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SECTION I

INTRODUCTION

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:

Document the Urgency Decision Pilot Model.

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

Illustrate this new methodology through applications.

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 modeling 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 a computer program user guide,

B. PRECISION PILOTED FLYING QUALITIES

Although there are numerous 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 tasks constitute the most critical
aspects of the tactical fighter mission as performed by skilled 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 also be taken to study
the piloted aircraft, so that it is necessary to develop simulation pilot models.
Fortunately, 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 ?

b v e . e . .
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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 urgercy 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—im)ariant 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:

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.

Two-axis command tracking with varied plant dynamics.
Two-axis command tracking with unstable plant.

Target tracking with visual delays and side task.
Prediction of critical task performance.

Prediction of pilot reserve attention.

Prediction of step target tracking performance.

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

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
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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 discriminating ability
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of the item to ensure performance as well as pilot acceptance. There are two methods

presented for flying qualities specification that meet these criteria:

e 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. Precision 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 II

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 flying 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 tactical
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, thev 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, often in the presence of turbulence and pilot
induced disturbances. Performance is measured in terms of the
probaility of staying within a certain distance of the commanded
point,

Dive Bombln%: 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




v

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 that 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 distinct methods,
The first is to obtain subjective evaluation from the pilot in terms 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 classified 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.

2) 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
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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 be 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.
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T ASK
® Command or Pursuit Tracking
Random command
Discrete or deterministic command
Maneuvering target
Terminal control target
Finite tracking time
° Stabilization
Gaussian turbulence
Non-Gaussian turbulence
Aerodynamic disturbances
Pilot-induced disturbances
° Monitoring
Instrument scan
Cockpit chores
CONTROL
® Single- Axis Tracking
® Multiaxis Tracking
® Side Task (Tracking)
® Side Task (Diversion)
o Time-Varying Control
° Human Factors Effects
Perception
Motion cues
Controller actuation
Acceleration environment
EVALUATION
(] 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
L] Task Interference Effects
(] Multi-Parameter Flying Qualities Evaluation

Figure 2. Generic Classification of Precision Task Components
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APPLICATIONS IN
THIS REPORT

STABILIZATION
TWO-AXIS TURBULENCE
STABILIZATION
RELATIVE DISPLAY
SENSITIVITY
VTOL HOVER
TWO-AXI§
COMMAND TRACKING
TARGET TRACKING
CRITICAL TASK
PILOT RESERVE
ATTENTION
STEP TARGET

CLASSIFICATION

SINGLE-AXIS TURBULENCE

TRACKING
CONTROL
SYSTEM LAG
COMPARISON OF
TURBULENCE MODELS

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

STABILIZATION
GAUSSIAN TURBULENCE X | X (X X
NON-GAUSSIAN TURBULENCE
PILOT GENERATED DISTURBANCES X X

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

x
x
x

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

X X X X

x
x

Figure 3. Classifications of Applications in This Report
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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, DE FINITION OF STATISTICAL AND DYNAMICAL PILOT MODELS

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 also employed for these purposes, but analytical
methods have several advantages. Large analytical surveys can be carried 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 II 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 description 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 qualities problems, but
in order to see how this model constitutes a comprehensive analysis method, the fol-
lowing definition is offered:

11
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Definition: The Urgency Decision Pilot Model is a rule that, given a simulation
model of an aircraft along with the pilot's TASK and an EVALUATION
ag defined in Section II, assigns the following three items:

1) The system configuration of multiaxis pilot CONTROL.

2) The method for adjusting the CONTROL model 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:

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

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

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

® The model is 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 control pilot models. The use of the time-history simulation
context not only allows greater flexibility in the aircraft 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 dynamical.

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

12
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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, V,W, AND U
GUSTS ARE EASILY GENERATED
ALONG WITH UNCORRELATED
MODELS OF PILOT REMNANT,
BUFFET, GUN RL.".CTION, AND
SENSOR NOISE AS REQUIRED.

