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SECTION I

INTRODUCTION

Modern high-perform ance tactical aircraft have required in creased 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 essenti al 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 du ring 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. The re are five
objectives for this report:

• Document the Urgency Decision Pilot Model.
• Develop a comprehensive approach to the prediction , evaluation and

specification of closed loop multiaxt s flying qualities .

• Illustrate this new methodology through applications.
• Formulate the method In a readily employed manner for a wide range of

user applications.

• 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

_ _ _ _  - - - - - - - - - - _ _ _ _ _



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 FLYiN G 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:

• Lack of generality in aircraft description.

• Lack of models for pilot decision and time-varying abilities.

• 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-
a.xls 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?

2



The answer to both questions is yes. It is well known that pilots share their
attention between lateral and longitudinal tracking tasks, and in addition allocate
attention for instrument scanning and other cockpit chores. This allocation of ac-
tivity can be characterized in terms of relative task urgency, and the development

of these “urgency functions ” is the key to the urgency decision model. In addition
to providing a simple method that can be used in conjunction with existing
aircraft models and flight simulators, the method has identified importan t flying
quali ties dynamic effects related to the interference of one task by the attention
dem ands of another. For this reason , multiaxis flying qualities — which studies
the complete piloted task — is a large r and more comprehensive subject than the
study of single-axis time-invarian t problems.

D. PREDICTION AND EVALUATION OF FLYING QUALITIES

Analysis and flight simulation data for a number of precision flight tasks are
illus trated in the following Sections of the repo rt . In each case (with the exception
of the YF-17 validation study where the aircraft model cannot be repo rted) 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 vi sual delays and side task.

• Predic tion 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 addi tion to the discussion of these problems , there is analysis of the natu re 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 th at can be comprehensively classified by the scheme mentioned above.

E. SPEC IFICATION OF FLYING QUALITIES

In order for a candidate specification item to be accepted into MIL-F-8785B, It
must sati sfy a number of conditions that guarantee unbiased yet discriminating ability
of the item to ensure performance as well as pilot acceptance. There are two methods
presen ted for flying qualities specification that meet these criteria:

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

• 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.
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SE CT ION II

PREC ISION PILOTED F LYING 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 pilote d 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 pilo ted tasks are the most Important mission components of tactical
aircraf t. Landing, in-flight refueling , and di ve 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 in te nded mission objective .
Since these tasks are all performed under conditions where survi val and safety are of
grea t concern , only pilots that are highly trained undertake them. And when they do

so, they are highly motivated to perform their best. For this reason , i t is important
to develop pilot-~aircraft anaiysis methods that represent this well—trained and moti-
vated pilot behavior . Conside r these examples in closer detail:

Landing : To perform this task , the pilot must con trol a number of system
variables Including altitude , rate of descent, headin g, touchdow n
point , angle of att ack , and airspeed. In addi tion , 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
In tended 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
prob~ Ality of staying within a certain distance of the commanded
point .

Dive Bombing: Once a target has been identified , the pilot must establish a
glide slope, and track a number of dynamic and geometric variables
to arrive at the correct release point and flight condition. During5
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the few seconds of precise tracking, the pilot may adopt time-varying
control strategies. Performance is measured by circula; 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 aircraf t , 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—Harpe r
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 stratçgies
that the pilot adopts in order to meet each objective as specified
in the TASK .

3) EVALUATION - This is defined to be the set af 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 flig ht task. To see in more detail the range of
TASK , CONTROL, and EVALUATION , a comprehensive outline of tactical applications6



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 jr oblem 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.

7 
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TASK

• Command or Pursuit Tracking
Random command
Discrete or deterministic command
Maneuverin g target
Terminal contro l 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)
• Time-Varying Control
• Human Factors Effects

Perception
Motion cues
Controller actuation
Acceleration environment

EVA LUATION

• Pilot Subjective Data
Cooper-Harper pilot ratings
Pilot comments

• Mean and rms Stati stics
• Integral Average Error
• Statistics of Derived Performance Measures

Dive bombing error impact equation
Air-to-air gunnery miss distance estimation
Pilot rating estimators
Time-on-target, -on-glideslope, etc.

• Pilot Model Parameters
Compensation gain and lead
Task dwell fractions
Task mean control period

• Task Interference Effects
• Multi-Parameter Flying Qualities Evaluation

Figure 2. Generic Classification of Precision Task Components

8
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TASK

TRACKING COMMAND -

RANDOM COM MAND X X
M A N E U V E R I N G  TAR GET X
DISCRETE MANEUVERING TARGET x
FINITE TRACKING TIME X

STABILIZATION
GAUSSIAN TURBULENCE X X X X X x
NON-GAUSSIAN TURBULENCE X
PILOTGENERATEDD ISTURBANCES X X

CONTROL

SINGLE-AXI S TRAC K I NG X X X X X X

MULT IAXIS TRACKING X X X X X X X X
SIDE TASK (TRACKING ) X X
SIDE TASK (DIVERSION) X X
TIME-VARYING CONTROL X

EVALUATION 
-

RMS STATISTICS X X X X X X X X X X X
INTEGRAL AVERAGE ERROR X
DWELL FRACTIONS X X X X X X
MEAN CONTR O L P E R I OD X X X
TIME-ON-TARGET X
TASK INTERFERENCE EFFECTS X X X X X X
VISUAL PERCEPTION EFFECTS X X
MULTI -PARAMETER EVALUATION X X X X X

Ft~~re 3. Classifications of Applications in ~~~s Report9



SECTION III

THE URGENCY DECISION PILOT MODEL

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

A . DEFINITION OF STATISTICAL AND DYNAMICA L 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 ifight simulation are also employed for these purposes , but analytical
methods have several advantages. Large analytical surveys can be carried out to
screen cand idate airc raft at much lower cost than experimenta l 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 term s of TASK , CONTR OL , and EVALUATION . In the test
program , the TASK and the EVA LUATION parameters are assigned ; the human pilot
supplies the CONTROL. For an analytical pilot model — aircra ft 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 , adj ustment and operation methods must also be inc luded 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 qual ities problems, but
in order to see how this model constitutes a comprehensive analysis method, the foE—
Lowing definition Is offered : 

-
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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
as defi ned in Section II, assigns the following three items:

I) The system configuration of multiaxis pilot CONTROL.
2) The method for adjusting the CON TROL 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 :

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

• All nonilnearities and time-varying quantities can be modeled without resort
to equivalent models. -

• 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 EVA LUAT 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
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TIME HISTORY
URGENCY DECISION PILOT MODEL

MODELS ALL FORMS OF ATTENTION
ALLOCATION ACTIVITY ALONG WITH

PILOT MODEL NONLINEAR PERCEPTION , CONTROL-
LER ACTUATION CHARACTERISTICS
AND RAPIDLY CHANGING PILOT
CONTROL STRATEGIES.

EASILY HANDLES ALL CRITERIA
INCLUDING ROOT-MEAN-SQUARE ,

ERROR ABSOLUTE ERROR , INTEGRAL TIME
CRITERIA ABSOLUTE ERROR , A R B I T R A R I L Y

W E I G H T E D E R R O R , TIME SPENT
WITHIN LIMITS.

CAN ALWAYS DIRECTLY MODEL
G ROSS SYSTEM NONLINEAR AERODYNAMICS ,

N O N L I N E A R I T I E S  EXOTIC CONTROL SYSTEMS , H U M A N
FACTORS EFFECTS.

GAUSSIAN AND NONGAUSSIAN SUCH

PROCESS AS DISCRETE COMMANDS , “OPEN
LOOP” MA N E U V E R S , R E E V E S  OR
JONES NONGAUSSIAN T U R B U L E NCE .

DISCRETE COMM A N D E D  TRAJECTORIES AN D

M A N E U V E R S  M A N E U V E R S  CAN ALWAYS BE
MODELED.

UNCO R RELATED P. V . W , AND U
GUST S A R E  EASILY G E N E R A T ED

UNCORRELATED ALONG WITH UNCORRELATED
INPUTS MODELS OF PIL” REMNANT,

BUFFET , GUN RL.’. TION, AND
SENSOR NOISE AS REQUIRED .

INE X PENSIVE TO COMPU T E AND
COMPU T ING EASY TO PROGRAM F OR A LARGE

VA RIETY 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 Es of Interest to examine how the pilot carries
out the flight phase . For such problems, the EVA LUA TION selected by the flying
qualities analyst will contain Items relating to the pilot ’s compensatIon: demand s 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 defi nable 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
physi cal activity of the pilot then the model can be used to examine the dynamic char-
acteristics of that activity and will be called a dynamical pilot model component. If the
programming only leads to good statistical predictions of the closed loop performance ,
then that part of the model is called a statistical pilot mode l 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 (CR T) 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 repre sent 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 deqision 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. PRINCIPLE S 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 ~ irpose of this Subsection to state the
principles by which pilot model components ar .~ 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-dom ain models “optimum” is inte rpreted as optimum gain , lead , and lag
for a continuous linear control compensation subject to an inherent human time delay
and neuromuscular lag. In this case , model predictions are obtained by optimizing
the model coefficIents with respect to some performance measure based on tracking
error. For continuous single-axis time-invariant tasks, frequency-domain methods can
be used to validate these statistical models and show that not only rms tracking scores ,
but alao 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 perfo rmance 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-
function and optimal control models are described in References 4 and 5.

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

For such general problem s, limi tations exist in the pilot ’s capacity to observe
many quantities, calculate appropriate control correct ion s, and carry out the control
procedures simultaneously. This forces the pilot to adopt a methc~d of attention shar-
ing in which he passes from task to task, devoting his attention where it is most re-
quired. In this way, deci sion logic and measure s of task urgenc” become involved in
the model description of CONTROL. Much data pre sented in Sec~ion IV indicate s that
these measures of task urgency are nonlinear In n ature , thus the optimization of the
pilot model must be made over a more general set of function s than linear continuou s
compensation . The span of this set of functions is yet to be determined, but indica-
tions from available flight simulat i on and model data justify the following principle:
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Principle of Human Optimality Given a precision flight TASK and EVALUA TION, the
human pilot with training and motivation will adopt an optimized CON-
TROL composed of one or more of the following: -

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

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

3) Discrete control inputs including “no operation” and “control
hold. ” -

4) Pulse or bang-bang control. 
- -

5) Instrument scanning and othe r required activitie s which ate 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 su~gèsting
the fo rm s of pilot models along with their rules of adjustment and use, it is neces-
sary to examine the restrictions that limit human perfo rmance. The above ~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 a~id -

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

-

1) Limited visual resolution.

2) Visual position and rate thresholds. -

3) Visual fixation time.

4) Vi sual Image perception delay. 
-

5) Proprioceptive perception th reshold and resolution. - -

6) Delay during inform ation processing that includes all déc1sio~ , -

estimation, and control correction generation. -

7) Limited motor information channel restricting simultan~ous con-
trol output. -

8) Neuromuscular dynamics, re sponse time , and resolution.

The implementation of the se two principles is best done by means of time—history
simulatie ~n order to pre serve for examination the flying qualities effects of the
pilot ’s nun’ rous nonlinearitles , 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 com ponents that achieve this
will be pre sented in the next few Subsections.

C. SINGLE -AX IS PILO T MODELS
Although this Subsection will consider only precision tasks in which the pilot is

tracking only one variable , the inform ation presented here will be applicable to the
complete model. (The u rgency decision multiaxis model will perform tracking tasks
sequentially , each of which can be controlled by single-axis models during their allo-
cated control periods. )

As pointed out above , there are two kinds of pilot model components , dynamical
and stati stical . 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 m any single-axis problem s 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 excursion s from a com-
manded attitude in turbulence , for example — describing-function pilot models have
been shown to be accurate. Perhap s the best general refe rence is the survey by Mcfluer
and Krendel , Refe rence 4 , with which the reader who intends to apply the method s of
this report should become acquainted. Data to support the hypothesis that describing-
function pilot models are accurate predictors of aircraft motion statistics is presented
frequen tly in Section IV wheneve r single-axis continuous tracking data is discussed.

It is the authors’ belief that dyn amic 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-
sibili ty and othe rs relating to pilot subjective evaluation have been considered by Ralph
Smith, Refe rence 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—fun ction compensation on
each task , and in fact , this Is the practical way to study the se 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 amoun t of this noise , which often is taken to in-
d ude controller and processing noise , varies with the problem. If the display or the
controlle r has poor 1~esolution for the pilot , then the amount of this noise , called rem-
nant in most reference s, 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 th at the pilot’s remnant can be increased
expe rimentally by adding noise of the right spectral shape to his output , then by mea-
suring the change in tracking performance , the slope can be found. This method is
diagrammed in Figure 5. Actual data obtained by this method is reported in
Reference 1.

Where visual error and error rate indiffe rence threshold s domin ate, these thre s-
hold s 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
th reshold value s E and ~ :0 0

If > e , then E is observed by the model.
A 0

If £ 
~ ~~

‘ 
then no error is observed by the model.

18



If ~ 
, then is observed by the model .0

then no error rate is observed by the model .

where “observed by the model” will be m ade 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

ACTUAL R E M N A N T  TRACK U ~JG WITH
LEVEL ADDED R E M N A N T

“ ~~~~~~~ T R A C K I N G  E R R O R  WITH
NO ADDED REMNANT

0
~ R EMNANT

Figure 5. Remnant Model Calibration Method

The dynamic characteristics of physical motion can also be incorporate d into
the model in a manner similar to the visual perception effects. Refe rence 7 presents
motion cue models first identified by Young. The re is much current research into
motion effects; when complete it should fu rnish the components to extend the model
presented here to include visual, proprioceptive , and kinesthetic cues.

Pilot Con trol Compensation

The discussion presen ted here will consider statistical models of a particularly
simple kind , the fixed-form gain-lead-delay describing function model. If ~ repre-

sents observed € , and represents observed ~ , then the basic model is of the form
shown in Figure 6. It defines a single-loop control command &~ at time t:
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o~ (t)~(de1ayr)

where = pilot model gain
TL = pilot model lead time constant

€
= 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 ’• .3 second. Frequently this pilot delay is modeled using
Pad~ approximations. In the time-thstory 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

and lead TL that produce the minimum rms tracking error E .

COMMAND ~ 
EQUA~~ON PERCE P flON 

~~~~ 
cOMPENSATIO

~H 
DELAY 

A~~~~~ FT 
AIRCRAF T

MOTION

Figure 6. SIngle-Loop Pilot Model

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 ~~~~~ 

The system configuration is shown in Figure~ 7.
The pilot model equations are then given by:

~ ~‘e
>
~6’ ~‘e ~~

1’e Otherwise 
~e = 0

If 4>4 ’ , 4 = 4’. Otherwise 4’ = 0

ôo= (delay ~~~~~~~~ TL~~~) + K4’(~~+ TL~~)!
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CO:N~~~~~~ 
PE~~~~~~~N ~~~~~COMPEN SA~~ON 

~~~0 Y 1~~~
0
~

oV0
~

~~~
4

~
PERCEP1iON

~~~~~~
STA BuJZATION FJ

Figure 7. Heading Command Task

By the Principle of Human Optim ality , the gains and along with the leads
TL~ 

and TL~, are adjusted to produce the minimum rms 
~
4
~e for an “acceptable” amount

of bank angle rms 4.  Other examples of multiloop compensat ion can be found in Sub-
sections IV C and IV F.

Controller Ac tuat ion Effec ts -

Remnant models for controller actuation effects can be used to account statisti-
cally for imprecise positioning of the stick, rudder , throttle , or othe r controllers.
Since pilot induced oscillation (PlO) 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 incorportatlon of visual effects. In the examples considered in this
report, controller effects have been minimized by using light breakout and gradient
force s 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
stati stics. 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

Befo re 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 term s will be used in this report to specify
the following defined concepts:

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

Multiaxis Task is defined to be a collection of at least two component tasks. If
a complete description of the piloted mission is encompassed by
the multlaxis 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 th~~ 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, the re are advantages to using dynamic
models of attention allocation. It will be demonstrated In the application s 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 , cont rol system , TASK ,
or EVALUATION on any pe rfo rmance statistic — including allocation time
and mean control period of each component task — can be predicted.

4) Flying qualities effec ts concerning the interference of component tasks can
be predic ted.

The basis of the urgency decision dynamic allocation of pilot attention can be
seen by observing pilot stick activity during a multiaxis task that require s lateral
and longi tudinal tracking control. One of the first reports to identif y exclusive
attention allocation , Refe rence 10 , was written by one of the authors of this report
in 1966. It was this study that first considered allocation models based on measure s
of task u rgency. The exclusive allocation of attention was noted during simulation
fligh ts of a difficult VTOL hover problem. A crossplot of lateral and longi tudinal
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 demonstrate s this
sequential control behavior.

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

I) Generation of the model dynamics by real—time simulation using analog
corn pu ters. -

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 ina ttention . The ind uced errors consisted of inadvertent control
crossfeed and remnant.

5) The use of gain-lead—delay pilot model components for the compensation
during each con trol epi sode.

There were two limitations to the analysis presented in Refe rence 10: analog
compute r re solution and accuracy which were poor compared to those of digital

computers, and inability to develop the corre ct 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 function s, 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 ~~bsection 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.

24
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2) Urgency Decision
Attention is allocated according to the greatest of the urgency decision
measures. The fo rm of these measures is postulated below. The compo-
nent task with the greate& ~~gency 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 Ill 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 remain s to define the form
and the adjustment of the urgency functions. Let E be the tracking error corre spond-
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.
J 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

UE =I a EI~I+ ‘6E

~ I~I+ ~ sign (~’)~ ’~

The coefficients a~ and 6~ in this expression are positive numbers that are
either dicta ted by the task description , or are subject to optimization along with the
com pensation coef ficients . The specific me thod for adjust ing 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 muitlaxis 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 hum an compensation delay. It is
important to consider whether the delay table of a task control compensation is ze roed
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 requi red 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 Instruction s 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.
Thi s 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 -
ai rcraft analysis method. The data provided in Section LII 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 pi lot 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 AFFDWFGC. 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 obta ined 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) Identify the complete TASK that is to be studied , develop an analytic
description of it , and model the TASK commands or disturbances.

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

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

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

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

6) Program the urgency functions and the urgency function delays.

7) Program the urgency test logic: the output of all compensation time delay
table s except the one for the task with the greatest urgency is set to trim
for stabilization tasks about trim values; in all othe r cases, the compensa-
tion is held at its last value until the associated urgency again becomes
greatest.

8) Program all EVALUATION data items includ ing tracking error statistics,
dwell fractions and times, time-on-target defined by allowable error and
other relevant Items.

9) Optimize the compensation gain and lead of each component dynamic task
in a single-axis mode by setting the othe r urgency coefficients temporarily
to zero.

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

11) 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.

12) 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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SECT ION IV

PREDICT ION OF PILOT ED AIRC R AFT PER FORMANCE

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 suppo rted by agreement
with flight simulation data, and several new results of importance to flying qualities
research are also discussed. -

A. ATTITUDE STABILIZATION IN TU RBULENCE

It is natural to inquire about applications of the pilot model to representative
tactical fighter dynamics . Attitud e stabilization in the presence of low—level tu rbu-
lence is an almost ever—present flying quali ties consideration. A stud y of the
dy namics of this task will serv e as a guide to how the model is set up and
exercised . This problem will be discuss ed first with aircraft descriptions that
emphasize display and task interference aspects of the multiaxis control. Vali-
dation data obtained using the fully genera l 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.

7
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Figure 10. Equations of Motion

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

Figure 11.

LATERAL

A B
4 —

1 1A lB

_  

2A 2B

S 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 fl ight simulation was per-

formed at Northrop using a fixed-base facility. The dynamics were generated

digitall y, 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 M and a scalings resulted in a dot displacement of ctK centi-
meters per degree of bank angle and 1~K centimeters per degree of pitch angle.
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TABLE 1. STABILITY DERI VATIVES FOR ATTITUDE
STABILIZATION IN TURBU LENCE

LON GITUDINA L DERIVATIVES

I I
Z~ —1. 3 —1. 3 —1.3

~~ 0.0 0.0 0.0

M —.004 —0.008153 -.003

M,~, —8. 103x10 6 —8. 103x10 6 —8. 103x10 6

Z —4. 596 —4.596 —4. 596q
Mq —1. 0 —1.5 —2 .0

Z 72.023 72.023 72. 023Oe
M —10. 503 —10.503 —10 . 503Oe

U
0 718. 0 718.0 718. 0

LATER AL DERIVATIVES

A
N’ — 1.5 —1.5r

0.00705 0.00705

N ’ 0. 0352 0. 0352

N~ 2.0 3.0

-0. 5002 —0. 5002

L’ —1. 0 —1.0

L . 0.4045 0. 4045

L’6 2.023 2.023

—29.06 —29.06

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

Provision was made to simulate with the ratios of p and a given in Figure 13.

~L a Task

0 1 Continuous Lateral Only

8 1 Two axis , p1/a = 8

16 1 Two axis , ~/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 It/ 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 ii Ia ratio greatly influences the way in which
the pilot allocates his attention between the lateral and lon gitudinal 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

r (~, ~) = ~/(~4~)2 + (MG) 2

‘ ‘‘The task proved difficult to fly, and about ten hours were reqw red 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
specifi ed in MIL—F—8785B , where an airspeed of 718 i~~s and an altitude of 1750 feet
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were used . In order to diminish low-frequency effects during the sho rt 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 subj ect.

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-
airc raft control configuration. Since the high—freq uency 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:

o a = [K ~ (T L 5 + fl e T5
]~~e

O e = [K 9 (T L 5 + 1) e

In terms of time-domain notation they become :

= (Delay T )  1( 4~ ‘~e 
+ TL ‘~e~

ôe = (Delay T) K6 6e 
+ TL ee)}

However, since commanded ~ and e are identically zero,

= dt ~~c ~~~

= -~~~~

= -p

Similarly
= - q

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 equation s 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 digita l mechanization for the compensation is shown in Figure 15.

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

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

The urgency test logic becomes :

If � then ~ e = o and lateral axis controlled

If UR <U ~ then 6 = 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 frmnetions for each axis. Their

