, aircraft weapon system configurations
4 which exhibited different longitudinal and lateral-directional flying quali-

ties were flown by two USAF pilots for air-to-air and air-to-ground weapon

delivery tasks. These parametric simulation studies provided (1) a pilot
-‘1 evaluation of aircraft flying qialities characteristics for air-to-air and air-to-

b | ground weapon delivery, (2) weapon delivery impact error measurements which

-J were used to compare with the TAWDS analytical statistical measures, and (3)

:~ aircraft tracking data which were used for developing and validating analy-

j}% tical multi-axis pilot models,

*‘A The pilot models were developed by varying steering laws and the analy-

L tical pilot's gain parameters until the tracking error response characteris-
tics of the analytical pilot compared closely with those obtained from the
piloted "man-in-the-loop" simulation of the same task. Validation of the analy-
tical pilot models was accomplished by measuring and comparing the frequency

L response characteristics of the human and analytical pilots., These analytical
- pilot models in the TAWDS programs were further verified by comparing the

. weapon delivery accuracy computed by the TAWDS programs (using the validated

analytical pilot models) with measured weapon impact errors obtained from the

o Baa

piloted simulations of air-to-air and air-to-ground weapon delivery. Addi-

i tional verification was obtained by comparing tracking responses (for similar

b | tracking tasks) obtained from pilot-in-the-loop simulations, from the TAWDS

_ pilot model analytical simulations, and from pilots actually flying the Tactical

l‘ Weapon Delivery (iWeaD) F-4C aircraft during the flight teast evaluation program
at Edwards AFB.

' After establishing that the TAWDS programs using the multi-axis analy-
tical pilot models realistically simulate fighter aircraft performing wespon
delivery, these programs were used to analyze the effects of aircraft flying
qualities on weapon delivery effectiveness. These analyses demonstrated that
the TAWDS computer programs can he used to evaluate longitudinal and lateral-
directional flying qualities characteristics for weapon delivery and to pro-
duce a set of flying qualities which prcvided optimized weapon delivery
L effectiveness., This TAWDS derived set of flying qualities also compared
i favorably with a set of flying qualities selected by the simulator pilots to
be best for weapon delivery tracking tasks. Consequently, this set of flying

;: qualities was formulated as a proposed guideline for design of tactical fighter
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aircraft flying qualities to attain a high probability of kill for these
aircraft performihg weapon delivery.

The developed TAWDS methodology computes a set of impact error statistics
which are transformed into a probability of kill measure of merit by a target
vulnerability model. The TAWDS analyses demonstrated that probability of kill
is a desirable measure for evaluating the effectiveness of fighter aircraft
performing weapon delivery., Therefore, it is recommended that the TAWDS
methodology be used by the industry as an analytical procedure for evaluating
competitive weapon delivery system designs for fighter aircraft,

Section 2 of this report discusses the features and capabilities of the
TAWDS programs, Section 3 discusses the weapon delivery manned simulation
studies which were perforﬁed to (1) evaluate flying qualities during weapon
delivery, (2) provide a data base for developing the analytical pilot models,
and (3) validate the weapon delivery ensemble impact error statistics generated
by the TAWDS programs. Section 4 describes the development and validation
of the analytical multi-axis pilot models. Additional pilot model development
analysis results, which show how the multi-axis pilot models can be used for
performing manual closures and weapon delivery tasks in an all-digital simu-
lation with diffeient aircraft weapon system configurations, are presented in
Volume II of the Flight Control Requirements for Weapon Delivery Background
Information Report. Section 5 presents vesults from the TAWDS weapon delivery
effectiveness analyses. Section 6 discusses the TAWDS methodology and appro-
priate weapon delivery criteria considerations. Finally, Section 7 contains

a summary of the results and conclusions emanating from this research study

program.
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SECTION 2
THE TAWDS PROGRAMS

The TAWDS computer programs enable the digital simulation of contemporary
closed luop weapon delivery systems under manual tracking control to be per-
formed. A typical fighter weapon system shown in Figure 1l consists of a pilot
and a fighter aircraft with its integrated flight control, sight, and weapon
delivery systems. The TAWDS simulation capability is a very valuable design
tool for predicting and evaluating weapon delivery accuracy. The development of
the TAWDS programs is the most significant accomplishment of this Flight Control
Requirements for Weapon Delivery program.

The TAWDS progrars propagate stationary and dynamic source errors asso-
ciated with each wearon delivery task into statistical impact error distribu-
tions. Staticnary scurce errors considered stem from the flight profile and
system mechanization errors. Dynamic source errors are those due to atmospheric
disturbances, weapon release forces, and pilot steering tasks.

The TAWDS programs express the accuracy expected from the fighter weapon
system in terms of impact error. Impact error is che distance from an ideal
projectile's impact point to the targéet center, measured in the plane normal to
the line of sight and passing through fhe target. The impact error Is printed
in the statistical terms of means and variances. The air-to-air statistics are
labeled "ensemble pass statistics," and the air-to-ground statistics are labeled
"ensemble burst statistics."

The programs simulate three weapon delivery tasks:

o Air-to-air gunnery \

o Air-to-ground gunnery

o Air-to-ground bombing \ i

The stochastic procedures most suitable for the modeling of the air-to-
air and air-to-ground weapon delivery tasks were chosen. The alr-to-air TAWDS
program uses the Monte Carlo procedure for computing ensemble pass statistics. !
The air-to-ground TAWDS program contains both the Monte Carlo and covariance
stochastic procedures for computing ensemble burst statistics. State space
equations for modeling air-to-ground weapon delivery have been implemented for _@

the covariance procedure because the simulation of air-to-ground wings level j

weapon delivery tasks can be accurately described by a set of linear time vary-
ing equations. The TAWDS programs are unique analytical tools for evaluating

the weapon delivery performance of aircraft weapon systems under manual track-

ing control in terms of weapon impact errors.
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Since the air-to-air and air-to-ground simulations require different
equation implementations, TAWDS consists of two separate programs: one for
air-to-air, called "TAWDS(AA)" and one for air-to-ground, called "TAWDS(AG)".
The descriptions of TAWDS(AA) and TAWDS(AG), and verification of the TAWDS(AG)
covariance procedure are presented in this section.

2.1 Functional Description of TAWDS(AA), the Air-to-Air Program

TAWDS(AA) provides a digital simulation and analysis tool for evaluating
aim error and bullet impact error in the terminal phase of air-to-air gunnery.

The program has provisions for including the effects of

o Ailrcraft dynamics

o Control system characteristics and dynamics

o Gunsight system characteristics and dynamics
o Pilot control characteristics and dynamics
o Attacker-to-target geometry

(=]

Target maneuvering capability

o Gun orientation, location, rate of fire, and recoil forces

o Bullet trajectory characteristics

o Random wind gusts

o Stationary source errors
The program models a tracking encounter in either a deterministic mode or a
stochastic mode. Typical attack sequences for air~to-air Director and Lead
Computing Optical Sight System (LCOSS) gunnery are shown in Figures 2 and 3.

TAWDS (AA) has a deterministic nonlinear six-degree-of-freedom simulation
capability. It runs independently of the stochastic simulation, giving
nominal time histories of the fighter weapon system. With this deterministic
procedure, bullet miss distance can be used to assess system performance.
Likewise, the stochastic simulation runs independently of the deterministic
simulation, using the Monte Carlo method to determine ensemble pass statistics.
Although this method has the disadvantage that many passes are generally required
before the ensemble pass statistics converge, it does have the advantage that
it accommodates the dynamic coupling between the lcrgitudinal and the
lateral-directional control axes. This multi-axis coupling is necessary to
simulate air-to-air encounters between highly maneuvering attackers and targets.

The deterministic mode uses nonlinear time-varying equations to simulate a
six~degree-of-freedom attacking aircraft tracking and firing at a five-degree-of-
freedom maneuvering target. For the target aircraft, sideslip (B) and B were

considered zero during the maneuver. The attacker's aerodynamic coefficients,
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1. Maneuver to Move Pipper
Slowly Toward Target

‘ 2. Fire When Pipper Reaches Target 3. Pipper and Bullet Reach
s Target at Impact
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Figure 2. Typical Attack Sequence with Director Sight
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which are time-varying, are calculated by table look-up. Two sight systems are
available: LCOSS and Director. The program output is a set of time histories
describing the state of the attacking piloted aircraft, the target aircraft,
the resulting tracking error, and bullet trajectories. With this deterministic
procedure; system performance can be measured and various combinations of
pilot control laws, flight control systems, and fire control systems can be
compared in terms of bullet miss distance.

Thé stochastic mode is a Monte Carlo simulation, Stationary and dynamic
source errors are introduced into the deterministic mode in each pass to obtain
random aim errors and random bullet miss distances., The stationary errors are
introduced at time zero of each pass. They are obtained by sampling from a
Gaussian random number generator. Each error has a zero mean and a variance
(input). These stationary source errors, which represent measurement or esti-
mation errors, are used in the sight and bullet trajectory calculations.
Throughout each pass the dynamic source error of random wind gust perturbs
the weapon system simulation. In addition, the dynamic source error of corre-
lated line-of-sight rate measurement noise affects the Director sight model.
Gun recoil forces also affect the aim error and bullet miss distance, but be-
cause these forces are deterministic, they affect only the means of these per-
formance measures,

After each pass, the performance measures (means and variances) are calcu-
lated for the aim error and bullet miss distance., When the ensemble of passes
has been made, the performance measures (called ensemble pass statistics) are
determined for the ernsemble. A large ensemble of passes should be made to
guarantee convergen~e of the ensemble pass statistics. A detailed description
of ensemble pass statistics is found in Section 2,3.2.

For a deterministic simulation, only one pass is made per case. For a
stochastic simulation, the time h'stories of only the first pass are printed

and plotted. The individual pass statistics of each pass are printed, however,
as well as the ensemble pass statistics., TAWDS(AA) has the capability of execut-

ing any combination of deterministic and stochastic cases in tandem.

2.1.1 Structure of TAWDS(AA) - The execution of TAWDS(AA) is controlled by

the Executive subroutine. This subroutine enables the user to determine
whether a deterministic or a stochastic case is to be rum, initializes the pro-

gram at the start of « case, initializes each Monte Carlo pass for a stochastic

case, keeps track of each pass, maintains the sequence of subroutine calls, and
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controls output. For a stochastic case, it also controls the tallying of the

performance statistics for each pass and for the ensemble, After a case has

been executed, it can execute subsequent cases if input data has been pro-

vided. The Executive subroutine also contains the logic which determines when
the pilot model is to fire a burst. This logic is discussed in Section 2.3.2.
Figure 4 is a flow diagram showing the order in which the Executive sub-

routine calls the major TAWDS(AA) subroutines associated with the nonlinear six-
degree-of-freedom air-to-air terminal tracking task. The logic for tallying
the impact error performance statistics is shown in Figure 5.

2,1.2 The Major Subroutines of TAWDS(AA) - The major subroutines called by

the Executive subroutine to describe the air-to-air terminal weapon delivery

task are the Data Input, Initial Encounter, Initial Condition, Measurement
Error, Airframe, Augmentation, Pilot, Target Initialization, Target Alrcraft,
Relative Geometry, Bullet Time of Flight, LCOSS Sight, Director Sight,

Bullet Integration, Performance, Runge-Kutta Integration, and Output Subrou-

tines, These subroutines perform both deterministic and stochastic operations.
Data is passed between the subroutines through common blocks.

2.1.2.1 Data Input Subroutine ~ The principal input subroutine is Data
Input. A flow diagram describing this subroutine is given in Figure 6. As
shown, Data Input calls five subroutines to read the input data., These sub-
routines are Control Namelist, Integration Namelist, Weapon Task Namelist,
Augmentation Namelist, and Airframe Namelist. Subroutine Control Namelist
reads the program control parameters which establish a nominal case or which
merge subsequent data sets with the nominal case. The Integration Nam:list
reads data pertaining to the integration routine. The Weapon Task Namelist
reads data describing the aircraft in its weapon delivery task. This data
pertains to airframe, pilot, relative geometry, target, sight parameters,
ballistics, stationary and dynamic source errors, and Monte Carlo execution.
1t does not include the flight control system, or airframe aerodynamic tables.
The Augmentation Namelist subroutine reads data describing the flight control
system., The Airframe Namelist subroutine reads the tables of data that
define the nonlinear force and moment aerodynamic coefficients in the equations
of motion of the attacker. When all data has been read, Data Input converts
certain angular variables from degrees to radiams.

