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SECTION 1
INTRODUCTION

1.1 BACKGROUND

Vertical takeoff and landing (VTOL) aircraft have considerable potential
for use in a viable short~haul air transportation system. The VTOL aircraft used in this
context would provide convenient, safe and reliable access to long~haul air transporta-
tion by providing air service from major and smaller cities to regional airports. They
would also contribute to the achievement of @ more balanced total tfransportation system
by providing direct links between smaller cities and major cities and between nearby

major cities,

tn order for such a VTOL shori-hau! system o be economically 'Feasib[e, the
aircraft must provide schedule reliability in all-weather conditions, acceptable levels
of ride quality, and direct access to the city centers for passenger convenience. Before
a viable VTOL system can become a reality, technology developments are needed in a
number of areas. During the past several years many advanced VTOL aircraft design
programs have been conducted to develop economical vehicles with improved ride
qualities and conirollability which would be suitable for a commercial VTOL transporta~
tion system, However, to effectively utilize these vehicles and to exploit their unique
characteristics for minimizing noise and both air and ground space requirements, corre-
sponding advances must be made in handling qualities, operating procedures, and all-

weather avionics.

The NASA Langley Research Center (LaRC) has undertaken a research program
to develop the navigation, guidance, control, display and flight management technology

base needed to establish systems design concepts and operating procedures for VTOL



short-haul transportation systems in the 1980s time period and beyond. The VALT (VTOL
Avutomatic Landing Technology) Program encompasses: investigation of operating systems
and piloting techniques associated with VTOL operations under all-weather conditions
from downtown vertiports; analysis of terminal air traffic and airspace requirements; and
development of avionics including navigation, guidance, controls, and displc‘:lys for

automated takeoff, cruise, and landing operafions.

In support of the VALT Program, Aerospace Systems, Inc. (ASI) has conducted
a number of research studies for LaRC which provide a technology base for the present
study. In the initial effort (Reference 1), ASI ‘anulyze‘d the navigation and guidance
requirementis for commercial VTOL operations in the fakeoff, cruise, terminal ;:trea,
and landing phases of flight in weather conditions up to and including Category Ill. A
digital computer simulation was developed to provide a means for evaluating the per-
formance of candidate VTOL avionics systems, and was used to conduct a sensitivity

study of several VTOL guidance and control concepts (Reference 2).

One conclusion in Reference 1 was that curved decelerating approaches will
be required for safe, efficient, and independent VTOL operations. To facilitate i'hese
maneuvers, a spiral descent technique was formulated as a possible standard VTOL
approach procedure (Reference 3). The spir;al descent uses minimal airspace, accommodates
arrivals from any direction, and can service multipad landings; it also provides fhe bene—

fits of a vertical descent, but avoids the vortex ring state, maintains a stable curspeed

and uses less fuel.

The confrol of a VTOL along the spiral descent trajectory or other flight
path constitutes a challenging fask for the pilot. To reduce the workload for the guid-
ance and confrol tasks to o tolerable level for multiple daily landings, the aircraft

controls will be partially or completely automated. As the level of automation increases,



_ the pilot's role shifts from primarily that of a controller towards that of a system monitor
and manager. Reference 4 documents the first phase of a study fo examine which tasks
should be allocated to the pilot of an automated VTOL aircraft utilized as part of @
short-haul air transportation system, and to determine what displayed information will

be required in performing these fasks.

1.2 REVIEW OF PRELIMINARY CONTROL/DISPLAY ANALYSIS

The preliminary study (Reference 4) was intended to provide insight into the
problems associated with pilot tasks in an automated VTOL aircraft in general. Several
guidelines were established to provide a frame of reference and to ensure that the results
could be readily used and evaluated in the context of the VALT program, These guide-

lines included the following:

. Flight Profile - The emphasis of the study was on the approach and
landing phase of flight; however, sufficient general consideration to
the takeoff and enroute phases of flight was included to ensure that
the study results would be compatible with the overall task of operating
the vehicle as a commercial transport.

° Vehicle Dynamics - The study utilized the CH-46C and CH-47
helicopters used in the LaRC flight research programs.

® Crew - Crew tasks were configured to permit operation by one pilot,
Routine calls, communication channel selection, or other tasks which
might be handled by a second crew member in an operational context
were not included in the scope of work.

o Pilot Involvement - The levels of automation considered were varied
over a range extending from a fully automatic system with the pilot
in o passive mode with respect fo confrol activity to a system with
full manua! control.

. Technology Date = In defining a level of system automation, allocating
tasks to automatic systems, and in concelving displays for the control/
display concept, decisions were based on the relevant technology
projected as being available in the mid 1980s.

® Pilot/Hardware Experiments - Hardware tests, flight tests, and pilot/
hardware interaction experiments were specifically excluded from
the scope of the work,



The priniary accomplishment of the investigation in Reference 4 was the
development of a systematic methodology for evaluating pilot display/conirol trade-
offs and information requiremenis, This design approach accounts for various levels of
control automation and display sophistication. [t is based on the optimal control model
for the human operator, but includes several significant extensions in the state-of-the-
art of pilot modeling. An explicit attention allocation procedure was established which
determines the optimal division of the pilot's total atfention between monitoring and

control tasks, and among the various displays available to him for each task.

The design methodology separated the model into three levels of detail. At
the "information level ," all of the state varicbles were assumed to be perfectly displayed
to the pilot. Thus, the pilot would have perfect knowledge of each state variable, and
the allocation of his attention among these indicates their relevant importance in the
ideal situation. Af the "display element level" the effects of pilot indif-f"erence thresh-
olds were introduced, and the pilot's ability fo defect both position and rate from a
given display element was included. At this level the relative importance of each dis~
play element can be determined, and a more realistic estimate of the overal! system
performance can be obtained. Finally, at the "display format level" realistic perform~
ance estimates due to display thresholds, maximum deflections, instrument noise, scan
frequency, efc. can be determined for an aciual display format which has been designed

from the display element resulis.

The design methodology included a mode! for simultanecus monitering and
conirol, which was based on the premise that the pilot first atfempts to control the air-
craff fo a given level of performance, and then uses any additional capability for
monitoring status information and/or automatic system performance. The model used
a quadratic function of the state errors as a metric for conirol performance. The conirol

workload metric was the pilot's total control attention to all the displayed elements that



wauld be required to achieve a desired level of system performance. The model optimized
the control performance metric by allocating this total control aftention among the availa-
ble displayed elements. Then his available aftention for monitoring was determined as

the difference between his total capacity and that required for control to the given per-
formance level. The model next determined the optimum allocation of monitoring atten-
tion among the available status displays and evaluated the overall monitoring performance

metric, which was a quadratic index similar to the control performance metric,

A computer program (Program PIREP) was developed to implement the extended
optimal control /monitoring model for the pilot. It can be used to determine the optimal
allocation of pilot's attention for either monitoring or control, as well as the associated
system performance. The principal inputs of PIREP are the system dynamics (automation
level, external disturbances, etc.), the display model (display elements, threshold,
etc.), and the total atfention (control/monitoring). The primary outputs of PIREP are
the optimum attention allocation (control /monitoring), the system performance metrics

(J_c, Jm ¢ cost gradients), and the rms predictions (state, display, control).

The extended optimal conirol model for the pilot was validated by attempting
to reproduce flight results obfained by NASA/LaRC with the CH~446 tandem rofor heli-
copter. Descriptions of the CH-46 model~following control system, evaluation display
panel, and the flight director algorithms were obtained from NASA. The optimal con-
trol model was exercised at the display format level for hover flight condition, and
the results were compared with limited flight dafa. Both the analytical and experimental

results show that the pilot could not adequately hover without the flight director, but

that he had very little difficulty in hover with the flight director,



A flight director design technique using quadratic synthesis was developed
as a straightforward means of generating flight director algorithms. These algorithms
were designed to relate to the pilot task objectives, i.e,,' minimize his workioad and for
improve his conirol performance, and to satisfy the pilot's desired goal of behaving
approximately as a gain and time delay. The flight director signals were obtained as
linear functions of the system states as a byproduct from the optimal conirol model.
When applied to the CH-46 helicopter, the flight director design technique produced
nearly identical time constants to those of the flight director algorithms developed by

NASA/LaRC in flight tests.

A similar approach using quadratic synthesis was applied to determine flight
conirol systems at several automation levels for the helicopter. By appropriately
specifying the confrol and staie weighis in a quadrafic performaﬁce index, various
levels of automatic feedback conirol systems could be systematically designed.

These ranged from a totally manual basic vehicle with no feedback to the fully auto-

matic system with complete position feedback.,

The display/control design methodology was applied to predict the longitudinal

performance of the LaRC CH=-47 heliéopfer, which will be used as the VALT research
aircraft. Two flight conditions were investigated: hover at sea level, and o straidhf
approach condition at 60 knots and 1,000 ft/min descent. Seven levels of control
aufomation and five display system levels were considered. Cosf- weighting functions
and indifference thresholds for the CH-47 were selected based on the desired per-

formance requirements for an advanced VTOL commercial helicopter.

In general, the preliminary results indicated that the flight director improved
system performance. Although this was an obvious and expected result, the model
provided quantitative indications of the performance improvement with the flight director,

The results also showed that the vertical flight director provided marginal performance



improvement; most of the performance gain was produced by the forward flight director.
The CH-47 results also showed that control automation generally improved performance.
Again, this was an obvious conclusion, but the model provided quantitative measures of
the performance improvement for various automation systems. Moreover, Reference 4
concluded that in order to achieve the desired system performance, some level of auto-
mation will be required for most advanced VTOL missions, since at hover and approach the
CHr47 helicopter could not be flown o an acceptable performance level without con-
trol qutomation. The results also indicated that the hover condition is considerably
more difficult than the approach. However, increasing system automation tended fo
reduce the difference in difficulty between the two flight conditions. Also, the more
automatic systems were found to be less sensitive to pilot workload variations; as auto-
mation was increased, the slope of the performance curve versus workload was lower.
This means that other temporary demands on the pilot's attention would cause less

deferioriation in system performance as automation increased,

The relative importance of the individual display elements was clearly demon~
strated for all display sophistication and control avtomation levels. The model provided
a quantitative measure of the relative imporiance of each display element by means of
the optimum attention allocation. For example, as the display sophistication increased
the pilot paid less attention fo the situation displays and more to the flight director
signals, Similarly, as sysiem automation increased for a given display configuration, the

pilot adjusted his attention accordingly.

The monitoring model confirmed the a priori conjecture that more moniforing
generally improves system performance, since more monitoring time implies less control
workload, However, the preliminary results showed that monitoring performance iiself

does nof necessarily improve either with increased system automation or with display



sophistication. Several questions were raised regarding the interpretation of the

monitoring model and combining the monitoring results with the control results.

Although the actual design of a display format is more of an art than a
science, several design principles were delineated that could be used to simplify the
translation of display element analytical results to the instrument format. Using these
principles, a straw-man display concept was developed in an attempt to satisfy the
results of the optimal control/monitor model for the CH-47 with two control/display

configurations.

1.3 RESEARCH OBJECTIVES AND REPORT ORGANIZATION

This report documents the second phase of ‘ASI's research to determine the
display/control requirements for commercial VTOL aircraft, Specifically, the design
and analysis methodologies developed in Reference have been refined and have been
demonstrafed in a more thorough manner. The major portion of the second phase effort
was expended on performing a combined longitudinal and lateral control/design
tradeoff analysis for the CH=47 VALT Research Aircraft. Secondary objectives
involved a reassessment of the monitoring model developed in-the first phase, and the
definition of further analytical and experimental research areas preparatory to the

VALT flight test program.

Section 2 provides a complete discussion of the display/control system design
methodology that was developed and applied to the CH-47. Our philosophy is that the
pilot's first priority is to control the aircraft to some acceptable performance level,
then he uses any remaining capacity fo fulfill his monitoring role, The design process
involves four mefrics for system evaluation:

1.  Control fask performance
2.  Control task workload



3.  Monitoring task performance

4,  Monitoring task workload
The well-known optimal conirol model of the human operator has been extended to
provide predictions of these system measures during a simultaneous control and monitoring

situation,

The application of the design methodology requires the specification of com=
peting control/display system configurations by the analyst. These can be either obtained
independently from some other source, or defined through some systematic procedure as a
corollary to the main analysis. Subsections 3.1 and 3.2 of the report describe the pro-
cedures utilized in this study fo develop levels of conirol automation and display sophisti-
cation for the candidate systems. These procedures are adaptations of those presented in
Reference 4. The control system design process uses quadratfic synthesis fo generate suc~
cessive closed-loop systems which are based on the bandwidth characteristics of a pre-
determined model. The flight director design approach attempts to provide the pilot
with the information that he needs for control of the aircraft. The flight director signals

are generated fo allow the pilof fo respond to them strictly as a gain. The remainder of

Section 3 presents the numerical application of the control/display design procedures fo

the CH-47 helicopter. Six flight conditions were evaluated:

Hover

3° Straight Approach
9° Straight Approach
15° Straight Approach
Spiral Approach

Cruise

Eight control systems were designed, ranging from fully manual to automatic; and four

f ith director combinations were examined.



Section 4 returns fo the main issue of evaluating the candidate display/
control configurations. The control system and flight directors designed in Section 3
for the CH-47 helicopter are evaluated via the methodslogy described in Section 2.
The resulting control performance and workload metrics are determined for all the can-
didate systems at the most difficult flight condition=hover. These hover results reveal
that many of the display/control configurations cannot achieve the desired control per-
formance, and several others are only marginal in terms of the available workload for
monitoring. The remaining configurations are analyzed further in terms of their monitor-
ing performance and other characteristics. These resulfs.are evaluated and three systems

are identified as potential candidates for experimental analysis,

In Section 5, the recommended display/control configurations are used to
generate display formats according to established design guidelines. The process of
translating the analytical model results into display formats is described and subjective

decisions are explained,

The final section of the report presents a summary of the importani conclusions

obtained during the study, and several recommendations for additional research. Topics
deserving further analysis are delineated, and suggested experimental investigations

(ground based and inflight) are outlined.

A list of references cited in the text is followed by an appendix which con-

tains detailed numerical results for one of the leading candidate control/display systems,
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SECTION 2
VTOL DISPLAY/CONTROL SYSTEM EVALUATION

Efficient evaluation of candidate pilot-vehicle control/display systems is
best accomplished via a balanced program of modeling and experimentation. The model-
ing effort provides maximum advantage in the preliminary stages, where a wide variety
of potential systems can be explored and rank-ordered with a relatively small amount of
effort and cost. The experimental programs, which would normally include both ground-
based and in-flight tests, study the more promising systems in realistic settings. These
detailed man-in-the-loop simulations should tend to confirm the model~based predictions,

and resolve the minor details between competing control/display systems.

2.1 A MODEL-BASED APPROACH FOR SYSTEM EVALUATION

The VTOL display/control design and evaluation procedure developed and
utilized in this sfudy is shown in Figure 1. There are four major phases in this process:
1.  Formulation and information requirements
2, Conirel/monitoring performance
3.  Pilot/automatic task allocation
4.  Display formaf design
Each of these phases consists of one or more steps, as outlined-in Table 1, and discussed

below.,

2.1.1 FORMULATION AND INFORMATION REQUIREMENTS

Performance requirements, and the design (or selection) of candidate control
display systems are the objectives of the information requirements category., The steps

are as follows.

PRECEDING PAGE BLANK NOT FRLMED
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Table 1. VTOL System Evaluation Process.

Phase . Step

1. Formulation and 1. Determine Maximum Value of x;
Information Requirements .

2. Select Candidate Confrol
Systems

. Select Flight Director Signals

. Select Display Information

. Predict Monitoring Performance

3
4
2. Confrol and Monitoring 5. Predjct Conirol Performance
é
7

3. Pilof versus Automatic . Select Control/Display System

Task Allocation

4. Display Format Design 8. Suggest Display Format

Step 1. Determine Maximum Value of x,

The maximum deviations of the system states are selected according to flight

" condition requirements, pilot acceptance criteria, and passenger acceptance criteria.

These maximum values of x; will be used in subsequent phases of the design process,
including flight director design, pilot modeling and performance evaluation. Under a

Gaussian assumption, the Xj, max AN be interpreted conveniently as either 1o, 20 or 3o

values for the underlying time history x:(t). However, it is necessary fo be consistent
in this interpretation throughout the design process. We choose the 1 interpretation
for the numerical analysis of the CH~47. Thus, the design objective is for | x:(t) 1<

Xe s With 0,68 probability, or about two-thirds of the time, This will occur when

t,

the standard deviationg <

< X, ; so thatselection of x, is equivalent to
X i, max i, max

specifying desirable rms stafistics for vehicle states. In the design process we select

values X, for all vehicle states. If some states are not of concern from a performance

r

viewpoint, we set those x. =w.
i, max



Step 2.  Select Candidate Control Systems

in this s-i'ep, the candidate control systems that vtilize different levels of aug-
mentation are designed and/or selected. These levels of automation may span a wide
range of possibilities from the unaugmented vehicle to complete position feedback (i.e.,
fully autematic control}, Once a level of augmentation is selected, it is necessary to
determine a feedback coniroller that realizes the system structure. Often, such a con=~
troller already exists from preceding or concommitent study .efforfs, or from ongoing
flight control programs. [f this is not the case, a candidate control system must be
designed. The conceptual control system design procedure used for this study involves
a blend of model-following and quadratic.synthesis fechniﬁues. Subsection 3.1 describes

the procedure.

Thus, through either selection or design, the outcome of this step of the

procedure is a set of dynamics
x() = Agx(t) + By(t) + Egw(p )

that interact with the pilot via control inputs u(t), and with the environment via gust

disturbances w(t).

Step 3.  Select Flight Director Signals

This step considers the process of display automation through selection of
flight.director signals, or steering commands, that would be displayed to the pilot in
addition to other information. For a candidate automation [evel and control system, as
selected in Step 2, the flight director signals can be designed to improve pilot-vehicle_
performance through optimization of the display interface. Clearly, pilot-vehicle
modeling plays a large part in this design. The details of the flight director design

procedure used for this study are described in Subsection 3.2,



Note that there is a fradeoff between Steps 2 and 3, i.e., between control
and display automation, A flight director might significantly improve performance of
a partially automated system, but would probably be unnecessary in a fully automated

context where the pilot is not actively involved in control,

Step 4.  Select Display Information

This is the key step in the information requirements category. In selecting
display elements we choose from among the measurable state variables xi(’r) and the
- flight director signals of Step 3. In accordance with human response theory, it is
assumed that if a variable x{t) is displayed to the pilot then he also derives explicitly
the rate x(t). Thus, each display element, or indicator y; provides two independent

observations, y; and Yir] = y.. The full set of observations y(t) = [yyr Yor «-- YNY]

i
consists of (combinations of) vehicle states and possibly conirol inputs, and is conveniently

written in the form
y(1) = Cox{t) +Du(t) (2)

At this point, there is no apparent need for a separate .indicator.of rate

information, if position is already displayed. However, as shown in Figure 1, the
selection of the yi(’r) is part of an iterative design loop. The subsequent display system
evaluation is used fo evaluate the utility and importance of the existing information,
and fo indicate the usefulness of additional displays. The decision to add or delete an

indicator is based on conirol and monitoring performance.

If the subsequent model-based predictions of contrel and monitoring performance

are to be realistic, indifference fhresholdsT must be included on the displayed variables,

TThese are not to be confused with visual thresholds, which presume a given display
format. However, for well-designed displays, visual threshold <« indifference
threshold.



The threshold a; describes the range.of values for | yi(t) | < a; within which the pilot

is less likely to apply corrective action. The a. are selected as

, 2<ks<4 3)

1
9% = E 71, max

where, excepting the flight director signals, D0 =0
Yi,max ZI cii ! %} max @
|

In Equation (3) we choose k =4. Thus, the indifference threshold corresponds to

approximately 25 percent of the desired standard deviation of the displayed variable.