general form is given by

UR

U~ = I P I O 1
~~~~~~ T~~~~{ 

O
ef

where ~3 and v are often zero in single-loop control problems, a fact which was easily

verified in thi s case by perturbing these quantities about zero. The use of the symbols

~.i and a 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 fligh t simu-
lation reported here. The urgency functions are then In final form :

UR OI# eI
A I i o

I

This reflection of the objective urgency as imposed by the CRT display gains in the
subjective urgency Calculated in the model by U~, and UR is one of the most significant
dynamic features that the multiaxis attention allocation model has revealed . Since
the experiment was set up to avoid controller and display visual effects , such as
thresholds, this completes the CONTROL model. The two-axis EVALUATION is
simply rms radial tracking error.

Consider now the adjustment and use of the model to predict the performance of
a pilot trying to hold tri m attitude In turbulence. The model has fou r quantities to be
adjus ted, the gain , ~~~ and lead , TL ,  of the latera l task and the gain , K0, and lead ,
TL , of the longitudinal task.

0
For most representative tactical aircraft multiaxis problems , the correct gains

and leads are nea r the correct values for each continuous task separately and serve as
a good starting point to find the multiaxis values. Taking the roll task firs t , the
simulation can be exercised for the bank angle task alone by simply setting the pitch
urgency coefficient ~ to ze ro. The optimization principle of pilot modeling then asserts
that K~, and must be adjusted to minimize the rms radial tracking error , which is
ju st rms 4 since dot motions in the corre spond ing flight simulation occur only along the
horizontal axis of the CRT display . A useful stal-ting value for TL Is 0.5 sec. This
value may be required for stability in some aircraft , and repre sents a weighting of
error rate to error that pilots can generate with little difficul ty. With this value of
TL4,, the gain K~ can be perturbed to find the optimum for this initial guess of le ad .
Once this is done, the lead can again be varied, and the process repeated until an
optim um 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 —
aircra ft response for a series of 30-second runs totaling 1200 seconds of real-time

38

— — - -- -



using an integration step of 0.05 second. The mean and standard deviation refe r to
these sets of 30—second rms tracking errors .

TABL E 2. SING LE-AXIS TURBULENCE STABILIZATION PILOT MODE L DATA

K T rms tracking errors (deg)
L mean s.d.

A continuous~ 3.5 0.5 3.17 0.461

B continuous~’ 3.5 0.5 3.31 0.517

1 continuous e —0. 5 0 .6 0.196 0.0208

2 c ontinuous O —0.5 0.7 0.319 0. 0366

3 continuous 9 —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 TU RBULENCE 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
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A comparison of the pilot model data with the flight simulation results is shown In
Figure 16.
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Figure 16. Comparison of Pilot Model with Flight Simulation Tracking
Error Data for Single-Axis Turbulence Stabilization

It is clear from these statistics that the model has agreed well with the flight
simulation. Since no Information from the flight simulation was used in the analysis,
the predictive capability of the model has been demonstrated. Ground rules for data
acquisition shown in Figure 17 have been consistently employed.

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

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

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

A comparison of the standard deviations of these data reveals that there is
a similar scatter to the series of 30-second runs obtained from the simulator and
from the pilot model. This is shown in Figure 18.
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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 commana 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 tu rbulence 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) att itude 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
genera ted 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 a~ad 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 (fort y thirty-second runs) ,  each
exercised at P/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
lon gitudinal 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(~ , 8) = ~~~ ø)2+p2~rms 8) 2

Now if the radial errors are plotted In comparison , much Improved agreement
is obtained as shown in Figure 21.
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TABLE 4. TWO-AXIS TURBULENCE STABILIZATION
PILOT MODEL DATA

rms ~ (deg) rms 9 (deg)

P / cz K~ T K9 TL mean s.d. mean s.d.L~

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

lB 8 1.5 1.6 —0.4 0.9 4.11 0.514 0.302 0.0476

lB 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

2 B 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. It is apparent that the pilot adopted weightings slightly different from the
exact p/a ratio; however, the use of p and 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 8 (deg)
p/a mean s.d. mean s.d.

1A 8 359 .537 .380 .0508

1A 16 4.00 .620 .294 .0346

lB 8 3.23 .420 .364 .0428

lB 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

lB flown at a P/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 degradation of the lateral tasks - 3A, 1A , 2A and 3B, 1B, 2B -

corresponds to the ranking of the continuous longitudinal tracking errors — 3, 1, 2 —

which simply indicates that a more demanding longitudinal task in a two-axis problem
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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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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 p/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 0e and 8e will be plotted
as a point on a graph whose axes are lateral and longitudinal tracking error. Further-
more, lines will be d rawn on these graphs to show the open loop responses and con-
tinuous 0 and 4. tracking errors for each two-axis configuration. Figure 25 shows an
example of this method .

tl)

4)

-~z0 Z LU
C
U OPEN LOOP ~

U

.4

CONTINUOUS ~

0
0 LONGITUDINAL TRACKING ERROR 8 e

FIgure 25. Example Task Interference Graph

The p/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 = 0 , 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 ~/a curve . The tradeoff between these two tracking errors for a
nearly optimum radial tracking error will be manife sted 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
f rom 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 mean s to zero and the rms values to
10 ft/sec used in obtaining the simulation data summarized in Figures 27 through 31
eliminate s 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 repre sents a linear open loop dynamical system with turbulence
input and bank angle output , it is clear that every dynamical variable in the pilot-
ai rcraft system will scale with the actual turbulence intensity. Thus, for example, if
the intensity of the tu rbulence 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 f inal conf iguration f rom the origina l
problem pre sented 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. Refe rence 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
fil ter 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
f rom individual simulation flig hts 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 the se ii./a ratios.

The clearest example of task interference effects can be seen in the ~ B and 3B
configurations of Figure s 27 and 31. Individual flight data , presented in Refe rence 3
and reproduced here as Figure s 32 and 33, reveals a great diffe rence in lateral B per-
formance resulting from the selection of the longitudinal dynamics 1 or 3. In the pilot
model analysis , the optithum lateral gain s and leads for these two eases 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 lB
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Figure 28. Task Interference Graph for Configuration. 2A
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Figure 30. Task Interference Graph for Configuration 3A
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FIgure 31. Task Interference Graph for Configuration 3B
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FIgure 32. Pilot Model and Flight Simulation Data Dispersion for
30—Second Flights of ConfiguratIon lB at p / 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 lB
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 experimenta l 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
lB characteristics can be accuratel y 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
tsacking 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 in ,
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 lB. 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
totall y absent in the single—axis time history .

At the beginn ing 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 briefl y 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 arbitr ary 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. Latera l Time Histories for Single- and Two-Axis Turbulence
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 usefu l resolution in the
comparative flying qualities of the configurations .

2) The effects of attention sharing on pilot compensation.

Optimum compensation in terms of pilot gain and Lead differed significantly
between the single- and two—axis tracking tasks . In genera l , 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.

_ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _



3) 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 distu rbance measures to produce a
task weighting that governs the urgency function coefficients.

4) 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

Ampli tud e Simulator , Wide Angle Vi sual System ( LAS/WAyS) facility . Although the
basic comparison between the model and the moving—base flight simulation was pre-
sen ted in graphical form in Reference 3, a full accoun t of this validation study is
appropriate here.

The piloted tasks are similar to the problem discussed in the previous Subsec -

tion , but with one import ant difference: the displ ay 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 p/a ratio
to use in the urgency functions of the pilot model. The horizon appeared as mountain-
uous terraLn, which induced visual thresholds. The aircraft model used in the study
was the full y general nonlinear YF-l7 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 condition s shown in
Figure 35 were fl own by a former U.S . Navy test pilot.

ALTITUDE (FT) 5K 10K 30K 40K 60K

MACH

0.4 X X

0.8 X X

0.9 X

1.1 X

Figure 35. YF-17 Flight Conditions Surveyed

By having the pilot attempt to fly the simulator in still air back to trim theta and
zero phi from an initial condition, visual thresholds for the external display were
evaluated . Short control period s were flown so that heading changes induced by rest-
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 corn-
puters in the following way:

I f O > 4 ° ,#observed = 0

~f Ø~ 40 , ~ observed = U

Comparisons of the model with the flight simulation for single-axis tasks were per-

formed in a manner similar to that described in the previous Subsection. Since the

~1escription of the complete YF-17 cannot be released, data will not be presented in
t1bles, but only in graphica l 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

Q
z S

Cl)

E
.e

0
0 5.0

rms MODEL Ø (DEG)

Figure 36. Latera l 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.
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Figure 37. Longitudinal Stabilization of the YF-17 Single-Axis

Since the external display does not lead to a natural selection of the urgency

coefficients, some method of calibration must be employed. The way in which thi s
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:

lOel
= 4

~
°eI
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Agreement between the model exercised in this manner and the fligh t simulation is
shown for the lateral axis in Figure 38. Longitudinal comparison is shown in Figure 39.
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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 condi tions showed poor agreement with the flight simulation data.

To see what task interference effects might be shown in this stixly, task inter-
fe rence 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 lB configuration of Figure 32 the woret of the individual flights at these conditions
are bounded by the open loop values for the YF-17. Again it should be emphasized that
this dispersion which statistically would be reported as a large standard deviation
represents important information beyond the usual interpretation of standard deviations.
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Figure 39. Longitudinal Stabilization of the YF-17 Two-Axis
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FIgu re 40. Tho-Axis YF-17 Task Interference Graph for 5000 Ft at Mach 0.4
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Figure 41. Two-Axis YF—l7 Task Interference Graph for 30, 000 Ft at Mach 0.4
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Figure 42. Two-Axis YF-l7 Task Interference Graph for 5000 Ft at Mach 0. 8
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Figure 43. Two-Axis YF-17 Task Interference Graph for 40,000 Ft at Mach 0. 8
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Figure 44. Two-Axis YF— 17 Task Interference Graph for 60 , 000 Ft at Mach 0.9
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Figure 45. Two-Axis YF-17 Task Interference Graph for 10,000 Ft at Mach 1. 1

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

1) 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.

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

3) The method naturally lent itself to the analysts of the complete nonlinear
time-varying YF-17.

4) 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/WAyS drive computers.

5) 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.

64



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.

oa
~r_4Jft flM

~~
J L + H

1 1 1 j4~

_ _ _  
*

Figure 46. VTOL Aircraft System Dynamics

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
9,~ ; and attitude rate é , ç

~.

These fourth -order dynamics require pilot model compensation on both attitude
and position control for each axis as shown in Figure 47. The subscript “F’ denotes
longitudinal (pitch), and “R” lateral (roll). The stick command öa goes into the air-

craft dynamics if the urgency qondition 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, 5, y, a are the constant
urgency function coefficients.
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Figure 47. VTOL Pilot Model Compensation for Lateral Control
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It is easy to see the effects of the a and ~ terms of these urgency functions.
Consider the lateral urgency of the two cases diagrammed in Figure 49.

X X 4

GREATER URGENCY LESSER URGENCY

A B

Figure 49. Interpretation of VTOL Urgency Functions

In case A, there is a lateral position hovering error Y, and a translational
speed v taking the aircraft away from the commanded position. In case B, the same
speed Is reducing the Identical hovering position error as in A. However, in this
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case , the fact that the aircraft is moving towards the commanded position clearly
makes B a much less urgent control matter than A. The form of the a and the ~
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 V and ~
terms . Calculation with the model , however , shows a lesser advantage in using
the 6 terms . The reason for this is the high frequency of the attitude contro l 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 longitudi nal urgency functions have
identi cal coefficients .

An important objecti ve 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 erro r arises from the operation of the side—arm
controller used in the flight simulation.

Figure 50 shows an X-Y plot of lateral versus longi tudinal 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 contro l 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.

+Oe

Stick
f Motion

/ ~~~~Skew:~~~

~~~ ~~~
.:‘: — Bias

Figure 51. Definition of C rossfeed , Bias , and Skewness

Uniformly dis tibuted 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 N 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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Ho r i zon Line

Figure 53. V TOL Flight Simulation Display

A comparison between the model and the simulation ground ’ ~tths is shown in
Figu re 54 , each drawn to the same scale.

~~~~~~~~~~~~~

y

~~~~~~J~~~x

Urgency Pilot Model Fl ight  Simulation

Figure 54. Model and Flight Simulation Ground Paths for VTO L 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 initi ate a better velocity
vector. The similar size and shape of the loops indicate similar spectral content.
Fi gure 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 reco rding of the lateral and longitudi nal stick are compared in the following
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8 Model

O Simulation _____________________________________________

Figure 55. Theta Time Histories from Model and Simulation

histograms, Figure 56, which show the mean control period to be between 1.5 and
2.0 seconds. These statistics are combined from lateral and longitudinal data since
the dynamics of the two axes are Identical.

Total Thtal
No. of I No. of

Periods Periods

1 2 4 5 
— 

1 2 4
Control Period (see) Control Period (see)

Simulation Model

Figure 56. Histograms of Pilot Switching

The most discriminating comparison of the urgency function model and the flight
simulation is in the statistics. These ~re aho~-. , :~ FIgure 57. This agreement of the

model and the simulation completes the oompar!euns 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
(f t )

Y .217 .172
(ft)

U .065 .084
(ft/sec)

v .074 .082
(ft /sec)

8 .057 .153
(deg) 

_________________ ___________________________

0 .120 .151
(deg~ _________________ ___________________________

8 .198 .256
(deg/sec)

.440 .261
(deg/sec)

Figure 57. Comparison of Mode l and Simulation Stati stics

Compensation Urgency Disturbances

a = -0.02 a = 5 k1 = 0.1

b = -0.215 fi = 40 k2 = k
3 

= 0.2

c = -8.0 V = 10 k4 = k5 = 0. 04

d = 2.0 6 = 0

Figure 58. Optimum VTO L Pilot Model Parameters
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D. ERR OR 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 attitud e 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 magnitud e larger tha n that required on the single-loop axis.
These results raise two fundamen ta l 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.

white noise 

~~~~~ 
command

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

_i_1 2 2 8
S S

2 4 4 4

1
2 s(s — 1) 8

4 _L 1
s ( s — 1 )

5 
1 ~. 1

s(s — 1 )  s(s — 1) 8

6 1 1
s(s — 1 )  s ( s — 1 )

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 r on each axis and
programmed as follows:

= (Delay 
~~~~~~ 

+ T
L 0e~}

Oe = (Delay 1.){l<~ (e + T
L °e~}

The delays were fixed at T = 0.3 second, and the gains and leads were chosen to
produce optimum model tracking statistics.

The urgency function s for this problem are of the form:

U~ 
~ eI 

+ 
~0 ~ ~~

U9 = I a~i~t + p ~~~~~~~ 
~~
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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 a0 and a0 can
be set to unity. The reflecti on 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 coefficient s and 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 0e’ while hori-
zonta l displacement indicated 0e~ 

The pilot was instructed to keep the dot as close
to the center as possible. This radial tracking error

r(t)  = f~j 2 (t) + F.L2 6 2 (t)

is shown in Figure 62.

ç~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~

P0~(t )

Figure 62. Flight Simulation Display

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

#L
T
~t~jt

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 K~, K0, TL .
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TL9
, p

~
, and j3~. The resulting tracking performance then could be compared with

the model performance obtained by setting the and 139 urgency rate coefficients to
zero and optimizing by selecting K~ , K 0 , TL~ , and TL 0 .

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
para meters 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 fl ight 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 hours of training before

78

______________________________________________________ 
_________________________ 

~ ~



0 0 0 0 0 0

d d d d
F1 V

cc
N 0 0 — 0I~4 N cc cc cc

d . 0 ~~ V ’~~ 
L

0 0 0 0 0 0

o -~ -~ 
,-

~ 
,-

~ 
,-

~ ~~~

o 
~.r N — N

E
c~ 

,-~ c’~ ~
Q) 0 0 0 0 0 0

~~~ I -~ -~ r .-I ~~4

o s.~ I-’ N N N N —~ N

~ e. 0 ~~ N N N ~D

~~~~~~~~~~~~~ c~~ ,-~ ~ ~ ~
cc — cc

L~ N ~~0 i.~ N N ~ — tn
0 0 i-I ,-l .-I -4

d d d d d d
cc t- cc

C~ cc ~~‘ N
c’~ ‘~~ U~ cc
d ~ d c

-4 N N ~~‘ La cc

79



cc cc co
N CO 0 cc cc

t 

~ 9 9
i~ E-~ ~ ‘ 0 0 —4 0 ‘-4 .—l
E .-~v
C)

.
~~~ ~~~!. 0 N La La

f- ,-4 0 ~
.. cc —~t- cc cc ‘~~~ ~~~

— — . . S
0 0 0 0 4 .-I

— ___________________

0 ~~4 N ~~‘ COo ~ 0 ~ 4 cc cc t. N

~ .2 ~ 
La CO CO .vJ4 La

~~ 
— 0 0 0 0 0 0

‘0
— 0 —F-’ —C) CO t~- CD N 0

4 0 00 ,-4 ‘-4 N a~-

~~ 
C ~~‘ C~3 N La
0 0 0 0 0 0

z
• N N N La ,—.i ‘~~i

bO e- cc 0 0 cc
~ N N La cc ~~ N

~ ~~~~~~~ ~ d d d d d
U)

E ‘~1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~.4C)

~ 
CC N ~-4 CC 0 cc

C) ~
,, 0 cc t’- CO N CO

o N N N N ~~4 N
— d d

‘I
— 14
‘-~

• — ‘~
4 CO CD 0 LaU) b~ 0 0 t- 00 — 0p. ~ ‘~~‘ La cc cc cc cc

~ — d c d d ~— C)
• C)

‘0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 CD N ~~4 0 It)
$ 0 0 CC ~4 0) 0)

.~~ c~ ~ •
~~‘ ‘I’ ‘i~ 4 ~~ 4. . .

0 0 0 0 0) 0

— CC N ~~4 La cc

V 

80



the pilot achieved his optimum performance. It also required much experimentation
with the controller itnd display scalings to arrive at a combination for each con.figura-
tion that allowed the pilot to perform optimally.

The pilot flew thirty-second runs , in sets of ten or twenty. For each
configuration , the best set of twenty (or the best pair of sets of ten) was saved, giving
a total of 600 seconds of data. On the asymmetric configurations, the pilot flew
ten runs with i/s2 lateral and 1/s(s - 1) longitudinal, and ten with 1/s2 longitudinal
and 1/s(s - 1) lateral.

The pilot’ s averaged tracking scores for the six configu rations , along with the
averaged scores for the complete model with urgency function error rate terms , are
given in Table 8. The excellent agreement between the tracking scores predicted by the
complete model with the flight simulation tracking scores is shown in Figure 63.

TABLE 8. COMMAND TRACKING FLIGHT SIMULATION AND MODEL DATA

Pilot 
- 

Model
Configuration 

—

r a r ar r

1 0. 311 0. 0250 0.299 0. 0744

2 0. 420 0. 0619 0.374 0.0866

3 0. 506 0. 0778 0. 464 0. 122

4 0. 609 0.0678 0. 578 0. 138

5 0. 565 0. 0882 0. 647 0. 178

6 0.650 0. 0952 0.725 0.158

A few comments concerning the large standard deviations In Table 7 are in
order. The precomputing and scaling ~f each command tracking signal sequence
removed one source of variability from the runs by fix ing the mean of and at
zero with a standard deviation of one. However , this did nothing to standardize the
frequency content of the command tracking signals. Owing to the short length of each
run , the spectral content of the command sequences varied widely from run to run.
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Figure 63. Agreement of Model and Flight
Simulation Tracking Scores

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

t

Figure 64. Sample Tracking Command Time Histories

It can also be seen in Table 8 that the standard deviations for the model are
g~nera1ly larger than those for the pilot. It was sometimes the case that initial
transient command tracking errors and rates were of such a nature that the pilot had
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to abort a run shortly after it began (e.g. , the dot started near the edge of the screen
and quickly went out of sight). Such runs were not counted , and no statistics were
kept for them. However , the model did not have thu luxury and had to fly every
command sequence that came along. It is likely that a few of these runs with large
initial transients in each set increased the standard deviations of the model’ s tracking
scores.

Th e Nort h rop Urgency Deci sion Pilot Model was applied to a compensatory
tracking task involving marginally stable and unstable second order system dynamics
in an effort to answer two fundamental questions concerning the model’s urgency
functions:

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

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

V 
Comparison of the flight and pilot model simulations demonstrated the complete

model’s ability to predict the pilot’s tracking statistics, just as it demonstrated that
the incomplete model was incapable of such performance. Analysis using the pilot
model with and without the benefit of error rate information in the urgency function s
demonstrated the importance of this error rate information in the following ways:

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

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

3) Since large rates built up, the incomplete model was fo rced I n most
cases to adopt higher leads to control them , while adopting lower gains
to avoid overcontrolling the system .

4) In asymmetric tasks , the incomplete model was forced to spend a
disproportionate amount of time trying to control the rates generated
by the less stable dynamics.
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From the results of this study, it is reasonable to conclud e that urgency func-
tion error rate terms are required for analysis of any unstable or marginall y stable
system or , In general , for any system capable of evolving appreciable error rates .
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E. COMPARISON OF THE MULTIAXIS PILOT MODEL WITH WANAMAKER-SOWER
DATA

The problem described In the previous Subsection is similar to a study performed

by Wanamaker and Sower at the Air Force Institute of Technology, Refe rence 8. Their

thesis conta ins the complete description of a command tracking flight simulation

analyzed by mean s of linear reconstruction theory and measured mean control periods

to predict the tracking errors. Since the urgency decision multiaxis pilot model

generates its own information concerning sample periods, it is of interest to cor.ipare
the mean sample data the model generate s with the experimental values which were

obtained through the use of a split display and eye electrodes. The model was exer-

cised in a manne r identical to that just described in Subsection IV D. The following
data is taken from Refe rence 1. Figure 65 shows a sample of time histories for the
tracking command and the two tracking errors for 20 seconds of flight as generated

by the model. In this case one of the axes was unstable , called the side task in the

the sis. For all combinations of dynamics and commands, only the longitudinal task

was given a command tracking history ; the lateral command was the constant zero.
Since all lateral dynamics were unstable, inadvertent control inputs modeled by small

initial errors were sufficient to initiate the lateral task.
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FI gure 65. Example Time Histories Generated by the Pilot Model
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Data for six combinations of system dynamics and command bandwidths are
given in Figures 66-71 for Cases 1 — 6.

LONGITUDINAL DYNAMICS: K/(s . 1)

LATERAL DYNAMICS : K/(s - 1.5)

COMMAND: K/is + 0.5) 2

NOR THROP
SUBJECT 1 SUBJECT 2 SUBJECT 3 2•AX IS MODEL

° ‘0 C 0.2742 0.3696 0.3697 0.4161
I (RMS)

MEAN
CONTROL o.~ oa 0.9271 0.9277 1.110
PERIOD
(SEC) 

________________ ________________ ________________ ________________

ERROR
BANDWIDTH 3.83 3.61 3.71 4.20
(RAD/SEC)

Figure 66. Comparison Data, Case 1

LONGITUDINAL DY NAMICS: K/s 2

LATERAL DYNAMICS: K/(s - 0.5)

COMMAND: K/(s + 0.5)2

NORTHR OPSUBJECT 1 SUBJECT 2 SUBJECT 3 2-AXIS MODEL

o /° c 0.3195 0.4553 0.5406 0.3825
(R MS)

MEAN
CONT ROL 1.238 1.285 1.1006 1.32PERIOD
(SEC) 

________________ ________________ ________________ ________________

ERROR
BANDWIDTH 6.22 5.92 3.66 3.8
(RADISEC)

Figure 67. Comparison Data, Case 2
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LONGITUDINAL DYNAMICS: K/s

LATERAL DYNAMICS: K/(s - L5)

COMMAND: K/ (s + 1.5) 2

NORTHR OPSUBJECT 1 SUBJECT 2
2-AXIS MODEL

a / a c 0.6249 0.6156 0.6159
(RMS)

MEAN
CONTROL 1 22 117 1.11
P E R I O D
(SEC) 

__________________ __________________ __________________

ERROR
BANDWIDTH 4.87 3.54 4.6
(RAD /SEC)

Figu re 68. Comparison Data , Case 3

LONGITUDINAL DYNAMICS: K/(s - 1)

LATERAL DYNAMICS: K/(s - 1.5)

COMMAND: K/(s + 1.5) 2

NORTHROPSUBJECT 1 SUBJECT 2 2-AXIS MODEL

~J / a C 0.8454 0.8838 0.8598
(RMS)

MEAN
CONTROL 1.077 1.008 1.041PERIO D
(SEC) 

_________________ _________________

ERROR
BANDWIDTH 4.3 3.1 4.1
(RAD/SEC )

FIgure 69. ComparIson Data, Case 4
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LONGITUDINAL DYNAMICS : K/s 2

LATERAL DYNAMICS: K/(s • 1.5)

COMMAND: K/(s + 1.5)2

NORTHROPSUBJECT 1 SUBJECT 2 2-AXIS MODEL

a/a c 0.8201 1.0556 0.8991
(RMS)

MEAN
CONTROL PERIOD 1.551 1.944 1.923
(SEC)

ERROR
BANDWIDTH 7.04 5.13 4.9
(RAD/SEC)

Figure 70. Comparison Data , Case 5

LONGITUDINAL DYNAMICS: K/s

LATERAL DYNAMICS: K/(s - 1.5)

COMMAND: K/(s + 0.5) 2

N O R T H R O PSUBJECT 1 SUBJECT 2 SUBJECT 3 2-AXIS MODEL

o /0 C 0.2029 0.2781 0 2465 0.2335(R MS)

MEAN
CONTROL PERIOD 1.093 1.1515 0.8939 1.031
(SEC)

ERROR
BANDWIDTH 3.83 3.32 3.62 3.8
(RAD /SEC)

Figu re 71. Comparison Data , Case 6
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Graphical comparison of the model with the simulation data can be made for
both the tracking errors and the mean sample periods. This is done in Figures 72
and 73.
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0 I V

0 URGENCY PILOT MODEL PR EDICT IONS, 1.0
RMS TRACKING ERROR

Figure 72. Comparison of Tracking Errors
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CONTROL PERIOD (SEC)

FIgure 73. Comparison of Mean Control Periods
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This data again shows the accuracy of the model in predicting the tracking
errors of a multiaxis task, and In additIon , generating the mean control periods
observed in the flight simulation performed at AFIT.

V
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F. TARGET TR ACKING WITH VISUAL DEL AYS AND SIDE TASK

In 1975 , M. J. Queijo and D. R. Riley of NASA LRC performed a flight simulation
study to determine the effect of time delays in visual cues on pilot tracking performance ,
as reported in Reference 11. The subjects controlled a five degree-of-freedom aircraft
tracking a target that maneuvered by slow altitude oscillations in the vertical plane.
By delaying the visual CRT display , evaluation of flight simulator time delays was
obtained. In addition to vertical and horizontal tracking statistics , workload information
was obtained by use of a side task which consisted of using an electrical stylus to tap
alternately on two electrodes separ ated by a barrier and strapped to the subject’s leg.
The general availability and completeness of the reported experiment make this problem
a useful one for the demonstration oI the Northrop Urgency Decision Pilot Model.

The pilot’ s specific tasks were as follows:

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

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

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

The following assumptions are made to establish tVhe dynamic form of the
mu ltiaxis pilot model:

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

2) The vertical tracking, ho rizontal tracking, and side tasks are
performed one at a time depending on the relative urgencies U~~, U~~, USTof these tasks.

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

= Constant

These pilot model assumptions can then be implemented by programming a time-

domain simulation of the pilot compensations for each task along with the urgency

functions and their associated decision logic . Figure 74 shows a diagram of the com-

plete simulation model.
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Consider the vertical task first. Here the tracking task is essentially to point
the aircraft , so that this pilot closure is a single—loop pitch tracking task. Now if ~~,

K, and TL denote tracking error , pilot model gain , and pilot model lead, with the
subscripts V and H denoting the vertical and horizontal tasks , the fixed-form compen-
sation of the vertical task can be written:

äe = (Delay T)  ~Kv (E v + TL
ó a = 0

The associated urgency function of this single—loop control task is then dictated
by the general formulation of the Urgency Decision Pilot Model to be of the form:

Uv = f a v I E v I + ~ 3v
€ v

~I v i

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

6a1 = (Delay T)~ Ko ( o + T L~~~~
iSa2 (Delay i-) 

~KH (E H 
+ TL èH)~

iSa = i S a1 + i S a2
iSe = 0

The horizontal urgency function takes the form:
E
H ~HUH = a H I E H I + / 3 H IEHI

Of the various pilot model parameters , only four can be assigned typical values
prior to optimizing the model performance. These values are given in Figure 75.

T = 0 . 3  second

TL = 0.5 second
V

T = 0.5 secondL0

TL = 1.5 second
H

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

1) OptImize by individual parameter variation the quantitie s

Ky, 
~~~~~ ~V’ K0, KH, a11, ~H

V 

for minimum target miss distance

- E = ,jE v
2 + C H

2

using no side task,

UST = 0

2) Using these optimized values, vary IJST until E V matches E
~~ reported for

the minimum visual delay for one simulation test datum.

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

It should be clear from the above description that the model was adji~ ted by
optimization, with only one statistic of one test case matched to the simulation data
for the calibration of the side task urgency.

Two test cases , 5 and 6 , were investigated . Each unit of visual delay equaled
0. 03125 second . Table 9 shows the rms comparison data for pilot model and flight
simulation for a visual delay of 1.5 units. It can be seen that not only do the tracking
errors agree, but the average stick amplitud e and stick rate statistics agree as well.
Table 10 presents the data for a visual delay of 6.5 units. Tracking error is given in
meters , and stick displacement and stick rates are given in rad and rad/sec ,
respectively.

For case 5, FIgures 76 and 77 present the pilot model data for the vertical and
horizontal tracking errors in comparison with means and standard deviations from
simulation data . Pilot model data are presented In Table 11.
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TABLE 9. NUMERICAL DATA FOR VISUAL DELAY OF 1.5 UNITS

CASE 5 CASE 6

Simulation Model Simu lation Model

3•53* 3.42 3.72 3. 60

1.94 1.97 2.68 2 .06

0. 029 0. 030 0. 049 0. 042

öe 0. 0057 0. 0044 0. 0089 0. 0097

oa 0. 093 0.26 0. 154 0. 36

ôè 0. 025 0.017 0.035 0. 047

*mathhed data point for side task urgency calibration

TABLE 10. NUMERICAL DATA FOR VISUAL DELAY OF 6.5 UNITS

C ASE 5 CASE 6

Simulation Model Simulation Model

E
V 

4. 09 4.29 5. 05 5. 82 
V

2.39 2 ,09 3.45 2.32

0. 035 0. 032 0. 061 0. 051

0. 0067 0. 006 0. 011 0.02

0. 098 0.26 0. 169 0. 375

öé 0. 027 0. 021 C.038 0. 09

A combined comparison of cases 5 and 6 vertical and horizontal tracking errors
is presented in Figure 78 for the data furnished in Tables 9 and 10.