2,1.2,2 1Initial Encounter Subroutine - Initial Encounter allows the user

to select various combinations of predetermined initial encounter conditions.
The user selects the desired encounter by entering a coded nine digit integer

variable., The digits reading from the left to the right sequentially represent:

10
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Figure 4. Flow Diagram of TAWDS(AA) Executive Subroutine




Y T N AR DO v LN e, = e e T bR et
oF e X e B - ; -

Update Time

Call Airframe

Call Pilot

Call Augmentation

Call Measurement Error
Call Target Aircraft

Call Bullet Time of Flight
Call Director Sight

Call LCOSS Sight

Call Relative Geometry

Call Performance
Call Runge-Kutta  Check Time for Cutoff

Dynamic
Simulation

Message:
Final Time Has
Been Reached

Increment Integration Counter

=500 Error Message:
@ Integration Counter
Exceeds 500

<500

#0 @
=0

Call PRINT Output Results

<0 £ .
- rror .Message" — Call
Altitude is Negative | o o = ce

=0

Call UPDAT Update Pre-Termination

Integration
Variables

Print-Out

()

Figure 4. Flow Diagram of TAWDS(AA) Executive Subroutine (Concluded)

GP78-0804-112




» e
L o e M e e i

(10, 20, 30, 40), ILOC

|

-

! O Q
1

Increment Compute, Store, Compute and
i Initialize %0”',‘"" and Output Output
| Variables Dy‘:":::: - Pass Ensemble
. Simulation Statistics Statistics

: y
L A \
b (_Return ) Increment (_Retun ) >
¥ ;
i

Aim Error

Figure 5. Performance Logic in TAWDS(AA) Executive Subroutine




Fope® il e, A e P TR A = A i e AT

_' ENTRY

;A 1

|

| Read |nput Record
B |
Has End of File

YES Been Encountered?
NO

Write Record to Output File
Write Record to Data File

s

y

;'-j Call Control Namelist (Read Parameters from Control Namelist) :
3 |1
'5 id
E "“
; Read Nominal Data from Storaqe Tape -
3
| Call Integration Namelist (Read Integratlon Parameters from Integration Namelist
 : Call Weapon Task Namelist (Read Parameters)

| Call Augmentation Namelist (Read Parameters)
1 Call Airframe Namelist (Read Tabular Data)

Write Nominat Case to Storage Tape

4 |
- [ ves |
b NO |

‘ YES |
|
Convert Degree Parameters
to Radian Measure
Write Common Data to Output File
1

i Return
& m GP78-0084-113
g

Figure 6. Flow Diagram of Data Input Subroutine

PR



SRS R S S i . s M

o K - factor to perturb the magnitude of the initial lead angle (see
Figure 7)

o 6, - angle of rotation of the lead angle plane, used to perturb the

orientation of the initial lead angle (see Figure 7)
¢ 6, - attacker pitch angle
~ attacker roll angle

~ attacker body angle of attack

- attacker altitude

o)

¢A

%A

o MA - attacker Mach number

hA

R - range
R

o - range rate
Figure 8 shows a nine-by-nine matrix which is the key for a user-selected set
of initial encounter conditions. If the user desires some other initial encounter

condition, the control logic in Initial Encounter will have to be modified.
Initial Encounter also contains many combinations of predetermined target

maneuvers, In TAWDS(AA), an encounter can be broken into as many as ten separate
target maneuvers. Each maneuver is specified by the time at which it begins

and by the values of the maneuvering variables. (A maneuver ends when the next
maneuver begins.) Each maneuver is specified by a coded, user-selected four-

digit integer variable. These digits sequentially represent:

o t - time at which the maneuver begins

o ﬁT ~ commanded target bank rate

o &T - commanded target angle of attack rate ;
o THT - commanded target thrust rate ]

Figure 8 also shows a nine-by-four matrix which is the key for a user-selected
set of target maneuvers. If the user desires some other target maneuvers, the

Initial Encounter subroutine's control logic will have to be modified.
2,1,2.3 Initial Condition Subroutine - Initial Condition generates the

initial values for the pitch, roll, and yaw rates and the stabilator deflec-
tion of the attacking aircraft., The subroutine is called by Executive sub-
routine after the call to Data Input and Initial Encounter at the start of a new
case, or, for a stochastic case, at the start of each pass. In this subroutine,
the 1ift and pitch angular acceleration equations from the general six-degree-

o‘-freedom equations of motion are solved for the pitch rate and stabilator

.aeflection of the attacking aircraft. The computation of these variables is

based on the attacker's initial velocity, altitude, and angle of attack, which | 4
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are determined in the Initial Encounter subroutine. The attacker's initial
roll and yaw body rates are determined by the effect of gravity, with the
aileron and rudder surface deflections set to zero. These initializations
result in small initial tracking error transients. Initial Condition also
initializes the attacker's body attitude direction cosine matrix with respect
to the earth and the attacker's position and velocity integration atrrays.

2.1.2,4 The Measurement Error Subroutine - Measurement Error calculates

the stationary errors that initialize each stochastic simulation pass. It also
calculates the filter that models the dynamic error for the Line Of Sight
(LOS) rate measurement for use in the Director Sight subroutine. Measurement
Error is called by the Executive subroutine after the call to Initial Condi-
tion. Stationary errors can occur in:

c Air speed 3
o Angle of attack
o Sideslip angle
Altitude
Line of sight range

o Line of sight range rate

o0 Muzzle velocity

o Elevation gunline orientation

o Traverse gunline orientation "

o Elevation HUD orientation

o Traverse HUD orientation
These errors are calculated by sampling from a Gaussian random number generator.
Each error has a zero mean and a variance obtained from input data. These
errors represent measurement errors, or deviations from nominal, of those
parameters used in the sight or bullet integration equations. For example,
the attacker air speed is measured, while the muzzle velocity of a bullet to
be fired is the nominal value plus its deviation. The errors are programmed
as biases, since sensor errors are usually biases over time intervals of several
seconds. They are treated as stationary errors because TAWDS(AA) simulates a
fighter weapon delivery task in its terminal phase, where the error sources
are assumed to be in steady state.

The Measurement Error subroutine also sets up the dynamic source error
filter that is provided in the Director Sight subroutine. In Director Sight,
correlated noise,representative of the dynamics assoclated with estimacing radar

LOS angle rates, 1s added to the correct LOS angle rate. This correlated

17
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noise is obtained by passing white noise, whose standard deviation is refer-
enced to a range of 1500 feet, through a second-order low-pass filter. This
filter is calculated in the Measurement Error subroutine by using input parame~
ters that describe its damping and bandwidth, The filter is programmed in
discrete form, using the state transition matrix approach. As programmed, the
same filter parameters are used in the elevation and traverse axes; however, there
is a separate standard deviation for each axis.

2,1.2.5 The Airframe Subroutine - The Airframe subroutine defines

generalized six-degree-of-freedom airframe equations of motion. These equa-
tions model the attacker aircraft's forward acceleration and wind angle rates,
the body axis angular acceleration, thé Euler angle rates, and the velocity com-
ponents in earth coordinates. These v;miables are integrated by the Runge-
Kutta Integration subroutine. The subr&utine also calculates the aircraft's
accelerometer measurements. The airframe equations include gun recoil forces
and vertical and lateral wind gusts. The airframe coefficients can be in either
the stability or body axis system,

Significant features of this airframe mechanization are provisions for
additional longitudinal control surfaces, the capability of simulating aircraft
moments with a shifted center of gravity, and the representation of flexibility
effects on the aircraft. The equations progremmed in the Airframe subroutine
are presented in Appendix I.

The nonlinear aerodynamic derivatives used by the alrframe equations of
motion are in tabular form. The independent variables in the tables have been
selected to represent the variation of the coefficient with changes in Mach
number, angle of attack, and in some cases stabilator surface deflection, rudder
surface deflection, or sideslip angle.

2.1.2.6 The Augmentation Subroutine - The Augmentation subroutine simu-

lates the flight control system of the attacking aircraft. It calculateg
surface deflections for split vertical stabilizers (differential tail), aile-
rons, spoilers, rudder, horizontal stabilizer (stabilator), and horizontal
canard. These flight control system models can be used to mathematically
describe a variety of contemporary fighter flight control systems such as the
flight control laws developed in the Tactical Weapon Delivery (IWeaD) Program
(References 1-5), the Survivable Flight Control System (SFCS) Program (Befer-
ences 6-8), the Multimode Program (References 9-10), and other current fighter
and attack aircraft. The structure of the TAWDS(AA) model allows for decoup-
ling design techniques to enable the mechanization of longitudinal direct force
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“1 modes for precise attitude or flight path control. This subroutine includes
not only feedback control laws but also interconnects, which couple pilot com-
mand inputs. A description of the generic flight control system model for the

‘ TAWDS (AA) program is given in Appendix I.
”i 2,1.2.7 The Pilot Subroutine - Using the elevation and traverse tracking &

errors along with the relative bank angle between the target and the attacking

alrcraft, the Pilot subroutine generates an input to the longitudinal control
N system for nulling the elevation error and inputs to the lateral-directional
control system {or nulling the traverse error. The multi-axis pilot models,

developed in this study program, are discussed in Section 4.

2,1.2,8 The Target Initialization Subroutine - The Target Initialization

;jj subroutine initializes the inertial quantities of the target at time zero to

PJ satisfy the selected encounter geometry. It initializes the target so that the
relative geometry between the attacker and target is in steady state. The
target inertial quantities, which are initialized, are earth axis position,

earth axis velocity, flight path angle, wind axis angular rates, turning plane,
1;; and turning g. The encounter is initialized in the terminal phase with the
‘ target and pipper coincident or with a selected number of degrees of pertur-
bation. To find the tracking error angle, pipper angle, and lead angle, a
special call is made to the selected sight system subroutine. The geometry
;.} and associated equations on which the target initialization is based are shown

in Figure 9.

2,1.2,9 The Target Aircraft Subroutine - The Target Aircraft subroutine

simulates the target aircraft, Target Aircraft has only one entry, but it is

divided into two parts. The first part initializes the non-inertial quantities i

:‘ of the target after the call to Target Initialization. This part is skipyed
h after initialization of a pass. The second part contains the dynamic equations 1 f
*( that simulate the target. The target model employs simplified five-degree-
of-freedom equations of motion (zero sideslip is assumed).
: | In Target Initialization, the target's inertial earth axis position, earth
axis velocity, and wind axis angular rates are computed at time zero. Using
E | these inputs, the Target Aircraft subroutine at time zero computes the target's
thrust, angle of attack, attitude, and load factor. The geometry and associated
equations used in this initialization are described in Figures 10 through 12,
After initialization, the Target Aircraft subroutine generates the target

position, velocity, and attitude in earth coordinates at each time interval

RSO . <

throughout the simulation. Target maneuvers are specified by the time at which

the maneuver takes place and by the values of the maneuvering variables:
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D - LOS Range
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Figure 10. Target Heading and Climb Angle Initialization
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(1) commanded targzt bank rate, (2) commanded target angle of attack rate, and
(3) commanded target thrust rate. The target flies at constant thrust unless
it is modified by a commanded thrust rate.

Lift and drag characteristics used in the target airframe force equations
are derived from tabular data as functions of Mach number, angle of attack, and
altitude, These data yield trimmed (CM equal zero) lift coefficients and the

corresponding drag coefficients, The tabular data is contained in one of Target

e A gl ettt e el ettt g+ b et el el

Aircraft's subroutines. At present this data represents the F-4E aircraft.
The target trajectory is computed two seconds into the future and stored

| in data arrays. This data is used in computing the projectile time of flight,

gun aiming error, and bullet miss distance.

| 2.1,2.10 The Relative Geometry Subroutine - The Relative Geometry sub-

routine computes the elevation and traverse tracking errors throughout an en-
counter., For a stochastic case, it also records these trecking errors during
| each encounter, and calculates their means and variances for each pass and for
' the ensemble of passes. It does not calculate the miss distance statistics,
( which is done in the Performance subroutine.

2.1.2,11 The Bullet Time of Flight Subroutine - This subroutine calculates
the bullet time of flight for use in the sight subroutines. It uses a method

that approximates integrating the bullet to the target range but is much faster.
When a bullet is actually fired, the correct bullet time of flight is calculated
by integrating the bullet to target range in the Bullet Integration subroutine.
Appendix II discusses the time of flight computations in detail.,

2,1.2.12 The LCOSS Sight Subroutine - The LCOSS Sight subroutine simu-
lates the Lead Computing Optical Sight System and computes the sight lead angle

with respect to the attacking aircraft gunline. It contains the basic charac-
teristics associated with advanced LCOSS or damped predictive tracer sights.
These characteristics include the use of (1) ownship body rates, (2) ownship
load factor as an estimate of target acceleration, and (3) attacker angle of
attack and airspeed to account for ballistic curvature. Appendix Il presents
the LCOSS sight equations.