2.1.2 CONTROL AND MONITORING PERFORMAN CE

The previous phase dealt primarily with the control /display system definition,
Once a system is defined, pilot-modeling techniques are applied to evaluate its per-
formance. Regardless of the form of the pilot/vehicle model used to carry out the
control/display design, it is essential that it have realistic and quantitative metrics
for the following:
Control performance, P,

Workload for conirol, fc

Monitoring performance, P m

Workload for monitoring, fl

With measures for these four quantities, one can explore the tradeoffs between control

and monitoring functions, and between augmentation sysféms and displays.

Step 5.  Predict Control Performance

The conirol performance meiric selected for this study is



i 0'2 x2 ;
Pc = e Z x; i, max (5)
NX :
where o, is the standard deviation of state Xer and the summation is taken over those

states for which X xS e NX is the number of such states. Equation (5) is a

r
relative weighting of the variances of individual components of the state vegtor, nor-
malized by their desired maximum valuves. Thus, a system that is operating with each

2 X will have a conirol performance ~ 1. The scalar rovides a
c’-xi i, max PS m Pc 1. T Pcp

handy and useful measure of performance. . However, when evaluating competing

systems in greater depth, one ultimately compares each of the state components on a

one~-to~one basis, in addition to the measure Pc .T

The control workload metric is based on the fractional attention the pilof
allocates among the various display indicators. [t is assumed that a pilot distributes

a total amount of attention, or workload;

fr~ 0.8 < 1.0 (6)

between the tasks of control and monitoring leaving about 20 percent of his capacity

for other duties (e.g., communications), Let f, and f denote, respectively, the

conirol and monitoring attentfions, or workloads. Thus,

fo+f = 7)

The attention allocated for control, f., is distributed among all of the display variables
Yir Yor eos Yigy? where Ys and Yir] T )'/i (i = odd) are obtained from the same display

indicator. If f_ > 0is the attention allocated to y, for control purposes, then
i

TA well~designed system will not allow some xi(i') X o while other states
r

X; (1) < Xt max®



f =1 (8a)

f = f i=1,3,5 ... (8b)
i+1 i '

The pilot allocates his attention among the displays, spending the larger f on displays
i
that are most useful for conirol.

A' pilof-vehicle model for predicting fc.’ given a control workload level fc’
was one of the major undertakings in this study. T|he model is described briefly in
Subsection 2.2; the details may be found in References 4and 5, With fci selected, the
pilot-vehicle model yields predictions of closed-loop performance oi., 02_ and the
contro! performance metric, Pc. Using these ;'nodel predictions, we t;Clt'l si’u::]y the
tradeoffs between f_ and P_ for any given avtomation [evel/display system. Figure 2

is o typical performance/workload‘curve. It shows the performance attained for a given

workload, as well as the workload required to obtain a given performance level,

Step 6.  Predict Monitoring Performance

This step applies the pilot-vehicle model for simultaneous monitoring and

‘

conirol ta determine the monitoring workload, fm’ and monitoring performance, Pm.
In the hierarchy of conirol and monitoring the pilof will first attend to the confrol task,
and with any available attention remaining, will then attend to the monitoring task.
To determine the confrol workload requirements, we must specify a maximum level of

control performance, P_ , consistent with the mission objectives. We choose
7

max

= 1.0 . %)

¢, max

which corresponds (approximately) to the limiting case g, X
i
x with the P, versus fc curve gives the minimum

. . In Figure 2
i, max g !

the intersection of the line P_ =P
c ‘e,



Control Performance, P,

P
c,max

f
c,req Control Workload, f_

Figure 2. Conceptual Control Performance Versus Workload Curve.



amount of control attention required, f_ req” for the given system to meet P_ specifica-
r
ﬁons.T The difference between this amount of attention, and the total available for the

entire fask is the residual workload available for monitoring

fo - f (10)

fm,uvqil -7 ¢, req

The fraction of attention Foor available for menitoring is next applied as an
input parameter to the model for pilot display monitoring (Subsection 2.3). This model
assumes that the pilot distributes f, among a subset of the display variables that excludes
the flight director signals. Thus, only primary status instruments are explicitly moni-

fored, If Fm > 0 is the attention allocated to Y; for monitoring purposes
E Fm. = f (11a)

1, 3, ... (11b)

-+
]
-
—
]

and Fm = 0 for flight director signals.
i

The process by which a pilot selects the allocations f_ s not fully understood
i
af present. While it is recognized that monitoring serves the dual role of status deter-

minafion and failure detection, the relative weighting of these factors is unknown, and
probably highly subjective. These issues are investigated from a modeling viewpoint in
References 4 and 6. The model we are presently using fo give predictions for fm is

I
based on status determination criteria, and is discussed in Subsection 2,3.

The monitoring performance metric P_ ‘that has been selected is

2 \1/2

g
i ei
P = {— —_— 12
. le (12)

i=odd o
i

TA slight modification of this appreach would be fo find Fc,req such fhatg[_[cxi < % max’
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where cei = standard deviation in the pilof's estimation error for signal ¥;» The sum-
mation in Equation (12) is taken only over the NI displacements of status variables (i.e.,
indicator positions) and not their rates. Thus, with the help of the monitoring model, the
results of this step are the monitoring workload f, and the value of P that results from
the model's choice of fo+ In the process of computing either the f or the £, a rank-
ordering of the relative i‘mporfcrnce of each display variable will be ::b’rc:ined. lThis infor-

mation is used in an iterative manner to add and/or delete display indicators in Step 4,

as shown in Figure 1,

2,1.3 PILOT VERSUS AUTOMATIC TASK ALLOCATION

The process of selecting conirol/display configurations from among the candi-
date systems is based on the results of Steps 5 and 6. There are as many candidate systems
as there are levels of automation times the number of flight director opfions. For each of

these systems the J _ versus . trade ~off curve is plotted and used to determine

fc,req to achieve Pc,mczx =1

2,

Fm,avail T 7 ¢, req

0

3. for i ic .y >
Pm or cases in which Fm,c:vcul

This information is used in Step 7 of the procedure.

Step 7. Select Control/Display System

Criteria for choosing one or more systems, and thus allocating tasks between

the pilot and automation should be based on the following criteria.

* The workload required for confrol, f_ req™ 0.8. Thus, all systems
(A

will be compared at the same level of control performance. This is in
accordance with the basic assumption that pilot workload is first
allocated to meet control specifications.
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° Low sensitivity of performance to changes in fe, To minimize the
effects of pilof modeling errors on fhe performance predictions, the
curves of P, versus f. should exhibit low sensitivity for fe ~ fe reqe
Large changes in per?ormunce for common small changes in attention
allocation (i.e., pilot variability) are undesirable.

° Effects of selected failure modes. A brief examination of certain system
Tailure modes provides an indication of whether or not the system can
continue to be controlled if either the display and/or control automation
fails. We simply consider the change in f¢ req in going from the given
system to one of lower display automation {i.e., no flight directors),
or less confrol automation.

. Monitoring performance, The monitoring metric, J ., and the individual
components gg/ oy, can be used to give a comparison of monitoring per-
formance for the proposed systems, Candidate systems are compared on
a relative basis, and on an absolute scale with

J = 0,4 (13)

m,des

_ This corresponds, on the average, fo le(t)] < 0.5 |y(t)]| for 80 percent
of the time. (See Section 2,3.3.)

* Cost versus complexity. With a variety of systems compared on a
common basis, the effects of additional levels of automation become
evident vis—a-vis system performance. In some cases increased aufo-~
mation may yield only minor improvement over a less automated system.
Thus, points of diminishing return might be identified.

The output of this step is the end result of the modeling process. Any further
studies of the one or more selected systems become the objective of ground-based and/or

flight fests.
2.1.4 DISPLAY FORMAT DESIGN

Step 8.  Suggest Display Format

The process of going from the analytic design of a control/display system to
its implementation for simulation tesfs requires the selection of a display panel that
contains the information base y(t). The choice of display format is really an art, com=

bining separated displays, perspective displays, clustered displays, analog versus digital
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displays, etc., in a manner that provides maximum information to the pilot. There are,

however, several guidelines for this process. The display should have the following

attributes:
. Operator centered and oriented cues
e Geometric "real-world" compatibility
° Naturalness (for high stress situations)
° "Status at a glance" for situation displays
e Predictive capability for situation displays
® Compaciness
. Lack of clutter

In addition to these considerations, operational guidelines should be used that include
failure mode considerations, display operations (e.g., change in scale), and flexi~

bility in frajectory selection.

The display format that is selected and ultimately mechanized must be con-
sistent with the assumptions in the modeling phase if experimental results are to be com-
parable with the model predictions. For example, display visual thresholds should not
exceed the assumed indifference thresholds of Equation (3). Naturally, one should
expect control performance fo degrade somewhat due to the practical aspects of imple=
menting the display information. These would include display markings, display band-
width and filtering, acuity and resolution, quantization, refresh rate, eic. These
facfors tend to increase information uncertainty, and can be counteracted somewhat by
increased pilot attention or workload. [f the control/display system selected in Step 7
exhibits low sensitivity to changes in f_, one might conjecture that slight degradations

in display quality should have only a minor effect upon P .
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A decision whether or not to include an automatic performance assessment
and failure monitor for a given operational scenario could be made at this step. If
f reg ™ Frs then little if any margin is available for unexpected distractions or for

r

monitoring, and an independent monitoring system might be necessary to achieve a

desired degree of pilot acceptance and confidence.

2.2 OPTIMAL CONTROL MODEL OF PILOT RESPONSE

Pilot modeling techniques are central to our analytical approach for system
evaluation, A pilot model is needed to give predictions of closed=loop pilot/vehicle
performance for a given workload, fc , and to rank-order the usefulness of the displayed
information. We have selected the optimal control model (OCM) of human response for
use in the e'vcrluaﬁon process. This model, shown in Figure 3, is perhaps the most
general and most versatile representation of human response that has been developed to
date, It has been applied across a variety of manual control tasks, and is capable of
freating single-axis and multi-variable systems within a single conceptual framework
using modern control-theoretic techniques. The modeling approach is based on the
assumption that the well-irained pilot behaves in an optimal manner subject to his
inherent limitations and the fask requirements, As the OCM is well documented in the

literature (References 7 ~ 10), only the primary features of the model are presented below.

2.2.1 VEHICLE/DISPLAY DYNAMICS

The system dynamics, which also include any augmented modeling or noise

shaping states, are assumed to be described by the linearized equations

x(t) = Agx(t) + Bgu(t) + Eywl(t) (14)
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Figure 3. Opftimal Control Model of Hyman Response.

Here, x(t) is the system state vector, u(f) are the NU pilot-generated corrective control
inputs, and w(t) is a Gaussian white-noise process for modeling external disturbances

(e.g., wind) and has covariance

Efw(w'(c)} = Ws(t -o) (15)

The pilot observes a set of NY displayed outputs that is related linearly to the

system state and control,
y() = Coxl) + Dgult) (19

The usual assumption in the OCM is that y(t) contains both the position and velgeity
information of each displayed signal, but no higher derivative information. Thus, for

convenience, we assume y(t) is ordered in position-velocity pairs with

Vi) = )'/i(’r) i=1,3, ... NY -1 (17)

2.2.2 HUMAN LIMITATIONS

The detailed description of the human's inherent psychophysical limitations,
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and his resulting compensation or equalization is the essence of the OCM. The major

performance degrading limitations are the following.

1. Time-delay: The various internal delays associated with. visual,
control processing and neuromotor pathways are combined into an
"equivalent” perceptual time-delay . Nominally, = 0.2 + 0.05sec.

2.  Rondomness: "Observation” noise and "motor" noise are lumped
representations of controller central processing and sensory random-
ness. These noises represent the combined effects of random per-
turbations in human response characteristics, time variations in
response parameters, and random errors in observing system outpufs
and generating system inpuis.

In the optimal control model an equivalent "observation" noise vy.(f)
is associated with each display variable y;(t). These noises are !
independent, Gaussian white-noise processes with covariances

E{vyi(i‘) vyi(-r)} = Vyiﬁ(i‘ - T) (18)

It has been determined (Reference 11) that the covariance Vy. scales
with the variance of the signal to which it is associated, i.el!

v, = o2 (19)

The noise/signal ratios p;. depend on the relevant features of the

) i
display, the exfernal environment, and the level of human training,
among numerous other factors. However, the p© are generally

independent of the system dynamics being controlled and for single
high resolution displays

o0~ 0.01n(i.e., -20.dB noise/signal ratio)

3.  Attentional Allocation: When there is more than one display indicator, -
the human must allocate his attention among the various displays. If
there are NY sources of information, and f, denotes the fotal attention
to the control task, then, since position-velocity pairs are obtained
with no interference,

C. c
]

NY

! P

EEFC_—FC,OSF < f (20)
=1
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where fc, denotes the pilot's attentional allocation to output i. In the
optimal control model, the effect of attention sharing is to increase the
noise/signal ratio from p)o,. to

I

= o,/ (21)

p
Y i

where p;_ is the noise/signal ratio that corresponds to full attention

I
(References 12 and 13). The human is assumed to choose the fe; to
"optimize" his information base vis-a-vis the control requirements.
This attentional allocation problem has been solved as part of the
present research effort,

Neonlinear Effects: If a particular signal y; is very small in magnitude,
a human may not be capable of detecting its non-zero value (visual
threshold), Alternatively, and more importantly, he may choose not

to react to small perturbations (indifference threshold). These threshold
phenomena represent human nonlinear small signal characteristics.
Specifically, if a signal y is displayed, the human will react to a
sighal y* given by

y-a y = a
y' = flyl = 0 y| < «a (22)
y+a y = -a

where a is the threshold tevel. Valyes for indifference thresholds are
selected on the basis of the task requirements,

The total signal y, that is perceived by the human must reflect the
time-delay and observation noise Timitations discussed above, Thus,
the human perceives the delayed, noisy quantities,

YP;“) = fly(t-7)}] + vyi(f - T) : (23)

As shown in Figure 3, it is the signal y, that is "processed” internally
by the human to yield a commanded conirol u,. Random input describ-
ing function theory is used fo model the effect of the nonlinearity as an
increase in the observation noise according fo

Dy.
v o=l 2 (24)
Y; Ni2 Y;

The "gain"Ni(o-y . ci) is a function of a; and a (Reference 9),
i i
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5.  Neuromotor Dynamics: Because of central processing and neuro-
muscular dynamics there is a lag between the internally generated
"commanded"” control and the actual control input generated by the
human. The neuromotor dynamics are modeledl by a first order
system

T+ = u (25)

with minimum time-constants (-rN)ii ~ 0.1+0,02 sec,

6. Motor Noise: The motor noise v,,(t) is the second component of
modeled human randomness. This noise is used to represent the
effects of random errors In executing intended control movements
(e.g., tremor) or the fact that the human does not have perfect
knowledge of the system input u{t} because of "noisy" proprioceptive
feedback channels. The motor noise is added to u,(f). Thus

TNG +u = (f) +v (1) (26)

The noises v, (1) are assumed to be white Gaussian processes with

covariances I{/U_ that scale with the control variances,
i

V. =p° g (27)

i i i
In most applications-of the optimal control model to date, pﬁ ~ 0,003 n
(i.e., -25 dB noise/signal ratio). i

2.2.3 CONTROL TASK REPRESENTATION

In the optimal control model it is assumed that the control task is adequately
reflected in the human's choice of control input and attention allocation that minimizes

the quadratic cost functional
NU _
J (v, f) = > q),_og_ ) qg. cf-f_ (28)
=1 Pt =

conditioned on the perceived information y,. The cost functional weighting parameters
p Yp ghting p

dy, and qg, ‘may be either objective (sﬁecified by the experimenter or designer) or
: .

TThe modeling is not done directly, but rather indirectly via cost functional weightings
on conirol rate (see Subsection 2,2,3),
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subjective (adopted by the human in performing and relating to the task). Clearly, the
selection of any subjective weightings is a non-trivial matter and is tantamount to
mathematically quantifying the human's objective task requirements and his subjective
performance criteria. One intuitively appealing method that has been found useful for

selecting estimates for 9, is

1 2

3, - (29)

>’i,,m::x

where y; max is the (maximum or) desired value of ¥;- Values of yj 1nqy can be obtained
most easily from the system specifications Xi max @ in Equation (4), or could be elictted
by pilot questionnaire. The values yj max are also used to establish indifference thresh-

olds a. according to Equation (3).

The control rate weightings g, dre used fo account for the pilot's limitation
i.
on the rate of control motion, and introduce first-order "neuromotor” dynamics in the

OCM., The fime constants (-'rN)ii vary monotfonically with the control rate weightings

qg. - The process of selecting values for qg, follows that for Ay v viz,
i i i

2
‘ (30)

U.
i, max

where l;i max is the (maximum or) desired rate that a human can or will manipulate
control u;e A lower bound to qg, 1s provided by the lower bound on (-rN)ii > 0.1+0.02
; .

sec, to be consistent with observed human limitations.

2.2.4 HUMAN EQUALIZATION

Within the postulated framework, the human's control characteristics are
determined by minimizing JC(U, fc) with respect fo u (or uc) and f_. The commanded

control that minimizes J . is generated by the feedback law
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v () = ~Lx{t) (31)

where ;c(i‘) is the "human's" best estimate of the system state x(t) based on the perceived

information yp(c), o< t. The gains L (and time constants Ty;) are functions of only the

system/display dynamics and the weightings q and q . These gains are not dependent
i i

on the Fci .

The best estimate of x(t) is generated in the OCM by the cascade combination
of a Kalman filter and a least-mean=squared error predictor. The Kalman filter com-
pensates optimally for the human's observation noise to generate a best estimate p(t) of

the delayed state x(t = ) and confrol u(t = ), via,
B(t) = Ap() + Bu () + Gly () - C ()] (32)

The augmented matrices A, B are

Ao i B
A = | mmmafmemem Y (33)
o -1 )
N N

and C = [CO i DO] . The filter gain G = ZC‘V;T, where ¥ is the estimation error

covariance mairix.

The predictor compensates optimally for the human's inherent time delay

and generates from p(t) the prediction of x(t):

x(1) Ar [T A=
:;(f) = ¢ p(f) + e Buc(c) de (34)

t=

Thus, the human's equalization, as shown in Figure 3, is modeled as consisting of an
optimal filter-predictor combination (information processor), followed by a set of
optimal gains. The detailed equations for the OCM sub-blocks may be found in

References 4 - 11,



2.2.5 ATTENTION ALLOCATION USING THE OCM

“The choice of fc to minimize the cost functional _Jc(u, FC) is the optimal
|
attenfion allocation problem in manual control. 1n the OCM, the f_ affect the state
i
estimate x(1). Thus, the aftentional allocation problem may be viewed as optimizing

the information base via-a-vis the control requirements. The solution of this problem
was part of the research effort, and represented an important extension to the opfimal

conirol model, There are three steps in-the solution process.

1.  Obtain an expression for

'J;(Fc) = min Jc(u, FC) (35)

U

that shows explicitly how the f_ affect the various cost functional
terms, i

2.  Obtain an expression for the gradient terms BJ:/BFC .
I

3. Develop a gradient algorithm to minimize Jé, subject fo the total
workload constraints on Fc .
i

In the OCM, the fractional attentions f_ modify the observation noise
i
covariances according to

(o] [e) 2
_ 5 7
v, = (36)
1 fCi N(Cli, o'yi)

Note that this equation represents an implicit reiaﬁonship for the actual noise variance
since o is itself a function of Vy ;i=1, «v., NY. Thus, since changes in f are

i i i
reflected os changes in the observation noises, we first obtain an expression for J* that

isolates the Vy terms. From Reference 4 the result is

3z (Vy) = _fr[Le?(Vy)'L"s] + terms independent of Vy (37)



where Le is an "equivalent" gain and £ is the error covariance matrix for the estimate p(t).
% is functionally dependent on the noise covariance Vy through the solution of a matrix

Riccati equation,

Minimizing J* with respect to f_ is a difficult nonlinear optimization problem.
i

The difficulty is two=fold. First, fc affecis Vy in an implicit manner, and second, Vy
1
affects J* through the Riccati solution . In order that the numerical process of minimiz-

ing J* proceed efficiently, it is desirable to obtain closed-form expressions for the
gradients BJ;’:’/BFC:i and aJ;‘/BVyi. Thus, the time=consuming process of numerically

evaluating these derivatives can be avoided. In References4 and 5 it is shown that

aJ*
gp = —= = T’ 3’ (38)

af 3V,

where T* is a "transformation" matrix with elements

R\
Y4
(F)-. = —— (39)
Mo af
%
?V,
It is approximately diagonal with (1")ii = FF—'—
c-
i
The gradient vector an/aVy is given by
BJ* 4\' »
<= (G , eAUL;LeeGch (40)
oYy, 0 i

where G is the Kalman filter gain matrix, and A=A~ GC is the "closed-loop" filter

matrix,

The gradient gg in Equation (38) is the unconstrained gradient vector.