It Is useful to examine a plot of tracking error versus time as It would be viewed
in the sight by the pilot. FIgure 79 was obtained from the pilot model , with the pilot
model control episodes shown by symbols as indicated.

There are two important observations that can bVe made concerning the side task.
By examination of many time histories such as Figure 9, it was clear that the side task
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10

• XP ILOT MODEL

- 
4± 10 SIMULATOR DAT~J

E
>

‘U

E

C I I I I I
0 UNITS VISUAL DELAY 10

Figure 76. Case 5 Vertical Tracking Data

5

XP ILOT MODEL 

~1
- 

4± IC SIMULATOR DAT A

E

0 1 I I I I I I I
a UNITS VISUAL DELAY 10

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

Case 5 Case 6

K~ — 0. 002 —0. 004

2.0 2.0

0.1 0.1

K11 0. 015 0. 02

aH 3.0 3.0

10. 0 10. 0

K0 0.6 0.6

U8~
Initial 

~H 0.5 m 0.5 m

7 
V

LINE OF
i AGREEMENT
I

‘U

‘U
U,

E V

.
I-

(I,

I
C,
-J

• Us1 CALIBRATION POINT

• VERTICAL TRACKING ERROR
4 HORIZONTA L TRACKING ERROR

0~ PILOT MODELrms eV , eH im) 7

Figure 78. Comparison of Flight Simulation and
Pilot Model Target Tracking Errors.
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lOm ~v

— VERTICAL CONTROL
- •• • -•“ HORIZONTALCONTROL

,
x f f x

~ !ID
~~

•

~

A
H!K

1Om

TOTA L TIME = 60 SECONDS

Figure 79. Time History of Pilot Model Control Episodes

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

Although the data presented here has been limited to cases 5 and 6 of Reference
11, the following four conclusions can be drawn concerning the ability of the Urgency
Decision Pilot Model to represent piloted target tracking:

1) The model calculated vertical tracking errors consistent with simu-
lation data.

2) Even though there was no horizontal target motion , the attention divers ion
in the pilot and in the pilot model led to horizontal tracking errors of
nearly the same size.
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3) The assumption that the electrode tapping side task used in the fligh t
simulation could be represented as a constant urgency task was justif iedby a) the vertical and horizontal tracking errors , b) the occurrence ofside task episodes only for tracking errors less than 4 meters , andC) the frequency of side task episodes.

These results just ify the last conclusion :

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

COMPARISON OF TURBULENCE MODE LS AND
CONTROL SYSTEM LAG EFFECTS

The preceding Sections have discussed the classification of precision piloted
f ligh t tasks and have shown how the general Urgency Decision Pilot Model can be used
to address a wide variety of piloted tasks. The remainde r of the report will consider
fur ther applications of the model to the following problems: 

V

• Comparison of Gaussian and Reeves non-Gaussian turbulence
models.

• Evaluation of the effects of control system legs on two-axis
att itude stabilization performance.

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

• Prediction of pilot reserve attention capacity as a measure of
pilot workload.

In order to demonstrate the applicability of the methods to general aircraft
models , nonlinear six degree—of-freedom aircraft equations will be employed. The
airc raft to be studied is the F-5E in a clean configu ration at nine flight conditions , wi th
and without flight control system augmentation. Since these aircraft descriptions will
be used for each of the above app lications , an account of these F-5E configurations
will be presented next.

A. AIRCRAFT DESCRIPTIONS AND E QUATIONS OF MOTION

For the analyses discussed above, nine F—5E configurations were chosen from the
airc raft’s primary operating envelope , shown in Figure 80. The flight conditions
simulated are given in Table 12, and correspond ing dimensional stability derivatives
appear in Tables 13 and 14.
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0.8 1.0 1.2 1.4

MACH NUMBER

Figure 80. F—5E Primary Operating Envelope

TABLE 12. F-SE CONFIGURATIONS SIMULATED

Case Mach No. Altitude U0 w0
(ft) (ft/sec) (ft/sec) (deg)

1 0.4 1750. 445. 35. 8 4.60

2 0.4 10000. 428. ~ 49.2 6.56

3 0.6 1750. 669. 25.7 2.20

4 0.6 10000. 646. 34.6 3.07

5 0.6 20000. 620. 48.6 4.48

6 0.8 1750. 893. 21.0 1.35

7 0.8 10000. 861. 27.8 1.85

8 0.8 20000. 829. 38.1 2.63

9 0.8 30000. 794. 54.4 3.92

= 3600 ft—lb—sec2 ~~ = 47000 ft—lb—sec 2

I = 44200 ft—lb—sec 2 I = I = I = 0yy xy xz yz
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The airc raft was simulated both with and without augmenter , thus giving a total
of eighteen test points. A description of the F-5E stability augmentation system is
presented in Appendix C; the SAS gains for each of the nine flight conditions are given
in Table 15.

TABLE 15. F-5E SAS GAIN S

Case KA Ky

1 —0. 24 0. 19 1.1

2 —0.36 0.19 1.4

3 0.042 0.089 0.73

4 —0.084 0.15 0.87

5 —0.22 0.19 1.1

6 0.064 0.077 0.58

7 0.064 0.077 0.62

8 0.0056 0.11 0.78

9 —0. 15 0.19 0.98

The coupled, nonlinear, six degree-of-freedom, constant coefficient , perturba-
tion equations of motion used are shown in Figure 81. Kinematic, gravity orientation ,

and inertial nonlinearitles are included. The equations are written about the aircraft
body axes , and only one nonstandard assumption was made: that 

~~~ 
can be neglected.

For the conf igurations studied, I~~ was zero.

The reader should note that in the equations of Figure 81, all dynamic variables
are perturbed about trim values. The only non-zero trim values are u0, w0, and
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= g [sin 0~ (1 - cos 0 cos i/i ) — cos 00 sin 0] — q(w0 + w) + rv

+ X~ (u + u
9

) + X~~ (w + w
9

) + + x q (q + q9
) + X&e &e

= g [cos 0~ (cos 0 cos ~ — 1) — sin 00 (cos ~, sin 0 cos ~ + sin 
~Ji sin ~)J

+ q(u 0 + u) - + Z~ (u + U
9
) + Z~ (w + Wg) + Zq (q + q

9
) + Z&e8e}
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Figure 81. Aircraft Equations of Motion

B. COMPARISON OF GAUSSIAN AND REEVES NON-GAUSSIAN TURBULENCE

Two-Axis Attitude Stabilization in Gaussian Turbulence

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

The TASK in the simulation was stabilization of roll angle ~ and pitch angle 0 in
the presence of uncorrelated u-, v-, and w-gusts. For Gaussian turbulence, white
noise was filtered to produce the Dryden spectra specified In Reference 12.

The experimental setup for the fixed-base flight simulation was similar to that
described In Section IV A. The CRT scalings chosen resulted in a horizontal dot dis-
placement of 2.5 centimeters per degree of roll angle and a vertical dot displacement
of 10 centimeters per degree of pitch angle, for a 0/~ scaling ratio of four to one.
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For each aircraft configuration , ten thirty-second runs were made, giving a
total of five minutes of data for each test point. In order to diminish low-frequency
effects during the short runs and remove one source of variability in the data, each
gust sequence was precomputed and scaled to zero mean and ten ft/sec rms. Further
information on the precomputing procedure is contained In Appendix C.

The Urgency Decision Pilot Model applied to this problem was of the same form
as described In Section IV A, with one major diffe rence: in the current simulation,
error rate terms In the urgency functions were required for optimum model perfor-.
mance. This was necessary even though the component tasks were both single-loop.
The error rate coefficients were chosen along with the gains and leads in the model
opt imization process. Since the 0/4) display scaling ratio was four to one throughout
the flight simulation, the longitudinal urgency function error coefficient was fixed at
four , while the lateral urgency function error coefficient was fixed at one.

For some of the configurations, it was discovered that the open loop attitude
errors in turbulence were the best that could be obtai~ed; neither the pilot nor the
model could improve on the open loop errors. Hence , the se configurations (Cases 3
and 4 without augmenter; Cases 6 and 7; Case 8 without augmenter) were not used in
4he three simulations discussed In thi s Section.

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

Lateral error Longitudinal erro r
rms (deg) rms (deg)

Case mean s.d. mean s. d.

1 With augmenter 2.77 0.531 0.886 0.160
Without augmenter 2.90 0.680 1.59 0.291

2 With augmenter 3.67 0.674 1.10 0.232
Without augmenter 3.52 0.783 1. 82 0.341

3 With augmenter 1.46 0.248 0.561 0. 0518
Without augmenter 1.93 0.364 0.878 0. 0778

4 With augmenter 1.99 0.334 0.569 0.0595
Without augmenter 2.46 0.487 1.05 0.0813

5 Wi th augmenter 2.72 0.432 0.633 0. 0805
Without augmenter 3.00 0.626 1.23 0.140

6 Wi th augmenter 0.962 0.147 0.374 0.0196
Without augmenter 1.58 0.338 0. 631 0.113

7 With augmenter 1.29 0.204 0. 450 0. 0270
Without augmenter 2. 11 0.340 0.813 0. 158

8 With augmenter 1.78 0.276 0. 484 0. 0341
Without augmenter 2.37 0.423 0.906 0.106

9 With augmenter 2.42 0.350 0.482 0.0437
Without augmenter 2.91 0.530 1.05 0.114

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

Tracking E rrors , rms (deg)

Lateral Longitudinal Radial

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

Wi th augmenter 1.73 0.302 0.249 0.0382 1.99
Wi thout augmenter 2 .20 0.581 0.344 0.0454 2 .60

2 Wath augmenter 2.01 0.390 0.273 0.0560 2.28
Without augmenter 2.29 0.544 0.287 0. 0340 2.56

3 With auginenter 1.24 0.143 0.214 0.0285 1.51

4 With augmenter 1.52 0.210 0.196 0.0324 1.71

5 With augmenter 1.62 0.211 0.216 0. 0319 1.84
Without augmenter 2.41 0.493 0.298 0. 0436 2.69

$ With augmenter 1.33 0.254 0.190 0. 0208 1.53

9 With augmenter 1.85 0.286 0.180 0.0203 1.80
Without augmenter 2.42 0.346 0.291 0. 0362 2.69
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The Reeves Non-Gaussian Turbulence Model

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

However, the probability characteristics of the Gaussian distribution do not
match those of real turbulence, and Gaussian turbulence does not display the large
gusts and patchy nature of real atmospheric turbulence. Because of these shortcom-
ings, simulation pilots report that Gaussian turbulence does not feel like real turbu—
lence, and that flight simulations employing Gaussian turbulence are not sufficiently
realistIc, Reference 13.

Several non-Gaussian turbulence models have been proposed to overcome defects
in the traditional Gaussian model. One such model was developed by P. M. Reeves,
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Reference 13. Basically , the Reeves model employs Gaussian white noise sources and
linear filters as shown in Figure 87 to produce each gust component.

GAUSSIAN
WHI TE NOISE LINEAR

SOURCES FILTERS

aCt)
n1(t) G1(s)

CU)
x

bit)n2(t ) G2(s)

u(t)
+

1 I d(t)
n3(t) •-

~ 

G3(s) —

Figure 87. Reeves Non-Gaussian Tu rbulence Simulation

In Figure 87, a(t), b(t), and d(t) are all Gaussian processes , while 0(t), the
product of two Gaussian processes, is a Modified Bessel process. The final gust term
is thus the sum of a Gaussian process and a Modified Bessel process.

The standard deviation ratio, R = 
~c’~d’ determines the probability distribution

and patchy character of the gust, u(t) . If R is very small , the contribution of c(t) can
be neglected , and u(t) is a Gaussian process. If R is very large , then the contribution
of d(t) can be neglected, and u(t) is a Modified Bessel process. Reeves reported that an
R value of approximately unity provides the best mix, producing turbulence that

closely matches atmospherlp turbulence in frequency content, probability charac-
teristics, and patchIness.

Two-Axis Attitude Stabilization in Reeves Turbulence

A fixed-base flight simulation and model analysis similar to those reported above
were performed to assess what effects non—Gaussian turbulence might have on the
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tracking performance of both a human pilot and the pilot model. The only difference
was that now Reeves turbulence was used instead of Gaussian turbulence.

The Reeves model was programmed to generate uncorrelated u-, v-, and
w-gusts. As before, the gusts were precomputed and scaled to zero mean and
10 ft/ sec rms. In addit ion , due to the importance of the standard deviation ratio It,
the additive terms making up each gust component were scaled in the precomputing
process so that R was exactly unity in each thi rty—second run.

Open loop attitude errors for all eighteen F—5E configurations In Reeves turbu-
lence are presented in Table 19. Complete flight simulation and model data for the
eleven usable configuration s are given In Tables 20 and 21. The pilot model was not
re—optimized ; model parameters found in the Gaussian simulation were used here
unchanged. The mean and standard deviation values shown in the tables were calcu-
lated for sets of rms errors from ten 30-second runs.

As shown in Figures 88 through 90 the average tracking errors of the pilot and
model agree closely; agreement of the pilot and model in standard deviations of track-
ing errors is also apparent , as shown In Figures 91 and 92. These figures were
plotted from Table s 20 and 21.
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TABLE 19. F-5E OPEN LOOP ATTITUDE ERRORS IN REEVES TURBULENCE

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

Case mean s.d. mean s.d.

1 With augmenter 2.65 0.308 0.756 0. 0971
W ithout augmenter 2.72 0.339 1.29 0. 181

2 With augmenter 3.46 0.404 0.911 0.140
Withou t augmenter 3.35 0.407 1.49 0.214

3 With augmenter 1.39 0. 126 0. 512 0.0289
Without augmenter 1.80 0.276 0. 784 0.0763

4 With augmenter 1.91 0. 185 0.515 0.0329
Without augmenter 2 .33 0.295 0 .927 0. 124

5 With augmenter 2.60 0.264 0.560 0.0403
Without augmenter 2.80 0.319 1.04 0.137

6 With augmente r 0.920 0.0679 0.355 0.0126
Without augmenter 1.33 0.224 0. 569 0. 0465

7 With augmenter 1.23 0.0958 0.422 0.0173
Without augmenter 1.68 0.232 0.661 0.0743

8 With augmenter 1.71 0. 147 0.450 0.0204
Without augmenter 2.30 0.295 0.830 0. 140

9 With augmenter 2.33 0.209 0.439 0.0240
Without augmenter 2 .74 0.339 0.938 0. 147

TABLE 20. FLIGHT SIMU LATION DATA — ATTITUDE STABILIZATION
IN REEVES TURBULENCE

Tracking Errors , rms (deg)

Lateral Longitudinal Radial

Case mean s.d mean s.d. mean

1 With augmenter 1.89 0.371 0.232 0.0396 2.10
Without augmenter 2.21 0.228 0.342 0. 0420 2.60

2 With augmenter 2.02 0.265 0.257 0.0388 2.27
Wltbout augmenter 2.43 0.275 0.334 0.0344 2.77

3 With augmenter 1.20 0.164 0.219 0.0211 1.48

4 WIth augmenter 1.43 0. 123 0. 222 0.0352 1.68

5 WIth augmenter 1.63 0. 177 0.202 0.0201 1.82
Without augrnenter 2.36 0. 604 0.312 0.0780 2.67

8 Wlth augmenter 1.28 0. 186 0.212 0.0272 1.53

9 WIth augmenter 1.59 0. 127 0. 184 0.0330 1. 76
Without augmenter 2.25 0.343 0.284 0.0352 2.49
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Comparison of Gaus~ian and l~eev~s ~1o~-Gaussian Simulations

Gaussian and Reeves turbulence models differ somewhat in spectral content and

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

As a result of the above discussion, the following conclusions regarding the use
of the Urgency Decision Pilot Model in the analysis of flying qualities in turbulence
can be drawn :

• The model Is validated for a general nonlinear ai rcraft representation.

• The model is accurate for prediction with the non—Gaussiait Reeves
turbulence model , and can therefore be expected to be
accurate with other non-Gaussian turbulence sources.
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• Other than differences In standard deviation deriving from the non—
Gaussian statistics, there is no significant quantitative
performance distinction between the Gaussian and Reeves
non—Gaussian models.
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C. THE INFLUENCE OF CONTROL SYSTEM LAGS ON TWO-AXIS ATTITUD E
STABILIZATION

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

First-order control system lags were evaluated at time constants of 0.05 and
0.1 second. Flight simulation data was obtained using the simulation procedure and
facility referred to in Subsection B. Complete piloted simulation data and performance
prediction data obtained using the Urgency Decision Pilot Model are presented in
Tables 22-25. The mean and standard deviation values shown in the table s were cal-
culated for sets of rms errors from ten 30-second runs.

TABLE 22. FLIGHT SIMULATION DATA — ATTITUDE STABILIZATEON
IN GAUSSIAN TURBULENCE , 0. 05 SEC CONTROL LAGS

Tracking Errors , rms (deg)

Lateral Longitudinal Radial

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

1 With augmenter 1.71 0. 298 0. 222 0.0262 1.92
Without augmenter 2 .64 0.465 0.377 0.0655 3.04

2 With augmenter 2.00 0. 29 1 0.246 0.0467 2.23
Without augmenter 2.67 0.441 0.306 0.0652 2.94

3 With augmenter 1.42 0.166 0.220 0.0166 1.67

4 With augmenter 1.70 0.22 1 0.239 0.0273 1.95

5 With augmenter 1.82 0.228 0.222 0.0345 2.03
Without augmenter 2.84 0.408 0.357 0.0474 3. 18

8 With augmenter 1.48 0.206 0.249 0. 0288 1.78

9 With augmenter 1.88 0.320 0.222 0.0418 2.08
Without augmenter 2.74 0. 274 0.292 0. 0357 2.98
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TABLE 23. FLIGHT SIMULATION DATA — ATTITUDE STABILIZATION IN
GAUSSIAN TURBULENCE , 0. 1 SEC CONTROL LAGS

Tracking Errors , rms (deg)

Lateral Longitudinal Radial

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

1 With augmenter 2.01 0. 303 0.274 0.048 1 2.28
Without augmenter 2.60 0.350 0.366 0.0440 2.99

2 With augmenter 2.35 0.344 0.296 0.0350 2.63
Without augmenter 3. 19 0.519 0.407 0.0713 3.58

3 With augmenter 1.49 0.178 0.249 0.0298 1.80

4 With augmenter 1.71 0.217 0.283 0.0452 2.05

5 With augmenter 1.98 0.300 0.252 0.0529 2.22
Without augmenter 3.16 0.470 0.402 0.0627 3.55

8 With augmenter 1.76 0.253 0.254 0.0403 2.03

9 With augmenter 2.09 0.221 0.239 0.0346 2.30
Without augmenter 3.05 0.455 0.458 0.0528 3.56
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The accuracy of the model in predict ing the effects of the control lags is demon-
strated by compar ing the data along lines of agreement. Figure 100 shows the corn-
parison of the data for the bank angle tracking errors for turbulence intensities of ~“ 4
10 ftlsec, and FIgure 101 presents the data for pitch angle tracking errors for the
same intensity of turbulence. It is clear that the agreement is good for a variation
of tracking errors exceeding 100 percent.
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Figure 100. Agreement of Pilot Model and Flight Simulation Data for
F-5E Lateral Tracking Errors, Gaussian Turbulence

With Control System Lags
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Figu re 101. Agreement of Pilot Model and Flight Simulation Data for
F-5E Longitudinal Tracking Errors , Gaussian Turbu lence

With Control System Lags

Graphs that are similar to the task interference figure s of Section IV A will be
used to show the influence of the control lags on the two-axis attitude stabilization task
performance. Performance of the two-axis tasks is plotted as a point with coordinates
of bank angle and pitch angle tracking errors. Thus, the F-SE with control system
lags can be compared to the unaltered F-5E flown optimally by the simulation pilot,
and al so to the open loop aircraft . These data are pre sented in Figure s 102 to 112
for the eleven flight conditions/configurations studied in Subsection V B.
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Figure 104. Effect of Control System Lags on F-5E Case 2
With Augmenter, Gaussian Turbulence
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Figure 105 . Effect of Control System Lags on F-5E Case 2
Without Augmenter, Gaussian Turbulence
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FIgure 106. Effect of Control System Lags on F-5E Case 3
With Augmenter, Gaussian Turbulence
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Figure 107 . Effect of Control System Lags on F-5E Case 4
With Augmenter, Gaussian Turbulence
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Figure 108. Effect of Control System Lags on F-5E Case 5
With Augmenter, Gaussian Turbulence
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Figure 110. Effect of Control System Lags on F—5E Case 8
With Augmenter , Gaussian Turbulence
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Figure 111. Effect of Control System Lags on F-SE Case 9
With Augmenter, Gaussian Turbulence
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Figure 112. Effect of Control System Lags on F-5E Case 9
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Fir st of all, It is apparent by inspection of Figures 102 through 112 that no sig-
nificant deterioration of longitudinal tracking ability takes place at either value of lag,
whether or not the augmentation is being used. However, the trends at the 0.1 sec
lag value that show in cases 2 and 9 without augmenter indicate that acceptable per-
formance In pitch attitude tracking may be degraded by lags larger than 0. 1 sec. The
overall conclusion is that for the attitude stabilization in turbulence task , the pilot can
perform longitudinal stabilization in the F-5E with control system lags of the order of
0.1 second.

On the other hand , bank angle stabilization is quite sensitive to control system
lags. In cases 1 and 2 with augmenter no degradation is noted for a lag of 0. 05 second.
In cases 3, 4, 5, 8 and 9 with augmenter, the re is noticeable degradation in per-
formance with lags of 0.05 second. For lags of 0. 1 second , there is significant track-
ing degradation, In some cases re sulting in essentially open loop performance . This
is evident In cases 3, 8, and 9 with augmenter, and cases 1, 2 , 5, and 9 without aug-
menter. From this it Is clear that a control lag of 0. 1 second In the lateral control
system is unacceptable for the F—5E in attitude stabilization tasks.
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On the basis of this data, the following conclusions are justified:

• The model is validated to evaluate the influence of control system lag on
two-axis attitude stabilization.

• For the F-5E, the longitudinal control is not seriously degraded for a
hypothetical control lag of 0.05 second, or In some cases, 0.1 sec.

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

STEP TARGET TRACKING ANA LYSIS AND PE RFORMANC E SPECIFICA TION

The previous two Sections have demon strated the application of the Urgency
Decision Pilot Model to predictions of statistical performance measures of precision

flight tasks. These time—invariant problems represent long-term performance
averages. In contrast, thi s Section will consider a transient tracking problem in
which the pilot model may change its form and coefficients as a fun ction of time in
order to perform optimally during a short tracking period. Associated with this

TASK is an EVALUA TION that consists of not only rms tracking erro r but also the
nonlinear measure of time-on-target as defined by a given pipper size.

In order to see the motivation of analyzing discrete maneuver target tracking,
it is necessary to consider current specification procedure s for tactical aircraft.

A. COORDINATION OF FLYING QUALITIES ANALYSIS WIT H FLIGHT TEST
AND SIMULATION

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

However , the re is an Increasing tendency to add compensation and adopt forms
of control which may change the character of the respon se. Then to the extent that no
equivalent classical “bare” airframe can be found to match the re sponse , the se
requirements lose validity. Even if nothing more than a time delay needs to be added,
one can easily leave the data base behind.
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Since these criteria are no longer sufficient or comprehensive , there has been
considerable research into 1) the nature of pilot ratings, 2) the dynamics of closed
loop piloted flig ht as predicted using dynamic models of pilot control compensation,
and 3) innovative simulation and flight test procedures. There has been considerable
success in these three areas. Pilot ratings deriving from different rating systems can
now be related to one another, Reference 15, and the relation of ratings to certain
performance measures has been demonstrated.

On the other hand, flight test and flight simulation — both in-flight and ground-
based — have not been subject to mathematical constraints that have limited the gen-
erality and scope of the analytical m~thods. Consequently, some test method s have
evolved along lines of discrete test maneuvers evaluated by measures that have not
been readily computed by the use of analytic models.

It is unfortunate that these three areas of activity have not led to an integrated ,

consisten t, and comprehensive approach to the evaluation and specification of piloted
aircraft flying qualities. The problem is this: as aircraft dynamics become more
complex, pilot ratings and comments become more difficult to relate to wide ly used
frequency-domain or optimal control pilot models. Furthermore , many flight test
procedures such as wind-up turns and step target tracking have not been analyzed
owing to their nonlinear time-varying descriptions which are not easily incorporated
into pilot—aircraft models.

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

target tracking.

The object of this Section is to present a simple method for coordinating these

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

B. PILOT — AIRCRAFT ANA LYSIS OF LONGITUDINA L STEP TARGET TRACKING

One of the most familiar and widely employed guides to longitudinal flying quali-
tie s is the data obtained by Neal and Smith of Cornell Aeronautical Laboratory (now
called Cai span ) during an in-flight simulation sponsored by the Air Force Flight
Dynamics Laboratory in 1970. The test matrix included variat ions in short period
frequency, damping, and control system parameters. Flight test evaluation included
pitch angle tracking of both random and step commands. The reported pilot ratings
and pilot comments cover stick forces, predictability of respon se, attitude control/
tracking capability, norm al acceleration control , effects of random disturbances, and

IFR problems. Most pilot comments deal with initial response (“predictability of -

response”) or precision attitude tracking control (“attitude control/tracking capability”).

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

Consider a target that suddenly appears above steady-state trim pitch for the
tracking aircraft . The pilot sees the target and Initiate s a pull-up. At some point,
say D seconds Into the maneuver, he will possibly change the nature of his control to
Initiate precision tracking and reduce steady-state errors. By repeatedly flying this
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maneuver, he will learn just how much he can force a quick initial re sponse w ithout
producing overshoot and oscillation. The performance of this step target tracking
task can then be measured by rms tracking error and time-on—target for a given
pipper size and total tracking time.

The pilot model is set up to perform this tracking task in j ust the way the pilot
does it as described above. This is shown in Figure 113. There will be two forms
for the pilot compensation elevator command öe: one which provides the initial target
acquisition, and the other after time D has passed which controls final precision
tracking and eliminates steady state errors. These are of the form:

ACQUISITION

time < D, 6e1 = (Delay ~r)  K~ (9e(t) + TL

TRACKING

time~~ D, oe F 
(Delay r )  

{K ( 9 t  + TLF ~e(t) + K
ic 5 d

s)}

where 6e Is pitch angle tracking error and the subscripts I and F refer to initial
acquisition and final tracking, respectively. The Kic term represents a pilot ’ s
avoidance of steady state erro r by means of integral control. A pilot delay of
T = 0. 3 ~ec will be used.

ACQUIRE TARGE T TRACK TARGET

-
~~~ ~~~~- I

STEP TARGET I
COMMAND Oç I

I
— P I PPER DIAMETER

TIME (SEC)

Figure 113. DefInition of Step Target Track ing Task
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The following quantities must now be adjusted in order to perform a

simulation of this step tracking task for the evaluation of a given aircraft configuration:

5, T~~, D, 5 , TL KicI I F F

This adjustment will be performed using the optimization principle. For the analysis

of step target tracking, it will be assumed that the pilot optimizes time-on-target and

that this leads to the best compromise of rapid target acquisition and steadiness of

target tracking. The adjustment rule for the pilot model is thus: choose the param-

eters any way that leads to a maximum time—on—target . In practice, it is easiest

to use the following procedure :

1) Select a pipper size and a total tracking time, TF.