2.1.2.13 The Director Sight Subroutine - The Director Sight subroutine

simulates the Director sight system and computes the sight lead angle with
respect to the attacking aircraft gunline. The primary difference of the
Director sight from an LCOSS sight is the use of Line Of Sight (LOS) angle
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rates instead of ownship body rates in computing lead angle. The equations
for modeling the Director sight are presented in Appeundix II.
2.1.2.14 The Bullet Integration Subroutine - This subroutine computes

the inertial trajectory of a bullet. After the bullet trajectory has been
computed, the Bullet Integration subroutine determines: (1) the bullet miss
distance when the bullet and the target ranges from the attacker are equal, and
(2) the time of flight required for the projectile to reach the target range.
These two calculations are made by using the projected target position, which
has been stored two seconds ahead,

The bullet miss distance (depicted in Figure 13) is determined in feet,
and then also calculated in milliradians by using the bullet range. It'is
printed out in attacker gun coordinates.

Since a maximum of 40 target positions are stored, the bullet is inte-
grated through a maximum of 40 intervals (which corresponds to 2 seconds for
an integration interval of 0.05 seconds). If the bullet does not reach the
future target position within the 40 integration intervals, a miss distance of
999 feet is printed.

A block diagram of Bullet Integration is shown in Figure 1l4. The bullet's
initial position and velocity are computed in the Bullet Initialization sub-
routine, The "BULLET VELOCITY UPDATE" and "BULLET POSITION UPDATE" blocks are
defined by equations given in Figure 15. This figure also defines the bullet
drag constants KD and CD. The KD equation is a curve fit to the data presented
for 20 mm projectiies in Armament Memorandum Report 65-30, Ballistic Division,
Eglin Air Force Base.

Bullet Integration is called by the Executive subroutine at time zero, to
initialize the bullet miss distance, When the Executive subroutine has deter=
mined that the attacker has fired a bullet, it again calls Bullet Integration to
integrate the bullet to the target range and to calculate the bullet miss
distance and time of flight.

2.1.2.15 The Performance Subroutine - The Performance subroutine, which

is called during a stochastic simulation, records the bullet miss distance
calculated in Bullet Integration and computes the miss distance statistics at
the end of each pass and at the end of the ensemble of passes. The Executive
subroutine calls Performance at each pass initialization to zero the bullet
miss distance accumulators. Every time a bullet is fired, the Executive sub~-
routine calls Performance to add the longitudinal and lateral miss distances
to their accumulators. At the end of each pass, Executive again calls Perfor-

mance to calculate the miss distance statistics. Then, at the end of the
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ensemble of passes, Executive calls the Performance subroutine to determine
the bullet miss distance ensemble statistics. (The tracking error ensemble
pass statistics are calculated in the Relative Geometry subroutine.)

2.1.2.16 The Runge~Kutta Integration Subroutine - This integration sub-

routine determines the solution to an arbitrary set of simultaneous ordinary
differential equations using a fixed step fourth-order Runge-Kutta technique.

2.1.2.17 The Output Subroutine - The output of TAWDS(AA) consists of:
1) A card image copy of the input

E | 2) Six statements which tell what data is being read for a case i
F4 3) Dumps from common blocks and subroutines at the start of a case
;ﬁ 4) Time histories of attacker and target positions in earth coordinates
‘ 5) Time histories of attacker aircraft variables

{j 6) Time histories of pilot aircraft commands
1

k| 7) Time histories of bullet trajectories and sight and geometry
variables

k 8) Time history plots of attacker aircraft and tracking error variables

E 1 9) Stationary source errors for each pass
10) Tracking error statistics for each pass and for the ensemble of passes
11) Miss distance statistics for each pass and for the ensemble of passes.
2 2.2 Functional Description of TAWDS(AG), The Air-to-Ground Program

A The TAWDS(AA) program with its Monte Carlo statistical procedure was devel-
| oped for maneuvering flight associated with aerial combat. In this section the
TAWDS (AG) program with its principal stochastic procedure, the covariance method,

3 was developed for wings level air-to-ground weapon deljvery. TAWDS(AG) pro-
vides a digital simulation and analysis tool for evaluating the tracking error
}‘ and weapon impact error of an attacking aircraft in the terminal phase of its
air-to-grcund weaponry task. This analysis program, similar to TAWDS(AA), in-
cludes the effects of:
o Aircraft dynamics
0 Aircraft control system characteristics and dynamics
o Sight system characteristics and dynamics ' ‘
L | o Pilot control characteristics and dynamics
! o Pilot remnant for linearized pilot models
o Attacker-to-target geometry dynamics
o Weapon orientation, location, and release forces
Gun rate of fire

Weapon trajectory characteristics

Random wind gust, discrete gust, and wind shear

Stationary source errors.
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TAWDS(AG) simulates air-to-ground gunnery with Continucusly Computed Impact
Point (CCIP) or Fixed Depressed Reticle (FDR) gunsights, and air-to--ground
bombing with the Future Impact Point (FIP) bombsight. The air-tc—ground gunnery
attack sequence is illustrated in Figure 16. In such an attack with an FDR
sight system, the pilot tracks the target and fires when the aircraft simul-
taneously achieves the most attainable set of speed, flight path, and altitude
or range conditions corresponding to the FDR setting. The tracking task for
the CCIP gunnery sight differs from that with the FDR sight in that the gunfire
solution is continuous so long as the pilot can maintain the reticle on the
target,

For air-to-ground bombing a derivative CCIP sight system (FIP) is imple-
mented. In FIP bombing, a reticle is continuously displayed on the HUD to

indicate where the bomb will impact when it is automatically dropped at the
future release conditions if present flight conditions are maintained. The

pilot's task is to continually maintain the FIP reticle on the target until
bomb release occurs. Another symbol, the Displayed Impact Point (DIP) cross,
indicates the impact point for an immediately released bomb. When it becomes
coincident with the FIP reticle, the bomb is released. The profile and HUD
presentations for this system are shown in Figure 17.

TAWDS (AG) treats the air-to-ground terminal weaponry problem as a Gauss
Markov random process, using the covariance method to determine ensemble sta-
tistics. This method has the advantage of using only one pass to obtain per-
formance statistics, but it does require linear equations. As discussed in
Reference 11, linear equations can simulate an attacker realistically, even
in high g maneuvers. These linear equations are generated by perturbating
nominal nonlinear equations. To effect this method for air-to-ground weapon

delivery, two simulations are run concurrently: a nominal nonlinear deter-

ministic simulation and a linear stochastic simulation. Because the nominal
traverse error 1s zero for fixed forward-firing guns and for bombs, only 19
the elevation channel is modeled deterministically. The stochastic simulation
consists of integrating the mean and covariance matrix equations derived from
the linearized equations. (The mean equations are actually deterministic.)
For gunnery it is also necessary to simulate the bullet round-to-round auto- ;
correlation matrix, .
The stochastic simulation includes both the elevation and the traverse
channels. Because the complexity of the covariance technique increases by the

square of the number of states, it is desirable to keep the system small. For
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the air-to-ground system, the equations can be decoupled into two smaller sys-
tems: one for elevation and one for traverse. TAWDS(AG) simulates these two
22 state systems rather than one coupled 44 state system.

To determine the round-to-round correlation between every pair of gunnery
rounds is prohibitive in terms of computer core and time. Therefore, TAWDS (AG)
computes the correlation between the initial round of the burst and subsequent
rounds. To calculate the other round-to-round correlations, stationarity is
assumed; it is assumed that the correlation between rounds is only a function
of the time interval between them and not a function of their actual firing
times. This assumption has yielded results which compare favorably to those
obtained by Monte Carlo simulation.

The nominal nonlinear deterministic simulation includes a three-degree-of-
freedom aircraft (forward velocity, normal velocity, and pitch rate), a generic
longitudinal control system, a choice of three sight systems (Fixed Depressed
Reticle (FDR) and CCIP for gunnery, and FIP for bombing), a linear fourth order
pilot, and a weapon (bullets or a bomb). The stochastic simulation linearizes

the above and incorporates the traverse channel, with the aircraft having

six degrees-of-freedom. It also adds pilot remmant and random wind gust to

the covariance equations, and gun recoil forces, wind shear, and discrete
gust (all three treated deterministically) to the mean equations.

Besides the dynamic source errors (gun recoil forces, wind shear, discrete
gust, pilot remnant, and random wind gust), stationary source errors also
affect the aim error (tracking error plus stationary source error effects) and
are included in the stochastic model. The stationary source errors originating
in the sight systems are listed in Figures 18 and 19. They include measurement,
equipment misalignment, and sight mechanization errors. Appendix III discusses
stationary source errors in detail. In TAWDS (AG) the mean of each stationary
source error 1s assumed zero over an ensemble of passes. Consequently, the
stationary source errors affect only the variance.

The mean and covariance equations model the states of the attacker air-
craft, the control system, the sight system, the pilot, and geometry, but they
do not model the actual release of the weapon at firing time. Therefore, the
means and variances of the weapon impact errors are not a direct calculation
of the above linear equations. To determine the means and varlances of the
impact error, time-varying sensitivity matrices are calculated when a weapon

is released. These sensitivity equations propagate the means and variances of
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the tracking errors to the target to get the impact error statistics. The
source error variances, which are input data, are also propagated by the
sensitivity matrices to contribute to the impact error variances. There is

a sensitivity matrix for each channel: elevation and traverse. Appendix III
discusses these sensitivities.

Computation of the impact statistics 1s restricted to zero initial con-

e = e

ditions in the covariance matrices. In general, the user can exercise TAWDS(AG)

i

by initializing the tracking error components of the elevation and traverse
matrices and then can note the tracking error component responses as affected i
by the dynamics of the selected flight control system and sight configura-

tion. For impact statistics, however, it is unrealistic to assume that a ran-
domly selected weaponry pass will match all nominal delivery conditions except 18
for the initial tracking error. Other components, including off-diagonal

components of the covariance matrices, must also be initialized to realistic-
ally represent initial conditions for an ensemble of passes. A general rule

for initializing the full covariance matrices for all state variables is not
4

presently formulated.

For runs in which the only dynamic inputs (other than gun recoil, wind
shear and discrete gust) are pilot remnant and random wind gust, experience
has shown that the variance and covariance states of the covariance matrices

reach a near steady state condition after an initialization period of approxi-

R ———

mately two seconds. Therefore, the problem of choosing appropriate initial
conditions tor the covariance matrices can be circumvented by using an appro-
priate initialization period before weapon firing. To exercise the TAWDS(AG)
option of generating impact statistics, the user must zero the covariance
matrix, read in pilot remnant and wind components, and run the rrogram for
a user specified initialization period.
The TAWDS(AG) user can select one of three options to analyze the tracking .
and the impact errors of a selected weaponry system:
° Covariance Option - mean state equations are integrated in the presence
of initial state errors, with or without wind shear, discrete gust, and
gun recoll effects. Covariance state equations are integrated in the

presence of initial state variances, with or without random wind gust,

and pilot remnant. Ensemble impact statistics are calculated only if
the covariance states are initialized to zero. |3
° Mean Option - mean state equations only are integrated. The calcula-

tions are all deterministic. ;




Monte Carlo Option - a series of Monte Carlo runs 1s executed using

the mean state equations. This option is available only for gunnery.

Random initial state errors for each run are determined from state

variances which are entered by the user. Random wind gust disturbances
are also generated for each run.
2,2,1 Structure of TAWDS(AG) - The structure of TAWDS(AG) is illustrated

in Figure 20. The program can be divided into five major sections:

0 A main section which controls the program

o A data input section

o A nonlinear section which generates the nominal attacker aircraft

profile and the nominal weapon trajectory

o A section which simulates the linear mean and ~ovariance state equations

0 A section which computes the performance statistics including the
sensitivity matrices.

2,2.2 TAWDS, The Main Subroutine of TAWDS(AG) - The air-to-ground TAWDS(AG)

program is controlled by the main routine, called TAWDS. This routine calls

the DATAIN routine to read most of the input data. After the call to DATAIN,

TAWDS reads the initial values of the mean and covariance states, the random

wind gust magnitudes, and the stationary source error standard deviations.
It then calls the subroutine TRIM to initialize the deterministic simulation
and calls the subroutine AMAT to calculate the plant matrices for the sto-

chastic simulation., To integrate the deterministic and the stochastic simula-
tions through time, it calls the subroutine RKI, which in turn calls the sub-

routine FCT to evaluate the simulation's derivatives.

After the profile initialization time period, TAWDS calls various subrou-

tines that concern weapon firing. It calls SENTIV to generate impact error

sensitivity matrices, CORREL to calculate round-to-round correlation for

gunnery, and PERF to gather and calculate weapon statistics. Also, if the

Monte Carlo option is selected, it controls the subroutine calls to execute

e

the number of passes specified by the user.