However, the attentional allocations gre not free but are constrained by



Z o= f (41a)
F = F i=],3, “0 ey NY—} (41[3)

The projection of g¢ on the constraint surface, Equation (41a),is given by

NY
@) = @) - — 2 (99,
NY S

In other words, g? is obtained by subtracting the average of (gF)i from each element.
The secondary projection of g? on the constraints, Equation (41b),is accomplished by

the replacements
(oB). = (g$)i+;+~-‘§ (@), + @)y ] (42)

This final gradient vector can be used in any standard gradient optimization algorithm,

1

with the assurance that successive iterates f‘;, Fz , ete,, will satisfy the constraint

Equation (41). One final constraint

f = 0.01 (43)

i
is added to avoid numerical problems, and fo assure that no display indicator goes

without atfention. The resulting extremal point f* gives a prediction of the pilot's

attentional allocation, and in furn is used to obtain the performance predictions Ty,
I

The OCM, with the above a’rfen(ﬁon allocation scheme, was applied to study
the hover control of the CH~46C. The details of this effort, which served to validate
the model, are given in References 4 and 5, Briefly, the automation levels were pitch
and ro!l commands and heading hold. Pilot performance was studied with and without

flight director signals. The conclusions of the modeling effort indicated that:
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) Hovering over a 25 ft radius pad could not be accomplished satisfactorily
using the status.displays only.

. The flight directors make hovering possible with high workload. Levels
of fo ~ 0.7 - 0.8 are required fo maintain the aircraft over the pad
80 - 85 percent of the time.

° Virtually full control attention f., is given to the flight director
instruments. !
. There is liftle or no remaining pilot capacity fy = f1 - Fc,req with

which fo monitor the status instruments.,

These conclusions, derived via an analytic modeling approach, are in general agreement

with those from the flight tests reported in References 14 and 13,

2.2.6 USE OF THE OCM

In order to use the optimal control model to predict closed-loop performance
for a given system, it is necessary fo first specify the cost functional weightings Uy
in terms of the task requirements. Values for qﬁi are next estimafed from maximum human
confrol rates, but such that ("rN)ii is not less than 0.1 + 0.02 sec. Reasonable a priori
values for the human response parameters r, p;i, pzi are available from data in the manual

control literature, and from past experience using the OCM, For prediction purposes

r=0.2sec, 93 = =20 dB, pﬁ = =25 dB. Values for the indifference thresholds are
i i
selected according fo

1
% Z I yi,mclxl (44)

Once the model inpuis are chosen, and a value for f_ is picked, numerous
quantifies can be obtained from the OCM that predict different facets of pilot response.

These include



2.3

rms stafistical measures.  The closed~loop o, o, and Oy, are

primary model results and are needed to evaluate the pilot/v'ehicle
conirol performance P_. The covariance mairix X of the augmented
state x = [x, u]' is computed, as is the output covariance matrix

Y = CXC'. Finally we obtain a prediction of the optimal (pilot)
cost functional J_, and the part tr(L_Z L.} due to the human's own
randomness ., ¢

Attention allocation measures. The optimized f_, give the attention
i

allocation to each of the NY observed outputs, and the various display
indicators. The elements (g;), of the unconstrained gradient give the
relative incremental importante of each y.. This shows whether position
or rate information is of primary use from a given indicator.

Frequency domain measures. In fime-invariant situations, model outputs
include the power spectral density, PSD, of any system variables that
show both input and pilot "remnant" related portions. Vehicle fransfer
functions and pilot describing functions give an indication of the form
of human compensation, and can be used to compute crossover frequen-
cies and phase margins.

- CONTROL THEORETIC MODELS FOR DISPLAY MONITORING

The application of the optimal control model of human response yields pre-

dictions of pilot=vehicle control performance. The second step in the evaluation of a

control/display system is the prediction of pilot moniforing response, and the use of a

metric for assessing monitoring performance. In References 4 and 6 control theorefic

models for pilot monitoring in the context of a fully automatic system were studied. The

major conclusions of those efforts are summarized below. The extension of these ideas

to the situation of simultaneous control and moniforing is presented in Subsection 2.4,

The pilot is assumed to moniter the autematic system

I

x(t) = Ax(t) + Ew(t) (45)

y(t) = Cx(t) (46)

where A is the closed-loop mairix, containing the various feedback gains, etc. Follow-

ing the assumptions as set forth in the OCM of human response, the pilot perceives the-

delayed, noisy signals



v} = yl= 7 + v =) “7)

The covariance Vy associated- with Yo (£) is
i i

o o 2
Pi Y5
v, = ) (48)
i f N , a.
m. y;' i
where f_ s the fraction of monitoring attention allocated to y,, and oy, = rms value

i i
of y.. Note that unlike the conirof case, a, is independent. of Vy and/or Fm . The
i i i
f. are constrained by
i

NY

;- Z f = f = monitoring workload (49a)
=1 :

. =f ,i=1,3 .., NY-] (49b)
i+1 i :

The two major components of a monitoring model are the atfentional allocation scheme
(i.e., the manner in which the model allocates f  among the various displays), and the
monitoring performance metric J  (i.e., the mefhclad by which monitoring performance

is evaluated). A major conclusion of References 4 and 6 is that the two components
should be combined by requiring that the o be chosen to minimize J subject to the
constraints of Equation (49), aond that each flm. be bounded away from zero to assure

1
monitoring of all displays.

To establish suitable metrics for monitoring performance, we consider the
basic role of the pilot as a display monitor. The monitoring task can be inferpreted as
having the two primary goals of 1) failure detection, and 2) status determination. The
first goal is that of detecting automatic control system and/or instrument failures by

cross—checking displays for consistency. The second goal is a statement of the



well=known fact that a pilot desires situation information fo assess system status with
respect to mission requirements, These goals provide two possible choices for a menitor-

ing metric.

2.3.1 FAILURE DETECTION METRIC BASED MCDEL

A general approach to failure detection is prohibitive due to the large
numbers of failure possibilities. HOWe;/er, Gai and Curry (References 16 and 17)
recently found that a decision model based on the residual of a Kalman filter provided
an excellent descriptive model of the human's ability to detect additive (bias) failures
in observed signals., [n Reference 6 it is shown that the mean time to detect an additive

failure on instrument i is

ty, = ¥ s i=1,3, vou, NY -1 (50)

where o‘? is the unfailed residual covariance and Y; is a constant that relates to the
i
probability and magnitude of the faiJure. Consequently, minimizing the quantity

L]

a

-y
—

2 2
J .= t, = -2 Y. (51)
mi NY iz D. NY EE i

=odd ' =odd o

)

with respect to f,, minimizes the average mean time to detect bias failures. Since
i

cf = Vy for an optimal Kalman filter, and V)' is given by Equation (48),
i i i
o
2 P Yy

J = *

" (52)
NY 1 odd Nz(cy_, a;)
[

L
f

m,

i



The optimum Fmi are obviously

= fm/NY i=1,3, ..., NY -1 (53)

f
. m.
i

for cases in which Y oY and thresholds a; ~ 0. This simple result has intuitive appeal:
if each display is subject to the same type of failure, the best detection policy is to

allocate attention equally,

2.3.2 ESTIMATION ERROR METRIC BASED MODEL

This approach suggests that a pilot's monitoring s"rrci‘egy is to pick the f_ to
]

minimize some norm of the estimation error
e(t) = y(t).~ Cx(1) (54)

The monitoring meiric suggested is

NY 0'2
2 :
;- .. (55)
mZ NY ; t2
i=1 Pol
- yi

where

1 i=odd
-Y_=

' 0 i=even

Thus only the position information on an instrument is of monitoring concern. We assume

that the implicitly derived rates are not themselves monitored, but that their information

is used to obtain better estimates of the explicitly presented display variables. [n

Reference 6 it was shown that in the special case of independent observations Y1+ Yar

efc., the minimizing Fm_ agree precisely with the results of the Sender’s sampling model,
I

Reference 18, wherein f_ are proportional to signal bandwidth.
i



2 with respect fo fm is similar to the
i

coniral prablem of minimizing J, with respect o f_ . Noting that
I

In the general case, minimizing J
m

- 2 .
Jo = = tr (C = C) (56)

where © = Kalman filter estimation error covariance mairix and

Y.
C, = diag|— | - Ce™ (57)
a
Y
the gradient terms are
' V.
3] 2 : 5
P A =1 —/m eAUC;CeeAcr do G (58)
of Fm 0 ii

i i
where G is the filter gqin and A = A -~ GC is the closed-loop filter matrix. Thus, the
same gradient algorithm used to optimize J s easily applied to the monitoring problem.

Note the similarity of Equation (56) with Equation (38). In the conirol case we seek to

optimize the information base relative to Le; in the monitoring case the weighting factor

becomes Ce'

2.3.3 CHOICE OF MONITORING MODEL

It is likely that o pilot's monitoring sirategy is o combination of the above two

approaches. Thus, it might seem logical to consider a monitoring cost functional

Jo= el g+ egd o (59)

where ¢y and ¢, are chosen to reflect the relative importance of estimation and (instru-

ment) failure detection goals.. However, there are no data presently available to help



make this choice, nor are there likely to be any scon. Consequently, recognizing that

the first term prevents any f -~ 0 because of terms proportional to 1/ f s we have
i i
selected to minimize

Jm = sz (60)
subject to the constraints of Equation (49) and the additional constraint
f = 0,01 (61)

Further interpretation of J _ as a monitoring cost functional is obtained by
defining
%
k. = — = error fraction for variable Yi (62)

i
o

i

The error fractions are useful vis-a-vis the probabilities associated with estimation error

criteria. |f we define
£6) = Pefle | > s} (62)

as the probability that the estimation error exceeds a given fraction B of the signal
rms then
P o)
2

2 - -
E(Y = — f eV dw = erfc [——5_] (64)
T Jeaa V2

A reasonable performance level to expect in monitoring is B = 1/2, i.e., the estimation
error should not exceed 0.5 of the monitored variable. The probability (or percent of
time) that this criterion is exceeded is E(1/2), and varies monotonically with k.

Figure 4 shows this relafion. Note that in order for E(1/2) < 0.2 we require k < 0.4.
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The cost functional J ., is associated with the pilot's choice of f. + There

H
remains to be chosen a monitoring performance metric P, as described in Step 5 of the

design/evaluation process. In view of the above discussion, we select

P = ‘/J m = Tmserror fraction (65)

m

with Pm des = 0.4, although a complete evaluation of monitoring performance must
r

ultimately consider each ki .

2.4 SIMULTANEOQUS MONITORING AND CONTROL

The above discussion is relevant to pilot monitoring for a completely auto-
matic system. For the situation of semi-automatic control, our approach for determining
conirol/display requirements was described in Subsection 2.1. For a given system con-
figuration we determine the fraction of control attention fo< FT that is required to
achieve a desired performance level P_. The excess capacity fo = fp = fg is then
available for display monitoring. We prefer fo follow this approach, in which conirol
performance is established first, since it will limit our considerations to those systems
that have realistic requirements at the initial stages of investigation. Thus, for systems
in which f_ > 0, the objective is fo determine how this monitoring workload is

allocated, i.e., the Fm i=1, ..., NY. Note that in this process, the Fm will
i

|
depend on f_ {and the f_ ), whereas the f
I

are independent of fm.

The constraints on the fm are given by Equation (49). In the situation of
i
simultaneous monitoring and control we assume no monitoring of flight directors, or

other combined state information that is geared specifically to aircraft coni'roI.T Thus,

for these instruments, .. = 0, and for the other primary status displays we require

f = 0,01.
m;

TOFf course this does not rule out cross—checking the flight director signals via monifor-
ing of the status insiruments,



The fotal attention that is allocated to a given displayed quantity is the sum

of control and monitoring fractions,

fo =f +f (66)

However, in formulating a monitoring model it is necessary to decide what part of f.l.
I

is actually used for monitoring. This is equivalent to deciding whether or.not f is
i
used for monitoring, i.e., whether a display is implicitly monitored in the course of its

use for vehicle control. This is not an easy decision, inasmuch as data to answer the
questions are lacking. In fact, there are heuristic arguments to support either gssumption

1) no fo. used for monitoring or 2) all Fc. used for monitoring. We will let o (fo be
defermir:ed) be the fraction of f that is used implicitly for monitoring. Thus, the
total attention fo a display for m:mii'oring isaf o+ f o, i.e., the sum of implicit plus
explicit confributions. |

The resulting monitoring model for the combined control/monitoring case now

follows directly from Subsection 2.3 with the replacement £~ — of ~ + f. o Thef
; i i i i
are fixed from the control allocation problem, The Fm are thus found by minimizing
1

2 ,2
; i Gei/cyi
L (67)

i E.Yi
H

where
1 i = odd and a status instrument

Y = 0 ify;isa flight director signal

0 i = even

The pilot monitoring observations for all instruments are

2 =33



yp(’r) = Cx(t-1) + y(t-— ™) (68)

where the observation noise covariances are

V.= : : 1=1,2, «vu, NY (69)
Y; of +7 N(oy,ui) ’ “

i i i
The gradient algorithm for optimizing I follows directly from the results of Subsection2.3.

The value of @ remains to be chosen. The choice o =1 is optimistic in the
sense that all available control-directed information is used simultaneously for monitor-

ing. This means that even if all f,. =0, we would still haves. < o , f.e., ke < 1.
m; ) e . i

The choice & = 1 also implies use of the flight director signals for situation assessment.

This may be an unrealistic conclusion. Furthermore, the choice @ = 1 may result ina

low sensitivity of J _ with respect to f . The coniribution of f » when added to f_,
i i i
may be "lost" if Fc is large. As aresult, almost any reasonable monitoring strategy is
|
likely to yield similar values for I

On the other hand, the choice o = 0 is pessimistic in that no implicit monitor-
ing is assumed while controlling. In addition, no flight director information is used since

V., = o for these signals. Clearly, this is a worst-case design, and can result in
i
O, >0, i.e., larger errors than the signal itself! However, witha =0, meill
i i .
show the greatest sensitivity to f .+ and thus might beiter establish the relative impor-
i

tance of the y. for monitoring.

To explore this issue further, we consider the case of simultaneous monitor-
ing and control of the CH~47 longitudinal dynamics at hover, with control system F

and full flight directors.T Valuves f,=0.4and f =0.3are chosen arbitrarily. The

TSee Section 3.



optimal fc and the resulting o for the positional quantities only are given in Table 2.
Also shown are the indifference thresholds. To see the effects of ¢, the monitoring model

is exercised for several values of o between 0.0 and 1.0, Table 3 gives the results of

this study.

Table 2.

Ou’rpuf Gy, Fci a,
x 2.9 | 0.01 1.25
z 1.00 | 0.01 1.25
e 0.5° | 0.03 | 0.25
FD, 0.16 | 0.2 0.13
FD, 0.18 | 0.15 | 0.11

Table 3. Monitoring Case Study Resulis,

J

- 1,2 2 2
—§(k + ko k)

CH-47 Control Results, System F, f_=0.4.

m
=101 =05|ce=02a=0.1T]eo=0,0]

(J;)]/? 0.404 | 0.476 | 0.55 | 0.583 | 0.625
02 | 0407 | 0.492 | 0.5 | 0.647 | 0.726
f 0.09 | 0.08 - | 0.08 | 0.075 | 0.075
m,x .
f 0.15 | 0.18 0.19 | 0.20 | 0.20
m,z
fo 0.06 | 0.04 0.03 | 0.025 | 0.025
K, 0.28 | 0.33 0.39 | 0.42 | 0.45
k, 0.50 | 0.59 0.68 | 0.72 | 0.77
ke 0.40 | 0.47 0.54 | 0.57 | 0.6
kEDg 0.85 | 0.99 113 | 1.21 1.31
kep 0.75 | 0.84 0.94 | 0.98 | 1.03

Z




In view of the above comments, the results in Table 3 are as expected,
Consider first the cost functional values I The minimum valve (J;;?]/z and the value

(J?n)]/z, corresponding to the initial (naive) guess Fm = Fm/NY = 0.1, are shown in
i
Table 3. Optimizing I with respect to the f yields a mere 1 percent improvement
i

withe = 1. On the other hand, the greater sensitivity with respect to fm is clear for
i

o =0, where a 15 percent cost improvement is realized. The optimal monitoring atten-

tions Fm show a surprising indifference to &, Over the range 0 < « < 0.5, the resuit-

ing f_ are well within limits that might be expected from intersubject differences.
i

All error fractions k; increase with decreasing .  The relatively large k; for

z and 8 is a reflection of the fact that o, and g are on the order of their indifference

thresholds. No explicit monitoring attention Fm. is placed c:'m the two flight director
signals FDy and FD_. The l<i associated with fh;se signals for o = 0 is the error in
estimating FDy and FDz from the monitored staius information x, z, 8. Thus, for this
case, there is no effective crosschecking of the flight director signals and E(1/2) > 60

percent.

On the basis of the above discussion and test results, we have selecied o =0

for use in the monitoring model. This represents a conservative worst case analysis,

wherein Jm shows maximum sensifivity to Fm.. Moreover, the results in Table 3 show
that the optimal fm. for ¢ = 0 are not signifii:ani'ly different from those with @ > 0.

Thus, we could pia::e reasonable faith in the predictions of Fm.' although monitoring
performance P = Jr]n/z may be pessimistic, |

The one remaining aspect of the monitoring model is a scheme for finding
the optimal f for the full aircraft system. To find the optimal f_ one could write a
i i
high-order state equation for combined lateral and longitudinal dynamics, and use the

previous algorithm. But since these dynamics are independent, it is easier to treat the

two axes separately and allocate the f by considering fwo "independent" monitoring



tasks, Let fmA and JoA denote the fractional menitoring aftention, and monitoring
cost, respectively, for the longitudinal axes. A similar definition is made for f 5 and

Jg for the lateral axes, Clearly,

fo+f o= (70)

mB m,avail
and if both axes have the same number of instruments fo be ,monii'oredT,

1
Jm B E UmA * JmB) 1)

A one-dimensional search technique for optimizing Jm is suggested, as shown in

Figure 5.

In the present effort we first specify reasonable f_, and f 5, and then omit
the iterative search procedure, This reduces considerably the computational burden.
The motivation for this approach is that the optimal J arrived at via the scheme of
Figure 5, is very insensifive fo a fmA Versus me inter-axis split. Increases in JmA tend
to be balanced by decreases in JmB as FmA and FmB are varied. This same interaxis
broadness was observed in the CH-46 control attenfional allocation results reported in
Reference 4, Thus, we can expect that a reasonable choice of FmA and FmB will give
"near optimal® results for S and Foe Furthermore, intersubject differences would tend
to run high when sensitivity is low; flhus, tracking down the true "optimal” fmA may be

of limifed value. If NA and NB are the number of longitudinal axis and lateral axis

instruments to be monitored, the logical choice is

NA
A T T moavail (72a)
AT Np
Ng
FmB - fm - fml'—\ - Fm,avqil (72b)
Np *Np

TThe general case presenis an easy modification that depends on the number of instruments
in A versus B,



Find f .
m,avail

¥

Pick fm AT monitoring fraction associated
with longitudinal task

f BT monitoring fraction associated
with lateral task

o~ f
m,avail  mA

¥
Optimize J_\ with respect to (fmi)A

using monitforing model

\
Optimize J o with respect to (Fmi)B

using monitoring mode

Compute error ratios
for all variables

Jm—m inimum

Figure 5. Flow Diagram for Dual Axis Monitoring Scheme.
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SECTION 3
CONTROL/DISPLAY CONFIGURATIONS

The application of the design methodology presented in the previous sectfion
requires the specification of candidate control/display configurations. These can be
either obtained independently from some other source, or defined through a systematic
procedure as a corollary to the main analysis. This section describes the procedures
used to develop the candidate control/display configurations in the present study, and

presents the numerical application to the CH-47 helicopter.