2) Set D = T . Increase 5 and TL as required to obtain the most rapid

acquisition of target with moderat~ overshoot and oscillation.

3) With K and TL fixed, set D to that time where 9 is approximately 80%

of the step command.

4) Vary 5 and TL and KIC to Increase time-on-target.
F F

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

Equation s for the Neal and Smith configurations were programmed as described
in their report , Reference 16, with the exception that the high—frequency second—order
control dynamics were omitted. Forty—two configurations, Series 1 through 7, were
calculated with the aid of a programmable desk calculator and plotter , and the reader
who Is interested In applying this method is encouraged to repeat the analysis of the
Neal and Smith configurations. A pipper diameter of 0. 005 rad ian, a step size of ~‘. 2
rad ian , and total tracking time of 5 seconds have been adopted. Since the system is
linear, any choice of step and pipper size that preserves the 40 to 1 ratio will lead to
the same time—on—target and normalized rms 8e statistics. Complete data for these
configurations are given in Figures 114-155, where rins 9 is normalized by the
0.2 radian step size. The pilot ratings shown are the best obtained by Neal and Smith
for each configuration.
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Figure 150 shows the optimized step tracking response of one of the better con-
figurations surveyed , 7C , which was given a rating of PR = 1.5. In this case , the

rapid acquisition of the target leads to low rms 0e while the steadiness of the preci-

sion tracking results in large time-on-target. On the other hand , Figure 118 shows
a poor configuration, iF (PR = 8) that has sluggish response indicated by high rms
0e Even worse is the inability of this configuration to settle out on the target so that

the time-on-target is mostly achieved during target crossings. Other confi gurations
show a wide range of specific handling qualities problems: aircraft that exhibit great
overshoot and others with a steady state error that is difficult to overcome even with
the use of the integral control compensation.

C. CORRELATION OF PILOT RATINGS WITH STEP TARGET DATA

The military flying qualities specification , MIL—F— 8785B , establishes numerical

criteria that define Levels of flying qualities performance which in general corre spond

to Cooper-Harpe r pilot ratings:

Leve l 1 —P R  1— 3 . 5

Lev e l 2 — P R 3 . 5 — 6 . 5

Level 3 — P R  6 . 5 — 9 . 5

It is useful to examine the correlations with pilot ratings of the rms 0e and time-on—

target data obtained for the Neal and Smith configurations. The normalized rms 0e
data is presented in Figure 156. The expected result of increasing pilot rating number

with increasing rms 0e is clearly shown. However , vertical lines are needed on the

figure at specific rms values in order to specify the performance as Level 1, 2 , or

3. But no lines can be drawn that do not also include many points from the wrong

Levels. This failure of rms 0e to correlate with pilot ratings sufficiently well for

specification purposes has been frequently noted, and attempts to weight other quan —
titles along with it to produce stronge r correlations were referenced earlier. From

the above descr iption of the piloted task , it is clear that the rms 0e statistic is inci-

den tal , time—on—target being the primary pe rformance measure. If time-on-target is
plotted against pilot ratings, there is again a strong correlation as shown in Figure 157.
Unfor tunately , this correlation is even less able to furnish specification boundaries
than the rms 0e versus pilot rating data.
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From the above it is clear that the single pe rformance parameters rms 0e or
time-on—target are not sufficient to specify acceptable performance of the Neal and
Smith configurations. If one considers that the pilot might trade rms 0e and time-on-
target against one anothe r in generating his pilot rating, these statistics become more
useful . To see how this trade-off may take place , normalized rms 6e is plotted
versus time-on-target with the point Indicated by the minimum pilot rating given by a
test pilot during the in-flight simulation. This is shown in FIgure 158 along with
apparent boundaries that neatly separate the regions of Levels 1, 2 , and 3. With the
exception of seven points out of forty -two, all configurations lie In regions bounded by
apparent curve s that Illustrate the trade—off between the two performance measures.
These curves show, for example, thai a pilot will tolerate more sluggish response in
a given Level If the resulting time-on-target is especially good, and conversely. Since
the parameters rms 0e and time-on—target correlate with pilot ratings obtained during
a flight test program that examined various tracking tasks, the repre sentation of
target tracking by the step target appears to be justified.
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Figure 158. Pilot Ratings as Functions of rms and Time-On-Target
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D. MULTIAXIS STEP TARGET TRACKING

The success of the method of step target tracking applied to longitudinal target
tracking evaluation motivates an extension of the method to multiaxis flying qualities.

Unfortunately, little published data is available for multiaxis target tracking that
could be used to correlate rms error and time-on—target parameters, or other param-

eters derived from a model for the complete piloted six degree—of—freedom aircraft .

Even so, the importance of multiaxis flying qualities cannot be overlooked , and the

appropriate mult [axis pilot model will be briefly presented in the expectation of future
data comparisons.

The model for multiaxis step target tracking is easy to establish. On each axis ,
longitudinal and lateral-directional, initial and final compensation strategies are fol-
lowed as in the longitudinal analysis presented above. All that is needed is the atten-
tion allocation algorithm including a rule for the initial target acquisition phases on

each axis, which will be referred to as the vertical and horizontal tracking tasks.
For this general case , the step target should be established not simply as an attitude

error , but as a position relative to the trackin g aircraft. A system diagram for this
general problem is shown in Figure 159. The adjustment of this general model fol-
lows the method for the longitudinal analysis with one exception: a rule must be
enforced that causes the model to perform a lateral—directional target acquisition
phase without interruption, followed by a longitudinal target acquisition phase also
without interruption. Once the se initial tracking phases are complete , the attention
of the model is allocated by the urgency decision logic. Now consider the pilot com-
pensation, which w iLl be of the same form for Initial and final tracking exccpt for the

possible use of integral control , not shown.

Consider the vertical task fir st. Here the tracking task is essentially to
point the aircraft , so that this pilot closure is a single—loop pitch tracking task. Now
if E , K , and TL denote tracking error , pilot model gain, and pilot model lead, with
the subscripts V and H denoting the vertical and horizontal tasks, the f ixed—fo rm com-
pensation of the vertical task can be written:

ôe = (Delay r) {K~ (E~~ 
+ TLv ~

öa = 0
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Figure 159. Control Configuration for Step Target Tracking

The associated urgency function of this single-loop component task is then dic-
tated by the general formulation of the Urgency Decision Pilot Model to be of the form:

E E ’
u~~=~~a IE I ÷ s  V v i

V f V , V lE v i

When the model is in horizontal control , it Is required to track the target
through c’~ianges in the heading of the tracking aircraft. This multiloop task is
modeled by an inne r attitude stabilization loop and an outer heading command loop
tracking closure • The se take the forms:

oa 1 = (Delay r) {K ~(~
+ TL~~~)}

6a2 = (Delay r )  {K H (EH + TL~~~H)}

= 6a1 + 6a2

{ ae = 0
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The horizontal urgency function takes the form :

~H ~H
UH~~~

a H I E H I + p H i~Hl
The various pilot parameters are optimized by considering initial and precision
tracking phases. These quantities can be adjusted by a gradient method starting
with an initial guess that is obtained independently for each axis in a manner similar
to the one used in analyzing the longitudinal step target problem.

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

The previous two Subsections have presented the method of step target tracking
performance prediction. Pilot ratings obtaine d by the Neal-Smith in-flight simulation
correlated with time—on—targe t and rms tracking error statistic’~ The purpose of this
Subsection is to compare the boundarie s suggested by the Neal-Smith data with F-5E
aircraft performance.

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

Comparison of the step tracking responses for each flight condition with and
without augmenter shows the Importance of prope r augmentation for good tracking
response . In the augmented cases, the initial response is faster as reflected In the
rms tracking error statistic, while the better damped dynamics lead to larger time—
on-target values. To demon strate the validity of the boundaries shown In Figure 158
based on the Neal-Smith data, the F-5E response data is plotted on the se boundaries
In FIgure 178. Since the augmented F-5E has good Level 1 flying qualitie s, while the
unaugmented aircraft may or may not meet Level 1 criteria, the Level 1-Level 2
boundary is consistent w ith the F-5E data. In this way, not only do the data of Fig-
ure 178 show the gradient direction of improving performance which characterized the
Ne al-Smith data, but the actual suggested boundary position is consistent as well.

168



0.4

9
(RAD)

0:

TIME (SEC)

- 

~ PF = - .85 TOT = 2.38

TLI .5 TLF 
= .3 RMS Oe = .31

D .8 K 1c = .05 AUGMENTER

Figure 160. F-5E Case 1 Step Target Tracking Response

0.4 -

9
(RAD)

L7
TIME (SEC)

KPI - .28 KPF - .5 TOT = 1.32
= .5 TLF .5 RMSOe .34

D 1.0 K IC - .05 NO AUGMENTER

Figure 161. F-5E Caae 1 Step Target Tracking Response

- 

— - - 

169 

- 
(



0.4

9
(RAD).

TIME (SEC)

= - .57 KPF = -1.0 TOT = 2.68

T L, .5 TLF = .3 RMSOe = .31

0 = .8 Kic = .08 AUGM ENT ER

Figure 162. F-5E Case 2 Step Target Tracking Response

0.4 -

9
(RAD) 

_____

o:~~ _

TIME (SEC)

— - .27 
~~~ — - .7 TOT — 1.68

TLI .5 TLF — .5 RMS9• = .36

D 1.0 K ic - .1 NO AUGMENTER

Figure 163. F-5E Case 2 Step Target Tracking Response

170 

S - -~~~~-  - -



0.4

9
(RA D) 

__________________________________________________________

0.2 -

0 I I 
- 

I

0 1 2 3 4 5

TIME (SEC)

= - .355 KPF = 
-
- .355 TOT = 2.18

.1 T~f = .25 RMS9e = .34

D = 1.0 K ic = .05 AUGMEN TE R

Figure 164. F-5E Case 3 Step Target Tracking Response

0.4 -

9
(RAD) 

________________________________________________________

0.2 — 

[ /~~~~~~~0 
L__1”0 1 2 3 4 5

TIME (SEC)

= - .2 KPF = - .2 TOT = 1 .80

T LI = .5 TLF = .7 RMSO e = .34

I) - .8 K ic = .11 NO AUGM ENTER

Figure 165. F-5E Case 3 Step Target Tracking Response 

_
~~~~

- - -- - ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
~ .



0.4 -

9
(RA D) 

-

0 :-

TIME (SEC)

= - .49 KPF = - .6 TOT = 2.28

TLI .3 TLF = .2 RMS9e = .31

D .8 K ic = .06 AUGMEN TER

Figure 166. F-5E Case 4 Step Target Tracking Response

0.4

9
(RA D) 

________________________________________________________

0.2 - 

/  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 __________ I I
0 1 2 3 4 5

TIME (SEC)

- .23 KPF - .3 TOT = 1.50

TLI TLF = .7 RMS9e .34

D .8 K ic .09 NO AUGMENTER

Figure 167. F-5E Case 4 Step Target Tracking Response

172

_ _   -- --- --.-



0.4 -

9
(RAD)

TIME (SEC)

K~ 1 = - .53 = - .9 TOT = 2.20

= .2 TLF = .3 RMS O0 = .34

0 = 1.0 K 1c .06 AUGMENTER

Figure 168. F-5E Case 5 Step Target Tracking Response

0.4 -

(R~~W 
_ _ _ _ _ _ _

TIME (SEC)

- .26 KPF - .5 TOT 1.40

TLI .5 TLF = .7 RMSO1 = .35

D a .8 K ic - .1 NO AUGMENTER

Figure 169. F-5E Case 5 Step Target Tracking Response

173



~~~~~~

- r - -

D—AO 56 983 NORTHROP CORP HAWTHOThE CA AIRCRLFT GROUP F,. 5/8
PREDICT LON. EVALUATION. ~NU SPttIFI CATION OF CLOSED LOOP AND MU——ETC(L’)FEB 78 £ 0 Ot4STOTT. W H FAULKNER F33615—77—C—3008

UNCLASS IFIED NQR—fl 1U AFFOI.—TR—71—3 NI.

31-3

_ PUD~~~

___ I-- 
_

_ _ _ _ _



0.4 -

9
(RAD)

TIME (SEC)

- .33 - .35 TOT 2.62
TLI .18 TLF = .15 RMSO0 .31
D = 1.0 Kic .03 AUGMENTER

Figure 170. F-5E Case 6 Step Target Tracking Response

0.4

9
(RAD)

TIME (SEC)

- - .18 Kp~ - .1 TOT 1.38

TLI .1 TLF — .3 RMSO, - .36

0 S Kic - .11 NO AUGMENTER

Figure 171. F-5E Ca.. 6 Step Target Tracking Reeponee

174



0.4 -

(R

~~~

I

TIME (SEC)

= - .35 - .35 TOT = 2.12

TLI .18 TLF .2 RMSO e = .32

D = 1.0 K 1c .05 AUGMENTER

Figure 172. F-5E Case 7 Step Target Tracking Response

0.4 -

~~~

TIME (SEC)

= - .2 KPF - .1 TOT = 1.32

TLI 0 TLF 1.0 RMSOe .39

D 1.0 K ,c .22 NO AUGMENTER

FIgure 173. F-5E Case 7 Step Target Tracking Response



0.4 -

0
(RAD) y ~~TIME (SEC)

= - .4 K
~F = - .5 TOT = 1.90

= .18 TLF .2 RMSO, = .33

D 1.0 K ic = .05 AUGMENTER

Figure 174 F-5E Case 8 Step Target Tracking Response

0.4 -

6
(RAD)

TIME (SEC)

= - .2 KPF = - .24 TOT = 1.18

TLI .1 TLF .8 RMSO e .39

0 1.25 K ic .1 NO AUGMENTER

Figure 175. F-5E Case 8 Step Target Tracking Response

176



0.4

8
(RAD)

0:.

TIME (SEC)

K~ 1 = - .52 1
~PF = - TOT = 2.15

TL, = .18 TLF .3 RMS Oe = .33

D = .9 Kic = .1 AUGMENTER

Figure 176. F-5E Case 9 Step Target Tracking Response

0.4 -

8
(RA D)

TIME (SEC)

= - .22 KPF = - .4 TOT = .90

TLI = .1 TLF = .8 RMS9e = .41

D 1.25 Kic = .1 NO AUGMENTER

FIgure 177. F-5E Case 9 Step Target Tracking Response



0.50 —

LEVEL3

0.45 - /
/ LEVEL 2

J — —

0.40 - / 0 —~~
/ oO ,.

/
0.35 - 21

,0
~~~DO LY~/

0.30 - _ _ _ _ _ _ _ _

AUGMENTER 1
[0 NO AUGMENT~~ J

025 I I I I I I I I
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

TIME-ON-TARGET (SEC)

FIgure 178. F-5E Validation of Step Target Prediction Method

F. SPECIFICATION OF AIR-TO-AIR TRA CKING PERFORMANCE

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

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

1) The specification item must be numerical.
2) The specification item must correlate with pilot comments and pilot ratings.
3) The specification item must be easily measured In fl ight test or flight

simulation.
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4) The specification item must be reliably predictable by analytical means for
use In early design and development evaluation.

5) The method that predicts the specification Item must be applicable in a
completely standardi zed form that evaluates the most general models of the
candidate aircra ft available.

6) The specifi cation Item must be valid for all current acceptable aircraft , and
must exclude poor or unacceptable aircraft.

Unfortunate v , the se six requirements for military specification criteria have

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

ever, the transient method of step target tracking potentially sati sfies these items. In

particular , the step target method has the following characteristics that corre spond to

the requirements listed above :

1) The step target method is based on the numerical measures of rms tracking
error and time—on—target as shown In Figure 158.

2) The two measures correspond with pilot comments in the following way:
rms tracking error — quickness of response

and overshoot characteristics
time-on-target - steadiness on target and

precision tracking
characteristics

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

3) The use of step target tracking is al ready an established flight test
procedure. It is completely standardized and easily tested.

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

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

6) The method clearly establishes performance boundaries for the Neal—Smith
and F-5E aircraft. The only remaining requirement for MIL-F-8785B
inclusion is further validation by current advanced tactical aircraft.

- __________ —
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SECTION VII

PREDICTION OF PILOT RESERVE ATTENTION CAPACITY

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

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

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

A conjecture concerning the first question will be presented at the end of this
Section. An analysis presented there will show that the term “pilot workload”

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

A. SIDE TASKS AND PILOT RESERVE ATTENTION

The term “side task” has already been introduced in Section III D where it was
defined to be “a component task whose performance is not measured or optimized by
an EVALUATIO N requirement. ” A side task consistent with this definition was analyzed

in the target tracking problem presented in Section IV F in which the simulation pilot
was given a task of tapping an electrode strapped to his leg whenever he felt he had the
opportunity. The counting rate for this task was intended to measure the extent to
which the pilot was necessarily occupied with the main target tracking tasks. A
generalization of this method will be presented next.
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Depend ing on the particular TASK, the pilot may have some capability for dealing
with other chores or emergencies that may intrude. These intrusions are almost
always eliminated in simulation studies, but represent frequent occurrences in actual
flight experience. For this reason, such considerations are important in the evalua-
tion of flying qualities. Ideally, du ring a critical flight phase such as landing, the
pilot would be capable of dealing with tasks other than tracking, such as communica-
tions, instrument scans, or even emergency procedures.

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

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

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

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

The simplest side task to be con sidered is represented by attention diversion.
In the Urgency Decision Pilot Model this is repre sented by a constant urgency UST wi th
a minimum dwell time enforced. It will be shown that such a side task model covers a
large number of real flight task instrusions, and is a reasonable approximation to many
more. Thus, the following presentation of a prediction method based on this simple
side task model has broad applicability to flying qualities analysis.

There are two quantities that must be defined in order to present the data
obtained using the side task mod€ i. The first is tracking task degradation. This
quantity, óE, is defined to be the percentage of tracking error increase ove r the
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optimum trackin g error with no side task for a given value of side task urgency UST.
Associated with this degradation is the amount of time the model is dive rted to the
side task. This percentage represents how much attention is associated with the
side task and is called the reserve attention, RA.

These two quantities, tracking degradation AE , and reserve attention RA, are
monotonically increasing functions of the single variable UST, and would qualitatively
resemble the examples shown in Figures 179 and 180.

~~~ o
o
y

Us.r

Figure 179. Tracking Degradation as a Function of Side Task Urgency
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Figure 180. Rese rve Attention as a Function of Side Task Urgency

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

The regions of high and low workload are thus predictable in terms of the
tracking degradation and reserve attention as shown in Figure 181. In practice, suit-
able va lues of UST can be easily found that give sufficient resolution in M and RA.
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Figure 181. High and Low Pilot Workload as Functions of Tracking
Degradation and Reserve Attention

C. RESE RVE ATTENTION CAPACITY DURING ATTITUDE STABILIZAT ION IN
TURBULENCE

The method of using a constant urgency side task to determine reserve attention
capacity will now be demonstrated by evaluating the pilot workload of the F-5E ai r-
craft during the attitude stabilization in turbulence task that was reported in Section V B.
In contrast to the target tracking problem presented in Section IV F , the attitude stabi-
lization TASK involves tracking errors of a high frequency nature . For such high
frequency TASKS, there is little reserve attention , and the problem is one of studying
the sensitivity of tracking degradation for smal l percentages of re serve attention . For
this reason , the coefficients of the optimum model can be used without re-optimizing
for each value of the constant side task urgency UST. A minimum side task dwell
time of 0.3 second was enforced. The model “pe rform s” the side task only when the
component task urgencies are less than UST. The side task is incorporate d into the
pilo t model as shown In Figure 9.

The rese rve attention and radial tracking error data for the eleven usable F—5E
cases presen ted in Section V are given in Table 26. Model data was obtained from
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five-minute runs. The corre sponding reserve attention sensitivity graphs are shown
in Figures 182 through 192. The apparent reserve attention capacity of these cases
varies coLsiderably , from little reserve attention in Case 1 without augmenter to much
reserve attention in Cases 2 and 5. With the possible exception of Case 1, the reserve
attention for a given ~~~€ Is not degraded at a given flight condition by turning off the
control augmentation.

TABLE 26. F-5E RESERVE ATTENTION DATA

Case U~T r(4 ,O)( rad) RA%

1 With augmenter 0 0.0307 0 0
0.007 0.0380 5. 1 23.8
0.0 10 0.0409 7.2 33.6
0.0 14 0.0472 9.3 53.8

1 Without augmenter 0 0.0419 0 0
0.005 0.0465 2.7 10.9
0.007 0.0645 3.2 53.9
0.008 0.0659 4.7 57.3

2 With augmenter 0 0. 0384 0 0
0.0 1 0.0403 8.4 4.9
0.0 14 0.0422 11.5 9.9
0.02 0.046 1 16.1 20.0
0.03 0.0662 23. 1 72.4

2 Without augmenter 0 0.0454 0 0
0.0 1 0.0489 7.7 7.7
0.0 14 0.0509 9.9 12.1
0.02 0.0526 13.4 15.6
0.03 - 0.06 16 19.5 35.9

3 With augmenter 0 0. 0255 0 0
0.007 0.0280 5. 1 9.4
0. 01 0.0330 8.1 32.4
0. 014 0.0498 8.7 95. 3

4 With augmente~ 0 0.0290 0 0
0. 007 0.0309 5.1 6.6
0.0 1 0.0319 8.2 10.0
0. 014 0.0422 11. 3 45. 5

5 With augmenter 0 0.0329 0 0
0.006 0.0349 5.9 5.8
0.01 0.0373 10.3 13.4
0.0 14 0.0385 12.6 17.0
0.02 0.04 15 15. 9 26. 1
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TABLE 26. F-5E RESERVE ATTE NTION DATA (CONCLUDED)

Case UST r(~ ,O)( rad) RA% Ar( 4 ,O) %

5 Without augmenter 0 0.0447 0 0
0.00 7 0.0468 3.4 4.7
0.0 14 0.0488 8.4 9.2
0.02 0.0553 13.5 23.7

8 With augmenter 0 0. 0273 0 0
0.0 1 0.0358 7.40 3.1
0.0 16 0.0432 11.9 58.2

9 With augmenter 0 0.0311 0 0
0.007 0.0348 5.5 11.9
0.0 1 0.0385 9.0 23.8
0.0 12 0.0402 9.9 29.3

9 Without augmenter 0 0. 0466 0 0
0.0 1 0.0510 6.1 9.4
002 0.0569 14.3 22.1
0.03 0.0766 18.1 64.4

100

~ 50
RA %

Figure 182. Reserve Attention for F-5E Case 1 with Augmenter
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Figure 183. Reserve Attention for F-5E Case 1 Without Augmenter
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Figure 184. Reserve Attention for F-5E Case 2 With Augmenter
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Figure 185. Reserve Attention for F-5E Case 2 Without Augmenter
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Figure 186. Reserve Attention for F-SE Case 3 With Augmenter
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Figure 187. Reserve Attention for F-5E Case 4 With Augmenter
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Figure 188. Reserve Attention for F—5E Case 5 With Augmenter
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Figure 189. Reserve Attention for F-SE Case 5 Withou t A-U~~ enter
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Figure 190. -Reserve Attention for F-5E Case 8 With Augmenter
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FIgure 191. Reserve Attention for F-5E Case 9 With Augmenter
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Figure 192. Reserv e Attention for F-5E Case 9 Without Augmenter
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It is importan t to keep in mind that the reserve attention capacity represented
in Figures 182-192 evaluates a TASK that consists of:

1) Lateral attitude stabilization
2) Longitudinal attitude stabilization 

-

so that the side task used in the EVALUATION plays no part in the TASK description.
In other words , the use of the side task in the model analysis is an artifice to evaluate
the capacity of the pilot to assume greater task load ing should it occur. The exclusive
attention allocation of the two— axis TASK Implies that the dwell fraction of at least one
component task is greater than or equal to one-half. The side task increases the total
attention diversion from each task so that the values of RA shown in Figures 182-192
represent total diversion s of greater than 50 percent on at least one of the component
tasks in every case. It is tempting to evaluate this total attention diversion capacity
of each component task by applying the constant urgency side task method to single-
axis tasks. This is unrealistic for the following reasons:

1) In an actual flight situation, component tasks are allocated attention
according to the urgency demands of all component tasks in the TASK.

2) Task interfe rence effects are of importance in the evaluation of pilot
reserve attention capacity.

3) Diversion of the attention from one component task to the side task influences
the relative urgency state of the other component task.

In spite of these objection s to evaluating the pilot reserve attention capacity in
single-axis tasks, an attempt was made to do just this using the data of References 17
and 18 which report pilot ratings for attitude stabilization in turbulence. All configura-
tions in these report s were examined , and little correlation was found between the
pilo t ratings and the reserve attention capacity. Since the intent of the se references
was to obtain pilot ratings that reflected workload, the results of the se calculations
appeared paradoxkal. Further investigation revealed that the pilot ratings of
References 17 and 18 are strongly correlated with pe rformance norm alized by the

apparent lateral ride qualities. This demonstrates influence of ride qualities on pilot
ratings; an analysis of this data has been included in Appendix A.

The above discussion has depended upon using side tasks that can be m odeled
as attention diversions based on constant urgency. An analysis of possible side tasks
will be pre sented next to show how this assumption relates to other side tasks.

193

-



D. SELECTION OF CANDIDATE SIDE TASKS FOR RESERVE ATTENTION
PREDICTION

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

1) The main task components were interrupted only when all of their
associated urgencies were least , I. e. when they could best afford
interruption.

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

3) The side task did not depend in any way on the TASK.
4) The side task did not alter the TASK description , or the adjustment

procedures for the model.
5) The side task urgency function constants UST were not used in the analysis

other than as a means of obtaining task degradation as a function of
reserve attention.

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

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

As explained above, the constant urgency side task led to task interruptions
that occurred at the best times in terms of the component task urgencies. Such tasks
that divert attention according to an urgency measure that compete s with the other
u rgency functions are called housekeeping side tasks since they are performed when-
ever it is most convenient to do so. On the other hand , tasks that instantly interrupt
on the basis of probabilistic or othe r models are called emergency side tasks. All
side tasks can be thought of as falling into one of these two categories , and depending
on the TASK , one or the other may be more appropriate : navigation and communi-
cation intrusions into a landing TASK may be best studied as housekeeping side tasks
In contrast to emergency side tasks th at represent procedures resulting from crowded
airspace or equipment failure.

If UMT represents the greatest of the main component task urgencies at any
given time , the logic associated w ith the two categories of side tasks can be repre-
sented as shown In Figure 193. A fixed minimum side task dwell time should be
imposed In conjunction with these tests. Side task urgency UST is constant in both
cases.
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EMERGENCY HOUSEKEEPING
ATTENTION SHIFT TEST SIDE TASK SIDE TASK

TO SI DE TASK PROBABILITY UST > UMTCONDITION MET

TO MAIN TASK FIXED DWELL TIME UST < UMT
ON SIDE TASK OR
PROBABILITY

__________________ 

CONDITION MET

Figure 193. Attention Allocation Logic for Side Tasks

Emergency Side Task Models -

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

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

Housekeeping Side Task Models

As stated above , housekeeping side tasks are modeled by the use of urgency
functions to determine the initiation of side task activity. Section VII B has shown
how pilot reserve attention capacity can be evaluated by plotting task degradation
versus reserve attention. Although this discussion was restricted to constant urgency
side tasks, the same method can be employed for housekeeping side tasks that are
modeled by other urgency functions . A partial classification of housekeeping side
tasks is given in Figure 194, along with postulated structures for the urgency functions.
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HOUSEKEEPING SIDE TASK MODEL
TASK INTRUSION URGENCY FUNCTION STRUCTURE

I TRACKING U = U (TRACK ING ERROR AND
ERROR RATE )

1. COMMAND

2. “CRITICAL TASK”

II MONITORING U = U (TIME SINCE LAST
OBSERVATION )

1. INSTRUMENT SCAN

2. EXTERNAL SURVEILLANCE

III DISCRETE-RESPONSE U = U (PRESENCE OF STIMULUS)

1. SELF-INITIATED

2. AUDITORY RESPONSE

3. MANUAL_RESPONSE 
____________________________

Figure 194. Classification of Housekeeping Side Tasks

A tracking housekeeping side task was employed In the study of Wanamaker and
Sower that was discussed in Section IV E. This side task consisted of maintaining con-
trol of unstable dynamics . An ingenious method dev eloped by H.R. Jex, References 19
and 20 , employs unstable “cri tical tasks” in the following way: the instability of the
side task is increa sed to the point at which the pilot cannot maintain control over both
the side task and the main dynamics being evaluated . The side task instability param—
eter at that point is the measure of main task difficulty. This techniqu e has been
mainl y an experimen tal method , but the Urgency Decision Pilot Model easily predicts
the performance of the critical task. This is presented in Appendix B.

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

Discrete-response self-initiated side tasks have been presented In Section IV F,
where the electrode tapping task was not initiated by a cue to the pilot. The data
presented in that Section indicates that the assumed model of constant urgency is
appropriate for this task, and by extension to similar self-Initiated tasks. This is the
basis of tht prop osed method of evaluating pilot reserve attention presented in
Section VII B. Much data has been obtained for auditory and manual response initiated
by auditory and visual stimuli. This data would also be suitable for the validation and
calibration of the postulated urgency function.
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Since many non-emergency situations can be performed with conside rable
discretion by the pilot , they can be thou gh t of as self—initiated discrete—response
housekeeping side tasks . This is the reason wh y the constant urgency side task has
been postulated as a useful measure of pilot reserve attention capacity. The possible
relation of reserve attention capacity to pilot workload will be discussed next.

E. INTERPRETATIONS OF PILOT WORK LOAD

Although the concept of pilot workload has been explicitly mentioned only in this

Section , questions concerning it have been latent in many earlier discussion in this
report. It is the objective here to present an interpretation of the workload concept
that is consistent with the results presented above.

Since pilot ratings are intended to reflect both performance and workload , a
compa rison of different pilot rating scales reveals much about the role of workload
in pilo t ratings . This is analyzed in Reference 20 , and will not be discussed here.

The aspect of pilot workload to be discussed is not comparative , bu t defini-
tional. It is clear that reserve attention capacu.j measured by using one side task
may not correspond with the reserve attention capacity measured by means of ano ther.
This i llustrates that workload postulated as reserve attention depend s on the defining
side task.

It is a contention of the authors that this d efinitional aspect of pilot workload
should be mad e clea r with respect to all in stan -

