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\ SUMMARY

- This interim report presents the Sperry efforts to date in its
research |program investigating predictive instrumentation techn.ique& for
manual coftroi of aircraft, under Contract NONR-4197(00).

The work accomplished to date includes the following:

G) A detall definition of the characteristics of the control systems&

to be studied’. This-4nclUd®S the Jotermimtion or the-prediction
tem_characteristics;and the 8Iituation psram-
d.

/fhe design and fabrication of a complex of experimental equipment
which will permit the research to be mplcnontod, This—cunststs

of a _control station foWi’fé" gLy pYay-mediurr,
MWO!‘ and - :

‘*tornnco criteria particularly suited to evaluating manual
control capabllity 1‘ -tasks with limited time constraints have
.. __been un.ratod’
—.heen

{
— (,() An experimentai progru which will permit the systematic inclu-

sion of all of the variables vhich affect control performance has
been established in detail,

The completion of this research will provide a sound basis for
appropriately applying prediction concepts to specific aircraft maneuver
tasks, incorporeting prediction information in exiesting cockpit displays,
&nd generatinrg nev displays to handle prediction data. ( ) %\_m
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SECTION I

INTRODUCTION

e

This report was prepared by Sperry Gyroscope Company Division of
Sperry Rand Corporation, Great Neck, New York, under Contract No. NONR-
4197(00) .

Predictive instrumentation involves the presentation of informa-
ticn to the vehicle operator regarding the future state of the vehicle as
the result of contingent control inputs. As presently conceived, this is
accomplished by presenting extrapolated paths based on the present posiiion
of the vehicle, the contingent control input, and the dynamic characteris-
tics of the control system.

Inrormation pertaining to the result of a particular control
input before that input is made, can be of signiricént value to the opera-
tor, particularly in time-constrained situations. In time-constrained,
error-nulling situations, where the vehicle must be correctly positioned
within a given time, it is not always sufficient to present "quickened"
flight director command information (reference 1). While this information
tells the pilot which control 1nbut is cérxect, it gives no information
regarding the time required to arrive at the desired end state. The
maneiuver may be-‘correct, but it may take too long. Therefore, information
invelving both maneuver appropriateness and maneuver time in relation to
available time would have utility in such situations. This is what pre-
dictive instrumentation accomplishes. It puts the projected result of a
control input into the context of avallable time, and in effect, tells the
pilot what his future position will be, and when this will occur.

Prcdictioa information can be used with or without flight director
instrumentation. Used together, prediction places the commapd information
in a time ccntext so that the pilot is told what to do (£f1ight director)



&nd how long the complete maneuver will taks (prediction). Predictive
information itself gives the pilot future maneuver_data in position and

tine for specific control inputs, but it does not give/him control command
information,

y
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SECTION II

PREDICTION TECENIQUES

The prediction techniques being investigated in this program are
of two types. Those based on fixed stick inputs are termed simple pre-
diction systems, while those based on quickened or director programs to
control stick inputs are called flight path prediction systems. The effee-
tiveness of these systems must be compared to performance levels achieved
with manual control systems and with director control systems. A descrip-
tive summary of all systems being investigated is presented in the follow-
ing paragraphs. ‘

2-1. SIMPLE MANUAL CONTROL

Tne human pilot i3 presonted with displacement information only,
as in figure 1. He can obtain rate information visually by observing the
rate of change of displacement, through the motion of the vehicle with
respect to the desired course. Acceleration feedback may also be ¢ tained
to some extent from ary curvature tiat the path of the vehicle may exhibit.
The operator controls stick position to return the vehicle to the on-course,
and to maintain this flight path, befure the vehicle reaches the gate at
the end of its run. The vehicle has & constant speed in the longitudinal
deviation, which defines the time available for the control task.

2-2, DIRECTOR CONTROL

A flight director omputer combines displacement, rate, and
higher derivative informatic i to provide z--single command signal which the
pilot can easily satisfy continuously with appropriate control inputs. The
flight director display may be in either pursult or compensatory foirm, and
it is presented as the indicator with the single element in figure 2. The
vehicle will return to the desired course in a stable manner; the exact

2-1
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pash will depend on the initial condi*ions, ihe dynamie charactaris_ics of
the veuicle, and the sens.tivities selected for iiputs vo the fl;ght direc~
toy. The position of the vehicle with respect to the on-cHhurss _ e also
displayed for purpuses of situation assc.3sment (moritoring;.

2-3. SIWPLR PREDICTION

The position of the vehicle in relatlon to the on- 2ourse is d4i, -
yplayed as in the case of simple manval control. In addition, one oir nmore
predicted flight paths are also presented, as indicated in figure 3. I.es:
represent the path of the vehicle if the control were immediately returred
to neutral, or mflntained in 1ts present position, and the paths if the
control were similarXy placed in eitter the left or r!ght extreme or hard-
over positions. The pilot decides when and how to manipulate the control
on the basis of the present posltion of the vehicle and the predicted
flight paths.

2-%, SIMPLE PREDICTION HI!R DIRECTOR CONTROL

This control scheno is A composite of Simple Prediction and
Director Control, and its display is peesented in figure 4. The predictibn
information is used to reduce large dlsplacements in relatively short time
periods, while the director provides stable coupling tc the on-course.