3.1 CONTROL SYSTEM DESIGN PROCESS

A systematic design process has been developed to formulate a series of con-
trol system automation levels for the CH=47 helicopter ranging from fully manual to auto-

matic with complete position feedback.

3.1.1 METHODOLOGY REVIEW

The control design methodology was presented in detail in References 4 and
Basically, the Quadratic Synthesis technique was used to generate the linear feedback
centrol laws and closed~loop dynamics for a series of quadratic performance meosures.
Increasing stages of automation were obtained by consecutively including higher level
state variable terms in the performance measure. Table 4 shows the possible automation
levels in each of the four control channels for the helicopter. The longitudinal axes
(forward and vertical) and the lateral axes (lateral and directional) were analyzed
separately since there is effectively very liitle coupling between these, although there
is considerable coupling between the forward and vertical channels and between the

lateral and directional channels.

AN
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Table 4, Levels of Control Channel Automation.

Avtomation Control Channel
Level Forward Vertical Lateral Directional
Manual 5, 5, 5, 5
Attitude Rate q 0 r
Attitude 0 é ¢
Velocity \A v, Vy
Position X h y

Ideally, each control input should provide a completely uncoupled response
at the desired automation level in a single channel only. Howevet, there are insufficient
degrees of freedom fo accomplish this goal, and éne objective of the contro! design is to
minimize these undesired cross—coupling effects. In addition, a desirable uncoupled,
closed-loop response for a given level of automation is often specified in terms of band-
width and damping. These response criteria and physical vehicle constraints have been

used to establish the weightings used in the quadratic performance measure.

3.1.2 CONTROL FEEDBACK GAINS AND CLOSED-LOOP RESPON SE

Figure 6 illustrates the loop struciure for the pilot-vehicle-controller-display
system. The feedback gainsL . are selectedto give some desirable closed-loop response
characteristics (e.g., decoupling, stability, etc.) at a given level of automation. These
feedbacks are assumed to be implemented by an avtomatic, optimally designed controller,

The resulting closed~loop system is to be controlled by the human.
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Figure 6. Closed-Loop VTOL System for Conirol Synthesis.
The open~loop system dynamics are:
x{t) = Agux(t) + Bgs(®) + Egw(t) (73)
The display outputs are:
y = Cox T Byt (74)

The first n,y states of the n, state vector x(t) are assumed to be noise=shaping states.

Feedbacks from these states are zeroed out in L .. The feedback signal
rp _Lcs x(t)
is chosen to minimize the quadratic cost functional

J) = E{x'Qx + v'Qu}

(73)

(76)



Solving for L, yields

L, = Q] 'Byp 77)
The matrix P safisfies the Riccati equation

PhoL * Ap P + Q = PBo@ 8P = O 78)

Once having computed Leer the first N columns are set fo zerod The

closed-loop system dynamics are thus

x(t) = Agx(t) + Byut) + Eqw(t) (79)

y = Cox + DOU (80)

with Ag = Ao ~ Bobesr o = Co = Polse
It is also useful to determine the open-loop transfer functions between pilot

input 5 and the outputs y. These enable the analyst to

a, fest the degree of control decoupling of the auvtomatic feedbacks

b.  compare the effective closed-loop control/vehicle dynamics with
the desired model (e.g., bandwidih and damping).

The transfer function matrix from u(s) fo y(s) is

y6) = [ChGl - Ao)‘1 By + Dgluts) 81)

3.1.3 CONTROL PERFORMANCE WEIGHTINGS

The performance measure weightings (Qx, Q) in Equation (76) are diagonal
matrices which determine the closed-loop system dynamics. They must be selected to

provide the desired system response without;excessive control activity. Experience has

TThis has no eifect on ;:losed-loop poles,



shown that reasonable preliminary values for these can be determined from the largest

desirable variations in the states and controls, i.e.,

o
i
)
S

(82)

(83)

where the weighting parameters P, and p,depend upon the Tevel of automation desired .
Y
Reference 19 describes a design procedure that was developed to provide a

systematic method of selecting these parameters for various levels of control automation.
Simple dynamic models were developed to approximate the desired closed-loop response
for each automation level in each control channel, These uncoupled models, exﬁmp[es of
which are presented in Subsection 3.3 for the CH-47, were used to determine the
appropriate values for the state variable weightings in Equation (82). For each successive
level of control automation, the state weighting corresponding to the outermost feedback
varicble (i.e., the lowest element in the appropriate column of Table 4) is added to the
nonzero values of Q. Asan example, at the velocity level in the forward channel, a
nonzero weight in Q, would be specified for V, as well as for the "inner loop" states

6 and q. This differs slightly from the previous effort (Reference 4) wherein only the
weighting for the outermost loop was us;ad. However, the revised procedure is more
harmonious with classical design methods in which outer feedback loops are consecutively

added to the previous closed-loop system,

The conirol input limits pyj can be determined approximately for each flight
condition from the constraints on vehicle angular and vertical accelerations, using the

principal stability derivatives. For example, the maximum limit for 8 is

TNote that a zero entry for Q, implies that the corresponding state variable x; is

. . i . .
unconstrained insofar as the attomatic control system is concerned,
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where émax is the pitch acceleration limit, and M6 /!yy is the pitch acceleration due
e
fo &,

3.2 FLIGHT DIRECTOR DESIGN PROCESS

The previous subsection described the first of two aspecis of system automation,
The second aspect deals with display automation, via the design and use of augmented
flight director signals. The basic concept behind the flight director is to provide to the
pilot (synthesized) Information that is useful for control, thus rendering the piloting task
easier in some sense. This secfion describes a flight director design process using the

quadratic synthesis techniques of the optimal control model.

3.2.1 PRELIMINARY DESIGN APPROACH

Figure 7 shows the struciure of the feedback loop under consideration, The
state equations of the unaugmented vehicle were given by Equation (73). &(t) are the
conirol inpufs and the feedback signals Spp are assumed fo be implemented by an auto-
matic conirol system as described in Subsection 3.1. Thus, u(t) are the pilot's command

inputs, and the augmented dynamics as "seen" by the pilot are given by Equation (79).
The status information that is observed by the pilot is
v = C x(f) + D u(t) (84)

where y (1) contains both the position and rate of an explicitly displayed quantity. For

the longitudinal axis

YS = [x, er z, vzr 8, CI] (85)
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Figure 7. VTOL Sysfem Structure for Display Design.

while for the lateral axis,
Yo = Iyr Vyr 85 60 40 41 (86)

Defining status ouiputs that are the same as basic-aircraft states eliminated the Dy
matrix, and greatly simplifies the form of the C, matrix and the selection of the design

arameiers v. .
P y:, max

The flight director display information
Yep = [FDq, FDy, FDy, FD, oue FD N (87)
also includes the implicitly derived indicator rates. In general, there can be as many

FD; as there are control inputs. Each flight director signal FD, is assumed to be o

linear combination of primary vehicle states,T

—_— %
Ti.e., measurable quantities and excluding wind-shaping states, etc,
q 9 p



FD; = h} x(f) (88)

with possibly some filtering to remove noise or high frequency components. Thus, the

total information base displayed to the pilot is

.‘.
S =175 (89)
[ YED (t)

The flight director gains h; are chosen so that if FDi(f) is kept "small" by the
pilot, the resulﬁr;g aircraft motion will be desirable. Since the pilot is in control of the
(augmented) vehicle, there are two issues that relate to ﬂne'harmony between FD(t) and
pilot response. The first concerns the nature of the control task as viewed by the pilot.
Thus, the task of keeping FDi(i') small should not conflict with the overall pilot=control
task requirements. The second issue relates to the required form of the pilot compensa~
tion, as the FD; and uy are in one-to-one correspondence, From a reduced workload
point of view, one should design a flight director signal FD.(1) such that the transfer
function from input Ui(f) to FDi {t} is approximately k/s. The required pilot compensation

then be simple proportional feedback
us @ ~k. FDi(i') (90)

In the first phase of this effort (Refference 4) an OCM based flight director
design procedure was proposed, and validated by application to the CH=46 in hover

flight. From the QCM, the pilof's control sirategy is given by

_TNG +y = =L x{) (91)

The gains L {and TN) are obtained by minim?zipg the cost functional



J () =E {y; Qg y, +u'Q; u} (92)

where the weighting matrices are assumed diagonal with

- 1

(st)ii a l |2 (93)
ysi,max
B

Q); = T—? ©4)
Ui,max

The suggested design procedure was simply
D) = £ x() 5 1=1,2, ..., N (95)

where Ei' is the i row of I; and L is equal to L but with gains on the unmeasurable
noise shaping states set to zero, In addition, to simplify implementation, only the

important gains in Ei would normally be refained.

3.2.2 MODIFIED DESIGN PROCEDURE

The design approach outlined above is simple, is related to the pilot's

inferprefation of the conirol task, and considers the form of pilot compensation. How-
ever, it does not consider the possibility that the flight directors, once added fo‘fhe
display panel, modify the piloi's control task and hence change the cast functional
Jc(u). Excluding FDi from the cost functional implies that the pilot's control objectives
are basically the same as'before introducing these signals. Thus, the situation or status
variables Ys remain only of concern, and the flight directors provide only enhanced
stafe information. Including the FDi within Jc(u), in addition to the other terms,
implies that one of the pilot's direct conirol objectives is to keep the FD, small. We

assume the latter, i.e., the direttor signals Ypp are explicitly confrolledT

TSometimes this is done to the exclusion of the y, ()}

3~9



The control cost functional, modified to weight deviations of FD. (), and
possibly the rates F.Di(i') ;18

J (o) = E{ys' Qy, + i QGG}+:§]Mi E {FD?} N, E {F'Diz} (96)

The weighting terms Mi are selected as
YT
FDi,max
to be consistent with the choice of the st and QG terms. The maximum flight director

excursions are computed according to the rule

| (98)

i max

IFDi,dei :Z Yi I'giil * lx
I

We

where Yi are 0 or 1 to indicate which variables are of concern in forming FD: max®
4

select

1if X is a positional variable
Y, = . . (99)
' 0 if X; is a rate variable
" Thus, the flight director signal is at its maximum value when all error displacements
are af their design limits. We set the weights Ni = (0 in the present approach, to indicate
that flight director rates are not explicitly controlled. This modeling assumption is justi-
fied by the analogy between reducing FDi(i') to zero, and human fracking in simple (k/s)

compensatory systems (References 7and 8), where error rate ferms need not be included in

Je -

With the pilot cost functional modified as in Equation (96), the pilot model

conirol is now obtained by minimizing

J ) = E{y Qy +¥Q; 3 (100)

3-10



where y(t) is given by Equation (89) and includes the rate terms !'-'Di as in Equation (89)-.r

The mairix Qy is diagonal with
Qy = diag (st, My, 0 My, cue, Myg,r O) (101)

The display information y may be written as a linear combination of vehicle states,

CS DS
y(t) = Cox(t) + Dyu(t) =|= = ~|x(t) + e (102)
Crp FD
where
1'1 0
91 hj
Cep~| - Pep =1 -
N 0
glNU lNU

Each g; and hi is obtained (for FDi) from the corresponding E: via

F'Di = 7@{ x(t) = B AL x(E) + 4 Byu )
=g, x{t) + h; ut) (103)
Since w(t) drives only the noise shaping states, :é'l E0 =0.

The result of minimizing Equation (100} is the control strategy

TNG +u = -LX(t) (104)

TThe rate terms have no effect on the control sirategy. They are included fo be
compatible with the structure of the OCM. They do have minor influence on the
model's informafion processor.

3-11



But since the cost functionals of Equations (92) and (100) are not the same, the gains L

in Equation (104) differ from those in Equation (91). Hence, the flight director signalsof
Equation {95) and the required pilot control gains in Equation (104)are no longer in harmony,
This mismatch can be corrected via the iterative process of computing feedback gains and

flight director signals as shown in Figure 8.

The proposed algorithm has given rapid convergence in all of the examples
tested, Generally 2 to 5 iterations have been needed, and in many cases the resulting
converged gains were within 10 percent of the initial values t(O) obtained from Equa-
tion (92). The ‘Flighi' director signals must be included in the pilot’s information base for
subsequent modeling in the OCM. The display information y(#) is already in the required
form Cx + D_u via Equation (102). Values for the observation noise /signal ratios p?
and thresholds @, remain fo be selected for y.y. The p? are set to =20 dB nominal
values, The thresholds on the positional displacements FDi are chosen in the same

manner as those for Yer (see Subsection 2.1),

=L |0, | (105)

a
FDi 4 i ,max
Since the maximum deviations of F'Di are not defined (i.e., o), we select thresholds

for FD; on the basis of those for FD.. Maintaining consistency with previous work, we

pick

=1 (106)

A~

With the computation of the flight director gains L, we can examine the
transfer functions between pilot inputs u and the flight director signals Ygp- These
will test whether the composite vehicle-flight director dynamics are similar to k/s
as anticipated, and will show the (presumably small) degree of cross-coupling between

u; and FD., j #i. The transfer function from v, (s) to FDi(s) is simply

3-12
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Figure 8.
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Flow Diagram for Computing Flight Director Gains.
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i 1,i=1, eeer Nu

det [sl - A +b.}'1] .
= U B M (107)

det {sl - AO]
Example transfer functions given in Subsection 3.3.4 show that in most, but not all,
cases FDF/Ui is "similar to k/s. This does not appear to be a drawback with the above
design process, however, Even in cases where the k/s criterion is not mef, the OCM
predicts that the flight directors will significantly improve system performance. Further

research is warranted in this matter.

3.3 CH-47 APPLICATION

The control/display design processes described in the previous two subsec-
tions were applied fo the CH-47 helicopter fo obtain a matrix of control automation/
display sophistication configurations for subsequent analysis using the methodology of

Section 2,

3.3.1 FLIGHT CONDITIONS

A set of six flight conditions was selected for conducting the CH-47 conirol/
display tradeoff evaluations. As shown in Table 5, these include hover, cruise, and
four approach conditions, The three siraight=in approaches range from the 3° glide
slope of a conventional ILS approach to a fairly steep 15° descent af 45 knots. The
spiral approach was originally developed by ASI in an earlier study of the guidance and

conirol requiremenis for such a maneuver (Reference 19).
3.3.2 SYSTEM DYNAMICS

Vehicle Perturbation Equation

The linearized equations of motion used in the analysis were developed in
Reference 4. These were modified slightly to include the non-zero hank angle and
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Table 5. Flight Conditions for CH-47 Analysis.

Flight Condition (\G() Vy (ﬂ'\%ﬁn) (Fhf) (dgg)
Hover 0 0 0 0 0
Cruise 130 0 0 3000 0
Straight Approach at 3° 120 0 636 | ~500 0
Straight Approach at 9° 59.3 0 951 ~500 0"
Straight Approach at 15° 43.5 0 1180 | ~500 0
Spiral Approach 60 0 500 1000 9.05

consequent steady turn rate for the spiral approach. The resulting perturbation equa-
tions, in terms of the inertial velocity components, are given below
. X X . X X
- U w U | Tw
AV, = ._+(_.._ -QO) fan 64 Avx+(tcn GIO)AVZ- : tan 84 (—;n— QO) av,

m m

R X_ . X X
+( 0 )AV+ 1 [Z9¢- —UWO-(—W—-QO)UO+QCOSGOCOS¢OG

cos 90 Y cos 6‘0 m m m

X
+ WO¢—(U0 + WO fan 8~ g cos 8 sin geso) ¢ +_ 85 (108a)
- m

- Y Y
AV, = (P0 sin 83 = Ry cos 60)11\Vx + (R0 sin 84 + Py cos eo) AV + (_v_) AV}{ +-Pg

Y m m
Y Y Y. :
+ PO-U0+(_V+R0 Wo+gcoseocos¢0 ¢ - __p-sineo---coseo)ﬁ;
m - m m
Y Y
- | =L Ug cos 8y + Wy sin 6) + g sin 8 -2 .5 (108b)
m ' m
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. . ZU Zw ZU Zw
&V, = -(tan 8p) AV _+ |— +Qp+— fangyf AV, - (| — +Qq) fan 8 - —1 AV,

m m m m

P Z_ . 4 Z
-( 0 )AV + 1 dq- (._U+Q0)W0;—-w-Uo+gsineO )

m m

z
. &
- {g cos 8q sin ¢g + Po . W0)¢+ (PO . U0+ PO . WO tan 90)‘4' +: « 8 (108c)

. MU MU . Mu Mw Mq .
8 = I_coseo+l_-sme0 AVX- T—smeo-l——-coseo AVZ"'I—G

Yy Yy YY YY (44
(B2 o o[ BTl 2o )
I [
I)’Y ]YY Y Yy
Ra(l__~1__) 2P,-°J Pall_=1_.) 2R.-J .
+ ( 0"xx zz + 0 xz) sin GO—( OVxx 'zz + RO xz) coseo ]
'yy 'yy tyy 'yy
M,
+-% s (108d)
1
Yy -
L L Qqn * J . L Qpn * J . /L
6=_1Avy+(i+_______0 "z) e+(_&+__,.q___§:’:) ¢+(_VW0)¢
lxy Ixx Ixx lxx XX Ixy
J . L Q- J
+(l_x§.coseo+sineo)¢— (i+——01--ﬁ)sin80
KX XX XX
L Qul__ -1 ) . L L
- (_L_ - _&u) cos 0| ¢ - (Ug cos 8 + Wq sin go)qy-l-_..é_.. 8 (108e)
lxx lxy .Ixx !xx
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o= =1 Nv‘wy - (PO(IW -1 )+ Ry sz)e +J 0t (Np - QO(IW - 'xx))""’

1
B
(N, - Wole = (N = Qqll,, = 1,.) ) sin8g = (N, = Qgl,,) cos 6g)d

A . . .
where B = |, cos 8+ J _sin8, and where ( )|5 8 indicates the summation over the

four control inputs.

As mentioned previously, the longitudinal axes and the lateral axes were
analyzed separately to reduce the computation fime and complexity. Thus the dynamic
coupling between these axes in the spiral approach was also neglected, but this does not
jeopardize the results since the steady-bank angle is small (9°). Moreover, this entire
analysis is a conceptual one which involves other assumptions of the same order of

magnitude,

Atmospheric Turbulence Model

The single firsi-order disturbance inputs used in each axis during the previous

analysis (Reference 4) has been replaced with a more realistic turbulence model based

on the Military Specification 8785B. The translational and rotational gusts are generated

by the following equations:

° Longitudinal Disturbances
o =-Yy +c‘2_Vn (109)
g L a u L u
U u
\:v = - 2V w_+ v w + o §X 1
g I.__ g r g1 w1 w (110)
W W W
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Y v
w W

g.=-g + T & (112)

° Lateral Disturbances
. 2V \'4 3V
V. = =fnmv_ + — v, + 0 4f— 1 (113)
g g gl v v
Lv LV Lv
. \' \'%
= + . 4
‘o~ T %,/ o (114)
v v
1/3
nl
b= -7V 4 w — A A 0 (115)
g 4 9 % Y5, 4 P
roo= —-E.Y._ r -y (116)
g 3b 9 3 9

in the above equations, ( )g refers to a gust disturbance variable, and the T are Gaussian

white driving noises with zero mean and unity variance.