2.2.3 Subroutine DATAIN - DATAIN reads most of the data required to

execute a case. The remainder of the data is read by the main routine. The

input to DAYAIN consists of aircraft parameters, the flight control system,

the sight system, pilot parameters, the flight profile, wind shear and dis-

crete gust data, and program control variables.
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Figure 20. Structure of the TAWDS(AG) Program

2.2.4 Generation of the Nominal Trajectory - Illustrated in Figure 21 are

the subroutines required to generate the nominal aircraft profile and associated
nominal bullet and sight data. These subroutines are TRIM, AC, FIP, FIPRAT,
FRS, CDIP, PIPRAT, WPNINT, AND WEAPON.

2.2.4.1 Subroutine TRIM - TRIM computes the initial profile geometry

and aircraft state. The purpose of subroutine TRIM is to initialize the air-
craft in a trimmed condition with the sight in solution; that is, pipper on
target. In addition, the aircraft state is constrained such that the initial
tracking error rate is zero. Initial velocity, altitude, and flight path
angle are chosen so that the desired quantities at bomb release or burst mid-
point are obtained.

2.2.4.2 Subroutine AC - AC computes the nominal longitudinal aircraft

trajectory and associated tracking error. The initial aircraft state 1is
determined by subroutine TRIM. Subroutine AC determines the state derivatives
for the piloted aircraft performing air-to-ground weapon delivery. These state
derivatives illustrated in Figure 22 are integrated by the Runge-Kutta inte-
gration subroutine.

Note that the nominal lateral aircraft trajectory is trivial for bombs
or fixed, forward-firing guns. Note also that "nominal" refers to a condition
of zero initial tracking error, zero initial tracking error rate, and the

absence of wind.
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Figure 21. Subroutine Sequence for Nominal Trajectory
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X1 - Longitudinal Aircraft and Elevation Tracking State Vector
Xy - Lateral-Directional Aircraft and Traverse Tracking State Vector

Uy1. Ugq - Longitudinal Aircraft and Elevation Tracking Disturbance Vectors
Uy2, Ucg - Lateral-Directional Aircraft and Traverse Tracking Disturbance Vectors

QP78.0084-83
Figure 22, Uncoupled Aircraft Tracking Error Geometry Perturbation Equations
for Wings Level Weapon Delivery Tasks

2.2.4.3 Subroutine FIP - Subroutine FIP computes the Future Impact Point

(FIP) pipper setting for bombing. A modified vacuum trajectory approach, as
described in Appendix IV, is used to determine the impact point.
2.2.4.4 Subroutine FIPRAT - FIPRAT computes the sensitivities of the

FIP pipper elevation setting to perturbations in the aircraft and profile
geometry states. This information is required by the linear perturbation =
model. FIPRAT also computes the pipper elevation rate, which is used by TRIM

to obtain a zero tracking error rate at initialization.

2.2.4.5 Subroutine FRS - FRS computes the Fixed Depressed Reticle sight data

-v. che firing burst midpoint, including the nominal elevation setting if
desired. The user can also input the reticle setting directly, bypassing the

reticle setting computations.

2.2.4.6 Subroutine CDIP - Subroutine CDIP computes the Continuously

Computed Impact Point (CCIP) pipper setting. A modified vacuum trajectory
approach, as described in Appendix IV, is used to determine the impact point,
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2.2.4.7 Subroutine PIPRAT - Subroutine PIPRAT computes the elevation

sensitivities of the CCIP pipper setting to perturbations in the aircraft and
profile. This information is required by the linear perturbation model.

PIPRAT also computes the pipper elevation rate, which is used by TRIM to

obtain a zero tracking error rate at initialization.

2.2.4.8 Subroutine WPNINT - WPNINT computes the initial weapon position

and velocity at bomb release or bullet firing., WPNINT is called by
the main routine TAWDS and the subroutines FIP, FRS, and CDIP,
2.2.4.9 Subroutine WEAPON - WEAPON integrates a bomb or bullet to ground

impact. The impact parameters of the weapon are used in determining the sen-
sitivity coefficients. The weapon impact error associated with the nominal
alrcraft trajectory is determined from the computed impact position in earth

coordinates.

2.2.5 Generation of the Linear Model: Mean and Covariance State Equations -

Illustrated in Figure 23 are the subroutines required to generate the linear
dynamic model for the alr-to-ground attack system, discussed in Appendix V.
This includes integration of the covariance and/or mean state equations. The
major subroutines involved in this process are RKI, FCT, AMAT, ABW, or OUTCOV.
2.2.5.1 Subroutine RKI -~ RKI is a fourth-order Runge-Kutta integration

routine used in conjunction with subroutine FCT to integrate the state
variables of the gunnery profile. RKI also integrates the nominal simulation.
2.2.5.2 Subroutine FCT - Subroutine FCT updates time-varying elements

of the longitudinal and lateral-directional system dynamics matrices for the
selected flight control system and sight configuration. The gun recoil input and
discrete gust disturbance vectors are computed for use by the mean state equations.
Both longitudinal and lateral-directional covariance and mean state variable
derivatives are computed as required by the selected program option for the Runge-
Kutta integration. For the covariance option, the autocorrelation matrix
derivatives are computed as required for generating burst statistics.

2.2.5.3 Subroutine AMAT - Subroutine AMAT computes elements of the

longitudinal and lateral-directional system dynamics matrices for the select-
ed flight control system. In addit{fon, AMAT will compute the aircraft linear

coefficients (used in the airframe equations of motion) from the input stabil-

ity derivatives and the profile midpoint altitude and velocity if desired.

Otherwise, the input values of the linear coefficients are used.
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Figure 23. Subroutine Sequence for Linear Time Histories
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Figure 24. Subroutine Sequence of Performance Subroutines

2.2.5.4 Subroutine ABW -~ Subroutine ABW computes those elements of the

longitudinal and lateral-directional system dynamics matrices associated with
the Dryden wind gust model. The wind gust input covariance macrix is also
computed, if required.

ABW is called initially by the main program. It is also called by FCT at
each integration interval whenever aircraft altitude goes below 1000 feet, to
update the wind gust elements as required by the Dryden model.

2.2.5.5 Subrcutine OUTCOV - Subroutine OUTCOV outputs the longitudinal

and lateral covariance and/or mean state variables of the linear model at the
selected interval over the gunnery profile.

2.2.6 Performance: Sensitivities and Ensemble Statistics - Illustrated in

Figure 24 are the subroutines involved in generating bullet and bomb per-
formance data. These subroutines are SENTIV, COVARI, PERF, and CORREL.
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2.2.6.1 Subroutine SENTIV ~ SENTIV computes the along-track and cruss-

track weapon impact error sensitivity matrices in both ground plane and line
of sight coordinates for the selected sight configuration.
2.2,6.2 Subroutine COVARI - In conjunction with the covariance option

COVARI computes the impact error variances, standard deviations, and CEPs
(Circular Error Probability) for the selected sight mode and for the stationary,
dynamic (nonstationary), and total (stationary plus nonstationary) source

error configurations., For the Monte Carlo option, only the stationary source
error statistics are computed. For gunnery, these computations occur at the
selected interval during the burst.

The stationary impact errors are determined from the sensitivities com-
puted in subroutine SENTIV and the applicable input stationary source errors.
The nonstationary impact errors are computed from the sensitivities and the non-
stationary error values contained in the longitudinal and lateral state variable
covariance matrices of the linear system models.

2.2.6.3 Subroutine PERF - Subroutine PERF computes the weapon statistics

data. For gunnery, PERF is called at the selecied interval during the burst to
store sample bullet data and at the end of the burst to compute and output the
burst statistics. Computation of the ensemble statistics is a user option
which can be exercised in conjunction with the covariance or Monte Carlo
options where the only dynamic inputs (other than gun recoil, wind shear, and
discrete gust) are random wind gust and pilot remnant.

2.2.6.4 Subroutine CORREL - Subroutine CORREL (in conjunction with the

covariance option only) computes the bullet impact error autocorrelation from
the input autocorrelation and sensitivity matrices. The impact error auto~
correlation values are then used by the main program to compute the round-to-
round correlation values. The impact error statistics that the PERF and CORREL
subroutines compute are discussed in the next section.

2.3 Weapon Delivery Ensemble Impact Error Statistics

There are major differences in the pilots' performing air-to-air and
alr-to~ground weapon delivery. During air-to-ground weapon delivery the target
is stationary, or nearly so; for air-to-air gunnery, the target is not only
moving, but is performing evasive maneuvers. During air-to-ground weapon delivery,
once the pilot achieves solution for an acceptable weapon delivery envelope, he
fires a continuous burst of rounds or releases his bomb. But, in an air-to-air

gunnery pass, the attacking aircraft can have limited but yet multiple firing
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opportunities as the target maneuvers, even though the attacker maintains his
position of relative advantage throughout an encounter. Thus, opportunities for
many short firing bursts can occur in a single pass.

The ensemble impact error statistical distributions for air-to-ground and
air-to-air weapon delivery tasks are similar, but these distributions are
computed by accumulating the impact error measures in a different manner. The
air-to-ground statistics are referred to as ensemble burst statistics, to re~
flect the fact that there is only one gunfiring burst, or bomb release, per
pass and the statistical properties are summarized for the burst. The air-to-
ailr gunnery statistics are referred to as ensemble pass statistics, since a
single pass may consist of a number of short bursts, and the statistical pro-
perties are summarized for the pass as a whole. The ensemble for air-to-ground
gunnery is a collection of bursts under identical encounter conditions whereas
the ~nccuble for air-to-air gunnery is a collection of passes under identical
encounter conditions,

2.3.1 Ensemble Burst Statistics - It has been shown in Reference 12 that

the use of ensemble burst statistics allows the bias for the burst to be iso-
lated from variations within a burst. This permits calculation of two separate,
statistically independent, bivariate Gaussian distributions. These describe
the distribution of bias impact points, and the distribution of individual
impact points within each burst with respect to the mean point of impact for
each individual burst as depicted in Figure 25. The accuracy of a set of
weapon delivery bursts is summarized in Figure 25 by three sets of parameters:
o (Se, St) - The Ensemble Mean Point of Impact (EMPI) in elevation and
traverse coordinates relative to the target; that is, the overall
average of all the individual Burst Mean Points of Impact (BMPI) for
all passes made during an encounter. The BMPI is the centroid of
impact points resulting from a particular burst fired during one given
weapon delivery pass. Numerous weapon delivery passes are simulated
to account for how different sample sets of source errors arfect wea-

pon impact errors.

(oge, o%t) - The variance of the centroid of all the impact points

made for individual BMPI's in elevation and traverse coordinates with
respect to the EMPI. (For the air-to-ground bombing mode, the weapon
burst may be one round or a bomb.) This one sigma bivariate distri-
bution defines the ellipsoidal area with the EMPI at its center, in
which 39.3 percent of the BMPI 1lie.
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o (ore, crt) - The variance of individual impact points in elevation

and traverse coordinates with respect to their BMPI. This one sigma
bivariste distribution defines the ellipsoidal area with the BMPI (for

a given pass) at its center, in which 39.3 percent of bullets fired in the
given pass impact.

The covariance procedure for computing these two bivariate distributions 1is

presented in Appendix VI,

This model with these sets of statistical parameters extends previous

models in three major ways:

o It analytically computes both elevation and traverse components of
these three accuracy parameters, using the dynamic response charac-
teristics of particular aircraft., Individual weaspon dispersion vari-
ances due to the effects of ejectlion variations and manufacturing
anomalies can be combined readily with the variances of individual
impact points with respect to their BMPI.

It calculates the individual round-to-round autocorrelation functions
by separately representing the elevation and traverse components of
aim wander as Gauss Markov processes, taking into account the

aircraft tracking response characteristics.

It does not require the assumption that the ensemble mean impact error
is zero, thus permitting explicit consideration of both stationary aim
errors, which show up as a systematic or bias error within a burst,
and the deterministic aim walk in elevation, which is characteristic
of fixed reticle sights.

Considering only one component of the EMPI and BMPI distributions and

omitting for convenience the.component subscript, the variances of these two
bivariate distributions have the form:

o= Ho 4 + 0 2 (1)

9 d s

b
2 2
o = 1=-w oy, (2)

where the subscripts "d" and "s" refer to the effects of dynamic (nonstationary)
and stationary source errors, respectively.

Error sources are classified as being "stationary" if their correlation
time constant is long compared to the duration of the weapon burst, while
"nonstationary" or "dynamic" error sources are the short-term effects. In

other words, the effect of stationary source errors is to yield a bias impact
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error throughout the burst, while the effect of dynamic source errors is to
yield a time-varying impact error (aim wander) within the burst.
The parameter u is the average individual round-to-round correlation for

all pairs of individual rounds in the burst. If the weapon dispersion vari-

ance were included, it would be added to °r2 in Equation 2.