2-5. FLIGHT PATH PREDICTIOI WITH DIRECTOR CCONTROL

Tne predicted/flight path of the vehicle Jf tie pilot were to
continuously satisfy all director comsands is presented in the display in
figure 5. The pilot has an imssdiate indication whether the flight direc-
tor prograa is adoquato to reduce the displacnlont, and its rate to accep-
tably low velues in the time or range resaining for the maneuver.

o

2-6._ FLIOHT PATH PREDICTION WITH PARZAETRIC DIRECTOR CONTROL

This system is identical to the preceding Flight Path Prediction
System, with the exception of one key addition. The pilot can modify the
flight“director contzol program if the prediction information indicates
that the program is inadequate to reduce the displacement and/o:x rate error
in the time remsining. Thus, in {igure 6, the piiot reduces thy response
time of the system by altering the flight direct~r program until prediction
for the modified program indicates that it is satisfactory, e.g., the
dotted flight path.

2-2




SECTION III

PARAMETERS TO BE INVESTIGATED

The factors which affect performance levels achieved ln manual
control tasks may be classified ‘n thrwe categories: prediciion parameters,
system characteristics, and situation parameters,

3-1. PRCDICTION PARAMETERS

Three aspects of prediction are important: what is predicted,
how far ahead in time is 1t predicted, and how ofven is it repsated on the
display?

81

A, NUMBER AND TYFE CF PREDICTIONS

The quality of infurmation presented by means of the display is
affected by the nature of the prediction. That is, how ugeful 1is the pre-
dictive information given to the operator? For simple prediction techniques
the nature of the ’nformation is a predicticn of the future puth of the
vehicle based on a contingent rontrol stick position. It is possible to
predict, or the basis of any stick position, *he vehicle motion which would
result from the ccntrol being in that position. For simple prediction,
useful displays to #n vperator consist of inf :ivnation relating to what
would happen if the gtick were in the hard-or : nhositions, and/or the
center (zero acceleration) position, and/cr trn:¢ preserit stick position.
Extreme positions tell the operator the lirits uf control capability, null
position tells him the effect of no more ccntrol inputs, aid the present
position tells him the effect of no contr.. change.

For director control, the ébntrol inputs are constrained by the
director program from which the track of the vehilce may be predicted and
displayed.
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B. PRXEDICTION PERIOD
Regardless of what is predicted, the period of time for which it

~1s predicted has inforsational importance. Some considerations are invol-

ved in this parameter to determine suitable limits., The utility of pre-
diction is based on the operator being ahle to act on this information.
For exampie, \f a system cannct respond in less than 2 seconds, it does 2o
good to predict for only onie second ahead, since the operator is unable to
tske any effective action. Conversely, a prediction beyond the available
maneuver time has no practical value for the operator, since he is not
ccncerned with what happens safter the available time has elapsed. The
linits of this parameter are defined than by the system's response time at
the lower end, and by the available time at the upper end. It is logical
t.at the prediction period should be a function of available time rather
than a prescribed mumber of seconds. That is, the operator may want to
see 3 seconds prediction for a 10-second problem, but 9 seconds for a 30-
second protlem. In both cases he is seeing ahead 30 percent of the time
before the rinal gate is reached. It is improtant to determine system
performance as & furction of predicting different proportions of available
time.

C. PREDICTION REPETITION RATE

A third important oconsidereation in displaying predicted informa-
tion is the repetitien yate at which it is displayed. Hereo sgain, available
time 1s oriticed ia deteraining the utility of repeated inforwation. For
long-term m mmm is not interested in very rapid repetitions
tion, but would probably be able to profit

} ePitical in determining the value of prediction
j9. 44 that they provide sdequate information to
we_gontrol inputs. In this regard, relationship
YIS, 8 swpetifion rate exists. PFor example, in short-
i spesatie waats his prediction updated most frequently and
vants to mam«u short time ahead. In long-tera problems where
short-time chIQ'II a¥e st eritical, he would be adequately served by a
ionger prediotish peried whioh is updated less frequently. Thus, the
prediction pevied and repetition rate parameters are interdependent, both
being h‘lod on Ivllllhio time. Their influonce on the display is indicated
in tigure 7. " ‘ ‘

KA b e




3-2. SYSTEM CHARACTERISTICS

System performance is mediated by the dynamic characteristics of
the system, which determine how the system vesponds to the control input.
The nature of these dynamics vary with the matuematical order of the system,
as indicated in table 1.

TABLE 1
SYSTEM CHARACTERISTICS
Order of Dynamic Control
_Sys*tem Parameters input
First T Velocity ;
Second {, @y Acceleration ;
Third §, L, on : Rate of e

Acceleration y G
Table 1 pertains to a system in which position is the controlled
variable, but its form has general application.

For a first-order system the relevant parameter is a time-constaat,
v+ While the first-order system cannot overshoot, it is affected by the
parameter r in terms of the times before the desired output is reached. For
second-order systems the parameters are damping [, which determines the
shape of the response track, and natural freguency,; w,, which determines
the extension of the track in real time. o

These dynamics determine the systea's transient response charac-
teristics and, for a director-type predictive system, are used to trace the
predicted path. Ry this technique it becomes possible for the opserator to
be shown the path the system takes when the control input 1s as directed,
énd whether the mansuver will be completed in time.

8ince the transient response characteristics determins system
perforsance and these characteristics are determined by the system dynamics,
their importance is evident. In the non-directed system, the operator, in
effect, is the one who determines these response characteristics by modify-
ing control inputs to modulate the system dynamics.

3-3. SITUATION I ARAMETERS

The situation parameters define in detail the problem with which
the operator is confronted in the control task, as indicated in figure 8.

3-3




A. AVAILABLE TIME

As an example, consider the problea confronting the operator
whose control task is to position the vehicle correctly with respect to an
Yon-course™ line within a given time limit. This time limit 1s determined
by the forward velocity of the vehicle and the distance to the end gate.