~~~ of the workload concept , and that
the failure for established workload measures to be adopted derives from inadequate
workload definitions. In particular , workload is frequently postulated to be , or be

measured by, the following items shown in Figu re 195.

1) Cooper - Harper pilot rating “demands on the pilot ”
2) The extent of assum ed pilot lead compensation , “Paper Pilot ”
3) Pilot gain and phase margins
4) Aircraft total angular rate
5) Critical Task ‘lamb da” constant , Appendix B
6) Pilot compen sation sensit ivities
7) Reserve attention capacity measures

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

On the basis of these observations, the following suggestions for futu re applica-
tion of workload measurement are offered:

1) The Cooper - Harper pilot opinion rating must be the primary flying
qualities evaluation parameter.

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

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

4) Correlations among the items of Figure 195 should not be assumed
unless demonstrated for the particular problem.
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F. CORRE LATION OF PILOT WORKLOA D AND PILOT RATINGS WITH
PERFORMANCE

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

Conjecture: I Pilot workload can be correlated with performance
measur es , hence

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

G. SPECI FICATION OF PILOT RESERV E ATTENTION

As shown above, reserve attention capacity is important for the pilot during
critical tasks where flight safety is a main issue, such as landing and in-flight refuel-
thg. The analysis presented in Section VII D indi cates that a large number of pilot
task intrusion s can be represented by a constant urgency housekeeping side task.

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

1) The specification item would specii~’ the percent TASK degradation for a
given reserve attention capacity .

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

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

4) The predi ction method for pilot reserve atten tion capacity must be validated ,
using the methods indicated in 2) and 3).

5) The method is generally applicable to all aircraft models and flight TASKS.
6) Data for a Large number of current acceptable and unacceptable aircraft

must be obtained and correlated with data predicted by the reserve attention
capacity prediction method.
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SECTION VIII

SUMMARY AND RECOMMENDATIONS

The study documented in this report has demonstrated a new and comprehensive
approach to the prediction , evaluation , and specification of closed loop multiaxis fly-
ing qualities. The methods set fo rth allow the study of fully general aircraft models in
the analysis of continuous and discrete multiaxis piloted maneuvers . Many demon-
strations of these methods have been presented , and new areas of promising research
and applications have been suggested . Briefl y, these are as follows :

Classifica tion of Precision Piloted Tasks

In order to present a comprehensive approach to closed loop multiaxis fl ying

qualities , it is necessary to develop a classification of all such piloted activities.
This is accomplished in Section II where precision piloted tasks are classified in terms
of

• TASK - what the pilot is told to do,

• CONTRO L - how the pilot does it , and

• EVALUATION - the criteria by which the results are judged.

A generic classification of possible TASK, CONTROL, and EVALUATION items
is presented in Figure 2 , and a survey of examples covered in this report is presented
in Figure 3.

The Urgency Decision Pilot Model

A comprehensive approac h to the analysis of flying qualities problems classified
in the above manner requires a very general representation of the aircraft , the
pilot , and the piloted tasks . This is achiev ed by using the Urgency Decision Pilot
Model developed by Northrop in 1966, Reference 10. This model is exercised in the
time domain by time—history simulation , and pilot attention allocation is assigned on
the basis of “urgency func tions” which determine where attention is needed most.
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This time—domain urgency decision pilot - aircraft model presented in Section III
enjoys the following features:

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

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

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

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

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

model to a large number of flying qualities problems.

Prediction of Piloted Aircraft Performance

Section IV presents a number of validations of the model that Northrop reported

over the last five years, in order to provide a clear picture of the comprehensive man-
ner in which the Urgency Deci sion Pilot Model applies to the classified precision flight
tasks. These demonstrations include the following items:

• F-5 and YF—17 attitude stabilization in turbulence.

• VTOL hover.

• Two-axis command tracking.

• Two—axis ai r—to-air target tracking with visual delays and side task.

Each of these studies considered numerou s flying qualities aspects , and complete
f light simulation validation data is presented.

Comparison of Gaussian and Non-Gaussian Thrbulence Model Effects

Further applications were developed , analyzed , and validated using F-5E air-
craft configuratiofls at seven fligh t conditions . Nonlinea r aircraft equations were used
for these studies. Since the Urgency Decision Pilot Model accpets all system non-
linearities , it is completely eu ~ed to anal yzing both nonlinear aircraft descriptions
and non—Gaussian processes.

Non-Gaussian tu rbulence models are coming into wide use. Section V presents a
validation of the model for the nonlinear F—5E aircraft description for attitud e stabili-
zation with the Reeves non-Gaussian tu rbulence model.
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Effects of Control System Lags on Tracking Performance

Section V also contains an analysis of the performance degradation produced by

hypothetical control system lags introduced into the F-5E validation aircraft models.

This study demonstrates the usefulness of evaluating control system effects by means

of the Urgency Decision Pilot Model. Since the model is validated for problems of
this kind , this method may be used for the design and evaluation of flight control
systems and flight simulations.

Specification of Flying Qualities by Means of Step Target Tracking

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

where an analysis of tracking a step target is presented.

In tracking a longitudinal step target the pilot has to acquire the target by
initiating a pull—up, followed by precision tracking for the allowed tracking time. The
model performs these two maneuvers by changing its compensation during the
five seconds of allotted tracking time. Tracking error , rms 0e’ and time-on-target
statistics are then used to evaluate the flying qual ities as f ollows:

• rms - evaluates initial response and overshoot
characteristics

• tinte-on-target - evaluates steadiness on target

Predictions of these statistics for 42 Neal - Smith NT—33 aircraft configurations

showed that pilot ratings correlate with regions of an rms 8e versus time-on-target
plot. This is shown in Figure 158. Figure 178 present s similar data for the F-5E.

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

• The method must be validated by correlating model predictions
with current aircraft experience.

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

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

Prediction and Specification of Pilot Reserve Attention Capacity

In addition to predicting performance, the Urgency Decision Pilot Model can

also be used to predict the pilot reserve attention capacity of a pilot for any given flight

task. The me od uses a hypothetica l side task of constant attention demand to deter-
mine the sensitivity of the main task performance to attention diversion. This method
is presented in Section VII along with a definition and classification of evaluation sid e
tasks and pilot workload measures. Calculations for the F—5E configurations used for
validation are presented. It is also shown that this important aspect of flying qualities
can be specifi ed in a manner that meets the requirements for inclusion in military
flying qualities specifications, as set forth in Section VI F.

Computer Program and User Guide

The methods presented in this report are only useful to the reader if they can

be easily learned and adapted to specific problems. To assist in this , a compiler
progra m is available to qualified requesters from AFFDL/FGC , Wright-Patterson
AFB , Ohio 45433. A complete user guide is presented in Appendix C. There are
three uses for the computer program:

• To serve as an example of one possible implementation of the
TASK-CONTROL-EVALUATION approach to piloted
aircraft precision task analysis.

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

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

INFLUENCE OF MOTION CUES ON PILOT RATINGS IN TURBULENCE

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

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

It tu rned out that good correlation Is not possible. In the first place , the pilot
workload reflected in the turbulence pilot ratings is of a different sort than attention
loading. This is discussed in Section VII C. Secondly , the pilot ratings obta ined in the
simulations of attitud e stabilization in turbulence turn out to be performance measures
after all.

The frequent and wide use of the pilot rating data in References 17 and 18 has
sometimes led to inconclusive or anomalous results. This appears to be the result of
the performance nature of the pilot ratings. To help avoid fu rther difficulties in using
these data in the fu ture, an analysis of the pilot rating data will be given here to
demonstrate how motion cues or ride quality effects can influence pilot ratings.
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First of all, notice that there are no obvious correlations between pilot ratings
and performance in the reported data. Figure 196 reproduced from Reference 18 (FIg-
ure 31 in that report) shows a wide range of optimum pilot tracking errors for almost
all of the pilot ratings. However, examination of the data for each configuration shows a

steadily increasing pilot rating with turbulence level. By plotting pilot rating versus
gust level , linear correlations can be seen , so that a linea r relation between these
two quantities can be postulated . All that is necessary to compare these linear rela-
tionships for various configurations is the slope of each line. These are just the
average pilot ratings normalized for a nominal turbulence level of 10 ft/sec rms.
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Figure 196. Bank Angle E rrors Versus Pilot Rating for Normal Mode F-5
and A—7 Airplanes for all Gust Levels (Reference 18)

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

data analysis by the means described here .
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In this way, an average pilot rating PR is obtained for each of the NT—33 con-

figurations studied in Reference 17. These average pilot ratings, PR , can then be
plotted versus the average normalized tracking errors ~ obtained from the flight

simulation. This is shown in Figure 198. It is clear that for the NT—33 configurations
the average pilot ratings correlate strongly with the average tracking performance, so

that these pilot ratings reflect performance with little possibility of further functional
dependence on other quantities such as parameters correlating with workload.

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

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

~

‘

~~~
‘ 

for each aircraft configura-
tion as an estimate of the amount of acceleration the pilot would experience for a
given amount of turbulence Intensity.

When this normalization over 
~ v is carried out for the NT-33 average pilot ratings

P1~, the result is still a strong linear correlation , since the 
~ v derivatives vary little

among the NT— 33 configurations tested. This Is shown in Figure 201.

On the other hand , the F-5 configurations have a varying Y~ associated with
them. Normalizing over ~~ then transforms the data of Figure 200 into the strong
linear correlation shown in Figure 202, Justifying the above assumption.

The success in producing linear correlations of pilot rating averages with
tracking errors when the ride qualities accelerations are taken into account demon-

strates that the pilot rating data in References 17 and 18 reflect primarily performance
and not workload, a result consistent with the hypothesis presented in Section VU E.
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APPENDLX B 
. -

PREDICTION OF CRITICAL TASK PERFORMANCE

Section VU D presented a classification of side tasks for use in predicting pilot

reserve attention capac ity. This classification included the “cri tical task” method

developed by H. R. Jex , References 19 and 20. This method has become a standard
experimental procedure, and the objective of this Appendix is to demonstrate that the

Urgency Decision Pilot Model predicts performance of the critical task that is con-
sistent with data reported by McDonnell , Reference 20.

Suppose a longi tudinal aircraft configuration is to be evaluated using the critical
task approach . A flight simulation is arranged in which the pilot has a compensatory
display of pitch angle 9. To evaluate how much reserve attention capacity is available
to the pilot , the display also includes the tracking error of a secondary task, call it
roll angle 4 . The roll angle is not driven by a random command as is done with 0 ,
but is the result of drift induced by the unstable dynamics chosen for the side task.
The test is then performed by increasing the instability of the roll task until the
pilot is no longer able to maintain acceptable performance on the pitch task while
keeping the roll task from diverging. Figure 203 shows a block diagram of the simu-
lation task including the automatic adjustment of the instability parameter , where the
side task dynamics are represented by

4 K
ôa — 

(s—K)

The fligh t simulation then results in a value of K0 that represents the difficulty
or workload of the task evaluated. Figure 204 , re-drawn from Refe rence 20 , shows

the values of determined by McDonnell for four types of plant dynamics. The cor-
relation between and pilot ratings is clea rly shown , and provides additional support
for the conjecture presented at the end of Section VII .

To use the Urgency Decision Pilot Model to predict the critica l task ~~ all

that is necessary Is to replace the two human pilot blocks of Figure 203 by opti-
mized gain - lead - delay pilot compensation dynamics and the urgency function test.
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For this problem , the urgency functions are assumed to be simply the absolute
values of the tracking errors with unity coefficients . ~‘our statistics, RA and rms

0c’ ~~~~~~ were kept for each of the fou r plants shown in Figure 204. The automatic
adjustment of K was not used in these calculations; the value of K was varied to show
sensitivity of the statistics to side task loading . These sensitivity graphs are shown
with the values of determined by McDonnell indicated. Figure 205 shows the sensi-
tivity of pitch angle tracking errors to side task K , and Figures 206—208 present similar
data for the other statistics.

In the case of K/s and K/s2 plant dynamics, the McDonnell values of occur
where sharply increased sensitivity to K is predicted by the Urgency Decision Pilot
Model. In the other cases , there is no clear evidence of the critical value of 

~. . Since
the McDonnel data does not discriminate between the K/s( s +2) and the K/s (s+4)
plants , the model predictions are apparentl y consis tent with the reported critical
values of K for these plants . 

- 

- 

-
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APPENDIX C

COMPUTE R PROGRAM USER GUIDE

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

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

1) To serve as an example of one possible implementation of the TASK-
CONTROL-EVALUATION approach to piloted aircraft precision task
analysis.

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

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

It is hoped that this discussion will demonstrate the simple , straightforward
manner in which the Urgency Decision Pilot Model can be programmed and applied to
the analysis of a variety of precision piloted tasks.

_ _  
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PROGRAM ORGANIZATION

The program performs time-domain calculations and produces time histories of
aircraft and pilot model variables , from which various statistical measures are corn-
pited. In overall structure , the program follows the TASK-CONTROL-EVALUATION
approach to flying qualities analysis. A discussion of the program organization in
this context will be presented next.

TASK The precision task simulated is two-axis command tracking. There
are three options:

1) + -0 compensatory command tracking, with or without turbulence.
This is the default case.

2) ‘I’ - 0 compensatory command tracking, with or without tu rbulence.
3) $ - 0 pursuit command tracking, with or without tu rbulence.
Attitude stabilization in turbulence is a special case of 1) or 2) with

the tracking commands identically zero . Either Dryden Gaussian
or Reeves non—Gaussian turbulence models can be generated.

The coupled six degree-of-freedom body axis equations presented in
Section V, Figure 81, are used.

CONTROL There are gain-lead-lag-delay pilot compensation models for the
lateral and longitudinal axes, producing aileron and elevator
commands. On the lateral axis, there is provision for both Inne r
loop and outer loop compensation. In addition , an augmenter
produces elevator and rudder commands , and there are lags for
the lateral and longitudinal control commands. Finally, remnant
can be injected into the pilot model’ a control Inputs.

There are three control switching options:
1) Two—axis task with urgency function test and switching logic.
2) Two-axis task and constant urgency side task with urgency function

test and switching logic.
3) Two-axis task with regular sampling and specifie~d dwell times on

each axis; there is no urgency function test.
In all cases, it is possible to impose a minimum dwell time that the

model must spend on a task before being allowed to switch to
another.

EVALUATION Statistics on dwell fractions and mean dwell times for lateral,
longitudinal, and side tasks are always kept and printed out. In addition,
statistics on up to 24 other aircraft and pilot model variables can be kept;
the output for each of these will include the mean, standard deviation ,
rms, skewness, and peakedness.

FIgure 209 illustrates the overall organization and computational flow of the
program.
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INPUT/OUT PUT

All data input is through the vector A (I). Pairs of values (I ,A(I) ) are entered
in the format 4(14 , F12. 0). A complete description of the program Input Is presented
in Figure 210; those values of I not shown are not used. A negative value o. I denotes
the last (I ,A(I) ) pair In that data set , and causes the program to stop reading data.

The output of the program is entirely tabular , listing pilot - aircraft system
pa rameters and statistics on selected aircraft and pilot model variables . Statistics
on up to 24 variables can be collected by inputting the corresponding number codes
shown in Figure 210 in any of the locations from A( 101) to A( 124) . The order in
which the number codes are input is the order in which the statistics are printed out.
Output statistics are in units of feet , seconds , and radians.

SUBROUTINES

The program consists of a main program and ten sub-programs, most of which
are multiple entry. A description of each of the sub-programs follows:

SUBROUTiN E CLEAR zeros or otherwise initializes program variables. It
also initializes prefilter , gust, command tracking, lag, and control augmentation
calculations by calling the appropriate subroutines.

SUBROUTINE PRECOM(A) computes scaling values before each run for u-gust,
v-gust, w-gust, p-gust, and tracking command terms. During the run itself , the
gusts and tracking commands are scaled to zero mean and unit rms; they are then
multiplied by the input gains to produce rms values equal to those gains.

This scaling process is an option , controlled by an input parameter in the A
vector. In the default case, the filtered random numbers are just multiplied by the
input gains to produce the gusts and tracking commands.

FUNCTION RNUM(A, K, J) generates pseudo-random numbers having a uniform
distribution , and then sums and scales a specified number of these to produce random
numbers In the range -0. 5 to +0. 5. DependIng on how many numbers are summed,
the final random numbers can approximate either a uniform or a Gaussian distribution.

Individual random numbers are generated with the following algorithm:

X = seed from previous Iteration
Y = (X+n) 5

X = Y - integer(Y) = new seed
random number = X - 0 . 5
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~.w.
1 Integration frame time (sec)
2 Number of iterations computed each run
3 Number of uniformly distributed random numbers summed in random number algorithm
4 <0: precompute and scale gusts and tracking commands to zero mean and unit rms

5 = — 1 : — 0 compensatory command tracking task
= —2 : ‘,Ji —0 pursuit command tracking task

6 <0 : generate Reeves turbulence
9 Random number seed increment
10 Number of runs computed
12 d, coefficient of pref liter
13 <0 : prefi lter gusts
14 < 0 :  prefilter tracking commands
15 <0 : prefilter remnant

17 Pilot gain, lateral
18 Pilot gain, longitudinal
19 Pilot gain, heading
21 Pilot lead, lateral (sec)
22 Pilot lead, longitudinal (sec)
23 Pilot lead , heading (sac)
25 Pilot neuromuscular lag, lateral (sec)
26 Pilot neuromuscular lag, longitudinal (sec)
27 Minimum dwell time (sac)
29 Pilot delay, lateral (sec)

30 Pilot delay, longitudinal (sec)
31 Urgency delay, lateral (sec)
32 Urgency delay, longitudinal (sac)

33 a, lateral
34 0, lateral
35 a, longitudinal
36 j3, longitudinal
37 u-gust gain

38 v-gust gain
39 w-gust gain
40 p-gust gain
41 Turbulence scale length (ft)
42 Aircraft wingspa n (ft)
43 <0: generate q-gust
44 <0: generate r-gust

~~ ~
‘v (1/sac)

46 V~ (ft /sac)

~~~~ ‘
~r (ft /sac)

48 Y6~ (fv~ec2)

~~ ~ 6r (ft/sac 2)

Figure 210. Program Input Format
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!
50 L~ 

(1 if t-sec)
51 L~ (1/sec)
52 Lr (1/sec)

53 L~~ (1 /sec 2)

54 L~~ (1/sec2)

55 N~, (1/ft-sec )

56 N~ (1/sec)
57 Nr (1/sec)
58 N&a (1/sac2)

59 N~ . (1/sec2)

60 X u (1/sec)
61 X~ (1/sec)
62 X~
63 Xq (ft/sec)
64 X6e (ft /sec2)

65 Z~ (1/sac )

66 Zw (1/sac)
67 Z~
68 Zq (ft/sac)

69 Z&e (ft~’sac2)
70 Mu (1/ft-sec)
71 M~ 

(1 /ft-sac )
72 M~ (l/ft )

73 Mq (1/sec)
74 M~~ (1/sac2)

75 u0 (ft/sac)
76 w0 (ft/sac)

~~ i,~ (ft1b-sec~)

78 Ivy (ft-lb-sec2)

79 l~ (ft -lb-sac2)
80 00 (deg)

81 Random number seed for Gaussian u-gust
82 Random number seed for Gaussian v-gust
83 Random number seed for Gaussian w-gust
84 Random number seed for Gaussian p-gust
85 Random number seed for lateral tracking commands
86 Random number seed for longitudinal tracking commands
87 Random number seed for lateral remnant
88 Random number seed for longitudinal remnant

FIgure 210. Program Input Format (Continued)
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91
92 Random number seeds for Reeves u-gust
93
94
95 Random number seeds for Reeves v-gust
96

98 Random number seeds for Reeves w-gust
99)

101-i
124 Variables for which statistics are to be kept

1. u (ft isec)
2. v (ft/sac)
3. w (ft/sac )
4. p (rad/sec)
5. q (rad/sec)
6. r (rad/sec)
7. ~ (rad)
8. 0 (rad )
9. i~ (rad)

10. a (rad)
11. 13 (rad)
12. u-gust (ft/sac)
13. v-gust (ft /sec)
14. w-gust (ft/sac)
15. p-gust (rad/sec)
16. q-gust (rad /sec)
17. r-gust (rad/sec)
18. lateral tracking commands (red)
19. longitudinal tracking commands (rad)
20. lateral error (rad)
21. longitudinal error ~rad)
22. radial error (red)
23. öa (rad)
24. &e (rad)
25. ~r (rad)

125 Lateral tracking command gain
126 a
127 e coefficients of lateral command tracking filter
128 b
129 Longitudinal tracking command gain
130 a
131 e coefficients of longitudinal command tracking filter
132 b
133 Contro l system lag, lateral (5cc)
134 Control system lag, longitudinal (sac )
137 Remnant gain , lateral
138 Remnant gain , longitudinal
141 Lateral dwell time , regular sampling (sac)

FIgure 210. Progra m Input Format (Continued)
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I ~iu.
142 Longitudinal dwell time, regular sampling (sac )
143 Side task urgency
193 <0:  augmenter on
194 KA
195 K~ 

augmenter gains

196 Ky

Figure 210. Program Input Format (Concluded)

A separate random number stream is generated for each of the program variables
that uses random numbers .

