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SECTION I

INTRODUC TION

Modern high-performance tactical aircraft have required increased design and
development costs in an effort to produce crucial improvements in performance of
precision flight tasks such as terminal control and weapon delivery. Since analysis of
these precision tracking problems depends heavily on the integration of the pilot and
aircraft, it is essential to consider the pilot's dynamics in the development of ana-
lytical methods to support and augment flight test and flight simulation programs.
With accurate and reliable pilot - aircraft performance analysis and specification
methods, the following benefits in the design and development of tactical aircraft can

be realized:

Improved weapon delivery effectiveness.
Safer operation during critical flight conditions.

Improved pilot acceptance,

Reduced system costs through improved design efficiency,

A, SCOPE AND PURPOSE OF REPORT

In order to help realize these benefits, Northrop has developed and validated a
time-domain multiaxis pilot model for predicting and evaluating precision flying
qualities. This model is now developed to the point that it may be reliably employed
by the Air Force as well as other governmental and industrial users. There are five

objectives for this report:

e Document the Urgency Decision Pilot Model.

. Develop a comprehensive approach to the prediction, evaluation and
specification of closed loop multiaxis flying qualities.

e  Ilustrate this new methodology through applications.

e Formulate the method in a readily employed manner for a wide range of
user applications.

e Suggest further areas of application and research.

In this way, the report will constitute an account of the time-domain multiaxis
pilot modeiling approach to flying qualities analysis and provide numerous problem

demonstrations., New research performed under contract includes prediction of pilot
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reserve attention, the evaluation of the effects of control system lags on multiaxis
precision tracking, and a comparison of Gaussian and Reeves non-Gaussian turbulence
models employed in two-axis attitude stabilization tasks, Fixed-base flight simula-
tions have been performed to validate the model for these problems, and complete
simulation data is presented along with 2 computer program user guide,

B. PRECISION PILOTED FLYING QUALITIES

Although there are numercus examples of precision flight — ranging from air-
to-ground attack to in-flight refueling to landing — it will be shown that all such
piloted tasks can be classified according to the nature of the command to the pilot, the
control configuration he must adopt, and the criteria by which he and the flying qual-
ities analyst judge his performance., These piloted tagsks constitute the most critical
aspects of the tactical fighter mission 28 performed by skilied and motivated pilots.

The analysis of the dynamics of the pilot considered as part of the total aircraft
system is the objective of employing mathematical descriptions of the human pilot,
There have been several valuable approaches to this subject via frequency-domain and
optimal control theory. Nevertheless, there have been limitations and drawbacks that

needed to be overcome, namely:

e Lack of generality in aircraft description,
e Lack of models for pilot decision and time-varying abilities.

e Difficult mathematical procedures for exercising the models.

These limitations have been overcome by use of time-history simulation as
a model context, and the development of pilot decision logics that are directly

mechanized. This is the basis of the Urgency Decision Pilot Model.

C. URGENCY DECISION PILOT MODEL

Owing to the complexity of current tactical fighter control systems, it is neces-
sary to model the system by digital simulation for control analysis and design, This
is now a common and accepted practice. This approach must alsc be taken to study
the piloted aireraft, so that it is necessary to develop simulation pilot models,
Fortunai:ely, describing-function pilot models work well in simulations of single-
axis time -invariant tracking problems. The problem then becomes: Can single-
axis pilot models be extended to realistic multiaxis tracking, and if so, is

anything gained ?



The answer to both questions is yes. It is well known that pilots share their
attention between lateral and longitudinal tracking tasks, and in addition allocate
attention for instrument scanning and other cockpit chores. This allocation of ac-
tivity can be characterized in terms of relative task urgency, and the development
of these "urgency functions' is the key to the urgency decision model. In addition
to providing a simple method that can be used in conjunction with existing
aircraft models and flight simulators, the method has identified important flying
Qualities dynamic effects related to the interference of one task by the attention
demands of another, For this reason, multiaxis flying qualities — which studies
the complete piloted task — is a larger and more comprehensive subject than the

study of single-axis time-invariant problems.

D. PREDICTION AND EVALUATION OF FLYING QUALITIES

Analysis and flight simulation data for a number of precision flight tasks are
illustrated in the following Sections of the report. In each case (with the exception
of the YF-17 validation study where the aircraft model cannot be reported) the dis-
cussion is complete in model description so the reader who wants to become famil-
iar with the use of this method can easily recalculate the model predictions. In

particular, the following items have been selected:

e Single- and two-axis attitude stabilization in turbulence.
.

Analysis of relative display sensitivity on two-axis tasks.,

Analysis of task interference effects,
Self-generated VTOL hover task,

o Two-axis command tracking with varied plant dynamics.

e Two-axis command tracking with unstable plant,

e Target tracking with visual delays and side task.

e Prediction of critical task performance,

[ Prediction of pilot reserve attention,

e Prediction of step target tracking performance,

e  Analysis of control system lags in two-axis tracking tasks.

e Comparison of Gaussian and non-Gaussian (Reeves) turbulence,

In addition to the discussion of these problems, there is analysis of the nature of
pilot workload, and the demonstration that pilot ratings are highly correlated with

multi-dimensional performance measures, These examples will illustrate the



application of the urgency decision model to the analysis of all precision piloted flying

qualities that can be comprehensively classified by the scheme mentioned above,

E, SPECIFICATION OF FLYING QUALITIES

In order for a candidate specification item to be accepted into MIL-F-8785B, it
must satisfy a number of conditions that guarantee unbiased yet diseriminating ability
of the item to ensure performance as well as pilot acceptance. There are two methods

presented for flying qualities specification that meet these criteria:

o Specification of target tracking by means of step target tracking.

e Specification of pilot reserve attention capacity.

F. A READER'S GUIDE TO THE REPORT

Although a thorough reading of the report is required for the reader to obtain a
working knowledge of the Urgency Decision Pilot Model and its application to flying
qualities, it is useful to suggest a more modest introduction to these methods. The

following suggested Sections will provide this:

Section Page
I. Introduction 1
II, Precigion Piloted Flying Qualities 5
III. The Urgency Decision Pilot Model 11
IV F. Target Tracking with Visual Delays and Side Task 91

The background provided by these Sections is sufficient for an understanding of
all other applications in the report. A summary of all topics discussed is presented
in Section VIII, page 201,



SECTION 1I

PRECISION PILOTED FLYING QUALITIES

One of the objectives of this report is to present a comprehensive approach to
the prediction, evaluation, and specification of closed loop multiaxis {lying qualities.
To do this, it is necessary to classify precision piloted tasks in a way that lends itself
to straightforward applications of the Urgency Decision Pilot Model. This Section
will postulate such a classification, and Section III will present the general model that

can be adapted to any precision task that falls into the classification.

A, PRECISION PILOTED TASKS IN FLYING QUALITIES EVALUATION

Precision piloted tasks are the most important mission components of tactieal
aircraft, Landing, in-flight refueling, and dive bombing are obvious examples, and
although combat maneuvering may not count as a precision tracking task, accurate
weapon delivery, once conversion has been achieved, is the intended mission objective.
Since these tasks are all performed under conditions where survival and safety are of
great concern, only pilots that are highly trained undertake them. And when they do
so, they are highly motivated to perform their best, For this reason, it is important
to develop pilot-aircraft analysis'methods that represent this well-trained and moti-

vated pilot behavior, Consider these examples in closer detail:

Landing: To perform this task, the pilot must control a number of system
variables including altitude, rate of descent, heading, touchdown
point, angle of attack, and airspeed. In addition, there are other
cockpit duties that must be performed. Control strategies are
adopted by the pilot for each of these control requirements, and his
performance is measured in terms of the precision with which the
intended glide path is maintained,

In-Flight Refueling: To be successful, the pilot must maintain fixed
position relative to the tanker aircraft. Thus he must track a point
moving in front of him, offen in the presence of turbulence and pilot
induced disturbances, Performance is measured in terms of the
probability of staying within a certain distance of the commanded
point,

Dive Bombing: Once a target has been identified, the pilot must establish a
glide slope, and track a number of dynamic and geometric variables
to arrive at the correct release point and flight condition. During
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the few seconds of precise tracking, the pilot may adopt time~varying
control strategies., Performance Is measured by circular impact
error, or by an error prediction formula in simulation and analysis
studies,

There are three aspects thai these examples have in common. First of all, the
pilot identifies a number of geometric or dynamic quantities that have to be controlled:
glide slope errors must be zeroed, a spatial position error must be corrected, or a
bomb release condition variable such as airspeed must be reached. This points out
that in a given mission, there may be a number of simultaneous control tasks that the
pilot must perform. The second aspect is a consequence of the first. Once the control
tasks have been identified, the pilot must adopt control strategies that allow him to
meet all objectives. During landing, for example, changes in heading are produced
by rolling the aircraft, but at the same time roll angle must itself be stabilized. The
final aspect concerns mission performance evaluation., There are two distinet methods,
The first is to obtain subjective evaluation from the pilot in ferms of Cooper-Harper
pilot ratings and associated pilot comments. The second is to monitor geometric and

dynamic variables and record statistics based upon them,

B, CLASSIFICATION OF PRECISION PILOTED FLIGHT TASKS

It is postulated here that all precision flight tasks can be classifled by means of
the above three characteristics. For convenience, they are summarized in Figure 1.

1) TASK - This is defined to be the complete set of mission objectives ex-
pressed in terms of geometric or dynamic variables that the pilot
manipulates attempting to minimize certain quantities, reach
specified values, or satisfy inequality constraints.

2y CONTROL - This is defined to be the complete set of control strategies
that the pilot adopts in order to meet each objective as specified
in the TASK,

3) EVALUATION - This is defined to be the set of all data that determines
how well the TASK has been performed using a given CONTROL.
This data may include subjective pilot opinion as well as control
and performance statistics. Interpretation of these data then can
be used to evaluate how well the CONTROL performed the TASK,

Figure 1. Characteristics of Precision Flight Tasks

Any flight phase that can be characterized in terms of the items defined
in Figure 1 is called a precision flight task. To see in more detail the range of
TASK, CONTROL, and EVALUATION, a comprehensive outline of tactical applications




is presented next. The items listed in the outline are generic characteristics that can
be used to classify any particular precision flight task. This is given in Figure 2.

The classification of Figure 2 can be used in the following way: Given a flying
qualities evaluation problem to be studied through the predictive analysis methods
presented in the next Section, every aspect of the pilot's activity can he classified.
Once the problem is fully described in these terms, the model can then be applied.
In this way, the model constitutes a unified and comprehensive prediction and

evaluation method for precision flying qualities as defined above.

In order to demonstrate the diversity of the flying qualities applications covered
in this report, the classification characteristics of the list presented in the

Introduction are given in Figure 3,



TASK

Command or Pursuit Tracking
Random command
Discrete or deferministic command
Maneuvering target
Terminal control target
Finite tracking time

Stahilization
Gaussian turbulence
Non-Gaussian turbulence
Aerodynamic digturbances
Pilot-induced disturbances

Monitoring
Instrument scan
Cockpit chores

CONTROL

EVALUAT

Single- Axis Tracking

Multiaxis Tracking

Side Task {Tracking)

Side Task (Diversion)

Time-Varying Control

Human Factors Effects
Perception
Motion cues
Controller actuation
Acceleration environment

ION

Pilot Subjective Data
Cooper-Harper pilot ratings
Pilot comments
Mean and rms Statistics
Integral Average Error
Statistics of Derived Performance Measures
Dive bombing error impact equation
Air-to-air gunnery miss distance estimation
Pilot rating estimators
Time-on-target, -on-glideslope, etc.
Pilot Model Parameters
Compensation gain and lead
Task dwell fractions
Task mean control period
Task Interference Effects
Multi-Parameter Flying Qualities Evaluation

Figure 2. Generic Classification of Precision Task Components



APPLICATIONS tN
THIS REPORT

CLASSIFICATION

SINGLE-AXIS TURBULENCE
STABILIZATION
TWO-AXIS TURBULENCE

STABILIZATION
RELATIVE DISPLAY
SENSITIVITY
VTOL HOVER
TWO-AX13
COMMAND TRACKING
TARGET TRACKING
CRITICAL TASK
PILOT RESERVE
ATTENTION
STEP TARGET

TASK
TRACKING COMMAND
RANDOM COMMAND
MANEUVERING TARGET
DISCRETE MANEUVERING TARGET
FINITE TRACKING TIME

STABILIZATION
GAUSSIAN TURBULENCE
NON-GAUSSIAN TURBULENCE
PILOT GENERATED DISTURBANCES

CONTROL
SINGLE-AXIS TRACKING
MULTIAXIS TRACKING
SIDE TASK {TRACKING)
SIDE TASK (DIVERSION)
TIME-VARYING CONTROL

EVALUATION
RMS STATISTICS
INTEGRAL AVERAGE ERROR
DWELL FRACTIONS
MEAN CONTROL PERICD
TIME-ON-TARGET
TASK INTERFERENCE EFFECTS
VISUAL PERCEPTION EFFECTS
MULTI-PARAMETER EVALUATION

x
x
>
X oxX X X

X
x

Figure 3. Classifications

of Applications in This Report

TRACKING
CONTROL
SYSTEM LAG
COMPARISON OF
TURBULENCE MODELS







SECTION III

THE URGENCY DECISION PILOT MODEL

Section II was devoted to the definition and classification of precision piloted
tasks. Before the Urgency Decision Pilot Model is presented, it is necessary first to
define what pilot models are, and indicate exactly what aspects of pilot activity they

are purported to model.

A, DEFINITION OF STATISTICAL AND DYNAMICAL PILOT MODE LS

There are three main reasons why methods of analyzing piloted aircraft are of
use: 1) to increase the likelihood that an aircraft being designed or developed has
good flying qualities, 2) to improve or study the modification of existing aircraft, and
3) to aid in identifying and correcting specific flying qualities deficiencies, Flight
test and flight simulation are alsoc employed for these purposes, but analytical
methods have several advantages, Large analytical surveys can be earried out to

screen candidate aircraft at much lower cost than experimental methods, and in addi

tion can lead to measurements that are difficult to obtain from piloted flight or flight

simulation.

In order to understand how an analytical method can substitute for or reinforce
experimental testing, consider a given precision flying qualities problem classified as
discussed in Section Il in terms of TASK, CONTROL, and EVALUATION, In the test
program, the TASK and the EVALUATION parameters are assigned; the human pilot
supplies the CONTROL. For an analytical pilot model — aircraft approach, the same
TASK and EVALUATION parameters must be used, but a mathematical deseription of
the CONTROL must be supplied. This CONTROL description is what is meant by a
pilot model, Since the pilot is a self-adjusting and self-motivating part of the piloted
aircraft, adjustment and operation methods must also be included in the pilot model —
aircraft analysis method. One of the main topics of this report is the application of
the Urgency Decision Pilot Model to a number of flying gualities problems, but
in order to see how this model constitutes a comprehensive analysis method, the fol-

lowing definition is offered:
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Definition: The Urgency Decision Pilot Model is a rule that, given a simulation

model of an aireraft along with the pilot's TASK and an EVALUATION
as defined in Section II, assigns the following three items;

1) The system configuration of multiaxis pilot CONTROL,

2} The method for adjusting the CONTROL mode! coefficients,

3) The method for obtaining the performance indices required by the
EVALUATION.

In this way, the Urgency Decision Pilot Model can be thought of as a function that
maps flying qualities problems into numbers that measure the performance of the pilot
model — aircraft system. The usefulness of this method depends on its practicality and
utility, More specifically, it will be shown that:

¢ The model is extremely easy to program and append to existing
simulations.

e All nonlinearities and time-varying guantities can be modeled without resort
to equivalent models,

e The Urgency Decision Pilot Model will agsign a specific model for any
combination of TASK and EVALUATION classified in Figure 2,

® The model isg validated for a large number of TASK and EVALUAT ION
generic descriptions as shown in Figure 3.

It is natural to compare the Urgency Decision Pilot Model with the frequency-
domain and optimal confrol pilot models. The use of the time-history simulation
context not only allows greater flexibility in the aireraft descriptions, but also as
discussed next, allows the examination of many pilot decision and dynamic activities.
These advantages are further enhanced by the ability to generate many kinds of
performance measures that are based on inequality tests and nonlinear functions,

These advantages are briefly summarized in Figure 4.

In order to see the advantages of this generality of the pilot model, it is necessary
to discuss the extent of pilot activity that the models are intended to represent, From
the above definitions it should be clear that the modeling is generated by the TASK and
the EVALUATION, and depending on the problem at hand, the model may be either

statistical or dynamiecal,

If the EVALUATION items refer only to statistics of the aircraft motions during
the performance of the TASK, the model generates statistical data that predicts what

actual piloted performance can be expected to result. In such problems, there is no
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TIME HISTORY
URGENCY DECISION PILOT MODEL

PILOT MODEL

MODELS ALL FORMS OF ATTENTION
ALLOCATION ACTIVITY ALONG WITH
NONLINEAR PERCEPTION, CONTROL-
LER ACTUATION CHARACTERISTICS
AND RAPIDLY CHANGING PILOT
CONTROL STRATEGIES.

ERROR
CRITERIA

EASILY HANDLES ALL CRITERIA
INCLUDING ROOT-MEAN-SQUARE,
ABSOLUTE ERROR, INTEGRAL TIME
ABSOLUTE ERROR, ARBITRARILY
WEIGHTED ERROR, TIME SPENT
WITHIN LIMITS.

GROSS SYSTEM
NONLINEARITIES

CAN ALWAYS DIRECTLY MODEL
NONLINEAR AERODYNAMICS,
EXOTIC CONTROL SYSTEMS, HUMAN
FACTORS EFFECTS.

PROCESS

GAUSSIAN AND NONGAUSSIAN SUCH
AS DISCRETE COMMANDS, “OPEN
LOOP” MANEUVERS, REEVES OR
JONES NONGAUSSIAN TURBULENCE,

DISCRETE
MANEUVERS

COMMANDED TRAJECTORIES AND
MANEUVERS CAN ALWAYS BE
MODELED.

UNCORRELATED
INPUTS

UNCORRELATED P, vV, W, AND U
GUSTS ARE EASILY GENERATED
ALONG WITH UNCORRELATED
MODELS OF PILOT REMNANT,
BUFFET, GUN REACTION, AND
SENSOR NOISE AS REQUIRED.

COMPUTING

INEXPENSIVE TQ COMPUTE AND
EASY TO PROGRAM FOR A LARGE
VARIETY OF PROBLEMS.

Figure 4,

concern about whether the pilot model actually represents the physical and logical

processes that a human pilot actually adopts in his selected CONTROL, Such models

are called statistical.

On the other hand, it frequently is of interest to examine how the pilot carries
For such problems, the EVALUATION gelected by the flying

qualities analyst will contain items relating to the pilot's compensation: demands of

out the flight phase.

Urgency Decision Pilot Model Advantages
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competing tasks for his attention in terms of how long on the average he controls each,
to what extent the tasks interfere with one another, and what margin of attention reserve
the pilot has available for emergency operation, These evaluation items refer not just
to the aircraft motions, but to numerically definable and measureable quantities that
correspond to the pilot's actual physical and mental activity. Such models are referred
to as dynamical even though they are exercised to produce statistical measures of pilot

activity,

Such definition of statistical and dynamical can also be applied to specific pro-
gramming components of the full multiaxis pilot model. If a component represents the
physical activity of the pilot then the model can be used to examine the dynamic char-

acteristics of that activity and will be called a dynamical pilot model component, If the

programming only leads to good statistical predictions of the closed loop performance,

then that part of the model is called a statistical pilot model component. In this way,

the full models that are discussed later in this report consist of both dynamiecal and

statistical model components,

If one wishes, for example, to evaluate how well a pilot will perform glide slope
control using a small cathode ray tube (CRT) digplay, a statistical model could be
used that injects noise to model visual perception limitations of the pilot. If the ef-
fects of visual perception limitations such as visual deadband on glideslope tracking
are to be analyzed, then the deadband must be dynamically modeled using decision
logic to represent whether or not the pilot and hence the pilot model observe the
tracking errors. Dynamic modeling of pilot CONTROL is most important for multi-
axis tracking tasks. The use of degision logic incorporated into the pilot models as~
signed by the Urgency Decision Pilot Model, References 1-3, is the model feature
that will be most prominent in the application examples presented in this report.

B. PRINCIPLES OF HUMAN OPTIMALITY AND HUMAN DYNAMIC LIMITATIONS

The discussion above has been limited to the definition of pilot models and their
dynamical and statistical attributes. It is the purpose of this Subsection to state the
principles by which pilot model components are derived along with the way in which they

are adjusted.

The most fundamental aspect of manual control concerns the performance of
highly trained and motivated pilots. A large amount of data dating back many years
supports the proposition that pilots perform in an optimum manner with respeect to

specified performance measures, subject to limitations of plant dynamics and human
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capability. The exact interpretation of "optimum' depends on the context of the model,
In frequency-domain models "optimum'" is interpreted as optimum gain, lead, and lag
for a continuous linear control compensation subject to an inherent human time delay
and neuromuscular lag. In this case, model predictions are obtained by optimizing

the model coefficients with respect to some performance measure based on tracking
error. For continuous single-axis time-invariant tasks, frequency-domain methods can
be used to validate these statistical models and show that not only rms tracking scores,
but also gain and phase characteristics obtained through spectral analysis agree well
between the model and the flight simulation data.

Further refinement in modeling the "optimum" performance of the human pilot
was made with the development of the optimal control approach to pilot modeling.
Optimal control technigues are employed to calculate the optimal performance with
respect to quadratic performance measures, Again, this approach agrees well with
flight test and simulation data from which the human pilot's dynamics have been re-
covered using parameter identification methods, These frequency-domain deseribing~

function and optimal control models are described in References 4 and 5.

In both the frequency-domain describing-function and the optimal control pilot
models, the optimization of the model is through the choice of coefficients that deter-
mine the optimum linear control compensation. In other words, the optimum compen-
sation is obtained by choosing from a set of linear functions, When it comes to the
consideration of TASKS that consist of a number of tracking tasks, instrument scanning,
and other chores, the dynamic description of the pilot becomes much more complicated

than the linear continuous models.

For such general problems, limitations exist in the pilot's capacity to observe
many quantities, calculate appropriate control corrections, and carry out the control
procedures simultaneously. This forces the pilot to adopt a method of attention shar-
ing in which he passes from task to task, devoting his attention where it is most re-
quired. In this way, decision logic and measures of task urgency become involved in
the model description of CONTROL, Much data presented in Section IV indicates that
these measures of task urgency are nonlinear in nature, thus the optimization of the
pilot model must be made over a more general sef of functions than linear continuous
compensation. The span of this set of functions is vet to be determined, but indica-

tions from available flight simulation and model data justify the following principle:

15



Principle of Human Optimality Given a precision flight TASK and EVALUATION, .the

human pilot with training and motivation will adopt an optimized CON-
TROL composed of one or more of the following:

1) Linear piecewise-continuous compensation of specific state
variables. S

2) Nonlinear piecewise-continuous compensation of specific state
variables.

3) Discrete control inputs including "no operation' and "control
hold, "

1) Pulse or bang-bang control.

5) Instrument scanning and other required activities which are se-
lected according to decision processes based on subjective mea-
sures of task urgency, and available control strategy.

To utilize this principle as stated for the human pilot as a means of suggesting
the forms of pilot models along with their rules of adjustment and use, it is neces~
sary to examine the restrictions that limit human performance. The above principle
implicitly incorporates these restrictions, for the trained and motivated human has
adopted ways of minimizing these limitations:

Principle of Human Dynamic Limitations Given a precision flight TASK and

EVALUATION, the human CONTROL containg at least the following
limitations:

1) Limited visual resolution.

2) Visual position and rate thresholds.

3) Visual fixation time.

4) Visual image perception delay.

5) Proprioceptive perception threshold and resolution.

6) Delay during information processing that includes all decision,
estimation, and control correction generation.

7 Limited motor information channel restricting simultaneous con-
trol output.

8) Neuromuscular dynamics, response time, and resolution.

The implementation of these two principles is best dene by means of time-history
simulation in order to preserve for examination the flying qualities effects of the

pilot's numerous nonlinearities, time-varying compensation, and decision logic. To
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this end the Urgency Decision Pilot Model has been developed along the lines of dy-
namic modeling as defined above, The specific model components that achieve this

will be presented in the next few Subsections.

C. SINGLE-AXIS PILOT MODELS

Although this Subsection will consider only precision tasks in which the pilot is

tracking only one variable, the information presented here will be applicable to the
complete model. (The urgency decision multiaxis model will perform tracking tasks
sequentially, each of which can be controlled by single-axis models during their allo-

cated control periods.)

As pointed out above, there are two kinds of pilot model components, dynamical
and statistical. The importance of dynamic components depends on the nature of the
TASK and the EVALUATION; for many problems it is sufficient to employ statistical
components. This is the case for many single-axis problems as well as for single-

axis compensations employed in the modeling of a multiaxis CONTROL.

For single-axis problems where the EVALUATION is concerned with the statis-
tics of the aircraft's performance — target tracking error or excursions from a com-
manded attitude in turbulence, for example — describing-function pilot models have
been shown to be accurate. Perhaps the best general reference is the survey by McRuer
and Krendel, Reference 4, with which the reader who intends to apply the methods of
this report should become acquainted. Data to support the hypothesis that describing-
function pilot models are accurate predictors of aircraflt motion statistics is presented

frequently in Section IV whenever single-axis continuous tracking data is discussed.

It is the authors' belief that dynamic consideration of single-axis flying qualities
is of importance. Much simulation data indicates that in multiloop control the pilot
may operate in a time-varying manner, probably involving decision logie, This pos-
sibility and others relating to pilot subjective evaluation have been considered by Ralph
Smith, Reference 6. It is likely that his approach to single-axis continuous problems
will provide important dynamic models that can be incorporated into the Urgency De-
cision Pilot Model presented in this study. Since the topics covered in Sections IV-
VII are concerned mainly with statistical tracking performance EVALUATION of the
multiaxis task, there is no penalty for the use of describing-function compensation on
each task, and in fact, this is the practical way to study these problems. This assump-
tion that the statistical gain-lead-delay compensation components do not significantly
interfere with the dynamic multiaxis components is consistent with the data presented

in Sections IV — VII,
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There are three parts to the single-axis pilot model to be discussed: visual
and motion perception effects, the generation of the control command, and the actua-

tion of the controller.

Visual and Motion Perception Effects

Statistical models for visual and proprioceptive perception effects are frequently
employed. This is done by adding Gaussian white noise to the pilot model input,
which is the tracking error. The amount of this noise, which often is taken to in-
clude controller and processing noise, varies with the problem. If the display or the
controller has poor resolution for the pilot, then the amount of this noise, called rem-
nant in most references, is significant and must be calibrated by an experimental pro-
cedure, or estimated from existing data. If a pilot model has been validated for the

problem, then the remnant level can be estimated by matching the model to the data,

There is another method for remnant calibration that is useful where pilot rem-
nant is the only disturbance. The method is essentially Archimedean, and the way it
was developed is as follows: If a pilot's actual remnant were an accessible quantity,
the remnant amplitude could be altered. Thus one could determine the unknown rem- l
nant level simply by turning it down until the system error vanishes; the amount of re-
duction would be equal to the original remnant. A second glance reveals that one
doesn't need to turn the pilot's remnant down — the slope of the line and the point of
the unaltered performance will suffice to determine the intercept at zero tracking
error. At this point it becomes apparent that the pilot's remnant can be increased
experimentally by adding noise of the right spectral shape to his output, then by mea-
suring the change in tracking performance, the slope can be found. This method is
diagrammed in Figure 5. Actual data obtained by this method is reported in

Reference 1,

Where visual error and error rafe indifference thresholds dominate, these thres-
holds can be programmed into the model as logical tests, If ¢ represents error and
¢ error rate, then the visual model is represented by the following test based on the
threshold values % and 20:

If ¢ ~¢ o then ¢ is observed by the model.,

If ¢ =« o’ then no error is observed by the model,
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A If ¢ ¢ o’ then ¢ is observed by the model,
E.

If ¢ <¢ o then no error rate is observed by the model,

where ""observed hy the model" will be made clear shortly. An example of error
threshold is presented in the discussion of the validation of the model, Section IV B,
If the display is such that there are significant errors in reading or estimating the
correct value, then a statistical distribution of error can be added to the value ob-
served by the pilot model; the standard deviation of the reading error must be experi-
mentally determined or estimated from existing data.

TRACKING ERROR
A

DATA FOR
TRACKING WITH
ADDED REMNANT

\TRACKING ERROR WITH

NO ADDED REMNANT

ACTUAL REMNANT
LEVEL

5 >
A REMNANT

Figure 5. Remnant Model Calibration Method

The dynamic characteristics of physical motion can also be incorporated into
the model in a manner similar to the visual perception effects. Reference 7 presents
motion cue models first identified by Young. There is much current research into
motion effects; when complete it should furnish the components to extend the model

presented here to include visual, proprioceptive, and kinesthetic cues.

Pilot Control Compensation

The discussion presented here will consider statistical models of a particularly

simple kind, the fixed-form gain-lead-delay describing function model. If € repre-
sents observed ¢, and Q represents observed €, then the basic model is of the form

shown in Figure 6. It defines a single-loop control command é, at time t:
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6, t)=(delay ) {K_ ( & b+ T, @(t))

€
where Ke = pilot model gain
Ty = pilot model lead time constant
€
T = pilot mode!l delay time constant

For a single-loop task, this is the complete model for a large variety of problems.
However, for plants consisting of gain alone, it is necessary to include pilot lag com-
pensation. In the present model, neuromuscular lag has been lumped together with
processing delay time to give an overall delay. All problems in this report have been
computed using a value of T = .3 second. Frequently this pilot delay is modeled using
Padé approximations. In the time-History simulation model, the delay is modeled
more accurately using table shifting each iteration to produce an exact delay.

It should be noted that the incorporation of visual perception effects and the pilot
time delay is a direct application of the Principle of Human Dynamic Limitations stated
in Subsection B, The Principle of Human Optimality is enforced by selecting the gain

K, and lead TL that produce the minimum rms tracking error €.
€

A A AIRCRAFT
COMMAND ¢ €,€ ¢ | AIRCRAFT | yqrioN
ERROR VISUAL PILOT L’ EQUATIONS
——P{ EQUATION P PERCEPTION L—W COMPENSATION DEI_;AY —p OF >
MOTION

[

In order to present the essentials of a multiloop compensation model, consider a

Figure 6. Single-Loop Pilot Model

heading command task in which the pilot is subject to visual threshold effects of mag-
nitudes ¥, and ¢ . The system configuration is shown in Figure 7.

The pilot model equations are then given by:
A A
If we>d6, "!’e :we. Otherwise fe =9
A
If ¢>¢6 » ® =¢. Otherwise¢ =0
5 A 4) ‘A 4
a= (delay T} Kw(ug Twa + K¢(¢+ TL¢¢
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COMMAND # _

AN
VISUAL ¢.¢’ INNER LOOP
PERCEPTION > STABILIZATION

Figure 7. Heading Command Task

By the Principle of Human Optimality, the gains KqJ and K¢ along with the leads
TL and TL are adjusted to produce the minimum rms qJe for an "acceptable' amount
of bank angle rms ¢. Other examples of multiloop compensation can be found in Sub-
gsections IV C and IV F,

Controller Actuation Effects

Remnant models for controller actuation effects can be used to account statisti-
cally for imprecise positioning of the stick, rudder, throttle, or other controllers.
Since pilot induced oscillation (PIO) depends on stick force breakout and gradient
forces, it is important to provide for dynamic modeling of the neuromuscular-
controller system. In these problems, perceived controller position is subject to
error, threshold, and hysteresis effects that can be directly implemented in a manner
gimilar to the incorportation of visual effects. In the examples congidered in this
report, controller effects have been minimized by using light breakout and gradient
forces along with sensitivities selected by the subject using the controller.

Generalization of the Single-Axis Model

The above brief account of the statistical single-axis model is intended for use
in flying qualities problems where the EVALUATION consists mainly of performance
statistics. Since the context of the model is time~history simulation, advances in
understanding of the dynamic nature of human compensation can be incorportated into
the model in a way that preserves all decision and nonlinear aspects of human control.
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D, MULTIAXIS PILOT MODELS

Before the basis of the Urgency Decision Pilot Model is presented, it is neces-
sary to define what is meant by the frequently used term "multiaxis" and what is
meant by ""side task". Both of these terms are somewhat unfortunate, and precise
definitions have not been adopted. These terms will be used in this report to specify
the following defined concepts:

Component Task is defined to be a particular dynamic tracking activity in which
variables derived from aircraft motion or geometry are control-
led by means of a single controller input. This term can also be
applied to any other required physical activity of the pilot.

Multiaxis Task is defined to be a collection of at least two component tasks. If
a complete description of the piloted mission is encompassed by
the multiaxis task, then a complete TASK has been described.

There is frequent mention of "side task' in current literature. The following defi-
nition may not cover all usage of this term, but will be adhered to in this report:

Side Task is defined to be a component tagk whose performance is not
measured or optimized by an EVALUATION requirement. Per-
formance is instead evaluated in terms of maintaining control,
performing the task when no other multiaxis task component
requires attention, or other non-metric or subjective conditions.

The objective now is to postulate the nature of the pilot's CONTROL for a
multiaxis TASK, and to present a method for implementing this CONTROL in the
pilot model.

That a pilot's performance of a component task is degraded when performed as
part of a multiaxis task has been widely recognized. There have been several attempts
to demonstrate statistical multiaxis pilot models, which do not attempt dynamically to
allocate model attention, but rely on several methods to degrade the compensation
modeled for each task with respect to single-axis control. These statistical methods
are:

1) Increased time delay to account for periods of inattention.

2) Decreased model gain to a specified sub-optimum value.