As the available time decreases, the demands on the operator to make a
correction more quickly and/or more drastically increase. Consequently,
available time 1s critical in determining the requirements of the system,
and its performance can be evaluated as & function of this parameter.
Indeed, success or failure of a maneuver is determined in terms of available
time; for correction is or is not possible depending on how much time
rerains-in which to make ths correction. Bven when enough time is avail-
** able, it behooves the operator to make the correction as quickly as possi-
<dle in order to unburden himself toward the end of the problem (that is,

to allow as much margin for safety as possible). In this sense, the oper-
ator 1s practically constrained to null the system's error state as quickly
as possible with available time as a limiting factor.

B. INITIAL ERROR AND ERROR RATE

The need for corrective control inputs in any problem situation
is contingent upon the existence of an error state. An error state results
from a positional error, for example, a displacement of the vehicle from
the course line, or from a track heading error which produces an error
rate, or a combination of position and treck heading errors.

- A8 the error scafditioa of the aystem varies so does the require-
ment for the systea to eorrest it. With & given available time the greater
the error condition, the grester the demead on the systea.

There 18 & relatienship betwoen @vailable time and error condi-

~ tion which determines the mq @ system. A combination of these

twvo fastors can be sush that the aystem 18 insapable of successful maneuver,
if there 1s not encugh time to mull ewut the existing error. For a given
system then, an envelope ¢f feasibility oan be determined on the basis of
error conditions, systea ehazasteristies, aad available time.

The naturs of the t!!gltcnt rosponse of a second order system
subjact to an initial error and an initial error rate is presented in
figures 9 and 10. The effect of the parameters { and «, on the response is
indicated in these figures. 7The data on which the response to an initial
position error (figure 9) is based, is standard in the literaturs, as for

~
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example, reference 2. However, the response to an initial error rate is
not availatle, and was developed on this program as presented in Appendix
A. The combination of data for error and error rate enables one to deter-
mine the response of the linear system subject to eny combinei initial
error snd error rate by superposition. o
i

3-%. DISPLAY PARAMETERS

There are a number of display parameters which mediate the quality
of predictive information presented to the operator. These include trace
persistence, intensity and contract levels, and symbol size and shape.

A, TRACK PERSISTENCE

In a CRY presentation, predictive inf'ormation is presented in the
form of successive traces spaced & relatively short time apart, which may
overlap., The persistence of the trace must be considered in terms of
possible confusion due to superimnosition. If versistence time is too long,
the effect of successive presentations may be a confusion of lines so that
it is difficlt to tell them apart. If persistence time is too short, on
the otber hand, information may be lost. The prediction is generated by a
fast time extrapolation of present bosition and tekes a finite time to
trace out 1ln its entirety. If persistence is too short, the beginning of
the trace can disappear before the end is generaied. The phenomenal
result would not be a complete line trace. As a result, variable inter-
mediate information may be lost.

B,/ 'INTENSITY AND CONTRAST LZVELS

Information is of no value if it cannot be seen clearly by the
operator. In order tc'maxinizo clarity of information it is important to
consider contrast and 1nﬁinaity levels, particularly where tnese parameters
are used to distinguish one piece of information from &nother, e.g., present
stick position prediction distinguished from center stick position by dif-
ferent intensity levels.

C. SYMBOL SIZE AND SHAPE

The size and shape of the symbology representing the present or
the terminal position of the vehicle can affect the information aspects
of the display.

AN
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D. SUMMARY

These display characteristics, although parametric in nature, are
presently not being considered as experimental variables. Instead, parti-
cular values of each have been selected from a range available with the
experimental equipment. These are assumed to be adequate for the presenta-
tion of inforsation.



SECTION IV

EXPERIMENTAL EQUIPMENT

1
A view of the arrangement of experimental equipment which has

been designed and fabricated for this research program is shown in figure

11. This complex does not include the analog computer and thé data recorders.
A close-up of a test subject in his seat with the primary CRT display, the
flight director below the CRT, and the control stick is shown in figure 12.

A detail description of all of the components in the complex,
and their relationships is presented in this section.

4-1. GENERAL

A simplified breaxdown of the system is presented in the system
block diagram, figure 13. The major subdivisions are indicated, together
with the interconnections, and inputs and outputs. The system consists of

- Analog Coaputer, Reeves Model LOOC
- Control Panel
- BSwitches and Pattern Generator Unit
- Imnge Programmer
= 0scilloscope (CRT Display).

, The Analog Computer (figure 1l4) receives input signal information
from the control stick and processes it to derive the required voltages to
generate all traces.

The Control Panel contains the indicator lights, switches, and
controls to allow selection of mode of operation and adjustment of problem
time, initial delay of stick control, initial error, initial error rate,
computer coerficionts, and electrical stick stiffness. In addition, the

4m1
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the Control Panel has the problea start push-button with indicator light
indications for computer ready, recorders ready and problem on. At the
end of the problem, %the equipment resets automatically.

The Switches and Pattern Generator Unit contains the gates that
control the flow of analog data to the ogcilloscope. Actuating pulses
for the gates are received fros the Image Programmer and convert the com-
puter information from parallel to serial form, as required by the oscillo-
scope. The Switches and Pattern Generatcr Unit offers controls for adjust-
ing the display time for the fast traces, the dead time between traces,
and percentage of the fast traces to be blankei. In addition, there are
controls for adjusting sizes of real-time ani fast-time vehicle identifi-
cation images, either crosses, circles, or both.