COMPUTING

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

Figure 4, Urgency Decision Pilot Model Advantages

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 thé pilot carries
out the flight phase. For such problems, the EVALUATION selected by the flying
qualities analyst will contain items relating to the pilot's compensation: demands of

13
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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 (iynamical 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 dynamical 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) display, 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 decision 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 respect 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 medels 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 techniques 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 describing-
funetion 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 déscription 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 methed 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 set of functions than linear continuous
compensation. The span of this set of functions is yet to be determined, but indica-
tions from available flight simulation and model data justify the following principle:
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Principle of Human Optimality Given a precision flight TASK and EVALUATION, the

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

1)

2)

3)

4)

5)

oD ¢
Linear piecewise-continuous compensation of spemfic state
variables.

Nonlinear piecewise-continuous compensation of specnfic state
variables.

Discrete control inputs including ''no operation' and "control
hold. "

Pulse or bang-bang control.
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 ﬁ"rinciple

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 contains at least the following

limitations:

1) Limited visual resolution.

2) Visual position and rate thresholds.

3) Visual fixation time. 3

1) Visual image perception delay.

5) Proprioceptive perception threshold and resolution.

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

7) Limited motor information channel restricting simultianeous con-
trol output.

8) Neuromuscular dynamics, response time, and resolution.’

The implementation of these two principles is best done by means of time-history

simulatio~ in order to preserve for examination the flying qualities effects of the

pilot's num rous 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 controlied 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 éupport the hypothesis that describing-
function pilot models are accurate predictors of aircraft 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 logic. 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-
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
diagrémmed in Figure 5. Actual data obtained by this method is reported in
Reference 1.

Where visual error and error rate 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 eo and 20:

If ¢ >¢ o’ then ¢ is observed by the model.

If ¢ <e¢ o’ then no error is observed by the model.
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H e e o then ¢ is observed by the model.
If ¢ <e o’ then no error rate is observed by the model,

where ""observed by 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

ﬁ

DATA FOR
TRACKING WITH
ADDED REMNANT

/
ACTUAL REMNANT

LEVEL

TRACKING ERROR WITH
NO ADDED REMNANT

0
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 /e\ represents observed €, then the basic model is of the form

shown in Figure 6. It defines a single-loop control command 6, at time t:
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5, ()=(delay T) K ( & )+ TLe/é\(t))

where K¢ = pilot model gain
TL = pilot model lead time constant
€
T = pilot model 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 TLe that produce the minimum rms tracking error e.

A A AIRCRAFT
COMMAND €€ 6¢ | AIRCRAFT
ERROR | € VISUAL ’ PILOT €| equations| MOTION
——P| EQUATION [~P{ PERCEPTION [~ COMPENSATION [ DEI1._AY .S OF
MOTION

[

In order to present the essentials of a multiloop compensation model, consider a
heading command task in which the pilot is subject to visual threshold effects of mag-
nitudes ¢ and ?o The system configuration is shown in Figure 7.

Figure 6. Single-Loop Pilot Model

The pilot model equations are then given by:
A A
If we>¢6. ¥y =Yg Otherwise ¢, =0

>

A
If ¢>¢6, ¢ =¢. Otherwise¢ =0

A 1 A
ba= (delay T)EK!L(Q; TL i//) + K¢(3+ TL:)
Y
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S ee|  HEADING EQUATIONS Y
PERCEPTION [~P COMPENSATION DELAY [ OF —>
COMMAND & _ =
# MOTION ¢

AN
VISUAL ¢.2 INNER LOOP
PERCEPTION > STABILIZATION

Figure 7. Heading Command Task

By the Principle of Human Optimality, the gains K s and K ¢ along with the leads
TLl,b and TL are adjusted to produce the minimum rms Lpe for an "acceptable'" amount
of bank angle rms ¢. Other examples of multiloop compensation can be found in Sub-
sections 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
similar to the incorportation of visual effects. In the examples considered 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 aireraft 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 defired 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 task 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 observing 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 commands clearly showed that the pilot flew the simulation by performing a
sequence of exclusive lateral and longitudinal control episodes. Figure 8, reproduced
from Reference 10, was obtained during a simulator flight test and demonstrates this

sequential control behavior.