3) Filtered white Gaussian noise injection.,

Although References 8 and 9 show that these statistical models prove to be
accurate for certain classes of problems, there are advantages to using dynamic
models of attention allocation. It will be demonstrated in the applications detailed in
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Section IV that the following benefits are obtained using the dynamic allocation of
attention using the Urgency Decision Pilot Model:

1) Total time allocated to each task is automatically generated and predicted
by the model,

2) Mean control period for each component task is directly predicted by the
model,

3) The influence of any variation in aircraft dynamics, control system, TASK,
or EVALUATION on any performance statistic — including allocation time
and mean control period of each component task — can be predicted.

4) Flying qualities effects concerning the interference of component tasks can
be predicted.

The basis of the urgency decision dynamic allocation of pilot attention can be
seen by cbserving pilot stick activity during a multiaxis task that requires lateral
and longitudinal tracking control, One of the first reportsto identify exclusive
attention allocation, Reference 10, was written by one of the authors of this report
in 1966, It was this study that first considered allocation models based on measures
of task urgency, The exclusive allocation of attention was noted during simulation
flights of a difficult VTOL hover problem, A crossplot of lateral and longitudinal
stick ecommands clearly showed that the pilot flew the simulation by performing a
sequence of exclusive lateral and longitudinal control episodes. Figure &, reproduced

from Reference 10, was obtained during a simulator flight test and demonstrates this

sequential control behavior,

This 1966 study aftempted to model the VTOL hover task by means of the
following model characteristics:

1) Generation of the model dynamics by real-time simulation using analog
computers,

2) Continuous generation of urgency functions as measures of relative need
for control action., These functions were nonlinear functions of the aircraft
state variables,

3) Switching control between the two component tasks according to the mag-
nitude of the urgency functions,

4} There was no external disturbance other than pilot induced errors and
control inattention, The induced errors consisted of inadvertent control
crossfeed and remnant,

5) The use of gain~-lead-delay pilot model components for the compensation
during each control episode,

There were two limitations to the analysis presented in Reference 10: analog
computer resclution and accuracy which were poor compared to those of digital

computers, and inability to develop the correct structure to incorporate error rate
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Figure 8. Demonstration of Pilot Attention Allocation by Cross Plot
of Lateral and Longitudinal Stick Commands During Hover Task

terms in the urgency funcfions, again the result of the computer limitation. A correct
and complete account of this VTOL hover problem using the model presented in this

Section can be found in Subsection IV C.

Urgency Decision Pilot Model Postulates

There are three postulates that characterize the Urgency Decision Pilot Model:
1) Exclusive Attention Allocation

Control changes are initiated on only one component task at a time, No
two component tagks are performed simultaneously.
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2y Urgency Decision
Attention is allocated according to the greatest of the urgency decision
measures. The form of these measures is postulated below. The compo-
nent task with the greatest urgency is controlled; the control inputs to the
other tasks are either held constant or set to trim.

3) Compensation
The compensation of a component tracking task is identical in form to the
compensation for that component task under continuous control as presented
in Subsection III B. The optimization of the pilot model coefficients is per-
formed while the complete multiaxis model is operating.

These postulates were first developed during the VTOL hover problem discussed
above, and further attempts to use the urgency decision model in other applications
have led to the conclusion that these postulates apply with great generality. The pre-

sentation of other applications is the objective of Section IV.

To present the postulated form of the urgency function, consider a single-
loop component tracking task. The third postulate states that the compensation for
this task is of the form presented in Subsection III B. It remains to define the form
and the adjustment of the urgency functions. Let ¢ be the tracking error correspond-
ing to the component task., Then the urgency is a measure of how bad the tracking
error is at a given moment, weighted by whether the error is increasing or decreasing.
Il the error is decreasing, little or no conirol correction may be warranted; but if the
error is increasing, the situation may be critical. TFor this reason, the magnitude of
the urgency function is reduced if the error is decreasing and increased if the error
is getting larger.

The simplest function Ug that takes this into account is given by the following

. A A
formula in terms of observed error € and error rate € :

The coefficients a and B¢ ih this expression are positive numbers that are
either dictated by the task description, or are subject to optimization along with the
compensation coefficients. The specific method for adjusting and optimizing the
urgency functions is illustrated in the demonstrations of the Urgency Decision Pilot

Model in the next Sections.
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Decision Delay and Parallel Compensation

There are two further dynamic aspects to the multiaxis urgency decision model
that are essential fo the applications detatled in Section IV, but these are not nearly as

firmly established as the above postulates.

The first aspect concerns implementation of the attention diversion algorithm,
It is natural to expect that the human pilot cannot instantaneously divert attention to
another task. The time delay involved, called the urgency time delay, has been uni-

formly employed in all calculations of this report with a value of .15 second. In
most cases, the omission of this delay leads to model calculations that do not agree
well with simulation data, Beyond this, nothing is known about the accuracy of this

constant, or whether this value is independent of TASK,

The second aspect involves the way in which the model shifts its attention and
calculates its control compensation. For each dynamic component task, the model
computes a control input generated from observed error and error rate information.
This control input is then delayed by the .3 second human compensation delay., It is
important to consider whether the delay table of a task control compensation is zeroed
when the task is abandoned, or whether just the output of the table is set to zero. In
the first case, return to the task would require the sum of the urgency delay together
with the human compensation delay — a total of .45 second — before control activity is
resumed. Simulation data indicates that such a large delay is not the case. Model
computations in which the compensation delay tables are zeroed for abandoned tasks
support this since it leads to performance predictions that are badly degraded. The
alternative is to assume that the pilot generates estimates of his required control in-
puts simultaneously, but is unable to effect parallel controller actuation. This is the
basis of the seventh item of the Principle of Human Dynamic Limitations which postu-
lates a limifted motor information channel that restricts simultaneous control output.
Figure 9 shows the mechanization of a two-axis tracking task consisting of a single-

loop task (1), a multiloop task (2), and a diversion side task.

Incorporation of Side Tasgks

There are two classes of side tasks, diversion and dynamic. In both cases
attention is shifted to the side task when the side task urgency exceeds the urgency of
all other tasks; the classes differ in how the urgency is computed. In the case of the
dynamic side tagk, the urgency is computed as for any other tracking task. However, the
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urgency function coefficients are not optimized with respect to a performance index,
but with respect to the side task instructions given the pilot. If the side task is gimply
to keep an unstable element under control, and hence visible on a given display, the
urgency coefficients should be set to the smallest numbers that meet this condition,
This is illustrated in Subsection IV E, and in Appendix B where the prediction of
critical task performance is demonstrated.

In other cases, calibration of the side task urgency must be performed by
matching one point of the data and then leaving the side task urgency unchanged for
the rest of the calculations. This is illustrated in a target tracking problem pre-
sented in Subsection IV F, where the side task is a diversion of the model to a siate
of no activity that models a pilot's instruction to perform an electrode tapping task.
For such diversion side tasks, the urgency function itself is simply set equal to a

constant,

A User's Guide to the Urgency Decision Pilot Model

One of the main motivations for the development of the Urgency Decision Pilot
Model and its documentation in this report, is to provide an easily used pilot -
aircraft analysis method. The data provided in Section III is sufficient for the reader
to apply this method to problems in many areas of flying qualities analysis, flight

simulation, flight control design, and flight test evaluation. This user's guide will

provide a short summary of the procedure for setting the model up and exercising it.

The first step in applying the Urgency Decision Pilot Model is to obtain or pro-
duce a suitable aircraff model in a computer program that can be modified to inelude
the pilot model. Appendix C contains a user guide for a program that has a six degree-
of-freedom, constant coefficient, large motion aircraft model along with a pilot model
general enough to perform target tracking analyses. The program itself is available
from AFFDL/FGC. Many problems require only linear aircraft descriptions, and the
user should not hesitate to write programs for the aircraft and the Urgency Decision
Pilot Model from scratch, The authors, for example, frequently program independent
problems on desk ealculator-plotter equipment. Another useful source of aircraft
models is flight simulation equipment., The pilot model can be easily incorporated
into simulator drive computer programs, and in this way exact comparison of human
pilot and pilot model can be obtained for fully general flight simulation aircraft

representations,
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If the reader will consult the demonstrations of Section IV and V, he will see

that it is a simple matter to set the model up for any particular problem that falls

into the classification of Section II, Briefly the steps are as follows:

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

Identify the complete TASK that is to be studied, develop an analytic
description of it, and model the TASK commands or disturbances.

Identify each component task, including dynamic and diversion side tasks.

Determine if perception models are relevant to the problem, and if so
produce a description of them.

Mechanize a representation of all component task tracking errors and
error rates; and, using the perception models, calculate the observed
errors and error rates.

For each component tracking task, program the gain-lead-time delay
compensation.

Program the urgency functions and the urgency function delays.

Program the urgency test logic: the output of all compensation time delay
tables except the one for the task with the greatest urgency is set to trim
for stabilization tasks about trim values; in all other casegs, the compensa-
tion is held at its last value until the associated urgency again becomes
greatest,

Program all EVALUATION data items including tracking error statistics,
dwell fractions and times, time-on-target defined by allowable error and
other relevant items.

Optimize the compensation gain and lead of each component dynamic task
in a single-axis mode by sefting the other urgency coefficients temporarily
to zero.

Using the full model, optimize or calibrate the urgency functions. This
may be done as illustrated in Section IV A, B, and F,

Check by perturbation the optimization of the compensation coefficients. It
is common that the single-axis optimum gains may be too high, and the
leads too low.

Using the optimized model, exercise the pilot — aircraft model to obtain

data in the same manner that it is obtained in flight test or flight simulation
testing.
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SECTION IV

PREDICTION OF PILOTED AIRCRAFT PERFORMANCE

Although the full pilot model as postulated in the previous section may appear
unwieldy, its application to specific problems is simple and direct. To illustrate
both the versatility and the utility of*the multiaxis time~domain analysis method,

a number of demonstrations will be presented next, FEach is supported by agreement
with flight simulation data, and several new results of importance to flying qualities

research are also discussed,

A, ATTITUDE STABILIZATION IN TURBULENCE

It is natural to ingquire aboutf applications of the pilot model to representative
tactical fighter dynamics. Attitude stabilization {n the presence of low-level turbu-
lence is an almost ever-present flying qualities consideration. A study of the
dynamics of this task will serve as a guide to how the model is set up and
exercised. This problem will be discussed first with aircraft descriptions that
emphasgize display and task interference aspects of the multiaxis control. Vali-
dation data obtained using the fully general YF-17 aircraft model as mechanized
on the Northrop moving-base flight simulator will be presented in the next

Subsection.

There were four important aspects of this problem to be investigated:

1) Accuracy and standardization of the method,
2) The effects of attention sharing on pilot compensation,
3} The effects of relative display gains,

4) Task interference effects,

In order to do this, two lateral and three longitudinal tactical aircraft linear
descriptions were employed. Figure 10 shows the linear equations of motion used to
compute the aircraft dynamies, and Table 1 gives the dimensional stability derivatives
using primed notation, as defined in the List of Symbols.
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Figure 10, Equations of Motion

In this way a matrix of six aircraft descriptions was obtained as shown in

Figure 11,
LATERAL

A B
-l
3
3 1 1A 1B
P
5 2 2A 2B
2
S s 3A 3B

Figure 11. Matrix of Aircraft Configurations

To isolate attention diversion effects for study in this example, visual per-
ception and controller effects were minimized. The flight simulation was per -
formed at Northrop using a fixed-base facility. The dynamics were generated
digitally, the subject sat in a chair fitted with a side-arm controller, and the display

was presented to him on a large CRT.

The simulation display consisted of a bright dot against a dimly illuminated back-
ground grid with prominent vertical and horizontal center lines as shown in Figure 12.
The actual scaling of the dot displacement for each test point was determined experi-
mentally by going to the most sensitive gain settings K which would accommodate all
dot excursions. These u and a scalings resulted in a dot displacement of oK centi-
meters per degree of bank angle and uK centimeters per degree of pitch angle.
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TABLE 1, STABILITY DERIVATIVES FOR ATTITUDE
STABILIZATION IN TURBULENCE

LONGITUDINAL DERIVATIVES

All other derivatives are zero.
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Figure 12. Two-Axis Flight Simulation Display

Provision was made to simulate with the ratios of # and @ given in Figure 13,

Bl o Task

0| 1 | Continuous Lateral Only
81 1 {Two axis, p/o = 8

16 | 1 | Two axis, p/o = 16

1| 0 | Continuous Longitudinal Only

Figure 13. Display Ratios Tested

The pilot was instructed to keep the dot as close to the center of the screen as
he could for each given display ratio. As this #/a ratio is increased from zero (con~
tinnous lateral tracking), the pilot was forced to pay greater and greater attention to
the longitudinal task, In this way, the u/a ratio greatly influences the way in which
the pilot allocates his attention between the lateral and longitudinal tracking tasks,

The pilot optimizes his performance with respect to the distance of the dot from the

center of the scope., This is called the radial tracking error, denoted by r(¢ , g),

and is given by

r(6,8) = V()2 + (u8)*

The task proved difficult to fly, and about ten hours were required for asymptotic
training, Data were collected for test periods of 30 seconds, and simulation sessions
were held to two hours maximum to avoid [atigue effects. The turbulence simulation
used Dryden spectra obtained by filtering digitally generated Gaussian white noise as
specified in MIT.-F~-8785B, where an airspeed of 718 fps and an altitude of 1750 feet
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were used, In order to diminish low-frequency etffects during the short test periods,

the gusts were precomputed and the sequence adjusted to zero mean and 10 ft/sec rms
intensity, The hand controller had light breakout and gradient forces; both the sensi-

tivity and the polarity were selected by the subject.

With this description of the simulation complete, it is now possible to apply the
generalized pilot model as given in Section III, Figure 14 shows the multiaxis pilot-
aircraft control configuration. Since the high-frequency turbulence stabilization task
requires no pilot lag compensation, only a gain and lead must be selected for each
axis,

The compensations are simply gain, lead, and delay describing-function models.
Expressed in terms of the familiar s-plane notation these are:

TS

da [K¢(TL¢3+1)e ]¢e

_ -T5
de = [Ke(TLes+1)e Lo,

In terms of time-domain notation they become:

sa = (Delayt) {Kelo,* Ty &)}

Lg

be = (Delay 1) {Kg(o,* T 6}

However, since commanded ¢ and ¢ are identically zero,

b, =G (9, -9
- -4
= - P
Similarly
6,= - 1

Thus, for this problem, the error rate lead terms can be mechanized by numerical

differentiation or by use of attitude rate terms from the aircraft equations of motion.

The pilot delays are simply mechanized by shifting a table of values once each

iteration. Padé approximation formulas need never be used.
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The digital mechanization for the compensation is shown in Figure 15.

¢
¢, - da
0 K¢ 9 DELAY X p———p
+
b, = -p T 1ifUR2UP
TLg 0ifUp> Uy
6
6. de
0 — Kg DELAY X
1if
ée=-q T{ 1 UP . UR
1 >
TL6 0 if UR z UP

Figure 15. Lateral and Longitudinal Pilot Compensation for
Attitude Stabilization in Turbulence

A pilot delay of 0.3 sec was adopted, and Up and UR are delayed by 0. 15 sec.

The urgency test logic becomes:

0 and lateral axis controlled

l

| If URz UP then R

1f UR <U,, then b, 0 and longitudinal axis controlled

P

For this problem, the optimum control requires the stick command of the axis not con-
trolled to be returned to trim, in this case zero. The only part of the model not yet
discussed is the form and adjustment of the urgency functions for each axis. Their

general form is given by

UR = al¢e,+BT:;:-,~<£e
Uy, = “‘%’” |9:, be

where B and v are often zero in single-loop control problems, a fact which was easily
verified in this case by perturbing these quantities about zero. The use of the symbols
. and & for both the display gains and the urgency coefficients will not cause any con-
fusion, for the display weighting is exactly accounted for by using those same numbers

to weight the relative urgencies of the two component tasks. This result, discussed
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in Reference 3, is substantiated by the data obtained for the analysis and flight simu-
lation reported here. The urgency functions are then in final form:

4|
P “"leel

This reflection of the objective urgency as imposed by the CRT display gains in the
subjective urgency calculated in the model by Up and UR is one of the most significant

U

o

R

U

dynamic features that the multiaxis attention allocation model has revealed. Since
the experiment was set up to avoid controller and display visual effects, such as
thresholds, this completes the CONTROL model. The two-axis EVALUATION is

simply rms radial tracking error.

Consider now the adjustment and use of the model to predict the performance of
a pilot trying to hold trim attitude in turbulence. The model has four quantities to be
adjusted, the gain, K¢, and lead, TL¢' of the lateral task and the gain, Ke, and lead,

TLB, of the longitudinal task.
For most representative tactical aircraft multiaxis problems, the correct gains
and leads are near the correct values for each continuous task separately and serve as
a good starting point to find the multiaxis values. Taking the roil task first, the
simulation can be exercised for the bank angle task alone by simply setting the pitch
urgency coefficient pto zero. The optimization principle of pilot modeling then asserts
that K¢ and TL¢ must be adjusted to minimize the rms radial tracking error, which is
just rms ¢ since dot motions in the corresponding flight simulation occur only along the
horizontal axis of the CRT display. A useful starting value for TL is 0.5 sec. This
value may be required for stability in some aircraft, and represents a weighting of
error rate to error that pilots can generate with little difficulfy, With this value of
Ty, & the gain Kq, can be perturbed to find the optimum for this initial guess of lead.
Once this is done, the lead can again be varied, and the process repeated until an
optimum has been reached. This steepest ascent procedure could be directly mecha-
nized on the computer; however it has been the experience of the authors that such

methods are not necessary for most analyses.

In the case of the lateral and longitudinal configurations defined by Table 1,
the gains and leads are as shown in Table 2 along with the rms tracking errors for a
turbulence level of 10 ft/sec. These data were obtained by calculating the pilot —

aircraft response for a series of 30-second runs totaling 1200 seconds of real-time
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using an integration step of 0.05 second. The mean and standard deviation refer to

these sets of 30-second rms tracking errors.

TABLE 2. SINGLE-AXIS TURBULENCE STABILIZATION PILOT MODEL DATA

K T rms tracking errors (deg)
L mean s.d.
A continuous ¢ 3.5 0.5 3,17 0,461
B continuous ¢ 3.5 0.5 3.31 0.517
1 continuous 4 -0.5 0.6 0.196 0.0208
2 continuous 4 -0.5 0.7 0.319 0.0366
3 continuous ¢ ~0.8 0.5 0.118 0.0152

The flight simulation of this task led to the data shown in Table 3 where 20 flights of

30 seconds duration were obtained for each test point.

TABLE 3. SINGLE-AXIS TURBULENCE STABILIZATION
FLIGHT SIMULATION DATA

rms tracking errors (deg)
mean s.d.
A continuous 3.12 0. 508
open loop 10.1 1.25
B continuous 3.22 0. 407
open loop 7.19 0.670
1 continuous 0.196 0.0276
open loop 0.484 0.0180
2 continuous 0.315 0.0388
open loop 0.565 0,0115
3 continuous 0.118 0.0149
open loop 0.293 0.0148
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A comparison of the pilot model data with the flight simulation results is shown in

Figure 16.
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Figure 16, Comparison of Pilot Model with Flight Simulation Tracking
Error Data for Single-Axis Turbulence Stabilization
It is clear from these statistics that the model has agreed well with the flight
simulation. Since no information from the flight simulation was used in the analysis,
the predictive capability of the model has been demonstrated. Ground rules for data

acquisition shown in Figure 17 have been consistently employed.

MODEL: Using the optimum pilot model, a series of runs is
obtained using the run length corresponding to the
flight simulation. The series is taken consecutively.
No rejection of data is allowed.

FLIGHT SIMULATION: Data is obtained in a series of 10 to 20
consecutive flights. Series may be kept or rejected
to allow for training and subject daily variation, but
a geries must be kept or rejected in its entirety. No
series may be rejected which is the best obtained,

Figure 17. Rules for Data Acquisition
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In addition to providing careful control over the collection of comparison data,
the procedure of exactly repeating the individual simulation test items reveals addi-
tional information. During a flight of finite time, there will be two kinds of fluctua-
tions in the task: disturbance intensity and disturbance power spectrum, These
fluctuations represent aspects of the task environment that are encountered in actual
flight and, as such, are useful to evaluate. For purposes of identifying pilot dynamics
and validating pilot model components, the statistical fluctuations that result can be
severely limiting. The data of Tables 2 and 3 were obtained by using a method for
reducing the intensity fluctuation without changing the nature of the defined flight
task. By precomputing each complete 30-second history of turbulence, the mean
and rms values for the turbulence can be obtained. The series is then adjusted by
shifting the mean to zero and the rms intensity to a specified level, in this case
10 ft/sec. The task as presented to the pilot and the pilot model thus avoids problems
of unsettled low-frequency statistics and display limiting.

A comparison of the standard deviations of these data reveals that there is
a similar scatter to the series of 30-second runs obtained from the simulator and
from the pilot model. This is shown in Figure 18,

in

FLIGHT SIMULATION (DEG)

® STANDARD DEVIATION OF
TRACKING ERRORS FOR EACH
CONFIGURATION

6]

0 PILOT MODEL (DEG) 5

Figure 18. Comparison of Standard Deviations of Pilot Model and Flight
Simulationh Tracking Error Data for Single-Axis Turbulence Stabilization Task
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Correlation of standard deviations frequently occurs in comparisons between
model and flight simulaticn data, and appears in this case to be the result of fluctua-
tions in the power spectra during the 30-second flight period, For command tracking
tasks, this power spectra fluctuation can be eliminated by using sums of sinusoids to
generate the command, but the idea of using such a method for turbulence is apparently
untried. In any event the standard deviations here are small enough to allow a mean-

ingful comparison of the average rms fracking errors.

Consider the two-axis task of attempting to hold zero (trim) attitude in
turbulence. The urgency coefficients are fixed by the experimental choice of dis-
play scalings so that the only adjustments of the model to optimize its radial error
performance concern the compensation gains and leads. The diversion of attention
in both the pilot and the pilot model results in attitude rates (that may have been
generated during the initial phase of correcting an attitude error) being left uncan-
celled. For this reason, the optimum lead and gain of the single-axis continuous
task may be not optimum in the two-axis task. Indeed, the gains of the two-axis
problem are generally lower, and the leads higher, thus reflecting the added require-
ment for keeping the attitude rates more closely controlled so that an interruption of
the task by the urgency of the other axis will not lead to large excursions. The
gains and leads can be quickly optimized by a steepest ascent method similar to the
one described above, The resulting values for the two-axis configurations described
in the matrix of Figure 11 are shown in Table 4 along with the tracking error
statistics obtained from 1200 real-time seconds (forty thirty-second runs), each

exercised at u/a ratios of 8 and 16.

Data for the two-axis flight simulation are presented in Table 5, and a
comparison of the tracking errors is shown for lateral tracking in Figure 19, and
Jongitudinal in Figure 20, This direct comparison of the lateral errors and the
longitudinal errors is not nearly as good as the single-axis data. It must be
remembered that the primary statistic for optimization was the radial tracking

error which can be computed from the data of Tables 4 and 5 by the formula:

r(¢,9)=\/a 2(rms ¢)2+u4rms 8)2

Now if the radial errors are plotted in comparison, much improved agreement

is obtained as shown in Figure 21,
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TABLE 4, TWO-AXIS TURBULENCE STABILIZATION
PILOT MODEL DATA

rms ¢ (deg) rms g (deg)
Hfa Kg TL¢ K, TLB mean s.d. mean s.d.
1A 8 2.0 1.1 ~0.4 1.0 4,33 0.610 0. 306 0.0482

1A 18 2.0 1.1 -0.4 1.0 5.00 0.823 0.275 0. 0450
1B 8 1.5 1.6 -0.4 0.9 4,11 0.514 0.302 0.0476
1B 16 1.5 1.6 -0.4 0.9 4.73 0.776 0.273 0.0406
2A 8 2.0 1.1 -0.4 1.0 4,59 0.664 0.388 0.0406
2A 16 2.0 1.1 -0.4 1.0 5.30 0.652 0.365 0.0460
2B 8 1.5 1.5 -0, 4 1,0 4,28 0.554 0.381 0,0378
2B 16 1.5 1.5 -0.4 1.0 5.06 0.783 0.361 0.0396
3A 8 2.0 1.2 -0.6 0.9 3.93 0.529 0.174 0,0232
3A 16 2.0 1.2 -0.6 0.9 4,43 0.810 0.158 0.0215

3B 8 1.3 1.6 -0.6 0.9 3.69 0.481 0,177 0.0250

3B 16 1.5 1.6 -0,6 0.9 4.10 0.561 0.158 0, 0237

The agreement this figure shows indicates that optimum performance can
be obtained with some even tradeoff between the attention allocated to the two track-
ing tasks. Itis apparent that the pilot adopted weightings slightly different from the
exact ¢ /e ratio; however, the use of yand e for the urgency function coefficients led to
the correct predictions for the radial error statistic, the primary checkpoint for
agreement. In fact, the agreement over these twelve cases averages only 9. 3%

error.

Data for direct comparison of the control pericds and dwell fractions of the
attention allocation were not obtained from the flight simulation. However, the
division of control between the roll and piteh tasks can be clearly seen in terms of
elevator and aileron activity on strip chart traces obtained during the manned
simulation, Figure 22 from Reference 3 shows an apparent switching curve imposed

on a sample strip chart trace. This record is for 20 seconds of configuration
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TABLE 5. TWO-AXIS TURBULENCE STABILIZATION FLIGHT
SIMULATION DATA

rms ¢ (deg) rms ¢ (deg)

u/a mean s.d. mean 8.d.
1A 8 3.59 . 537 . 380 .0508
1A 16 4,00 . 620 . 294 . 0346
1B 8 3.23 420 . 364 . 0428
1B 16 3,76 . 545 .286 . 0360
2A 8 3.68 . 397 .430 .0321
2A 16 4,11 . 528 . 369 .0308
2B 8 3.46 . 710 .399 . 0376
2B 16 3.88 474 .323 .0226
3A 8 3.07 .438 217 .0333
3A 16 3.20 .433 .161 . 0145
3B 8 3.60 .621 . 253 .0260
3B 16 3.7 . 574 .210 .0329

1B flown at a /o ratio of 16. If the reader will follow the record as it evolves from
left to right, the episodic nature of the control and the task demands that initiate
attention shifting will be readily seen. In only one marked control episcode is there
conspicuous simultaneous control, and in that case the aileron is held constant

rather than returned to trim.

To evaluate task interference effects, the continuous performance of
each of the five single-axis dynamics can be compared to the two-axis tracking
errors, Plotted on a linear scale for easy visibility, longitudinal task interference of
lateral tracking is shown in Figure 23, while a similar plot of lateral task inter-

ference of longitudinal tracking is shown in Figure 24,

The order of degradation of the lateral tasks - 3A, 1A, 2A and 3B, 1B, 2B -

corresponds to the ranking of the continuous longitudinal tracking errors - 3, 1, 2 -
which simply indicates that 2 more demanding longitudinal task in a two-axis problem
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Figure 19. Comparison of Two-Axis Bank Angle Tracking Error
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Figure 20. Comparison of Two-Axis Pitch Angle Tracking Error
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Figure 21. Comparison of Radial Errors for Turbulence Stabilization
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Figure 22. Attention Shifting Episodes From Flight Simulation
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is one that has worse performance as a continuous task. The converse question
about lateral task interference cannot be resolved within the statistics of the data
since the two-axis data shown in Figure 24 are all close together. It can be con-
cluded, however, that for this prob'lem, at a /e ratio of 16 which represents
nearly an even lateral - longitudinal task load, longitudinal task interference has
significance while lateral does not.

Further information concerning task interference and tradeoff between lateral
and longitudinal tracking errors can be obtained by consideration of the two dimensional
nature of the problem. To do this, the two tracking errors ¢, and 8¢ will be plotted
as a point on a graph whose axes are lateral and longitudinal tracking error. Further-
more, lines will be drawn on these graphs to show the open loop responses and con-
tinuous 6 and ¢ tracking errors for each two-axis configuration. Figure 25 shows an

example of this method.

D
v D
gl s
[-F)
° 2 S
g = 4
& £ )
& O OPEN LOOP ¢
[ €]
Z
&
b
oo
e /
—
=
44
> CONTINUQUS ¢
-l

0

0  LONGITUDINAL TRACKING ERROR ¢

Figure 25, Example Task Interference Graph

The #/a ratios employed in the simulation and in the pilot mode! lead to a
tradeoff between the lateral and longitudinal tracking errors that qualitatively re-
sembles the example curve shown in Figure 25, For #/a = ¢, the problem reduces
to continuous bank angle control, while large values of #/¢ lead to continuous pitch
control. For intermediate values, the two-axis task is characterized by tracking
degradation compared to the continuous cases, and this degradation is exactly what

48



is shown by the u/o curve. The tradeoff between these two tracking errors for a
nearly optimum radial tracking error will be mahifested by two-axis tracking data
points that lie along such a curve. Using the data in Tables 2 through 5, these data
can be compared on the task interference graph for the flight simulation and the pilot—
aireraft model, Figures 26 through 31, where the open loop and continuous data are

from the flight simulation.

At this point it is necessary to consider further the effeets of fluctuations in the
turbulence intensity that characterize experience in actual flight. The method of pre-
computing the turbulence and adjusting the means to zero and the rms values to
10 ft/sec used in obtaining the simulation data summarized in Figures 27 through 31
eliminates whatever effects might be associated with random weighting of the turbu-
lence fowards one axis or the other, Consider a single-axis task, say lateral. Since
the piloted system represents a linear open loop dynamical system with turbulence
input and bank angle output, it is clear that every dynamical variable in the pilot-
aircraft system will scale with the actual turbulence intensity. Thus, for example, if
the intensity of the turbulence were to be doubled, the pilot would see.a doubling of the
excursions of the display during his control. If the display gain were now halved, the
pilot would not be able to distinguish visually the final configuration from the original

problem presented to him.

This consideration illustrates that for the two-axis stabilization task, fluctuations
in turbulence intensity and display gain selection combine to form a single variation in
task intensity that the pilot perceives. Reference 3 reports data for this task where
the gusts were not precomputed. At the time this work was performed at Northrop, it
was found that the turbulence intensities would vary between 8 and 14 ft/sec when the
filter gains were set to produce a long-term average of 10 ft/sec. In this way, a factor
of up to two must be either multiplied by or divided into the display gain ratios. Thus
the effective task ratios in this earlier study effectively varied from 4 to 32, The data
from individual simulation flights are distributed o.r dispersed along the p/o curves of
the task interference graphs for a large part of the curve, depending on the sensitivity

of the curve to these u/e¢ ratios.

The clearest example of task interference effects can be seen in the 1B and 3B
configurations of Figures 27 and 31. Individual flight data, presented in Reference 3
and reproduced here as Figures 32 and 33, reveals a great difference in lateral B per-
formance resulting from the selection of the longitudinal dynamics 1 or 3. In the pilot

model analysis, the optimum lateral gains and leads for these two cases turned out to be

49



15 T T
O FLIGHT SIMULATION AVERAGE

A PILOT MODEL AVERAGE

mms ¢ (DEG)

16

16

0 I [l L { L I 1 1

0 rms 8 (DEG) 10
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Figure 28, Task Interference Graph for Configuration 2A
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Figure 29. Task Interference Graph for Configuration 2B
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Figure 30, Task Interference Graph for Configuration 3A
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Figure 31. Task Interference Graph for Configuration 38
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Figure 32. Pilot Model and Flight Simulation Data Dispersion for
30-Second Flights of Configuration 1B at u/a = 186.
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identical, so that the large dispersion of bank angle tracking errors for configuration 1B
derives exclusively from task interference effects. This again points out the utility of
examining the individual flight data to determine if the standard deviation statistic is
simply a measure of experimental error, or whether it reveals important dynamie
characteristics of the problem being studied. By demonstrating that the model pro-
duces gimilar dispersion of lateral tracking error, it is apparent that the mismatched
1B characteristics can be accurately predicted by the use of the Urgency Decision

Pilot Model.

It should be pointed out that the analysis and flight simulation of Reference 3
employed a prefilter with a double breakpoint at .3 radian to reduce low-frequency
disturbances that would appear as non-zero means and hence distort the normalized
tracking error data, For this reason, the open loop, continuous, and two-axis track-
ing data are different from those obtained by the pre-computing method since no

prefilter was employed in the current study.

The use of time-history simulation to generate the specific episodic histories of
these control dynamics allows insight into an aspect of piloted flying qualities of impor-
tance to a wide range of practical problems ranging from landing safety to weapon deli-
very accuracy. To illustrate the severity of this task interference in configuration 1B,
Figure 34 reproduces time histories from Reference 3 that show 225 seconds of
model control for single~axis B lateral bank angle compared to bank angle as part of
the two-axis task 1B. It can be seen that 30-second segments of the two-axis record
vary widely in rms statistics as well as contain sudden large excursions which are

totally absent in the Sing1e~axis time history.

At the beginning of this Subsection, there were four areas of investigation fo he
considered. With the discussion of two-axis attitude stabilization in turbulence com-

plete, these topics can now be briefly summarized as follows:
1) Accuracy and standardization of the method.

The specialization of the general pilot model as represented in Section III

to the attitude stabilization problem required no arbitrary decisions of
model parameters or structure. Model predictions were obtained through

a strictly defined procedure of optimizing the performance of the total
piloted system model, and then exercising this model in a manner similar
to a flight simulation for comparison purposes, In no way did this proce-~
dure depend on the particular aircraft, or its model representation, Conse-
quently, the pilot model could be used in conjunction with fully general
nonlinear and time-varying aircraft models in conjunction with aircraft
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simulations, or incorporated into large flight simulator drive computer
programs. The accuracy of the model for the two-axis radial tracking

errors proved to be 9. 3%, much smaller than the range of radial tracking

errors of various configurations, thus giving useful resolution in the
comparative flying qualities of the configurations.