The Image Programmer generates the pulses required to fire the
switches and effects a multiplexing program of the computer analog outputs
to make them compatible with the oscilloscope. As indicated in figure 15,
image programming functional drawing, the 400-cps voltage supply is used
as the tinie reference and input, and is shown going into a frequency doubler
The cutput is an exact double multiple of the 1#Oo-cps source and goes to
two blocks. One block is a one-shot multivibrator (140 microsecond pulse)
and via the blanking circuits (subsequent block) blanks the retrace lines
on the oscilloscope. The output of the frequency doubler also goes to four
f11p-flops incascade where the 800 pulses per second (double 400) are suc-
cessively reduced by factors of twe down to 50 pulses per second. The last
of these is used as the freame repetition rate of the system. Emitter fol-
lowers are used in conjunction with the flip-flops to increase the fan-out
capabilitiesi that 1s, allov driving seny more loads, Ultimately, the
X and Y switches are fired by way of the AND gates, OR gates, pulse ampli-
fiers, and svitch drivers. Respeetive functions of the switches are in-
dicated to the right of esech X asd Y pair. In total, sixteen pairs are
shown; this arises from the fowr f1ip-flops which have 24 or 16 discrete
states. S8ixteen switches are provided on the Image Programmer to allow
switeching in or out any of the data on the 1l6-switch pairs. Actually, the
gating of information is not alteredj rather, the images on the scope are
blanked or unblanked by their respective switches in the group of 16,

In sddition, the Image Programmer has the power-on switch, where-
by inputs of +25 vde, -25 vde, -80 vdc and 115 vac, 400 cps can simultan-
eously be applied to the entire system. A fuse and an indicator light are
included for each voltage. .

-2
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The Oscilloscope (figure 16) is a Model 2130-S manufactured by
Electromec, Inc. Los Angeles, Cal. It features a 2l-inch screen with P-7
phosphor. This is a double phosphor giving two colors, blue and yellow-
gresn; persistences to 10 percent point are 0.0003 and 0.4 second, respec-
tively. The oscilloscope is operated on its side to position the long axis
vertically. The face has been modified so that an edge-illuminated scribed
reticule is superimposed on the CRT., Provisions are included so that sev-
eral plexiglass filters may be inserted between reticule and oscllloscope
face. The filters, from Rohm and Haas, are:

- Cat- NO. 206“, Light 0Sm0k}’
- Cat. No. 2074, Heavy Smoky
- Cat. No. 2208, Yellow

Two of each are on hand and combinations may be employed to effect
control of the apparent persistence of the CRT.

4-2. DESCRIPTION OF CIRCUITS
A. ANALOG COMPUTER

The basic blocks within the Reeves Model 40O0C computer arﬁﬂthe con-
ventional high gain feedback amplifiers that are utilized as summers and
integrators. The other elements within the computer such as servos, lim-
iters, and diode function generators are not used. Two auxiliary six-
channel recorders are available and are employed to produce permanent
traces of various voltages. Fatching of the recorders is simple, and the
total of twelve channels gives wide capability for recording the simultan-

eous behavior of many signals.
Two patch panels have been wired up as indicated in
- Figure 17, Computer System Block, Quadruple Trace
‘= Figure 18, Computer System Block, Flight Path Trace.

Without further changes, each of these patches produces its own
mode of operation. ‘

A few added features were required in the computer to make possi-
ble the fast traces. The standard integrators with the one microfarad
feedback capacitor have been modified so that 0.2, 0.1, 0.05 or 0,025 micro-
farad capacitors may be substituted. These correspond to fast-time factors
of 5, 10, 20 or 40, equal to the reciprocal of feedback capacitor in



microfarads., A four-position multiple deck selector switch, on the front
panel of the computer, allows switching to the desired fast-time factor.
In all, 9 of the 20 integrators have been modified. Details of the com-
ponents and interconnections are indicated in figure 19.

The computer modifications also include isolating the reset and
hold relay busses of tpe modified integrators from the unmodified units.
These busses, for the’ fast-elements, are energized from circuitry in the
Switch and Pattern Generator Unit. The relay busses are pulsed at a rate
from approximately twice a second to approximately once every five seconds.
The rate is continuously variable by controls on the front parnel of the
unit.

One of the controls adjusts the length of the fast-time trace
display. The other controls the time in which the computer remains in
reset, the dead time.

A switch is included on the front pnnel of the computer so that
the reset and hold relay bussss may either be counnected for normal opera-
tion or the uwodified integrators may be isoiated. Details are shown in
figure 20. The reset rates selected set acceptable limits on the frequency
of actuations of the relays. As an example, two reset cycles per second
amount to cne-million relay actuations in approximately 130 hours; this
has been chosen as a limit for failure-free operation.

B. CORTROL PANEL

The Control Panel contains the circultry shown in figure 21.
Nanually adjustable potentiometers are included as controls on inputs to
the system. BExoluding the two-ganged acceleration limit potentiometers,
they are all 10-turn precision types with digital knobs so that reset-
ability 1s good to one part in a thousand. The functions the potentiometers
control are as indicated on the schematic and are self-explanatory. Physi-
cal positionings are as indicated in figure 22, -

- In addition, the Contrcl Fanel has two 4-pole, double-throw relays.
One .3 the start relay which electrically latches itself in when the start
button is pushed, and drops out automatically when the problem is over.
This feature has been included to keep use of the analog computer to a
ainisua. 7The other relay is the control 3e¢lay relay, which is enurgized
when the control #stick pick-off arm is to be connected to the system. At
the start of a problem, a short period of time elapses during which the

»)
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control stick has rno effect; i.e., the control delay relay is de-energized.
The length of this period is contreollable by the control delay potentiometer,
shown with its associated circultry in figure 21. At the end of the period,
the control delay relay is energlized and the stick acquires control. The
purpose of the delay is to allow the subject to familiarize himself with
the given initial conditions before he can exerclise control. The control
delay circuitry consists of a monostable flip-flop, with the reset time
.. being controlled by varying the time constant of the control delay potentio-
gbeter (1 megohm) and the 22-microfarad capacitor. The contacts of both
relays are interconnected with the system as shown on the schematic
(figure 21).