The function argument K specifies how many numbers are to be summed to
produce the final random numbers; J specifies the location in the A vector In which
the current seed for the particular stream in question is stored.

SUBROUTINE PREFIL(A, K) prefilters the random numbers produced by RNUM
to remove low frequency drift . The prefilter transfer function is of the form:

(s+d)2

where d is specified in the input data. vector A.

The subroutine argument K identifies the random number stream being
prefiltered:

K = 1: u-gust
2: v-gust
3: w—gust
4: p—gust

5: lateral tracking command
6: longitudinal tracking command
7: lateral remnant
8: longitudinal remnant

Prefiltering of the random numbers is an option , controlled by input parameters
in the A vector. In the default case, the random numbers are not prefiltered.

Other entry point: PRE.
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SUBROUTINE GUST(A) generates Gaussian tu rbulence components by fil tering
wi~ite noise. Uncorrelated u- , v- , w- , and p-gusts can be generated, as well as
correlated q- and r-gusts. The Dryden continuous tu rbulence model is used , as

discussed in Reference 12.

Other entry points: GUSTU, GUSTV , GUSTW , GUST?, GUSTQ, GUSTR.

SUBROUTINE COMTRK(A, L) generates lateral and longitudinal tracking com-
mands by filtering white noise. The transfer function of the command tracking filters
is of the form:

as+e 
-

(bs-i-1) 2

where a, e, and b for each of the two filters , lateral and longitudinal , are specified
in the input vector A.

The subroutine argument L identifies the tracking command being calculated:

L = 1: lateral

2: longitudinal

Other entry point: CTRACK.

SUBROUTINE LAG(A, K) tags four variables by amounts specified in the inpu t
vector A. The standard transfer function for a first order lag is programmed:

1
T 8+1

The subroutine argument K identifies which lag is to be computed:

K = 1: lateral pilot neuromuscular lag
2: longitudinal pilot neuromuscular lag
3: lateral control system lag
4: longitudinal control system lag

Lag calculations are optional and are not performed in the default case, where
a particular r is zero.

Other entry point: LAGOUT.
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SUBROUTINE AUGMNT(A, Q, R) models the F-5E augmentation system, shown
In FIgure 211, and generates elevator and rudder commands based on pitch and yaw
rate, Q and R.

Control augmenter calculations are performed only if the corresponding
parameter in the A vector is set to the proper value.

Other entry poInt: AUG.

PITCH

öe
~ öe 

~ ~~~~~~RAFT EQ. q 
_____

i [K A 

~ 
.08S+i 1

1 K v Ii

YAW

+1ç~~ ô r AIRCRAFT EQ. 1
~vy OF MOTION

+

ÔTA J K~ I1~ .5S + 1

Figure 211. F-5E Stability Augmentation System
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SUBROUTINE REEVES (A) generates uncorrelated u— , v-, and w-gusts using a
reduced form of the total Reeves model discussed in Reference 13.

Precomputing and scaling of the gusts to zero mean and unit rms is automatic;
it is not an option as it is with Gaussian turbulence. Moreover , there is no provision
for prefiltering the random numbers used .

Reeves turbulence is generated only if a parameter in the input vector A is set
to the prope r value. In the default case , Gaussian tu rbulence is generated.

Other entry points: GUSTUR, GUSTVR , GUSTWR.

SUBROUTINE INOUT(I ) performs all input/output operations in the program.
The argument I identifies what particular read or write operat ion is to be executed.

VA RIA BLES

A description of the major program variables, arranged by COMMON blocks,
is presented in Figure 212.

PROGRAM OPE RATION

This section will describe the operation of the program through discussion of
an example data set. The program ’s sequence of calculations and major branching is
shown in the flow chart in Figure 213.

The sample data set is presented in Figure 214. The TASK being simulated is
two— axis attitude stablizatlon in Gaussian turbulence; this is the default case, since
A(5) = A(6) = A(125) = A(129) = 0 and A(37) — A(39) are non-zero. The aircra ft con-
figuration used is F—5E Case 2; the appropriate parameters are specified in
A(45) - A(80) and A(194) - A(196).

Random number seeds for the calculation of Gaussian u- , v- , and w- gusts are
specified in A(81) - A(83). In addition, random number seeds for the calculation of
Reeves u- , v- , and w- gusts are specified in A(91) - A(99); making A(6) negative
would cause the program to generate Reeves turbulence rather than Gaussian.

The parameters A(101) - A(109) will cause statistics to be kept and printed out
for u- , v- , and w-gusts ; lateral, longItudinal , and radial errors; and aileron ,
elevator , and rudder commands.

The data set will cause three successive Jobs to be run , with the input data set
updated after the first and second Jobs.
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COMMON /SYSCOM/

A ( I) input data vector — see Figure 210
OFLAT dwell fraction , lateral task
DFLON dwell fraction, longitudinal task
DFSIDE dwell fraction, side tas k
FMSTR mean dwell time, lateral task
FMSTP mean dwell time, longitudinal task
FMSTS mean dwell time, side task
AVG I
Sb I
RMS I
SKWI temporary storage locations for output statistics

PKDI
Ni
COUNT current iteration number

COMMON/EOM/

U(l) ,UD(l) u,Ci
V( l) ,V D(l) v,~
W(l). W D(l) w,~ v
P(l) ,PD(l) p,~
Q(ILQ D(l) q,~
R(I) , RD(l) r,
PHI(I ), PHID(l) ~~~
TH(I), THD(I) 9,0
PSIII) , PSID(I) ~‘, t’

= 1 : current value
2 : first past value

COMMON/RANDOM!

R l(l , J) random numbers from the generator
RF(I , J) random numbers used in calculations

1= 1 : u-gust
2 : v-gust
3:  w-gust
4 : p-gust

5 : lateral tracking command
6: longitudinal tracki ng command
7 : lateral remnant
8: longitudinal remnant

J = 1 : current value
2 : first past value
3 :  second past value

FIgure 212. Program COMMON Blocks
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COMMON/GUSTS/

UGUST u-gust
VGUST v-gust
WGUST w-gust
PGUST p-gust
OGUST q-gust
RGUST r-gust

COMMON/TRACK!

CT(I, J) tracking commands, unscaled
= 1 : lateral

2 : longitudinal
J = 1 : current value

2 : first past value
3 : second past value

CTLAT lateral tracking command
CTLON ~ongitudinaI tracking command
CTLATD lateral tracking command rate
CTLOND longitudinal tracking command rate

COMMON/STATS!

V AR( l)
SUM 1 (l)
SUM2(l) storage vectors for the collection of statistica l data on specified program variables —

SUM3(l) see A(101)-A(124) in Figure - 210

SUM4(l)

COMMON/DELAYS/

DELAY (I, 50) delay table, fifty locations
I = 1 :  lateral pilot

2 : longitudinal pilot
3 : lateral urgency
4 : longitudinal urgency

COMMON/DWELL!

N task control parameter
r = 0:  model controlling longitudinal task

= 1 : model controlling lateral task
NR number of iterations in current lateral control episode
NP number of iterations in current longitudinal control episode
NS number of iterations in current side task episode
NREP number of lateral control episodes
NPEP number of longitudinal control episodes
NSEP number of side task episodes
NRTOT total number of iterations on lateral control

Figure 212. Program COMMON Blocks ( Continued )
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NPTOT total number of iterations on longitudinal control
NSTOT total number of iterations on side task
ISIDE side task parameter

= 0: model not in side task
= 1: model in side task

MINDT minimum dwell time, iterations
MSTR iterations in each lateral control episode, regular sampling
MSTP iterations in each longitudinal control cpisode, regular sampling

COMMON/LAGS/

DLAG(I, J) inputs to lags
GLAG(I, J) outputs from lags

1: lateral pilot
2 :  longitudinal pilot
3 : lateral control
4 :  longitudinal control

J 1 : current value
2 : first past value

COMMON/SCALE/
AV ( l ) scale factors for mean

SD(I) scale factors for standard deviation
1: u-gust
2:  v-gust
3 :  w-gust
4 :  p-gust
5 : lateral tracking command
6:  longitudinal tracking command

COMMON/STICK/

DA aileron command
DE elevator command
DR rudder command
DEAUG augmenter elevator command
DRAUG augmenter rudder command

COMMON/I N IT/

AH(I) temporary storage vector for random number seeds
SINPHI sin Ø
COSPHI cos ~ ‘

SINTH sin 0
COSTH cos 0
SINPSI sin ~1I
COSPSI cos i/i
SINTHO sin 00
COSTHO cos00

Figure 212. Program COMMON Blocks (Continued)
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FIT Ii
F12 12
FI3 13
DH one-half of integration frame time
NIlE A number of iterations to be computed - - -

ISUM number of random numbers to be summed in generator

Figure 212. Program COMMON Blocks (Concluded)

In the first job , ten thirty-second flights will be simulated. The flights will be
identical except for different gust sequences caused by differen t random number seeds.
Since the pilot model gains are zero , the flights will be open loop.

After the first job is completed, the data set will be updated; the pilot model
optimum gains and leads will be read in . Thus, the second job will be identical to the
first , except that now the pilot model will close the loop and minimize the tracking
errors.

After the second job is completed, the data set will be updated once more, and
the third job will be run. The third job will be like the second except that now one
300-second flight will be simulated , and a constan t urgency side task has been added.

NOTES AND CAUTIONS

For calculations in the program, all differential equations and transfer functions
were converted to diffe rence equations using the trapezoidal corrector integration
formula , discussed in Reference 21.

This particular integration formula is simple to implement, and ~vrked well in
the simulations discussed in this report. The authors used a frame time of 0.025 sec;
for other simulations, a shorter or longer frame time may be appropriate.

It h-as been the auth~~~ experience that for proper operation of the numerical
integrations and in particular the random number generator , a precision of at least
ten decimal digits must be maintained. This presents no problem for large word
size computers such as the CDC 6600. But when operating on computers having
24— or 32-bit words , double precision calculations are advisable.

The printout statistics mean , standard deviation , ruts, etc. , apply to the time
histories generated by the program. The user must compute means and standard devi-
ations of the rms statistics of Individual runs to compare with the tabulated data in this
report.
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C Start

Zero vector A 1
Read vector A

~~~~~~~ Print system parameters

L Set up 00 loop for mult iple runs

4
Zero or initia l ize other variables
and calculations (CALL CLEAR)

I CALL PRECOM and/orREEVES I

_____________________________ 
Generate No

gusts ?

Yes

Yes No
Reeves?

CALL GUSTUR, I CALL GUSTU. GUSTy . GUSTW ,
GUSTV R, GUSTW R ~GUSTP. GUSTO, GUSTR

1

Control No
lags?

CALL LAGOUT

CALL AUGI-.
Integrate EOM

FIgure 213. Program Plow Chart
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System Yes
diverging?

Print error mes~ ge
No Set lC0UNT~ NITER

Generate Notracking
commands?

Yes

CALL CTRACK

Generate tracking error signals

Compute urgency funCtio~~and pilot compensation

Control
sw itching

Longitudinal
Lateral stick Side task stick
calculations calculations calculations

Collect statisti cs
Increment iteration count

Shift tables

No End of
run ?

Yes

Calculate and print
final statistics

Run loop No Increment
Complet ed ? r.n . seeds

Yes

Yes
New data?

No

Stop

FIgure 213. Program Flow Chart (Concluded)

239



EXAMPLE
I .025 2 1200. 3 12. 4 — 1.
6 0. 9 .20486312 8 10 10.

17 0. 18 0. 21 0. 22 0.
27 .3
29 .3 30 .3 31 .15  32 .15
33 1. 34 .5 35 4. 36 4.
37 10. 38 10. 39 10. 41 1750.
77 3600. 78 44200. 79 47000.
81 .123 82 .456 83 .789
91 .1 92 .2 93 .3
94 .4 95 .5 96 .6
97 .7 98 .8 99 .9

101 12. 102 13. 103 14.
104 20. 105 21. 106 22.
107 23. 108 24. 109 25.
133 0. 134 0. 143 0. 193 —1 .

CASE 2
45 — 1.16200 —0 1 46 —3 .80680— 01 47 1.59770+00 48 —1. 11030.00
49 1.52500+01 50 — 6.42230 — 02 51 —2 .328 80 + 00 52 1.2662U+00
53 9.64570400 54 2.58210+00 55 9.881 70—03 56 4.4958 0—0 2
57 — 1.92850—01 58 1.07090—01 59 —1.842 70+00 60 —7.2 3 75 0— 03
61 2.0906 0— 02 62 —7.6328 0—1 1 63 7.82830— 06 64 9.21390.00
65 — 6.7564 0— 02 66 — 7 .1 1 9 8 0— 0 1  67 — 9. 24210—04 68 — 1. 4 8 390.00
69 —5.32 13D s0 1 70 4.28820—04 7 1 —3 .72850 - 03 72 —9 .4304 0—05
73 — 2 .79240 — 0 1 74 — 5.64940+00
75 428.13 76 49.233 80 6.56

194 — .36 195 .19 196 1.4
— 200 0.

17 .40 18 — 1.4  21 1.3 22 .50
— 200 0.

2 12000. 10 1. 143 .02
— 200 0.

Figure 214. Sample Data Set

IIH IS PAG~E IS B~~T QU*LIT’L VMCZLCØ1~
~~0M 0QiP~ FURL US~~~ TO D~C ...—..—
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PROGRAM LISTING

C*s.*.******.**.***$**$.***.*****.**************************************
C
C T w o — A X I S  COMMAND TRACKING IN T IJRM ULENC E S IMULAT ION PROGRAM
C
C BATCH VERSIO N FOR COC COMPUTERS
C
: .s*s*..s.sss**se**s*s...acssss*s**ss.*.*sssss*s*o**s*sss.*sss*ss*ss****s
CO ECK TACT IT

PROGRAM T A C T I T ( f N P4 J 1 , O U T P U T , T 4 P E 7 INPUT,TAPE2 ~ (J&S TP(JT )
D IMENSION BOUN O(9)
CO4MO N / SY SCOM/A (  200) .DF LA 1.OFL CN .DF SIDE .F MSTR ,FMSTP ,F MST 5,

1 AVG I,ST DI ,RJ4 S I,SI(W I,PKL) I,N1,ICOUNT
C0MMON / F O M/ U 0( 2 I , U(2 ) ,V 0 (2 hV ~ 2 ) , W D I 2 ) , W ~ 2) ,PD~ 2 ) , P I2 ) , 0 012 I .Q ( 2 ) .

1 R D ( 2 ) , R ( 2 ) , P H I D I 2 ) , P H I ( 2 ) , T H D ( 2 ) ,T H ( 2 1 , PS I D ( 2 ) , P S I ( 2 )
COMMON/ RA NO OM/RI 18 ,3 ) , RF ( 8 ,3)
CO MM ON/ GUS T S/UGUST .VGUST .W G UST . PGUST . QGUS T. RGUS T
COM MO N/T RAC K/ C112 ,3 ) ,CT LAT ,CT LON ,CT LA T D ,CTLON O
C O PIM OM /STATS/VAR I2 5 ) . SU M11 24 ) , S U M2 ( 24 ) , S U M3 ( 24 ) .SU M4 ( 24 1
C O14MON/DEL AY S/D EL A Y (  4 ,50)
COMMON/ D W ELL/N ,  MR , NP ,NS, NREP ,NPEP ,N SE P. NIk T OT ,NPT OT , NSTCT

1 IS IDE.MINDT.MSTR .MSTP
COMMO N / I  A GS/DLAG ( 4 ,2)  ,GLAG (4 .21
CO MMON/SC ALE /AV (6),SDI 61
COMMON/ST ICK/ DA ,D E,DR , DEA UG ,DRAUG
CO MMON / IJ4I TFAH (20J ,S INPH I,COSP HI ,S ENTH,COSTH ,S INPS I,COSPS I,
I S INT HO.COSTH O .F1L .F12 .F13 .OH.MIT ER- . ISU M
DATA ROIJND/1000.,500.,500.,10.,t0.,10.,3.,2..5./

C * * * * * * *.* * * * * * * * * * * * * * *S* * * * *S* * * * * * * * * *$* * * * * * * * * * * * * * * * * * * * * * * * * * * * **•
C IN IT IAL IZATION
c***.* * * * * * *S** * * * *ip** * *•** *S*S** * *** * * * * * *** *** * * * * * * * * *** * * * ***** *** * *

00 10 1 = 1.2 0 0
10

C
20 CALL INOUT (121

CAL L INOUT (1)
CALL INOUT (2)

C
NGAM =AI 10)4. 1
IF (A(tO).LE .1.) N GAM I
00 500 J GAM ~~1, I 4 G A M

C
CAL L CLEAR
IF ~A (4 ) .LT .0. I  CALL PRECOM (AI
IF (A ~6) .LT .0.)  CALL RE EV ~ S1A)

C** .***************s ***t **s****$*****s *********************************s
C GUST GENERATION
C..... e********s **e****s *****************$*******$S*********S***S*****S*

190 IF (A ( 63 . LT .0 .1  GO TO 206
IF (A ( 3 7 ) . L T . L . E — 5 1  GO TO 201.
Rj (  1,1)~ RNUM~ A ,IS UM, 811

THIS PAGZ IS BEST QUALITY PR~&~TL~&BLE
~~~~ CO?Y PU 1R2~ISHED TO D.I~0
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IF ( A ( 13 ) .GE .0 . ) R F ( 1 . l l z R I ( 1 , 1 )
IF ( A ( 1 3 ) . L T . O . ) CALL P R E ( A , 1 )
CAL L GUS T U(A I
UGU S T=A ( 37 ) * (  UGUS I—AV I 1) )  /SD ( I)

20 1 IF ( A ( 3 8 ) . L T . 1 . E — 5 )  GO TO 203
R I (2.1 )~~RNUM( A, ISUM .82)
IF (A(1 3).GF .O.1 RF (2 ,1)=R I(2,1)
IF IA ( 13).LT.0.) CALL PRE (A,2)
CALL GUSTV (A )
VGUST=A ( 38)*( VG U ST—AV ( 2)) /SD ( 2)
IF (A 1 44).LT.0.) CALL ~US~ R (A)

203 IF (A(39) .LT .1.E—5) GO 10 205
P 1(3 ,1 )=RNUM ( A, I SUM , 83)
IF (A (1 3).GE.O.) RF(3 ,L )~~R I(3 ,l)
IF (A(13).LT.0. ) CALL PRE (A ,31
CAL L G IJSTW ( A )

39) *( WGUST— A V ( 3 ) )  /S0 ( 3)
IF ( A ( 4 3 L L T . 0 . )  CALL GUSTQ ( A )

205 IF ( A 14 0 ) . L T . ’ I . E—5 ) GO TO 210
R I(4 ,  L ) = R N U M (A , I S U M ,84 )
IF 1A 113) .G E.0 . ) R F(4 , l ) R 1 (4 , 1 )
IF (A ( 13 ) . L T . 0 . )  CALL PRE(A .4 )
CAL L GUSTP (A)
PGtJ ST=AI 40)*( PGUST—AV ( 4)) /S 0(4 )
GO TO 210

206 IF (A ( 3 7 ) . G T . 1 . E — 5 )  CALL GUSTUR (AI
IF (A( 3 8).GT .1.E—5) CALL GU STVR (A )
IF (A ( 39).GT .t.E—5) CALL GUSTW R (A )

c*.... .*.s....a...s *s*.*..***.*.****.***..**..**...*......... s*.*.... *..
C CONTROL LAGS AND AUGMENTERS
C..... *..****.*..********.*.***s****..***.*...**..***.*.a.........s .s .*.

210 IF 4 A 1 1 3 3 ) . L T . t . E— 5 )  GO TO 211
DLAG ( 3 ,1)=DA
CALL L AGOUT (A .3 )
DA= GLA G (3 ,11

211 IF IA (13 41 .LT .L .E—51 GO TO 212
D IAG (4,1)zDE
CAL L LAGOUT(A ,4 )
DE=GLAG( 4.1)

212 IF (A (l 93).GE.0.) GO TO 214
CALL AUG(A ,0,R)
DE=DE +DEAIJG
DR= DR AUG

C..... C * * *  * ***  CS **S* * ** ***  5* *4* *5* 5*4. *5* * ***** * *S***
C INTEGRATION OF EQUAT IONS OF MOTION
C..... *****s**************************...**************s**S*************

214
I — Q ( 11* (A ( 16) aW ( l) ) + R( 1) *V ( 1)
2
3 •A (63)* IQI  1)s QGUST ) +A( 64)*DE

U( 1)a U(2 ) +OH*(UO( 1b+U0(2~~)WD ( 1)~~32.174* ( COSTH0* (COST H*COSPH I— 1.)
1 -SINTHO*(SINTH*COSPH I*COSPS I*SINPHI*SINPSI))
2

TillS PAGE IS BEST QUALIT Y FBAC~IL~i~~I*

F~ )M 00~FY 7W(Z&ISli~~ TO DDC ~~~~~~~~~~~~
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3
4 •A ( 6 8 ) * ( Qt  1** QGUS II.A ( 69) *OE

W D I I ) ’ W 0 (  L ) / (  1.— A t oll )
W ( 1 I = W ( 2 ) + D H * ( W D ( L ) + W D ( 2 ) I
Q 0 ( 1) = F I2 S P ( 1) * R( 1) +A ( 10 ) * ( U ( 1 ) + U G U S T ) + A ( 7 1 ) * ( W ( 1 ) 4 W G U S T )

1 • A ( 7 2 ) * W D I I ) .A ( 7 3 ) * ( Q ( 1 ) + Q G U S T ) +A ( 7 4 ) * D E
01 1 ) z Q ( 2 t  .0)1* 1 001 1) +00 2)
R D 1 1 ) . F I3 * P l 1 ) . Q ( 1 l IA I S S ) * IV ( 1 ) +V G U S T ) + A ( 5 6 1 * ( P ( L ) +PGUST)

I .A ( 5 7 ) * ( R ( 1 ) + R G U S T ) + A ( 58 )* DA +A 159 )* DR
R ( I I = R t  21+0)1* 1 ROt 1) +RD( 2)
V ol L )~~32 .174*tCOSTHO*COSTH*SINPH1

I — SENT HO* (SINT H* SIN PHI *CO SPSI—CO SPP4L *SINPSII)
2 —R (1l * (A (75 )+U (1))+P (1)* (A (76)+W (l))
3 +A (451*(V (1) ,V GUST I+A ( 46)*(P(1)+PGUST)+A (47)*(R(1)+RGUST )
4 +A (48)*DA+A (49 )*OR
V I1 )zV (2 ) +DH* I VD II)+VD (2 ))
Po ( L ) = F I 1 * Q ( I I S R ( L ) , A ( so l . (v ( 11+VGU STI+A1 5 11* ( P(11+PGUSr1
I +A ( 521 * ( R11 ) , R G UST ) .A 1 53 1* DA +A ( 54 3* D R
P (1)zPt2 ).DH* (PD t1)+PD (2)1

C
TH D ( 1 1 = 0( 1  )*CC ,SPH1—Rdl )*SIN PHI
THU)= IH(2 ) .O H*(T HD( 1)+TI10(2 1)
S1N TH=SIN (TH ( 1))
COS TH= COS(TH ( 1))
PHIO( 1)= P1 I 1 +1 Q( 1) *5 IMPHI sRI 1) *COSPHI ) *51 NTH/COST H
P HIIII PHII 2) +0)1*1 PH lOt 1) +PH t0 ( 2)
SIN PI4I ’SIN (PH I ( 1))
COSPHI COS (PHI( 1))
P S I D ( 1 ) = ( R l 1 ) * C O S P H I + Q ( 1) * S I N P H I ) / C O S T H
PS1t1)=PSI(2)*DH .IPSID (1)+PSID (21)
S I N P S I= S I N ( P S I I  1))
COS PS I=CDS ( PSI (  1))

C
AL PHA .ATA I42 ( w 1I1+A (76 1, U( 1) ,A ( 7511
BETA= AT AM 2(V ( 1) .U (1)+A ( 75))

C
FL 1=COSPS I*COSTH
FL2= S IN PSI*COS IH
F L3 e— S INTH
FM I=COSPS I*S INTH *S INPH I—S INP SI *COSPHI
FM2 = S INPSI*S INTH 4S INP HI +CCSPSL *COSPHI
FM3= COST H*SINPHI
FN1=COSP S I*SINTH*COSP HI ,SINPSI *SINPHI
FM?’ SINPS I*SINTH*COSP HI— CCSPS I*SINPH I
FN 3=COSTHSCOSPHI

C
VX ’FL L*U ( 1)+FM I*V ( 13+ FNI *W (L 1
VY FL2CU( 1)-sFM2*V ( 1)+FN2*k (1I
VZ FL 3*U ( 1) .FM3*V 1 1)+FN 3*% (1)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C TEST FOR DIVERGENC E

VAR ( 1) U ( 1)
V A R I 2 ) V (1)

TH IS PAGE IS BEST QUALITY PilA~TLC~A.)L~~u:-~ coi~y ZURNIS.HED To I~ Q
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VAR ( 3 ) = W (  1)
V A R ( 4 ) = P (  11
V A R (  5) Q ( 1)
V A R ( 6 ) =R( I)
VAR I 7)=P HI( I)
V A R ( 8 ) =T H( 1)
V A R ( 9 ) = P S I (  1)

C
00 216 1 1,9
I F ( A B S I V A R ( I ) ) . L T . B O U N D ( I ) ) G O  TO 216
CAL L INL.UT(3)
N IT E R  ICOUNT
GO TO 32 5

216 CONT INUE
Cs....
C CCMMAND TRACKING SIGNAL GENERATION
CS**** * * * * * *5* * *+* * * * * * *** * * * *S** * * * * * * * * * * * * *** * *5* ***** * * * * ****5s~~~~~s*

218 IF L A ( 1 2 5 ) . L T . 1 . E — 5 )  GO TO 217
RI (5 ,  1)=RNUM(A, I SUM, 85)
IF 1 A 1 1 4 ) . G E . 0 . )
IF ( A ( l 4 ) . L T . 0 . )  CALL P R E(A ,5 )
CALL CTRA CK (A ,1)
CTLAT=A ( 125)* (CTI 1,1 )—AV ( 5)) /SO ( 5)
CTLATO= (A( 125 )/SO (5)J* (CT (1,1)—CT(1,2))/A ([)

217 IF (4 U 2 9 ) . L 1 . I . E— 5 )  GO TO 220
R I (6,  1)=RNUM (A,  ISUM ,86 )
IF ( A I I4 ) .GE.O . ) R F ( 6 , [ ) m R I ( 6 , t )
IF (A ( 14 ) . LT . 0 . ) CALL PRE (A .6 )
CALL CTRAC K(A,2 )
CTLON=A ( I29)*ICT (2 ,1)—AV I6))/SD (6)
C T L O N O = ( A ( 12 9 ) / S O ( 6 1) * ( C T ( 2 , 1 ) — C T ( 2 , 2 ) ) / A ( 1 )

C ERROR SIGNAL GENERATION
C*** .***********,********* .,*****************S.********.*******S*** .* .* .