2) The effects of attention sharing on pilot compensation.

Optimum compensation in terms of pilot gain and lead differed significantly
between the single- and two-axis tracking tasks. In general, divided atten-
tion results in optimum compensation that generates lower attitude rates to
avoid the possibility that they may have to be left unattended through diver-
sion to the other task. For this reason the gains are lower and the leads

greater for the two-axis task, as compared to single-axis continuous
tracking.
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3)

4)

The effects of relative display gains.

The hypothesis that objective urgency as modeled in the decision algorithm
based on the display weighting gains would agree with the subjective ur-
gency adopted by the pilot was substantiated by the data presented on task
interference graphs. There is a wide range of tradeoff between lateral and
longitudinal control; nevertheless, the model predictions were close to the
flight simulation data in terms of the optimized performance quantity,

radial tracking error. By considering previocusly reported data for which
the turbulence levels were allowed to fluctuate, the urgency weightings were
seen to incorporate both display and disturbance measures to produce a
task weighting that governs the urgency function coefficients.

Task interference effects.

The attention division that characterizes the human controller faced with
more than one demanding tracking task causes tracking degradation of each
axis compared to continuous control. The extent to which this occurs
depends on the dynamics of each task involved, along with display charac-
teristics and relative disturbance levels. In the model, these effects are
accounted for by the hypothesis that the urgency function coefficients reflect
the total task weighting as adopted by the pilot. Flight simulation data is
consistent with this hypothesis in terms of overall statistics as well as
similarity of data dispersion owing to turbulence disturbance fluctuations.

56



B. VALIDATION OF THE MODEL FOR TWQO-AXIS ATTITUDE STABILIZATION

The first data, Reference 3, to demonstrate the nature of two-axis attitude
stabilization in turbulence was obtained in the summer of 1974, In the following
April, the model was validated for this problem using the moving-base Northrop Large
Amplitude Simulator, Wide Angle Visual System ( LAS/WAVS) facility. Although the
basic comparison between the model and the moving-base flight simulation was pre-
sented in graphical form in Reference 3, a full account of this validation study is

appropriate here.

The piloted tasks are similar to the problem discussed in the previous Subsec -
tion, but with one important difference: the display was not a CRT, it was the external
view projected by the earth-sky projector of the WAVS onto the hemisphere that sur-~
rounds the pilot in the simulator. This being the case, there was no natural up/ ratio
to use in the urgency functions of the pilot model. The horizon appeared as mountain-
uous terrain, which induced visual thresholds. The aircraft model used in the study
was the fully general nonlinear YF-17 description including all table loock-ups for the
aerodynamic descriptions and control system gain schedules as mechanized on digi-
tal computers. The cockpit arrangement and stick force characteristics also corre-
sponded to the YF-17 aircraft. Dryden spectra turbulence was employed according to
flight condition for lateral v- and longitudinal w-gusts. Six flight conditions shown in

Figure 35 were flown by a former U.S. Navy test pilot.

ALTITUDE (FT) 5K 10K 30K 40K 60K
MACH
0.4 X X
0.8 X X
0.9 X
1.1 X

Figure 35. YF-17 Flight Conditions Surveyed

By having the pilot attempt to fly the simulator in still air back to trim theta and
zero phi from an initial condition, visual thresholds for the external display were
evaluated. Short control periods were flown so that heading changes induced by resi-
dual non~zero bank angles could not be used as a bank angle indication. The result of

this calibration simulation was the identification of a four-degree threshold in bank
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angle, and no discernible threshold in theta, an anticipated resulit since the horizon
could be viewed across the edge of a head-up gunsight. This visual threshold was

directly incorporated into the pilot model mechanized on the simulator drive com-
puters in the following way:

If ¢> 4°, ¢ observed

]
-

i
[==]

If ¢ = 4°, ¢ observed

Comparisons of the model with the flight simulation for single-axis tasks were per-
formedina manner similar to that described in the previous Subsection. Since the
description of the complete YF-17 cannot be released, data will not be presented in

bles, but only in graphical form. These comparisons for the single~axis stabiliza-
tion task were obtained by suppressing the turbulence first on the lateral, and then on
the longitudinal axis. Figure 36 shows the comparison for bank angle stabilization
where the model and simulation data are averaged from 30-second flights.
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Figure 36. Lateral Stabilization of the YF-17 Single-Axis
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Comparison of the model with the simulation for the single-axis longitudinal task is
given in Figure 37.

2.0 LINE OF AGREEMENT

rms SIMULATION 6 (DEG)
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Figure 37. Longitudinal Stabilization of the YF-17 Single-Axis

Since the external display does not lead to a natural selection of the urgency
coefficients, some method of calibration must be employed. The way in which this
was done depended on the observation that for the model, dwell fraction on an axis
is a monotonic function of the urgency of that axis. After selecting a flight condition -
5000 ft. at Mach 0.8 - for calibration, the dwell fractions adopted by the pilot were
estimated using x-y plots of stick activity. The model was then exercised to determine
the urgency coefficients that produced this dwell fraction. The urgency functions
determined by this method were then held constant for the other flight conditions.

The urgency functions for this problem are given by:

UR=
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Agreement between the model exercised in this manner and the flight simulation is
shown for the lateral axis in Figure 38. Longitudinal comparison is shown in Figure 39.

5.0 LINE OF AGREEMENT

rms SIMULATION # (DEG)

0 5.0
rms MODEL @ (DEG)

Figure 38. Lateral Stabilization of the YF-17 Two-Axis

It should be pointed out that the incorporation of the visual threshold was
essential; without it, model predictions for the three highest dynamic pressure
flight conditions showed poor agreement with the flight simulation data.

To see what task interference effects might be shown in this study, task inter-
ference graphs are presented for individual flights of the model and the pilot in
Figures 40-45,

Task interference effects are apparent as large data dispersion in low dynamic
pressure flight conditions such as shown in Figures 41 and 44. Unlike the case of
the 1B configuration of Figure 32 the worst of the individual flights at these conditions
are bounded by the open loop values for the YF-17, Again it should be emphasized that
this dispersion which statistically would be reported as a large standard deviation
represents important information beyond the usual interpretation of standard deviations.
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rms SIMULATION ¢ (DEG)

2,0

rms MODEL 6 (DEG)

Figure 39. Longitudinal Stabilization of the YF-17 Two-Axis
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0
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Figure 40, Two-Axis YF-17 Task Interference Graph-for 5000 Ft at Mach 0.4

61



5.0
n 30 K/0.4
2 MODEL
of I
“ 7 FLIGHT
L n O SIMULATION
- &
3 “u
a C x
e h
B g
0
20
0
0 rms 6 (DEG) 2.0

Figure 41, Two-Axis YF-17 Task Interference Graph for 30, 000 Ft at Mach 0.4
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Figure 42, Two-Axis YF-17 Task Interference Graph for 5000 Ft at Mach 0.8
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Figure 43, Two-Axis YF-17 Task Interference Graph for 40,000 Ft at Mach 0.8
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Figure 44, Two-Axis YF-17 Task Interference Graph for 60,000 Ft at Mach 0.9
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Figure 45. Two-Axis YF-17 Task Interference Graph for 10,000 Ft at Mach 1.1

There are six conclusions to be drawn from the study of the YF-17 in

turbulence:

1)

2)

3)

4)

5)

The Urgency Decision Pilot Model accurately predicts (in all cases with the
exception of the calibration flight condition) the multiaxis disturbance
statistics of the piloted aircraft in turbulence.

The model as presented in the previous Subsection can be adapted to include
visual perception effects so that an external display can be modeled.

The method naturally lent itself to the analysis of the complete nonlinear
time-varying YF-17,

This analysis was carried out by using an existing representation of the
YF-17 without any modification in the aireraft model by simply incor-
porating the pilot model into the LAS/WAVS drive computers.

Task interference effects of dispersion with respect to short tracking times

are exhibited by advanced tactical aircraft and hence constitute an important
aspect of precision flying qualities.
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The sixth conclusion is most important to users of this approach to piloted
flying qualities:
6) The Urgency Decision Pilot Model is fully validated by the YF-17 study for

use in aircraft simulations to evaluate the flying qualities of attitude stabili-
zation in turbulence.
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C. A SELF-GENERATED VTOL HOVER TASK

The examples of the preceding Subsections have considered flight control tasks
that were single-loop on each axis and required holding attitude in'the presence of
turbulence disturbances. To demonstrate the versatility of the fuil ﬁrgency Decision
Pilot Model, these problem characteristics will be generalized.

Consider a VTOL aircraft model first, Each axis consists of inner loop

attitude and outer loop position dynamics as shown in Figure 46.

b2 O o B L SR Y R A
5
5

s —p L L 22 Bl 1 L«
S 2] S S

Figure 46, VTOL Aircraft System Dynamics

The pilot' s tagk is to hover over the ground position 0,0 in the presence of
pilot induced disturbances only, as described later. It is assumed that the pilot has

a display from which he can read position X, Y; translation velocity u, v; attitude
6,¢; and attitude rate ¢, &.

These fourth-order dynamics require pilot model compensation on both attitude
and position control for each axis as shown in Figure 47. The subscript '""P" denotes
longitudinal (pitch), and '"R" lateral (roll). The stick command éa goes into the air-
craft dynamics if the urgency condition for lateral control is met. A similar model
is implemented for longitudinal eontrol.

According to the general pilot model as presented in Section III, the urgency
functions will take the forms shown in Figure 48, where a, 8, ¥, § are the constant
urgency function coefficients,
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Figure 47, VTOL Pilot Model Compensation for Lateral Control
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Figure 48, Urgency Functions for the VIOL Hover Task

It is easy to see the effects of the eand £ terms of these urgency functions.
Consider the lateral urgency of the two cases diagrammed in Figure 49,

X A X A
v v
» Y —» Y
GREATER URGENCY LESSER URGENCY
A B

Figure 49. Interpretation of VTOL Urgency Functions

In case A, there is a lateral position hovering error Y, and a translational
speed v taking the aircraft away from the commanded position, In case B, the same

speed is reducing the identical hovering position error as in A. However, in this
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case, the fact that the aircraft is moving towards the commanded position clearly
makes B a much less urgent control matter than A. The form of the 2 and the g
terms takes this into account by adding the magnitudes of position hovering error
and translatioﬁal speed for drift outwards, and subtracting for drift in the cor-
rect direction. Sign convention allows this formula to work in all quadrants for both
lateral and longitudinal urgency. A similar concern is allowed in the ¥ and 6
terms. Calculation with the model, however, shows a lesser advantage in using

the é terms. The reason for this is the high frequency of the attitude control loop
in the presence of a pilot delay of 0.3 second. Since the control problem is sym-
metric with respect to each axis, the lateral and longitudinal urgency functions have

identical coefficients.

An important objective of this example was to demonstrate the ability of the
model to match performance statistics with a flight simulation in which the only input
disturbance was pilot inaccuracy. There are two distitict sources of this for the
multiaxis task. The firstis observation, estimation, and control actuation noise,
which is modeled using an additive white noise superimposed on the stick commands.
The second source of pilot induced error arises from the operation of the side-arm

controller used in the flight simulation.

Figure 50 shows an X-Y plot of lateral versus longitudinal stick obtained from
the flight simulation.

Figure 50, X-Y Plot of Lateral Versus Longitudinal Stick for VTOL Hover

This figure clearly shows the division of control activity between the two axes,

but this division is not free from errors. If it were the trace would lie only on the
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control axes. The failure for this to be the case shows that for the controller
equipped with lpw gradients and breakout forces, the stick was not precisely centered
nor moved exactly parallel to the control axes. These control actuation errors,
called control crossfeed, References 1 and 2, are diagrammed in Figure 51. | They
consist of bias, the failure of the stick to be centered, and gkewness, the failure of
the stick to be moved parallel to the control axis. Data such as that shown in

Figure 50 indicates that during any control episode, a particular value of bias and
skewness applies. In this figure, boundaries have been superimposed to indicate the

range of most of the crossfeed.

‘+6e
- Stick
Motion

Skewness
NS
/ "+ 6a

‘ — Bias

Figure 51, Definition of Crossfeed, Bias, and Skewness

Uniformly distibuted white noise was used to model these sources of pilot
induced error. Estimates of the correct amplitudes were obtained from flight simula-
tion data, and the model was optimized for minimum hovering error, A complete

System diagram for the piloted hover problem is given in Figure 52,

The flight simulation was performed in 1973 on a Northrop fixed-base simu-
lator similar to the one described in Subsection IV A. Position error was displayed as
a point and attitude was presented as a line whose inclination represented bank angle,

and whose elevation showed pitch. This display is shown in Figure 53.

The subject, a former Navy test pilot, determined the optimum control sensi-
tivities and was asymptotically trained. Data were taken for a total of twenty trials
of 100 seconds duration. The data from the simulation described in Reference 1

are tightly clustered and show only a slight learning trend during the final ten trials.
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Horizon Line

Figure 83. VTOL Flight Simulation Display

A comparison between the model and the simulation ground paths is shown in

Figure 54, each drawn to the same scale.

Urgency Pilot Model Flight Simulation
Figure 54. Model and Flight Simulation Ground Paths for VTOL Hover

These ground path traces show many similar qualitative features, absent in
the non-optimum model, such as the sharp points and tight turns where the pilot
nearly stops the translation of the airplane in order to initiate a better velocity
vector. The similar size and shape of the loops indicate similar spectral content,

Figure 55 shows a segment of the time history of pitch angle as generated by the
model and by the simulation.

The switching times produced by the model and by estimation from the strip

chart recording of the lateral and longitudinal stick are compared in the following
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Figure 55. Theta Time Histories from Model and Simulation

histograms, Figure 56, which show the mean control period to be between 1. 5 and
2.0 seconds. These statistics are combined from lateral and longitudinal data since
the dynamics of the two axes are identical.

} |

Total Total
No. of No, of
Periods Periods

1

e ol S—
1 2 3 4 5 1 2 3 4 5
Control Period (sec) Control Period (sec)
Simulation Model

Figure 56, Histograms of Pilot Switching

The most discriminating comparison of the urgency function model and the flight
simulation is in the statistics. These 2re shown in Figure 57. This agreement of the

model and the simulation complefes the comparisons for the VTOL example.

The optimum pilot model coefficients are given in Figure 58.
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Flight

Simulation 2-Axis Model
Data Predictions
(rms) (rms)
X 221 225
(ft)
Y 217 172
(ft)
u 065 084
(ft/sec)
v 074 082
(ft/sec)
6 057 153
(deg)
@ 120 151
(deg)
6 198 256
(deg/sec)
é 440 261
(deg/sec)

Figure 57. Comparison of Model and Simulation Statistics

Compensation
a = -0.02
b = -0.215
c = =-8.0

d = 2.0

Urgency
@ = 3
B = 40
Y= 10
d =10

Figure 58. Optimum VTOL Pilot Model Parameters
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D. ERROR RATE INFORMATION IN ATTENTION ALLOCATION PILOT MODELS

The postulated form of the urgency functions in the Northrop Urgency Decision
Pilot Model has provisidn for both error and error rate terms. It was the purpose of
the present study 1) to apply the optimized complete model with urgency function
error rate terms to marginally stable and unstable second-order system dynamics,
and 2) to examine the characteristics of the performance of the optimized incomplete
model without urgency function error rate terms. In this way, the importance of the
error rate terms in achieving optimum performance can be agsessed by examining
the control strategy the model adopts to compensate for the lack of error rate infor-

mation in its attention shifting algorithm,

The postulated form of the urgency functions has led to correct predictions in
VTOL hover, attitude stabilization in turbulence, and air-to-air target tracking
analyses as discussed elsewhere in thig Section. In the attitude stabilization in turbu-
lence problem, which is single-loop on each axis, it was found that the error rate terms
were not needed; in the air-to-air target tracking problem, it will be found that while
error rate terms are needed on both axes, the rate coefficient required on the multi-
loop axis is two orders of magnitude larger than that required on the single-loop axis.
These results raise two fundamental questions:

1) Are urgency function error rate terms ever required for single-loop
component tasks ?

2) If so, how do they improve pilot model performance?

To answer these questions, a two-axis compensatory tracking task was simu-
lated. The command tracking signals were generated from uniformly distributed white

noise as shown in Figure 59. Identical filters were used for each command.

2

white noige ——— 5 - 1 — = command

(s +.3)2 {bs + 1)2

Figure 59. Command Tracking Signal Generation

Two sets of dynamics and two command tracking filter bandwidths were combined
to produce six two-axis configurations as shown in Figure 60. Both symmetric and

asymmetric combinations were used.
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Configuration Lateral Dynamics Longitudinal Dynamics b
1 —Sl-? —81—2'- 8
2 R L 4
s S
3 ';12— —S*(Sl—_v 8
4 ? e 4
s %D ErE :
: %D %D :

Figure 60, Configurations Simulated for Command Tracking Task

A flow diagram of the total piloted system ap'pears in Figure 61. The pilot

compengations were modeled using a gain K, lead T, and delay T on each axis and

L’
programmed as follows:

da = (Delay T){K¢(¢e + TL(,D g'ae)}

de = (Delay -r){KS(Be JrTL ée)}
7

The delays were fixed at T = 0.3 second, and the gains and leads were chosen to

produce optimum model tracking statistics.

The urgency functions for this problem are of the form:

Up = % || * Bsa’q»_zl %

o Be '
UG - a8|9e| +B€Te| ee
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Since the planned simulation called for identical display gains on each axis, the
relative position urgencies as perceived by the pilot are equal, so that %, and &y can
be set to unity. The reflection of objective urgency as presented to the pilot by the
display, in the subjective urgency adopted by the pilot is addressed in Reference 3,
For the analysis of the complete model, the rate coefficients Bq) and BB are optimized

along with the compensation gains and leads.

In order to discuss how the model is optimized for this problem, it is first
necessary to describe the display used in the flight simulation. The CRT display
consisted of a bright dot against a darkened background containing white crosshairs.
Vertical displacement of the dot away from the origin represented Be, while hori-
zontal displacement indicated B The pilot was instructed to keep the dot as close

to the center as possible, This radial tracking error

r(t) = \/;%2(& + 122 (1)

is shown in Figure 62,

at;b(t

rit) ,uﬂ {t}

Kf
—

Figure 62, Flight Simulation Display

)

Explicitly, the quantity that the pilot and the pilot model optimized is given by

- L / r{t) dt

In order to gain insight into the role played by error rate terms in the urgency
functions, the model was optimized using a perturbation method to select Kg Kgs TL ,
¢

i



TLH' By and 4. The resulting tracking performance then could be compared with
the model performance obtained by setting the ,Gg, and Bg urgency rate coefficients to

zero and optimizing by selecting Kg, KB , TL¢ , and T, 9

Since it was planned that the pilot in the subsequent fixed-basge flight simulation
would fly a series of twenty thirty-second runs for a total of 600 seconds of data for
each configuration, the model was optimized with respect to the average radial error
for the same test schedule. To reduce statistical fluctuations of the command track-
ing signal, the command tracking signal sequence for each of the short runs was
computed and scaled beforehand to produce a zero mean and unit standard deviation,

i.e., unit command intensity.

The averaged optimum model tracking scores and the corresponding model
parameters for each of the six configurations with and without error rate terms in the
urgency functions are given in Table 6. Averaged data on dwell fractions (the percen-
tages of time the model controls each axis) and mean dwell times (the average length

of individual control episodes) are presented in Table 7.

Table 6 shows that the model without rate terms cannot approach the tracking
performance of the model with rate terms. In general the optimized incomplete model
employs lower gains and higher leads than the optimized complete model. Table 7
shows that the incomplete model spends on the average much more time on each
control episode than does the complete model, and on the asymmetric tasks spends a

greater portion of its time controlling the unstable dynamics 1/s(s - 1).

A piloted fixed-base flight simulation was performed to verify the pilot model
predictions. To limit the number of model parameters involved in the problem,
display and controller effects in the flight simulation were minimized. This was
done by using a large CRT display so that display motions were amplified enough to
eliminate visual threshold effects and to present necessary rate information; controller
effects were reduced by using a side-arm controller that had low force gradients and
low but co'nspicuous breakout forces, The same computer programs, running on the
same digital computers, were used for the simulation that were used for the model
analysis work. For the flight simulation, the program operated in real-time and
branched around the pilot model routine, reading the pilot's stick commands through

analog-to-digital converters.

The pilot was instructed to keep the dot as close to the center of the screen as

possible. This proved to be a difficult task, requiring several hours of training before
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the pilot achieved his optimum performance. It also required much experimentation
with the controller and display scalings to arrive at a combination for each configura-

tion that allowed the pilot to perform optimally.

The pilot flew thirty-second runs, in sets of ten or twenty. For each
configuration, the best set of twenty (or the best pair of sets of ten) was saved, giving
a total of 600 seconds of data. On the asymmetric configurations, the pilot flew
ten runs with 1/ s lateral and 1/ 8(s - 1) longitudinal, and ten with 1/ 52 longitudinal
and 1/s(s - 1) lateral. )

The pilot's averaged tracking scores fof the six configurations, along with the
averaged scores for the complete model with urgency function error rate terms, are
given in Table 8. The excellent agreement between the tracking scores predicted by the

complete model with the flight simulation tracking scores is shown in Figure 63.

TABLE 8. COMMAND TRACKING FLIGHT SIMULATION AND MODEL DATA

Pilot Model
Configuration — —
r g r g

r r
1 0.311 0. 0250 0.299 0.0744
2 0. 420 0. 0619 0.374 0.0866
3 0. 506 0.0778 0.464 0.122
4 0.609 0.0678 0.578 0.138
5 0.565 0. 0882 0.647 0.178
6 0. 650 0. 0952 0.725 0.158

A few comments concerning the large standard deviations 7, in Table 7 are in
order. The precomputing and scaling of each command tracking signal sequence
removed one source of variability from the runs by fixing the mean of @c and BC at
zero with a standard deviation of one. However, this did nothing to standardize the
frequency content of the command tracking signals, Owing to the short length of each

run, the spectral content of the command sequences varied widely from run to run.
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Figure 63. Agreement of Model and Flight
Simulation Tracking Scores

This is illustrated by Figure 64, which presents time histories of two command track-
ing sequences for the simulation; each sequence represents thirty seconds of real
time. It is likely that this contributed io the variability in both pilot and model

performance.

¢ %

o ' N
7

Figure 64. Sample Tracking Command Time Histories

It can also be seen in Table 8 that the standard deviations for the model are
generally larger than those for the pilot, It was sometimes the case that initial
transient command tracking errors and rates were of such a nature that the pilot had
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to abort 2 run shortly after it began (e.g., the dot started near the edge of the screen
and quickly went out of sight). Such runs were not cotinted, and no statistics were
kept for them. However, the model did not have this luxury and had to fly cvery
command sequence that came along. It is likely that a few of these runs with large
initial transients in each set increased the standard deviations of the model's tracking

scores.,

The Northrop Urgency Decision Pilot Model was applied to a compensatory
tracking task involving marginally stable and unstable second order system dynamics
in an effort to answer two fundamental questions concerning the model's urgency
functions:

1)  Are urgency function error rate terms ever required for single-loop
tasks ?

2) If so, how do they improve pilot model performance ?

Comparison of the flight and pilot model simulations demonstrated the complete
model's ability to predict the pilot's tracking statistics, just as it demonstrated that
the incomplete model was incapable of such performance. Analysis using the pilot
model with and without the benefit of error rate information in the urgency functions

demonstrated the importance of this error rate information in the following ways:

1) The complete model agreed well with the flight simulation, whereas the
incomplete model without urgency function rate terms had badly
degraded performance not seen in the flight simulation.

2) The error rate information in the complete model led to attention
shifting rates necessary to control the unstable systems, while the
incomplete model was not able to initiate corrective action promptly
enough to maintain low error rates.

3) Since large rates built up, the incomplete model was forced in most
cases to adopt higher leads to control them, while adopting lower gains
to avoid overcontrolling the system,

4) In asymmetric tasks, the incomplete model was forced to spend a

disproportionate amount of time trying to control the rates generated
by the less stable dynamics.
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From the results of this study, it is reasonable to conclude that urgency func-
tion error rate terms are required for analysis of any unstable or marginally stable
system or, in general, for any system capable of evolving appreciable error rates.
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E. COMPARISON OF THE MULTIAXIS PILOT MODEL WITH WANAMAKER-SOWER
DATA '

The problem described in the previous Subsection is similar to a study performed
by Wanamaker and Sower at the Air Force Institute of Technology, Reference 8. Their
thesis contains the complete description of a command tracking flight simulation
analyzed by means of linear reconstruction theory and measured mean control periods
to predict the tracking errors. 8ince the urgency decision multiaxis pilot model
generates its own information concerning sample periods, it is of interest to compare
the mean sample data the model generates with the experimental values which were
obtained through the use of a split display and eye electrodes. The model was exer-
cised in a manner identical to that just described in Subsection IV D. The following
data is taken from Reference 1. Figure 65 shows a sample of time histories for the
tracking command and the two tracking errors for 20 seconds of flight as generated
by the model. In this case one of the axes was un'stable, called the side task in the
thesis. For all combinations of dynamics and commands, only the longitudinal task
was given a command tracking history; the lateral command was the constant zero.
Since all lateral dynamics were unstable, inadvertent control inputs modeled by small

initial errors were sufficient to initiate the lateral task.

8 | TRACKING COMMAND
L AN /j\ [\ /J\\m
\r/ o \A/ w \/ 20
TIME ISEC)
B9y | MAIN TRACKING ERROR 6

SIDE TASK ERROR qbe

LA
RAVRARV aaEs"

Figure 65. Example Time Histories Generated by the Pilot Model
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Data for six combinations of system dynamics and command bandwidths are

given in Figures 66-71 for Cases 1 - 6.

LONGITUDINAL DYNAMICS: K/{s - 1)
LATERAL DYNAMICS: K/{s - 1.5)

COMMAND: K/(s + 0.5) 2

NORTHROP
SUBJECT 1 SUBJECT 2 SUBJECT 3 2. AXIS MODEL
g lo
c 0.2742 0.3695 0.3697 0.4181
L {RMS)
¥ MEAN
CONTROL 0.9509 0.9271 0.9277 1.110
PERIOD
{SEC)
ERROR
BANDWIDTH 3.83 3.61 3,71 4.20
(RAD/SEC)
Figure 66. Comparison Data, Case 1
LONGITUDINAL DYNAMICS: K/s?
LATERAL DYNAMICS: K/{s - 0.5)
COMMAND: K/(s + 0.5}2
NORTHROP
JE ECT
SUBJECT 1 SUBJECT 2 SUBJECT 3 2.AXIS MODEL
0/ 0.3195 0.4563 0.5406 0.3825
{RMS} ' ' ' '
MEAN
CONTROL
PERIOD 1.238 1.285 1.1008 1.32
(SEC)
ERROR
BANDWIDTH 6.22 5.92 3.66 38
(RAD/SEC)
Figure 67, Comparison Data, Case 2
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LONGITUDINAL DYNAMICS: K/s

LATERAL DYNAMICS: K/{(s - 1.5)

COMMAND: K/{s + 1.5)2

NORTHROP
SUBJECT 1 SUBJECT 2 9-AXIS MODEL
¢lo g 0.6249 0.6156 0.6159
(RMS)
MEAN
CONTROL
PERIOD 1.22 1.17 1.11
(SEC)
ERROR
BANDWIDTH 4.87 3.54 4.6
(RAD/SEC)
Figure 68. Comparison Data, Cage 3
LONGITUDINAL DYNAMICS: K/{s- 1)
LATERAL DYNAMICS: K/{s - 1.5)
COMMAND: K/{s + 1.5)2
NORTHROP
SUBJECT 1 SUBJECT 2 2.AXIS MODEL
/
979 ¢ 0.8454 0.8838 0.8598
{RMS)
MEAN
CONTROL
PERIOD 1.077 1.008 1.041
(SEC)
ERROR
BANDWIDTH 4.3 3.1 4.
(RAD/SEC)
Figure 69. Comparison Data, Case 4
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LONGITUDINAL DYNAMICS: K/s2

LATERAL DYNAMICS: Kfis - 1.5

COMMAND: K/(s + 1.5)2

NORTHROP
SUBJECT 1 SUBJECT 2 2AIS MOBEL
a/0 0.8201 1.0656
(RMS)
MEAN
CONTROL PERIOD 1,551 1.044
{SEC)
ERROR
BANDWIDTH 7.04 5.13
{RAD/SEC) ,

Figure 70. Comparison Data, Case 5

LONGITUDINAL DYNAMICS: K/s

LATERAL DYNAMICS: K/(s - 1.5)

COMMAND: K/(s + 0.5)2

88

NORTHROP
SUBJECT 1 SUBJECT 2 SUBJECT 3 2. AXS MODEL
070 0.2029 0.2781 0.2465 0.2335
(RMS) ' ' ' ’
MEAN
CONTROL PERIOD 1.083 1.1516 0.8939 1.031
{SEC)
ERROR
BANDWIDTH 3.83 3,32 3.62 38
(RAD/SEC)
Figure 71. Comparison Data, Case 6




Graphical comparison of the model with the simulation data can be made for
both the tracking errors and the mean sample periods., This is done in Figures 72

and 73,

1.0 4
LINE OF
AGREEMENT

<35

e

<y

DI.I.I

-

o

=z
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o O

=2
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o w

X =

W o

0 ' —
0 URGENCY PILOT MODEL PREDICTIONS, 1.0
RMS TRACKING ERROR

Figure 72, Comparison of Tracking Errors

g

LINE OF
AGREEMENT

EXPERIMENTAL DATA,
CONTROL PERIOD (SEC}

|
—p
0 URGENCY PILOT MODEL PREDICTIONS, 2.0
CONTROL PERIOD (SEC)

Figure 73, Comparison of Mean Control Periods
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This data again shows the accuracy of the model in predicting the tracking
errors of a multiaxis task, and ln addition, generating the mean control periods

observed in the flight simulation performed at AFIT.
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F. TARGET TRACKING WITH VISUAL DELAYS AND SIDE TASK

In 1975, M, J. Queijo and D. R. Riley of NASA LRC performed a flight simulation
study to determine the effect of time delays in visual cues on pilot tracking performance,
as reported in Reference 11. The subjects controlled a five degree-of-freedom aircraft
tracking a target that maneuvered by slow altitude oscillations in the vertical plane.

By delaying the visual CRT display, evaluation of flight simulator time delays was
obtained. In addition to vertical and horizontal tracking statistics, workload information
was obtained by use of a side task which consisted of using an electrical stylus to tap
alternately on two electrodes separated by a barrier and strapped to the subject's leg.
The general availability and completeness of the reported experiment make this problem

a useful one for the demonstration of the Northrop Urgency Decision Pilot Model.
The pilot's specific tasks were as follows:

1) Track the target vertically. The target oscillated at a frequency of 0. 21
radian/sec with an amplitude of 100 feet at a distance of 600 feet ahead
of the tracking aircraft.

2) Track the target horizontally. The target did not oscillate horizontally;
inadvertent pilot input provided the lateral task.

3) Whenever possible, perform the side task of tapping the electrodes
strapped to the leg. This tapping rate was postulated to measure pilot
reserve attention capacity for the target tracking task.

The following assumptions are made to establish the dynamic form of the

multiaxis pilot model:

1) The pilot tracks vertically and horizontally, not in azimuth and elevation.

2) The vertical tracking, horizoutal tracking, and side tasks are
performed one at a time depending on the relative urgencies U, U., U
of these tasks. Vi UsT

3) The side task represents a constant urgency diversion from the vertical
and horizontal tasks:

UST = Constant

These pilot model assumptions can then be implemented by programming a time-
domain simulation of the pilot compensations for each task along with the urgency
functions and their associated decision logic., Figure 74 shows a diagram of the com-

plete simulation model.
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Consider the vertical task first. Here the tracking task is essentially to point
the aircraft, so that this pilot closure is a single-loop pitch tracking task. Now if «,
K, and TL denote tracking error, pilot model gain, and pilot model lead, with the
subscripts V and H denoting the vertical and horizontal tasks, the fixed-form compen-

sation of the vertical task can be written:
se = (Delay T) lKv (ev = EV)§
- v
da=0
The associated urgency function of this single-loop control task is then dictated

by the general formulation of the Urgency Decision Pilot Model to be of the form:

£ €
CEV |€V|+ BV —]Xgﬁ

Uv =

When the model is in horizontal control, it is required to track the target through
changes in the heading of the tracking aircraft. This multiloop task is modeled through
an inner loop attitude stabilization and an outer loop heading command tracking closure.
These take the formas:

<5a1 = (Delay ‘T')g KQ ( o+ TLQ q;)f

6a, = (Delay T) Ky (GH + TLHEH)
;da = 6a1 + 632
de =0

The horizontal urgency function takes the form:

‘H °H

Un= |?niegl * Py 8]

H

Of the various pilot model parameters, only four can be assigned typical values

prior to optimizing the model performance. These values are given in Figure 75.

T = 0.3 second
T = 0,5 second
Ly
TLgo = 0.5 second
T = 1.5 second
Ly

Figure 75. Pre-assigned Pilot Model
Parameters for Target Tracking Task
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To demonstrate the predictive capabilities of the model, it is necessary to
make clear the procedure for obtaining the other model parameters by optimization,
and the method for calibrating the side task urgency. There were three steps involved
in doing this: |

1) Optimize by individual parameter variation the quantities

KV’ Ost 3Vs K(})’ KH: (EHi BH

for minimum target miss distance

- 2 2
€ EV +5H

using no side task,

UST= 0

2) Using these optimized values, vary UST until €y; matches €y reported for
the minimum visual delay for one simulation test datum,

3) Holding all quantities including Ug. constant for each simulation test case,
vary the visual time delay by retarding the pilot model input to obtain
model data.

It should he clear from the above description that the model was adjusted by
optimization, with only one statistic of one test case matched to the simulation data

for the calibration of the side task urgency.