C. SWITCHES AND PATTERN GENERATOR

The circuits in the Switches and Pattern Generator are as shown
in the following figuress:

- Switches, figure 23
- 3.2 KC Oscillator and Pattern Generator, figure 24
~ Computer Timing Circuits, figure 20.

: The potentiometers indicated are all placed on the front panel of
the unit. Their functions were described previously in this section.

1. Switches

The switches supply input X and Y information to the oscillo-
scope in serial form, to time share the writing beam. All solid state
circuitry is used with solid state switches of the type 2N1640 by Crysta-
lonics, Inc. This ir a PNP symmetrical silicon transistor with very low
leakage currents, less than 12 ohms. This device is used to clamp the mid-
point of parallel summing resistors to ground. Summing resistors that
parallel sum positiv® cr negative voltages at inputs to the oscilloscope.
By actuating these switches in the desired sequence, the snalog positioning
or Lissajous pattern voltages say be summed through, or shunted to grsund.
The midpoints of the summing resistors are chosen so that neither sum point
nor signal sources are ever clamped to ground,

2. 3.2 KC Oscillator and Pattern Generator

The 3.2-kc oscillator generates the voltages to be used for the
Lissajous cross or circle identifying the reel- or fast-time vehicle posi-
tion. These voltages are parallel summed with the appropriate X-Y

-
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positioning d-c¢ voltages to produce dynamic signals cousisving of & 3.2-kc
Lissajous vcltage riding on a d-c component for X axis and for Y axis.

The 3.2-kc frequency is used to assure more than one complete
sinusoid per displsy interval. The display interval is defined as the
period of time that each image is flashed on the oscilloscope per frame,
Insofar as there are 50 frames per second, each frame takes 20 miliisaconds.
Dividing this into 16 parts by the i flip-flops in the Image Programmer,
each lasts 1.25 milliseconds. Subtracting 0.140 millisecond for retrace
line blanking, the display interval then becomes 1.11 milliseconds. Since
the time for one 3.2-kc¢ sinusoid is 0.313 millisecond, the oscillator fre-
quency and display interval are compatible.

The sclection of 3.2-kc, an integmal multiple of the basic 400
cps, eliminates "rolling" of patterns and beat frequencies that may be set
up by the power source. If successive frames do not paint the same patterns
with same positions of sine waves, the jrregularities that exist are secen
running through the images.

The oscillator is essentially a tuned resonant tank which receives
voltage pulses from a 4“O-nicrosecond, one—shot,multivibrator. By passing
the output through several filter sections, a clean sinusoidal signal is
derived with the amplitude remaining fixed within prescribed limits. This
output then goes to the six potentiometers and associated resistors and
capacitors that make up the Pattern Generator. In-phase, out-of-phase, and
90-degree phased voltages are produced and are used to generate the Lissa-
Jous patterns for the real- and fast-time vehicle images, crosses or
circles.

3. Computer Timing Ciprcyits

The schematic dicgram for the computer timing circuits (figure
20) shows the tochnfquo employed fur periodic resetting of the fast-time
integrators in the computer. A power transistor (2N385 or equivalent) pro-
duces high current pulses in the X and Y relay busses to the fast-time )
elements, The pu%lo width and repetition rate are produced by the fast-
time repetition rate generator. Tiis generator is a free running mulci-
vibrator whers on and off times diftfer and are controllable via a potentio-
meter. Thus, two potentiometers ar¢ included, one to control the length
of the fast-time display interval, arnd the other to control the dead time
interval during which the computer 1s reset.
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The remainder of the circuitry 1s used fo blank part of fast-time
traces. The ramp voltage across the 22-microfarad capacitor near the dead
time adjust is used as & time base. It 1s scaled down by a 2 K potentio-
meter, called fast time trace length adjust, and then applled to a Schmitt
trigger squarer. By adjusting tle 2 K pot, the polirit where the Schmitt
trigger fires 1is continuously controilable, relative to the fast-time
traces. Thus, & variable blanking pulse is available at the output of the
Schmitt trigger. This signal, in turn, goes through an AND gate and then
an CR gate to the blanking circuits in the Image Programmer. The purpose
of the AND gate 1s to make certain that the fast-time trac: blanking is
effectual only during the intervals when the fast-time traces are being
generated. The OR gate combines the output with all the inputs to the
total blanking circuits in the Image Programmer.

D, IMAGE PROGRAMMER
The contents of the Image Programmer are shown in two schematics:
- Timing Pulses Generation, figure 25
- AND and OR Gates, figure 26.

The functional drawing in Tigure 15 indicates the major subdiv-
isions of the Image Programmer and the flow of signals.

The basic design establishes a time reference locked to the 400-
cycle power source frequency, and effects a multiplexing program to fire
the switches in their correct timing sequence.