The scale distances LU, Lv‘; LW are functions of altitude, as shown in Table 6.

Table 6, Scale Distances Versus Alfitude,

Alfitude (f) L L - L

U v w

h < 100 14503 | 14513 | 100
100 < h < 1750 | 145nV/3 | 145013 | 1
h > 1750 1750 1750 1750
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The rms gust intensities o,r O, G, are related as follows:

02 0‘2 0'2
= 2. =¥ (117
U LV LW

For moderate turbulence, the vertical intensity varies with altitude. We assume Mil

Spec 8785B is a 30 model, which gives

o, = 3.42-0.42 log; g h (118)

The horizontal infensities can then be obtained from Equation (117).

The only remaining parcmeters needed in Equations {109 through 11) and Table 6
are the airspeed V, the altitude h, and span b. The equivalent span from the helicopter
is taken as the combined span of the two overlapped rotors, which is 99 feet from the

CH=47,

Augmented Systems

As discussed in Section 2, the wind disturbance equations must be augmented
to the vehicle dynamics to obtain the complete system dynamics in the form of Equation
(73). This was performed separately for the longitudinal and the lateral axes. The

resulting state, control and noise vectors are defined below,

. Longitudinal Dynamics
x = g Wor Wors G %0 Vs 2, V0 8, 3 (119a)
v = [s, 8,1 (119b)
w = [, nwj' (119¢)

3-19



3 Lateral Dynamics

X = [v,v 1 Pgt rgr Yr Vyr b, G.ﬁr U, 15]

g g

1
u = lﬁar ar]

wo= 10, 7,

3.3.3

Control Avtomation Levels

CONTROL SYSTEM DESIGN RESULTS

(120a)
(120b) |

{120¢),

As shown in Table 4, there are three or five levels of avtomation possible in

each of the control channels of the helicopter. Thus, the number of possible combina~

fions is 5x 5x 3 x3 = 225, However, many of these combinations are not practical

systems for normal operations. A series of eight systems were selected to represent the

full range of automation for the CH-47 helicopter ranging from purely manual with direct

actuator commands to full position control. These are shown in Table 7.

Table 7. CH-47 Control Automation Levels,

Control Channel Command
System | pitchor | Collective | Roll or Yaw or
Forward | or Vertical Lateral Directional
A b 6¢ 8q 5,
B q 8¢ ¢ Y
C 8 b ) v
D o 5 y ¥
E 9 h ¢ ¥
F Vx Vz Vy ¥
G b3 h ¢ ¥
H X h Y ¥
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The system aufomation levels in Table 6 differ from those used in the first phase
of the study (Reference 4), The eight configurations used previously were reevaluated,
along with a series of systems postulated by the LaRC Flight Research Division for a
split-axis control investigation, before defining the resulting levels of conirol automation
selected for the present study. ‘In Table 7, the two exireme systems (A and H) are the
same as in Reference 4, and the revised system E is the same as the previous system F.

The remaining five systems have been redefined. The systems in Table 7 are presented
in their approximate order of increasing automation. System A is a fully manual system

with no stability augmentation in any channel.

In the longitudinal axes, System B has only pitch rafe feedback added to the
manual system, while systems C, D, and E are pitch attifude command systems. System
E also has altitude command in the vertical channel. System F is a velocity-command

system, and systems G and H both have forward and vertical position feedback.

In the [ateral-directional axes, all systems other than A assume heading hold
or heading command. Systems B, C, E and G use roll attitude command, while systems
‘D and H have lateral position feedback. As mentioned before, system F is a three-axis.

velocity command system,

Weighting Parameters

The procedure used to select the state variable weightings in the quadratic
synthesis of the various automation levels has been modified slightly from the process
discussed in Reference 4. The numerical values for the maximum state devisions are
selected in the sume manner as described in Reference 4, However, instead of weighting
just the state variable for the outermost feedback loop alone, the weightings for each
of the previously closed loops are also included. The resulting weighting parameters

are shown in Table 8, This modified procedure corresponds to the normal control
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Table 8. State Variable Weighting Parameters for CH~47 Automation Levels.

i
System % vx z vz e 6 y v ¢ é ¥ ‘.P
(ft) | (Ft/sec)} (f) |(ft/sec)| (rad) [{rad/sec)| (ft) (ﬁ%’ec) {rad) |{(rad/sec){ (rad) |{rad/sec)

A - - - - - - - - - - - -
B .435 435 .435 .435 .435
C 435 .435 .435 435 .435 435
D 435 435 84,0 28,0 | .435 435 435 .435
E 30,0 7.5 {.435 435 .435 .435 .435 .435
F 28,0 7.5 | .435 435 28,0 | .435 .435 435 .435
G 84,0 28,0 30,0 7.5 | .435 435 .435 .435 .435 435
H 84.0 28.0 30.0 7.5 | .435 435 84.0 28,0 |.435 .435 .435 435




system design process whereby outer loops are closed sequentially around the previous

closed-léop system. The actual weighting terms are found by using the values from

Table 8 in Equation (82).

As described in Subsection 3.1, the control variable Iimits used to define the

control weighting terms can be determined approximately from the maximum vehicles

angular and vertfical accelerations as shown below:

M
. 5
8¢, max ~ qmax/ |
Yy
Z
. )
b¢, max max’ o
. Léa
Sa,max Pmcn/
XX
N
- 51—
b max rmcn/
zz

(121)

(122)

(123)

(124)

The CH-47 stability derivative data (Reference 20) was interpolated for the six flight

conditions of Table 5, and used to solve Equations (121 through 124). The following

acceleration consiraints used for these calculations were developed in Reference 4:

é{qu = 0,87 rad/sec2
. 2
W = O ft/sec

S = 0.87 rad/sec?
Prmax *

r = 0,87 rcxd/sec:2
max



The resulting control limits are presented in Table 9. These were used with Equafion (83)

to define the control weighting matrices for the quadratic synthesis design application.

Table 9. CH=-47 Control Variable Limits.

Puk
Flight Condition

5e(in.) 5c(in.) 5a(in.) 5r(in.)

Hover 2,643 0.372 2.0938 | 4.2685
Cruise 1.9741 | 0.2595 | 2,1303 | 4.3651
Spiral Approach 2,2112 | 0.3276 | 2.1584 | 4.461

3° Straight Approach | 1.8547 | 0.2529 | 2,1731 | 4.5209
9° Straight Approach | 2.2003 | 0.3362 | 2.169 | 4.4984

15° Straight Approach | 2.313 | 0.3958 | 2.1298 | 4.4673

Closed-Loop Response

The above~-mentioned state and conirol weights were used to generate the
avtomatic feedback gains {Equaiion (77)) and closed-loop system response matrix
(Equation (79)) for each automation level in Table 7. As discussed above, the longi-
tudinal and lateral axes were analyzed separately for each of the flight conditions of
Table 5. Since it would be impractical to present all of the numerical design results
in this report, Appendix A contains detailed data for Configuration F at the hover flight

condifion as an example.

As mentioned in Subsection 3.1, the confrol system design process uses
simple, uncoupled closed-loop response models to establish the performance weights in

Equation (76). These models are presented in Table 10 for the CH-47 at hover. To



Table 10. Uncou.pled Hover Control System Models.

. W T
Form of Transfer Function (rad//sec) ¢ (s0c)
_ k
— f 3 = 0.5
Pe 9 7s + 1
. 2
2,8 = kw 1.0-1.4 | 1.0-0.7
¢c 8¢ s2+ 2Cus + w2
A" vV 2
y , X = kw"/+ ~ K 1.0-1.4 | 1.0-0.7 | 2.0
Vyc ch 53+2gw52+w2s +w2/-1- s+ 1
K 2
L, X = = 0.35 0.7 4,0
Ye %e 52+2gws+w2
2
2= ke 1.4 0.7
be 52 +2gms+w2
[:] res+]
[
' 2
h o ke 0.25 0.7
hC 52 +2gujs+w2




verify the control design technique, the resulting closed-loop system frequency responses,
Equation (81), were calculated and compared with the models in Table 10. Figures ¢
and 10 illustrate the open-loop longitudinal frequency response for the unaugmented
CH-47 (System A) at hover. Figures 11 through 16 present the resulting closed~loop
system frequency response plots for each level of longitudinal control automation; the
corresponding response plots are also shown for the uncoupled models of Table 10.

Figures 11 through 16 typify the closed-loop system results obtained over all six flight
conditions for the lateral axes as well as the longitudinal axes. These results show that
the coupled closed-loop system response generally follows the corresponding uncoupled

model response over the significant frequency range.

Another desirable characteristic of the closed-loop response is minimum
coupling between conirol channels. Again, the frequency response provides a means of
examining these coupling effects, This is illustrated in Figure 17, which compares the
forward and vertical cross-coupling response for the velocity contro! system (System F)
with the same response for the unaugmented CH~47 (System A). It is apparent from these
results that the closed-loop system provides a significant attentuation of the cross-
coupling gain. These resulis are also representative of those generally observed for the

other flight conditions and control configurations.
3.3.4 FLIGHT DIRECTOR DESIGN RESULTS

Status Information

The flight director design procedure outlined in Subsection 3.2 was applied
to the CH-47 for each of the six flight conditions shown in Table 5. The status informa-
tion for the longitudinal and lateral axes was given in Equations (85) and (86), with the

augmented state vectors of Equations (11%9a) and (120a), the status displays are definedby



° Longitudinal

0 0 0 01T 0 0O O O 0

O 0 0 0 0 1 0 0 O 0

0 0 00O 0O 0 1 O O 0
C = (125a)
s 00 0 0 0 0 0 1 © 0

0 0 0 0 0 06 0 0 57.3 O

LO 0O 0 0 0 0 0 0 O 57.3
D, =0 " (125b)

® Lateral

0O 00 0 1 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 57.3 0 0 0
Cc = (126a)
S 0 0 0 0 0 0 © 57.3 0 0

0O 0 0 0 0 0 O 0 57.3 0

0 0 0 0 0 0 O 0 0 57.3
D =0 (126b)

s

In the C_ matrices, the parameter 57.3 = 180/ is used fo convert the angular displace~

ments and rates from radians fo degrees.

Weighting Parameters

The parameters Ys and !:li max needed to define the weighting mairices
i, max d

in Equations (93) and (94) are selected to be consistent with mission requirements and

physical capabilities. The status weightings reflect the pilot's attempted control



performance as a function of flight envelope. The values selected for the CH-47 are
given in Table 11; as discussed in Section 2, these are presumed to represent 1¢ pertur~
bation levels. The "cruise/approach” values shown in Table 11 were used for all but the
hover flight condition, since we are conducting a fixed-point analysis. However, in the

non-stationary case, these would "funnel down" from the cruise values to the hover values

as the pilot tightens his confrol in approaching the pad.

Table 11. Pilot Status Weighting Parameters.

verais Flight-Condition
Units
(Ysi m ax) Cruise/Approach | Hover
X ft 25 5
Vx ft/sec 2.5 1
z ft 25 5
Vz ft/sec 2.5 1
8 deg 1 1
9. deg/sec 0.5 0.5
ft 25 5
Vy ft/sec 2.5 1
@ deg 2 1
és deg/sec T 0.5
¥ deg 2 1
(1; deg/sec i 0.5




The  control rate weightings, as discussed earlier, are selected fo achieve a
reasonable -value for the pilot's neuromuscular time delay in the model (TN ~ 0.1 sec),
or to satisfy his physical limitations in manipuiaﬁng the conirols. In the case of the
CH-47, a constant value ofhﬁi,mux = 2.0 in/sec was found to provide a reasonable TN

in each conirol channel over all of the flight conditions investigated.

Frequency Response

The design process produced two flight director signals and their rates for the
lateral and the longitudinal axes of each contro! configuration and at each flight con-
dition. In the longitudinal axes, these FD. correspond fo the forward and vertical con-
trol inpuis (‘Se and 5 ), respectively; while in the lateral axes, they direct the bank and

directional pilot controls (Ga and aR).

) Longitudinal

Yep = IFDy, FDg , FD,, FD_] (131)
° Lateral

Yep = [FD,, FD, FD , FD ] (132)

As before, presentation of all the results is much too cumbersome for this report, and

Appendix A provides more details for the CH-47 at hover.

The frequency response from each control Input to the corresponding flight
director signal was calculated to examine the open=loop dynamics observed by the pilot.
Figure 18 presents examples of these results for the longitudinal axes at hover. These
show that the composite vehicle-flight director dynamics for both the unaugmented
vehicle (System A) and the velocity-command system (System F) are "similar® 1o k/5,

especially in the vertical channel (FDZ/6C). In the forward confrol channel for



System F for example, the composite dynamics resemble k/s, but with o lead-lag
filter cenfered at about 1 rad/sec. The results in Figure 18 are representative of many,
but not all of the composite system dynamics. However, even when the k/s similarity

does not exist the flight direcfor signal does significantly improve system performance.
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SECTION 4
CH-47 CONTROL/MONITORING APPLICATION

The previous s_ecﬁons described the modeling methodology that serves as the
basis for a systematic procedure for evaluating competing VTOL control /display system
configurations. In this section, these techniques are applied to the CH=47 helicopter
in order fo evajuate cclvnrrol and monitoring performance for candidate control systems.
Our objective is to determine one or more contro!l/display configurations that will pro-.
vide acceptable performance over a range of flight conditions (see Table 5):

Hover

Straight Approach (3°, &°, 99
Spiral Approach

Cruise

Our approach is to analyze first the most difficult piloting task, i.e., hover. Those
configurations that are acceptable at hover will be studied further at the other flight
condifions, The analysis will consider both longitudinal and lateral control in a
decoupled manner, as in the previous section. The evaluation process will follow the

procedure outlined in Subsection 2,1, specifically as shown in Figure 1 and Table 1.

4.1 FORMULATION AND INFORMATION REQUIREMENTS

The first phase of the evaluation process consists of several steps leading to
the choice of a candidate conirol /display system. As noted ecrlier, this selection
process may be conducted independent of the main thrust of the evaluation methodology .
However, for completeness, o subsef of design algorithms that can be used to develop
candidate control /flight~director laws are included in Subsections 3.1 and 3.2, Their

application to the CH~47 vehicle is presented in Subsection 3.3.



The control performance requirements of the pilot=vehicle combination are
§peciﬁed in terms of allowable RMS deviations, X; max’ for the vehicle states. These
design specifications are generally a function of mission requirements or flight conditfons,
Thus, Table 12 shows separate specifications for hover, approach and cruise, It should
be noted that the design tolerances for approach are the same as those for cruise. In «
more general analysis these folerances would vary continuously from inifial (cruise) values
to final (hover) values. Our present analysis technique, being static in nature, does
not allow for time-varying weightings. Thus, equating approach to cruise folerances
effectively means the results are applicable primarily to the first portion of the approach:r
The values of X; o IN Table 12 are needed in various steps of the design process

r

including flight direcior design, pilot modeling and performance evaluation.

Table 12, Performance Specifications for CH-47,

Variable Unite Desired RMS level; Xi max
Hover | Approach | Cruise
X fr 5 25 25
E Vi ft/sec 1 2.5 2.5
3 z ft 5 25 25
'g’-* Vz ft/sec 1 2.5 2.5
= 8 deg 1 1 1
q deg/sec 0.5 0.5 0.5
y ft 5 25 25
Vy ft/sec 1 2.5 2,5
T ¥ deg 1 2 2
f% ¥ deg/sec 0.5 1 1
) deg 1 2 2
;5 deg/sec 0.5 } 1

tin retrospect, selecting (constant) approach weighis as the average of hover and cruise
values seems a more logical choice for the preliminary analysis. In any case, prier to
simulator or flight tests, a more thorough evaluation should analyze a series of points
along the approach path.
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Eight levels of automation have been selected in Subsection 3.3 as candidates
for the CH-47 helicopter (Table 7). These systems span a range from the unaugmented
vehicle, through attiiude and velocity command, to a fullyiaufomated (position command)
system. The choices were motivated by past VTOL contro! system studies (References
14, 15, and 21), and via discussions with NASA personnel involved in the VALT pro-

gram. They are listed in Table 7 in order of increasing control avtomation from A to H.

The design of candidate control systems that realize each of the automation-
levels B to H is developed in Subsection 3.3. Note that for a given automation level,
the confrol system parameters will be a function of the flight conditions, Thus, some
form of adaptation might be required to implement the control system design on the
actual aircraft. Appendix A gives the conirol system feedback gains L  and closed-

loop dynamics A for system F at hover.

Flight director laws were not specified a priori for any of the systems A
through H. Thus, it was necessary to apply the flight director design procedure
developed in Subsection 3.2 to the CH-47. As noted earlier, the status information

Y that is assumed to be observed by the pilot is

1

ye = [x, V., 2,V , 8,4l longitudinal axis

Ys‘ ly, Vy’ ¢, @, ¥, i!]' lateral axis

It is convenient to order the vehicle states X, on a one-to-one basis with the status
variables y;. Thus, the design parameters Ysi max © be used in Equation (93) are
r
simply those given in Table 12. The design values Gi max’ Needed in Equation (94),
I

are selected on the basis of human response limitations as discussed in Subsection 2.,2.3.

For the CH=47, l'Ji max 2 in/sec has been selected for all control inputs.



Application of the flight director design process to the CH-47 is described
in Subsection 3.3. As is the case with the control system parameters, the flight director
gains (for a given automation level) change with flight condition. The complefe results
for candidate System F, including the values for | FDi,max |, and the indifference

thresholds on FDi(f), are given in Appendix A.

The final step in the formulation and information requirements phase is the

selection of display information. For each automation level we consider four possibilities:

Status information only with no flight director signals
Status information plus longitudinal flight directors only
Status information plus lateral flight directors only

Status information with both longitudinal and lateral flight directors.

oW N =

In accordance with human response theory, explicit display indicators are not required

for the status variable rates, V., q, ete Thus, the display indicators are:

x, 2,6 for longitudinal axis
Y, ¢, 4  for lateral axis
plus any additional flight director signals as specified, The display information base.is

thus given in the requisife form:

y = Cogx + Dgu
along with the indifference thresholds a;, as the outcome of the computational process
of .Figure 8.

4,2 PERFORMANCE COMPUTATIONS

For each flight condition, each level of automation and each display choice,

it is necessary to apply the opfimal conirol pilot model to obtain the fradeoff curve

TRecall that the rate information V,r 9, efc., Is obtained from the positional variables
x, 9, efc. -



(Figure 2) for conirol performance P versus control workload fc. For the CH~47
application, there is @ maximum of 6 x 8 x 4 = 192 such curves that need fo be obtained.
Clearly this is an overwhelming amount of data fo assimilate which, fortunately, can be
signiﬁcchﬂy‘ reduced. We will consider first the hover flight condition, as this repre-
sents the most difficult piloting task. Thus, only those conirol/Adisplay configurations
that are acceptable at hover need to be analyzed further at the other flight conditions.
We also note that by con;idering Jongitudinal and lateral control tasks separately the
computational burdens are reduced further due to repetitions in the automation choices,

The unique choices are:

Longitudinal Systems: A, B, C/D, E, F, G/H
Lateral Systems: A, B/C/E/G, D/H, F

For each of these confrol configurations we have two possible display configuration -~
with or without flight director indicators. Thus, af hover we need to compute é x 2 = 12

tradeoff curves for the longitudinal oxis; and 4 x 2 = 8 such curves for the lateral axis.