Two test cases, 5 and 6, were investigated. Each unit of visual delay equaled
0.03125 second. Table 9 shows the rms comparison data for pilot model and flight
simulation for a visual delay of 1.5 units. It can be seen that not only do the tracking
errors agree, but t’he average stick amplitude and stick rate statistics agree as well.
Table 10 presents the data for a visual delay of 6.5 units. Tracking error is given in
meters, and stick displacement and stick rates are given in rad and rad/sec,

respectively.

Tor case 5, Figures 76 and 77 present the pilot model data for the vertical and
horizontal tracking errors in comparison with means and standard deviations from

simulation data. Pilot model data are presented in Table 11.
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TABLE 9, NUMERICAL DATA FOR VISUAL DELAY OF 1,5 UNITS

CASE 5 CASE 6
Simulation Model Simulation Model
€y 3.53% 3.42 3, 72 3.60
‘e 1, 94 1,97 2.68 2,06
da 0. 029 0.030 0,049 0. 042
be 0. 0057 0, 0044 0. 0089 0. 0097
i 0.093 0.26 0, 154 0. 36
éé 0.025 0. 017 0.035 0,047

*matched data point for side task urgency calibration

TABLE 10, NUMERICAL DATA FOR VISUAL DELAY OF 6.5 UNITS

CASE 5 CASE 6

Simulation Model Simulation Model
€ 4,09 4,29 5.05 5,82
- 2.39 2,09 3.45 2,32
da 0,035 0. 032 0. 061 0.051
de 0. 0067 0. 006 0. 011 0.02
83 0. 098 0.26 0. 169 0. 375
& 0. 027 0. 021 0. 038 0. 09

A combined comparison of cases 5 and 6 vertical and horizontal tracking errors

It is useful to examine a plot of tracking error versus time as it would be viewed
in the sight by the pilot.
model control episodes shown by symbols as indicated.

There are two important observations that can be made concerning the side task.
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is presented in Figure 78 for the data furnished in Tables 9 and 10.

Figure 79 was obtained from the pilot model, with the pilot

By examination of many time histories such as Figure 9, it was clear that the side task
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rmse,, (i}

~ | X PILOT MODEL
110 SIMULATOR DATA
i
—
¥ x %
EEERE
0 | | ] | | i | i
0 UNITS VISUAL DELAY 0

Figure 76, Case 5 Vertical Tracking Data

fmse {m}

5
X PILOT MODEL
® = 10 sSIMULATOR DATA
j)
!
0 | | ] i | | ] J
0 UNITS VISUAL DELAY 10

Figure 77. Case 5 Horizontal Tracking Data
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TABLE 11, TARGET TRACKING PILOT MODEL DATA

Case 5 Case 6
Kv -0.002 -0.004
a, 2.0 . 2.0
8, 0.1 ' 0.1
Ky 0.015 ‘ 0.02
aH 3.0 3.0
By 10. 0 10.0
Kgb 0.6 0.6
Ust 5,5 5.5
Initial €y 0.5m ‘ 0.5 m

LINE OF
AGREEMENT,

FLIGHT SIMULATION rms €, €y {m}

B Ugr CALIBRATION POINT
@ VERTICAL TRACKING ERRQR
A HORIZONTAL TRACKING ERROR

0 -
0 PILOT MODEL rms €, €4 (m) 7

Figure 78. Comparison of Flight Simulation and -
Pilot Model Target Tracking Errors.
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——— VERTICAL CONTROL
- HORIZONTAL CONTROL
¥»XXX SIDE TASK
€H
+—+—i 10m

ITOTAL TIME = 60 SECONDS

Figure 79. Time History of Pilot Model Control Episodes

was performed by the model only when the tracking error was less than four meters.
Since the simulation pilots were reported not to perform side tasks unless the error
was less than one wing semi~span of the target, this model side task behavior is con-
sistent with the flight simulation. The second point of comparison concerns the
frequency of side task episodes. Strip chart data from the flight simulation reported
in Reference 11 show that side task counts tend to occur in pairs. If the side task
counting rate is halved on the assumption that the pilot usually gets the second count
once he has looked down to perform the first, the counting rate is approximately
equal to the frequency of side task episodes produced by the Urgency Decision Pilot
Model. It should be noted that the side task has significant influence on vertical and
horizontal tracking errors; since these statistics compared well, the assumption of a

constant urgency model for the electrode tapping side task appears to be justified.

Although the data presented here has been limited to cases 5 and 6 of Reference
11, the following four conclusions can be drawn concerning the ability of the Urgency
Decision Pilot Model to represent piloted target tracking:
1) The model calculated vertical tracking errors congistent with simu-~
lation data.

2) Even though there was no horizontal target motion, the attention diversion
in the pilot and in the pilot model led to horizontal tracking errors of
nearly the same size.
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3)

The assumption that the electrode tapping side task used in the flight
simulation could be represented as a constant urgency task was justified
by a) the vertical and horizontal tracking errors, b) the occurrence of
side task episodes only for tracking errors less than 4 meters, and

¢) the frequency of side task episodes.

These results justify the last conclusion:

4)

The Urgency Decision Pilot Model can be used to predict tracking error
performance and pilot workload for maneuvering targets by straightforward
application of the fixed form model adjusted through optimization and side
task urgency calibration involving only one data point.

29






SECTION V

COMPARISON OF TURBULENCE MODELS AND
CONTROL SYSTEM LAG EFFECTS

The preceding Sections have discussed the classification of precision piloted
flight tasks and have shown how the general Urgency Decision Pilot Model can be used
to address a wide variety of piloted tasks. The remainder of the report will eonsider
further applications of the model to the following problems:

e Comparison of Gaussian and Reeves non-Gaussian turbulence
models,

e Evaluation of the effects of control system lags on two-axis
attitude stabilization performance.

e Evaluation and specification of flying qualities by means of step
target tracking.

e Prediction of pilot reserve attenticn capacity as a measure of
pilot workload.

In order to demonstrate the applicability of the methods to general aircraft
models, nonlinear six degree-of-freedom aircraft equations will be employed. The
aircraft to be studied is the F~5E in a clean configuration at nine flight conditions, with
and without flight control system augmentation. Since these aircraft descriptions will
be used for each of the above applications, an account of these F-5E configurations

will be presented next.

A, AIRCRAFT DESCRIPTIONS AND EQUATIONS OF MOTION

For the analyses discussed above, nine F-5E configurations were chosen from the
aircraft's primary operating envelope, shown in Figure 80. The flight conditions
simulated are given in Table 12, and corresponding dimensional stability derivatives

»»

appear in Tables 13 and 14.
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g 30 , 49 \
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<
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: 3 *Le
0 hd
(] 0.2 04 0.6 0.8 1.0 1.2 1.4
MACH NUMBER
Figure 80. F-5E Primary Operating Envelope
TABLE 12, F-5E CONFIGURATIONS SIMULATED
Case Mach No. Altitude Ug Wo 6o
(ft) (ft/sec) (ft/sec) (deg)
1 0.4 1750. 445, 356.8 4.60
2 0.4 10000, 428, 49,2 6.506
3 0.6 1750, 669. 25.7 2.20
4 0.6 10000, 646, 34.6 3.07
5 0.6 20000. 620, 48.6 4.48
6 0.8 1750, BG3. 21.0 1.35
7 0.8 10000. 361, 27. 8 1.85
8 0.8 20000. 829, 38.1 2.63
9 0.8 30000, 794, o4.4 3.92
I = 3600 ft-lb-sec = 47000 ft-1b-sec”
XX 5 ZZ
I = 44200 ft-1b-sec I =1 =1 =0
Yy Xy Xz yz
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The aircraft was simulated both with and without augmenter, thus giving a total
of eighteen test points. A description of the F-5E stability augmentatio'n system is
presented in Appendix C; the SAS gains for each of the nine flight conditions are given
in Table 15. |

TABLE 15, F-5E SAS GAINS

Case KA KV KY
1 -0.24 0.19 1.1
2 -0.36 0.19 1.4
3 0,042 0,089 0.73
4 -0.084 0.15 0. 87
5 ~0.22 0.19 1.1
6 0.064 0.077 0,58
7 0. 064 0.077 0.62
8 0. 0056 0.11 0.78
9 -0.15 0.19 0.98

The coupled, nonlinear, six degree-of-freedom, constant coefficient, perfurba—
tion equations of motion used are shown in Figure 81. Kinematic, gravity orientation,
and inertial nonlinearities are included. The equations are written about the aireraft
body axes, and only one nonstandard assumption was made: that IXZ can be negleci:ed.

For the configurations studied, IXZ was zZero.

The reader should note that in the equations of Figure 81, all dynamic variables

are perturbed about trim values. The only non-zero trim values are Uy Wos and 85
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U =g [sinﬁo (1-cos® cos ) = cos b sinf] - glwy +w) +rv

+X, (u+ug)+xw cw+wg;+xwﬁu+xq (q+qg)+xaeﬁe

W o= 1 12 {g[cosﬁo {cos 8 cos - 1} - sin @, {cos W sin 8 cos ¢ + sin ¥ sin ¢)]
+q{u0+u)—pv+2u (u+ug)+2W 1w+wg)+2q (q+qg}+2533e}

q = l2pr+|V|u tu+ug) +IV!W (w+wg)+MW\Fv+Mq (q+qg}+M585e

r=lspq+N, (\r+\.'g)+Np (p+pg)+i\lr (r+rg)+N3853+N5r8r

v = glcosf cos sin ¢ - sin 8, (cos ¥ sin 8 sin ¢ - sin Y cos ¢)]
-r{u°+u)+p(wo+w)
+Y, (v+vg}+Yp (p+pg)~|~Yr {rt rg]+Y5a53+Y5r5r

p = lyar+L, fvHyg)+ Ly (p+pg)+ L, (r+rg]+LBaSa+L5r5r

é = qcosg~rsing

sin

p+-5-;-% {g sin ¢ + r cos §)

e
il

. . 1
¢ = {rcosg +qsing) Y

Figure 81. Aircraft Equations of Motion

B. COMPARISON OF GAUSSIAN AND REEVES NON-GAUSSIAN TURBULENCE

Two-Axis Attitude Stabilization in Gaussian Turbulence

A simulation of two-axis attitude stabilization in turbulence was performed using
the F-5E aircraft descriptions. This simulation was intended to serve two purposes.
It was a base case for comparison with the subsequent non-Gaussian turbulence and
control system lag simulations, It also served as a further validation of the Urgency
Decision Pilot Model in problems involving more general equations of motion and more

complete aircraft and control system descriptions,

The TASK in the simulation was stabilization of roll angle ¢ and pitch angle 6 in
the presence of uncorrelated u-, v-, and w-gusts. For Gaussian turbulence, white
noise was filtered to produce the Dryden spectra specified in Reference 12.

The experimental setup for the fixed-base flight simulation was similar to that
described in Section IV A, The CRT scalings chosen resulted in a horizontal dot dis-
placement of 2.5 centimeters per degree of roll angle and a vertical dot displacement

of 10 centimeters per degree of pitch angle, for a 8/¢ scaling ratio of four to one.
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For each aircraft configuration, ten thirty-second runs were made, giving a
total of five minutes of data for each test point. In order to diminish low-frequency
effects during the short runs and remove one source of variability in the data, each
gust sequence was precomputed and scaled to zero mean and ten ft/sec rms. Further

information on the precomputing procedure is contained in Appendix C.

The Urgency Decision Pilot Model applied to this problem was of the same form
as described in Section IV A, with one major difference: in the current simulation,
error rate terms in the urgency functions were required for optimum model perfor-
mance. This was necessary even though the component tasks were both single-loop.
The error rate coefficients were chosen along with the gaing and leads in the model
optimization process. Since the 8/¢ display scaling ratio was four to one throughout
the flight simulation, the longitudinal urgency function error coefficient was fixed at

four, while the lateral urgency function error coefficient was fixed at one.

For some of the configurations, it was discovered that the open loop attitude
errors in turbulence were the best that could be obtained; neither the pilot nor the
model could improve on the open loop errors. Hence, these configurations (Cases 3
and 4 without augmenter; Cases 6 and 7; Case 8 without augmenter) were not used in

the three simulations discussed in this Section.

Open loop attitude errors for all eighteen F-5E configurations are pre.sented in
Table 16. Complete flight simulation and model data for the eleven usable configura-
tions are given in Tables 17 and 18. The mean and standard deviation values shown
throughout the remainder of the report were calculated for sets of fen rms errors. It
should be noted that the standard deviations of the rms errors are strong functions of
run length, in this case 30 seconds. The close agreement between the model's scores
and the pilot's scores — in terms of both mean and standard deviation — is shown in
Figures 82 through 86, plotted from Tables 17 and 18.

107



TABLE 16, F-5E OPEN LOOP ATTITUDE ERRORS IN GAUSSIAN TURBULENCE

Lateral error Longitudinal error
rms (deg} rms (deg)

Case mean s.d, mean s. d.
1 With augmenter 2.77 0.531 0. 886 0.160
Without augmenter 2,90 0. 680 1.59 0.291
2 With augmenter 3.67 0.874 1.10 0,232
Without augmenter 3.52 0,783 1.82 0.341

3 With augmenter 1,486 0.248 0. 561 (.0518

Without augmenter 1.93 0.364 0.878 0.0778

4 With augmenter 1.99 0.334 0.569 0.05395

Without augmenter 2,46 0.487 1.05 0.0813

5 With augmenter 2.72 0.432 0. 633 0. 0805
Without augmenter 3,00 0.626 1,23 0.140

6 With augmenter 0,962 0,147 0,374 0.0198
Without augmenter 1.58 0,338 0.631 0.113

7 With augmenter 1.29 0.204 0. 450 0,0270
Without augmenter 2,11 0,340 0.813 0,158

8 With augmenter 1.78 0.276 0,484 0,0341
Without augmenter 2.37 0,423 ¢. 9086 0.108

9 With augmenter 2,42 0. 350 0,482 0.90437
Without augmenter 2,91 0. 530 1.05 0.114

TABLE 17. FLIGHT SIMULATION DATA — ATTITUDE STABILIZATION
IN GAUSSIAN TURBULENCE

Tracking Errors, rms {deg)
Lateral [ Longitudinal Radial

Case mean s.d. mean s.d, mean

1 With augmenter 1.73 0.302 0,248 0, 0382 1.99
Without augmenter 2,20 0.581 0.344 0.0454 2.60

2 With angmenter 2.01 0.390 0.273 0. 0580 2.28
Without augmenter 2.29 0. 544 0.287 0. 0340 2.56

3 With augmenter 1,24 0.143 0,214 (.0285 1.51
4 With augmenter 1.52 0,210 0.196 0,0324 1.7
5 With augmenter 1.82 0.211 0.216 0.0319 1.84
Without augmenter 2,41 0.483 0.298 0.0436 2,69

8 With augmenter 1.33 0,254 0.190 0, 0208 1.53
9 With augmenter 1.65 0.266 0.180 0. 0203 1,80
Without augmenter 2,42 0.346 0,291 0.0362 2,69
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3.0

LINE OF
AGREEMENT

FLIGHT SIMULATION RMS ¢ (DEG)

3.0
PILOT MODEL RMS ¢ {DEG)

Figure 82, Agreement of Pilot Model and Flight Simulation Data for F-5E
Lateral Tracking Errors, Gaussian Turbulence

0.5

LINE OF
AGREEMENT

FLIGHT SIMULATION RMS ¢ (DEG)

05

PILOT MODEL RMS § (DEG)

Figure 83, Agreement of Pilot Model and Flight Simulation Data for F-5E
Longitudinal Tracking Errors, Gaussian Turbulence
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LINE OF
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FLIGHT SIMULATION RMSr (¢, 0 ) (DEG)

4.0

PILOT MODEL RMSr {¢,6) (DEG)

Figure 84. Agreement of Pilot Model and Flight Simulation Data for F-5E
Radial Tracking Errors, Gaussian Turbulence :

0.6

LINE OF
AGREEMENT

FLIGHT SIMULATION O (DEG)

PILOT MODEL 04 (DEG)

Figure 85. Agreement of Pilot Model and Flight Simulation Standard Deviation
Data for F-BE Lateral Tracking, Gaussian Turbulence
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0.06

LINE OF
AGREEMENT,

FLIGHT SIMULATION oy (DEG)

0.06
PILOT MODEL gy (DEG)

Figure 86. Agreement of Pilot Model and Flight Simulation Standard Deviation
Data for ¥-5E Longitudinal Tracking, Gaussian Turbulence

The Reeves Non-Gaussian Turbulence Model

Several methods have been developed to simulate atmospheric turbulence for use
in analysis and flight simulation. In the most commonly used of these, Gaussian white
noise is shaped by linear filters so the resultant signal approximates atmospheric tur-
bulence in power spectrum and intensity. This Gaussian turbulence model was used in

the simulation discussed above,

However, the probability characteristics of the Gaussian distribution do not
match those of real turbulence, and Gaussian turbulence does not display the large
gusts and patchy nature of real atmospheric turbulence. Because of these shortcom-
ings, simulation pilots report that Gaussian turbulence does not feel like real turbu-
lence, and that flight simulations employing Gaussian turbulence are not sufficiently

realistic, Reference 13.

Several non-Gaussian turbulence models have been proposed to overcome defects

in the traditional Gaussian model. One such model was developed by P. M. Reeves,
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Reference 13. Basically, the Reeves model employs Gaussian white noise sources and

linear filters as shown in Figure 87 to produce each gust component.

GAUSSIAN
WHITE NOISE LINEAR
SOURCES FILTERS
alt)
n1(t} > G1{s)
cl{t)
bt}

n2(t} . > G2(si a’
) u(t}
+

d{t)

"3(” - GS(S,

Figure 87. Reeves Non-Gaussian Turbulence Simulation

In Figure 87, a(t), b(t), and d(t) are all Gaussian processes, while c(t), the
product of two Gaussian processes, is a Modified Bessel process. The final gust term

is thus the sum of a Gaussian process and a Modified Bessel process.

The standard deviation ratio, R = frc/ T3 determines the probability distribution
and patchy character of the gust, u(t). If R is very small, the contribution of c{t) can
be neglected, and u(t) is a Gaussian process. If R is very large, then the contribution
of d(t) can be neglected, and u(t) is a Modified Bessel process. Reeves reported that an
R value of approximately unity provides the best mix, producing turbulence that
closely matches atmospheric turbulence in frequency content, probability charac-

teristics, and patchiness.

Two-Axis Attitude Stabilization in Reeves Turbulence

A fixed-base flight simulation and model analysis similar to those reported above

were performed to assess what effects non-Gaussian turbulence might have on the
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tracking performance of both a human pilot and the pilot model. The only difference

was that now Reeves turbulence was used instead of Gaussian turbulence.

The Reeves model was programmed to generate uncorrelated u-, v-, and
w-gusts, As before, the gusts were precomputed and scaled to zero mean and
10 ft/sec rms. In addition, due to the importance of the standard deviation ratio R,
the additive terms making up each gust component were scaled in the precomputing

process so that R was exactly unity in each thirty~-second run.

Open loop attitude errors for all eighteen F-5E configurations in Reeves turbu-
lence are presented in Table 19. Complete flight simulation and model data for the
eleven usable configurations are given in Tables 20 and 21. The pilot model was not
re-optimized; model parameters found in the Gaussian simulation were used here
unchanged. The mean and standard deviation values shown in the tables were calcu-

lated for sets of rms errors from ten 30-second runs.

As shown in Figures 88 through 90, the average tracking errors of the pilot and
mode] agree closely; agreement of the pilot and model in standard deviations of track-
ing errors is also apparent, as shown in Figures 91 and 92. These figures were
plotted from Tables 20 and 21.
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TABLE 19. F-5E OPEN LOOP ATTITUDE ERRORS IN REEVES TURBULENCE
Lateral error Longitudinal error
rms (deg) rms (deg)

Case mean s.d. mean s.d.

1 With augmenter 2,865 0.308 0.756 0.0971
Without augmenter 2.72 0.339 1.29 0.181
2 With augmenter 3.46 0.404 0.911 0.140
Without augmenter 3.35 0. 407 1. 49 0.214

3 With augmenter 1.39 0.128 0.512 0.0289

Without augmenter 1.80 0.276 0. 734 0.0763

4 With augmenter 1.91 0.185 0.515 0.0329
Without augmenter 2,33 0.295 0.927 0.124

5 With augmenter 2,80 0.264 0. 560 0.0403
Without augmenter 2.80 0.319 1.04 0.137

6 With augmenter 0,920 0,0679 0,355 0.0126

Without augmenter 1.33 0,224 0. 569 0. 0465

ki With augmenter 1.23 0.0958 0.422 0.0173

Without augmenter 1,68 0,232 0.661 0.0743

8 With augmenter 1.71 0.147 0,450 0.0204
Without augmenter 2.30 0.295 0.830 0. 140

9 With augmenter 2,33 0.209 0,439 0.0240
Without augmenter 2.74 0.339 0.938 0. 147

TABLE 20. FLIGHT SIMULATION DATA — ATTITUDE STABILIZATION
IN REEVES TURBULENCE
Tracking Errors, rms (deg)

Lateral Longitudinal Radial

Case mean s.d mean s.d. mean
1 With augmenter 1.89 0.371 0.232 0.0396 2.10
Without augmenter 2,21 0.228 0. 342 0.0420 2.60

2 With augmenter 2,02 0.265 0.257 0.0388 2,27
Without augmenter 2,43 0.275 0.334 0.0344 2.797

3 With augmenter 1.20 0.164 0.219 0.0211 1.48
4 With augmenter 1.43 0.123 0.222 0,0352 1.68
5 With augmenter 1.63 0.177 0.202 0.0201 1.82
Without augmenter 2.36 0.604 0.312 0.0780 2.67

8 With augmenter 1.28 0.186 0.212 0.0272 1.53
9 With augmenter 1.59 0.127 0.184 0.0330 1.76
Without augmenter 2,25 0,343 0.264 0,0352 2.49
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Figure 88,

Figure 89,

3.0

LINE OF
AGREEMENT,

FLIGHT SIMULATION RMS ¢ (DEG)

3.0
PILOT MODEL RMS ¢ (DEG)

Agreement of Pilot Model and Flight Simulation Data for F-5E
Lateral Tracking Errors, Reeves Turbulence

0.5

LINE OF
AGREEMENT,

FLIGHT SIMULATION RMS @ (DEG)

0.5

PILOT MODEL RMS & (DEG)

Agreement of Pilot Model and Flight Simulation Data for F-5E
Longitudinal Tracking Errors, Reeves Turbulence
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4.0

LINE OF
AGREEMENT,

FLIGHT SIMULATION BRMSr (¢, 8} (DEG)

PILOT MODEL RMSr (¢, 8) (DEG)

Figure 90. Agreement of Pilot Model and Flight Simulation Data for F-5E
Radial Tracking Errors, Reeves Turbulence
0.6
LINE OF
AGREEMENT,

FLIGHT SIMULATION U¢ (DEG)

0.6

PILOT MODEL U¢ (DEG])

Figure 91. Agreement of Pilot Model and Flight Simulation Standard
Deviation Data for F-5E Lateral Tracking, Reeves Turbulence
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0.06

LINE OF
AGREEMENT,

FLIGHT SIMULATI_ON o (DEG)

0.08

PILOT MODEL 04 (DEG

Figure 92. Agreement of Pilot Model and Flight Simulation Standard Deviation
Data for F-5E Longitudinal Tracking, Reeves Turbulence

Comparison of Gaussian and Reeves Non-Gaussian Simulations

Gaussian and Reeves turbulence models differ somewhat in spectral content and
more significantly in probability distribution. This is the probable cause of the small
but noticeable disagreement in the F-5E open loop attitude errors shown in Figures 93
and 94. The average tracking scores achieved by the pilot and model shown in Figures
95 through 97 do not exhibit any marked trend. Figures 98 and 99 show that the standard
deviations of the pilot's and model's tracking scores are generally somewhat smaller
for the Reeves turbulence model than for the Gaussian turbulence model.

As a result of the above discussion, the following conclusions regarding the use

of the Urgency Decision Pilot Model in the analysis of flying qualities in turbulence
can be drawn:

e The model is validated for a general nonlinear aircraft representation.

¢ The model is accurate for prediction with the non~Gaussian Reeves
turbulence model, and can therefore be expected to be
accurate with other non-Gaussian turbulence sources.
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e  Other than differences in standard deviation deriving from the non-

Gaussian statistics, there is no significant quantitative
performance distinction between the Gaussian and Reeves
non=-Gaussian models.

LINE OF
AGREEMEN

REEVES TURBULENCE RMS ¢ (DEG)

GAUSSIAN TURBULENCE RMS ¢ {DEG}

Figure 93. Comparison of Gaussian and Reeves F-5E Open
Loop Lateral Attitude Errors
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20

LINE OF AGREEMENT,

REEVES TURBULENCE RMS ¢ (DEG)

20
GAUSSIAN TURBULENCE RMS § {DEG)

Figure 94, Comparison of Gaussian and Reeves F-5E Open
Loop Longitudinal Attitude Errors

3.0
LINE QF
AGREEMENT,

REEVES TURBULENCE RMS ¢ {(DEG)

0 3.0
GAUSSIAN TURBULENCE RMS ¢ (DEG)

. Figure 95.. Comparison of Gaussian and Reeves F-5E Lateral Tracking
" Errors, Pilot Model and Flight Simulation Data
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LINE OF
AGREEMENT

REEVES TURBULENCE RMS 8 {DEG)

0.5
GAUSSIAN TURBULENCE RMS 68 (DEG)

Figure 26. Comparison of Gaussian and Reeves F-5E Longitudinal Tracking
Errors, Pilot Model and Flight Simulation Data
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AGREEMENT
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0 4.0
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Figure 97. Comparison of Gaussian and Reeves F-5E Radial Tracking
Errors, Pilot Model and Flight Simulation Data
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Figure 98. Comparison of Gaussian and Reeves F-5E Lateral Tracking Error
Standard Deviations, Pilot Model and Flight Simulation Data
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AGREEMENT
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Figure 99. Comparison of Gaussian and Reeves F-5E Longitudinal Tracking
Error Standard Deviations, Pilot Model and Flight Simulation Data
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C. THE INFLUENCE OF CONTROL SYSTEM LAGS ON TWO-AXIS ATTITUDE
STABILIZATION

The application to be discussed in this Subsection concerns the allowable control
system lag for attitude stabilization tasks. Since precision flight tasks such as weapon
delivery and landing frequently take place in turbulence, the ability to eliminate the
disturbances that gusts induce is important to good flying qualities, This will be
evaluated by introducing equal control system lags into the pilot's lateral and longi-
tundinal stick commands and comparing the performance with the unmodified F-5E

performance data presented in the last Subsection.

First-order control system lags were evaluated at time constants of 0,05 and
0.1 second. Flight simulation data was obtained using the simulation procedure and
facility referred to in Subsection B. Complete piloted simulation data and performance
prediction data obtained using the Urgency Decision Pilot Model are presented in
Tables 22-25, The mean and standard deviation values shown in the tables were cal-

culated for sets of rms errors from ten 30-second runs.

TABLE 22. FLIGHT SIMULATION DATA — ATTITUDE STABILIZATION
IN GAUSSIAN TURBULENCE, 0.05 SEC CONTROL LAGS

Tracking Errors, rms (deg)

Lateral Longitudinal Radial

Case mean s.d. mean s. d. mean
1 With augmenter 1.71 0.208 0.222 0.0262 1,92
Without augmenter 2,64 0. 465 0.377 0.08655 3.04
2 With augmenter 2.00 0.291 0.2486 0. 0467 2.23
Without augmenter 2.67 0.441 0.306 0.0652 2,94
3 With augmenter 1.42 0.166 0.220 0.0166 1. 67
4 With angmenter 1.70 0.221 0.239 0.0273 1.95
5 With augmenter 1.82 0.228 0.222 0.0345 2.03
Without augmenter 2,84 0. 408 0. 357 0.0474 3.18
8 With augmenter 1.48 0.206 0.249 0.0288 1.78
9 With augmenter 1.88 0.320 0.222 0.0418 2.08
Without augmenter 2.74 0.274 0.292 0. 0357 2,98
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TABLE 23. FLIGHT SIMULATION DATA ~— ATTITUDE STABILIZATION IN
GAUSSIAN TURBULENCE, 0.1 SEC CONTROL LAGS

Tracking Errors, rms (deg)

Lateral Longitudinal Radial

Case mean s.d, mean s.d. mean
With augmenter 2,01 0.303 0.274 0.0481 2.28
Without augmenter 2.60 0.350 0,366 0. 0440 2.99
With augmenter 2,35 0.344 0.296 0.0350 2,63
Without augmenter 3.19 v. 519 0.407 0.0713 3,58
With augmenter 1.49 0.178 0.249 0.0298 1.80
With augmenter 1.71 0.217 0.283 0.0452 2.05
With augmenter 1.98 0.300 0.252 0.0529 2.22
Without augmenter 3.16 0.470 0.402 0. 0627 3.55
With augmenter 1.96 0.253 0.254 0.0403 2.03
With augmenter 2,09 0.221 0.239 0. 0346 2,30
Without augmenter 3.05 0.455 0,458 0.0528 3.56
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The accuracy of the model in predicting the effects of the control lags is demon-
sirated by comparing the data along lines of agreement. Figure 100 shows the com~
parison of the data for the bank angle tracking errors for turbulence intensities of
10 ft/sec, and Figure 101 presents the data for pitch angle tracking errors for the
same intensity of turbulence., It is clear that the agreement is good for a variation

of tracking errors exceeding 100 percent.

4.0

LINE OF
AGREEMENT,

FLIGHT SIMULATION RMS ¢ (DEG)

4.0

PILOT MODEL RMS ¢ (DEG)

Figure 100. Agreement of Pilot Model and Flight Simulation Data for
F-5E Lateral Tracking Errors, Gaussian Turbulence
With Control System Lags
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0.5

LINE OF
AGREEMENT

FLIGHT SIMULATION RMS & {DEG)

0.5
PiLOT MODEL RMS o (DEG)

Figure 101. Agreement of Pilot Model and Flight Simulation Data for
F~-5E Longitudinal Tracking Errors, Gaussian Turbulence
With Control System Lags

Graphs that are similar to the task interference figures of Section IV A will be
used to show the influence of the control lags on the two-axis attitude stabilization task
performance. Performance of the two-axis tasks is plotted as a point with coordinates
of bank angle and pitch angle tracking errors. Thus, the F-5E with control system
lags can be compared to the unaltered F-5E flown optimally by the simulation pilot,
and also to the open loop aircraft. These data are presented in Figures 102 to 112
for the eleven flight conditions/configurations studied in Subsection V B.
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Figure 102, Effect of Control System Lags on F-5E Case 1
With Augmenter, Gaussian Turbulence
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Figure 103. Effect of Control System Lags on F-5E Case 1
Without Augmenter, Gaussian Turbulence
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Figure 104, Effect of Control System Lags on F-5E Case 2
With Augmenter, Gaussian Turbulence
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Figure 105. Effect of Control System Lags on F-5E Case 2
. Without Augmenter, Gaussian Turbulence
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Figure 106, Effect of Control System Lags on F-3E Case 3
With Augmenter, Gaussian Turbulence
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First of all, it is apparent by inspection of Figures 102 through 112 that no sig-
nificant deterioration of longifudinal tracking ability takes place at either value of lag,
whether or not the augmentation is being used. However, the trends at the 0.1 sec
lag value that show in cases 2 and 9 without augmenter indicate that acceptable per-
formance in pitch attitude tracking may be degraded by lags larger than 0.1 sec. The
overall conclusion is that for the attitude stabilization in turbulence task, the pilot can
perform longitudinal stabilization in the F-5E with control system lags of the order of

0.1 second,

On the other hand, bank angle stabilization is quite sensitive to control system
lags. In cases 1 and 2 with augmenter no degradation is noted for a lag of 0,05 second,
In cases 3, 4, 5, 8 and 9 with augmenter, there is noticeable degradation in per-
formance with lags of 0.05 second. For lags of 0.1 second, there is significant track-
ing degradation, in some cases resulting in essentially open loop performance. This
is evident in cases 3, 8, and 9 with angmenter, and cases 1, 2, 5, and 9 without aug-
menter., From this it is clear that a control lag of 0.1 second in the lateral control

system is unacceptable for the F-5E in attitude stabilization tasks.
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On the basis of this data, the following conclusions are justified:

The mode!l is validated to evaluate the influence of control system lag on
two-axis attitude stabilization.

For the F-5E, the longitudinal control is not seriously degraded for a
hypothetical control lag of 0,05 second, or in some cases, 0.1 sec.

For the F-5E, the bank angle control is significantly degraded for a
hypothetical control system lag of 0.05 second and badly degraded
for a lag of 0.1 second.
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SECTION VI

STEP TARGET TRACKING ANALYSIS AND PERFORMANCE SPECIFICATION

The previous two Sections have demonstrated the application of the Urgency
Decision Pilot Model to predictions of statistical performance measures of precision
flight tasks., These time-invariant problems represent long-term performance
averages. In contrast, this Section will consider a transient tracking problem in
which the pilot model may change its form and coefficients as a function of time in
order to perform optimally during a short tracking period. Associated with this
TASK is an EVALUATION that consists of not only rms tracking error but also the

nonlinear measure of fime-on-target as defined by a given pipper size.

In order to see the motivation of analyzing discrete maneuver target tracking,

it is necessary to consider current specification procedures for tactical aircraft.

A, COORDINATION OF FLYING QUAILITIES ANALYSIS WITH FLIGHT TEST
AND SIMULATION

MIL-F-8785B, "Military Specification, Flying Qualities of Piloted Airplanes,"
Reference 14, presents boundaries of acceptance in terms of such quantities as short
period frequency and damping. These eriteria have been obtained through operaticnal
experience with large numbers of past and current aircraft, and through analysis and
simulation ~ both ground-based and in variable-stability airplanes. Even though many
of these aircraft have employed stability augmentation, their responses to control
inputs and disturbances generally could be characterized in terms of an equivalent
unaugmented 'bare!' airframe. Values of airframe parameters are then correlated
with pilot ratings on a revised Cooper-Harper scale, Reference 12.