2.3.2 Calculation of Pass Statistics for Air-to-Air Gunnery - In air-

to-air gunnery a firing burst occurs when the pilot decides that the gun is
within a Junfiring region. For the pilot using a Director sight, the bursts b
”J are firad whenever the elevation and traverse tracking errors, ¢

gL &9 Erge
simul:aneously satisfy the following tracking error boundary constraints:

B Elevation error constraint: le. | <8 (3)
Zl EL' — "Ec
] Traverse error constraint: |ETR|_§ 8rc (4) E
g | 2 2
3 Radial error constatint: R eRc (5)

1 For the pilot using the LCOSS sight, the firing conditions occur when the
elevation and traverse tracking errors, projected a bullet's time of flight,

(Tf), in the future, satisfy the following tracking error boundary conditions

Elevation error constraint: |EEL & TfsELI < O (6)

' Traverse error constraint: IETR + TfeTR| :-eTc (N
. 2 . 2 v
i Radial error constraint: J(EEL +Teep )" + (eqp + Tgepp)” < 0p. (8 ..

B Figure 26 shows the four types of gunfiring regions specified by these track-
ing error constraints.
' With these constraints, more than one firing burst can occur for a given

Monte Carlo pass, and the number of bullets fired for each pass will not be

' equal. Consequently, the statistical measures needed for calculating the
ensemble statistics for Monte Carlo runs are:
o Pass Mean Point of Impact (MPI), E[aij] - For any individual Monte
Carlo run (pass), multiple bursts of varying durations can occur.
| The average value of impact points with respect to the target, computed
in both elevation and traverse components for all Ni bullets fired
! during the ith pass, 1is:

Ny

- 1
b, = E = —
1 = Elagy) N, fs 13
=1
h

where aij is the impact point of the jth bullet fired during the it

4% pasSo

42



o e i il b8 BT s R W sl AR 4 B LA L Bt g s

b re

7
i )

Region 3 Region 4

f7e

G

S |

GP75-0004-90

5]

N

Figure 26. Gun Firing Regions Defined by Tracking Error Constraints
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o Variance of Impact Points within a Pass about the Pass MPI, E[(.ij-si)zl
This is the varlance of rounds within a pass about the pass MPI as
glven by
E Ni ;
3 2 = .2 1 2 =
1 ori E[(aij- bi) ] -ﬁ-i aij - bi (10)
| =1

The statistical measures for each pass, Ei and 03'1' are used to calculate
two independent bivaviate Gaussian distributions defined by the following en-
J 4\4 semble statistical measures: (1) ensemble mean point of impact, EMPI; (2) the
ensemhle varience of individual pass MPI about the EMPI; and (3) the untiased
estimate, for all passer, of the =re..ible variance of impact points within a
» pass about the pass MP1., The unbiased estimate of the variance of 1impact 4
points (roundr) within a pass accounts for :'= variabl: :umber of rounds per
pass and tane variability of MPI from p:cs t+ past., The ensemble statistics
‘..1 are formulated as follows:

o Ensemble Mean Point of Impact (EMPI), E[Ei] - The EMP1 is the average
value of the impact point with respect to the target for the total
number of bullets fired, NBUL, for NRUN Monte Carlo runs., The EMPI
is defined in terms of the MPI for all passes.

i NRUN
l. rd -~ 1 -
} b E[bi] = NEUL E Nb, (11)
| i=1
o Ensemble Variance of Pass MPI sbout the EPI, E[(5, - )] - This 1s
‘ the variance of pass means about the ensemble mean.
NRUN ’
! 2 = =2 1 =2 2
‘ o = ELE, - 5 = T E NGBS - B (12)
i=1

39.3 percent of the Pass MPI's will lie within this bivariate distribution.
o Ensemble Variance of Impact Points within a Pass about the Pass MPI,

' 2
| E[cri]
NRUN
2 2 1 2
o = Eloy] = evi-nrom z Ny %t ()
1=1

A If one burst with the same number of bullets is fired for each weapon delivery
pass, these ensemble statistical measures which are computed by collecting pass
statistics are equivalent to air-to-ground distributions computed by collecting
burst statistics, Figure 25 illustrates the two independent bivariate distri-

butions described by these ensemble statistical measures.
%




2.3.3 Monte Carlo Verification of the TAWDS(AG) Covariance Model ~ To

validate the covariance analysis techniques of the TAWDS(AG) model, the impact
error results obtained from Monte Carlo simulation of a typical gunnery pro-
file were compared with the results obtained by covariance siwmulation of the
same profile, The test case was an F-4 configured with a stability augmentation
control system, a Fixed Depressed Reticle sight, and a 20mm M4=61 gun (100 rounds
per second firing rate). The 3 second gunnery profile consisted of a two-second
preburst initialization period followed by a one-second burst. The pe.tinent
geometry variables are listed below:

o Altitude at burst midpoint: 2500 feet (above target altitude)

o Target Altitude: 2000 feet (above sea level)

o Flight path angle (burst midpoint): -30 degrees

o Airspeed (burst midpoint): 500 knots

A gain network was used to represent an idealized pilot for converting
tie tracking errors to aircraft commands. The pilot gains are listed below:

o Pilot stabilator command gain: 2.0

o Pilot rudder command gain: 33.0

o Pilot aileron command gain: -7.5

o Pilot roll attitude perturbation gain: 0.5

This Monte Carlo verification was a comprehensive check of the ertire
TAWDS (AG) program since generation of the cnsemble burst statistics involves
nearly all computational aspects of the program. Since the most challenging
aspect of the TAWDS(AG) covariance model verification is the dynamic source errors,
stationary source error varjances were not included. Also, since gun recoil
effects are deterministic and would affect each Monte Carlo gunnery pass in
exactly the same way, the gun recoil force model was set to zero. These two
simplfications reduced the cost of Monte Carlo verification without compromising
the result. The dynamic source error excitations were wind gusts of 6 feet per
second (one sigma value) in both the elevation and traverse channels.

The Monte Carlo simulation exercised the same nominal gunnery profile many
times in the presence of different random wind gusts. Two sets of runs, one of
25 sample gunnery passes and the other of 200 sample gunnery passes, were made.
The corresponding ensemble burst statistics and round-to-round correlations were

computed by the TAWDS(AG) program.
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A comparison of the TAWDS(AG)'s Monte Carlo and covariance model round-to-
round correlations is presented in Figure 27. The correlations are illustrated
as a function of time into the burst, that is, with zero time at burst initia-
tion. For a 100 round per second firing rate (assumed constant), the correla-
tion between round 1 and round 50 would be determined from the figures in terms
of their time difference, that is, p (0.5, 0). From Figure 27, it can be seen
that the Monte Carlo correlation values for 200 runs is a better comparison
with the covariance model correlation values than values from the simulation of
25 runs. Increasing the number of Monte Carlo runs should yield results that
converge to those of the covariance model.

A comparison of the Monte Carlo and covariance model burst statistics is
tabulated in Figure 28. With one exception (the traverse component of ensemble
mean aim error), the 200 run Monte Carlo simulation is in closer agreement with
the covariance model statistics than the 25 run Monte Carlo simulation. The'
200 run Monte Carlo simulation and the covariance model burst statistics com-
pare quite well. Using either statistical description of the aim error in
subsequent probability of hit or kill computations would yield very nearly the
same results,

There are two basic reasons why one would not expect the 200 run Monte
Carlo simulation and the covariance model burst statistics to agree completely.
One reason is that the Monte Carlo correlation values did not completely con-
verge to the covariance values, The other reason is that the covariance model
assumes that the correlation between round 1 and round 50 is the same as that
between round 51 and round 100. The Monte Carlo simulation, which computes
its burst statistics from the sample data, permits round-‘:o-round correlations
which depend on absolute time in addition to time between rounds. Although the
air-to-ground dynamic model is not strictly stationary, the dynamics change so
slowly with time that the model can be approximated as a stationary process
for the short interval of time corresponding to a firing burst.

The data of Figure 28 dues show that the TAWDS(AG) covariance model yields
ensemble burst statistics that agree quite well with those obtained from Monte
Carlo simulation. In addition, the covariance model overcomes the major dis-
advantages of Monte Carlo simulation, which require that numbers of runs and
adequate data reduction and analysis must be performed to ensure that enough

runs have been made to permit confident application of the results.
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3 The TAWDS(AA) and TAWDS(AG) programs provide an all-digital simulation tool for

’* evaluating aircraft weapon delivery systems in terms of performance and effec- _
kt tiveness. However, to validate the TAWDS programs, it is necessary to compare i
k the weapon delivery statistics, as computed by the TAWDS program with those

i\ statistics measured from actual aircraft weapon delivery simulation programs

and flight test records. In the following section, weapon delivery accuracy
measures which were obtained from measured simulation studies are compared

’ with results obtained using the TAWDS all-digital simulation programs.

Monte Carlo | Monte Carlo ]
Simulation - | Simulation - c°"“ I"rlml g
25 Runs 200 Runs
F B el 102 9.1 8.8
& ) | -oa 04 0.0
4 E [tb= 53] B.| 238 36.0 36.1
2
| (ft%) ™| 124 12.7 145 :
! | ElS % —b? |B-] 524 62.6 64.1 .
- n j=1
AL 8.7 8.1 8.3 ‘

GP78-0084-424

‘ ‘ (ft2)

F-4, Stability Augmentation, Fixed Depressed Reticle Sight, M-61 Gun
Error Sources: Elevation and Traverse Wind Gusts (6 fps rms)

Figure 28. Comparison of Ensemble Burst Statistics Generated by the
TAWDS(AG) Monte Carlo and Covariance Models i
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: SECTION 3
k| MANNED AIR COMBAT SIMULATION STUDY

During the development of the TAWDS programs, the Manned Air Combat
Simulator was used as (1) a pilot evaluation tool for establishing a most
suitable set of alrcraft flying qualities for air-to-air and air-to-ground
5, weapon delivery, and (2) the design tool for both developing and validating
E | the analytical pilot models, as well as for validating the TAWDS programs.

In this manned simulation study, two USAF pilots flew numerous aircraft weapon

system configurations where the aircraft's longitudinal and lateral-directional

1 flying qualities were parametrically altered and the weapon sight systems

ii varied. This manned simulation study was conducted to provide (1) ailrcraft
weapon delivery tracking data for developing and validating an analytical multi-

axis pilot model to be incorporated into the TAWDS programs, (2) aircraft wea-

%

’i poen delivery impact error performance for comparing with the TAWDS weapon

h; delivery performance results, and (3) pilot evaluation data for comparing with
| the TAWDS resultant flying qualities criteria for achieving the highest prob-

? ability of kill, The aircraft weapon delivery performance and pilot evaluation
measurements provide a data base for determining whether or not the TAWDS ob-
tained flying qualities results are credible.

The description of the manned simulation study, the pilot evaluations of

the effects of longitudinal and laterai-directional flying qualities on track-

T
i

ing performance, and the manned simulation validation of the TAWDS programs

| are discussed in this section. Because of the extensive development and
validation effort that was required for generating and developing multi-axis

“ pilot models, the detailed pilot model analyses are presented and discussed in

3 depth in Section 4,

'%‘ 3.1 Description of Simulation Study

An extensive manned air combat simulation was conductel using two USAF
pilots, each with fighter aircraft flying experience greater than 3,000 hours.
| As summarized in Figure 29, a total of 199 air-to-ground pilot/flight control/
li sight configurations was investigated, and a total of 137 air-to-air pilot/
flight control/sight configurations was studied. Data were recorded on strip
éi charts, video tape and magnetic tape.
3 Figure 30 presents a cutaway view of the MCAIR fixed base Manned Air
! Combat Simulator crew station used in the study. The MACS crew station con-
2 sists of a fully-instrumented, single-place, fighter-type cockpit at the center

of a dome. The projection system displays a horizon and ground target scene.
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Weapon Delivery Tasks
Air-to-Air Air-to-Ground Air-to-Ground
Pilot Gunnery Gunnery Bombing
Director | LCOSS | CCIP FDR FIP

Longitudinal

Configurations 16 16 15 16 16

Runs 30 17 34 31 32
Pilot B | | steral-

Directional

Configurations 18 18 14 19 19

Runs 25 18 28 34 38

Longitudinal

Configurations 17 16 15 16 16

Runs 35 17 30 32 32
Pilot A | | ateral-

Directional

Configurations 18 18 19 6 18

Runs 30 19 38 12 32

Total number of aircraft/pilot/weapon system configurations - 326
Total numper of simulations runs - 564
GP76-0864-220

Figure 29. Aircraft/Pilot/Weapon System Configurations for
Manned Simulation Study

Beam Splitter 5. Crew Stat;on - . Real Target Projector
Spherical Mirror 6. Real Horizon Projector 10. Sound and Electronic
Multiplexing Beam Splitter 7. Real Target Focus Lenses Equipment