4,2.1 CONTROL PERFORMANCE RESULTS, HOVER CONDITION

Figures 19 through 22 are the pilot model predictions of control performance
P versus confrol workioad f_. Predictions of RMS quantities, o_;, are obtained from
straighiforward application of the OCM computer programs using the nominal set of

pilot parameters:

v = time-delay = 0.2 sec
p.. = observation noise ratios = -20 dB
py; = motor noise ratios = =25 dB

™ = "meuro-molor” fime constants = 0,1 secT

TWith the selected values o, o =2 in/sec, the values of my . were generally ~ 0.2 sec.
I
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The conitrol performance is then computed using Equation (5). For both longitudinel
and lateral axes of confrol there are six terms that enter the summation, as specified in

Table 12,

The performance curves have the shapes expected. P increases with
decreasing control attention, although the rate'of increase (i.e., sensitivity to fc)
is somewhat less for the more automated systems, The insensitivity is most evident for
the lateral case in System F (velocity command) and Systems D and H (position command),

where large changes in fo have little effect on P.-

As expected, P decreases with increasing automation at a fixed level of
attention. This is also true with respect to increasing display automation, i.e., adding
flight directors. In comparing Figure 19 and Figure 21 with Figure 20 and Figure 22,
respectively, we see that the flight directors provide the most benefit fo those systems
with the least confrol automation. Very little benefit is provided to the full position
command System H. Thus, there is a clear tradeoff between control and display cuto-

mation, at the same performance level.

4,2,2 ESTABLISH WORKLOAD REQUIREMENTS, f_ req
. r

For each control/display configuration it is necessary fo determine the

=1.0. Those systems

workload required f to achieve a performance level P
c,req ¢, max

for which fc < fT = 0.8 are candidates for further evaluation using the monitoring
f

models with

= fo - f

f .
m,avail T c,req

Values of Fc that yield P, = 1.0 are read easily from Figures 19 through 22, for lateral

and longitudinal axes separately. Thus, the total workload is

f = f f
¢,req c,req c,req

Longitudinal Lateral
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Table 13 presents the complete summary of control and menitoring workloads
for the hover task. As can be seen, only the two SystemsD and H convincingly meet the

requirement

m, avail > 0. A third System, F, is acceptable provided the lateral fiight

director is used. The reason that only three of eight possible confrol configurations are
acceptable is due primarily to the lateral response characteristics of the CH=47. The
highest levels of automation are required in the lateral axis to meet performance specifica~
tions. Thus, Systems D and H have full lateral position command, while System F requires
a flight director in addition to its velocity command. The attitude (¢) command system

in the lateral axis (Systems B, C, E and G), even with flight director augmentation,

requires an excessive workload level (0.65).

Of the 8 x 4 = 32 possible combinations of control /display configurations, we

have selected three as candidates for further evaluation. They are:

(I} System D with longitudinal flight directors only
(1) System F with lateral flight directors only

() System H with no flight directors

The decisions to omit various flight directors were based on the sensitivities of Fm’ avail
in Table 13. Clearly, the flight directors provide litile, if any, benefit in the highly
automated System H, Their use would probably not outweigh the cd;:led complexity they
require in implementation. This same reasoning was used to omit the longitudinal flight
directors in System F and the lateral directors for System D, Lateral flight directors are

essential in System F; the longitudinal directors in System D appear to be highly

advantageous, increasing f

m, avail from 0.41 o0 0.57.

4,2.3 SYNTHESIS OF SYSTEM F1

From the results of Figures 19 through 22, and the composife summary of

Table 13, several interesting facts are apparent.
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Table 13. CH=47 Control and Monitoring Attention Summaries for Hover.

Flight
Control Sysi'em Director
HOVER A B C D E F G H Llong | Laf
Sor 8 8, 5.9, 8.8, 8 B, z Vx’ VZ X, Z | %, Z .FDe, FDQS
501 6l‘ ¥ b, ¥ Yr ] br ¢ Vyr L} V|V ¥ FDZ FD\y
*
fc,long 0.52 | 0.31 | 0.24 | 0.24 {0.19 | 0,10 | 0.03*{0.03
f Lo - - - 0.15 - - - 10,15
c,ia None | None
- - - 0.39 - - - 10.18
c,req
f . - - - 0.41 - - - 10.62
m, avail
fc,long 0.30 | 0.15 | 0.08 | 0.08 |0.05*| 0.05* | 0.05*(0.05*%
f - - - 0.15 - - ~ 10.15
c lat Full | None
- - - 0.23 - -~ - |0.20
c,req
f . - - - 0.57 - - - 10.60
m,avail
fc,long 0.52 | 0.31 | 0.24 | 0.24 [0.19 0.10 | 0,03*|0,03*
fc lat - 0.65 | 0.65 | 0,12 |0.65 | 0.45 |0.65 {0.,12
r None | Full
fc,req - 0.96 | 0.89 | 0.36 [0.84 | 0,55 |0.68 {0.15
f . - - - 0.44 - 0.25 ]0.12 [0.65
m, avail
f 0.30 [ 0,15 0,08 | 0.08 |0.05*| 0.05% j 0.05%]0.05%
¢, long
f lat - 0.65 | 0.65 | 0.12 [0.65 | 0.45 0.65 |0.12
¢, la Full | Full
f - 0.80 | 0,73 ] 0.20 |0.70 | 0.50. |0.70 (0,17
c,req .
f o - 0.00 | 0.07 { 0.60 {0,710 § 0.30 [0.10 |0.63
m, avai

*Minimum conirol attention of 0.01 on each instrument, see Equation (43).
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. High levels of control/display automation are needed in the lateral
axis, with SystemsD/H requiring least workload.

° In the longitudinal axis, Systems B through H all provide acceptable
performance with low workload requirements, provided flight directors
are used.

° For the longitudinal axis, large increases in f. q result for Systems
B through E when the flight directors are removed. Systems F and H
are indifferent to the use of longitudinal flight directors.

° System F (longitudinal) with no flight director performs comparably to
SystemsB through E with flight directors,

On the basis of these facts it appears that an attractive control configuration would be
a full position command system in the laferal axis, with velocity command for the longi-
tudina! axis (i.e., a combination of longitudinal System F and lateral System H). We
will define this configuration as System F1. As seen in Table 14, no flight director is
necessary for acceptable performance. This configuration provides acceptable per-

formance using f-c ‘e = (.55 for monitoring. We have,

r

q" 0.25, leaving Fm,avail

Table 14. Control and Monitoring Attention
for System F1 at Hover,

Hover th;o{/S)’/s;e:m \IIF] Flight Director
x' 'z
Fc, long 0.10
fc, lat 0.15
£ 0.25 None
c,req
f . 0.55
m,avail

therefore, synthesized a fourth candidate configuration for further evaluation:
(1IV) System F1 with no flight directors
This choice provides slightly less f avail compared to System H, which is more auto-
!

mated. However, it provides more f = . than System F by using one more level of
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control automation in lieu of display augmentation, Systems F1 and D are the two
candidates for which the workload requirements f_ req are nearly equal (i.e., balanced)
I

for both axes.

The System F1 was not one of the originally suggested conirol configurations.
It is a hybrid system, pieced together from only the results of Table 13. No further
computations using the OCM were necessary. Of course, this was possible only because
lateral and lfongitudinal axes have been decoupled. Thus, there is an inferesting side~
light to our design/evaluation technique -—the ability fo easily propose and evaluate
alternate configurations, provided they are hybrid combinations of systems already under

sfudy.

4,2.4 PREDICTION OF MONITORING PERFORMANCE

Having determined those conirol/display configurations that yield acceptable
performance with f ’ < 0.8, the next step in the design process is fo evaluate the
monitoring performance that is achieved with the available f . Subsections 2.3 and
2.4 describe the monitoring model used in the present study. In addition to the monitor-

ing performance metric P_, the model generates the following predictions for each

display indicator:

fm- = attention allocations for monitoring
I
= 3J /of . = gradient components
gfmi m/a m; 9 P
ki = monitoring error fractions
E(1/2) = percentage estimation error

The total attention to display indicator i is obfained by combining the conirol and

monitoring components, viz

4-14



Table 15 gives an overview that lists P.r f I and P for the

c,req’ fm,.c:lvc:i
four configurations under study. Tables 16 through 19 give the detailed results of
applying the monitoring model to Configurations | through 1V as sPeCified above. These

tables also contain a summary of the OCM control performance predictions.

Table 15, Performance Summary at Hover.

Configuration Description P, Fc,req £ avail P
i D, Long. FD 1.0 | 0.23 0.57 0.40
I F, Lateral FD | 1.0 | 0.55 0.25 0.58

il H, No FD 1.0 | 0.18 0.62 0.375

v Fi1, No FD 1.0 | 0.25 0.55 0.374

These results reveal that all configurations, with the exception of I} (System

F with lateral flight director), achieve Py = 0.4 =P For these cases, the

m,des’
average estimation errors are no greater than %y /2 for 20 percent of the fime.
Configuration 11 has Pm = 0.58. This is due, in part, to the low fm,avail' which in
the longitudinal axis results in each ki > 0.43. For dll configurations the error fraction
kl]! for monitoring heading exceeds 0.6. This does not imply poor performance, but
rather is due to the heading hold augmentation keeping § errors to less than 0.1 deg —
well below the visual/indifference threshold of 0.25 deg. None of the other vehicle
states or outputs exhibit this phenomenon. Indeed, for most system variables we see

thato, =~ x, as anticipated. This is a consequence of the selection P 1,

Xy i, max ¢, max

and the tendency of optimal LQG systems fo distribute their errors inversely as Q) -

Configurations | and [l use flight director augmentation to meet conirol

requirements. As described in Subsections 2.3 and 2.4, these signals are not used for
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Table 16, Configuration 1, Model Predictions at Hover.

-g f £ f -g
Ouifpuf yRMS Fci ¢ m; Ti Fmi ki E(1/2)
x 5.61 0.8 : 0.56
0.01 0.04 | 0.10 0.320 | 11.8
vV, 1.14 18.6 0.68
z 3.19 11.5 0.58
0.01 0.12 | 0.13 0.384 | 19.3
v, 0,936 | 51.8 0.63
9 0.894 | 25.0 0.69
] 0.01 0.08 | 0.09 0.469 | 28.7
6 0.710 | 12.5 0.55
FD, 0.359 | 76.2
] 0.05 - 0.05 - 0.946 | 59.7
FDg 1.23 4.3
FD, 0.465 | 68.0
0.02 - 0.02 - 0.677 | 46.0
FD, 0.313 | 39.6
5,12 0,16 B 0.17
0.125 | 0.27 | 0.40 0.192 1.0
v, 1.03 3.5 ] 0,71
¢ 1.55 0.12 0.13
i 0.015 | 0.01 | 0.02 . 0.195 1.0
¢ 0.577 0.45 0.20
¥ 0.0865 ~0 ~0
. 0.01 0.01 | 0.02 0.639 | 43.4
i 0.0515 ~0 ~0
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Table 17, Configuration I, Model Predictions at Hover.

~g f f f -g
O t f c. m. T f
utipu YRMS < i i ; m, k. E(1/2).
X 6.15 4.8
0.053 | 0.044 | 0.097 0.431 | 24.6
Y; 1.1 29.1 2.0
R
z 3.39 7.9 2.3
0.02 | 0.057 | 0.087 0.516 | 33.2
v, 0.924 | 29.7 2.1
0 0.798 | 15.6 0.76
) 0.017 | 0.019 | 0.036 0.468 | 28.5
0 0.564 6.0 0.76
5.26 0.04 0.72
0.06 | 0.09 | 0.15 0.333 | 13.3
v, 1.01 2,75 6.5
& 1.54 0.03 0.95 _
i 0.01 | 0.017 | 0.027 0.220 2.3
o 0.672 0.46 1.1 :
v 0.0576 ~0 ~0
, 0.01 | 0.015 | 0.025 | 1.12 65.6
¥ 0.0487 ~0 ~0 -
FD 0.195 2,67
¢ 0.35 - 0.35 - 0.957 | 60.1
. 1.62 0.31
D
FDy
FD 0.0443 | ~0
v ‘ 0.02 - 0.02 - 1.47 73.4
FD, | 0.190 | 0.03
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Table 18, Configuration I{I, Model Predictions af Hover.

~g f f f -
Ouiput f c. m., T, f
P s | e | T e Lk | B2
X 4,81 12.5 0.40
. 0.01 0.1 0.11 0.272 6.65

Vo 0.763 15.2 0.45
z 3.28 8.4 0.40 |

0.01 0.13 0.14 0.329 12.9
v, 0.80 27.2 0.41
0 0. 559 0.45 _ 0.30
, 0.01 0.07 0.08 0.425 23.9
B 0.369 0.87 0.53
y 5.12 0.16 0.17

0.125 | 0.27 0.4 ‘ 0.192 1.0
Vy 1.03 3.5 0.71
& 1.55 0.12 0.13
. 0.015 | 0.016 | 0.03 0.195 1.0
é 0.577 0.45 0.20
¥ 0.0865 ~0 ~0
. 0.01 0.014-1-0.024 0,639 43 .4
¥ 0.0515 ~0 ~ 0 ’
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Table 19. Configuration IV, Model Predictions at Hover.

-9 ~g
t f f f f. f k.
OU;‘PU YRMS ; c; m. T m, i E(1/2)
X 6.15 4.8 0.39
0.053 | 0.1 0.153 0.284 7.85
v | 1.1 | 29. 0.44
z 3.39 7.9 0.38
0.03 0.14 0.17 0.335 13.5
v, 0.924 29.7 0.41
g 0.798 15.6 0.37
. 0.017 | 0.05 0.067 0.410 22.3
8 0.564 6.0 ’ 0.44
5.12 0.16 : 0.17 .
0.125 § 0,27 0.4 0.192 1.0
Vy 1.03 3.5 0.71
¢ 1.55 0.12- ‘1 0.13
. 0.015 | 0.01 0.02 0.195 1.0
é 0.577 0.45 0.20
¥ 0.0865 ~0 ~0
] 0.01 0.01 0.02 0.639 43.4
i 0.0515| ~0 ~0 :
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monitoring. However, it is often suggested that one purpose of monitoring the status
variables is to crosscheck the flight director signals. The error fractions kFD in Tables
16 and 17 show that if is quite difficult to estimate FD(f) from the status variables x,
Vx' z, etc, The values kFD ~ 1, which gives E{(1/2) ~ 60 percent. This poses a

potential problem for flight director use, namely that it may be very difficult to detect

certain failures or malfunctions in the Systems D and F,

The attention allocations f_ and f_ show the relative importance of each
display indicator to the control and molniforingli'asks, respectively. In the OCM it is
assumed that position and rate information are obtained simultaneously from a single
indicator. We can determine which type (i.e., posi’ri;m or rate) of information is most
imporfant via the gradient ferms aJc/aFc. and aJn/afm. . This gives additional insight

i i

to the information requirements of the pilot—vehicle-display system, and could suggest

the need for additional display elements,

For the monitoring task, position and rate inférmation show roughly a balance
as to their importance over all configurations, Only Vy seems to dominate y for the
lateral error indicator. Considering the control task, we see that position information
dominates in the flight director signals — as it should. However, rate information Vx’
VY and (fo-a lesser extent) V, dominate in the x, z and y position status indicaiorsj
The attitude indicators 8, ¢ and { require little fc. in all cases, with a mix of position

i
and rate imporiance.

Finally, we note that the {§ flight~director for System F serves no useful
purpose. It can be omitted with no change in control/monitoring performance. Partial

flight directors have not been studied for System D.

TThus, we may wish to consider the possibility of separate V_, V. and/or V_ indicators
in further evaluations. xT Y z



4,2.5 PERFORMANCE AT OTHER FLIGHT CONDITIONS

The results presented above are for the hover flight condition. To evaluate
fully the performance of each candidate system it is necessary to exercise the pilot model
at the other five flight conditions. Fortunately, we need consider only those systems
that have acceptable performance at hover. These are, in summary:

Longitudinal D with x, & flight directors

Longitudinal F with no flight director

Longitudinal H with no flight director

Lateral F with ¢ flight director
Lateral D/H with no flight director

Recall that System F1 is the combination of longitudinal F plus lateral D/H.

Figures 23 through 27 show the conirol performance versus control workload
curves for each system over the remaining flight conditions.

© Approach (3°, 9°, 15%)

e - Spiral Approach

e Cruise '
These figures clearly reveal that all of the candidate systems achieve confrol performance

well below P_ = 1 for any reasonable attention level f, > 0.1. This verifies our

,max
hypothesis that the hover flight condition represents the most difficult piloting task.

The results show the relative difficulty (or ease) of the four different approach
paths. By considering performance cost at a constant workload level f_, the following

conclusions may be drawn;

® The 3% approach path produces, in relative terms, the most difficult
control regulation (i.e., error minimization)} task.

) The 9% approach produces an easier fask than the 3° approach. Further-
more, except for System F longitudinal, a 15° angle is easier still,
although the P difference between 9° and 15° is small,
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. A spiral apﬁroach path yields better error minimizing performance than
do any of the straight=in approach paths.

. Performance during cruise is better than during the straight approaches,
but comparisons with spiral approach show no clear frend.
Thus, the modél predicts a decreased workload with increasing approach angle, or spiral
path. Note, however, that we have not considered the problem of fransition from
approach path to hover. The results of this (dynamic) control problem may modify the

results obtained from our (static) analyses,

Most of the configurations show comparable performance levels for equal
workload. An excep;‘ion is System D, longitudinal, with g, z flight directors. Compared
with System F, performance is only 1/3 as good at the same f.r i.e., P_ for System D is
three fimes that for System F. Flight director augmentation during approach and cruise
is not a necessity. Although not shown h;arein, the performance P_ versus f_ curves for
System D (longifudinui) and System F.(laferal) without flight directors are almost identi-
cal to the curves of Figure 23 and Figure 26, respectively. Thus, was not the case for
hover, where FD information was either necessary or highly desirable for udequc;fe

performance,

4.3 CONTROL/DISPLAY SYSTEM SELECTION

The final step of the model~based evaluation process is the recommendation of
a control/display system for follow-on simulation tesis, This selection is made on the
basis of the conirol and monitoring performance study, in addifion to other factors as

described in Subsection 2.1.3.

Four potential configurations have been identified in Subsection 4.2.3.
Their monitoring performance at hover, and their control performance at other flight

conditions have been examined, and discussed. Consolidating these results, we



recommend Configuration IV, i.e., V _and V, command system in the longitudinal axis
plus y and { command in the lateral axis, for experimental use in the CH=47. The

reasoning behind this choice is discussed below.

Configuration 1V, the hybrid design System F1, does not require flight director
automaiion for adequate control. Af hover, the f_ req = (.25, and the control work=
r

load is well-balanced between the lateral and longitudinal axes. The monitoring per=-

formance (with f

.1 = 0.55) meets the specification P_ < 0.4. The performance
m,avail m

results are not highly sensitive to changes in control attention, as the P, versus FC tfradeoff
curves demonstrate. System F1 can still be conirolled with an acceptable workload level
if the longitudinal autemation fails. With successive failures of outermost "loops, "
System F1 reverts to C/D and/or B which can be controlled to P, ~ lusing f_ < 0.3
(see Table 13). The lateral axis is not as robust to outerloop failures (in the roll loop).
Figure 20 shows o relatively small performance change in failing from a y=command
system fo a Vy—commcmd system, but a large performance decrement in a secondary

failure fo a g-~command system.

Overall, the performance aftained with Configuration IV is quite comparable
to Configuration HI, which has a full x~z-y position command system. The equivalence
is true across all flight conditions, Thus, System H is not attractive vis~a=~vis System F1;

the increased automation and complexity yields only small performance improvements.

Configuration [l, the full velocity command system, is marginal from a hover
performance viewpoint. A lateral flight director () is needed to meet conirol specifica-
tions. Monitoring performance is relatively poor in the longitudinal axis, and the flight
director signal cannot be cross—checked adequately by moniforing the primary status

information, The longitudinal "failure' properties of this configuration are the same as



increase in P ; but a failure in the VY oufer-loop augmentation will pose a serious

problem (especially if the flight director is not disengaged!)