1. TiliE‘_?ullQl Generation

The time reference rulses are generated as indicated in figure
25. The flow starts at the frequency doubler, where 400 cps is converted
to 800 pulses per second. These are sﬁunrod by a Schriitt trigger with an
output that drives both the 3.2-ke oscillator and a bank of 4 flip-flops in
cascado. In the flip-flops, the pulses are successively divided by two to
produce 400, 200, 100 and 50 pu) “es per gecond. The las® of these pulses
controls the frame rate. The rlip-flops are triggered hy trailing edge
fall-time of one microsecond or less, and the two outrucs per flip-flop
drive oight emittur followers for greater fan-out cap.bility; i.e., to
allow driving greater loads. The loads to the emitter followsrs are the
AND gates shown in matrix form in figure 26, The signals are identified
as A, A, B, B, C, C, D and D.
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Figura 25 also contains the total blanking circuit: that drive
the Z axis of the oscilloscope. These include a one-shot multivibrator
that produces 0.140-millisecond pulses to occlude the retrace lines on the
scope. All other inputs to the total blanking circuits are combined via
an OR gate, so that any time intervel may be blanked by supplying approxi-
mately +10 volts into any input to the CR gate. The threshold is at approx-
imately +5 volts. The output of the total blanking is a train of pulces
that are at either of two levels, -5 volts or -80 volts. These produce
unblanking or blanking respectively. The last stage 1s an emitter follower
to give a low outpﬁt impedance and sufficient drive to the scope.

2. AND apd OR Gates

The AND gates accept the light outputs from the flip-flops throughk
their associated emitter followers, identified as A, A, B, B, C, C, D and
D, and produce 16 outputs in parallel form. The 16 output signals are on
individual wires and are inputs to the OR gates. At any time, only one of
these lines is energized with approximately +10 volts. This on condition
is switched from one wire to the next until all 16 are traversed, ana then
the process is recycled. The period of time that each of the wires remains
energized corresponds to taat display interval, including the blanking of
0.14%0 millisecond.

The outiputs from the AND gates are directed to a 16 x 16 open
OR matrix, referred 10 as the OR gates.- By appropriate placement of inter-
connncting diodes, ths outputs are progrll-d to yield the images and
pattcrnl desired.

» The arrangement is particularly suitable from the standpoints of
versatility and flexibility. Changes in displayed images can be made
readily by simply altering the epen arrey of diod=zs. Thus, greater lati-
tude in reprogramaing and e#e of saimterance are both afforded.

29? outputs of the OR gates actuate the switches in figure 23 in
the appropriste time sequendce, &s determined by the matrixing.

4-3 CONSTRUCTION FRATURES

The circuitry construction is of the open type, which offers
several distinct advantages:

- standard components may be used to minimize total cost
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- greater ease in maintainability and repair is derived tc reduce .
down time

- larger components with higher ratings ma& be used to give a
higher reliability

- hot spots which accelerate breakdowns and make the circuit
designs more difficult are eliminated.

The system, exclusive of relays in the computer and control panel,
does not have moving parts. It features all solid state devices in lieu
of vacuum tubes for the circuits especially developed for this equipment.

Figures 27 and 28 show the packaging employed. The new circuits
are contalned within standard chassis enclosures with standard covers to
provide dust proofing and protection. All components are accessible when
covers are removed, A cabling diagram for the system is shown in figure
29.

Control switches, knobs, and indicator lights incorporated on
each assembly offer wide ranges in controlling inputs, outputs, and
functions.

In summary,. the equipment has been designed to the ressarch
requirements to:

- keep engineering and fabrication costs to & minimum
- provide for maximum trouble-free operation
- afford widest control of the variables

- make certain that engineering design places no limitation on
the research goals,
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SECTION V

FERFORMANCE CRITERIA

Analysis of performance is aimed at determining levels of capa-
bility for each prediction technique as a function of different parametric
ccenditions. What this amounts to 1s the examination of maneuver proficiency
in terms of accuracy, time to completion, and ease of effort.

5-1. ACCURACY

Rogardloslcpf the speed and facility of a maneuver, its quality
rests on whelher or not it is successful, since its sole purpose is to
acccmplish a desired end stats.

Maneuver success can be defined operationally in terms of accept-
abie limits of ersor (¢,) and error rate (i,) at the end gate. Based on
these limits, a success envelope can be developed ageainst which to compare
the systes performance. The limiting conditions for this envelope are that
the " final error Mo within gate limits, and that final error rate be low
enough to permit She vehicle to ocontinue within the gate confines., As a
oonsequence of thade liaiting conditions, wvhen ¢, 1s at a maximum and
positive, &, mst bs negative. Conversely, when ¢o 18 maximum and negative,
i must be positive. These relationships are shown oa the ne. 't page. The
following equaticss define the upper and iower boundaries of the success
envelopes
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where w is the gate width, L is tge total specified length of
travel of the vehicle beyond the gate, and x is the longitudinal speed of
the vehicle. }

The frequency distribution of error and error rate at the gate
is another quantitative criterion for accuracy which may augment the prin-
cipal maneuver success measure.

5-2. MANEUVER TIME

The tigo it takes to complete the mﬁﬁeuver is an indication or
system capability. It takes on critical importance in time-cornstrained
situations, where the operator is concerned with completing the maneuver as
quickly as possidhle. .

In addition, maneuver. time as a proportion of total available
time is a measure of the temporal margin of safety made possible by the
particular systeam. In the context of a time-constrained situation, it is
desirable for the operator to unburden himself from actual stick controlling
as quickly as possible 80 he is able to monitor for last minute corrections
or, attend to other tasks involved in the situation.

As a performance criterion, maneuver time is conceptually inde-
pendent of accuracy considerations if it is considered as the time
elapsing between the start of the problem and the cessation of control
stick movements. In other words, it would be possible for an operator
to complete a maneuver quickly and for the maneuver not to be success-
ful. If maneuver time i1s made contingent on maneuver success, on the
other hand, only successful trials can be considered when maneuver time
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is msasured. 8ince mansuver success is presumed to be an overriding
criterion, sansuver t!ms will be recorded only for successful trials.