Virtual Image Beam Splitter 8. Real Target Mirrors 11. Pit Area

GP76-0864-221

Figure 30. Manned Air Combat Simulator Layout
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A 360-degree horizon display provides the pilot with realistic cues of the

|

‘ aircraft's motion and attitude in pitch, roll, and yaw. In the MACS, repre-
I

|

sentative fighter aircraft flying qualities and controller characteristics are

provided to the pilot along with a full set of flight instruments and other
% equipment such as head-up displays and weapon sight systems, necessary for the
l weapon delivery tasks. The MACS crew station is driven through a central
1 computer system and visual generation equipment. The visual equipment generates
i all-aspect targets, horizon, and terrain map. The central monitoring station
is at a single well-oriented location,
J The aircraft simulated was an F-4E configured with a Tactical Weapon
Delivery (TWeaD) type of flight control system. The TWeaD program, in which a
1 three axis Control Augmentation System was developed for improving air-to-
, ground weapon delivery, was funded under USAF Contract F33(615)-67-C-1101.
| Block diagrams of the longitudinal and lateral-directional flight control
3 system dynamics are presented in Figures 31 and 32. The control systems gains
' were varied to achieve pre-selected combinations of longitudinal and lateral-
A directional flight control configurations to be evaluated for each weapon
delivery task., A variety of longitudinal flying qualities, such as longitudinal
i short-period frequency and damping characteristics, and stick force per g
levels, were simulated by judiciously varying values for the pitch rate feed-
back gain, normal acceleration feedback gain, and electrical linkage transmis- '
sion gain., The short-period mode characteristics are the eigenvalue charac-
1 teristics of the augmented basic airframe short-period mode, Lateral-direc- ‘
. tional aircraft configurations that exhibited different flying qualities, such |
as augmented roll rate, proverse/adverse yaw response characteristics, and
“ Dutch roll mode frequency and damping characteristics were simulated. The
various roll rate response characteristics due to commanded roll rate were
L‘ obtained by the proper variation of gain parameters defining (1) the trans-
mission gain of the mechanical linkage between the aileron and lateral stick,
(2) the transmission gain of the electrical linkage between the aileron's

servo and lateral stick, and (3) the time constant of the prefilter network

modifying the electrical roll rate command signal from the lateral stick force
transducer. Proverse/adverse yaw configurations were achieved by changing
the aileron-to-rudder interconnect gain, The various augmented Dutch roll
mode frequency and damping characteristics were obtained by proper combination
of computed sideslip rate feedback gain ana lateral acceleration feedback gain

parameters. The range of each longitudinal and lateral-directional flying
quality variation is shown in Figure 33.
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Figure 31. Generic TWeaD Longitudinal Flight Control System
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Figure 32. Generic TWeaD Lateral-Directional Flight Control System i

N 1 Longitudinal Flying Qualities
Response Characteristics Range of Variations

] ' Short-Period Natural Frequency 3.6 rad/sec < Wgp < 6.7 rad/sec
Short-Period Damping Ratio 03<{p <08
Stick Force per G 2.01b/G < F¢/G <8.0 1b/G

4 ‘ Lateral-Directional Flying Qualities

Response Characteristics Range of Variations
Dutch Roll Mode Natural Frequency 3.0 rad/sec < wp < 3.5 rad/sec
| Dutch Roll Mode Damping Ratio 0.2<¢{p <028
L | Augmented Roll Mode Time Constant 0.25sec K7 < 1.0 sec

Maximum Sideslip (83) Excursion - Ba
within 2'seconds per Step Lateral —1deg/b< 3
Stick Command (F_aT) LAT

*Proverse Yaw QP75-0084-224

<0.4 degb

Figure 33. Longitudinal and Lateral-Directional Flying Qualities Varistions for
Aircraft Simulated in Manned Simulation Studies
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The sight systems used for air-to-alr gunnery were Director and Lead
Computing Optical Sight System (LCOSS). For air-to-air gunnery, the pilot was
required to track a target aircraft, which was programmed to fly the same pre-
recorded maneuvers for all runs. A description of the encounter geometry for
the aerial gunnery task is shown in Figure 34, The HUD display used with these

sights is shown in Figure 35. These sight definitions are based on work re-
;f ported in References 13 and 14,

i1 The air-to-ground gunnery sights used were the FDR, and the Continuously

9 Computed Impact Point (CCIP) sights. In all air-to-ground weapon delivery

tasks, the aircraft was initialized with an ailrspeed of 450 kt, in a 30 degree

. dive, with a target at a range of 19,000 ft in the HUD field-of-view. The

2* air-to~-ground gunnery attack sequence is illustrated in Figure 16.

'1 The piloting task for the alr-to-ground gunnery mode, using an FDR sight
system, was to track the target and to fire when the piloted aircraft simul-

1 taneously achieved the most attainable set of speed, flight path, and altitude

or range conditions corresponding to the fixed reticle setting., The pilot's
4 tracking task for the CCIP gunnery sight differs from that of the FDR sight.

’ With the CCIP sight, the pilot achieves gunfire solution as long as he can

maintain the CCIP reticle on the ground target.
The HUD display used for air-to-ground gunnery is shown in Figure 36,
. On this display, the maximum gun firing range was based on a three-second |
bullet time-of-flight (to accommodate computer timing restrictions). The ?
2; "pull-up" cue was computed based on aircraft ground clearance altitude as a func- :
t’ tion of flight path angle, This cue was displayed with respect to the ground jg
speed velocity vector and was inertially roll stabilized. The pitch ladder ;

,‘ was displayed with respect to the airspeed velocity vector and was inertially
- roll stabilized.

‘ For the air-to-ground bombing mode, a derivative CCIP sight system called
Future Impact Point (FIP) was used. In FIP bombing, a reticle is continuously
displayed on the HUD to indicate to the pilot where the bomb will impact when

‘ it is dropped at the future release conditions, if present flight conditions
' j are maintained. The pilot's task is to maintain the FIP reticle on the target
until bomb release, The release of the bomb occurs when another symbol, a
Displayed Imvact Point (DIP) cross, which indicates the impact point for an
immediately released bomb, comes in coincidence with the FIP reticle. The '
profile and basic HUD display for this bombing system are depicted in Figure 17,
For bombing, the HUD display shown in Figure 36 was modified with both the DIP 1]

cross and the bomb fall line between the ground speed velocity vector and '
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Figure 34. Description of Aerial Gunnery Encounter and Pilot Tracking

Instructions for Manned Simulation Study
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Figure 35. Air-to-Air Head Up Display for Generic Director and LCOSS Sights
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pipper. The FIP reticle computation was based on a bomb release altitude of

2000 feet plus altitude loss during pull up. Detailed descriptions of each

sight system used in the manned simulation study are given in Appendix II.

3.2 Pilot Evaluation of Aircraft Flying Qualities for Air-to-Air and Air-to-
Ground Weapon Delivery Tasks

This section summarizes pilot comments on how variations in longitudinal
and lateral-directional aircraft flying qualities affected the different weapon
delivery tasks. In the precision tracking tasks, the pilots preferied the
capability to make desired corrections in aircraft flight path or attitude
quickly with minimum overshoot or undershoot in nulling the tracking error.

3.2.1 Pilot Evaluation of Longitudinal Flying Qualities - In Figures 37
and 38, the shaded circular sectors in the negative half of the S—plane depict

the ranges of short-period damping and frequency values acceptable to the
pilots. The larger circular sectors comprise the ranges of variations for the
longitudinal short-period mode aircraft configurations simulated.

As shown in Figure 37, the pilots accepted wider bands of longitudinal
short-period mode variations for the FIP bombing task than they did for both
the air-to-ground FDR and CCIP gunnery tasks. For the air-to-ground gunnery
tasks, simultaneous increase in the short-period damping and frequency values
resulted in the most improved tracking performance. Within the pilot's accept-
able region for the short-period mode, tracking performance for the FIr
bombing task improved as the short-period frequency was increased.

As shown in Figure 38,improved air-to-air gunnery tracking performance
for the pilots resulted when both the longitudinal short-period damping and
frequency characteristics were increased. The pilots tolerated a wider range
of damping variations for the Director tracking tasks than for the LCOSS track-

ing tasks. Also, the pilots wanted a more responsive aircraft in terms of the

short-period frequency characteristics for the LCOSS configuration than for the
Director configuration.

Pilot comments concerning different stick-force-per-g variations consid-
ered in the precision tracking phase of a weapon delivery task are summarized
in Figure 39. Pilot comments indicated a comprcmise value of around 4 1lb/g
was probably best for both precision tracking and general aircraft maneuver-
ability. This parameter has an important effect on control harmony. Figure
39 indicates that it has a limited range of acceptable values for gunnery, but
a significant range of acceptab.e values for bombing., The pilots coumented
that a value of 6 1b/g greatly reduced aircraft pitch sensitivity with the FDR
sight, This sensitivity was not as noticeable with the other sights.
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Figure 37. Pilot Evaluation of Longitudinal Short-Period Frequency and
Damping Variations for Air-to-Ground Weapon Delivery Tasks
(F-4 Aircraft Configured with TWeaD Flight Control System)
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Figure 38. Pilot Evaluation of Longitudinal Short-Period Frequency and
Damping Variations for Air-to-Air Gunnery Tasks
(F-4 Aircraft Configured with TWeaD Flight Control System)




e,

?
|
!
|
!

Stick Force/G Airto-Ground | Airto-Ground | Air-to-Ground | Air-to-Air | Airte-Air
(1b/G) Gunnery Gunnery Bombing Guanery | Gunnery
ccip FDR FIP Director LCOSS
2 D U A D )
‘! - Al D AQ Al A.
6 ] A* A A D
8 V) V) U V) U
A - Acceptable * -Most Desired Value
D - Difficult but Acceptable ** . F-4 TWeaD Contiguration

U - Unacceptable
GP78-0864-233

Figure 39. Pilot Evaluation cf Longitudinal Stick Force Per G Variations for

Air-to-Ground and Air-to-Air Weapon Delivery Tasks
(F-4 Aircraft Configured with TWeeD Flight Control System)

3.2,2 Pilot Evaluation of Lateral-Directional Flying Qualities - Figure

40 summarizes pilot ratings for the TWeaD aircraft configuration with different
Dutch roll damping ratios. The Dutch roll mode natural frequency was relatively
constant for this set of damping variations. The relatively large range of
acceptable values for these parameter variations indicates that variation in
Dutch roll damping is not usually significant during precision tracking.

The pilot evaluations of proverse/adverse yaw flying qualities variations
are tabulated in Figure 41. Except for the FDR air-to-ground gunnery task,
where the pilots preferred a slightly proverse yaw configuration, the pilots
preferred the baseline TWeaD configuration where the aircraft has a slightly
adverse yaw tendency. For the air-to-ground CCIP gunnery and FIP air-to-ground
bombing tasks, the pilots favorably evaluated a wider range of prcverse/adverse
yaw variations.

For the commanded roll rate response variations given in Figure 42, the
pilots preferred the fastest roll rate response variation of .25 seconds for
all the weapon delivery tasks. This was the only flying qualities characteris-
tic that the pilots were able to decisively distinguish for the air-to-ground
bombing task.
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Figure 40. Pilot Evaluation of Lateral-Directional Dutch Roll Damping Variations for
3 Air-to-Ground and Air-to-Air Weapon Delivery Tasks
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Figure 41. Pilot Evaluation of Lateral-Directional Proverse/ Adverse Yaw Variations
for Air-to-Ground and Air-to-Air Weapon Delivery Tasks
(F-4 Aircraft Configured with TWeaD Flight Control System)
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Figure 42, Pilot Evaluation of Lateral-Directional Commanded Roll Rate Response Variations
for Air-to-Ground and Air-to-Air Weapon Delivery Tasks
(F-4 Aircraft Configured with TWeaD Flight Control System)

3.3 Comparison of TAWDS Generated Impact Error Distribution with Impact

Errore Measured from Menned Simulation Studies

To show credibility for the TAWDS programs, the weapon accuracy computed
by the TAWDS programs was compared with measured values from piloted manned
simulation of air-to-ground bombing and air-to-air gunnery weapon delivery.
The weapon impact error weasurements were obtained in the manned simulation
study by two USAF pilots, flying the same aircraft configuration for the same
flight conditions corresponding to each weapon delivery task. For air-to-
ground bombing the ailrcraft was configured with the baseline Tactical Weapon
Delivery (TWeaD) flight control syste.. and the FIP bombsight. For air-to-air
gunnery the attack aircraft was configured with the baseline TWeaD flight

control system and the Director gunsight.

In the manned simulation study,
dynamic disturbances, such as wind gust and weapon release forces, were
acting upon the aircraft. Stationary source errors associated with sensor

] ¥ ’

measurements were not implemented.

%g In the TAWDS programs the same dynamic dists: “inces were modeled and the
‘ stationary source errors were set to zero. The cracking errors were initialized
in the TAWDS programs with the same values corres:uvi ’ing to those in the manned

simulation two seconds before weapon releéase,
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For each weapon delivery mode, a pilot model which reproduced similar
tracking error characteristics to those measured and validated on the manned
simulator was incorporated into the TAWDS programs. Selection of this pilot

model is discussed in Sections 4 and 5.