The overall performance obtained with Configuration | at hover is similar to
that of Configuration 1V, as seen in Table 19. Both systems are identical in the lateral
axis. In the longitudinal mode, two levels of control automation {one for each channel)
have been exchanged for two flight directors (one for each control). This seems to be a
"fair” trade, although we tend fo prefer control automation. Two flight directors may .
coniribute to display clutter (we have not studied the removal of FD_). Moreover, the
pilot's ability to reconstruct or cross-check the flight director signals through monitoring
is poor. The flight directors are not necessary at the other flight conditions. However,
the longitudinal performance of System D is considerably worse than System F or F1 in
approach mode. On an absolute scale, ifs performance is still adequate, but this could
change if the design parameters X; max 9re modifiedT or if wind turbulence levels are

increased,

From the pilot's standpoint, System D is somewhat unusual in terms of the
harmony between the longitudinal and lateral axes. Whereas the lateral axis has full
position feedback with heading hold, the longitudinal axis provides no automation in
the vertical channel and only attitude command in the forward channel, This imbalance
in automation level might be difficult for pilots to adjust to, and furthermore, might lead

to confusion in the event of an emergency or subsystem failure.

This completes the model-based evaluation procedure. In the next section,

the results are assimilated to suggest a potential display format for System F1.

TRecall that approach weighis x; ... have been set to the more liberal cruise values.
Halving Xe mox will result in a 'équaérupling of J .
r
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DISPLAY FORMAT SELECTION

As discussed in Reference 4, there is no unique transformation from ana-
lytically defermined information requirements to display layout. However, a number
of imporfant design principles must be taken into account (Reference 22), particularly
when dealing with integrated displays and with the problem of VTOL conirol. These
guidelines, which are outlined below, supplement conventional dispiay. criteria relating
to instrument design, including location, size, contrast, quantization, and display-

control compatibility.

e  Operator Centered and Oriented Display - The favored presentation
has the aircraft position and orientation fixed in the display, and the
other pictorial informaiion (horizon, glide-slope, hover point, veloci-
ty impact point, altifude reference, etc.) moving with respect to this
reference.

e Geometric Real World Compatibility for Pictorial Displays = Although
the integrated display is not in general o contact analog (and
typically includes command and/or situation information not present
in the VFR view), any pictorial information presented should be com~
patible with a view of the redl world situation. The integrated display
is best when the required information can be perceived by the pilof as
a single comprehensive picture, rather than as a densely packed code
through which he must successively determine the aircraft flight path.

o "Status at a Glance” for Situation Displays = In keeping with geometric
real world compatibility, the essential elements of the display must be
clearly delineated by size, shape, or color. They should be coordinated
with respect to one another so that the sfatus of the aircraft, especiaily
in unusual attitudes, is immediately obvious and does nof require ele-
ment decoding.

e Predictive Capacity ~ In addition to indicating the current state of the
aircraft, the integrated display must show the dynamic situation so °
that the future state can be really surmised. This kind of information
is necessary for lead generation in fast loops (e.g., attitude control)
and for planning maneuvers in guidance or collision avoidance. Dis-
play quickening, explicit rate symbols, display prediction, and
historical trail markers may all be used to this end, and should follow
the [Iarucﬁce of derivative information "leading” the variable on the
display.



° Geomeiric Sensitivity and Scaling - The symbols and elements in an
integrated display must move far enough and fast enough so that the
pilot will be able to detect the motion and estimate its magnitude.
Maximum range and desired pilot gain in each loop must be considered
in scaling the integrated display elements for the various phases of
flight. .

o Use of Digital Information Where Required = An exception to the pic-
torial compatible principle is in the display of information which is
slowly varying and which must be read accurately over a large range.
[n this case, the judicious use of some digital presentations on the
integrated display is appropriate, Digital information should be
minimized, be displayed only when necessary (perhaps on pilot demand),
be legible, and contain as few digits as absolutely required.

These design principles were adhered fo in the development of Straw-Man display format
concepts for the implementation of control/display Configurations IV, 11l and II, which

were analyzed in the previous sections.

The displays for all systems were chosen to meet the assumptions in the analysis
regarding state variables observed by the pilet, RMS values, and indifference thresholds.
In addition, the displays are designed to be compatible with the underlying linearity
assumption of the analysis, wherein the pilot is observing and controlling only small
deviations from nominal condifions, This implies, for example, that the pilot contrals
only deviations of velocity from a nominal prov;ciéd either by an external guidance loop
or by his own trim input. In hover, of course, with the nominal velocity and position
command all zero, there is no difference between the incremental control task and the
control of total velocity or position. A simple diagram illustrating this display concept
is shown in Figure 28. The command to be followed is either generated by a separate
guidance function or is entered by the pilot through his frim control. This command
value serves as one input to this automatic control system and is displayed to the pilot
as a digital signal. If no other pilot control is exerted, the automatic system will follow

the command, driving the tracking error to zero. In the case of velocity conirol, for

example, the pilof, or guidance system, could enter a nominal or command approach
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Figure 28, The Display Concept.

velocity, which would be displayed digitally, and would be followed, except for some
fracking transients by the automatic system in the absence of any pilot control inputs.
The fracking deviations from the nominal are displayed to the pilot in analog form, and
are directly under his control through stick, collective or rudder. These control loops,
wherein the pilot observes and conirols tracking deviations from the nominal, correspond
to the tasks considered in the linear analysis. For velocity control, to conf-inue the
example, the stick deflection would increase ar decrease speed relative to the nominal
or commanded speed, and the deviation from nominal would be displayed in analog
format, There are many reasons for pilot intervention on the level of controlling devia-
tions from nominal, including the requiren::enfs of 4=D navigation, fraffic, noise, or

corrections based on direct visual cbservation.

In all cases of these display cencepts it Ts assumed that the conventional
aircraft instruments are available to provide the pilot with basic vehicle status infor-

mation (8, @, airspeed, efc.j.

5.1 DISPLAY CONCEPT — CONFIGURATION IV

As discussed in the previous section,. System F1 in Configuration IV is not

one of the original control systems developed in Section 3, but was created during the
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analysis to improve the lateral performance of System F. In the longitudinal axes,
System F1 is a velocity-command system (Vx and Vz), the same as System F. However,
in the lateral axes, it is the same as the most automated system, System H, and accepts
lateral position (y) and heading ({) commands from the pilot (or the guidance system).
The primary analytical parameters used in the display format design for System F1 are

summarized in Table 20, These were based on the most critical flight condition —

‘hover.

Two choices must be made in the display concept for this system. The first

is a choice between

° a long:fudlnol !oferal display split (with V,, - V,, data on a 51de-
looking display or a vertical integrated dlspldy, “and. y- ¥ information
oh another display)

. a design based on an altitude (h, V) - horizontal situation (y, A\ ¢)
display, :

Table 20. Analytical Parameters for Configuration |V Display Format (Hover),

RMS Design Control

Display Hover | Maximum | Indifference | Attention
Element | Units | Value | (19 Range) Threshold '(fc.)
i

ix Fif:;sec (TS: }’15 ?:g (]):gg 0,053
(/y fiF'}sec ?:&23 ?:8 g):gg 0,125
P e l2g] 8| s | oo
D acehe| 02| 02 | 0B | oov
b | deadse] 008 | 035 0:13 0.010
g dggasec (]):gg (]):g : 8.%3 0,015




Although the latter necessitates an awkward display-control relationship (velocity control
in x and position in y), it was selected o avoid the geometric incompatibility of a
side-looking or perspective longitudinal display. The choice of a moving map or PPI
horizontal display as the major position instrument is in accord with the experimental
findings discussed in Reference 23, wherein horizontal situation display formats yielded
more accurate piloting than vertical situation displays. Care should be taken in direct
use of those results since they were for control systems with minimal augmentation, rely-

ing instead upon display quickening for stability.

The second choice was between a heading-oriented moving map horizontal
situation indicator (HSI) and a track-oriented display. The former was chosen, because,
at least in hover, it provides direct control-display compatibility between stick position
and display for V. and y. When the x-axis is defined as the aircraft longitudinal axis,
it provides compatibility with an "out the window™ view which is of considerable impor-

tance (References 22 and 24),

The suggesfed HSI and altitude displays for System F1 are shown in Figure 29.
The HSI is a "heading-up" moving map display, in which the actual aireraft heading (),
defining the x-axis, is at the top of the display. The commanded heading appears as a
triangular "bug" at the appropriate place on the compass card. In the absence of any
pilot rudder input, the aircraft would turn until that heading were adopted, and the
bug appeared at the fop of the display. A steady rudder pedal deflection is required to
maintain a steady offset between command ¢ and actual §. The commanded velocity
along the aircraft longitudinal (x) axis is shown as a 3-digit display fo the right of the
A/C symbol, in the center of the HS|. When this nominal velocity is entered by the
pilot using the Vx trim button, a small indicator light below the digital meter is illumi-
nated, as a reminder that the value was not a ground command. Pilot x deflection of

the control stick thereafter controls V,.r the deviation of the actual x velocity from the
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command, displayed as the length and direction of a continuously variable arrow pointing
up or down, Upward displacement indicates that the actual aircraft velocity is greater
than the command. The pilot pushes forward on the control stick to increase inertial
velocity above the command or trim nominal, and pulls back to slow down. In the hover
situation, of course, with command x-velocity equal to zero, the arrow indicates actual

total velocity in the x-direction, positive upwards.

Lateral displacement, y, is similarly displayed and conirolled as deviations
from a nominal. For the cruise condition the nominal or command value of y is normally
zero, and the purpose of the y confrol is to permit the pilot to shiff his cruise lane .
laterally, parailel to his current heading, by any desired amount. The y position of the
quartered circle (which represents the landing pad in hover or approach) indicates the
nominal or commanded y relative to the current aircraft inertial position. System F1
normally operates through y position feedback to keep the symbol on the center line of
the display. The pilot can command short-term lateral deviations (y) without change
of heading by lateral control deflection of the stick, which, in turn moves his vertical
line "lane marker" laterally. In time, this constant deflection causes the aircraft y-
position to change, bringing the line back over the center symbol in the moving map
display., I[f it were desired fo now r_nuin’rain that y=position without continued y stick
deflection, the pilot could enter a y=trim command which would bring the quartered
circle back to the center and establish the current y as a reference. Thus, the pilot
can temporarily "change lanes" with a stick deflection, or cause a semipermanent lane
change through his trim. The y "lane marker" rides through the center of the y-command
quartered circle in the absence of any lateral deflection, and both are in the center
of the display when the automatic system drives y to its commanded value. The variable
y used in the analysis is the distance from the center of the quartered circle to the lane

marker,



The range on the moving map display, which only affecis y for the F1 System,
is variable and controlled by the range select knob. In "auto" the lowest range which
will keep the y-command or landing pad symbol in view is automatically selected. The
pad symbol is a circle when in range, but appears as a semicircle when out of range,
placed in the direction of the y-command or of the landing pad to indicate the course to

take toward the pad or other navigational point,

The ocase illustrated in Figure 29 for the HSI on System F1 is an unrealistic one,
chosen only to demonstrate the display features. Although the commanded heading
is 073°, the pilot is heading 090°, which would require a constant rudder deflection.
The aircraft has commanded groundspeed of 125 knots in the direction of current heading,
as set in by the pilot {x-velocity trim indicator on), To increase speed, the pilot has
pushed forward on the control stick, adding an additional 3 knots (Vx)' The aircraft is
currenfly 250 feet to the right of the commanded y position. The pilot has pushed his
conirol stick to the right fo drive the aircraft to a steady flying "lane" (y) which is 140
feet to the right of the guidance or frim command (110 feet to the left of current position).
The y position feedback loop will, with constant inputs, move the aircraft laterally 110
feet to the left, leaving the lane marker in the center and the y-command symbol 140
feet to the left. When pressure is removed from the stick the lane marker will revert

to a position over the y-command symbol, and both will be driven to the center.

Altitude is controlled by sefting in a commanded rate of climb on the digital
indicator either manually or from guidance. Deviations (VZ) from this command rate are
then controlled by the collective pitch control. The actual altitude is shown to the
left of V_ ona combined digital and moving tape display, in which the first three
numerals give altitude in hundreds of feet and the moving tape shows altitude to the
nearest foot {available from radar in the hover case}. The portion of the tfape centered

within the viewing window is the actual altitude. The moving tape has a fen foot



visible range, and is filtered at a corner frequency of about 1 Hz to reduce the difficulty
of reading. In the case illusirated, the current altitude is 235 feet and the guidance
system calls for & 15 fi/sec sink rate. The pilot has put in a positive \A control, however,

resulting in a 3 fi/sec deviation, or an actual sink rate of only 12 ft/sec.

This display concept permits the pilot to exercise the level of control accuracy
and display indifference thresholds indicated in the analysis even under cruise conditions,
when the command values are large. [n accomplishing this goal, by display and control
of deviations from the nominal, it loses the benefit of "status at a glance" for the fotal

aircraft state.

5.2 DISPLAY CONCEPT — CONFIGURATION I

Configuration |1 differs from 1V only in the lateral axes where the pilot has
direct control over V-y’ rather than y, and he is presented with a flight director signal
for Vy’ Table 21 summarizes the analytical design parameters for the Configuration H
display format, The HSI map display still maintains the heading up orientation, and
merely displays Vy commands as a rofation of the velocity vector away from the center-
line. Thus, through control stick forward and side displacements the pilot controls the
aircraft horizontal ground velocity vector dev}oﬁons from the nominal or trim velocities.
To represent the flight director function a "directed velocity" vector is also displayed.
The pilot should attempt fo match his V_ -Vy vector with the "directed velocity" in the
usual *fly-to" manner, Although only a Vy flight director signal was assumed in the
analysis of Configuration iI, human factors considerations dictate a Vx -Vy director.
By maintaining a heading display orientation, the important control—display directional
compatibility is maintained. Figure 30 shows the display for Configuration [I, with the
landing pad symbol appearing to the left and a commanded deviation of the velocity
vector in that direction, over cmd. above the nominal 15~knot command. Note that for
Configuration I, lateral as well as fore-aft stick motion conirols velocity, which make

the use of a single vector appropriate, as well as the use of range rings.
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Table 21. Analytical Parameters for Configuration I Display Format (Hover).

Displ WS | Desion | 1 iterance | Afcamian
Ispray Units Hover Maximum nat

Element Valve | (1o Range) Threshold (fci)
V, | Wee |TH | 10 VB | oo
)\I/Y 1Ifb’:/sec f.g? ‘15.8 (}):2’35 0.060
f/z g/sec g.gz ]5.8 (1)62')35 0.030
b OB W | 8B | oow
b e |05 08 225 | o.0m0
’ G ee | 0107 - 0% 0.010
Eglg :g/sec g_% 0.1 &8? 0.020
r | e |t |7 ooe | %0

5.3 DISPLAY CONCEPT — CONFIGURATION Ili

For Configuration ]I (Table 22), the full inertial position command system,
the atiractiveness of a track-oriented display is diminished, However, it is still impor-
tant to maintain geomeiric control-display compatibility between control stick-direction
and display motion, independent of heading. Once again a moving map, heading-up
HSI display is used as shown in Figure 31. The HSI display is used to place the line
intersection representing pilof stick input over the desired position on the moving map,
allowing the position feedback system to bring the aircraft to that spot. In the absence

of any control stick input the aircraft is directed to the command position, indicated by
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Table 22. Analytical Parameters for Configuration Il Display Format (Hover).

Display RMS Design Indifference A(Er?:;;io;n
Element Units Hover Maximum Threshold )
Value | (1o Range) c;

Vx  fi/sec 0.76 1.0 0.63

Vy fi/sec 1.03 1.0 0.63

Vz ft/sec 0.80 i.0 0.63

0 deg/sec | 0.37 0.5 0.13

] deg 0.09 1.0 0.25 0.010

;1; deg/sec 0.05 0.5 0.13

¢ deg/sec | 0.58 0.5 0.13

the center of the sectored circle, or landing pad symbol. Pilot control for changes

from the lateral command are depicted by the lateral displacement of a vertical line
from the sectored circle, and conirolled by lateral stick deflection as in Configurafion
V. X-input is similarly depicted by a horizontal line whose height is controlled by
fore—aft stick position. The intersection of these lines is the desired vehicle position
over the ground, reflecting both the guidance command and the pilot stick conirol of
deviation. As heading is independently controlled, the orientation of the x and y axes
(and their respective controls) remains fixed in aircraft axes to avoid controldisplay
orientation changes. In the example, the pilot is calling for a position ahead and to the

right of the commanded position,
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Altitude commands are given both by an indicator opposite the moving tape
altimeter for fine control within a 15-foot range, and by a digital display which shows
the command altitude, as shown in Figure 31. In this example, the guidance system or
pilotf trim called for a command altitude of 225 feet, to which the pilot added an incre-
mental stick deflection corresponding to 10 feet, The actual altitude is between these

two, 230 feet, and would increase fo 235 feet.
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

This section presents a summary of the primary accomplishments and significant
findings which resulted from the research effort. It also describes briefly several sugges=
tions for additional analysis or experimental investigations based on the results of this

study,

6.1 SUMMARY AND CONCLUSIONS

A systematic design methodology for pilot displays in advanced commercial
VTOL aircraft has been developed and refined. This methodology provides the analyst
with a step-by-step procedure to conduct conceptual display/conirol configuration
evaluations for simultaneous monitoring and control pilot tasks. The approach consists

of three phases:

° Formulafion of information requirements
) Configuration evaluation
° System selection

Both the monitoring and conirol performance models are based upon the
optimal conirol model (OCM) of the human operator. The conventional OCM required

extensions for its use in the display design methodology:

° Explicit optimization of control/monitoring attention
] Simultaneous monitoring and control performance predictions
° Indifference threshold effects

The monitoring model developed in Reference 4 was reevaluated in depth, but was not
substantially changed., The basic concept is that the pilot first allocates whatever atten-
tion is necessary o control the aircraft to a desired performance level; then any remain-

ing capacity is used to monitor the sifuation.
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The selection of candidate display/control configurations during the first
phase of the analysis is an important step, and one which obviously affects the remainder
of the process. These configurations can be either prespecified independent of the main
design process, or developed specifically for that effort, For completeness, two corollary
design techniques were presented: one provides a systematic means of developing a series
of control automation levels based upon simple closed-loop response models; the other is
an iferative technique for generating flight direcfor signals which allow the pilot to
respond approximately as a pure gain. The result of these ancillary design methodologies
is a mafrix of vehicle-controller-display system configurations having various levels of

conirol automation on one hand and display sophistication on the other.

The design methodology was applied to NASA's experimental CH-47 helicopter
in support of the VALT research program. The objective was to identify one or more
control/display configurations which could be evaluated during the flight test phase of
the VALT program. The CH-47 application examined the system performance at six flight

conditions:

Cruise
Straight Approach (3%, &°, 9°)
Spiral Approach

Hover

The longitudinal and lateral axes were decoupled and analyzed separately.
The control design technique mentioned above was used to develop a series of eight
avtomation levels for the CH-47, ranging from a completely manua! system to a full
position feedback system. The flight director design approach was also used to generate
flight <':Iirecfor signals for each of the four control input channels at each level of auto-
mation and for all flight conditions. Four levels of display sophistication were

considered:



e @ & o

Status information only

Status information and longitudinal flight directors

Status information and lateral flight directors

Status information and full flight directors

Thus, a total of 4 x 8 = 32 different control/display configurations was investigated at

each of the six flight conditions,

In order to reduce somewhat the computational burden, the performance of all

32 configurations was invesfigq.’red at the hover flight condition, which poses the most

difficult pilot control task. As a resuli many of the original 32 configurations were

eliminated from further consideration, and three configurations were identified as primary

candidates. A fourth candidate was also synthesized from the hover analysis results. This

was made possible by the decoupling of the longitudinal and lateral axes. The four candi-

dates are summarized below:

Configuration |:

Configuration [l:

Configuration :

Configuration 1V:

Pitch attitude command

Collective command

Lateral pesition command
Heading hold

Longitudinal flight directors

Three-axis velocity command
Heading hold
Lateral flight directors

Three axis position command
Heading hold
No flight directors

Forward and vertical velocity command
Lateral position command

Heading hold

No flight directors

The conirol and monitoring performance of these configurations was carefully

cmc:lyze:d for all six flight conditions. The results verified that hover is the most difficult

flight condition for the pilot to control, while cruise is the easiest., The control work-

load during the approach conditions decreases slightly with increasing approach angle
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and for the spiral descent. As expected, the control performance improves with

increased control and/or display automation at a fixed workload. The: lateral response

of the CH=47 is mere difficult to control than the longitudinal. Some automation,

either control or display, is required at hover to maintain acceptable control performance.,
The flight directors are the most beneficial to the least automated systems. Of the six '
flight conditions investigated, a flight director is only essential for hover, but it would
undoubtedly be useful for nonsteady conditions such as the fransition to hover or a missed

approach.