However, there is an increasing tendency to add compensation and adopt forms
of control which may change the character of the response. Then to the exfent that no
equivalent classical "bare' airframe can be found to match the response, these
requirements lose validity. Even if nothing more than a time delay needs to be added,

one can easily leave the data base behind.
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Since these criteria are no longer sufficient or comprehensive, there has been
considerable research into 1) the nature of pilot ratings, 2) the dynamics of closed
loop piloted flight as predicted using dynamic models of pilot control compensation,
and 3) innovative simulation and flight test procedures. There has been considerable
success in these three areas. Pilot ratings deriving from different rating systems can
now be related to one another, Reference 15, and the relation of ratings to certain

performance measures has been demonstrated.

On the other hand, flight test and flight simulation — both in-flight and ground-
based — have not been subject to mathematical constraints that have limited the gen-
erality and scope of the analytical methods. Consequently, some test methods have
evolved along lines of discrete test maneuvers evaluated by measures that have not

been readily computed by the use of analytic models.

It is unfortunate that these three areas of activity have not led to an integrated,
consistent, and comprehensive appreach to the evaluation and specification of piloted
aircraft flying qualities. The problem is this: as aircraft dynamics become more
complex, pilot ratings and comments become more difficult to relate to widely used
frequency-domain or optimal control pilot models. Furthermore, many flight test
procedures such as wind-up turns and step target tracking have not been analyzed
owing to their nonlinear time-varying descriptions which are not easily incorporated

into pilot-aircraft models.

Filot ratings and pilot comments often refer to two basic kinds of evaluation:
1) How well can the aircraft be made to perform? 2) How hard is the task to carry out?
Since these two questions are asked simultaneously by the Cooper-Harper decision
tree employed by the pilot in assigning a rating, performance and pilot workload are
combined into a single scalar quantity, the rating. Pilot rating prediction formulas
have been developed that weight normalized statistical performance, usually an rms
tracking error, Reference 15, along with an assumed correlate of pilot workload, such
as the pilot lead compensation constant. Although these methods have correlated
well with steady state tracking data, the predictive and practical aspects of this
approach have yet to be demonstrated, especially in view of the simplifications
required in task descriptions and system models. One basic problem with these
approaches is that pilot model parameters of lead, reserve attention as defined by
additional task requirements on the pilot, or other identifiable pilot characteristics
are difficult to relate quantitatively to pilot comments. Furthermore, the limitation
of pilot model analysis to steady state statistics of a linearized pilot-aircraft model
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precludes analysis of discrete flight test maneuvers such as wind-up turns and step

target tracking.

The object of this Section is to present a simple method for coordinating these
areas of flying qualities research through the use of the Urgency Decision Pilot Model
which can be used to model discrete maneuvers and fully general aircraft. This
approach predicts tracking error and time-on-target statistics for step target tracking
in a way that is directly related to both pilot ratings and pilot comments. As an
illustration of this technique, the definitive in-flight simulation study of longitudinal
flying qualities performed by Neal and Smith, Reference 16, will be analyzed in terms

of step target tracking.

B. PILOT — AIRCRAFT ANALYSIS OF LONGITUDINAL STEP TARGET TRACKING

One of the most familiar and widely employed guides to longitudinal flying quali-
ties is the data obtained by Neal and Smith of Cornell Aeronautical Laboratory (now
called Calspan) during an in-flight simulation sponsored by the Air Force Flight
Dynamics Laboratory in 1970. The test matrix included variations in short period
frequency, damping, and conirol system parameters. Flight test evaluation included
pitch angle tracking of both random and step commands. The reported pilot ratings
and pilot comments cover stick forces, predictability of response, attitude control/
tracking capability, normal acceleration control, effects of random disturbances, and
IFR problems. Most pilot comments deal with initial response {'predictability of
response'’) or precision attitude tracking control ("attitude control/tracking capability™).

It is clear that the objectives of quick initial response and precise tracking once
the target is acquired are to some degree opposed. If the pilot pulls the airplane
toward the target too rapidly, unwanted overshoot and oscillation about the target may
result. On the other hand, pulling too slowly to the target may lead to steady tracking
but with a penalty of unacceptably slow target acquisition. The ability to investigate
this compromise and predict how well the overall task can be achieved for a given air-
craft is the primary advantage of using the time-domain pilot model to investigate

step target tracking.

Consider a target that suddenly appears above steady-state trim pitch for the
tracking aircraft, The pilot sees the target and initiates a pull-up. At some point,
say D seconds into the maneuver, he will possibly change the nature of his control to

initiate precision tracking and reduce steady-state errors. By repeatedly flying this
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maneuver, he will learn just how much he can force a quick initial response without
producing overshoot and oscillation. The performance of this step target tracking
task can then be measured by rms tracking error and time-on-target for a given

pipper size and total tracking time.

The pilof mode!l is set up to perform this tracking task in just the way the pilot
does it as described above. This is shown in Figure 113, There will be two forms
for the pilot compensation elevator command de: one which provides the initial target
acquisition, and the other after time D has passed which controls final precision

tracking and eliminates steady state errors. These are of the form:

ACQUISITION
time < D, del = ({Delay 1) {Kpl (ee(t) + TLIGG“));
TRACKING
; = (Delay 7) . t
time=D, ¢ ( Y K +
ep po\le® * Tp d® + Ko [ ay(s) ds

o}

where 6, is pitch angle tracking error and the subscripts I and F refer to initial

acquisition and final fracking, respectively. The K., term represents a pilot's

1C
avoidance of steady state error by means of integral control. A pilot delay of

T = 0,3 dec will be used.

ACOUIRE TARGET TRACK TARGET

—

|
'

STEP TARGET
COMMAND 6,

N

i- PIPPER DIAMETER

€ (RAD)

i
t

o]
lw]

TIME (SEC)
Figure 113. Definition of Step Target Tracking Task
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The following quantities must now be adjusted in order to perform a
simulation of this step tracking task for the evaluation of a given aircraft configuration:
K,,T ,D K, .,.T , K
PI LI PF LF 1C
This adjustment will be performedusing the optimization principle. For the analysis
of step target tracking, it will be assumed that the pilot optimizes time-on-target and
that this leads to the best compromisge of rapid target acquisition and ste.adiness of
target tracking. The adjustment rule for the pilot mode! is thus: choose the param-
eters any way that leads to a2 maximum time-on~target. In practice, it is easiest

to use the following procedure:
1) Select a pipper size and a total tracking time, TF'

2) SetD= TF' Increase KP and TL a8 required to obtain the most rapid

acquisition of target with %noderaté overshoot and oscillation.

3) With KP and T, fixed, set D to that time where § is approximately 80%

of the step command.

4) Vary KPF and TL and KI C to increase time-on-target.
F

Steps 1 - 4 result in an initial guess for the parameters. Final optimization requires
use of a gradient method which obtains the partial derivatives of time-on-target with
respect to all model parameters, including the time D, Once the model is adjusted, a
matter that is easy in practice, rms tracking error and time-on-target can be
obtained. Data for the Neal and Smith aircraft configurations, computed in this man-

ner, will be presented next.

Equations for the Neal and Smith configurations were programmed as described
in their report, Reference 16, with the exception that the high-frequency second-order
control dynamics were omitted. Forty-two configurations, Series 1 through 7, were
calculated with the aid of a programmable desk calculator and plotter, and the reader
who is interested in applying this method is encouraged to repeat the analysis of the
Neal and Smith configurations, A pipper diameter of 0.005 radian, a step size of 0.2
radian, and total tracking time of 5 seconds have been adopted. Since the system is
linear, any choice of step and pipper size that preserves the 40 to 1 ratio will lead to
the same time-on-target and normalized rms Ge statistics. Complete data for these
configurations are given in Figures 114-155, where rms Ge is normalized by the
0.2 radian step size. The pilot ratings shown are the best obtained by Neal and Smith

for each configuration.
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Figure 150 shows the optimized step tracking response of one of the better con-
figurations surveyed, 7C, which was given a rating of PR = 1.5. In this case, the
rapid acquisition of the target leads to low rms Ge while the steadiness of the preci-
sion tracking results in large time-on-target. On the other hand, Figure 118 shows
a poor configuration, 1F (PR = 8) that has sluggish response indicated by high rms
ee. Even worse is the inability of this configuration to settle out on the target so that
the time-on-target is mostly achieved during target crossings. Other configurations
show a wide range of specific handling qualities problems: aircraft that exhibit great
overshoot and others with a steady state error that is difficult to overcome even with

the use of the integral control compensation.

C. CORRELATION OF PILOT RATINGS WITH STEF TARGET DATA

The military flying qualities specification, MIL-F-8785B, estahlishes numerical
criteria that define Levels of flying qualities performance which in general correspond

to Cooper-Harper pilot ratings:
Level 1= PR 1-3.5
Level 2— PR 3.5—6.5
Level 3— PR6.5—9.5

It is useful to examine the correlations with pilot ratings of the rms 6, and time-on-
target data obtained for the Neal and Smith configurations. The normalized rms Be
data is presented in Figure 156. The expected result of increasing pilot rating number
with increasing rms ee is clearly shown. However, vertical lines are needed on the
figure at specific rms ee values in order to specify the performance as Level 1, 2, or
3. But no lines can bhe drawn that do not also include many points from the wrong
Levels. This failure of rms Be to correlate with pilot ratings sufficiently well for
specification purposes has been frequently noted, and attempts to weight other quan-
tities along with it to produce stronger correlations were referenced earlier. From
the above description of the piloted task, it is clear that the rms ee statistic is inci-
dental, time-on-target being the primary performance measure, If time-on-target is
plotted against pilot ratings, there is again a strong correlation as shown in Figure 157,
Unfortunately, this correlation is even less able to furnish specification boundaries

than the rms 6, versus pilot rating data.
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From the above it is clear that the single performance parameters rms 6, OF
time-on-target are not sufficient to specify acceptable performance of the Neal and
Smith configurations. If one considers that the pilot might trade rms ee and time-on-
target against one another in generating his pilot rating, these statistics become more
useful. To see how this trade-off may take place, normalized rms ee is plotted
versus time-on-target with the point indicated by the minimum pilot rating given by a
test pilot during the in-flight simulation. This is shown in Figure 158 along with
apparent boundaries that neatly separate the regions of Levels 1, 2, and 3. With the
exception of seven points out of forty-two, all configurations lie in regions bounded by
apparent curves that illustrate the trade-off between the two performance measures.
These curves show, for example, that a pilot will tolerate more sluggish response in
a given Level if the resulting time-on-target is especially good, and conversely. Since
the parameters rms 6 e and time-on-target correlate with pilot ratings obtained during
a flight test program that examined various tracking tasks, the representation of

target tracking by the step target appears to be justified.
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D. MULTIAXIS STEP TARGET TRACKING

The success of the method of step target tracking applied to longitudinal target
tracking evaluation motivates an extension of the method to multiaxis flying qualities.
Unfortunately, little published data is available for multiaxis target tracking that
could be used to correlate rms error and time-on-target parameters, or other param-
eters derived from a model for the complete piloted six degree-of-freedom aircraft.
Even so, the importance of multiaxis flying qualities cannot be overlooked, and the
appropriate multiaxis pilot model will be briefly presented in the expectation of future

data comparisons,

The model for multiaxis step target fracking is easy to establish. On each axis,
longitudinal and lateral-directional, initial and final compensation strategies are fol-
lowed as in the longitudinal analysis presenied above. All that is needed is the atten-
tion allocation algorithm including a rule for the initial target acquisition phases on
each axis, which will be referred to as the vertical and horizontal tracking tasks.
For this general case, the step target should be established not simply as an attitude
error, but as a position relative to the tracking aircraft. A system diagram for this
general problem is shown in Figure 159. The adjustment of this general model fol-
lows the method for the longitudinal analysis with one exception: a rule must be
enforced that causes the model to perform a lateral-directional target acquisition
phase without interruption, followed by a longitudinal target acquisition phase also
without interruption. Once these initial tracking phases are complete, the attention
of the model is allocated by the urgency decision logic, Now consider the pilot com-
pensation, which will be of the same form for initial and final tracking except for the

possible use of integral control, not shown.

Congzider the vertical task first. Here the iracking task is essentially to
point the aircraft, so that this pilot closure is a single-loop pitch tracking task. Now
if €, K, and TL denote tracking error, pilot model gain, and pilot model lead, with
the subscripts V and H denoting the vertical and horizontal tasks, the fixed-form com-

pensation of the vertical task can be written:

(Delay ) {Kv (ev + TLv EV)}

0

de

da
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Figure 159. Control Configuration for Step Target Tracking

The associated urgency function of this single-loop component task is then die-

tated by the general formulation of the Urgency Decision Pilot Model to be of the form:

€ &
vV Vv

v |€
[l

e‘+ﬁ

v

When the model is in horizontal control, it is required to track the target
through changes in the heading of the tracking aircraft. This multiloop task is
modeled by an inner attitude stabilization loop and an outer heading command loop
tracking closure. These take the forms:

day = (Delay ) {K¢(¢+ TL¢, ¢)}

sa, = (Delay 7) {KH(‘H N ‘H)}

da, + da

jda 1 9

de =0
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The horizontal urgency function takes the form: .
€ €

H H
7%

The various pilot parameters are optimized by considering initial and precision

Uy = |%ulu]*?

tracking phases. These quantities can be adjusted by a gradient method starting
with an initial guess that is obtained independently for each axis in a manner similar

to the one used in analyzing the longitudinal step target problem.

E. VALIDATION OF THE STEP TARGET FPREDICTION METHOD BY F-5E AIRCRAFT

The previous two Subsections have presented the method of step target tracking
performance prediction. Pilot ratings obtained by the Neal-Smith in-flight simulation
correlated with fime-on-target and rms tracking error statistics. The purpose of this
Subsection is to compare the boundaries suggested by the Neal-Smith data with F-5E

aireraft performance,

The F-5E descriptions used in the analysis presented here are those reported
in Section V. All nine flight conditions shown in Figure 80 have been analyzed with and
without augmenter for step target longitudinal tracking response. These were com-
puted using the nonlinear equations of motion presented in Section V. The data for
each flight condition and control configuration are given in Figures 160-177.

Comparison of the step tracking responses for each flight condition with and
without augmenter shows the importance of proper augmentation for good tracking
response. In the augmented cases, the initial response is faster as reflected in the
rms tracking error statistic, while the better damped dynamics lead to larger time-
on-target values. To demonstrate the validity of the boundaries shown in Figure 158
based on the Neal-Smith data, the F-5E response data is plotted on these boundaries
in Figure 178. Since the augmented F-5E has good Level 1 flying qualities, while the
unaugmented aircraft may or may not meet Level 1 criteria, the Level 1-Level 2
boundary is consistent with the F-5E data. In this way, not only do the data of Fig~
ure 178 show the gradient direction of improving performance which characterized the

Neal-Smith data, but the actual suggested boundary position is consistent ag well.
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F. SPECIFICATION OF AIR-TO-AIR TRACKING PERFORMANCE

The main objective of this report is to present methods for the prediction, evalu-
ation and specification of closed loop multiaxis flying qualities. In Sections IV, V,
and VI, performance prediction methods have been demonstrated and validated that
allow the investigation of a broad class of precision piloted flight tasks. Evaluation
procedures derivable from these methods include the study of task interference effects
and sensitivity analysis to determine the influence of visual limitations, control system
lags or delays, and human controller remnant. Important as these applications are,
they are not suitable for MIL-F-8785B inclusion since the problems studied are
usually highly specialized to a particular aircraft and flight mission,

The success of the step target tracking prediction method allows the following
suggestions for tracking performance specification. For a specification to be a useful,
discriminating, and fair criterion for tactical aircraft procurement, the following
items must be satisfied:

1) The specification item must be numerical,
2) The specification item must correlate with pilot comments and pilot ratings.

3) The specification item must be easily measured in flight test or flight
simulation.
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4)

5)

6)

The specification item must be reliably predictable by analytical means for
use in early design and development evaluation.

The method that predicts the specification item must be applicable in a
completely standardized form that evaluates the most general models of the
candidate aircraft available,

The specification item must be valid for all current acceptable aireraft, and
must exclude poor or unacceptable aircraft.

Unfortunately, these six requirements for military specification criteria have

not all been met by any steady-state approach to the precision tracking problem., How-

ever, the transient method of step target tracking potentially satisfies these items, In

particular, the step target method has the following characteristics that correspond to

the requirements listed above:

1)

2)

3)

4)

5)

6)

The step target method is based on the numerical measures of rms tracking
error and time-on-target as shown in Figure 158,

The two measures correspond with pilot comments in the following way:

rms tracking error -  quickness of response
and overshoot characteristics
time-on-target -  sgteadiness on target and
precision tracking
characteristics

In addition, these two measures strongly correlate with pilot ratings
obtained by Neal and Smith.

The use of step target tracking is already an established flight test
procedure. It is completely standardized and easily tested.

The step target response is easily predicted for longitudinal step target
tracking, and the extension to multiaxis target tracking is straightforward.

The method can be used with all representations of candidate aircraft from
linear to full nonlinear equations.

The method clearly establishes performance boundaries for the Neal-Smith
and F-5E aircraft. The only remaining requirement for MIL-F-8785B
inclusion is further validation by current advanced tactical aircraft,
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SECTION VII
PREDICTION OF PILOT RESERVE ATTENTION CAPACITY

Section VI demonstrated that pilot ratings and pilot comments obtained during an
in-flight simulation of longitudinal flying qualities could be accounted for by means of
two performance statistics that are easily predicted using the time-varying capabilities
of the Urgency Decigion Pilot Model. Since pilot ratings are thought to reflect pilot
workload as well as performance, this correlation of pilot ratings with rms tracking

error and time-on-target raises two questions:

1) Do multi-dimensional performance measures inherently contain
measures of pilot workload?

2) What is pilot workload, and can it be directly predicted using the
Urgency Decision Pilot Model ?

A conjecture concerning the first question will be presented at the end of this
Section. An analysis presented there will show that the term "pilot workload"
covers a number of separate aspects of flying qualities that may or may not be related
to one another. One of these interpretations of pilot workload, reserve attention
capacity, is an important and much neglected area of flying qualities analysis. A
general method for predicting this reserve attention workload measure, and a demon-
stration of how it is employed for the F-5E aircraft dynamics, are the main subjects

for this Section.

A, SIDE TASKS AND PILOT RESERVE ATTENTION

The term "side task' has already been introduced in Section III D where it was
defined to be '"a component task whose performance is not measured or optimized hy
an EVALUATION requirement.'" A side task consistent with this definition was analyzed
in the target tracking problem presented in Section IV F in which the simulation pilot
was given a task of tapping an electrode strapped to his leg whenever he felt he had the
opportunity. The counting rate for this task was intended to measure the extent to
which the pilot was necessarily occupied with the main target tracking tasks. A

generalization of this method will be presented next.
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Depending on the particular TASK, the pilot may have some capability for dealing
with other chores or emergencies that may intrude. These intrusions are almost
always eliminated in simulation studies, but represent frequent occurrences in actual
flight experience. For this reason, such considerations are important in the evalua-
tion of flying qualities. Ideally, during a critical flight phase such as landing, the
pilot would be capable of dealing with tasks other than tracking, such as communica-

tions, instrument scans, or even emergency procedures.

By postulating that these additional task intrusions can be modeled or simulated
by using specific side tasks such as electrode tapping, the sensitivity of a particular
aircraft mission to attention diversion can be assessed. Thus the side task can pro-
vide information about the performance capability in the other tasks. These consider-

ations motivate the following definition:

Pilot Reserve Attention Capacity is defined to be the percentage
of time that a pilot can be diverted from a specified TASK
by a specified side task and still maintain acceptable per-
formance of the TASK in terms of the EVALUATION,

It is necessary to consider how a given side task can be used to produce quanti-
tative measures of performance in order to develop a standardized approach to using
side tagks for measuring or predicting pilot reserve attention capacity. The following
Subsections will present these methods along with a classification of side tasks and

an analysis of the relationship of pilot reserve attention to pilot worklead.

B. PREDICTION OF PILOT RESERVE ATTENTION CAPACITY FOR CONSTANT
URGENCY SIDE TASKS

The simplest side task to be considered is represented by attention diversion.
In the Urgency Decision Pilot Model this is represented by a constant urgency UST with
a minimum dwell time enforced. It will be shown that such a side task model covers a
large number of real flight task instrusions, and is a reasonable approximation to many
more. Thus, the following presentation of a prediction method based on this simple

side task model has broad applicability to flying qualities analysis.

There are two quantities that must be defined in order to present the data

obtained using the side task model. The first is tracking task degradation. This

guantity, Ae, is defined to be the percentage of tracking crror increase over the
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optimum tracking error with no side task for a given value of side task urgency UST'
Associated with this degradation is the amount of time the model is diverted to the

side task., This percentage represents how much attention is associated with the
side task and is called the reserve attention, RA.

These two quantities, tracking degradation Ae, and reserve attention RA, are

monotonically increasing functions of the single variable UST’ and would qualitatively

resemble the examples shown in Figures 179 and 180,

Ae%

Ugt

Figure 179. Tracking Degradation as a Function of Side Task Urgency
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RA %

Ugt
Figure 180. Reserve Attention as a Function of Side Task Urgency

Both tracking degradation and reserve attention are functions of the side task
urgency, UST’ which is kept constant for each run, These two quantities can be
plotted against each other for each value of UST used in the calculations. This results
in a graph that shows the sensitivity of task degradation to reserve attention capacity.
If an aircraft has flying gualities that lead to large increases in tracking task degrada-
tion for only a small amount of reserve attention, the pilot has liftle opportunity to
deal with additional task intrusions beyond the main TASK. This means that his work-
load for the given TASK is high. On the other hand, if a large amount of reserve
attention is available with small tracking degradation, the workload level is low. It
should be carefully noted that this interpretation is in fact a definition of pilot work-
load, and that this definition may or may not correlate with other commonly used

workload interpretations. This will be discussed later in Subsection E.

The regions of high and low workload are thus predictable in terms of the
tracking degradation and reserve attention as shown in Figure 181. In practice, suit-

able values of UST can be easily found that give sufficient resolution in A¢ and RA,
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Figure 181. High and Low Pilot Workload as Functions of Tracking
Degradation and Reserve Attention

C. RESERVE ATTENTION CAPACITY DURING ATTITUDE STABILIZAT ION IN
TURBULENCE

The method of using a constant urgency side task to determine reserve attention
capacity will now be demonstrated by evaluating the pilot workload of the F-5E air-
craft during the attitude stabilization in turbulence task that was reported in Section V B,
In contrast to the target tracking problem presented in Section IV F, the attitude stabi-
lization TASK invelves tracking errors of a high frequency nature. For such high
frequency TASKS, there is little reserve attention, and the problem is one of studying
the sensitivity of tracking degradation for small percentages of reserve attention. For
this reason, the coefficients of the optimum model can be used without re-optimizing
for each value of the constant side task urgency UST' A minimum side task dwell
time of 0.3 second was enforced. The model "performs' the side task only when the
component task urgencies are less than UST' The side task is incorporated into the

pilot model as shown in Figure 9.

The reserve attention and radial tracking error data for the eleven usable F-5E

cases presented in Section V are given in Table 26, Model data was obtained from
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five-minute runs. The corresponding reserve attention sensitivity graphs are shown

in Figures 182 through 192, The apparent reserve attention capacity of these cases

varies congiderably, from little reserve attention in Case 1 without augmenter to much

reserve attention in Cases 2 and 5. With the possible exception of Case 1, the reserve

attention for a given Ac¢ is not degraded at a given flight condition by turning off the

control augmentation.

TABLE 26, F-5E RESERVE ATTENTION DATA
Case Ugr r($,0)(rad) RA% Ar($,0)%
1 With augmenter 0 0.0307 0 0
0.007 0.0380 5.1 23.8
0.010 0.0409 7.2 33.86
0,014 0.0472 9.3 53.8
1 Without augmenter 0 0.0419 0 0
0,005 0.0465 2.7 10.9
0,007 0.0645 3.2 53,9
0.008 0.0659 4,7 57.3
2 With augmenter 0 0.0384 0 0
0.01 0, 0403 8.4 4,9
0.014 0.0422 11.5 9.9
0.02 0.0461 16.1 20,0
0.03 0.0662 23.1 72,4
2 Without augmenter 0 0.0454 0 0
0.01 0.0489 7.7 7.7
0.014 0.0509 9.9 12,1
0.02 0.0526 13.4 15.6
0.03 0.0616 19.5 35.9
3 With augmenter 0 0.0255 0 0
0. 007 0.0280 5.1 9.4
0.01 0,0330 8.1 32,4
0.014 0.0498 8.7 95,3
4 With augmenter 0 0.0290 0 0
0.007 0.0309 5.1 6.6
0.01 0,0319 8.2 10.0
0.014 0.0422 11.3 45.5
5 With augmenter 0 D.0329 0 0
0.006 0.0349 5.9 5.8
0.01 0.0373 10.3 13.4
0.014 0.0385 12. 6 17.0
0.02 0.0415 15.9 26.1
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TABLE 26, F-5E RESERVE ATTENTION DATA (CONCLUDED)

Case Ugrp r{$,08)(rad) RA% ar({$,e)%
Without augmenter 0 0.0447 0 0
0.007 0.0468 3.4 4.7
0.014 0.0488 8.4 9.2
0.02 0.0553 13.5 23.7
With augmenter 0 0.0273 0 0
0.01 0.0358 7.40 3.1
0.016 0.0432 11.9 58.2
With augmenter 0 0.0311 0 0
0,007 0.0348 5.5 11.9
0.01 0.0385 2,0 23.8
0,012 0. 0402 9,9 29.3
Without augmenter 0 0.0466 0 0
0.01 0.0510 6.1 9.4
0.02 0.0569 14.3 22.1
0,03 0.0766 18,1 64.4
100
R
=,
B
b
0
0 b0
RA %

Figure 182. Reserve Attention for F-5E Case 1 with Augmenter
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Figure 183, Reserve Attention for F-5E Case 1 Without Augmenter
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Figure 184, Reserve Attention for F-5E Case 2 With Augmenter
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Figure 185, Reserve Attention for F-5E Case 2 Without Augmenter
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Figure 186, Reserve Attention for ¥F~5E Case 3 With Augmenter
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Figure 187. Reserve Attention for F-5E Case 4 With Augmenter
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Figure 188, Reserve Attention for F~5E Case 5 With Augmenter
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Figure 189. Reserve Attention for F-5E Case 5 Without Augmenter
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Figure 190. Reserve Attention for F-5E Case 8 With Augmenter
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Figure 191, Reserve Attention for F-5E Case 9 With Augmenter
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Figure 192. Reserve Attention for F-5E Casge 9 Without Augmenter
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It is important to keep in mind that the reserve attention capacity represented
in Figures 182-192 evaluates a TASK that consists of:

1) Lateral attitude stabilization
2) Longitudinal attitude stabilization

so that the side task used in the EVALUATION plays no part in the TASK description.
In other words, the use of the side task in the model analysis is an artifice to evaluate

the capacity of the pilot to assume greater task loading should it occur. The exclusive

attention allocation of the two-axis TASK implies that the dwell fraction of at least one
component task is greater than or equal to one-half. The side task increases the total
attention diversion from each task so that the values of RA shown in Figures 182-192
represent total diversions of greater than 50 percent on at least one of the component
tasks in every case. It is tempting to evaluate this total attention diversion capacity
of each component task by applying the constant urgeney side task method to single-
axis tasks. This is unrealistic for the following reasons:
1) In an actual flight situation, component tasks are allocated attention
according to the urgency demands of all component tasks in the TASK,

2y Task interference effects are of importance in the evaluation of pilot
reserve attention capacity.

3) Diversion of the attention from one component task to the side task influences

the relative urgency state of the other component task.

In spite of these objections to evaluating the pilot reserve attention capacity in
single-axis tasks, an attempt was made to do just this using the data of References 17
and 18 which report pilot ratings for attitude stabilization in turbulence., All configura-
tions in these reports were examined, and little correlation was found between the
pilot ratings and the reserve attention capacity. Since the intent of these references
was to obtain pilot ratings that reflected workload, the results of these calculations
appeared paradoxical. Further investigation revealed that the pilot ratings of
References 17 and 18 are strongly correlated with performance normalized by the
apparent lateral ride qualities. This demonsirates influence of ride gualities on pilot

ratings; an analysis of this data has been included in Appendix A,

The above discussion has depended upon using side tasks that can be modeled
as attention diversions based on constant urgeney. An analysis of possible side tasks

will be presented next to show how this assumption relates to other side tasks.
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D. SELECTION OF CANDIDATE SIDE TASKS FOR RESERVE ATTENTION
PREDICTION

The last Subsection presented a method for predicting the reserve attention
capacity of a pilot for a given TASK by using a fictive constant urgency side task in
the Urgency Decision Pilot Model. This side task had the following features:

1) The main task components were interrupted only when all of their

associated urgencies were least, i.e, when they could best afford
interruption.

2) Other than the enforced minimum dwell time of 0, 3 second, no
descriptive information of the side task was required,

3 The side task did not depend in any way on the TASK,

4) The side task did not alter the TASK description, or the adjustment
procedures for the model,

5) The side task urgency function constants Ugt were not used in the analysis
other than as a means of obtaining task degradation as a function of
reserve attention,

6) The side task was completely unbiased toward any aircraft or TASK.

For any method of assessing flying qualities that depends on the use of urgency-
based analytical or experimental test side tasks, the above gix conditions must be
met. The objective now is to determine whether other side tasks also may qualify,

and if so, what advantages they may have.

As explained above, the constant urgency side task led to task interruptions
that occurred at the best times in terms of the component task urgencies. Such tasks
that divert attention according to an urgency meagure that competes with the other

urgency functions are called housekeeping side tasks since they are performed when-

ever it is most convenient to do so. On the other hand, tasks that instantly interrupt

on the basis of probabilistic or other models are called emergency side tasks. All

side tasks can be thought of as falling into one of these two categories, and depending
on the TASK, one or the other may be more appropriate: navigation and communi-
cation intrusions into a landing TASK may be best studied as housekeeping side tasks
in contrast to emergency side tasks that represent procedures resulting from crowded

airspace or equipment failure.

If UMT represents the greatest of the main component task urgencies at any

given time, the logic associated with the two categories of side tasks can be repre-
sented as shown in Figure 193. A fixed minimum side task dwell time should be

imposed in conjunction with these tests., Side task urgency U_., is constant in both

8T
cases.
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EMERGENCY HOQUSEKEEPING

ATTENTION SHIFT TEST SIDE TASK SIDE TASK
TO SIDE TASK PROBABILITY Ugt = UnT
CONDITION MET
TO MAIN TASK FIXED BWELL TIME Ugy < Ut
ON SIDE TASK OR
PROBABILITY

CONDITION MET

Figure 193. Attention Allocation Logic for Side Tasks

Emergency Side Task Models

The emergency side task interrupts the main tasks on the basis of condi-
tions that do not involve task urgencies, and any desired statistical distribution of
side task events can be arranged easily, The simplest of these is by use of a uni -
formly distributed random number sequence. The side task is initiated when this
random number generated every iteration during the model computation is greater
than some assigned value. The side task activity can then either be maintained for a
fixed dwell time, or terminated by another probability model based on another ran-

dom number.

A limited number of calculations using the fixed-dwell emergency mode!l were
made for the artificial problem of single-axis hank angle stabilization in turbulence.
Comparison showed that for a given reserve attention capacity, the task degra-
dation was lower for the emergency side task than for the constant urgency
housekeeping side task. This appears to be opposite to the result the reader
may anticipate, but the high frequency nature of the problem appears to allow error
rates to build during the mean dwell times of the housekeeping side task which exceed
the fixed dwell time of the emergency side task. No data has been computed for the
full two-axis TASK.

Housekeeping Side Task Models

Ag stated above, housekeeping side tasks are modeled by the use of urgency
functions to determine the initiation of side task activity. Section VII B has shown
how pilot reserve attention capacity can be evaluated by plotting task degradation
versus reserve attention. Although this discussion was restricted to constant urgency
side tasks, the same method can be emploved for housekeeping side tasks that are
modeled by other urgency functions. A partial classification of housekeeping side

tasks is given in Figure 194, along with postulated structures for the urgency functions.
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HOUSEKEEPING SIDE TASK MODEL
TASK INTRUSION URGENCY FUNCTION STRUCTURE

I TRACKING u

U (TRACKING ERROR AND
ERROR RATE}
1. COMMAND

2. "CRITICAL TASK"”

I MONITORING u

]

U (TIME SINCE LAST
OBSERVATION)
1. INSTRUMENT SCAN

2. EXTERNAL SURVEILLANCE

I DISCRETE-RESPONSE U

i

U {PRESENCE OF STIMULUS)

1. SELF-INITIATED
2. AUDITORY RESPONSE
3. MANUAL RESPONSE

Figure 194, Classification of Housckeeping Side Tasks

A tracking housekeeping side task was employed in the study of Wanamaker and
Sower that was discussed in Section IV E. This side task consisted of maintaining con-
trol of unstable dynamics. An ingenious method developed by H.R. Jex, References 19
and 20, employs unstable "critical tasks" in the following way: the instability of the
gide task is increased to the point at which the pilot cannof maintain control over both
the side task and the main dynamics being evaluated. The side task instability param-
eter at that point is the measure of main task difficulty. This technique has been
mainly an .experimental method, buf the Urgency Decision Pilot Model easily predicts

the performance of the critical task. This is presented in Appendix B,

No data exists on the use of the urgency approach to instrument monitoring and
surveillance tasks; however, the use of urgency functions that reflect the time since
last observation appear to be possible candidates. If this is so, much data that has
been obtained experimentally by the use of oculometers should lead to the necessary

calibrations of these functions.