As shown in Figure 43, bomb impact points were obtained from two differ-

ent pilots flying the same aircraft weapon delivery task, These impact points
are plotted with respect to their average impact point for the 13 runs. Super- |
imposed upon the impact points measured from the manned simulation is the bomb
impact error bivariate normal distribution computed by the TAWDS(AG) program.
This bivariate normal distribution represents an ellipsoidal area, in which
39.3 percent of the bomb impact points should lie. For this small sample size
of thirteen, nine bomb impact points lie within the ellipsoidal area. Thus,

Figure 43 shows that the variance of the weapon impact points computed by the
covariance air-to-ground TAWDS(AG) program is still fairly representative of the
weapon delivery accuruacy results obtained from the pilot-in-the-loop simulation
of the same weapon delivery tasks. In a sample of 13 passes, there is a .95
probability that three to nine impact errors will lie within the 39.3 percent
bounds of the TAWDS(AG) distribution.

For the air-to-air gunnery task, the TAWDS(AA) generated pass mean impact
error distribution is compared to the mean impact error per pass measured from
two different pilots flying the same aircraft weapci delivery task. Here
two pilots flew the same air-to-air gunnery encounter four times, In Figure 44
the resulting impact points are plotted with respect to their average mean
impact point. The bivariate normal distribution of the TAWDS(AA) mean impact
error per pass which defines the bounds for 39.3 percent of the mean impact
points, is superimposed upon the individual mean impact errors per pass.

Figure 44 shows that five of the eight mean impact points lie within the TAWDS(AA)
generated mean impact evror per pass distribution., In a sample of eight passes
there is a .90 probability that two to five mean iﬁpact errors will lie within
the 39.3 percent bounds of the TAWDS(AA) distribution.

The round-to-round impact error one sigma distribution was measured for
each manned simulatiorn aerial gunnery pass. These distributions are plotted
in Figure 45 along with the round-to-round impact error about the pass mean
point of impact distribution, computed by TAWDS(AA). Although the distributions
obtained from the manned simulation runs tend to have more dispersion in

traverse than in elevation, and the TAWDS/{AA) distribution has more dispersion

in elevation than in traverse, the results obtained from the simulation agree

quite well with those obtained from TAWDS (AA).
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The degree of comparison between the TAWDS computed impact errors and

the impact errors measured from the manned simulation runs depends on how well

the analytical pilot model simulates the actual pilot tracking task. The

development and validation of the multi-axis pilot models used to simulate

weapon delivery tracking is discussed in the next section.

F-4E TWeaD Aircraft Configured with Director Sight
{Mach 0.8, 10,000 Ft Altitude, 2,000 Ft Range, 4 G Target)
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Error One Sigma Distribution
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SECTION 4
MULTI-AXT3 PILOT MODEL DEVELOPMENT AND VALIDATION

During the development of the TAWDS all-digital computer programs, repre-
sentative multi~axis analytical pilot models were needed to properly simulate
weapon delivery tracking tasks. This section summarizes the development and
validation of the multi-axis longitudinal and lateral-directional pilot models
used to simulate aerial gunnery and air-to-ground weapon delivery precision
tracking tasks. These models have been incorporated into the TAWDS programs.
They were developed by analyzing time nistories of tracking error obtained
from pilot-in-the-loop air combat simulation studies, the criterion being to
ratch these response characteristics as closely as possible. This was accom-
plished by using the Manned Air Combat Simulator computer program in a batch
mode with the human pilot replaced by the pilot model. It was not necessary
to model the pilot's stick and rudder pedal motions exactly to satisfy this
criterion since the damping and limited bandwidth of the aircraft and flight
control system dynamics significantly reduce the effects of these motions.

This criterion is considerably more severe than such statistical criteria
as comparing the root-mean-square, mean, or standard deviation of the tracking
error. Statistical criteria are easy to satisfy because they do not consider
the rime-verying characteristics of the tracking error in a particular time
history trace.

When pilots fly the same weapon delivery tracking task repeatedly under
identical initial conditions, they can reproduce the same time history modal
characteristics, but not identical time history traces. Consequently, compari-
sons between the analytical pilot and human pilot weapon deliGery task time

bistories will show the same correlation. Validation of the analytical pilot

models is accomplished by measuring and comparing the describing function
characteristics of the human and pilot models in the frequency domain. This
frequency response correlation is not dependent on the time phase of the
tracking errors and pilot aircraft commands between separate and repetitive runs.
The principal criterion for determining whether the pilot model frequency
response matches with human pilot frequency response is the difference ju
magnitude and phase values for the pilot model compared to the human pilot's
gain and phase values at the principal tracking error frequencies. Another
standard for validation is to compare the lead characteristics between the

rilot model and human pilot over the tracking error's frequency range.
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4.1 The Precision Tracking Task
The control task used in developing the pilot models was the nulling

of elevation and traverse tracking errors during the terminal tracking

phase of a weapon delivery encounter. The precision tracking task con-
sidered here is deterministic (as opposed to stochastic), in that the target
is either fixed, as in the air-to-ground attack, or is not maneuvering in

a random manner relative to the attacker, as in the terminal stage of an
air-to-alr encounter. As a result, the pilot readily sees the effect of

his control inputs and is actively tracking the target. External dis-
turbances, such as wind gusts, do not substantially affect the deterministic
nature of the tracking task unless they are very large.

4.2 Pilot Tracking Error Characteristics

Figures 46 and 47 are time histories of the elevation and traverse tracking

errors, the pilot's stick commands, and their corresponding rates for two
aircraft using the Director gunsight. They describe the time interval from
10 to 20 seconds in an air-to-air gunnery encounter and were taken from the
manned simulation study reported in Section 5.4 and Appendix IV of Reference
11. They are representative of the pilot's tracking error responses and
were used in developing the pilot model structure. Stick rates are included,
because they show the pilot's command response better than stick position
alone. It was found that the time history characteristics of the pilot
elevation and traverse tracking errors are similar, regardless of the pilot,
the weapon delivery task, the aircraft flying qualities, and the sight
system characteristics, all of which were varied in the manned simulation
studies. Some of these typical tracking error characteristics are alsc
iliustrated in Figures 46 and 47 for two different aircraft configurationms.
Due to the pilot's interaction with the aircraft short-period dynamics
and with the sight/geometry dynamics, the elevation tracking error contains
two predominant modal components. Both frequency components exhibit a limit
cycle or low damped type of response. This is consistent with the elevation
tracking error time history responses obtained in the FCRWD manned simulation
study described in Section 3. It can, therefore, be assumed that these
characteristics are quite general and apply to many elevation axis precision

attitude tracking tasks,
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Unlike the elevation tracking error, the traverse tracking error
consists primarily of a limit cycle response, with a single frequency and
a period ranging from 4 to 8 seconds (Figures 46 and 47). Occasionally,
wind gust disturbances or relatively rapid pilot lateral stick action may
decrease the period to as low as 2 or 3 seconds. The lower frequency of the
traverse tracking error is probably due to the pilot's concentrating more
on reducing the elevation tracking error, and to the pilot technique of
generating bank angle rate to reduce traverse error by commanding bank angle
with stepwise application of lateral stick.
4.3 Pilot Models

The longitudinal and lateral-directional pilot models, developed for
terminal weapon delivery precision tracking in the TAWDS programs, are shown
in Figure 48. The elevation and traverse tracking error time histories
obtained with these mudels have characteristics like those noted above for
the pilot.

The most difficult parameter values to select are the longitudinal and

lateral transmission gains KPE and K From a linear system viewpoint,

the damping for the overall pilot/aigziaft/geometry/sight system 1s approxi-
mately neutral and these gains are the most critical in attaining this damping
level. A negative sign is needed in the pilot models because of the tracking
error sign convention. Tracking error is defined here as the pipper posi-
tion with respect tn the target, which means the target is taken as the
reference.

In Figure 48, the longitudinal gain parameter KPE is shown as a function
of tracking range, and the lateral gain parameter KAIL is shown as a function
of the elevation tracking error. These variable gains are based on observa-
tions and on pilot comments that the longitudinal and lateral-directional axes
couple during weapon delivery precision tracking. Figures 46 and 47, and
other figures in Section 4.4, indicate that the pilot is more likely to
coordinate his longitudinal and lateral commands by moving the stick radially.
This means that the pilot acts as a radial controller by nulling both
elevation and traverse tracking errors simultaneously. As a result, what

might be interpreted as inadvertent coupling may actually be intentionally
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coupled (coordinated) commands. The radial controller approach was used

in developing the longitudinal and lateral-directional pilot models.
4.3.1 Longitudinal Pilot Model - The longitudinal pilot model treats

the pilot as a proportional-plus-darivative observer of the tracking error

input, gL’ with a deadzone on the error rate. This results in an effective,
or projected, error, EéL’ which is the tracking error projected a time interval
into the future. This projected error is then used, along with the output of
;“ the low-pass filter, to determine the pilot's rate input to the control stick,
. which acts as an integrator in the overall tracking loop. If €pL coatains

L | noise, or if its frequency is abo.e the pilot's observation bandwidth, he will
first smooth €L The longitudinal pilot gains KPE and KR’ and the tracking

error rate deadzone (DzéE) are selected to produce the desired high-frequency

limit-cycle characteristic in the elevation tracking error.

by using a low-pass filter in the longitudinal pilot model to approximate

3 The low-frequency component in the elevation tracking error was obtained
|
; the piiot's averaging of the high-frequency component of the observed track-

_.4 ing error. The frequency of the low-frequency mode is controlled by the low-

| pass filter parameters and the gain KL.

A second-order low-pass filter w;s selected because it is the simplest
.éﬁ function that would give the desired pilot model tracking characteristics.
e A damping (cn) of 0.6 was chosen because it produces an almost "maximally
b flat" frequency response for this filter. Results presented in the following

‘;} section indicate that the natural frequency of the low pass filter, o nust

be based on the type of weapon delivery sight. !
,' The effect of KL on the tracking error response in the longitudinal 1
'c‘ pilot model is described as follows. By assuming the elevation error rate

deadzone to be zero, the longitudinal pilot model transfer function

from the tracking error (eEL) to the pilot's longitudinal force command (FLON) !
is given by:

b |

k| F = [33+(2§m+ ) 82 + (w4 2z w ) s+ (K + )w2]

1 LON _ KPE nn KR n KR nn KI. KR n (14)

£ € 2 2

i EL s(s”" + 2z w st w) (tg 8 +1)

Figure 49 shows how the roots in the numerator of Equation 14 (the zeros of the

longitudinal pilot model transfer function) vary as a function of the parameter




{
|
H
1]

KL' (The values of the other Equation 14 parameters presented in Figure 49 are
those used in obtaining the tracking error respomses for the Director sight.)
The value of KL thus controls the locations of tnhe complex zeros in the over-
all longitudinal pilot model transfer function. Poles in the overall aircraft/
geometry/pilot tracking loop will be near these complex zeros, since the pilot
gain, KPE’ will be relatively high to obtain a high-frequency component in €L
This results in a tracking mode similar to the low-frequency component noted for
pilots. Based on results obtained so far, the deadzone does not substantially
affect the low-frequency component in the elevation tracking error.

For the various weapon systems considered, a range of values for the longi-
tudinal pilot model's gain parameters has been determined. These are presented
in Figure 50. Because these gain values affect the stability of the closed loop
tracking task, their recommended values apply specifically only to the aircraft
and weapon systems examined in this study. However, they can be used as a guide
for other configurations. The parameters are:

Tg "~ This prefilter time constant represents the pilot's capability
to smooth the observed elevation tracking error.

Cn’ 0 - These damping and frequency parameters of the pilot's low
pass filtering process represent his interaction with the elevation
error's geometry/sight mode.

KL - This gain parameter is used to adjust the amplitude of the low
frequency component in the elevation tracking error.

° DZEE - This deadzone for the elevation error rate is needed to

obtain the limit-cycle type of response in the high frequency

j2 I
Kn=156 =
fn =0.6, w, = 1 rad/sec 35
| 25
1.5
i X,
KL =
362515
o000 %
-3 -2 -1 0 +1

GP75-0884-4

Figure 49. Variation in Longitudinal Pilot Model Transfer Function Zeros with
Low-Pass Filter Gain, K|
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Longitudinal Pilot Model Parameters

Weapon Delivery Task Dz;:
Kpe K ‘e | Kp |lwpdal| TE
(MR/SEC)
Air-to-Ground Gunnery | 0.5 K., -0.75 K., | 0.75-1.25 5.0 1.0-3.0 |(1.0, 0.6) | 0.0-0.05
FDR

Airto-Ground Gunnery | 05 Kgy-075 Ky | 075-125| 50 (1030 (1.0,08)|0.00.05

Air-to-Ground Bombing | 0.6 K., - 0.76 Keo | 0.75-1.25 5.0 1.0-3.0 | (0.5, 0.6) | 0.0-0.05
FIP :

Air-to-Air Gunnery 0.75 Kco -1.2K
Director

co | 075 1.25 5.0 1.0-3.0 {(1.0, 0.6) | 0.0-0.05

Air-to-Air Gunnery 075K, - 09K, 1075-1.25 5.0 1.0-3.0 | (1.0, 0.6) | 0.0-0.05
LCOSS

Ko - Elevation tracking error crossover gains due to aircraft's short-period mode
GP76-0084-5

Figure 50. Recommended Values for Longitudinal Pilot Model Parameters |
in Terms of the Aircraft Dynamics and Weapon Delivery Task !

component. Increasing Dz‘e E usually causes the amplitude to

increase and the frequency to decrease.