The evaluation of the four candidate configurations led to the selection of
Configuration IV as the most favorable, with lil and |l being the alternate choices,
Configuration |V does not require a flight director, and has a reasonable workioad that
is balanced beifween the longitudinal and lateral axes. The monitoring performance is
acceptable, and the control performance is comparable to the fully automatic sy‘si'em

(Configuration Ill). The control performance is also insensitive to workload variations.

Based upon the analytical resu‘lfs,-display formais were developed for Configu=-
rations |V, Ill and 1. Accepted display design gULde_lines were followed in formulating
unconventional formats for each configuration which satisfy or exceed the specifications
used in the analysis. These candidate formats can be evaluated via pilot=in~the~loop
simulations with the NASA Terminal Area Diépldy‘Resecrch Facility, and eventually

flight-tested in the CH=47 research helicopter,

6.2 RECOMMENDATIONS FOR ADDITIONAL RESEARCH

During the course of this study several topics have been identified which
warrant additional research or which should be the subject of ground and/er flight

experiments. Several of these suggested research efforts are outlined below.



6.2.1 TIME-VARYING ANALYSIS

The present investigation has been'restricted to steady=state flight conditions.
A time-varying analysis should analyze the performance of candidate control/display
configuratfions along the entire mission profile: takeoff, climbout, cruise, approach,
transition to hover, hover, and missed approach. This investigation could be conducted
as a Monte Carlo analysis, which would permit the inclusion of nonlinear effects, or it
could be carried ouf as a linear analysis by propagating the error covariance mairix.
Besides predicting the full mission performance, this study could examine the transient
effects of subsystem failures and the performance of adaptive control and/or flight

director algorithms.

6.2.2 EFFECTS OF SYSTEM FAILURES

The effects of system failures on the piloting task should be investigated,
Representative failure modes should be defined (i.e., actuator failure, sensor failure,
etc.) consistent with the generic augmentation systems. The optimal control model
should then be utilized to examine the pilo‘t conirol workload and performance under
the assumed failure mode conditions. For example, results could be obfained that
indicate whether a flight director designed for a velocity command system can be used
when that augmentation system fails. Consideration should be given fo investigation of
fransient conditions to determine the time required by the pilot to recover from different

assumed failures.,

The investigation could also examine the failure detection process under
various situations. One promising approach would extend the present OCM to provide
for a different model in the pilots' estimator. than is used to represent the vehicle/display/

control system response. A failure would be reflected as a change in the latter model.



6.2.3 GUIDANCE AND NAVIGATION ERRORS

In the present analysis the only errors in the pilot's observations arise from
observation noise and from indifference thresholds; that is, the display instruments are
being driven with perfect data. In reality, the information which the instruments present
is derived from imperfect measurements. Somefimes, these measurement errors may
greatly surpass the errors considered in the present study. They generally depend upon
the type of navigation and guidance equipment being used, and moreover may be
nonlinear or vary with time or position. A complefe analysis should evaluate the entire
system's performance including the navigation and.guidance errors in addition to the
"flight technical error” predicted by the present model. Such an investigation would
use performance estimates of the navigation/guidance systems anticipated to be opera-
tional for VTOL aircraft in the next two decades (Reference 1). This study might also
consider the effects of visual "out-the-window" observations and vehicle motion cues

as well (e.g., References 25 and 26).

6.2.4 ADAPTIVE CONTROL

The feedback control laws and flight director algorithms developed in the
current study change with flight conditions to compensate for the hélicopter's response
variations. Reference 4 found that a fixed gain flight director would not be satisfactory,
while Reference 27 has investigated the design of digital-adaptive controllers for the
VALT Research Aircraft. The feedback control laws and the flight director algorithms
for a specified control/display configuration should be developed for an adaptive system.
Since these adaptive versions would mosi likely differ from those obtained in the stationary
analysis, they should be reevaluated for selected flight conditions. A time-varying
analysis should be conducted to verify the or‘:lapﬁve system's continuous performance

through the flight profile.



6.2.5 FLIGHT DIRECTOR DESIGN

The systematic flight director design technique developed in this investigation
is based on the accepted premise that the pilot normally prefers to participate in the
control loop as a pure gain.* The composite dynamics results presented in Section 3
verified this assumpfio.n for many cases, but in other situations the assumpfion seems to
be extremely inaccurate. A detailed reexamination of the flight director design tech-
nique as well as previous research on closed-loop pilot control behavior would be useful
to understand the design requirements for VTOL flight directors. This investigation
should also examine the effects of control automation level on the flight director

characteristics and composite system dynamics.

6.2.6 PILOT INTERACTION WITH AUTOMATIC SYSTEMS

The pilot's interaction with an automatic system has been only briefly
addressed by control theory models. Studies of this interaction should be conducted
to examine factors such as the pilot's acceptance of the automatic system; the "harmony"
of the system (i.e., whether the automatic system responds the way the pilot thinks he
would); whether the pilot's interaction. with the system is by monitoring a closed-loop
system or by controlling the open-loop system, Actuator movement information can be -
presented to the pilot by dedicated displays, or by control stick motion, In one case
only visual information is presented (actuator monitoring is done through the visual
channel); and in the other case the monitoring is done through the kinesthetic _channef
(thus allowing more time fo visually monitor other displays). The model should be
examined to see whether differences in failure detection times using these two methods

can be accurately represented by the model,



6,2.7 FIXED-BASE SIMULATION EXPERIMENTS

A series of fixed-base pilot~in-the-loop simulation experiments should be
planned and conducted to (1) validate the extensions in the pilot model accomplished
during the initial phase of the study and (2) evaluate and verify the display/control
system concept for the CH-47. The experiments should be conducted on the NASA
VALT fixed-base display research facility with a good cross section of subject pilots.
Consideration should be given to experiments for measuring the performance differences
and subjective differences between integrated displays and separate displays. Based on
the results of the experiments, methods for representing appropriate changes in the
analytical model should be made. Experimenis to measure monitoring strategies in the
simulation should be included fo determine whether the pilot actually uses @ normative
strategy (i.e,, how he should do it) as represented in the present model. Occulometer-
scanning tests should be carried out and the results compared with the attention allocation
predictions of the analytical model. Experimental control performance versus atfention
curves could be generated for selected control/display configurations by varying the
subjects' total control attention through the use of side tasks. These resulis would be
compared to the OCM predictions, and would also show the performance sensitivity to
control attention. The straw=man display formats presented in Section 5 represent only
one of an unlimited number of possible designs to satisfy the OCM specifications. Other
formats could be developed which provide the same analytical performance predictions;
these should then be evaluated in the fixed-base simulator to establish their experimental

performance differences and the pilots' subjective ratings of each.

6.2.8 FLIGHT EVALUATION

Ultimately, the candidate display/control configurations should be experi-

mentally evaluated under actual flight conditions in the CH=47 VALT Research Aircraft.



Detailed experiments should be developed using the results of the present study and -
subsequent analytical and ground-based experimental investigations. The experimental
design would include such elements as: scenarios and flight profi]e;‘,, vehicle control
automation levels, instrument and display formats, navigational accuracy, instrumenta-
tion and recording requirements (accuracy, data rate, quantization, capacity, etc.) for
measuring all performance variables, pilot rating questionnaires. Once the experiments
have been designed, the flight research phase must be carefully monitored and suppori’e&
throughout to ensure that they are conducted effectively, with a minimum need for dedi~
cated flight time, and that all pertinent data is completely documented. Finally, the
results of the flight test must be carefully analyzed, both on an absolute basis and in

comparison to the previous analyfical predictions and simulation studies.
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Appendix A
EXAMPLE RESULTS FOR CH-47 AT HOVER

This appendix contains detailed numerical results to illustrate the design
procedures as applied to the CH-47 helicopter. Since it would be impractical to
present the numerical results for all flight conditions and all system configurations, we
have selected the most difficult flight condition (hover) and the three-axis velocity

command system (éys’rem F) for these example results.

Al LONGITUDINAL AXES

The longitudinal axes state, control and disturbance vectors were defined in

Equation (119), repeated below for convenience,

] .1
X = [Ugr Wgr wg'lr qgr Xy er Z; sz 8, 9]

u=ls, 8]
w= I, ]

The open=loop dynamics at hover are given in Figure A=1, Application of the conirol
design fechnique discussed in Subsections 3.1 and 3.3 yielded the automatic system
feedback gains Lee and closed=loop system matrix Ay shown in Figure A~2. The state

and control weighfings used to obtain these results were derived from Tables 8 and 9:

Q

X

bieg [0, O, O, O, O, 0,0013, 0, 0,0178, 5.285, 5,285]

Q

, = Diag [0.143, 7.226]
Next, the flight director design process was qppliéd as described in Sub-
sections 3.2 and 3.3. The resulting status and flight director observations and corre~

sponding indifference thresholds are given in Figure A-3. The observation vector for

these is

PRECEDING PAGE BLANK NOT FILMED

A-1



oL

[ ~0.0474 0

0 ~0.5060
0 -0.2530
0 ~0.0040

0 0
0.0182 =0.0004

0 0
0.0073 0.2990

0 0
| -0.0095  -0.0013
By =

0
0.2530
0
0.0020
0

o O o O

0.3290

0
0
0
-0.2010
0
-2.620
0
-0.1350
0
1.230

O O O O O

0.0044
0
-8.120
0

0.0191

o O ©C O O O O O O O

o O O 0

1.0
-0.0182
0
-0.0073
0

0.0095

0
0
0
0
0
0
0
0
0
0

o o O O

0
0.0004
1.0

-0,2990

Figure A-1. Open-loop CH-47 Longitudinal Hover Dynamics,
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[X, VX' Z, VZ’ er B FDB; FDe, FDZ’ F DZ]

~
i

= Cox + Dou

The results of the control and flight director design processes were then used
in Program PIREP to evaluate the conirol performance as a function of pilot workload,

The following additional input data were required:

° Pilot time delay: « = 0.2 sec

° Motor noise: Vo. = -25 dB

. Observation Noi;e: p? = 20 dB
The results for three levels of control attention Fc are presented in Tables A=1 and
A=2, respectively with and without the flight directors. The "Total Cost" shown in the
tables is the contfrol cost J defined by Equation (28), while the "Performance Cost" is

conirol performance metric P_ given by Equation (5). The "Cost Gradient" is the

gradient 9r =BJC/BFC as in Equation (38).

A.2 LATERAL AXES

The lateral axes state, control and disturbance vectors were defined in

Equation (120}, repeated below:

L |

X = [V r v -{, ng rg,r y,r Vyl ¢I ¢l’ 1!” "Dl]

g g
u = [5qr 6|"]!
w = IT]V’ np]l

The open-loop dynamics at hover are given in Figure A-4, The control design process
produced the closed-loop system matrix and feedback gains shown in Figure A-5. The

weighting matrices used fo obtain these were also derived from Tables 8 and 9;
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Table A~1, longitudinal Performance Summary — System F With Flight Directors,

Total Control _ _ =
Attentioh FC = 0.2 FC =0.4 fC =0.6
Control Control Cost Control Cost
Display Variable RMS | Attention | RMS | Attention | Gradient | RMS | Attention | Gradient
{v;) Value (£,) Value (f.) (-g¢) Value (fc.) (-gf.)
i i i i i

x  (ft) 3.66 0.016 2,83 0.019 0.09 2.51 0,019 0.07
Vx (ft/sec) 0.75 0.016 0,60 0.019 1.09 0.53 0,019 0.68
z (fD) 1.60 0.016 1.07 0.017 0.04 0.92 0.0146 0.01
Vv, {ft/sec) 0.58 0.016 0.44 0.017 1.28 0.39 0.016 0,67
s (deg) 0.61 | 0.019 0.53 | 0.036 1,03 | 0.49 | 0.105 0.51
q (deg/sec) 0.49 | 0.019 0.45 | 0.036 1.40 | 0.42 | 0.105 0.86
FDe (in) 0.19 0.095 0.16 0.204 2.66 0.15 0.283 1.34
FD, (in/sec) 1.22 | 0.095 1.21 | 0.204 0.26 | 1.20 | 0.283 0.19
D, (in) 0.26 | 0.054 0.19 | 0.124 1.39 | 017 ] 0.176 0.70
FD, (in/sec) 0.29 | 0,054 0.30 | 0.124 1.35 | 0.30 | 0.176 0.77
Control Variable RMS RMS RMS
(u;) Value Value Value
b (in) 0.25 0.25 0.25
5C (in) 0.13 0.13 0.13
Total Cost (Jc) 3.52 2.49 2.09
Performance Cost (P c) 0.47 0.34 0.28
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Table A-2. Longitudinal Performance Summary — System F Without Flight Directors.

Total Control _ - =
Aftention fc; =0.2 fc 0.4 Fc 0.6
Control Cost Control Cost Control Cost
Display Variable RMS | Attention | Gradient | RMS | Atiention | Gradient {| RMS | Atteniion | Gradient
) Voloe | (F, ) | (wap) | Valve | (f) | () |Value | (F) | (g)
i i i i ! i
x {fH 4,74 0.083 1.34 3.50 0.120 0.46 2,94 0.154 0.23
Vx {ft/sec) 0.90 0.083 10.56 0.68 0.120 3.52 0.58 0.154 1.73
z (f) 2.32 0.058 1.36 1.77° 0.098 0.33 1.47 0.142 0.13
vV, (fi/sec) 0.74 | 0.058 9.40 | 0.63 | 0.098 3.52 | 0.56 | 0.142 1.75
6 {deg) 0.69 0.058 7.09 0.57 0.182 2.04 0.51 0.301 0.89
g {(deg/sec) 0.53 | 0.058 4.5 | 047 | 0.182 | 2,04 [ 0.4 | 0.301 | 1.14
FD, (in) 0.24 | 0.0° 0.19 0.0 0.17 0.0
F'De (in/sec) 1.23 | 0.0 1.21 | 0.0 1.20 0.0
FDz (in) 0.35 0.0 0.29 0.0 0.25 0.0
FD, (in/sec) 0.28 0.29 | 0.0 0.29
Control Variable RMS RMS RMS
" (v;) Value Value Value
8¢ (in) 0.25 0.25
5, (in) 0.14 0.13 0.13
Total Cost (Jc) 4.25 2.85 2.28
Performance Cost (Pc) 0.68 0.44 0.35
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Figure A=4, Open-Loop CH-47 Lateral Hover Dynamics,
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Diag [0, 0, 0, 0, 0.0013, 5.285, 5.285, 5.285, 5.285]

Q

X

Q. = Diag [0.2281, 0.0549]

U

The flight director design process for lateral System F yielded the observation
matrices and indifference thresholds shown in Figure A-6. The lateral system observation

vector is

y = ly, Vy, b, b b FD¢, FD¢, FDqJ, FDW]

Program PIREP was used to evaluate the lateral system performance in the

same manner as described for the longitudinal axes. The results for three levels of

lateral conirol attention, with and without the flight directors, are presented in Tables

A-~3 and A-4,

A-10
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0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 57.3 0 0 0
0 0 0 0 0 0 0 57,3 0 0
=] © 0 0 0 0 0 0 57.3 0
0 0 0 0 0 0 0 0 0 57.3
0 0 0 0 0.0351  0.1519 12,16 13.45 0.8177 2,176
0.1127 0 10.07 -0,0137 -0,0006 -0.3126 =-37.14  -33.19 -2,998 3,649
0 0 0 0 -0.0084 -0,0260  ~1.699  ~2.380 4,625 23,07
0.0067 0 =0.4970  0.0962  0.0001  0.0649 8.028 6,968 45,72 ~60.24
Dy = 0
a = [1.250 0.2500 0.2500  0.1250  0.2500  0,1250 0.0859  0.0430  0,0240 0.0120 1

Figure A-6. CH-47 Lateral Hover Observations and Thresholds - System F,
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Table A-3. "Lateral Performance Summary — System F With Flight Directors.

Total Conirol

Attention fe=0.2 fe=0.4 fe=0.6
Conirol Cost Control . Cost Control Cost
Display Variable RMS | Attention | Gradiént | RMS | Atfention | Grodient | RMS | Attention | Gradient
(y.) Value (f.) (~g, } Value (f ) (-g; ) Value (f ) (~gr)
i c Fi ¢ Fi ¢4 fi

y {ft) 6.19 0.020 0.21 5.27 0.054 0,04 4.90 0,089 0.02
V. (fi/sec) 1.18 .| 0.020 9.25 1.00 0.054 2,80 0.93 0,089 1,51
¢ (deg) 1.59 0.010 0.07 1,54 0.010 0.03 1.52 0.010 0.02
¢ (deg/sec) 0.70 | 0.010 0.51 0.67 0.010 0.41 0.65 0.010 0.31
y  (deg) 0.07 0.010 0.00 0.06 0.010 0.00 0.05 0.010 0.00
i (deg/sec) 0.05 | 0.010 0.01 0.05 0,010 0.00 0.05 0.010 0.00
FDQ5 (in) 0.20 | 0.140 10.70 0.19 0.310 2,99 0,19 0,473 1.53
FD,, (in/sec) 1.64 | 0,140 0.53 | 1.63 | 0.310 0.33 1.62 | 0.473 0.26
FD, (in) 0.02 | 0.020 0.48 . | 0.02 | "0.016 0.03 0,01 0.017 0.01
FD, (in/sec) 0.18 | 0.020 0.43 | 0.16 | 0.016 | 0.32 | 0.16 | 0.017 0.26
Control Variable RMS RMS RMS
() Value Value Value
8, (in) 0.28 0.28 0.28
ﬁr (in) 0.03 0.03 0.03
Total Cost (Jc) 8.16 6.93 6.45
Performance Cost (Pc) 1.24 1.05 0.88
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Table A-4, Lateral Performance Summary — System F Without Flight Directors.

Total Control _ _ =
Attention fe=0.2 fe=0.4 fe=0.6
Control Cost Control Cost Control Cost
Display Variable RMS | Attention | Gradient | RMS | Attention | Grodient | RMS | Attention | Gradient
(v.) Value (f ) " {~g) Value (f ) (-g¢) Value (f ) (-g; }
i i Fi Ci F; Ci ff
y (ff) 6.53 0.162 0.42 5.50 0.322 0.08 5.04 0.443 0.03
VY (ft/sec) 1.30.{ 0.162 11.27 1,12 0,322 3,92 1,04 0.443 2,35
¢ (deg) 1.67 | 0.020 0.91 1.62 |  0.059 0.41 1.59 | 0.137 0.21
3 (deg/sec) 0.76 | 0.020 3.20 | 0.73 | 0.059 2.76 | 0.71 0.137 1.93
y  (deg) 0.08 0.018 0.0 0,07 0.019 0.00 0.06 0.019 0.0
{p (deg/sec) 0.06 0.018 0.04 0.05 0.019 0.01 0.05 0.019 0.0
FD,, (in 0.23 | 0.0 0.22 | 0,0 0.22
F.D¢ (in/sec) 1.67 0.0 1.65 0.0 1.64
FD‘y (in) 0.03 0.0 0.02 0.0 0.02
FD\IJ (in/sec) 0.20 0.0 0.19 0.0 0.19
Contro] Variable RMS RMS RMS
(us) Value Value Value
6, (in) 0.28 0.28 0.28
8 (in) 0.04 0,04 0.04
Total Cost (Jc) 8.77 7.53 6.93
Performance Cost (Pc) 1.42 1.21 1.11