Mansuver time will be recorded as the time elepsing between the.
start of the problem and the cessation of control stick movements for suc-

cessful maneuvers.

5-3. STICK NOTION

A third aspect of performance in addition to accuracy and time
is esse of efforts, the “cost to the organism". The merits of a system
can be meaningfully measured in terms of how much effort the operator must
expend to make the system work effectively. In tl}e problem situation,
measurable effort consists in mcving the stick to’impart control inputs.
The measure taken liere to indicate effort is the magnitude of stick dis-
placement integrated over problém time.

An additional measure of the ease with which the system can be
succossfully maneuvered is the number of control stick reversals required
during the problem. The nature of the control, since it involves the addi.
tion and elimination of latersl acceleration, requires some control stick
reversal in order to mull out lateral velocity. Systems can be differen-
tially compared, however, on the basis of the total number of control re-
versals needad to effeit a giyen maneuver. This measure of performance
must, however, be considered in relation to maneuver time. In an error
mlling task, a lll.ht lateral acceleration will allow the system to
approach the desired path mlowly enough so that it can coast in with a
ainisus of control reversal, dbut not in tlse to meet deadline. Some more
drastic lateral, acosleration is necessary to bring the Vehicle close to the
correct path in a short time, at the expense of overshoot with stick
reversal. "

5-t., GENERAL OCONSIDERATIONS

Ina tho-mtrupd. error-nulling situation, late errors are
more consequential than early errors because of the relative lack of time
to correct thea. It may seea reasonable that performance mezsures, parti-
cularly error, should de weighted by some function of time. This would hav
the effect of 'pomluing later errors, which is appropriate in the time
restricted problem. While this is not done explicitly in the performance
measures indicated, it is implicit in both the accuracy and time measures,
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The system is being operated to meet a time-deadline, and errors made or
left uncorrected late in the situation impose a more severe requirement on
the system for successful maneuver within the time limit. Late errors
also increase the total maneuver time.

5=l
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SECTION VI

EXPERIMENTAL PROGRAM . =

The experimentéi program consists of an evaluation of manual
control performance achieved through the use of prediction and non-predic-
) tion systems, in the context of the relevant prediction, system, and
situvation parameters. The evaluation involves meacurement of performance
with each system in a variety of time-constrained problem situations.

6-1. SYSTEMS AND RELEVANT PARAMETERS

The six systems to be evaluated fall into three pairs with res-
pect to prediction capability.

A. NON-PREDICTION SYSTEMS

For these systems, the only information explicitly presented to
the pilot subject is the position of the vehicle as it moves in real time,
and positional error with respect to the desired pcsition. One system is
unquickensd while the o%Qgr has director control.

Performance levels with these two systems constitute a base line
against which to evaluate the utility of Qge'prediction techniques under
consideration. '

The parameters vhich are relevant here are available time, initial
orror and 1&;}1:1 error rate, and system dynamics.

B. SIMPLE PREDICTION SYSTEMS

For this pair of systems, the explicit information presented is
the vehicle position with respect to the desired position and the predicted
path(s) of the vehicle for a specified time in the future, contingent on
one or more control, stick positions.

'




This pair of systems will be evaluated for performance with
different values of available time, initial error, initial error rate,
number and type of prediction trace, prediction period, prediction repeti-
tion rate, and system dynamics.

C. FLIGHT-PATH PREDICTION SYSTEMS

This type of system involves a predicted path contingent on con-
trolling the vehicle in accordance with the flight director commands. That
is, it predicts the path of the vehicle as it would occur if the dirsctor
were nulled. With the parametric director system, the pilot subject is
able to modify the director program to produce a more sultable path for the
vehicle. Performance with this pair is examined in the light of the follow-
ing parameters: available time, initial error, initial error rate, pre-
diction repetition rate, and system dynamics. The prediction period is
made long enough to cover the complete problem time available.

Table 2 presents a summary of the systems to be studied, and then
the relevant parameters to be investigated.

The nature of a system transient response to an errcr or error
rate-nulling control input is determined by the dynamics of the system
plus the magnitude of the error condition. The time it takes to null the
error as a function of these parameters constitutes system response time.
The variation of systqy\dynamics and initial error conditions can be made,
then, in terms of the'résponqe time. Response time as a proportion of
available time is an 1mﬁortaht measure of the inherent capability of the
system,

This concept permits a more convenient way of varying many param-
eters simultanecusly in a manner that reduces the number of discrete ex-
perimental tria’.s necessary to explore sysiem performancé comprehensively.
For example, to vary seven parameters simitaneously, with & minimum number
of three values ror each parameter to pro&uce functional data would result
in 37 or more then 2000 discrete trials per subject without replication.
Combining system dynamics, initial error, and initial error rate to produce
functional values of system response time reduces this number to a manage-
able level.

6-2



€-9

SUMMARY OF EX
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Parameters

Non~Predict
Manual | Dire

Prediction:

Number of traces
Period
Repetition rate

Systems:
Dynamics

Situation:

Available time
Initial error
Initial error rate

X
. X A
X h
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TABLE 2

NTAL PROGRAM SHOWING SYSTEMS
9 RELEVANT PARAMETERS

.~ Simple Prediction Fiight Path Prediction

Without Wita © Fixed Parametric
Director Director Director Director




6-2. SUBJECTS

Six subjects with pilot exverience have been selected for the
ipvestigetion. It .s intended that inexperienced subjects will also be
-15ed .t a later stage to investigate the effects of experlence on
per{crmance.