Discrete-response self-initiated side tasks have been presented in Section IV F,
where the electrode tapping task was not initiated by a cue to the pilot. The data
presented in that Section indicates that the assumed model of constant urgency is
appropriate for this task, and by extension to similar self-initiated tasks. This is the
basis of the proposed method of evaluating pilot reserve attention pregented in
Section VII B. Much data has been obtained for auditory and manual response initiated
by auditory and visual stimuli, This data would also be suitable for the validation and

calibration of the postulated urgency function,
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Since many non-emergency situations can be performed with considerable
discretion by the pilot, they can be thought of as self-initiated discrete-response
housekeeping side tasks. This is the reason why the constant urgency side task has
been postulated as a useful measure of pilot reserve attention capacity. The possible

relation of reserve attention capacity to pilot workload will be discussed next.

E, INTERPRETATIONS OF PILOT WORKLOAD

Although the concept of pilot workload has been explicitly mentioned only in this
Section, questions concerning it have been latent in many earlier discussion in this
report. It is the objective here to present an interpretation of the workload concept

that is consistent with the results presented above.

Since pilot ratings are intended to reflect both performance and workload, a
comparison of different pilot rating scales reveals much about the role of workload

in pilot ratings. This is analyzed in Reference 20, and will not be discussed here.

The aspect of pilot workload to be discussed is hot comparative, but defini~
tional. It is clear that reserve attention capacity measured by using one side task
may not correspand with the reserve attention capacity measured by means of another.
This illustrates that workload postulated as reserve attention depends on the defining

side task.

It is a contention of the authors that this definitional aspect of pilot workload
should be made clear with respect to all instances of the workload concept, and that
the failure for established workload measures to be adopted derives from inadequate
workload definitions. In particular, workload is frequently postulated to he, or be

measured by, the following items shown in Figure 195.

1) Cooper - Harper pilot rating ““demands on the pilot™

2)  The extent of assumed pilot lead compensation, “‘Paper Pilot™
3} Pilot gain and phase margins

4}  Aircraft total angular rate

5) Critical Task “lambda’™ constant, Appendix B

6} Pilot compensation sensitivities

7)  Reserve attention capacity measures

Figure 195. Interpretations of Pilot Workload
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Available data indicates that all of these approaches to pilot workload measure-
ment have demonstrated success in particular analyses. For this reason, each
must be regarded as having importance to certain areas of flying qualities analysis
and specification. The difficulty appears to come about when attempts are made to
correlate the workload measured by one approach with workload measured by another.
For example, it was stated earlier that the pilot reserve at{ention capacity predicted
from the attitude stabilization in turbulence data of References 17 and 18 did not
correlate with the pilot ratings in those reports, and Appendix A showed that those
ratings were based on performance in terms of tracking error and ride qualities.
This correlation of the turbulence pilot ratings with tracking error and ride
qualities does not mean that the turbulence pilot ratings are not workload; it means
that the workload that the pilots reported is measured by tracking error and ride
acceleration. Similarly, the correlation of the Neal - Smith pilot ratings presented
in Section VI with a two-dimensional performance index indicates that the workload
levels identified by the pilots in deciding upon a given rating is already inherent in

these two performance ratings.

On the basis of these observations, the following suggestions for future applica-
tion of workload measurement are offered:
1) The Cooper - Harper pilot opinion rating must be the primary flying
gualities evaluation parameter.

2) Items 2) through 7) of Figure 195 are relevant to the Cooper - Harper
rating only if the evaluation task tests these aspects of pilot ratings.

3) When testing or flying qualities analysis involves specific workload con-
cepts, they should be precisely defined in a manner that is both
measurable and predictable.

4} Correlations among the items of Figure 195 should not be assumed
unless demonstrated for the particular problem.
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F. CORRELATION OF PILOT WORKLOAD AND PILOT RATINGS WITH
PERFORMANCE

In view of the success of correlating the Neal - Smith pilot rating data with the
two performance measures, rms tracking error and time-on~target, in Section VI, the
following conjecture is offered for the prediction of pilot ratings for precision flying
qualities, Also see Appendix B,

Conjecture: I  Pilot workload can be correlated with performance

- measures, hence

II  Pilot ratings for precision flight TASKS can always be
correlated with regions in a multi-dimensional space
parameterized by measurable and predictable performance
measures.

G. SPECIFICATION OF PILOT RESERVE ATTENTION

As shown above, reserve attention capacity is important for the pilot during
critical tasks where flight safety is a main issue, such as landing and in-flight refuel-
ing. The analysis presented in Section VII D indicates that a large number of pilot

task intrusions can be represented by a constant urgency housekeeping side task.

The method of predicting pilot reserve attention with respect to constant urgency
side tasks is generally applicable to any precision TASK, without modification. With
the exception of items 4 and 6 the method satisfies all of the characteristics that
are necessary for a MIL-F-8785B specification item. In particular:

1) The specification item would specify the percent TASK degradation for a

given reserve attention capacity.

2) The item would be specifically simulated or flight tested to obtain pilot
ratings and comments that reflect pilot reserve attention capacity.

3) The reserve attention capacity can be measured by the use of artificial
side tasks as well as by use of actual or simulated typical task intrusions.

4). The prediction method for pilot reserve attention capacity must be validated,
using the methods indicated in 2) and 3).

5) The method is generally applicable to ail aircraft models and flight TASKS,

6) Data for a iarge number of current acceptable and unacceptable aircraft
must be obtained and correlated with data predicted by the reserve attention
capacity prediction method.
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SECTION VIII

SUMMARY AND RECOMMENDATIONS

The study documented in this report has demonstrated a new and comprehensive

approach to the prediction, evaluation, and specification of closed loop multiaxis fly-
ing qualities. The methods set forth allow the study of fully general aircraft models in

the analysis of continuous and discrete multiaxis piloted maneuvers. Many demon-
strations of these methods have been presented, and new areas of promising research

and applications have been suggested. Briefly, these are ag follows:

Classification of Precision Piloted Tasks

In order to present a comprehensive approach to closed loop multiaxis flying
qualities, it is necessary to develop a classification of all such piloted activities.
This is accomplished in Section II where precision piloted tasks are classified in terms
of
TASK - what the pilot is told to do,
CONTROL - how the pilot does it, and
. EVALUATION - the criteria by which the results are judged,

A generic classification of possible TASK, CONTROL, and EVALUATION items
is presented in Figure 2, and a survey of examples covered in this report is presented

in Figure 3.

The Urgency Decision Pilot Model

A comprehensive approach to the analysis of flying qualities problems classified
in the above manner requires a very general representation of the aircraft, the
pilot, and the piloted tasks. This is achieved by using the Urgency Decision Pilot
Model developed by Northrop in 1966, Reference 10. This model is exercised in the
time domain by time~history simulation, and pilot attention allocation is assigned on

the basis of "urgency functions' which determine where attention is needed most.
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This time-domain urgency decision pilot - aircraft model presented in Section III
enjoys the following features:

e The model is extremely easy to program and append to existing
simulations.

e All nonlinearities and time-varying quantities can be modeled directly
without resort to equivalent linear models.

e The Urgency Decision Pilot Model will assign a specific CONTROT,
model for any combination of TASK and EVALUATION items
classified in Figure 2.

e The model is validated for a large number of TASK and EVALUATION
generic descriptions as shown in Figure 3.

This report contains a complete guide that will allow the reader to apply the

model to a large number of flying qualities problems.

Prediction of Piloted Aircraft Performance

Section IV presents a number of validations of the model that Northrop reported
over the last five years, in order to provide a clear picture of the comprehensive man-
ner in which the Urgency Decision Pilot Model applies to the classified precision flight

tasks. These demonstrations include the following items:

F-5 and YF-17 attitude stabilization in turbulence,
VTOL hover.

Two-axis command tracking.

Two-axis air-to-air target tracking with visual delays and side task.

Each of these studies considered numerous flying qualities aspects, and complete

flight simulation validation data is presented.

Comparison of Gaussian and Non-Gaussian Turbulence Model Effects

Further applications were developed, analyzed, and validated using F-3E air-
craft configurations at seven flight conditions. Nonlinear aircraft equations were used
for these studies. Since the Urgency Decision Pilot Model acepets all system non-
linearities, it is completely suited to analyzing both nonlinear aircraft descriptions

and non-Gaussian processes.

Non-Gaussian turbulence models are coming into wide use. Section V presents a
validation of the model for the nonlinear F-5E aircraft description for attitude stabili-

zation with the Reeves non-Gaussian turbulence model.
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Effects of Control System Lags on Tracking Performance

Section V also contains an analysis of the performance degradation produced by
hypothetical control system lags introduced into the F-5E validation aircraft models.
This study demonstrates the usefulness of evaluating control system effects by means
of the Urgency Decision Pilot Model. Since the model is validated for problems of
this kind, this method may be used for the design and evaluation of flight control

systems and flight simulations.

Specification of Flying Qualities by Means of Step Target Tracking

An important feature of the Urgency Decision Pilot Model is the ahility to
incorporate time-varying and discrete maneuvers, This ig illustrated in Section VI

where an analysis of tracking a step target is presented.

In tracking a longitudinal step target the pilot has to acquire the target by
initiating a pull-up, followed by precision tracking for the allowed tracking time. The
model performs these two maneuvers by changing its compensation during the
five seconds of allotted tracking time. Tracking error, rms Be, and time-on-target

statistics are then used to evaluate the flying qualities as follows:

® rms Be - evaluates initial response and overshoot
characteristics
° time-on-target - evaluates steadiness on target

Predictions of these statistics for 42 Neal - Smith NT=-33 aircraft configurations
showed that pilot ratings correlate with regions of an rms 8, versus time-on-target

plot. This is shown in Figure 158. Figure 178 presents gimilar data for the ¥F-5E,

The universal and unbiased nature of this method is discussed in Section VI F
where it is shown that the boundaries presented in Figure 158 are reasonable candi-
dates for inclusion in MIL-F-8785B. The following must be accomplished to validate
such an item:

] The method must be validated by correlating model predictions
with current aircraft experience,

® The method must be validated by correlating flight test and flight
simulation data with the boundaries suggested by the Neal-
Smith data, Figure 158.

™ The method must be extended and validated for lateral-directional
step target tracking.
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An analysis presented at the end of Section VII indicates that flying qualities
boundaries may always be derived by correlating multi-dimensional performance

measures with pilot ratings.

Prediction and Specification of Pilot Reserve Attention Capacity

In addition to predicting performance, the Urgency Decision Pilot Model can
also be used to predict the pilot reserve attention capacity of a pilot for any given flight
task. The method uses a hypothetical side task of constant attention demand to deter-
mine the sensitivity of the main task performance to attention diversion. This method
is presented in Section VII along with a definition and classification of evaluation side
tasks and pilot workload measures. Calculations for the F-5E configurations used for
validation are presented. It is also shown that this important aspect of flying qualities
can be specified in 2 manner that meets the requirements for inclusion in military

flying qualities specifications, as set forth in Section VI F.

Computer Program and User Guide

The methods presented in this report are only useful to the reader if they can
be easily learned and adapted to specific problems. To assist in this, a computer
program is available to qualified requesters from AFFDL/FGC, Wright-Patterson
AFB, Ohio 45433. A complete user guide is presented in Appendix C. There are

three uses for the computer program:

e To serve as an example of one pogsgible implementation of the
TASK-CONTROL-EVALUATION approach to piloted
aircraft precision task analysis,

] To asgsist those who may wish to modify the existing program for
some particular problem analysis.

] To serve as a guide for those who may wish to use the program for
immediate problem application or to gain some experience
in the analysis methods presented in this report.
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APPENDIX A

INFLUENCE OF MOTION CUES ON PILOT RATINGS IN TURBULENCE

As indicated in Section VII C, the pilot rating data of References 17 and 18 are
natural candidates for correlation with the method of pilot reserve attention. These
ratings were obtained during an extensive moving-base flight simulation of F-5, A-7,
and NT-33 aircraft configurations in simulated turbulence. The study was performed
using either lateral-directional or longitudinal tasks independently. The pilots were
instructed to hold trim attitude for varying levels of turbulence using an instrument
display. Pilot ratings evaluated the simulator flight just completed in ferms of how

difficult the assigned control task was to carry out.

Recognizing that the pilots can only sense the attitude and acceleration response
of the aircraft, the authors of References 17 and 18 reasoned that since the pilot does
not directly know the turbulence intensity, he cannot estimate the normalized tracking
performance. Thus his rating does not reflect performance, but workload: as the
turbulence levels increase, the pilot ratings become worse, ranging from a 2 or 3 at
low levels to an 8 or higher at severe gust intensity. Since these ratings were intended
to reflect only pilot workload, and the data seemed consistent with this intention, the
authors of this report attempted to correlate the reserve attention curves for these

turbulence simulation data with the reported pilot ratings.

It turned out that good correlation is not possible. In the first place, the pilot
workload refiected in the turbulence pilot ratings is of a different sort than attention
loading. This is discussed in Section VII C. Secondly, the pilot ratings obtained in the

simulations of attitude stabilization in turbulence turn out to be performance measures

after all.

The frequent and wide use of the pilot rating data in References 17 and 18 has
sometimes led to inconclusive or anomalous results. This appears to be the result of
the performance nature of the pilot ratings. To help avoid further difficulties in using
these data in the future, an analysis of the pilot rating data will be given here to

demonstrate how motion cues or ride quality effects can influence pilot ratings.
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First of all, notice that there are no obvious correlations between pilot ratings
and performance in the reported data. Figure 196 reproduced from Reference 18 (Fig-
ure 31 in that report) shows 2 wide range of optimum pilot tracking errors for almost
all of the pilot ratings. However, examination of the data for each configuration showsa
steadily increasing pilot rating with turbulence level. By plotting pilot rating versus
gust level, linear correlations can be seen, so that a linear relation between these
two quantities can be postulated. All that is necessary to compare these linear rela-
tionships for various configurations is the slope of each line. These are just the

average pilot ratings normalized for a2 nominal turbulence level of 10 ft/sec rms.
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Figure 196, Bank Angle Errors Versus Pilot Rating for Normal Mode F-5
and A-7 Airplanes for all Gust Levels (Reference 18)

Consider the variable stability NT=33 data of Reference 17 first. Figure 197 shows
the individual simulator flight data for the BB 2.3 configuration at light, moderate,
and heavy turbulence levels. The line drawn through the data represents the average
of the pilot ratings normalized to 10 ft/sec rms intensity using the equations shown in
the figure. This strong linear relation is to be seen in all cases and any reader who
intends to employ the pilot rating data in References 17 and 18 should complete the

data analysis by the means described here.
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In this way, an average pilot rating PR is obtained for each of the NT-33 con~
figurations studied in Reference 17. These average pilot ratings, ﬁ{, can then be
plotted versus the average normalized tracking errors <_£€ obtained from the flight
simulation, This is shown in Figure 198. It is clear that for the NT-33 configurations
the average pilot ratings correlate strongly with the average tracking performance, so
that these pilot ratings reflect performance with little possgibility of further functional

dependence on other quantities such as parameters correlating with workload.

Now consider the F-5 data reported in Reference 18. Figure 199 shows a typical
flight condition, Case 1 without augmenter. Again, each F-5 configuration is assigned
an average pilot rating PR normalized to the nominal turbulence level. If these are
plotted versus the normalized tracking errors, the result is poor correlation as
shown in Figure 200, Thus the F-5 data tends to dispute the correlation of Figure 198
obtained for the NT-33 data.

This conflict can be resolved as follows., Assume that the pilots not only observe
the tracking errors, but also take into account the lateral accelerations that were pro-
vided with good fidelity by the motion system of the large amplitude simulator. If the
pilots used this ride qualities cue to determine how much tracking error per level of
shaking of the simulator cab that they experienced, they would have a means of rating
the aircraft configurations against one another in terms of performance. To test this
assumption, the average normalized pilot ratings PR ean be divided by the lateral
side force per side wind velocity stability derivative, Yv’ for each aircraft configura-
tion as an estimate of the amount of acceleration the pilot would experience for a

given amount of turbulence intensity.

When this normalization over Yv is carried out for the NT-33 average pilot ratings
f’-ﬁ, the result is still a strong linear correlation, since the Yv derivatives vary little

among the NT-33 configurations tested. This is shown in Figure 201.

On the other hand, the F-5 configurations have a varying YV associated with
them. Normalizing over Yv then transforms the data of Figure 200 into the strong

linear correlation shown in Figure 202, justifying the above assumption.

The success in producing linear correlations of pilot rating averages with
tracking errors when the ride qualities accelerations are taken into account demon-
strates that the pilot rating data in References 17 and 18 reflect primarily performance

and not workload, a result consistent with the hypothesis presented in Section VII E,
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APPENDIX B

PREDICTION OF CRITICAL TASK PERFORMANCE

Section VII D presented a classification of side tasks for use in predicting pilot
reserve attention capacity. This classification included the "critical task' method
developed by H. R. Jex, References 19 and 20. This method has become a standard
experimental procedure, and the objective of this Appendix is to demonstrate that the
Urgency Decision Pilot Model prediets performance of the critical task that is con-

sistent with data reported by MeDonnell, Reference 20,

Suppose a longitudinal aircraft configuration is to be evaluated using the critical
task approach. A flight simulation is arranged in which the pilot has a compensatory
display of pitch angle 8. To evaluate how much reserve attention capacity is available
to the pilot, the display also includes the tracking error of a secondary task, call it
roll angle ¢. The roll angle is not driven by a random command as is done with g,
but is the result of drift induced by the unstable dynamics chosen for the side task.
The test is then performed by increasing the instability of the roll task until the
pilot is no longer able to maintain acceptable performahce on the pitch task while
keeping the roll task from diverging. Figure 203 shows a block diagram of the simu-
lation task including the automatic adjustment of the instability parameter, where the

gide task dynamics are represented by

® A
&a (s-X)

The flight simulation then results in a value of A that represents the difficulty
or workload of the task evaluated. Figure 204, re-drawn from Reference 20, shows
the values of N determined by McDonnell for four types of plant dynamics. The cor-
relation between Ao and pilot ratings is clearly shown, and provides additional support

for the conjecture presented at the end of Section VII.

To use the Urgency Decision Pilot Model to predict the critical task Ao all
that is necessary is to replace the two human pilot blocks of Figure 203 by opti-

mized gain - lead - delay pilot compensation dynamics and the urgency function test.
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Figure 203. Flight Simulation to Determine Critical Side Task
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Figure 204. Pilot Rating as a Function of
Critical Task Kc

216



For this problem, the urgency functions are assumed to be simply the absolute

values of the tracking errors with unity coefficients. Four statistics, RA and rms

8, ¢,&, , were kept for each of the four plants shown in Figure 204. The automatic
adjustment of A was not used in these calculations; the value of A was varied to show
sensitivity of the statistics to side task loading. These sensitivity graphs are shown
with the values of )\c determined by McDonnell indicated, Figure 205 shows the sensi-
tivity of pitch angle tracking errors to side task k, and Figures 206=-208 present similar

data for the other statistics.

In the case of K/s and K/s:2 plant dynamics, the McDonnell values of Rc gccur
where sharply increased sensitivity to A is predicted by the Urgency Decision Pilot
Model. In the other cases, there is no clear evidence of the critical value of . Since
the McDonnel data does not discriminate between the K/s(s+2) and the K/s(s+4)
plants, the model predictions are apparently consistent with the reported critical

values of X for these plants.
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Figure 205, Pitch Angle Tracking Errors as Functions of Side Task
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APPENDIX C

COMPUTER PROGRAM USER GUIDE

Much of the fixed-base flight simulation and pilot model analysis work discussed
in this report was performed using a digital program written primarily in FORTRAN IV
and running on a Harris Slash 4 computer system. The program could be operated in
a batch mode for pilot model analysis, or could be operated in real-time, accepting

stick input commands from either a human pilot or the pilot model.

This Appendix describes a version of the program that was converted for batch
operation on the Control Data Corporation 6600 computer and which is available to quali-
fied requesters from the Air Force Flight Dynamics Laboratory (FGC), Wright-
Patterson AFB, Ohio 45433. The purpose of the program description is threefold:

1) To serve as an example of one possible implementation of the TASK-

CONTROL-EVALUATION approach to piloted aircraft precision task
analysis. .

2) To assist those who may wish to modify the existing program for some
particular problem analysis.

3) To serve as a guide for those who may wish to use the program for
immediate problem application or to gain some experience in the
analysis methods presented in this report,

It is hoped that this discussion will demonstrate the simple, straightforward

manner in which the Urgency Decision Pilot Model can be programmed and applied to

the analysis of a variety of precision piloted tasks,
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PROGRAM ORGANIZATION

The program performs time-domain calculations and produces time histories of

aircraft and pilot model variables, from which various statistical measures are com-
puted. In overall structure, the program follows the TASK-CONTROL-EVALUATION

approach to flying qualities analysis. A discussion of the program organization in

this context will be presented next.

TASK

The precision task simulated is two-axis command tracking., There
are three options:

1) ¢ -8 compensatory command tracking, with or without turbulence.
This is the default case.

2) ¥ -6 compensatory command tracking, with or without turbulence.
3) ¥ - 0 pursuit command tracking, with or without turbulence.

Attitude stabilization in turbulence is a special case of 1) or 2) with
the tracking commands identically zero, Either Dryden Gaussian
or Reeves non-Gaussian turbulence models can be generated.

The coupled six degree-of-freedom body axis equations presented in
Section V, Figure 81, are used.

CONTROL There are gain-lead-lag-delay pilot compensation models for the

lateral and longitudinal axes, producing zileron and elevator
commands. On the lateral axis, there is provision for both inner
loop and outer loop compensation. In addition, an augmenter
produces elevator and rudder commands, and there are lags for
the lateral and longitudinal control commands. Finally, remnant
can be injected into the pilot model's control inputs.

There are three control switching options:
1) Two-axis task with urgency function test and switching logie.

2) Two-axis task and constant urgency side task with urgency function
test and switching logic.

3) Two-axis task with regular sampling and specified dwell times on
each axis; there is no urgency function test.

In all cases, it is possible to impose a minimum dwell time that the
model must spend on a task before being allowed to switch to
another.

EVALUATION Statistics on dwell fractions and mean dwell times for lateral,

longitudinal, and side tasks are always kept and printed out. In addition,
statistics on up to 24 other aircraft and pilot model variables can be kept;
the output for each of these will include the mean, standard deviation,
rms, skewness, and peakedness,

Figure 209 illustrates the overall organization and computational flow of the

program,
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INPUT/OUTPUT

All data input is through the vector A(I). Pairs of values (I,A(I)) are entered
in the format 4(I4,F12.0). A complete description of the program input is presented
in Figure 210; those values of I not shown are not used. A negative value of I denotes
the last (I, A(I)) pair in that data set, and causes the program to stop reading data.

The output of the program is entirely tabular, listing pilot - aircraft system
parameters and statistics on selected aircraft and pilot model variables. Statistics
on up to 24 variables can be collected by inputting the corresponding number codes
shown in Figure 210 in any of the locations from A(101) to A(124). The oxrder in
which the number codes are input is the order in which the statistics are printed out.

Output statistics are in units of feet, seconds, and radians.

SUBROUTINES

The program consists of a main program and ten sub-programs, most of which

are multiple entry. A description of each of the sub-programs follows:

SUBROUTINE CLEAR zeros or otherwise initializes program variables, It

also initializes prefilter, gust, command tracking, lag, and control augmentation

calculations by calling the appropriate subroutines,

SUBROUTINE PRECOM(A) computes scaling values before each run for u-gust,

v-gust, w-gust, p-gust, and tracking command terms. During the run itself, the

gusts and tracking commands are scaled to zero mean and unit rms; they are then

multiplied by the input gains to produce rms values equal fo those gains.

This scaling process is an option, controlled by an input parameter in the A
vector. In the default case, the filtered random numbers are just multiplied by the

input gains to produce the gusts and tracking commands.

FUNCTION RNUM(A, K, J) generates pseudo-random numbers having a uniform

distribution, and then sums and scales a specified number of these to produce random
numbers in the range -0.5 to +0. 5. Depending on how many numbers are summed,
the final random numbers can approximate either a uniform or a Gaussian distribution.

Individual random numbers are generated with the following algorithm:

X = seed from previous iteration
Y = (X+1T)5
X = Y - integer(Y) = new seed

random number = X - 0,5

226



[ I A R

10
12
13
14
15
17
18
19
21
22
23
25
26
27
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

46
47
48
49

Alll
Integration frame time (sec)
Number of iterations computed each run
Number of uniformly distributed random numbers summed in random number algorithm
< 0 : precompute and scale gusts and tracking commands to zero mean and unit rms

= =1: ¥ -8 compensatory command tracking task
= -2 : i -8 pursuit command tracking task

<0 : generate Reeves turbulence
Random number seed increment
Number of runs computed

d, coefficient of prefilter

< 0: prefilter gusts

< 0: prefilter tracking commands
< 0: prefilter remnant

Pilot gain, lateral

Pilot gain, longitudinal

Pilot gain, heading

Pilot lead, lateral (sec)

Pilot lead, longitudinal {sec)

Pilot lead, heading {sec}

Pilot neuromuscular lag, lateral {sec)
Pilot neuromuscular lag, longitudinal (sec)
Minimum dwell time (sec)

Pilot delay, lateral {sec)

Pilot delay, longitudinal (sec)
Urgency delay, lateral {sec}
Urgency delay, longitudinal {sec)
a, lateral

B, lateral

a, longitudinal

B, longitudinal

u-gust gain

v-gust gain

w-gust gain

p-gust gain

Turbulence scale length (ft}
Aircraft wingspan {ft)

< 0: generate g-gust

< 0: generate r-qust

Yy (1/sec)

Yp {ft/sec)

Y, (ft/sec)

Y§a {ft/sec?)

Y (ft/sec?)

Figure 210. Program Input Format
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1 All)
50 L, {1/ft-sec)
51 L, (1/sec)
62 L, {1/sec)
B3 Lg, (1/sec?)
54 Lg, (1/sec?)
55 N, (1/ft-sec)
56 Np (1/sec)
B7 N, {1/sec}
58 Ng, (1/sec?)
59 Nj, (1/sec?)

pem—y

60 X, (1/sec)
61 Xy (1/sec)
82 Xy

63 Xq {ft/sec)

64 Xge (ft/sec?)

65 2, (1/sec)

66 Z,, (1/sec)

67 Zy

68 Z, {ft/sec)

89  Zge (ft/sec?)

70 M, (1/ft-sec)

71 My, (1/ft-sec)

72 My (140

73 Mq {1/sec)

74 Mge (1/sec?)

75 u, (ft/sec}

76w, (ft/sec)

77 iy (ftlb-sec?)

78 1y (ftlbsec?)

79 1y, (itlb-sec?)

80 8, (deg)

81 Random number seed for Gaussian u-gust

82 Randem number seed for Gaussian v-gust

83 Random number seed for Gaussian w-gust

84 Random number seed for Gaussian p-gust

85 Random number seed for lateral tracking commands
86 Random number seed for longitudinal tracking commands
87 Random number seed for lateral remnant

88 Random number seed for longitudinal remnant

Figure 210, Program Input Format (Continued)
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92 Random number seeds for Reeves u-gust
a3
94
95 Random number seeds for Reeves v-gust
96
97 z
98 Random number seeds for Reeves w-gust
99)
- 1014 . : . .
124 ] Variables for which statistics are to be kept
1. u (ft/sec)
2. v {ft/sec)
3. w (ftfsec)
4, p (radfsec)
5. g {rad/sec)
6. r (rad/sec)
7. ¢ {rad}
8. 8 l(rad)
g, ¢ {rad)
10. a {rad)
1. g (rad)

12.  u-gust (ft/sec)

13. v-gust {ft/sec)

14. w-qust (ft/sec)

16, p-gust (rad/sec}

16. g-gust {rad/sec)

17.  r-gust (rad/sec)

18. lateral tracking commands {rad}
19. longitudinal tracking commands {rad)
20. lateral error (rad)

21. longitudinal error {rad)

22, radial error {rad)

23. 8a {rad)
24, &8 (rad}
25. &r {rad)
125  Lateral tracking command gain

126 a

127 e coefficients of lateral command tracking filter
128 b

129  Longitudinal tracking command gain

130 a

131 e coefficients of longitudinal command tracking filter
132 b

133  Control system lag, tateral {sec}

134 Control system lag, longitudinal (sec)

137 Remnant gain, lateral

138 Remnant gain, longitudinal

141  Lateral dwell time, regular sampling {sec)

Figure 210. Program Input Format (Continued)
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i Al

142  Longitudinal dwell time, regular sampling {sec)
143  Side task urgency

193 < 0: augmenter on

194  Kp
1956 Ky augmenter gains
196 Ky

Figure 210. Program Input Format (Concluded)

A separate random number stream is generated for each of the program variables

that uses random numbers.

The function argument K specifies how many numbers are to be summed to
produce the final random numbers; J specifies the location in the A vector in which

the current seed for the particular stream in question is stored.

SUBROUTINE PREFIL(A, K) prefilters the random numbers produced by RNUM
to remove low frequency drift. The prefilter transfer function is of the form:

s2

( s:+d)2

where d is specified in the input data vector A.

The subroutine argument K identifies the random number stream being
prefiltered:

K = 1: u-gust

2: v-gust

3: w-gust

4: p-gust

5: lateral tracking command

6: longitudinal tracking command
7: lateral remnant

8

: longitudinal remnant

Prefiltering of the random numbers is an option, controlled by input parameters
in the A vector. In the default case, the random numbers are not prefiltered.

Other entry point: PRE,
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SUBROUTINE GUST(A) generates Gaussian turbulence components by filtering

white noise. Uncorrelated u-, v-, w-, and p-gusis can be generated, as well as
correlated g- and r-gusts. The Dryden continuous turbulence model is used, as

discussed in Reference 12.
Other entry points: GUSTU, GUSTV, GUSTW, GUSTP, GUSTQR, GUSTR.

SUBROUTINE COMTRK(A, L) generates lateral and longitudinal tracking com-

mands by filtering white noise. The transfer function of the command tracking filters

is of the form:

aste
(bs+1)2

where a, e, and b for each of the two filters, lateral and longitudinal, are specified
in the input vector A.

The subroutine argument L identifies the tracking command being calculated:

L = 1: lateral
2: longitudinal

Other entry point; CTRACK,

SUBROUTINE LAG(A,K) lags four variables by amounts specified in the input

vector A, The standard transfer function for a first order lag is programmed:

1

Ts+1

The subroutine argument K identifies which lag is to be computed;

K = lateral pilot neuromuscular lag
longitudinal pilot neuromuscular lag

lateral control system lag

H W N =

: longitudinal control system lag

Lag calculations are optional and are not performed in the default case, where

a particular r is zero.

Other entry point: LAGOUT,
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SUBROUTINE AUGMNT(A, Q, R) models the F-5E augmentation system, shown
in Figure 211, and generates elevator and rudder commands based on pitch and yaw
rate, Q and R. '

Control augmenter calculations are performed only if the corresponding

parameter in the A vector is set to the proper value,

Other entry point: AUG.

PITCH
do,  + de p| AIRCRAFT EQ. 9 >
A OF MOTION
085S
Ky |
A 08S+1 ﬂ
JBA +
Kv &
+
YAW
dre + 3r AIRCRAFT EQ. r
OF MOTION >
+
6rA
K bS
v [ SN

Figure 211. F-5E Stability Augmentation System
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SUBROUTINE REEVES(A) generates uncorrelated u-, v-, and w-gusts using a

reduced form of the total Reeves model discussed in Reference 13.

Precomputing and scaling of the gusts to zero mean and unit rms is automatic;
it is not an option as it is with Gaussian turbulence. Mecreover, there is no provision

for prefiltering the random numbers used,

Reeves turbulence is generated only if a parameter in the input vector A is set

to the proper value., In the default case, Gaussian turbulence is generated.
Other entry points: GUSTUR, GUSTVR, GUSTWR.,

SUBROUTINE INOUT(I) performs all input/output operations in the program.

The argument I identifies what particular read or write operation is to be executed,

VARIAELES

A description of the major program variables, arranged by COMMON blocks,
is presented in Figure 212,

PROGRAM OPERATION

This section will describe the operation of the program through discussion of
an example data set. The program's sequence of calculations and major branching is

shown in the flow chart in Figure 213.

The sample data set is presented in Figure 214, The TASK being simulated is
two-axis attitude stablization in Gaussian turbulence; this is the default case, since
A(5) = A(6) = A(125) = A(129) = 0 and A(37) - A(39) are non-zero. The aircraft con-
figuration used is F-5E Case 2; the appropriate parameters are specified in
A(45) - A(B0) and A(194) - A(196).

Random number seeds for the calculation of Gaussian u-, v-, and w- gusts are
specified in A(81) - A(83). In addition, random number seeds for the calculation of
Reeves u-, v-, and w- gusts are specified in A(91) - A(99); making A(6) negative
would cause the program to generate Reeves turbulence rather than Gaussian,

The parameters A(101) - A(109) will cause statistics to be kept and printed out
for u-, v-, and w-gusts; lateral, longitudinal, and radial errors; and aileron,

elevator, and rudder commands.