This 1966 study attempted 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 resolution 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 functions, 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 tasks are performed simultaneously.
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2) 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.
If the error is decreasing, little or no control correction may be warranted; but if the
error is increasing, the situation may be critical. For 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 Ue that takes this into account is given by the following
formula in terms of observed error € and error rate 2 ¢

A A
Ue =|a(|@|+ﬁ( fé\?

= |a |&]+ g, sign(®)é

The coefficients a¢ and B¢ in 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 to the applications detailed 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 limited 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 Tasks

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 task, 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 simply
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 state
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 aircraft model in a computer program that can be modified to include
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 calculator-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 cases, 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 setting 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. Each 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 inquire about applications of the pilot model to representative
tactical fighter dynamics. Attitude stabilization in 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
emphasize 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 dynamics, 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
3
2 1 1A 1B
E
s 2 2A 2B
4
€ 3 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 gsimulation 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 aK centi-
meters per degree of bank angle and uK centimeters per degree of pitch angle.
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TABLE 1.

LONGITUDINAL DERIVATIVES

N
€

1
1.8

0.0

-.004
-8.103x107°
-4,596
-1.0
72,023

-10. 503

718.0

LATERAL DERIVATIVES

L'

All other derivatives are zero.

-1.3

0.0
-0.008153
-8.103x10~°
-4,596
1.8
72,023

718,0

-1.5
0.00705
0,0352
2,0

-0, 5002

~1.0
0.4045

2,023

-29. 06
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Figure 12. Two-Axis Flight Simulation Display

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

bl a Task

0 | 1 | Continuous Lateral Only
8| 1 | Two axis, p/oo = 8

16 | 1 | Two axis, p/a = 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 u/a ratio is increased from zero (con-
tinuous 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(¢ , ),
and is given by

r6,6) = Viet)Z + (o2

' '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 fatigue effects. The turbulence simulation
used Dryden spectra obtained by filtering digitally generated Gaussian white noise as
specified in MIL-F-8785B, where an airspeed of 718 fps and an altitude of 1750 feet

34




Dl S A T NG

were used. In order to diminish low-frequency effects 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:

-8
(K¢ (TL¢s+1\e 19

da

-78
se [KO(TLos+l)e ]9e

In terms of time-domain notation they become:

a = (Delayr){Kg(o, * TL¢ o)}

e = (Delay 1) {Kg(6,* ) 3 6}

However, since commanded ¢ and ¢ are identically zero,

bo = %t (¢, -9)
- -
e U
Similarly
Skl

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.

¢
s -
0 K¢ DELAY
+
b = -p
e T,
0
OC
0 Kg DELAY
s

T
Lg

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:

If UR > UP then § . 0 and lateral axis controlled

1f UR = UP then ¢ & 0 and longitudinal axis controlled

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

3 e ¢
Ug = al ¢e|+ﬂ l¢e| de
U, = uloe|+v 'ZZI éel

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
p and o 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:

R °,¢e,
P ”l"el

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

U

1]

1

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 erro:.

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,

T,  of the longitudinal task.
(2]
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 roll 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 Tj, ¢ 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 sta:rting 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 difficulty. With this value of

Ty, e the gain K¢ 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 8. 17 0.461
B continuous ¢ 3.5 0.5 3.31 0.517
1 continuous ¢ -0.5 0.6 0.196 0.0208
2 continuous 6 -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. 0146
39




A comparison of the pilot model data with the flight simulation results is shown in

Figure 16.
4
LINE OF AGREEMENT
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Figure 16, Comparison of Pilot Model with Flight Simulation Tracking
Error Data for Single-Axis Turbulence Stabilization
1t 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.

s

FLIGHT SIMULATION: Data is obtained in a series of 10 to 20
consecutive flights. Series may be kept or rejected
to all ow for training and subject daily variation, but
a geries must be kept or rejected in its entirety. No
series may be reject ed 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 adiusted 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.