° KR - This gain parameter affects the amplitude of the high frequency
component. With a small KR it has not been possible te obtain a
stable high frequency component.

S KPE - The longitudinal pilot model gain, which also affects the
amplitude of the high frequency ccmponent, has to be dztermined as
a function of the weapon system gain margin stability characteristic.
It has to be large enough to excite the high irequency component,
but not large enough to cause the tracking to become unstalle.

Results have shown that this value can be related to the cro s-over
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gain for the tracking mode, since the cross-over frequency for this
mode is closely related to the aircraft's augmented longitudinal
short-period frequency. This characteristic is shown by a typical
root locus for the elevation tracking error in Figure 51. The
integral representation for the pilot's stick command enables the
pilot to vary his commands during maneuvering aerial combat flight
conditions.
4.3.2 Lateral-Directional Pilot Model - A block diagram of the lateral-
directional pilot model that was developed is given in Figure 48. Its
traverse tracking error time history responses are similar to those seen in
Figures 46 and 47. 1t has the characteristics of a single frequency, limit
cycle response with a period ranging from 4 to 8 secouds.
Like the longitudinal pilot model, the lateral-directional model is

based on the assumption that the pilot acts as a proportional-plus-derivative

observer of the traverse tracking error, CTR' with a deadzone on the error
TR’
which the pilot uses to determine his lateral stick and rudder pedal deflection

rate. This results in an effective or projected traverse error signal, ¢

commands for attitude pointing. When €rR contains noise or its frequency

is above the pilot's observation bandwidth, he will base E%R on a smoothed
or filtered value of €rr’ Then multiplication of eiR by appropriate gains
will give the pilot model's lateral stick and rudder pedal position or
force commands.

A review of the pilot's lateral-directional commands during the manned
simulation indicates that for the air-to-air terminal gunnevy tracking task,
his directional (rudder pedal) commands were usually negligible, (except during
large waneuvers such as following the target through a snap roll reversal). In
addition, the pilot's rudder commands during bombing were usually negligible.
Only during air-to-ground gunnery tracking in the presence of wind disturbances
were the rudder pedal commands significant.

The rudder commands are =ssumed to be directly related to the lateral
stick commands because the pilot would try to coordinate lateral stick and
rudder pedal commands (though not necessarily about the veloclty vector).

The lateral~directional pilot model includes the feedback of attacker
roll angle relative te the target, which could be used to modify the lateral
stick commands based on the traverse tracking error. However, plots of differ-

ential bank angle between the target and attacker aircraft indicate that
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Figure 51. Typical Root Locus for Elevation Tracking Error

the pilot probably does not use this variable as a primary input. It is
doubtful that the pilot can accurately detect the differential roll angles
typical of precision air-to-air tracking. In air-to-ground tracking the pilot
may command significant roll angles to keep the pipper on the target during
wind disturbances. As a result, it is felt that the pilot uses the
differential roll angle feedback yrimarily to stabilize excessive wing
rocking, On the other hand, duzing the acquisition phase, this feedback
is probably used by the pilot as a primary input. As an example, the
target's roll attitude can greatly aid the pilot to get near the target's
turning plane in air-to-air combat, which he must do before beginning the
terminal tracking phase.

A range of values for the lateral-directional pilot model's gain para-
meters has been determined for different system configurations. These values
are presented in Figure 52.

The gain parameters of the multi-input, multi-output traverse pilot model
structure are:

. - This time constant parameter represents the pilot's capability

T
T
to smooth the observed traverse tracking error.
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Traverse Pilot Model Parameters

Weaoon Delivery DZG-T DZ,

(MRisec) | (dep) | ¢ [¥ATR| KawL | KRuD

Air-to-Ground Gunnery (FDR) 5.0 5.0 | (0.0-0.1)| 10 | €1.8 |0.0-6.2
Air-to-Ground Gunnery (CCIP) 5.0 5.0 (0.0-0.1) ] 10 | <1.8 |0.0-6.2
Air-to-Ground Bombing (FIP) 5.0 5.0 | (0.0-0.1) | 1.0 : 0.0-3.5

Air-to-Air Gunnery 5.0 5.0 | (0.0-:0.1)| 1.0 0.0
{Director)

Air-to-Air Gunnery (LCOSS) 5.0 5.0 | (0.00.1)| 1.0 | <0.6 0.0 0.0-0.05

GP78-0084-7

Figure 52, Recommended Range of Values for Traverse Pilot Model Parameters for
Different Weapon Delivery Tasks

° DZéT - This threshold describes the pilot's ability to perceive
traverse error rates.

KRIR’ AIL ~ These gain parameters affect the amplitude and frequency
of the traverse error. The proper value of these gains, needed to
reproduce the 4 to 8 second period traverse error response, can be
determined by linear stability analysis.

KRUD - This gain parameter enables the model to command rudder
deflections. It permits the tracking techniques of different

pilots to be modeled. A review of manned simulations indicates that

for the air-to-air terminal gunnery tracking task, directional

(rudder pedal) commands were usually negligible. For the air-to-
ground Fixed Depressed Reticle tracking task in the presence of

wind disturbances, rudder pedal deflection commands were found
to be significant,

DZ o’ K¢ - These gain parameters, which relate the pilot's lateral
stick forces due to the sensed differential bank angle between the

target and attacker, are used to prevent excessive wing rocking.
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4.4 Pilot Model Validation

This section presents representative tracking responses of the pilot
model and of two Air Force pilots (Pilot A and Pilot B) for the weapon
delivery tasks simulated in the manned simulation study. Both time history
and frequency response curves are presented for the tracking errors and the
aircraft commands. Although different aircraft configurations were used in de-

veloping and validating pilot models for weapon delivery as described in the
Flight Control Requirements for Weapon Delivery Background Information Report,

tracking responses are only shown in this section for the F-4E aircraft con-
figured with the TWeaD flight control system and the gunline oriented along
the body-X axis,

The pilot model parameter values used in obtaining the tracking responses
are summarized in Figure 53. These values are for the same air-to-air and air-to-
ground encounters in the manned simulation described in Section 3.2. This
model was developed by correlating its dominant frequency characteristics
in the elevation and traverse tracking error time histories with those of
the two Air Force pilots. Its validity is shown by comparing its frequency
response characteristics to those of the two pilots.

Time history curves are presented for the elevation and traverse tracking
errors and for the longitudinal stick, lateral stick,and rudder pedal force
commands. These curves,which are for the time interval from 10 to 20 seconds
in both air-to-air and air-to-ground encounters, show how the pilot model
tracking error responses are similar to those of the two USAF pilots.

The frequency responses corresponding to the tracking error and pilot
aircraft commands for the time interval from 5 to 20 seconds are presented
to show their similarity between the pilot model and human pilot closures.
They were obtained with the computer programs described in Appendix VII.

The program responses include:

® The longitudinal and lateral-directional gain and phase curves. They
directly relate the elevation tracking error to the longitudinal
stick commands and the traverse tracking error to the lateral stick E
commands. Associated with these curves are "1lc" confidence bands.

The multiple coherence functions, Yg and Y§ for the longitudinal

(FLon

T
) and lateral (FLAT) stick force commandsl.'A Since the elevation
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Pilot Model Parameter Values
Longitudinal Lateral Directional
| Sight Kpg KR KL Wq KaiL Krub
Director 6.3 1.0 25 1.0 0.36 0.0
LCOSS 9.3 1.0 25 1.0 0.6 0.0
FDR 5.4 1.0 20 1.0 18 6.2
ccIp 5.4 0.76 1.0 1.0 1.8 6.2
FIP 2.1 0.76 1.0 0.t 0.9 0.0
3 Parameter 71 =0, =1.0,K,=0
; ggzm’d : 7¢=0,§,=0.6, DzéE = 0.005 rad/sec D;é:‘!(:g-o% rad/sec ¢
QP78-0004-8

Figure 63. Summary of Pilot Model Parameter Values Used With F-4 TWeaD
Aircraft Simulation
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and traversa tracking errors are usually weakly correlated, Y%LON is
a close approximation to the fraction of the longitudinal stick force
that is lincarly related to the elevation tracking error. Likewise,
YéLAT is a close approximation to the fraction of the lateral stick
force that is linearly related to the traverse tracking error. As noted
in Appendix VII, the confidence bands usually increase as the multiple
coherence functions decrease.

The stick force spectrum and remnant curves., These curves show the
frequency content of the stick commands and that part of the stick
commands not linearly related to the tracking errors. It may be

noted that (1—Y§ (n? times the longitudinal stick force spectrum ig

the longitudinal stick force remnant, and that the same relationship
holds for the lateral stick force and rudder pedal remnants.

The elevation and traverse tracking error spectra. They give the
frequency content of the tracking error time histories.

4.4.1 Representative Air-to-Air Gunnery Tracking Responses - This section

presents tracking responses of the pilot model and two pilots for the Director
and LCOSS gunsights. The Director sight is considered first, with time historiles
of tracking errors and commands given in Figure 54. In this three-page figure,
the elevation and traverse tracking error curves for the two USAF pilots and
pilot model have the dominant frequency component characteristics described in
Section &.2 for a pilot. This is confirmed by the tracking error spectra.

It 1s interesting to note the similarity in the traverse tracking error
curves, even though the lateral stick commands of the pilots and the pilot
model are very different. The difference 18 due to the pulsed nature of the
human pilot's commands which results in higher frequency components However,
these higher frequencies are filtered from the traverse tracking error by
the low-pass dynamics of the lateral-directional aircraft axes.

The difference >n the longitudinal command curves is also due primarily
to the absence of higher frequency components in the pilot models' commands.
The different reference levels for these commands in Figure 54 is due to the
different longitudinal trim force values used. In the FCRWD air-to-air
simulation runs, the pilots were instructed to trim the longitudinal stick
force at the start of the run to a value they desired. The trim value for
the pilot model is a scaling factor for plotting in Figure 54.
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Figure 54. Director Air-to-Air Gunnery Tracking Error and Aircraft Command
Time Histories for F-4 TWeaD Aircraft Configuration
(Mach 0.8 at 10,000 Ft Altitude, 4 G Target, 1500 Ft < Range < 1900 Ft)
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Figure 54. Director Air-to-Air Gunnery Tracking Error and Aircraft Command
Time Histories for F-4 TWeaD Aircraft Configurstion (Continued)
(Mach 0 8 at 10,000 Ft Altitude, 4 G+Target, 1500 Ft < Range < 1900 Ft)
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Figure 54. Director Air-to-Air Gunnery Tracking Error and Aircraft Commend
Time Histories for F-4 TWeaD Aircraft Configuration (Concluded)
(Mach 0.8 at 10,000 Ft Altitude, 4 G Target, 1600 Ft < Range < 1900 Ft)




Figure 55 shows longitudinal gain and phase curves which linearly
A relate the elevation tracking error to the longitudinal stick force command.

Also shown is the multiple coherence curve for the longitudinal stick force.

Corresponding spectral curves are given in Figure 56 for the elevation track-

;? ing error, and the longitudinal stick force and its remnant. These curves in

Figures 55 and 56 are very similar for the two pilots and the pilot model.

This close similarity resulted because the criterion used in developing the

pilot model was to approximate the pilot's elevation tracking error frequency

characteristics.
The lateral gain and phase curves and the multiple coherence curves are

shown in Figure 57. Corresponding spectral curves are shown in Figure 58.

These curves are very similar for the two pilots, indicating their control

dynamics for this steady state 4g encounter with the Director sight and this

particular aircraft were essentially the same. In addition, the traverse

tracking error spectra for the pilots and the pilot model are also similar.

At frequencies below approximately 5 rad/sec, the pilot and pilot model gain

and phase curves are similar. Above this frequency, the difference 1s due

to the presence of higher frequency components in the pilot's lateral stick

force commands.

Time histories of tracking errors and commands for the two USAF pilots
and pilot model using the LCOSS sight are given in Figure 59. The curves in

I this three-page figure are similar to those presented in Figure 54 for the

Fl Directcr sight, although the pilots had more difficulty in controlling the
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