220 PHIE=CT L A T — P H I ( 1 )
PS !E=CTLAT — PS I ( 1)
TH E=CT LON— TH I I)
PHI E I)=CTLAT D—PHIO( 1)
P S I E D= CTLAT O—PS IO (  1)
T HED= CT IONO— THO I 1)
I TR= At 5 )— • I
IF ( IT R. IT .0)  GO TO 213
ERL A T=PHIE
ERLATD = P HI E D
ERL ON= THE
E RI ON 0= TH E 0
GO TO 219

213 IF (ITR.EQ .—2) GO TO 215
ERL A T = P S I E
ERIATD = PS LED
ERLON= THE
FRL ONDZT HED
GO TO 219

215 ERLA T ’ PS

~~Is ?AG~E
laOM ~~~
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FRLATO= (PSLED— PHIO ( 1i*THE I*COSP HI—
I (T H E O + P H I O ( I i * P S I E ) * S Z N P H I

ERLQN PS I ESS INPHI .THE*COSPHI
ERLOND= (PSIED—PHIO( IJ*THEJ*SINPH I+

I ( T H E D + P H I D ( L )* P S I E ) * C O S P H I
C* * *s .* * .* ** *s * * *** * ** ** * * * *******s *s * *** *** * * * s ***s **s *S***** ***ss *s ***
C (J P GE NCY FUNCTION AND PILtJ T CO MPENSATION CALCULA T IO NS
C*****  * *** ***** **5* *t *S* * * * ** * *  * * *** * ** * ** ** **** ****** ** * ** .** *** .* *. S**

219 OEL A V ( I , 1 ) = A ( 1 7 ) * ( E R L A T + A ( 2 1 1 * E P L A T O )
IF ( IT R . L T . O )  D E L A Y ( l , I ) z A ( 1 9 ) * ( E R L A T + A ( 2 3 ) * E R L A T D ) +

I A ( 1 7 1 * ( P H L ( L ) +A (Z L I * P H IO ( 1) 1
OELA Y (  2, t ) = A (  18 )* ( ERL ON+A (22 1* ERLO ND I
IF ( ERLA T .E0.O .)  O E L A Y ( 3 , t ) = A B S ( A 1 3 4 ) * E R L A T O )
IF ( ERLAT . NE.0.) D E L A Y ( 3 , 1 1 = A B S ( A ( 3 3 ) + A B S ( E R L A T I +

I A ( 3 4 )  *ERL A T * E RLATD/A 85 ( E RL A I ) )
IF (ERL O N.EQ.0. ) O E L A Y ( 4 . 1 ) = A B S ( A ( 3 6 ) * E R L O M D )
IF (ERL ON .NE.0 . ) O E L A Y ( 4 , 1 ) A B S ( A ( 3 5 ) * A B S ( E R L U N ) +

I A ( 36) * ERLO N* ERLO NDIA BS(ERLCN))
C

UDLAT =O ELAY(3 , 1 l
IF ( A ( 3 1) .LT .1.E—5) GO TO 240
F IA A (  31 ) / A (  1 )+O. 1— 1.
IA= 1 + I NT ( F IA )
FRAC=F IA — F L O A T ( I A — 1 ) — 0 . 1
IF ( IA . L E . 4 9 ) GO TO 235
CALL INOUT( 4)
GO TO 343

235 UOLA T DEIAY (3, IA )+FRAC * (DELAY I3 ,IA+ I)—DEL4Y(3 ,IA ))
240 UDLON=DELAY I4 .1)

IF IA I 32).LT .1.E—5) GO TO 246
F IA=A ( 32)/A (1)+O .t—L .
IA= 1 + INT(FIA)
FRA C F IA — FLOAT (IA— 1)— 0.1
LF (  LA.LE. 49)GO TO 245
CAL L INOUT (5)
GO TO 343

245 U O L O N = O E L A Y I4 . I A ) + F R A C * ( D E L A Y ( - 4 . I A + 1 ) — D E L A Y (4 , IA ) )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C CONTRO L S W IT CHING
C*****  *5**********************~~*** **t *S** * * * * * * * *~~*****************S****

246 IF ( MSTP .F Q .O .A M D .MS TP .E0 . 0 )  GO TO 249
IF (N .E Q.1) GO TO 247
IF (NP .t.T.MSTP) GO TO 320
GO TO 285

241 IF (NR.IT.MSTR) GO TO 320
GO TO 25 0

249 IF (ISIDE.E0.1.ANO.NS.LT.MLNDI) GO TO 316
IF I ISIOE.EQ.0.AND. NP.LT.MINDT .ANO .NR.LT .MIf40T 1 GO TO 320
IF ( UDIAT .LT.A ( 143 1.A NO.UOLON.LT .A (143)) GO TO 31.6
IF ( UDLAT .EQ.UOLO N I GO TO 320
IF IUDLAT .GT.UOL ON) GO TO 285
GO TO 250

C
320 MR=NR • N

245



NP=NP — N + I
TO 291

I F ( N . E Q . O I GO TO 256
CAL L INO UT (8 )
STOP

Cs.... *.**..***.**s**.*********s**s...*.**.s*...*******s*****.****s*s.**
C LONGITU D INAL STICK CALCULATIONS
CC....
250 IF (ISIOE.E Q.1) GO TO 253

IF( NR.E0 .O)GO TO 255
NRTOT=NRTO T + NP
NREP NREP+ 1
00 251 1=1.2
OIA G( 1. 1 )=0.

251 G LAG U. I)=0 .
GO TO 255

253
N SEP =N SEP + 1

255 N=0
NP=NP+ I
NR= 0
N S= 0
IS IOE=O

256 PCL ON=DELAY (2 ,1)
IF (A ( 30).LT.1.E—5) GO TO 265
F IA=A(3 0)/A( 1)40.1—1.
IA= 1 + IN T IF IA )
FRAC = FIA — FLOA T( IA — 1 )— 0 . 1
t F( IA . L E .4 9 ) GO TO 260
CAL L INOUT I6)
GO T O 343

260 PCLON=DE LAY(2,I A I-sFRA C *(DELAY L2,IA +1J—DE LA Y (2,IA ))
265 DLAG (2 ,1)=PCLON

DA =0.
IF (A(2 6).GT .1.E—5) CALL LAGOUT(A ,21
IF (A( 26).LE.1.E—5) GLAG ( 2.1) DLAG (2.1)
DE GL AG (2 ,1)
IF (A ( 138) .LT.1.E—51 GO TO 325
RI (8.1 )=RNUM( A. I SUM.88)
IF (A (15).GE.0.) RF (8,1)—RI (8,11
IF (A(15).LT.0,) CALL PRE (A,8)
0€ =OE •A (138)*RF(8,I )
GO TO 325

C.... . C... **s ***********5*~~*$** Ss..**********..*.s****.**...s.****.****s
C LATERAL STICK CALCULATIONS
Cs. ... s* .***s***********s********s$***********************S*******$.* .s.

285 IF ( I S I D E . E Q , 1 3  GO TO 288
IF( NP~ E0.0)GO TO 290
NPIOT= NPTOT 4 NP
NPEP =NP E P + I
DO 286 I~~1,2
O L A G ( 2 . I ) — O .

286 GLAG ( 2 , I ) 0.
G0 T0 290

~~1s rAa~
-. ~~~ 
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288 NSTOT= P~STOT+NS
NSFP=NSEP+ 1

290
NR=NR + I
N P 0
N 5 0
IS IDE=0 -

29 1. PCLAT=OELAY (1 ,1)
IF (A (2 9).LT.1.E—5) GO TO 300
F IA = A ( 2 9 1 / A ( 1) + 0 . 1 — I .
I A= 1 +

— F L O A T ( I A — 1 b — 0 . 1
I F I I A . L E . 4 9 ) GO TO 295
C ALL INO UT(7)
GO TO 343

295 PCLAT=DELAY I I,IA )+FRAC* (OELAY (I,IA+ I)—DELA Y( 1,IAF )
300 DLAG ( 1 ,1)=PCLA T

DE =0.
IF (At25).GT .1.E—5) CALL LA GO UT (A ,1 )
IF (A (2 51 .L E .1 .E— 5 )  GLA G ( 1 .1 )=OLA G( 1 .1)
DA GL AG ( 1,1)
IF (A ( 1 3 7 ) . L T . 1 . E — 5 )  GO TO 325
PIl l. 1) =RNU ML A . ISU M .87 )
IF (A ( 15 ) .G E .0 . ) R F L 7 , 1) z R I(7 , I)
IF IA (15) .LT .0 . ) CALL PRE(A , 7 )
04 =OA +A ( 1371* RF(7 ,1)
GO TO 325

C.** s* s.**s5..*** .****s ***$********* .* .s****S***. .S**************5***. . .
C SIDE TASK CALCULATI ONS
C***.***.*************.****.***************$*,******.*s******s5.***s**s*
31 6 IF (ISIDE.E0.1) GO TO 318

00 317 1=1,2
00 317 J=1 ,2
OLA G I I,J )zO.

317
NRTOT=NRTOT INR
NPIOT=NP TOT+NP
NRFP=NREP+N
NPEP=NPEP— N+1

318 ISIOE= 1
N S=NS +1
NR 0
N P= 0
DA= 0.
DE=0.

CS**** * * * * *** **C*S*5* *C*S*$$* *5* * *s *C** * * *S*** * * * *5**C*~~** *S**********S*
C coLLEcrIor4 OF STAT ISTICS
C55~* *55* C******S***C5****sC**S*5***S****S*5S*5**5**5.***************s.
325 VAR (IO )=A L PHA

VAR ( tL)=BETA
VAR ( 12)=UGUST
VAR ( 13)=VGUST
VAR ( 14)=WGUST
VAR I 15)=PGUST

Xfl 1L~~)&ISIf.~~ TO D1~Q ~~~~~~~~~ ..-
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VAR ( 16)=QGUST
VAR ( 17)=RGUST
VAR I 18) CTLAT
VA R ( 19)=CTLON
VAR I 201=ERLA T
VAR ( 21) ERLON
V A R ( 2 2 ) = S Q RT I ( A ( 3 3 ) * E R L A T ) * * 2 s 4 A ( 3 5 ) * E R L Q N ) * * 2 )
VAR I 23 )=DA
VAR ( 24)=OE
VAR ( 251=OR

C
ICOUNT ICOUNT + 1
CCUNT FLOAT ( ICOUNT I

C
00 326 I 1,24
NI A ( 100+1 )+. I
IF (N1.E Q.O) GO TO 326
SUM 1 (I)=SUM I ( I)+VAR ( N I)
SUM 2 (I)=SUM2 (I )+VAR (N1)5C2
SUM 3 ( I )=SUM3 ( I )+VAR (N1)**3
SUM4 ( I)=SUM4 ( Il .VAR (N1 )**4

326 CONTINUE
IF (N ITER.LE. ICOUNT)GO TO 334

C*.*** .******S5s*SCCSS**S********SS**C**********5*5*5t***s***5****SC****
C TABLE SHIFTING

U0 (2 ) UD ( 1)
U (2)zU (I)
VD (2)=VO ( 1)
V (2)~~V ( 1)
WD (2)zWD ( 1 )
W (2 )=W(1)
PD (2)=PD ( 1)
P(2 1 P11)
00 1 2 ) ’ QD( 1)
0 4 2 ) ~~0( 1)
RD(2 1 R0( 1)
R (2)=R (1)
PHID (2) PHID I 1 )
PHI( 2 )= PH I( 1)
THD ( 2) THD ( 1.)
TH(2)=TH ( 1)
PSID (21=PSIO( 11
PSI(2)*PSI (1)

C
DO 336 K 1.4
DO 336 Isl.49
J— 51 — I

336 DELAY (K,J)aOELAY (K,J—1 )
00 337 1 1,4
OLAG I I,2 )RDLAG (1,1)

337 GLAG ( I .2 )=Gt AG ( I .11
00 338 1 1,8
Pit 1, 3) R1( 1,2)
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- -

Rl(I ,2)zR I(I,1) . .. -

RF (1,3)=RF(1.2) V 
-

338 KF (I.2 )=RF (I .13 -. .

V 

- .

DO 339 IsL ,2 -

C T ( I . 3 ) = C T ( I . 2 )
339 C T ( I .2 ) = CT ( I . I )

C
GO TO 190

C****C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C CALCULA T ION OF OUTPUT QUANTITIES
C.... . ***~~***5***********~ **************$*****~****.***5***************~
334 DFLAT= FLOAT (NR+NR TOTI/COUNT

DFLON= FLOAT (NP +NPTOT)/COIJNT
DFS I DE=FLOAT I NS+NSTOT I /COLNT
IF (NPE P .NE.0J FMSTP A (l)*FLOAT INPTOT)/FL.OA T(NPEP)
IF (NREP .NE .0) FMSTR—A (1 )$FLOAT(NRTOT)/FLOAT( NREP)
IF (NSE P.NE .O) FMSTSXA( 1)*FLOAT (NSTO TL/FLOAT (NSE P)
CAL L INOUT ( 9) 

-

C
JT ITLE=O
DO 341 1=1,24
N I A( 100+11+. 1
IF (N1.E0 .O ) GO TO 341
AVGI EO.
RMS I ’ O.
STOI=O .
SKW I O .
PKDI O. - - - -

AVGI’SIJMI( II/COUNT
RMS Z SQ RT ( SUM2( I )FCOUNT)
STOI=S QRT ( SUM2 ( I )~ COUNT—A VGI *52 )
IF I STDI.E Q .0.) GO TO 342
SKw!= (SUM3 I I )—3.*AVGI *SUM2 (IIs2. *SUM1 (I)*AVG I**2)/

1 (COUNT*STDI**3)
PKD I=( SUM4( I )—4. *AVG I*SUM3(1 )+6. *SUM2 ( I)*AV GI** 2—

I 3.*SUM 1(1I*AVGI**3 )/(COUNT*STD [**4 )
342 IF (JTITLE.NE .0) GO 10 340

J T I T L E = l
CALL LNCaUT (10)

340 CON TI NUE
CAL L I NOUT (lI)

341 CONTINUE
CALL INOUT (2)

C
343 DO 345 fzj,20
345 A (80+I )=AH(I )+A (9)

C
500 CONTINUE

CALL I NOUT (2)
00 10 20
END

*OECK CLEA R
C *4*5* * *5* *55*

SUBROUTINE CLEAR

THIS PAGE IS BEST QUALITY PMCTLOABL~
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C********SS***C***********S******s*****5*5*****5*5*’P*55***s**s*s**5**S*s
COMMON /SYSCOM /A (200) ,DFLAT,QFLON ,DFSIDE ,FMS TR ,FM STP,FM STS ,

AV GI,STD I ,R I IS I ,SKW I,PKDI ,N1 , ICOU NT
COM MON /EOM /U0121 ,U (23.V 012),V 121.WD (21.W 12).PD (2),P(2) .Q0 (2) .Q(2),

RD(2),P(2),PHIO(2),PHLL2),THO(2),TH (21,P$ID(21 ,pSI (21
COMM ON /RAND OM/R I(8,3),RF (8,3)
COMM ON/GUSTS~ UGUST .VGUST ,%uGUST ,PGUST, QGUST,RGUST
COMMON /TRACK /CT (2,31 ,CTLAT,CTLON.CTLATD ,CTLOND
COMM ON /S1ATS /VAR (25).SUMI (24).SUM2124).SUM3 (24),SUM4 (24)
COMMON/DEL AY SIOELAYI 4,50)
COMMON/OWE LL/N ,NR ,NP ,NS ,NREP ,NPEP ,NSE P,NRTOT ,NPTOT ,NSTOI ,

ISLDE .PIJPdDT,M STR,MSTP
COMMON /LAGS /OLAG ( 4.2).GLAG (4,2)
COMMON /SCALE /AV ( 6). Sot 6)
COMMON /ST ICK/DA ,DE,DR ,DEAUG , DRAUG
COM M ON /IN IT/A H1 20),SINPHI,COSPHI ,SI NTH ,COSTH,SINPSI ,COSPSI,

SENTHO ,COSTHO ,FI1 ,F12 ,FI3 ,DH,NI TER ,ISUM
C

DA=O.
DE’O.
DR=O .
DEAUG O.
ORAIJ 0’ 0.
FMSTP = 0.
FM STR 0.
FM STS = 0.
N= 0
IF (A(35 ).LT,1.E—5.ANO .A$ 36).LT .l.E—5I N=1
IF (A(1 411.LT.0.) Nz1
NP’ 0
NPz O
NS=O
NPEPZO
NREP O
NSEP’0
NRT OT O
N PT 01 = 0
NSTO T =O
ISIOE O
I COUNT=O
DO 1 1=1,4
DO I J=1 ,50
DELAY (l ,J )—0.
DO 2 1 1,25

2 V A R ( E ) = O .
00 3 1=1.2
U0( I )=0.
U( I )=0.
VOl 11= 0.
VII  )= 0.
w o( I 1=0.
W 1 1 1 — 0 .
PD( 11=0.
P111= 0.

1~IIS PAG! IS ~ES~ 4UALIYf ?ftt ~~LC~~~~
F~0M DOPY F1JRLIISH~~ TO DD.O .... ~~~~~~~ =—
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00 (1 1—0.
0(11—0.
P0111=0.
R (l) 0.
PHID (1 )z0.
PHI l fl a()~
THD( 11—0.
TH t I ) — 0 .
PSID I I 1=0.

3 PSI (I)a0.
00 4 1— 1.24
S U M L ( I ) z 0 .
50142 1 1 1=0.
SUM3( I)*0.

4 SUM 4 (I) 0.
DO 5 1=1 ,6
AV I I IsO .

5 50 (I)—I.
DC 6 1=1,20

6 AH (I)sA (80+1)
MINDT =A4 27)/A l  1)4. 1
MSTP A( 142 )/Al 1)4.1
MSIR ABS (A ( 141))/All)+ .l
NI TER—A (2 )+.1
DH=A ( 1)/2.
ISUM=A (3)+ .1
S INPHI=0.
COSP 141= 1.
SIN T 14’0.
COST 14* 1.
SINPSI=0 .
COSPSI=I.
SINTHOx SIN (A ( 80)157.295779513)
COSTHOzCOS (A ( 801/57.295779513)
FI1= (4(781—Al 79) I/Al 77)
F12= (A (79 )—A (77))/A (78 1
F 13=(A (77)—A ( 781)/Al 791
CALL PREFIL (A,0)
CALL GUST IA )
CALL COMTRK (A ,OI
CALL LAG (A .O )
IF (AU9 3).LT.0.) CALL AUGMNT(A ,Q ,Rl
R E T U R N
END

SDECK PRECOM
C.S***5.**.S*5*******55*ss*.**5*.******.*.**5****5***5*s**5***S*********

SUBROUTINE PRE COM (A )

DIMENSION A (200),ASAVE (20)
COMMON /RANOOM /R I(8.3),RF (8.3)
COMMON/GUSTS/UGUST,VGUST ,WGUST ,PGUST ,QGUST ,RGUST
COMMON/TRAC K/CT ( 2,3) ,CTLAT ,CTLON,CTLATO ,CTLOND
COMMON /SC ALE /AV I6) .SO (61

C

- 
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ISUM A (3)+.1
N )TER=A (2 )+.L
00 5 1— 1,20

5 ASAVE (1I=A (80+1)
IF (4(6).LT.0.) GO TO 22
DC) 20 1=1,4
IF (A ( 36+I) .LT.1.E—5) GO TO 20
SUM 1’ 0.
50142—0.
I GAM = 80sI
DO 18 J=I ,N1TER
R I(1.1 )=RNUM(A .ISUM .IGAM )
IF (AU 3).GE.O.) RF (I,1)—k1 (I ,1)
IF (A (13).LT.0 .1 CALL PRE (A ,I)
GO TO (11,12 ,13,14 ), 1

11 CALL GUSTU IA )
G=UG U ST
GO TO 15

12 CALL GUSTV (A )
G=VGU S I
GO TO 15

13 CALL GUSTW (A)
G’W GUST
GO TO 15

14 CALL GUSTP (A )
G’PGUST

15 SUMI— SUM L +G
SUM2=SUM2+G*G
00 18 11=1 ,8
P1(11 , 3)’RI ( 11 ,2 )
P11 II,2 )—R I (II,1)
RF( I I ,3 IaRF( 11.21

18 RF (I1.2)’RF (lI.J)
AV (I )=SUNI /FLOAT (NITER )
50 (1 )=SQRT (SUM 2/FLOAT IN ITER)—AV ( 1)5*2 )

20 CONTINUE
22 00 30 1—1 .2

IF (A( 121+4*I ).LT.t.E—5) GO TO 30
SUM 1—0.
SUM2=0.
J 1 +4
1 GAM— 80+J
DO 25 K 1,NITER
RI (J. 1) RNUM(A , 15014, IGAMI
IF (A(14).GE. 0.) RFIJ .1)=R1 (J.t)
IF (A(14).LT.0.) CALL PREIA,J l
CAL L CTRACK (A .II

- SUML—SUMI+CT ( 1,1.)
SUMZ=SIM2+CT( I, 1. 1*42
DO 24 11— 1 ,8
RI (I(.31aR1((1,2I
PlC I I,2 )—RI(I1, L I
RF ( II. 3)s~ F( 11.21

24 RF (I1,2) RF (1l ,1$
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DO 25 11= 1.2
CT (II,3)=CTIII,2)

25 CT (T1 .2 )=CT (II,1)
AV (J)=SUM I/FLOAT (N 1TER ) - - -

SOC J 1— S O RT (  SU M2/ FLQAT ( NITER I—AV ( J ) 5*2 1
30 CON T I NUE

00 40 1= 1, 10
40 A (8O II) =AS AVE (Ij

CALL PREFJL (A .O)
CAL L GtJ ST (A I
CA LL C O M T R K (A , 0 )
RE T IJR N
END

* DECK RNUM
r..s ...*s*.s.*s .* ..*ss,*.ssss ..s*s*s..**...s..s..ss*ss*.* ...s .ss.s.ss *.s.

FUNCTION RNUM (A,K ,J )

DIMENSION A (20 0 )
C

P1= 3. 14159265359
RNUM=O.
DO 1 Izl,K
ATOM=(A (J ) +PI)**5
Z=A TOM—IN T (A TOMI
A (J)’Z

1 R NUM ’RN UM +l
RNUM=RNUM/F LOAT (K1—0. 5
RETURN
END

*DECK PREF1L 
V

C****C
SUBROUTINE PRE F IL (A ,K I

C * ***S********5******************S*******5******5*****S*****************
DIMENSION A (200)
COMMON/RANDOM/ P I( 8, 3) ,RF ( 8.3)

C
DT—A( 12)*A( 1)
DEL T— 4.+4.*DT +DT5DT
AO=4 . /DEL T
B 1 (  8.—2.*DT*DT )/DELT
82= 1 —4 .+4.SDT—DT*DT ) /OELT
DO 1 1=1.8
DO 1 J 1,3
R I( I ,J )= O .