The data set will cause three successive jobs to be run, with the input data set

updated after the first and second jobs.
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COMMON/SYSCOM/

A{l} input data vector — see Figure 210
DFLAT  dwell fraction, |ateral task
DFLON  dwell fraction, longitudinal task
DFSIDE  dwell fraction, side task

FMSTR mean dwell time, lateral task
FMSTP mean dwell time, longitudinal task
FMSTS mean dwell time, side task

AVGI

STDI

RMSI

SKWI

PKDI

M1

ICOUNT  current iteration number

temporary storage locations for output statistics

COMMON/EOM/
Ui, un() u, U
Vi, VD v, v
Wi, WD(1) w, W
P{1}, PD(I) P, P
Q(1), Q{1 q, 4
R{1), RD() M

PHI{I), PHID(1) ¢, ¢
TH(), THD(l} 8,8
PSI(I), PSIDI ¢, ¥

I=1: current value
2:  first past value

COMMON/RANDOM/

RI(l1, J) random numbers from the generator
RE(E, J) random numbers used in calculations

WN=20~NOO o =

u-gust

v-gust

w-gust

p-gust

lateral tracking command
longitudinal tracking command
lateral remnant
longitudinal remnant
current value

first past value

second past vatue

Figure 212. Program COMMON Blocks

—
i

234



COMMON/GUSTS/

UGuUST u-gust
VGUST v-gust
WGUST w-gust
PGUST p-gust
QGUST g-gust
RGUST r-gust
COMMON/TRACK/
CT{I, ) tracking commands, unscaled
=1: lateral
2: longitudinal
J=1: currentvalue
2: first past value
3: second past value
CTLAT lateral tracking command
CTLON longitudinal tracking command
CTLATD lateral tracking command rate
CTLOND longitudinal tracking command rate
COMMON/STATS/
VAR(I}
SUM1{]) . . . \
storage vectors for the collection of statistical data on specified program variables —
SuM2(0) ae A{101)-A{124) in Figure 210
5 - in Figur:
SUM3(1} 9
SUMA(L)
COMMON/DELAYS/
DELAY (I, 50} delay table, fifty locations
I =1: lateral pilot
2: longitudinal pilot
3: lateral urgency
4 . longitudinal urgency
COMMON/DWELL/
N task control parameter
=0: model controlling longitudinal task’
=1 : model controiling lateral task
NR number of iterations in current lateral control episode
NP number of iterations in current longitudinal control episode
NS number of iterations in current side task episode
NREP number of lateral control episodes
NPEP number of longitudinal control episodes
NSEP number of side task episodes
NRTOT total number of iterations on lateral control

Figure 212. Program COMMON Blocks (Continued)
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NPTOT total number of iterations on longitudinal control
NSTOT total number of iterations on side task

ISIDE side task parameter
= Q : model not in side task
=1: model in side task

MINDT minimum dwell time, iterations

MSTR iterations in each lateral control episode, regular sampling

MSTP iterations in each longitudinal control episode, regular sampling
COMMON/LAGS/

DLAGI{l, J) inputs to lags
GLAGI(I,J} outputs from lags

I=1: |lateral pilot
2: longitudinal pilot
3 : lateral control
4 : longitudinal control
J=1: current value
2:

first past value

COMMON/SCALE/
AV{l} scale factors for mean
sSD{1) scale factors for standard deviation

| = u-gust

v-gust

w-gust

p-gust

lateral tracking command
longitudinal tracking command

SO LR -

COMMON/STICK/

DA aileron command

DE elevator command

DR rudder command

DEAUG augmenter elevator command
DRAUG augmenter rudder command

COMMON/INIT/

AHID temporary storage vector for random number seeds
SINPHI sin ¢

COSPHI cos ¢

SINTH sin 8

COSTH cos 8

SINPS! sin

COSPSI cas

SINTHO sin
COSTHO cos 8

Figure 212. Program COMMON Blocks (Continued)
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FI P

Fi2 I3

Fi3 I3

DH one-half of integration frame time

NITER number of iterations to be computed

ISUM number of random numbers to be summed in generator

Figure 212, Program COMMON Blocks (Concluded)

In the first job, ten thirty-second flights will be simulated. The flights will be
identical except for different gust sequences caused by different random number seeds.

Since the pilot model gains are zero, the flights will be open loop.

After the first job is completed, the data set will be updated; the pilot model
optimum gains and leads will be read in. Thus, the second job will be identical to the
first, except that now the pilot model will close the loop and minimize the tracking

errors.

After the second job is completed, the data set will be'update‘d Om:e more, and
the third job will be run. The third job will be like the second except that now one
300-second flight will be simulated, and a constant urgency side task has been added.

NOTES AND CAUTIONS

For calculations in the program, all differential equations and transfer functions
were converted to difference equations using the trapezoidal corrector integration

formula, discussed in Reference 21.

This particular integration formula is simple to implement, and worked well in
the simulations discussed in this report. The authors used a frame time of 0. 025 sec;

for other simulations, a shorter or longer frame time may be appropriate.

It has been the authors' experience that for proper operation of the numerical
integrations and in particular the random number generator, a precision of at least
ten decimal digits must be maintained., This presents no problem for large word
size computers such as the CDC 6600. But when operating on computers having

24- or 32-bit words, double precision calculations are advisable,

The printout statistics mean, standard deviation, rms, etc., apply to the time
histories generated by the program. The user must compute means and standard devi-
ations of the rms statistics of individual runs to compare with the tabulated data in this

report.

237



Zero vector A

Read vector A
Print system parameters
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CALL GUSTU, GUSTV, GUSTW,

GUSTP, GUSTQ, GUSTR
|
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-

1
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]
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Integrate EOM

)

Figure 213. Program Flow Chart
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1

6
17
27
29
33
37
17
81
21
94
97
101
104
107
133

&5
49
53
57
61
65
69
73
T5
194
=200
17
=200
2
=200

«025
0.
o.
«3
«3
i.
lo.
3600.
-123
ol
.4
7
lz.
20.
23.
0.

-1l.7620D-01
1.52500+01
F.64570+00

-1.92850-01
2.09060D-02

-6.,75640-02

~5.32130+01

~2.79240-01
428.13
-~ 236

12000.
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2
9

18

30
34
g
18
82
92
95
98
102
105
108
134

46
50
54
58
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66
70
T4
Ta
195

18

10

1200,
«204863128
Ow

3
-5
1C.
44200,
« 456
-2
-5
-8
13.
21.
244
Ou

-3.8068D0-01
~6.42230-02
2.58210+00
1.07090-01
~-7.63280-11
-7.11980-01
4.28820-04
-5.6494D+00
49,233

~le%

1.

Figure 214, Sample Data Set
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80
196

21

143

12.
10.
0.

« 15
4o
10.
47000.
=789
-3
)
9
14.
22,
25.
D.

1.59770+00
~2.3288D+00
9. 881 70-03
-L.84270+00
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-3.72850-03

G656
1.4
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«02

240

22

32
36
41

193

48
52
56
60
o4
68
72

22

0.
«15

1750.

-1

-1.1103D+00
1.26620+00
4«49580-02

-1.23750~03
9.2139D+0Q0

-1.4839D0+00

-9.4304D-05
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PROGRAM LISTING

Cr ek bk R R R R R RN R R R R R KRR RN AR KRG R R ARG AR R Rk &

TWO-AX{S COMMAND TRACKING IN TURBULENCE SIMULATION PROGRAM

BATCH VERSEION FOR COC COMPUTERS

OO OO

CHERRR R R Rk kR R Rk ek ek Rk ek Ak kg ok kR h kxR hk e Rk ke Rk G kb
¥DECK TACTIT
PROGRAM TACTIT{INPUT, ,OUTPUT,TAPET=INPUT,TAPE2=0UTPUT)
DIMENSION BOUND(9)
COMMON/SYSCOM/AL 200) sDFLAT.DFLONWDF SIDE FMSTR yFMSTP ,FMSTS,

1 AVGL ¢ STOI oRMSI ¢ SKWI s PKDT o NL » ICQUNT
COMMON/EQMAZUDEZ2) 2 UL 2)4VD0 23, VE2) 4WDE2) 4 W{2),PD(2),P(2),Q0D(20.0Q(21),
1 RD{2}RU2}¢PHIDIZ2Z) 4PHILZY s THD(2) ,TH(2),PSID(2),PSI{2)}

COMMON/RANDOM/RI{8,3},RF( B3]}
COMMON/GUSTS/UGUST o VGUS T WGUST + PGUS T QGUST s RGUST
COMMON/TRACK/CT{2+3) +CTLAT,CTLONLCTLATD,CTLOND
COMMON/STATS/VARI25) »SUMLL24) ,SUM2124) ,5UM3124) ,SUM4(24)
COMMON/DELAYS/DELAY [ 4,50)
CUMMON/DWELL/NoNR (NP 4 NSy NREPWNPEP,NSEP,NRTOT 4 NPT OT ,NSTLCT,
i ISIDE+MINDT+MSTR4MSTP
COMMON/ULAGS/DLAGC 44 2} +GLAG(A 21
COMMON/SCALE/ZAVIGE) .50t 6}
COMMON/STICK/DAsDE2DR+DEAUG,DRAVG
COMMON/INIT/AHL 20) s SINPHI 4COSPHI ¢ SINTH,COSTH,SINPSI ,COSPSI,
1 SINTHO+COSTHOWFI1+F12+F13.DH«NITERVESUM
DATA BOUND/10004¢500e35000 ¢ 00 ¢l 00 s100e3ap2.45./

Crrbbk Rk bbbk kb kb Rk kR E R d kR AR RS ek SR ha kR kb AL S K F K ERY

C INITIALIZATION

CHEeOR L kb b a5 XTI T REeRbShbr bR bbbk rhr rh bk dhdoek ko kb bk Rk brksk
DO 10 1=1,200

10 A(I}=0.
c
20 CALL INOUTH#12)

CALL INGUTHL1}
CALL INGUTYL2)

NGAM=A[10)+.1
IF (AU10).LE.1.) NGAM=]
DO 500 JGAM=1.+NGAM

CALL CLEAR :

IF {(A{4)LT.0.) CALL PRECOMIAI}

IF {A{6).LT.0.) CALL REEVESHEA)
Corrspx bbb rhdrkn kbbb Rk Rk bbb hRE Rk kkkkak ko k RSk h kb kh bbbk kh bk ke
c GUST GENERATION
CORBRE SRRk kSRR R AR AR RN R R AR R R R R E KRR R AR R R KRR AR R KRR A KSRk E &

190 IF (A{6).LT.0.) G0 TO 206
[F TA{3T).LT.1.E-5) GO TO 201
RI{1+1)=RNUM(A,I5UM,81)
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[F (A{13).6E0Q.) RFI{TI411=RI(1,41)
IF (AC13Y.LT.0.) CALL PREfA, L)
CALL GUSTU(LAY
UGUST=A{3T)*(UGUST-AVL L)) /SD{L)

200 IF {A(38}.LT.1.E~-5) GO TO 203
RI(2,1)=RNUMIA,ISUM,82)
IF (A113).GF.0.) RFL24Li=RT12,1)
IF (A{13).LT.0.) CALL PRE{A,2)
CALL GUSTVIA)
VGUST=A{38)*{ VGUST-AV(2)) /5D(2)
IF (Af{54).LT.0,) CALL GUSTRIA)

233 iF (A{39).LT.1.E-5) GO TO 205
RI{3+1}=RNUM{A,[5UM,83)
IF {A{13}.GE.0.) RF(3,L)1=R1{3,1)
IF (A{13).LT.0,) CALL PRE{A,3)
CALL GUSTWI{A)
WOUST=AL39)* [ WGUST-AV(3)) /5D{3)
TF (A(43).07.0.7 CALL GUSTQLA)

205 IF [A(40).LT.1.E-5) GO TQ 210
RI{4c LI=RNUMTA,IS5UM,84)
IF (A{13).GEeQ.} RF{ 4+ L)=RI(441)
IF {A{13).LT.0.) CALL PRE(A.4%)
CALL GUSTP{A}
POUST=AL 40)*{ PGUST-AVI4)) /5D(4)
GO To 210

206 IF (A(37).6Tal.E-51 CALL GUSTUR(A)
IF {A{38).G6T.1.E-5) CALL GUSTVR{AI
If (AL{39).GV.1.E-5) CALL GUSTWR{A}

Cttt*#t#ttt#*tt***#*#**t#t#**#*ttl#itt***********#‘#tt*##t#**‘it#'#i*t*t

o CONTROL LAGS AMD AUGMENTERS
Ctttttt**tt#*ttttt#*ttt#tt###*tt#ttttt#*tt#tttt#*ttt*ttttttttttttttl#t#t
210 IF {(A{133}).LY.1.E~5) GO TO 211
DLAG{3,11=DA
CALL LAGOUT(A 3}
DA=GLAG( 3,1}
21t IF {A{134).LT.1.E-5) GO YO 212
DLAGI{4,1}=0E
CALL LAGOUTILA,4)
DE=GLAGL 44 1)
212 IF {A{193).GE.0.) GO TO 214
CALL AUGLA.Q.R)
DE=DE+DEAUG

DR=DRAUG
CHBREEREXKEREEREREESRREERRERIRR SRR XTRENER RN TR EN R R RS SRR G E SR RS R KRR EKE
c INTEGRATION OF EQUATICNS OF MOTION

CREBEr Rk R EE R SRR SRR E R AR E R R RO Rk R kR R R R E R AR R ER S B R EET kS L kb2
2146 UD(11=32.174%(SINTHO®{ 1.-COSTH#COSPSI)-COSTHO®SINTH)
1 —QOELI*(A{ 76N (1} )4RELI*VIL)
2 FALOO0 = UILI#UGUSTI#AL 6L *(WIL) ¢WGUSTI+A{S2) *wD( 1)
3 tA(63#{Q{ 1) ¢QGUST) +A{ 64) *DE
UTL)=UL2)+DH*(UDL1)+UDL 2] )
WDL1)=32. 174 {COSTHO®{COSTH*COSPHI~1.}
1 —~SENTHO*®{SINTH*COSPHI*CUSPSL¢SINPHI*SINPSI))
2 QUL CALTS)«UCLII-PLLIRVIL)
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3 +A(LS)*LULLIYUGUST) ¢AL 661 %Wl 1) +WGUST)
4 +ALHB)= (00 1)+ QGUST) +A(69) *DE
WOLL)=WD{L)/{1.-A(6T))
WiLI=W{Z)1+0OH*{WD(1)+WDL( 2})
QDUII=FI2*P( LI*R{LI+ALTOIHUIL) +UGUSTI+A(TLI *(W{L)¢WGUST)
1 FALTZVERD O LI+ACTI)I*R{QILI+QGUSTI +ALT4) *DE
Q01)=Q(2V+DH*=(QD{ 1) +0QD( 2))
RDILI=FIZ*P(LI*QU LI #ALS55)%(V{L)+VGUSTI+A(S6) *(P(1)+PGUST)
1 *AISTIE(RILIARGUSTI®A(SB) «DA+A[59)*DR
R{11=RI2)¢DH*{RDI1)I+RO(2))
VD{1}=32.1T4x{COSTHO®COSTH*SINPHI
—SINTHO®{ SINTH=SINPHI «COSPSI-COSPHI®SINPSI))
~R{LEX(ATTS)+UCLD)+PIL1 )% (A(TOI+WI1))
+ALASIR(VILI+YOUSTI AL 46) = IP{ L) +PGUST) +A{4TI*{R (1) +RGUST])
+A{48)%DA+AL49} #DR
VI =V{2) «DH*IVDL{ LI #VD(2))
PD{L1)=FIL#QL1I*RIL)+AL{S0)* (VL) +VGUSTI+A{SL)={PLL)+PGUST)
1 +A{52Y*(RIL)#RGUSTI#AL1 531 *DA+A{ 54} %DR
PLLI=P(2)+DH*(PDI1)+PDL 2))

E VU N

THOL 1)=00 11 %COSPHRI-RI L) *5INPHI
TH{L)=TH{ 2)+DH&(THDL L)+ THDIL2})
SINTH=SIN{(TH{ 1))

COSTH=COSLTHI I}

PHID(L}=P (L1} +(QUL)€SINPHI+RILI*COSPHI}*SINTH/COSTH
PRICII=PHIL2)+DH:{PHID(1}+PHIDIZ2})
SINPHI=SIN(PHI{1))

COSPHI=COS{PHI{ 1)}
PSIDCL)={R{LY*COSPHI+Q{ 1) *SINPHI) /COSTH
PSIC1)=PSIL{2)+0H=(PSID(]1)+PSIDC2))
SINPSI=SIN{PSI(1}}

CosPSI=COS(PS51(]1))

ALPHA=ATANZ2 IWIL) +A{T61 UL 1)}+ALTS5I)
BETA=ATANZ{VIL}UL1}4A(T75))

FL1I=COSPST*COSTH

FL2=SINPSI*COSTH

FLA=-SINTH
FML=COSPSI*SINTH®SINPHI-SINPSI*COSPHI
FM2=SINPSI*#SINTH®SINPHI+CCSPSI*COSPHI
FM3=COSTH*SINPHI
FNL1=COSPSI#*SINTH*COSPHI+SINPSI*SINPHI
FN2=SINPSI*SINTH*COSPHI-CLSPSI*SINPHI
FN3=COSTH#CDOSPHI

YX=FLI*U{ LI+FMLev{LI*FNL1*W(l)
VY=FL 22U 1) +FM2EV{ LI +FN2*=n (1)
VI=FL3®UCLI+FMIEVI L) +FN3®R{])
Credst e rd a R R E R R AR RN R kR AR KR SRR TR FRR R RN B REB R R AR KRR ARk
c TEST FOR DIVERGENCE
CERERE B AR Rk X R R E RN RRE R R SR F R EE R AR SRR R R R RN R N RN E RN SRR PR R TR R RS
VAR(LI=UL1)
VAR{2)=VI(1)
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216

VAR(3)=W({1l)
VAR(4)=P{ 1]}
VARLS)=Q0{ 1)
VAR{&6)=R(1)
VAR TI=PHI{ 1)
VAR(B)=TH{1]}
VARL{9)=PSI(1)

DO 216 I=1.+9

IF(ABS(VARTTI) )LLT.BOUNDI(I ))GO TO 216
CALL INLUTIZ)

NITER=ICOUNT

60 YO 325

CONT INUE

Codrrbk kR kA5 b S SRS AR ARERREEER R A SR RSk kS R AR AR R R E Rk kxR k Ak g gk

c

CCMMAND TRACKING SIGNAL GENERATION

Chhkbbkkk bk bk aeRkEkk RkkRERSRk Ak Rk k Rk kR kR bk ke Ak Rk ks bk ke k &

218

217

iF {Al125).LT.1.E-5) GO TQ 217
RI{5+1)=RNUMCA,ISUM, 85}

IF (Al14).GE.O.t RF(S+21=R1{5+1)

IF (A(14).LT.0.) CALL PRE{A,S)

CALL CTYRACK{A,l)
CTLAT=A{125)%(CT{l,1)-AV(5))/5D(5)
CTLATD=(A{125)/50(5})*(CTVIL.1)~CT{1,2})/A01)
IF {A(129).LT.1.E~5) GO TO 220
RI{6+1)=RANUMIA,ISUM,86)

If {A(14).6E.0.) RF{6,1)=RIL641)

IF (AUJ4).LT.0.) CALL PRE{A+6)

CALL CTRACK(A,2)
CTLON=A{129)}¢(CT(2,1)-AVi6))/5D(6)
CYLOND={A{129}/5D(6)I*ICTL2, 1)-CTI2,2))}/A(1)

2SI TS LRI 22 R RS St R 22 R R i L s I iR TR ]

C

ERROR SIGNAL GENERATION

Cxktpddrhhkfrdhyhkhikhkhphkbkb bk hhh kb ke ek kR GR R ATk c kR kK E

220

213

215

PHIE=SCTLAT-PHIL L)
PSIE=CTLAT-PSI(1)
THE=CTLON-TH{ 1)
PHIED=CTLATD-PHID( 1}
PSIED=CTLATD-PSICIL)
THED=CTLOND-THDI{ 1)
ITR=A(5)~.1

IF (ITR.LTW0) GO TO 213
ERLAT=PHIE

ERLATO=PHIED

ERLON=THE

ERL OND=THED

GO 10 219

IF (1ITR.EQ.-2) GO TO 215
ERLATYT=PSIE

ERLATD=PSIED

ERLON=THE

FRLOND=THED

GO 1D 219
ERLAT=PSIE*COSPHI-THE*SINPH]
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ERLATD=(PSIED-PHIO( L¥+THE }»COSPHI -
1 {THED+PHID{ L)*PSIE)*SINPHI
ERLON=PSIE*SINPHI+THE*CQSPHI
ERLOND=(PSIED-PHIDI 1 J*THE J%#SINPHI+

1 (THED+PHID{ 1) *PSIE )*C OSPHI
o R Ty e R E e S R LI RS L Es 2R Es 2
c URGENCY FUNCTION AND PILUGT COMPENSATION CALCULATICNS

(2 iTE3 T I2 2 33 R 2222323323 22 22 R EE 2 SRS 2Pl 2t R I RS Y
219 DELAY{l,1)=A(1T)*{ERLAT+A(Z1)*ERLATD)
IF (ITR.LT.0) DELAY( 1, L)=A{LS)*{ERLATH+A{23)*ERLATD) +
l AULT)*(PHLIIL)Y+A{2]1)*PHID(1)]
DELAY{ 2, 11=A( 18} *(CRLON+AL22)%ERLOND)
IF {ERLATLEQ.O.Y DELAY{13,1)=ABS(A(34)*ERLATD)
IF (ERLAT.NE.O.) DELAY{3,1)=ABS{A{33) *ABS{ERLAT) +
i A{34)#ERLAT*ERLATD/ABSIERLAT })
IF (ERLONLEQ.Q.} DELAY(4»1)=ABS{A(36]) *ERLOND)
1F (ERLON.NE.O.) DELAY{4,1)1=ABSUA(35) *ABS{ERLON}+
1 A{36) *¥ERLON*ERLOND/ABS{ERLEN})

UDLAT=DELAY(3,1)

IF (A{31).LT.1.E~-5) GO TO 240

FIA=A(31)/A01)¢0.1-1.

IA=1 + INTI(FIA)

FRAC=FIA - FLOATI(IA-1)-0.1

IF{TA.LE.49)G0 TO 235

CALL INOUT(4)

GO TG 343
235 UDLAT=DELAY(3,1A}+FRAC*(DELAY{3,[A+1)-DELAY{3,1A))
240 UDLON=DELAY{4.1}

EF {A{32).LT.1.E-5) GO TO 246

FIA=A(32)/7A11)+0.1-1.

IA=1 + INT{FIA)

FRAC=FIA - FLOAT{[A-1}-0.1

IFELA.LEL49)GD T0D 245

CALL [INOQUTLS)

GO TO 343
245 UDLON=DELAY{4.T1A}+FRAC*(DELAY(44TIA+]1)-DELAY{4,1A))
CHRErbbr ek kxR ks kRN Rk k Rk a ke h kb kR kk kR kb kb kb

C CONTROL SWITCHING
I TR ISR LIRS R SRt PRI R R R 22 20 R 222 R 2 2R3 FT R 2SR SS RS
246 IF {MSTP.EQ.O0.AND.MSTR.EQ.0)} GO TO 249
IF (N.EQ.Ll) GO TO 247
IF {NP.LT.MS5TP) GO YO 320
GO TO 285
247 IF (NRLLT.MSTR) GO YO 320
GO TO 250
249 IF (ISIDE.EQelsAND«NS.LT.MINDT) GO TO 3la
IF ( ISIDEEQ.O.ANDe NP. LT MINDT.AND.NR.LT.MINDTY GO TO 320
IF (UDLAT LT Al 143).AND.UDLON.LT.A(143)) GO TO 316
IF {UDLAT.EQ.UDLUN) GO TO 320
IF {UDLAT.GTLUDLON) GO YO 285
GO 70 250 :

320 NR=NR + N

245



NP=NP - N + 1
IFINLEQ.1IGD TO 291
IFINLEQ.O)GD TO 256
CALL INOUTIB}
STOP
LTI R L e T Y Ly P P R T R I

C LONGITUDINAL STICK CALCULATIDNS
CERERE B RE AR RN RN RN KRR R AR R AR R AR E TR RN R E R R R Rk R kR R kR KRR kR Nk kK
250 IF (ISIDE.EQ.1) GO TO 253
IFINRLEQ.OYGOD TO 255
NRTOT=NRTOT ¢ NR
NREP=NREP+1
DO 251 I=1,.2
DLAG(1.11=0.
25! GLAG(1,I}=0.
GO 10O 255
253 NSTGT=NSTOT+NS
NSEP=NSEP+1
255 N=0
NP=NP+1
NR=D
NS=0
ISIDE=D
256 PLLON=DELAY{2.1)
IF {A{30).LT.1.E~-5) GO TO 265
FIA=A(30)/A(1)+0.1-1.
[A=1 + INT(FIA}
FRAC=F1A - FLOAT(1A~-1i-0.1
IF{TALLE.491GD TO 260
CALL INQUT{6)
GO TO 343
260 PCLON=DELAY{2.,1AV+FRAC*(DELAY{2,1A+1}~DELAY(2,1A)})
265 DLAG{2,1)=PLLON
DA =0.
IF (A{26).GT.leE~5) CALL LAGOUT(A,2)
IF (A{26)aLEaleE-5) GLAGI 241)=DLAG(2s1}
DE =GLAG(241)
IF (A{138).LT.1.E~5) GO TO 325
RI(B+1)}=RNUM{A+ISUM.88)
IF (A(15}.GE-0O.) RF{B+1}=RI[8,1}
IF (A{15).LT.0.) CALL PRE{A.8)
DE =DE +A(13B)#RF{(8,1)

GO TO 325
CoRbresdb X b b spbddd SRS RERRE R ERERR LR R RS SREREEF RS R SRR R ERRS R R RET AL
c LATERAL STICK CALCULAYIONS

Cesksn ek KSR AR ERXREERERR KR DRI RS SRR SR E Rk R AR kR R AR L kSR EE SRR AR E bR

285 1F (ISIDt.EQ.Ll) GO TO 288
IF(NP.EQ.OIGO TO 290
NPTOT=NPTOT + NP
NPEP=NPEP+]

D0 286 I=1.2
DLAGT2+1}=0.

286 GLAG(2.1)=0.

GO TO 290
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288

290

291

295
300

NSTGT=NSTOT+NS

NSEP=NSEP+]

N=1

NR=NR + 1

NP=0

N5=0

ISIDE=0O

PCLAT=DELAY(1,1)

IF {A{294.LT.1.E-5) GO TO 300
FIA=A{29)/A{1)+0,.1-1.

IA=1 + INT(FIA)

FRAC=FIA - FLOAT{IA-11-0.1
IF(IA.LEL49)GO TG 295

CALL INOUT(T)

GO TO 343
PCLAT=DELAY{1l,JAY+FRAC*(DELAY(L,[A+1)-DELAY(1,1A)}
DLAGl 1.1 )=PCLAT

NE =0.

IF (A125).GToleE-5} CALL LAGOUT(A,L1)
IF (A125)ulEelaE=5) GLAGU 1,10=DLAG(1.1)
DA =GLAG(1,1)}

IF (A{137).LY.1.E-5) GC TQ 325
RI{T«1)=RNUMILA.ISUM+87)

IF [AL15) .GED.) RFITyLI=RI{ Ts1)

IF {A{15).LT,0.) CALL PRE{A.,T)

DA =DA ¥AU13TI*RF{T,.1)

GO TO 325

LHEr bk x ke kR 54X RN SRR SRS AR N kR RS K ST RN S EB AR AL R AR SR EREE RS AR RN EBEEEK

C

SIDE TASK CALCULATIOGNS

LSS 22 22 P2 I S PR A 2R R IR s 2 2R R IR 22 2222 2] 2

316

317

318

If {ISIDE.EQ.1) GO TO 318
0O 317 I=1.2
00 317 J=1,2
DLAG{T.4)=0.
GLAG{I2J}=0,
NRTOT=NRTOT#NR
NPTCT=NPTOT+NP
NREP=NREP+N
NPEP=NPEP~-N+1
ISIDE=1
NS=NS+1

NR=0

NP=0O

DA=(0.

DE=0.

Crehxkkpnkbherrhfbkherkbrhktbhk kb kbbb kshhbkhkkbbhhk ke ko Rk &y

c

COLLECTION DOF STATISTICS

CESERF ARk ek kb kS kb b n kb bbbk bk kb hk s bbbk kbbb kbk ek dhkkkkkk

325

VART10¥=ALPHA
VAR{L11}=BETA
VARL12)=UGUST
VAR( 13)=VGUST
VARL 14)=WGUST
VAR( 15i=PGUST
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VAR{ 186)=QGUST
VART17)=RGUST
VAR(18)=CTLAT
VAR{ 19)=CTLON
VAR{ 20)=ERLAT
VAR 21 }=ERLCN
VAR (22)=SQRTI{A(3I)*ERLAT I *#2+{A(35) *ERLON} %2}

VAR{23)=DA
VAR(24)=DE
VAR(25)=DR
C
[COUNF=ICOUNT + 1
CCUNT= FLOAT{ICOUNT)
€

D0 326 I=1,24

NEZA{100+1)+.1

IF {NL.EQ.0) GO YO 326

SUML (I)=SUML{ [1+VAR{ N1}

SUM2 LI }=SUM2( 1) ¢VAR(NL }#%2

SUM3{ 1)=SUM3{ I)+VAR(NL) *x3

SUM&L 1)=SUM4( T+ VARINL) *%4

326 CONTINUE

IFINITER.LE.ICOUNTIGO TO 334
I IIIE 3 I R T3 F 223 2R RS SN  FE RS T RS IRR RS 2R3 R R 3R AL 2224 2
C TABLE SHIFTING
CHEEREE AR REEERETARREEREEESE R SRR ER AR kR ARk kR Rk R KRR EC B R kRS &%

UD(2)=un(1)

yt2)1=u(l)

vDI{2)=VyD(1}

V(21=V(1)

WD123)=WD( 1)

W2 =W{l)}

PD(2)1=PD{1)

PL2)=P(L)

QD{2)=00(1}

0(2)=011)

RD{2)=RD(1)

R{2)1=R(1}

PHID(2)=PHIDI L}

PHI(2)=PHI (L)

THD{ 2)1=FHD{ 1)

TH{2)=THI L}

PSID(2}=PSID{1)

PSI(21=PSI{1)

DO 336 K=1le4%
DO 336 [=1+49
J=51 ~ 1

336 DELAY{KsJ)=DELAY(K:J—-1)
DO 337 I=1.,4%
DLAGUL23=DLAG(1,1)

337 GLAGUI-2)=GLAGII.1)
DO 338 I=1,8
RI{I«3}=RIC(1,2)
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RICL,21=R1{I,1)
RF{1+3)=RF{1,2)
338 RF(1+2)=RF(1.1)
00 339 I=1.2
CT(T+3)}=LT([+2)
3319 CTUI.2)}=CT{1,:1)

c

GO TO 190
CHEXRTERGRXERFEREES AR EF RS REERERER KRR C AT CE R EXIR R TR HERR A EDERF SRR KX XKL
C CALCULATION OF QUTPUT QUANTITIES

Chekkirbrrexis t#**t‘t**tt*#*t#**t#tt#**tt*t*#t##t*#*#*##t_t*l*tt**t*tt**t
334 ODFLAT= FLOATINR+NRTOT)/COUNT .
DFLON= FLOAT{NP+NPTOT) /COUNT
DFSIDE=FLOAT(NS+NSTOT) /COUNT )
[F {NPEP.NE.O) FMSTP=A{1)*FLOAT(NPTOT)/FLOATINPER)
IF (NREP<NE.O) FMSTR=A(L}I*FLOATI(NRTOT) /FLOAT{NREP)
1F (NSEP.NE.O) FMSTS=ATL1)*FLOATINSTOT )} /FLOATINSEP)
CALL [INOUTI®)

JTITLE=0
DO 341 I=1,24
N1=A{100+#]}+,.1
If (N1.EQ.Q) GO TO 341
AVGI=0.
RMSI=0,
SToi=0,.
SKMI=0.
PKDI=10.
AVGI=SUMI(I)/COUNT
RMSI=SQRT{SUMZ2LTI)/COUNT}
STOI=SQRT{SUMZ2{ T ) /COUNT=-AVGT *%2)
IF (STDI.EQa0e) GO TO 342
SKWI={SUMI{1)-3 . «xAVGI*SUM2LIT ) +2 . *SUML{TI) *AVGI*%2)/
1 ({COUNT#S5TDI%%»3)
PKDI={SUM4{T)-4.¥AVGI*SUMI{I)+6 . *SUMZ ([ I *AVGT *%2~
i FL2SUMLITI*AVGI** 3} /ICOUNT*STDI*%4)
342 IF {JTITLELNE.O) GO TO 340
JTITLE=L
CALL INGUTC(LO)
340 CONTINUE
CALL INOUTI(11)
341 CONTINUE
CALL INOUTL2)

343 DO 345 1=1,20
345 A{BO+I)=AH(I)+A(9)

500 CONTINUE
CALL INOUT(2)
GO TO 20
END
*DECK CLEAR
CHRbrbbbsk Rtk AT RKSEREE RS ERERRERERE R R TR AR SRR E RN ER R ER L RSP R 64

SUBROUTINE CLEAR
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CREERS R e bRk dR kR OREREERE RN R PR IRE KRR SRR R R AR R AR TR EER AR ERRRAEEE R XK
COMMON/SYSCOM/ZAL200) 4DFLAT(DFLON,DF SIDEFMSTR,FMSTP,FMSTS,

1 AVGEo STOIL ¢RMSE ¢ SKWI o PKO I N1 o JCOUNT
COMMONZEOM/ZUDE 24U 2D e VDL 2) e VI2) s WDL21 o WE2) +PD(21,P12).QDL2)4Ql2)>
1 ROCZIeRT2Y4PHIDUZ ) 4PHI(2) y THO(2) ,TH(2)} ,PSIDI23,PS112)}