W

FLIGHT SIMULATION (DEG)

® STANDARD DEVIATION OF
TRACKING ERRORS FOR EACH
CONFIGURATION

0

0 PILOT MODEL (DEG) @

Figure 18, Comparison of Standard Deviations of Pilot Model and Flight
Simulation 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 simulation 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 tracking 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
longitudinal 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(,6)=V a Z(rms ¢)2+#%rms 9)°

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 ¢ (deg)
u/a Kg TL¢ Ky TLo 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 16 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 0.785 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 1.5 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 u/a ratio; however, the use of uand a 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 periods and dwell fractions of the
attention allocation were not obtained from the flight simulation. However, the
division of control between the roll and pitch 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 s.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 3.71 .574 .210 .0329

1B flown at a u#/a 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 episode 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 degradatioh 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 a 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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Figure 23. Longitudinal Task Interference
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Figure 24. Lateral Task Interference
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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 problem, at a #/a 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 6¢ 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.

CONTINUOUS 6
OPEN LOOP 6

OPEN LOOP ¢

u|a

CONTINUOUS ¢

LATERAL TRACKING ERROR ¢ ,

o

0 LONGITUDINAL TRACKING ERROR ¢

Figure 25. Example Task Interference Graph

The #/a ratios employed in the simulation and in the pilot model 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 u/a 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
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is shown by the u/a curve. The tradeoff between these two tracking errors for a
nearly optimum radial tracking error will be manifested 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—
aircraft 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 effects 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 towards 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 ahgle 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 or dispersed along the p/a curves of
the task interference graphs for a large part of the curve, depending on the sensitivity

of the curve to these u/a ratios.

The clearest example of task interference effects can be seen in the i B and 3B
configurations of Figures 27 and 31. Individual flight data, presented in Reference 3
and reproduced here as Figures'32 and 33, revealsa 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
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Figure 26. Task Interference Graph for Configuration 1A
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Figure 27. Task Interference Graph for Configuration 1B
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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 32. Pilot Model and Flight Simulation Data Dispersion for
30-Second Flights of Configuration 1B at u/a = 16.
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Figure 33. Pilot Model and Flight Simulation Data Dispersion for
30-Second Flights of Configuration 3B at u/a = 16.
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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 dynamic
characteristics of the problem being studied. By demonstrating that the model pro-
duces similar 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
tzacking 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 single-axis time history.

At the beginning of this Subsection, there were four areas of investigation to be
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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Figure 34. Lateral Time Histories for Single- and Two-Axis Turbulence

2)

Stabilization of Configuration B Lateral Dynamics

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.

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 previously 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.
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B. VALIDATION OF THE MODEL FOR TWO-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 u/a 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 look-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 %

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 result 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

¢

If ¢ < 4°, ¢ observed

v

Comparisons of the model with the fiight simulation for single-axis tasks were per-
formed in 2 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.

5.0 LINE OF AGREEMENT

rms SIMULATION @ (DEG)

5.0
v rms MODEL § (DEG)

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)

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

2.0

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

Il

U

)
'S
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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.

60

S, -

A a

e



ws

2.0 LINE OF AGREEMENT

rms SIMULATION 6 (DEG)

rms MODEL 6 (DEG)

Figure 39. Longitudinal Stabilization of the YF-17 Two-Axis

2,0

5K/0.4

O MODEL
8 FLIGHT SIMULATION

CONTINUOUS 6 TRACKING
OPEN LOOP ¢

rms ¢ (DEG)

Q

OPEN LOOP §

CONTINUOUS #§ TRACKING

rms 0 (DEG)

2,0

Figure 40. Two-Axis YF-17 Task Interference Graph for 5000 Ft at Mach 0.4
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Figure 41. Two-Axis YF-17 Task Interference Graph for 30, 000 Ft at Mach 0.4

Figure 42.