1 RF (1.J )’O.
R E T U R N

C
ENTRY PRE
RF (K ,I)’AO * (RL1K,I$—2.*P1 (K ,2)pRI (K,3))+81*RF (K,2)IB2 *KF (K,3)
RETURN
END

*DECK GUST
C.$5*$*S********************.******.*5*.*************55****5***5*****.*S

SUBROUTINE GUST (A )

H 
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Cs***s*s****ss******5***S*****C ****S****$S*5****5***S*************SS*~ **
DIMENSION A (200 )
COMMON/RA NDOM/R I(8 .3) ,RFt 8,31
COMMON/GUSTSFUGUST ,VGUST, bGUST , PGIJST,QGUST ,RGUST

C
T A (  1)
12= 1 * 1
VO= SQRTIA I75)**2 +A ( 76)4*2)
FLV zA I 4I)/V0
FLV2 FLV**2
R P V — A (  4 2 )/ I  V0*3 . 14159265355)
P32=3.464101615
DEL T=2 .*FLV +T
AU T/DEL 1
BU— ( 2.*FLV—T ) /OELT
DEL T— 8.*BPV +T
AP ’T/DEL T
BP= l R .*BP V— T)/DELT
A 0-( 2 ./V0 )/DELT
80— B P
DEL I—6 . *BP V+T
4R 1—2. /V O 1/DELT
8 R (  6.SB PV—T) /OEL T
DELT—4 .*FLV2.4.*FLV’T+72
A0 ’ (R32*FLV*T+T2) ‘DELT
A 1=2 .*T2/DELT
A2 (—P 32*FLVsT .T2)~ DEL T
Bi— ( 8.*FLV2—2.*T21/DEt T
82= (—4.4FL V2+4.*FLV*T—T2 ) /DELT
UGUST=0.
VGUST O. -

WGUST O.
PGUST-0.
OGUST=0.
RGUST O.
UGO=O.
VGO O.
VGI’O.
W GO=O.
WG 1—0.
P GO— 0.
OGO=0.
WQOa 0.
P60—0.
VRO’O.
R E T U R N

C
ENTRY GUSTU
UG1—UGO 

- V

RNO RF( 1. I )
RN1—RF ( 1, 2)
UGO AU* l RNO .RNI )+BU*UG I
UGUST-UGO
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C
ENTRY GUSTV
VG2= VG L
VGI. VGO
RN O=RF (2, 1)
RN 1— RF(2 , 2)

RN2—RFI2,3 )
VG O— AO *RNO.A 1*RN1.A2*RN2SBI*VGL+B2’PVGZ
VGUS T—V GO
R E TURN

C
ENTRY GUSTW
WG2 = WG I
wG I— wGO
RN 0-RF( 3. 1)
RNI RF (3.2 )
RN2 RF ( 3, 3)
WGO A0*RNO,A l* RNL,425RN2,81*WG1,B2*WG2
UGUST=WG O
RETURN

C
ENTRY GUSTP
PGL— PGO
RNO—R F (4. 1)
RN t—R F I 4. 2)
PGO=A P* (RNO RNI),SP*PG I
PGUST=PGO
RETURN

C
ENTRY GUST Q
OGI-O GO
WO 1- WOO
WQ0- WGUST
OG0- 40*1 WO 0—WQ 1~) +BQ*QGI
OGUST QGO
RETURN

C
ENTRY GUSTR
RG I=RGO
VP 1. VR O
VR O=VGUST
ROD— AR*( VRO—VRI)+BR *RG 1
.RGUST .RGO
RETURN
END

*OECK COMTRI(
C**...**********S***5S*.*.****s******S****S**.*.s.*S*..**.S******5**S*S*

SUBROUTINE CO$TRK (A,L)
C... .. *.5*.s*****.****e*****************s******************************s

DIMENSION A ( 20o) ,A o (2 ) ,A 1(~
) ,A2 (2 I,eL (z l ,e2 i2 )

COMMON/RA NOOM/*1l8 ,3),RF( 8,3)
COMMON/TRACK/CT I2 .3) .CfL AT.C TLO N.CTLAT D.CTLO ND

C
T — A ( 1 )
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00 5 1=1.2
J—12 6.4* ( 1— 11
A A’ Al J )
FE—4 (J.1)
BB A (J +21
Dt ~L T=4 . *8B*BB+4 . * BB *T+T ST
AOl I 1= (2. *AA *T +EE*T*T)/DELT
Al l  I )=(2. EE*T*f l / DELT
A2 t I ) s ( — 2 . *AA *T+ EEST *T )/O ELT
B1( I) (8 . *B6*b8—? . *T*T )/D ELT
821 1 ) = (— 4 . *BB*BB ,4. *BB *T— T*T ) / DELT
DC 5 (‘1,3

5 C T ( I . K ) 0.
C TI 4 1—0.
CTL ON=0.
CTLATD — 0 .
CT L OND O.
RETURN

C
ENTRY CTRAC I (
J— L +4
CT IL , 1)’AO( L)*RF ( J, 1)+AI( LISRE C J,~~) +A2 ( I) *RF IJ,3)

+B1(L)*CT (L ,2l+B2 (L)*CT (L ,3)
RETURN
END

*DECI( LAG

SUBROUTINE LAG (A ,K)
C************5.***s********.**.**.***.***********************.**.*******

DIMENSION A (200) .AO(4).Bl(4)
COMMON/I AGS/OLAG( 4,2 ),GLAGI4,2)

C
1—A t 1)
00 5 1 1,4
TAU A l 24+1)
IF ( I .GT.2)  TAU—A (130+ I)
DELT 2.*TAU +T
AOl 1 )aT/DEL T
B1( I ) 12. *TAU —T )/D ELT
DO 5 J 1,2
DL AG ( I ,J )=O.

5 GL A G ( I ,J$ 0.
RETURN

C
ENTRY LAGOUT
G LAG ( K , L )—A O ( K )* ( D LAG (K ,1 )+OLAG CK ,2) ) .Bl (k )* G LA GI K ,21
RETURN
END 

-

‘DECK AUGMNT -

C...’. *****************S***S***********S*************S************S*****
SUBROUTIN E AUG$NT(4.G.R)

C..... *************s********SS*************** S**************************
D IMENSION A (200),Q (21.R(2)
COMMON/ST ICK/DA ,DE,D*, DEAUG , DRAUG

~3~1IaT!



C
DELT I.+A( 1)
RA 1 ./DELT
RBz ( 1.— A l l )  )/DELT
DEL T= .16+A (1)
E A .  lo/ DELT
EB= ( .16—4( 1) 1/DEL l
R 2=0.
DR 2=0.
02=0.
0E2=O.
RETURN

C
ENTRY AUG
R 1=R( 1)
DRI RA *IR 1—R2 1 +R6*0R 2
DRAUG=DR 1*4 (196)
DR2 D)U
R2=R 1

C
01= 011)
Of 1= EA* ( Q 1—02) +E8*Df 2
OEAUG DE1*A ( 194) IQ1*A ( 195 )
DE2= Of I
02=01
RETURN
END

*OECK REEVES

SUBROUTINE R E EVE S (A )
C.*...*****..*****.*.*.*..**.***.***.**..**.**.**.****.*******.****.**.*

DIMENSION A (20 0 ) ,AV (6 ) , S D(6 ) ,A SAVE (9 ) ,RN(9,3 ) ,GC(9 ,3 ) ,
S 1X ( 3 ) .S 2 X ( 3 )  . S I YZ ( 3 )  .S2YZ (3 )  .SXYZ ( 3 )

COMMON/GUSTS/UGUST , VGUST, bG UST , PGUST ,QGUS T ,RGUST
C

FILT L IR O . R I . GL l A1 0*(RO+R1)+8l1 *G1
F IL T2 ( R0 , R l , G l ) A20*(R0+R 1)+B21*Gi
FILT3 ( RO ,R1 .G1 ,G2 15A3 0* ( R0_ R1) IB3 1* Gl I832* 62
FILT4 (RO ,R1.R2 ,GL,G21=A40*RO+441*RL+A42*R2+841*GL+B42*G2

C
T s A I 1 )
ISU M— A ( 3) ~.1
NIT ER— Al 2) 4 .1
FL A (4 1) /SQRT (A ( 75 1* * 2+A (  76) **21
FL 3= FL* SQ RT ( 3 . )
DEL T— 2. *FL+T
A10 T/DEL T
B11 1 2.* FL—T )/ DEL T
DEL T=4. *FL+T
A 20 T ~ DEL T
B2 1 (4 . * FL— I)/ DELT
DEL T 16.*FL*FLG8.*FL*T+T* T
*30- 2. *T/OELT
831 I 32. *FL*FL—2. *T*T) /DELT
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832 (—16. *FL*FL’8. *FL*T—T *1) IDE IT
DELT 4. *FL*F144. *FL*TST*T
*40-C 2.*T*FL3 +T*T)/DELT
A4 1 2. .T*T/tIEL T
442 z( — 2 . *T*FL3+T*T 1/O ELT
841=1 8. *FL*FL—2. *T*T ) IDEL T
842 (—4 . *FL *FL+4.*FL *1—1*1)/DELI

C
DO 1 1—1 ,9
A S A V E ( E ) — A ( 9 0 4 1 )
DO I J — l ,3
RN( I .J )=0 .
G C ( I .J ) 0.
00 3 1=1,3
SI X I I 1—0.
52X( I )=0.
S1YZ (I =0.
S2YZ ( 11—0.

3 SXYZ (1)=0.
DO 4 1=1,6
AV (I) 0.

4 SD (1)=l .
C

00 20 1T= I,NITER
DO 10 1=1,9

10 R N( 1 , I ) RNIJ M(A ,ISUM,90+1 )
Gd 1. l)=F ILT LC RN ( 1. l).RN1 1.2) .GCI1.2 ))
CCI 2.I l ’ F1LT2*RN( 2, l ) .RN(2 ,2 ) ,GC(2 .2 ) )
6C 13.L )—FI tT2 IRNI3 .1) .RNI 3 .2 ) ,GC(3 ,2) )
GC (4 ,t)— FILTL (RN (4, I),RN ( 4,2) ,GC (4,2))
GCI5 .1)zFILT2 IRNI 5, l ).RN ( 5,2).GC (5.2))
GC(6, I)=FILT2 (RN(6,1I,RN ( 6,23 ,GC (6,2))
GC (7,l)=FILT4 (RM 7,1).RN (7,2),RN(7,31,GC (7,2),GC (7,31)
GC (B.11 FIL T2 (RN ( 8.11.RN ( 8.ZhGC (8,2)1
GC (9,1}—FILT3 (RNC9,1) ,RN( 9,3),GC(9,2) ,GCI9,311
DO 15 1=1 ,3
Jz3* 1— 2
S 1X ( I )— S IX ( I )+ G C (J , L )
S2X ( I)=S2X(1)- iGC(J. 1)**2
SlYZ~ 1 )— S1YZI I).GCIJ .1,1)*GCIJ+2,115 2Y 1 ( I I =SZ YZ (  I ) + 1 Gd J ’ l ,l)*GC( J ,2, I))

15 SXVZ (1)aSXYZIZ).GC (J,1)*GClJ+1,1)*GC I J+2,1,
DO 20 1—1,9
RN C I  • 3 )— RN I 1.2)
RN( I. 2) RN( I. 11
GCII .3 ) .GCII,2)

20 GC L I . 2 ) GC( I . l )
COUNT — FLOAT (NIT ER)
J —O
DC 30 1=1, 5,2
J J +1
AV I I )— SIX (J l /COUN T

30 S O ( IJ .SQRT ( S2X (J l/COUNT— A V ( L1 * * Z 1
J=O
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DO 35 1:2,6,2
J=J + 1
A V C I  )=S IYZ (J )/COU NT

35 S 0 ( I ) z S O R T ( S 2 Y Z ( J ) / C O U N T — A V ( 1 ) * ’ 2 1
00 40 1=1,9
*190+1 )— ASAV E ( 11
DC 40 J=h 3
RN( I .J)=0.

40 GC I I . J )— 0 .
RETURN

C
E N T R Y  GIJSTUR
00 70 1=1,3

70 RN( I , t )= RNUM (A , ISUM ,90+ I )
GC( I, 1)=F ILT IIRN( 1, 1) ,RN( 1,2) , G C ( l ,2 )
CCI 2 , 1 ) — F  1L12(RN(2 , t ) - ,RN ( 2,2) ,6 C 12 ,2 1)
CCI 3. 1)=F ILT2 ( RN( 3, 1) ,RN( 3,2) ,GC( 3, 2)
U G U S T = ( G C ( L . I )— A V ( t ) ) IS D( 1 I +( G C (2 . 1 ) * G C ( 3 , 1)— A V I 2) I I S D (2 )
SCI = SOR T I 2 . +2 . * ( S X Y Z ( 1 ) / C C U N T — A V ( 1 ) * A V ( 2 ) ) / ( S D ( 1 ) * S D ( 2 ) ) )
UGUST=UGUST*A ( 371/SCL
00 75 1=1,3
RN( I ,3) RNII,2 )
R N( I . 2 )=RN C 1.1)
CCC I ,3)=GC ( 1,2)

75 G C I I , 2 ) = G C ( I , 1 )
RET Li RN

C
ENTRY GUSEV R
00 80 1=4.6

80 RN( I,1)=RNUM(A, ISUM,90+1)
GC(4 .  l )=F I IT1 (RN(4 .1) .RN(  4.2 ) ,G C (4 ,2 ) )
G C ( 5 , 1 ) — F I L T 2 ( R N I 5 , l ) , R N C 5 .2 ) .GC( 5 .2U
GC (6, l)=FILT2 (RN(6, L),RN( 6,2) .GC (6.2))
V GLJ ST= (GC (4 ,  t ) — A V ( 3 ) ) / S D I  3) + (GC (5 ,1)  * G C (6 , 1 l— A V (4 ) 1/ S D (4 )
SCL=S QRT (2 .#2.* (SXYZI2)/CCUN T—AV (3)*AV (4))/ISO (3)*SDI4fl)
VGUST=VGUST*A (381 /SCL
DO 85 1:4.6
R N I I ,3)=RN(I, 2 )
RN ( f , 2 ) = R N ( I , 1 )
CC II  ,3 )= GC (  1,2 )

85 G C ( I . 2 ) = G C C I ,1)
RE T URN

C
E N T R Y  GUSTWR
DC 90 1—7 ,9

90 RN(1,I)— RN UM (A ,ISUM ,90+I)
G C ( 7 . 1 ) = F I L T 4 ( R N ( 7 , I ) , R N C 7 , 2 ) , R N ( 7 , 3 ) , G C ( 7 , 2 ) , G C ( 7 , 3 ) )
CCI 8,1)—F 11T2 (RN( 8, 1) ,RN( 8,2) ,GC 18,2) 1
GC (9.t)=FILT3 (RNC9.1).RN(9,3),GC(9,2) ,GC (9,3))
w GU ST = IGC( 7 , l I - A V l 5 )  )/SO( 5), (CC 18,1)  *GC(9, 1 ) — A V L  6) 3/ 50 (6 1
SCL SORT (2..2.*ISXYZ (3)/COUN T—AV (5)*AV (6))/ (SDC5)*SD (6)I)
WGUST =WGUS T*A ( 39) /SCL
00 95 1— 7 , 9
RN( 1. 3I RNC I. 2)
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RN( 1 ,2 )=RN I 1,11
CCC I ,3 ) GC ( 1 . 2 $

95 G C ( I ,2 ) = G C ( I , l $
RETURN -

END
*DECI( INOUT
C.....

SUBROUTINE INOUT( 1)
C *** *S* ** * * * ** * * ****$* ** * * * ** ******* ** * **** **** * *** ** * **** .***** **  5.5.5*

DIMENSION I (4 ) ,T (4 )  ,VARNA 1 4 (5 0 )  ,Y N( 2 )
CO M MON/ SYSC O M/A (2 00 ) , DFLA I , DF LON ,DFS lD E,FMST R ,F M S T P , F M S T S ,

1 A V G I . S T O ( . R M S I . S K W 1 . P K D I . N l . I C O U N T
DATA VARNAM /4H 0,411 ,4H V ,4H ,4H W ,4H ,

1. 4H P,4H .4H 0,411 ,4H R.4H
2 411 P.41*4 1 .411 TH. 4 HETA .411 P.41151 .
3 4H AL,4HPHA .411 BE,41-ITA ,4H U G,4HUST ,

4 4)4 V G ,4HUST ,411 W G,4HUS T ,4H P G,4H UST
5 411 0 G,4HUST ,4H R G,4HUST ,4H 141,411 CT
6 4H LON ,4H CT .411 LAT,4H FRR ,411 ION,4H ERR,
7 4)1 RAD ,4H ERR .411 D.4 HA .411 D.411E .
8 411 D,4HR /

DA TA YN/4H YES ,4H NO /
C

GO TO (1,2,3,4,5,6,7,8,9,10,11,121,1
1 CONTINUE

WRITE  C 2, 201 1
201 FORMAT (IH 1 )

IF (Al 125).Ll.1 .E—5.AND.A4129).LT .1.E—5) WR ITE(2,2301 )
2001 FO RMAT (2 0X , *+ ++ PHI—THETA ATTITUDE STAB i L IZATI O N •-++*/ )

ITR= A (51— .1
IF ((A (125).G1.I.E—5.OR .A(12 9).GT.1.E—5).ANO.ITR.EQ.O)

1 WRITE I2 .210 1 )
2101 FORM AT CI 5X. * +++ PHI—THETA COMMAND TRA CKING (COMPENSATORY ) +4 4*/ )

IF (ITR. EQ.-I) WR ITE (2,2201)
220 1 FORMAT (15X ,*+++ PSI—THETA COMMAND TRACKING (COMPENSATORY) ++÷~ /)

IF (ITR .EO .—2 ) WR 1TEC2 ,2301)
2301 FORMAT (1 8X ,*i ++ PSI— THETA COMMAND TRACKING (PURSU IT) +4+4/ 3

NUMI T A I 2)4.2
JSUM *(3) 4.1
WR ITE (2 ,10l ) A l1) ,NUMIT, JSUM

101. FORMAT (* FRAME TIME —* ,F5.3,5X,*ITERAT IONS *,15,5X,
1 ‘RANDOM NUMBERS SUMMED -4 ,13/)
WR ITEC 2, 30 1)

301 FO RMAT ( 18X , *+++ LONGITUD INAL S T A B I L I T Y  DERIVATIVES •++*)
WR ITE (2 ,4011 (AlK1,K— 60,74)

401 FORMAT (* X U * ,1PD10.3,* XW—* ,DlO.3, * XW0-*,DLO.3 ,* XQ*.,
1 010.3,’ XDE— *,DIO.3/* ZU=* ,D1O.3, * ZW=* ,0t0.3,* ZWD— *
2 ,010.3,* 10—5.010.3.. ZOE *.01O.3/* MU *.01O.3, * M W *
3 ,DI0.3,* MW 0-*,D1O.3, * M Q * ,DIO .3,* MOl~w’,D10.3I1

w RIT El 2 ,  501)
501 FO RMAT C2-1X , *4 ++ LATERAL STAB IL ITY DERIVATIVES ++‘ *)

W RIT E(2 ,601 )  (A ( K1, K .45,5S 1
601 FORMAT I* YVa* .1PDIO.3.* YP *,010.3.’ YR—* .D1O.3.* YDA—* ,

1 010.3, ’ VOR—* ,OLO .3/* L V * ,D1Q.3,* LP.*,010.3,* L R * ,

~~~~~~~~~~~~~~~ u M
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2 f l I O . 3 . * ~~)A=* .O L 0 . 3 . *
3 ,D1O.3, * N R * ,DlC.3, * NOA =* ,D1O.3, * NDR = * ,D 10 .3 /)
W R1T E (2 , 701) A (80) ,AC753 .A(76)

701 FORMAT (* THETAO= * ,F5.2,* DEG*,5X, *UO=* ,F6.1,* FT/SEC* ,SX ,*~0=*,
1 F 6 • 1,* FjJ—Sf-C*/) 

-

WRIT E (2~ 80-I--) A177),A ( 78) ,A(791
801 FGRMAT I* lxx =*,1PDIO.3 ,4X,*IYY =*,U1O. 3,4X,*IZZ = ‘,DIO.3,4X ,

1 14H (FT—LB—SEC’*2)/)
IF (A( 125).GT.1.E—5.OR .AC 129).GT .l.E—5) WR ITE (2 ,901)

I (A (K),K= 125,132)
90 1 FORMAT (*  COMMAND TRACK ING F I LTE RS* ,7X ,*K* ,I L X , *A * ,11X, *E* ,I IX ,

1 * B*/ 12x , * LAT ERAL * ,6X,4 (  3X , 1 P0 9 .2 1/ 12X , *LONGITU DINAL 4 ,.
2 4 (3X , IPD9 .2 )/ )
IF (A (1 4).LT.O.l WR I TE (2,1001) A( l2 )

1001 FORMAT ( *  COMMAND TRACK ING PREFILTER +++ D =* ,F4.2/ )
iF (4 (37) .LT .1 .E—5.A ND.A (  38) .LT .1.E—5.AN D.A (39) .LT . l .E—5.A ND .

1 A (4 0) .Lt .1 . E—5)  GO 10 9901
IF (A ( 6 ) . G E .O . )  W R IT E ( 2 , I l 0 1 )  (A (K) ,K=37,40)

1101 FORMATI* DRYDEN GUST GAINS +4 U=* ,1P09.2 ,3X, * V * ,09. 2,3X ,
1 *W z* ,D9.2,3X, *P=* ,D9.2/ )
IF (A( 6).LT.O .) WR ITE (2 .15O1) A(37).A (38) .A 139 )

15 01 FORMAT I* REEVES GUST GA INS 4+ 0=* ,1 P09.2,3X, *V=* ,09 .2 .3X ,
1 *w= * ,D9. 2 /)

V OG= YN(2)
IF (A(431.LT.0 .) V QG=YN (l3
VRG.=YN(2)
IF I A I - 441.LT.O .) VRG =YN (1)
IF (V QG.EQ.YN ( 11..OR.VRG.EQ .YN( 1).OR .A (401.GT .1.E—51

I WR ITE I2 ,12 011 VQG ,VRG,A (42 1
1201 FORMAT (* OGUST? *,A 4 ,4 X , *RGUST ? *,A4,6X,*WINGSPAN =*.F6.1,* FT*/ )

W R l T E ( 2 ,  13011 A (-4 1 )
1301 FORMAT (S SCAL E LENGTH =*,F7.I, * FT*1)

IF (AC 133.11.0.) WR ITE I2 .1401) A C 12 )
1401 FORMAT (* GUST PREF ILTER 4+4 0 =* ,f4.2/ )
9901 CONTINUE

WRI TE (2,1601) A ( 17),A1 18),A (19),A (21),A(72) ,A (23) ,A(25),A (26),
I A (29),A( 30),A1 31),A (32),A (33),A (35),A(34),A( 36),
2 A (137).A(138)

1601 FORMAT (* PILOT MODEL PARAMETERS * ,5X , *IATERAL * ,4X,SL ONG ITUDINAL * ,
1 3X.*P$EAD ING*/3X ,*PILOT GA IN* ,IOX ,3(4X, IP09.2)/3X.
2 *PILOT LEAO* ,IOX ,314X ,D 9.2)/3X,*PILOT LAG * ,L1X ,2 (4X,D9.2)/
3 3X,’PILOT DELAY *,9X ,2C4X,D9.2)/3X,*URGENCY OELAY * ,7X,
4 2t4X 09.2)/3X.*ALPHA *.15X ,21 4X.D9 .2)/3X .*BETA* ,16X,
5 214X.D 9.2)/3X,*REMNANT GA IN * ,8X,21 4X,09.2)/3
IF C A 1 1 98).GE.0..AND.A (15).LT.O.) WR ITE I2 ,170I) 4(12)

1701 FORMA T I* REMNANT PREF IL TER +4+ 0 =* ,F4.2/ )
IF (A ( 143 ) .CT .1 .E—5) WR ITE (2 ,240 1 )  A ( 143 )

2401 FORMAT (* SIDE TASK URGENC Y = *,f7~4/)
IF CA 1 193 ).LT.O.) WR ITE (2 .18O11 A (1943 ,A(195),A (196)

1801 FORMAT (* AUGMENTER GAINS +++*,4X, *KA =*,F7.3,4X ,*KV *,F7.3.4X.
I *~(Y a*~ f7•3/ )
IF 1A 1133 ) .GT. 1.E—5 .OR .A 1 134 ) .GT.1. E—5) W R IT E ( 2 , L 9 0 1 $  A( 133),

1 Al 134)
1901 FORMATC * CONTROL SYSTEM LAGS +++ LATERAL *,F6.3,5X,
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1 ‘LONG ITUDINAL a*,F6.3/)
GO TO 999

2 CONTINU E
W R I T E C  2.102)

102 F IJ R M A T ( IX , 8 0 ( * + * ) / )
GO TO 999

3 CONT IN UE
w R ! T E ( 2 , 1 0 3 )  ICOUNT

103 F O R M A T ( / L 8 x . ’++4 SYSTEM DIVE RGED AF TER* .16 ,* ITERATIONS #++*/I)
GO TO 999

4 CONTINUE
W R I T E  12, 104)

104 FORMAT (I/30H LATERAL URGE NCY DELAY TOO BIG //I
GO TO 999

5 CONTINUE
WR ITE I2 , 105)

105 FOR MAT (/ /35H LONGITUDINAL URGENCY DELAY TOO 816/I)
GO TO 999

6 CONTINUE

~ R IT E ( 2 ,  106)
106 FO RMAT(// 33 11 LONGITUDINAL PILOT DELAY TOO BIG/ /I

GO TO 999
7 CONTINUE

WR (TE l  2 .1073
107 FORMAT (/ / 2 8 H  LATERAL PILOt DELA Y TOO BIG/ /)

GO TO 999
8 CONTINUE

W R I T E (  2, 108)
108 FORMAT (/ / 2511  LOGIC ERROR IN SWI TC HING//)

GO TO 999
9 CONTINUE

W R IT E ( 2 . 1 I 0 9 )  DFLAT .DFLON . DFS IDE . FM ST R. FM STP,FMST S,A ( 27 )
11 09 FCRMAT (6X ,*DWELL FRACT IONS* ,14X,*ME AN 0~~ LL T I M E S * ,9X,

1 *MINI MU M DWELL TIME* /3X, *LAT* ,5X ,*LONG*.SX . *SIDE*.8X .
2 *LAT*,6X,*LONG*,6X,’SIDE*/IX ,F 6.4,3X ,F6.4,3X,F6.4,4X,F7.4,
3 3X,F7.4,3X,F7.4,1OX,F 5.3/)
GO TO 999

10 CONTINUE
W R IT E( 2 .  110)

110 FORMA T (*  VAR IABL E* ,6X, *I(AN* ,8X, *ST D. DEV. * ,8X , *RMS * ,8X ,
I *SKEWNESS *,5X,*PEAKEDNESS */)

GO T O 999
11 CONTINUE

NAME 2* N1—1
W R I T E ( 2 . 1 I l )  V A R N A M ( N A M E ) .V A R NA M I N A M E O I ) ,A V G I , ST D I , R M S I , S K W I , P K O I

III FCIRMAT (1X,2A4 ,3X ,1PDIO.3 ,414X ,DIO .3 )/)
GO TO 999

12 CONTINUE
I STOP O

112 PEAO (7 ,212 ) IL(K).T(K) .K~~1.4)
212 FORM ATC4 ( 14,F12.O))

IF I E O F ( 7 ) )  998,412
412 DC 312 M 1,4 -

IFCL ( M) .E0.0)GO TO 312
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IF(L ( M) .LT.C~ ISIOP L
10C IA B S C L ( M ) )
A (ICC )=TC N )
IFCISTOP .EO.1)GO TO 999

312 CONTINUE
GO TO 112

998 STOP
999 RETURN

END

I
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