COMMON/RANDOM/RI( 843 ) 4RF1B43)
COMMONZGUSTS/UGUST « VGUSTo WGUS T, PGUST , QGUST , RGUST
COMMON/TRACK/CTL{ 230 CTLAT,CTLON,CTYLATD,CTLOND
COMMON/STATS/VARI 252 «SUML{24) 4 5UM2{24] »SUMI{24) +5UME(24)
COMMON/DELAYS/OELAY{ 44 50)

COMMON/ZDOWELL /NeNR s NP 4 NS yNREP yNPEPyNSEP NRTUT yNPTOT,NSTOT
1 ISIDEMINDT¢MSTR 4 MSTP
COMMON/LAGS/DLAGT 44 2} +GLAGE4,2)

COMMON/SCALE/ZAV(6). 5D 68)
COMMON/STICK/DA+DE+OR«DEAUG,DRAUG
COMMON/INIT/AH{ 20) s SINPHT »COSPHY s SINTHCOSTH 4 SINPST o COSPS1
1 SINTHOSCOSTHD pF 1 L sF124FT13 4DHeNITER, [ SUM

DA=0.
DE=0.
DR=0.
DEAUG=0.
DRAUG=0,.
FMSTP
FMSTR
FMSTS
N=0
IF (A{35) el ToleE-5.ANDAI36)LToleE~-5) N=1
IF (A{141).LT.0.} N=1
NR=0
NP=0
NS=0
NPEP=D
NREP=(
NSEP=0
NRTOT=0
NPTOT=0
NSTOT=0
{S10€E=0
1COUNT=0
DO { I[=1+4
DO 1 J=1+50

1 DELAY(I1,J1)=0,
D0 2 I=1.,25

2 VAR(UI)=0.
DO 3 I=1.2
utiII1=0.
UlIl=0.
vi{ I ¥=0.
vili=0,
WD{I)=0.
wil)=0.
PD(Y)=0.
P{1)=0.

0.
0.
Qe

oo
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oD{I)=0.
Q{Ii=q.
RDUI=0,.
R{1)=0.
PHID(1)=0.
PHI{T)=0,.
THOI{ 1)=0.
TH( I }=0.
PSID(IN=0.
3 PS1{l)=0.
DO 4 [=1l,24
SUMLI1)=0.
SUM2{1)=0.
SUM3ItIT)=0.
4 SuM4til1)=0.
DO 5 I=8,8
AVIiI)=0.
5 Sp{l)=1.
DO 6 1=1,20
6 AH(I)=A(80+1)
MINDT=AL2T)/A(L)+,1
MSTP=A(Ll42)/7A01)¢.]
MSTR=ABStA(141})/A0L)eal
NETER=A(Z} 4.1
DH=Al1)/2.
ISUM=A(3}+.1
SINPHI=0.
COSPHI=1.
SINTH=0.
LOSTH=1.
SINPSI=0.
COsPSI=1.
SINTHO=SINIA(BO)/57.295T775513)
COSTHO=COS{A4180)/5T7.295779513)
FIL={A(TBI-A{T9)IZALTT)
F12={AtT79)-ALTT}I/ALTB)
FI3={A{TT)I~ALT1B))/A(T9)
CALL PREFILIA,O)
CALL GUSTIA}
CALL COMTRK{A,0}
CALL LAGTA.O)
IF {A(193).1LT.0.) CALL AUGMNTLA.QsR)
RETURN
END

*DECK PRECGM : :

CEEXERERRHXEKEREREREREXERERESTEEFERER LR EE S L E RS SRR S S EF PR B E S ER R R ER EE
SUBRCGUTINE PRECOM{A)

CH¥evtxa s bXxd ¥ 0 E RSk EES R LSS SUFREE XA ERE N USSR SRR ES R R ERE S S S 2SR DS
DIMENSION A{200),ASAVE(20)
COMMON/RANDOM/RITB8,3)4yRF{8,3)
COMMON /GUSTS/UGUST s VGUSTY , %GUST  PGUS T, QGUS T 4 RGUST
COMMON/TRACKZCTIZ293)sCTLATCTLONCTLATDCTLOND
COMMON/SCALE/AVL6) 5D &)
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ISUM=A(3)+.1
NITER=A{2}+.1
D0 5 1=1,20
5 ASAVELI¥=AL180+]1)
IF (A{6).LT.0.) GO TO 22
pO 20 I=l.4
IF LAL36+1).LT.1.€E-%) GO TC 20
SUML=0.
SUMZ=q,
IGAM=BQO+1{
DN 18 J=L1l+NITER
RICTI«1)=RNUM{A«LSUM, IGAM)
IF (AC13).GE«Qe) RF(L1.1)=RI{I,]l)
IF tA{L13}Y.LT.0.) CALL PRE{A.I)
GO TO [11+412,13¢14), |
11 CALL GUSTULA)
G=UGUST
GO TO 15
12 CALL GUSTVEA)
G=VGUST
GO 10 15
13 CALL GUSTRLA)
G=WGUST
GO 70O 1%
14 CALL GUSTP(A}
G=PGUST
15 SUMI=SUM1+G
SUM2=SUM2+G*G
DO 18 1I=1,8
RItIE,3k=RIt1I1+2)
RI{IT«2)=RI(I]I41)
RF{IL43)=RF{II.2)
18 RFE{I1:+2)=RFLLT.1)
AVEIT )=SUMY/FLOATINITER}
SO{I)=SQRT{SUM2/FLOATINITERI-AVI])*%2)
20 CONT INUE
22 D0 30 [=1,2
IF (A[121¢4%]),L.T.1.E~5) GO TO 30
SUML=0.
SuMz2=0.
J=l+ 4
1GAM=80+J
DO 25 K=1«NITER
RI{J+1)=RNUM{A, ISUM,; IGAM}
CIF {AL14).GEL0.) RFLUSLI=RI{ J-1)
IF {A{14).LT7.0.) CALL PRE(A,J)
CALL CTYRACKIA,LI)
SUMLI=SUML+CT{I,1)
SUM2=SUMZ2+(T{ I, L)*%&2
DO 24 [1I=1,8 :
RILIL,3)=RI{11,+2)
RICIT421=RI{I]s1}
RFIII+3)=RF{11.2)
24 RE{IIL2I=RF{I1,1)
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25

30

40

DO. 25 1l=1.2

CYHIT.N=CTIIT.+2)

CT{EL.2)=CTLI1,1)
AVUJ}=SUML/FLOAT(NITER) - _ .
SDOJ)I=SQRT{SUMZ/FLOATINITERI=-AVIJ) #%2)
CONT INUE

DG 40 I=1,10

A(BO+[I=ASAVEL )

CALL PREFILIA.O)

CALL GUSTIA)Y

CALL COMTRK{A4D}

RETURN

END

*DECK RNUM
CRbkatr kg kk kb bk r ke kR Rk Rk ek h Rk bk AR Rk Rk E SRR Rk MR kT Rk

FUNCTION RNUMEAsKyJd}

CHRRRE SRR R T SRR RN R ERE AR RN AR ARk AR R A kA kAR kR KRk Rk

o

DIMENSION A{20013

PI=3.14159265359
RNUM=0,

DO 1 [=1.K
ATOUM={ AL J ) +P [ }*%5
I=ATOM~-INT{ATOM}
Ald)=2

RNUM=RNUM+Z
RENUM=RNUM/FLOATIK)I-0.5
RETURN

END

*DECK PREFIL
CEEREE AL TR AR R E SRR SRR RS RRRRERRBE R KR E SRR SR AR SRR EE R TR R Rk F R ek k&S

SUBROUTINE PREFIL{AK}

CErkkk kb kR kIR AR R R R R ke R Rk ek Tk kA ek ku ke k&

DIMENSION A(200)
COMMON/RANDOM/RI{B8,3)RF{B,+3)

DY=A(12)*AL 1)

DEL T=4 .44, %0T+0T*0T
AO=4./DELTY
BI={8.~2.#0T*DT)/DELTY
B2=1{~4.+4.#DT-DT*DT} /DELY
DO 1 I=1.8

DO 1 J=1.3

RI(I+J}=0.

RF(I,J)=0.

RETURN

ENTRY PRE
RE(KyLI=AOF{RIIK ) LI-2.#%RI{Ky2)+RI(K 3 ))+BL*RF{K,2)#+B2%RF{K,3)
RETURN

END

*DECK GUST : .
COERECFEEEFBREREEESERSEREEFE RSN BEE AR A SRR KA R EREE R R R EH R R R SR RA RN ERERC RS kS

SUBROUTINE GUST(A)

253



CHEREP R AR RS RRE R RN RN B SRR USRI A SAP SRR TR RNk Y KRR NSRRI R R kR AR R AR Rk S
DIMENSION A¢200)
COMMON/RANDUM/R1{8:3) +RFLB,3)
COMMON/GUSTS/UGUST ¢ YGUST BGUST,PGUS T QGUST 4RGUST

T=A{1)

T2=T*%T
VO=SQRTLALITS)*#24A(TH)¥02)
FLV=A{4l)/V0
FLV2=FLV*%2
PPV=A{42)/IV0*3,14)159285356)
R32=3.464101615
CELT=2 ., 8FLV+T

AU=T/DELT
BU=(2.%FLV-T)/DELT
DELT=8.%BPV+T

AP=T/DELT

BP={ 8.%BPV-T) /DELT
AQ=(2.,/VO)}/0ELT

BO=BP

DELT=6.%BPV+T
AR={-2./VQI/DELY
BR={6.%BPV-T} /DELTY
DELT=4.*FLV2¢4, oFLVET+T2
AD=(R32XFLV*T+T2} 7/DELT
Al=2 *T2/DELT
A2=(-R3IZHFLV*T+T2) /DELT
Bl=(B.2FLV2-2.%T2)/0€ELY
B2= (=4 ¥FLV2+4.¢FLVE®T-T2) JOELT
uUGuUST=0.

VGUST=0,.

WGUST=0.

PGUST=0.

OGUST=0,

RGUST=0.

UGo=0.

VG0=0.

VvGl=0.

WGO=0,.

WG1l=0.

PGO=0.

QG0=0.

WG0=0.

RGO=0.

VRO=0.

RETURN

ENTRY GUSTU

UGl=UGo

RNO=RF{l«1}

RNI=RF(1,2)

UGO=AU*{ RNO+RNL1 }+BU*UGL
UGUST=0G0

RETURN
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ENTRY GUSTY

VG2=VG61

VGI=VG0

RNO=RFl2.11}

RN1=RF(2,2)}

RN2=RF(2,3) :
VGO=AD*RNO+AL*RN1+A2*RN2¢B1*VGL+B2*V(;2
VGeUST=vG0

RETURN

ENTRY GUSTW

WG2=WG51

WGl=WGO

RNO=RF{3+1}

RN1=RF(3.2)

RN2=RF(3,3])

WGO= AOXRNO+AL¥RN1+A2PRN2+B1*HGl+B2* WG2
WGUSTawWG0

RETURN

ENTRY GUSTP
PGL=PGO

RNO=RF (441)

RNL=RF{4,2)
PGO=APX{RNO+RN])+BP*PG1
PGUST=PGO

RETURN

ENTRY GUSTQ

OGi=QG0

WOl=WQ0

WQ0=WGUST
QGO=AQ*(WQO-WQ1)+BQ*QG1
QGUST=Q0G0

RETURN

ENTRY GUSTR

RG1=RGO

VR1=VRD

VRO=VGUST
RGO=AR*{VRO-VR1}+BR*RG1
RGUST=RGO

RETURN

END

*DECK COMTRK

COREEr R br b e b kb SR sSb S URREE RS SRR RRRRIEH EEERESRUSRA SRR EREENSEESESS SRS L L
SUBROUTINE COMTRK(A.L)

CHRERERRER S RAREREEREEEERRE RIS RN EREERFE AP SRS REERERAEE R SR ERRSRECEFUEEE XS
DIMENSION A(200),A0(2),ALL2),A202),B1(2),B2(2)
COMMON/RANDOM/RI{8¢3) sRFIEy3)

COMMON/TRACK/CT(2s3) sCTLATSCTLONSCTLATDSCTLOND

T=A(1)
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PO 5 [=1,2

J=l26¢4%( -1}

AA=ALJ)

EE=A{J+]1}

BB=A{J+2})
DELT=4.%¥BB¢0B¢4 . %BR*T+T T
ADI [ 3=12.%AA*THEE*TRTI/OELY
ALII)=(2,%EE*T*T)/DELTY

AL T )=(-2.,%AA®T+EE®TT) /JOELT
Bi(I)={B.*BR*BB~-2,.%TeT) JOELT
B2(I)={~4.*BB*NR+ 4, *BB«T-T*T) /DELT
DO 5 K=l.3

CT{Tl.K)=0,

CTLAT=0.

CTLON=0.

CTLAYD=0.

CTLOND=0.

RETURN

ENTRY CTRACLK

J=L+4
CTIL+1)=A0CLI*RFEJe L) +ALLLI®RF{J,2) +A2L{L)*RF{J,3)
1 +BLILLI*CTLL 20 ¢B2LL)*CTIL D)
RETURN

END

¥DECK LAG
CRERrr R ek bR kb Rk ESEEEREREESRNEREEE SRR R SRR RR AR RN AR R ARRRESEE KA R R SRk Rk

SUBROUTINE LAGIA.K)

CErpd okt ks 40 S kbR bNAEETEEER KU SRR ERE R RN RS ee TRk ek bk bkb kb kb bk kb khky

DIMENSEON AL200)+A004)+BL14)
COMMON/LAGS/0LAGI 442} o GLAGT %42}

T=A11)

DD 5 I=l,4
TAU=A(24+1)

IF (1.GT.2) TAU=A{I130+])
DELT=2.2TAU+T
AQUI)=T/DELT
BI(I)=(2.%TAU-T) /DELT
Da 5 J=1,2
DLAGIT,J)=0.
GLAG(I,Ji=0.

RETURN

ENTRY LAGOUT

GLAGIK + 1 )=ADIK)*IDLAGIK ¢ 1 )+DLAGTK+2))¢BLIK) *GLAGIK,2}
RETURN

END

*DECK AUGMNT :
CEERRE Rk kAR kSRS RERRRR RSN BEARERREREEE B USRS RA LKA SRS RS RR RN RS EhRTEEE

SUBROUTEINE AUGHNT{A+Q+R)

CEEA bk kb b kRS bk REERRRRRE R EERURNE R AR R KRN RN R R R E KRR R EF TR C R kb

DIMENSION A(200),Q02)+R(2]}
COMMON/STECK/DA+DE+DR+DEA UG DRAUG
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DELT=1.+A(1)
RA=1,/DELTY
RB={1l.—-A{1))/DELT
DELT=,16+A{1]
EA=.16/DELT
EB={.16-A{1))/DELT
R2=0.

DR2=0.

02=0.

DEZ2=0.

RETURN

ENTRY AUG

Ri=R({1}
DRL=RAX*{RL-R2)+RB*DR 2
DRAUG=0RL*AL196})
DRZ2=DR1

R2=R1

Ql=q{ 1)
DEL=EA*({QI-Q2)+EB*DE2
DEAUG=DEL1*A{194)+Q1*A{ 195)
DE2=DE1
Q2=01
RETURN
END
«DECK REEVES
CHBEEEREERFRRREEEXRERERR AR EEERE AR R kR E R XX R SRR R RR R E Rk bR Rk kb k%
SUBROUTINE REEVES({A}
CHREEerenrkhbh SR U bk R R RR R R Rk AR AR AR R R SRR R Rk KRR KRR AR R AR R X G
DIMENSION A(200)¢AVI6)o5D(6) JASAVE(9) yRNIF+3}4GC{94+3)
1 SIX(3)sS2X{3)51Y2(3),52YZ(3).5XYZ(3)
COMMON/GUSTS/UGUST VGUS T4 WGUSTHPGUST ¢ QGUST 4 RGUST

C
FILTL(ROWR1G1I=A10%{RO+R1)+B11 %G1
FILT2(ROWRL»GLI=A20%(RO+R1)+B2L*G1
FILT3(ROsR1:sG1,G2)=A30*{RO-R1)I+B31%G1+832+G2
FILTA4(ROWRLIIR2+GLeG21=A40BRO+AGIMRIFAL2*¥R2 +B4H1 *GL+B42%G2
C

T=A(1)

ISUM=A(3}+.,1

NITER=A{2)+.1
FL=A{41}/SQRT{A(TS) **2+A{ T6) *%2)
FL3=FL*5QRT{3.)
DELT=2.,¢FL+T

AlO0=T/DELTY
Bli={2.%FL-T)/DELT
DELT=4,.%FL+T

A20=T/DELT
B21={4,.,¢FL-T}/OELT
DELT=16.¥FL*FL+B*FL*T+T*T
A30=2.*T/DELY
R31={32.%FL*FL-2.,*T*7T) /DELT
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10

15

20

30

B32={-16.%FL*FL*3,*FL*T-T*T)/DELT
DELY=4.¥FL*FL* G 2FLETH 15T
A4O=(2.%THFL3+T*T ) JDELY
AGl=2,%T*T/DELT

AL2= (-2, %T*F| 3+T&T ) /DELT

BOl={ 8. ¥FL*FL-2.%T*T)/DELTY
B42=(—4.%FL*FL+4,*FL*T-T¢T)/DELT

DO 1 1=1,9
ASAVE(L)=A(90+1)
DG L J=1,.3
BRNII+J)=0.
GClLi+Jd1=0,
DO 3 i=1.,3
SI1Xt13i=0.
S2X111=0.
S1YZ{11=0.
S2Y2 L 11=0.
SXvz2{1)=0.
DO 4 I=1,6
AV{T)=0.
so(ti=1,

DD 20 IT=1.NITER

b0 10 I=1.9

RN{I+L)=RNUM{A,ISUM,90+¢])
GClLlel)=FILTIM(RAN (Lol }eRNELe2)GC(14+2))
GUE2, 1 =FILT2(RNL24s1}¢RNL2,23,+GC(2,2))
GCU3sLI=FILT2{RNT3eL1)oRNI3.2),6C13,201%
GCl4 s 1)=FILTLIRN{ 4o 1) oRNL&y2)4GCl4,2) )}
GCUSyLISFLILT2IRNISy 1) yRN(542)+GC(5s2}))
GCUG6s1I=FILTZ2{(RN{Ge 1) s RNI G692} sGL{6,2}))
GCUT+11=FILTA({RNC 7o L) o RNLT792) oRNCT7 43D GLUT+2) oGLLT3))
GC{B+1I=FILT2(RNI{Ba1)+sAN(8:2)GC(B,:2})
GCLS 1 =FILT3(RNI9y LI ¢RN(943)4GCL 9,2} +GCIF4INI
00 15 I=1,3

J=z3*[-2

SIX{I)=S1X{1)+GC{Js1}

S2X( 1 1=S2X{I1)+GClJs1)%52
SIYZUI)=S51YZU1)+#GCLJel, 1) *GC1U®2,1)

S2YZ UL =S2YZ( 11+ {GCUJR) 1) *GCl de2y1)) #%2
SXYZUII=SXYZUID4GCTJ LI *GLLI+1,1)%GCLJe2,1)
Do 20 1=1,9

RN{I+3)=RN{1.2}

RN{I.2}=RN{.1)

GC'103)=GC|[l2,

GCl142)=GCUII,1)

COUNT=FLOATI(NITER)

=0

DO 30 I=145,2

J=J+]

AV(I)=S1X{J)/COUNT
SO(I)=SQRY{SZX{JI/COUNT-AV[][)I®%2)

J=0 :
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315

40

10

75

80

a5

30

DO 395 I=2486,2

J=J4+1

AVII)=SLYZ{J)/COUNT
SO{IN=S0RT{S2YZ(JI/COUNT-AVI ) %¥2}
DO 40 I=1,9

A{90+1}=ASAVE(])

DD 40 J=1,3

ARN(T.4)=0.

GClIe«J)=0.

RETURN

ENTRY GUSTUR

DO 70 [=1.3

RNEI+1)=RNUM{Ay 15UM,90+11}
GCUlse1)=FILTLI(RN{L1s131+sRNI1s2)4GCI1,21)

GCl2y LI=FILTZIRNIZ2s1)4RNI 2+2),6C{2,2))
GCL{3,1)=FILT2{RN(3+41)4RN{342),6C13,2))
UGUST={GC(1l+1)-AVI(1))/SDULI+{GC{2+1)«GC{3,1)-AVI2)}/5D(2)
SCL=SORT{2.42.%(SXYZL{L}/COUNT-AVIL1)*AV(2i)/7(50(L)=*5D(2}))
UGUST=UGUST*A(37)/SCL

DO 75 I=1,.,3

RN{L1+31=RN{1,2)

RN{T+2)=RN{I+1)

GCl1e3)=GC{I,2)

GClL,2)}=GCUL, 1)

RETURN

ENTRY GUSTVR

DO B0 I=4.,6

RN{I ¢ LI=RNUMIA,IS5UM,90+1)

GClA+ L1}=FILTLIRNC4+1)+RNI{4+2),GCL{442))
GCUSs1)=FILTZ{RNIS5¢+1)4RN{5,2),GC(5,21)

GCLO 1)=FILTZ2{RNIGs LY 4RNLU 642} +GC(642))

VGUST=1{GC{4s 1)~AVI{3D)/SDU 3+ {GCIS5 4L Y 2GCU6 L) -AVI4) ) /50104 )
SCL=SQRT{2.#2.%(SXYZ(2}/CCUNT-AVI3) *AV{4)) /(SDI3}*5D(4}})
VGUST=VGUST*A{38}/5CL

DO B85 [=4.,6

RNLL3)=RNII,2}

RN{T+2)=RN(I,1)

GClI+31=GL(I,2)

GL(I+2)=GCIL1+1)

RETURN

ENTRY GUSTWR

D0 90 [=7.9

RN{L1,1)=RNUM({A,I15UM,80+]}

GCUT o LI=FILTAIRNI T L) o RNE 722V 4RNIUT 3] yGCUT+2) +GCIT43))
GCUBe1)=FILT2{(RNIB,1},RN(E,2),GL(By2))
GC{9+LI=FILT3{RNI9+ 1YsRNIS«3}4GCL942) ,60(9,3))

WOUST=(GC{ T, LI-AVIS)I/SDUSI+{GCIB,1)2GCII,1)-AVIBII/SDIG)
SCL=SORT{Z2.+2.*%[SXYZ{3)/COUNT-AVIS) #AVI6))}/ZESD(5)#5D{s6))}
WGUST=WGUST*A(39) /5CL

00 95 (=749

RN{E+3)=RN{1.2)

259



95

RN{T»2)=RN[1+13
GCLTI+31=0GCI1+2)
GCII+21=GC{Lv1}
RETURN

END

«DECK INQUT
CEPEUEEF R ERREREREE SRR RN R R R SR AR R AR R R h kR R R RN X AR R e KRk R e E kAR *k

SUBROUTINE INDUTHIT)

I EII L2 RS2SR 2L RS2 2 SR R R st R R R It s R IR PR RE RS TIRIEEY TS

201

2001

2101
2201

2301

101

301

401

501

601

1

W e O e W

1
1
2
3

1

DIMENSION L{4)T(4)  VARNAMIS0),YN(2)
COMMON/SYSCOM/AAL 200) +OFLAT,OFLON,DFSIDE«FMSTR ,FMSTP,FMSTS,
AVGI«STDI+RMSI »SKwl + PKDI N1+ ICOUNT

DATA VARNAM/4H Us 4H v4H VeaH v4H WesH
4H Ps4H wéH Qré4H 14H Rs&H
4H PadHHI +4H THW4HETA J4H Ps4HSI
4H AL+ 4HPHA +4H BE+4HTA  +4H U G44HUST
4H V Ge&dHUST »4H W G+4HUST 44H P G+4HUST
4H @ Ge4HUST 44H R G,4HUST 44H LAT,4H CT
4H LONs4H CT o4H LAT,4H FRR.4H LON,4H ERR
4H RAD+4&H ERR »4H DesHA ebH Ds4HE
4H Dy 4HR /

DATA YN/4H YES,4H NO /

* = % B W & &

GU TO {1e2¢31445¢56+4728+9,10,114121,1

CONT INUE

WRITE{2,201]

FORMAT(iH])

IF (A0125) el Tl E~5.ANDLALLI29) L T4 .E-5) WRITELZ2,2001)

FORMAT{Z20X s%+#+ PHI-THETA ATVITUDE STABILIZATIUN +#+%/)

ITR=A{SI-.1

[F ((A{L125) aGT alaE~5a0RA(129)eGTalE-5).ANDLITR.EQ.D)

WRITEL2,2101)

FORMAT{15Xe*+4+ PHI-THETA COMMAND TRALKING {CUMPENSATORY)Y ++¥x/}

IF {ITRLEQe~1) WRITE(242201)

FORMATI{1S5X . *+#+ PSI-THETA COMMAND TRACKING (COMPENSATORY) rEek/)

IF (ITR.EQ.=2) WRITE(2,2301)

FORMAT{18X%¢++ PSI-THETA COMMAND TRACKING (PURSUIT]) +++%/])

NUMIT=AL2)+.2

JSUM=A(3)+,.]

WRITE{24101) AC{L)+4NUMIT,JSUM

FORMAT(* FRAME TIME =#*,F5.,3,5X,*]ITERATIONS =%,[5,5X,

*RANDOM NUMBERS SUMMED =#*,13/)

WRITE(2.3011

FORMAT(18X ,®¢+++ LONGITUDINAL STABILITY DERIVATIVES +#+++%)}

WREITE(2,401) (A(K)+K=60,T4}

FORMAT (% XU=*,LlPD10.3,* AW=2,D10,3,% XWD=%,4010.3,% XQ=%x,
D1043.* XDE=#*oD10.3/7% ZU=#,D010.3,% IW=%,D10,3 4% IWD=%
1D1I0.3+% 2Q=%3010C.3+# IDE=#+D10.37/% MU=%,010,3,% Mp =%
2DL0 3% MWO=%,D10,3,% MQ=%,010,3,% MDE=#%,D10.3/1)

WRITE{2,501)

FORMATL21Xs*++¢ LATERAL STABILITY DERIVATIVES +++%}

WRITE(2,601) (A{K} K=45,55)

FORMAT(# YV=%,]1P010.3.% YP=%,01C.3+* YR=#sD]10c3e# YOA=%,
D10e3e* YOR=®,D10.,3/% LV=%¢,010.,3.+% LP=%,DL0.3 4% LR=%,
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701

801

901

1001

1101

1501

1201
1301

1401
9901

1601

1701
2401

1801

1901

2 D10.3.%* LDA=*,D1 0.3 4% LOR=%+D1D 43/ % NV=%:D10.3+% NP==x
3 rD10.3,% NR=%¢,010.3,% NDA=%,4D10¢3,% NDOR=%,D10.3/)
WRETELZ2, TO1) AUBO)ALT5),A(T6]
FORMAT (% THETAO=%,F5.2s% DEG*,5X%UD=%,F6.1+% FT/SECk X, *¥wd =%,
1 F&als* FT/SECR/S)
WRITE{2+.801) A(TTIsALTB)ALT9)
FORMAT (¥ [XX =%, 1PDL0+3+4Xy*[YY =%,010.344Xe*121 =%,D010.3+4X,

1 L4H{FT-LB-SEC**2)/)
IF (A(1251 0T uleE-5.0RaA0129).GTal.E-5) WRITE(2,901)
1 {A(K)1K=125,132)
FORMAT{* COMMAND TRACKING FILTERS*,TX #¥KE,LLXs*¥A%, 11X s*E®,11X,
1 *BR/I2Xy ¥ LATERAL*, 6X 41 3X41PDS. 2)/12X'*LUNGITUD!NAL ¥,
2 4(3X,1PD9,2)/)

IF (Al114)LT 0.} WRITE(2,1001) A{12)
FORMAT (* COMMAND TRACKING PREFILTER +++ D =%,F&4.2/)
IF (A137)al Vo loE—5.AND.AL3B) LT l.E-5.AND.A(39) LT l.E-54AND.
13 A(40)}.LT.1.E-5) GU TO 9901
IF (A{6}.GE.Q.) WRITELZ2,1101) {ALK) K=37,40)
FORMAT(* DRYDEN GUST GAINS ¢ U=*,1PD9.243X%V=%,09,2,3X,
1 ¥W=%4 DG, 243X, #¥P=%,09.2/])
IF (A{6).LT.0.) WRITE(Z,1501) A{37).A138),4039)
FORMATI{* REEVES GUST GAINS ++ Us€,1PD9,2,3Xs%V=%,009.2,3X,
1 *W=%,09.,2/)
VOG=YN(2)
IF (A(43)0.0LT.0.) VOG=YN(L)
VRG=YN{2)
IF {A(44).LT.0.}) VRG=YN(IL]
IF {VQG.EQ.YN(LJ}.ORVRGAEQaYNI1).OR.AL40}.6T.1.E-5])
1 WRITE{2.1201) VQG.VRG,A(42)
FORMAT (% QGUST? *,A444X+¥RGUST? ¥4 A4 46X+ ¥WINGSPAN =%eFGalo* FI%/)
WRITE(2,1301) A{41l)
FORMAT(x SCALE LENGTH =%,F7,1,% FT%/)
IF (A(13).1T.0.,]) WRITE{(Z2:1401) A(12)
FORMAT{* GUST PREFILTER +++ D =%*,F4.2/)
CONT INUE
WRITE{2,1601) AL17).,A018)4A019),A821),A(22)A(023),4A(25),A(20),
Al29)4A{303,A0311,A032)4A033),A135)4A134},A136),
AlL137)sA(138])
FORHATI* PILOT MODEL PARAMETERS#*,:5X*LATERAL*,4X +*LONGITUDINAL*,
AX e *HEADING*/3X 2 #P ILOT GAIN® 410X 314X, 1PDF.2)}/3X%»
¥*PILOT LEAD* 10X ,3(04X4D9.2)/3X,*PILOT LAG*,11X 204X D322}/
3Xe*PILOT DELAY*,9X+2{4X,D9.2) /3Xy*URGENLCY DELAY*,7X,
204X:09.2)/3X+*ALPHA® 15X +2(4X+D09.2)/3X+*BETA*, 16X,
214X+09.2)/IXs*REMNANT GAIN*,8X,2{4X209.2)71
IF (AC19B8).GE.0. . ANDA{15).LT.0.) WRITE(2,1701) A(L2)
FORMAT (* REMNANT PREFILTER +#4+ D =%,F4.2/)
IF (A(143).6T.1.E-5) WRITEI2,2401) A{l43)
FORMAT (* SIDE TASK URGENCY = *.F7.4/)
IF (AC193}.LT7.0.) WRITE(2,1801) A{194).A{195i,A01906])
FORMAT (*® AUGMENTER GAINS #44%,4Xo%KA =%, FT.3,4X p*¥KY =¥ FT.3e4Xs

h N

WNoB e N e

1 *KY =%,FT7.3/)

1F {A1133).G6Tal.E-5.0R.AI134).6T.1.E-5) WRITE(2,1901) A(133},
1 Al134)
FORMAT{* CONTROL SYSTEM LAGS +++ LATERAL =¥,F6.,345X,
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1 *LONGITUDINAL =%,F6.3/)
GO YO 999
2 CONTYINUE
WRITE(Z2.102)
102 FORMAT{1X,BO0{*+¥}/)
GO TQ 9599
3  CONTINUE
WRIFE(Z,103) ICOUNT
103 FORMAT(/LBX+%+++ SYSTEM DIVERGED AFTER*®.I6+% ITERATIQONS +¢¢¥//)
GO TQO 999
4  CONT INUE
WRITE(2,104)
104 FORMAT(//30H LATERAL URGENCY DELAY T0O0 BIG//)
GG TO 999
5 CUNTINUE
WRITE{( 2,105}
105 FORMAT{//35H LONGITUDINAL URGENLY DELAY TOG BIG//)
GQ TO 999
& CONTINUE
WRITE(2y 1061}
106 FORMAT{//33H LONGITUDINAL PILOY DELAY TOO BIG//}
GO TQ 999
7 CONT INUE
WRITE{2,107}
107 FORMAT(//28H LATERAL PILOT DELAY TGC BIG//)
GO TO 999
8 CONTINUE
WRITE{ 2,108}
108 FORMAT{//725H LOGIC ERROR IN SWITCHING//)
GO TO 999
9 CONTINUE
WRITE(2+1109} DFLAT+DFLONDFSIDEFMSTR«FMSTP +FMSTS,AL2T)
1109 FLRMAT(6X+%DWELL FRACTIONS#*, 14X *MEAN DWELL TIMES#*,9X,
L EMINIMUM DWELL TIME®/IX  *¥LAT%,0X % LONG* o5 X+ #SIDE®LBX,
2 AT ¥ g 6X g XLONG® s OX 4 *SIDE*R /1 Xy FOB o4 s IXsFO a4 o ANy FB 4 4o X3 F Tty
3 3XeFTab 43X eF Tt 10%F5.3/}
GO0 7O 999
10 CONTINUE
WRITE(2Z2,110)
110 FORMAT{(* VARIABLE®,6X, SMEAN*®,B8X,*5T0. DEV. *,BX ¥ RMS %,8X,
1 XSKEWNESS*s 5X s *PEAKEDNESS*/)
GO TO 999
11 CONTINUE
NAME=2%N1-1
WRITE(2+111) VARNAMINAME) o VARNAMINAME#1) s AVGI 4STDE yRMST ,SKIKI , PKDI
111 FORMAT{1Xs2A4¢3Xs1PD10.3y4(4X+D10.3}7/)
GO TO 999
12 CONT INUE
15TOP=0 '
112 READIT+212) (LIKIoTLK) «K=1v4}
212 FORMAT(4114,F12.0))
IF TEOF{T})) 998,412
412 D0 312 M=1.4
IFILI{M}LEQ.DIGO TO 312
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ITFIL{M).LT.0)ISTOP=1

LOC=TABSIL{M})

A(LOC)=TIM)

IFLISTOP.ED.13G0 TD 999
312 CONTINUE

GO 70 112
598 STOP
969 RETURN
END
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