TR e e . — i ————

5.0
2 30 K/0.4
O MODEL
o - 3
2 88 FLIGHT
Lp O SIMULATION
= ﬂD
Q n
a P o
i 3]
g ug n
8]
n(3
0
0 rms 0 (DEG) 2.0

5.0
5K/0.8
(CALIBRATION CASE)
O MODEL
2 FLIGHT SIMULATION
2
e
4
E
0
0 rms 6 (DEG) 2.0

Two-Axis YF-17 Task Interference Graph for 5000 Ft at Mach 0. 8
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5.0 .
“ 4
40K/0.8
O MODEL
et 82 FLIGHT SIMULATION
2
a 4
s '
E
1
0
0 ms 6 (DEG) 2.0

Figure 43. Two-Axis YF-17 Task Interference Graph for 40,000 Ft at Mach 0.8

i ot b PrY USRS V.

5.0
60K/0.9

O MODEL {
8 FLIGHT SIMULATION |
{
i
3 |
o ‘
a |
< ot 1
: {
|
|
|
i
!

0

0 ms 6 (DEG) 2,0

Figure 44. Two-Axis YF-17 Task Interference Graph for 60,000 Ft at Mach 0.9 |
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5.0

10K/1.1

O MODEL

% FLIGHT SIMULATION
2
Q
R
E

a]
0
0 rms § (DEG) 2.0

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-117.

This analysis was carried out by using an existing representation of the
YF-17 without any modification in the aircraft 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.




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 full Urgency 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.

1 é o | T 4 1
6a->_<§>—> s P E R

5

5

- u
. N R K R

Figure 46, VTOL Aircraft System Dynamics

v~

The pilot's task 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 control.

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, y, é are the constant
urgency function coefficients,
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Figure 47. VTOL Pilot Model Compénsation for Lateral Control

$ ¢
Us =,°‘R|Y'+ﬂnl T+ RIP1*0R T3] ,
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X ol +s_ 6 o
. p| X| *fp 1% P45

Figure 48, Urgency Functions for the VTOL Hover Task

Up=|

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

X A X &
.T' ‘T’
—» Y » Y
GREATER URGENCY LESSER URGENCY
A g 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 a and the 8
terms takes this into account by adding the magnitudes of position hovering error
and translational 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 Y and §
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 distinct sources of this for the
multiaxis task. The first is 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 low 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 skewness, 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.

A+6e
- Stick
Motion

Skewness

NS

/ ™% 6a

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 53. VTOL Flight Simulation Display

A comparison between the model and the simulation ground ' aths 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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6 Model 7\7 4 i’ §7°U §] ‘i? W~ \
6 Simulation A ZS a ls A/ Qf! ZS Q

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.

} "

ir—
Total Total
No. of No. of

Periods Periods

a. o

e
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
gimulation is in the statistics. These 2re shc'. ‘n Figure 57. This agreement of the
model and the simulation completes the comparisors 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)
é 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
&= 5
B = 40
Y= 10
6= 0

S

=k

2 3

=k5

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 provision 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 assessed 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 this 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 noise ——| 8 - 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 ? ? 8
2 ? ? 4
3 ? s(%f)— 8
4 ? s(sl—-l) 4
: D oD :
¢ %D %D ‘

Figure 60. Configurations Simulated for Command Tracking Task

A flow diagram of the total piloted system appears in Figure 61. The pilot
compensations were modeled using a gain K, lead TL’ and delay T on each axis and

programmed as follows:

6a = (Delay T){qu(% + TL ¢e)}
6e = (Delay -r){Ke(ee +T

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:

q)e
Yo =| % [%] * PoTo[ %

&
Us =1 % |%]| * AT, %
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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 % and Be 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 Ge, while hori-
zontal displacement indicated R The pilot was instructed to keep the dot as close

to the center as possible. This radial tracking error

r(t) = y[a?e2t) + wPe’(t)

is shown in Figure 62,

a¢> (t) ;

‘W Lus,

=
T ams

Q

Figure 62, Flight Simulation Display

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

T
T =—1T-/ r(t) dt
(o]

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» Kgy TL

(4




T Ly’ Bg» and Bg. The resulting tracking performance then could be compared with
the model performance obtained by setting the Bo and BB urgency rate coefficients to
zero and optimizing by selecting K¢, Kg » TL¢ , and TLO 2

Since it was planned that the pilot in the subsequent fixed-base 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 conspicuous 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 hour<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>