9-3. EXPERIMENTAL PROCEDURE

For eazh pair of tests, eacL subject is told to steasr the vehicle
£o tpe “on course! line as quickly as possible, and to keep it on course
until it passes through the gate. He 1s made familiar with each display by

~ ouserving passively while a sample probiem is run with cach
display

- ' exsmining a static sketch deécribing the different displays
#rd the informetion presented

- 1% p. “vlcing with each display to '"get a feel" for the task.

The practice trials are different from any of the experimental trials.
£ince all conditions and displey are counterbalanced in order of presenta-
i+ion, the effect of practice and of presentation sequency are dis.ributed
evenly overﬂéll conditions.

6-4, PERFORMANCE MEASURES

The following performance measures will be used in accordance
with the psrformance criteria established in Section V.

A. MANEUVER SUCCESS

Final error and error rete are established for the time tke ve-
hicle passes through the gates from recorded data. These are compared with
tulerable error corditions (1.e., & success envelope) to determine the
success or failure of the mansuver.

For each experisental sysiem, frequency distributioms are made of
final error and error rate magnitudes to determine characteristic residual
error central tendencies and variances for sach system.

B. MANEUVER TIME

For success.ii xeasuvers, the time from the start of the problem
tc tie point where control inputs cease (i.e., the subject is satisfied
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with the meneuver) 1is recorded, This will be measured as a proportion of
available (problem) time.

C. INTEGRATED STICK DISPLACEMENT "

The amount of stick displacé&ent is iategrated over the time of
the problem and recorded to produce a tummulative measure of the amount of
effort involved in the maneuver.

D. STICK REVEBRSALS

0 The total number of controi stick reversals during a trial is
recorded for use as an ancillary measure of effort and as an indication of
maneuver difficulty, control stick reversals having relationship to
correction inputs.

E.; TRAJECTORY DATA
The path taken by the vehicle during each trial is recorded on
art X-Y plotter. This permits analysis of detailed performance to analyze

error tendencies (e.g., whether a particular system tends to produce iate
srrors, or many small errors as opposed to a few large ones).

F, OPINIONS OF TEST SUBJECTS

In addition to the objective measures indicated, subjective
reactions to each system are Wolicited after each test series to obtain
user oplinions on the qualities of each of the systems. A prepared ques-
tionnaire is used for this purpose.

The data obtained in the“experimental procedures outlined will be
sufficient to establish functional relationships for the performance of
each of the manual control systems considered, in terms of the relevant
parameters.
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APPENDIX A

TRANSIENT RESPONSE OF SECOND ORDER SYSTEM SUBJECT TO INITIAL ERROR RATE

The transient response of a second order system subject to an
initial error rate (J,) may be determined conveniently by the application
of the complete Laplace transform including the terms associated with
initizl conditions (reference 2).

The displacement error in terms of the Laplace variable § is

-§ K K
E(5) = 2 = —2 z

s (1)
§2 + 250,85 + w2 S -Ty S -T,

)

where r, and rzrare'?hé roots of the characteristic equation, and the K's
are coefficients which may be determined as follows. )

7

. lim -
Kl = S - rl E(S) (3 - l‘l) - "ol(r’. - P,)
' (2)
v}
_ - lim .
Ke = g . rp E(S) (8 -~ rg) = -§,/(rg - rq)

NI \(:\
Therefore, .

¥, /lry - o)  Foilrg - Py)
> By =t 2 .2 % 1 (3)
8 - rz 3 - rz

The corresponding displacement in the time domain ¢(t) is

-4
e(t) = S (eT1t - oY (4)
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Whern { < 1, for which case the system is underdamped,

r1='c°’n+j“’nll'(z

e

l'.‘t,’='(“’n"-j“’nli"‘

The displacement function ¢(t) in equation (4) may be reduced using equa-
tions (5) aad the Kuler relationship

ed® = cos 6 + j sin @ (6)
-y, )
elt) = 2 0% gin (at T - 12) (7)
@, J1-7¢2

Yhen [ > 1, representing an overdamped systenm,

r1=—(wn-wnj{z'1

(8)
Fg = = {w, * oy s -1
and equstion (4) nsy be transformed to
«(t) o S sinh (gt {7 - 1) (9)

o tF-1

® system is oriticslly damped, the roots r, and r, are both
1o and the ecefficlont K is

* * Lim
o R = ST=B(8) (3 - )8 = -3, (10)
? "', ._‘—’-2-— (11
(84w,
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The displacement function in the time domain becomes

t
“n (12)

e(t) = -y t e

Equations (7), (9), and (12) represent the transient response of the systenm

depicted in figure 10.
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FIGURE I. SAMPLE MANUAL CONi~wuL DISPLAY

FIGURE 2, DISPLAY FOR DIRECTOR CONTROL
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FIGURE 4. DISPLAY FOR SAMPLE PREDICTION WITH DIRECTOR CONTROL
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FiGURE 5. DISPLAY FOR FLIGHT PATHPREDICTION WITH DIRECTOR CONTROL
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FIGURE 6. DISPLAY FOR FLIGHT PATH PREDICTION WITH PARAMETRIC DIRECTOR CONTROL.
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FIGURE 7. DEFINITION OF PREDICTION PARAME TERS

PROBLEM TIME = ¥A/y
INITIAL ERROR = Eo
IWITIAL ERROR RATE = E,
% INITIAL YELOCITY = V)
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FIGURE 8, DEFINITION OF PROBLEM PARAMETERS

————c



L<i

FIGURE 9. TRANSIENT RESPONSE OF SECOND ORDER SYSTEM SUBJECT TO INITIAL POSITION ERROR
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FIGURE I0. TRANSIENT RESPONSE OF SECOND ORDER SYSTEM SUBJECT TO INITIAL ERROR RATE
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