
.

I

I

NOT MEASUREMENT
SENSITIVE

AFGS-87Z13B
8 January 1993

SUPERSEDING
AFGS-87213A(USAF)
30 November 1987

ma 4’UIRImlmx
Hl!lUIIIEHPEHIFIIEATD(IIN

DISPLAYS, AIRBORNE,
ELECTRONICALLY/OPTICALLY

GENERATED

AMSC: TWA FSC: 6610

● DISTRIBUTION STATEMENT D. Distniution authorized to the Department of Defense
asrd DoD wntractoss only; contains critical technology; (3 February 1986). Other
requests shall be referred to ASC/13NES, Wsight-IW terson AFB OH 45433-6503.

L

Downloaded from http://www.everyspec.com

Jack Chapman


Jack Chapman


Jack Chapman
NOTE: AFGS-97213B (Notice-1), dated 5-April-1996, changed the cover page of this standard for administrative reasons. There are no other changes to this document. 
"DISTRIBUTION STATEMENT A. Approved for public release, distribution is unlimited.



AFGS-87213B

WARNING

INFORMATION SUBJE~ TO EXPORT CONTROL LAWS

This document contains information subject to the International Traffic in Arms Regulation (ITAR) and/or
the Export Adminktration Regulation (EAR) of 1979 which may not be exported, released. or disclosed to
foreign natiomla inaide or outside the Unhed States without first obtaining an export license. A violation of
the fTAR or EAR maybe subject to a penalty of up to 10 years imprisonment and a fine of $100,000 under
22 U.S.C. 2778 or section 2410 of the Export Administration Act of 1979. Include this notice with any
reproduced portion of this document.

DESTRUCTION ‘NOTICE: AFGS-87213B is an unclassified, limited document. Destroy unclassified,
limited documents by any method that will prevent disclosure of contents or reconstruction of the document.

.

Beneficial comments (recommendations, additions, deletions) and any peninent data
which may be of use in improving this document should be addressed to: ASC/ENES, Bldg.
126, 2664 Skyline Dr., Wright-Patterson AFB OH 4S433-7800, by using the Standard-
ization Document Improvement Proposal (DD Form 1426) appearing at the end of this
document or by letter.
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I

1. SCOPE

● 1.1 Scope. This apecifkation establishes the development requirements for electronically generated displays
for airborne use, including head-up dqlays (HUDS), helmet-mounted displays (HMDs), and multi-function
displays (MFDs), including d~lays for TV, FLfR, and radar video, and the associated electronic display
generation equipment. It is designated an Air Force Guide Specifkatiori (AFGS), also called a Mil-Prime
apeciikation.

1.2 Use. This specification cannot be used for contractual proposes without supplemental information
Identified by blanks within the specification) relating to the performance requirements of the equipment.
Seetion 3 and section 4 paragraphs from this general specification should be completed using the

-.. information in the handbook (appendix) guidance and lessons Iesrned paragraphs, and used in a
contract-pecufiar item development specification, subsystem specification, or system specification.

1.2.1 Structure. This specification uses the subject arrangement and numbering conventions of
MIL-STD-490.

1.2.2 Instructional handbook. The instructional handbook, which is the appendix to this specification,
provides the rationale for requirements, guidance for inclusion of supplemental information, and a lessons
learned repository for this technical area.

1.3 De~iatian. In the event a projected design for a given application results in improvement of system
performance, reduced fife cycle cost, or reduced development cost through deviation from this
specification, or where the requirements of this specification result in compromise in operational capability,
the issue shall be brought to the attention of the procuring activity for consideration of change.

I
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3. REQUIREMENTS ~

3.1 Item definition. The display system shall provide all necessary information to the operator clearly,
requiring a minimum of operator effort, while operating in the environment specified herein, including
laboratory, ground, and airborne operation. The system shall perform the following major functions:

I

I

I

I

3.1.1 Item diagrams. (reserved)

3.1.2 Interface definition. The equipment shall be compatible with the electrical, mechanical, and
cooling interface requirements of the aircraft and the associated equipment. The equipment
shatinot bedamaged byoperaUon nftie associated equipment when inanymode of operation (including
off mode); nor shall the equipment, in any mode of operation, be damaged when any or all of the associated
equipment or any unit of the is disconnected. ‘fleperfonnanc eoftheassociate dequipment
shall not be degraded or interfered with by operation of the equipment covered herein.

3.1.2.1 Electrical interface. The equipment shall be compatible with the input signals, and provide
output signals as described in Interface signals include

3.1.2.1.1 Power input. Theequipment shall perform as specified herein whe”s”pplied with electrical
power in accordance with the requirements of except The equipment shall
remain safe, shaUautomatically recover totillperformance, andshall remain unaffected unreliability, when
exposed tn transient power condhions as described in . Pnwer consumption shall not exceed

3.1.2.1.2 Video. The equipment shall be compatible with -line,
-frame-per- second, -field-per-second, -aspect-ratio video as

defined by . Video output for a video recorder shall be provided.

3.1.2.1.3 Data bus. The equipment shall interface with the data bus.

3.1.2.2 Mechanical interface. The equipment shall be designed to be -mounted.
Mounting interface details and tolerances shall be in accordance with

3.1.2.3 Cooling. The equipment shall be cooled by

3.1.2.4 Display recording interface. The equipment shall provide the following interface for cockpit TV
video recording:

3.2 Characteristic

3.2.1 Performance. The following performance requirements shall be met under the full range of
environmental condbions specified herein except

3.2.1.1 Redundancy. The dkplay system shall provide redundant features or redundant units such that
in the event of any single-point failure.

3.2.1.2 Lighting color. Control panel lighting shall . Emitted light shall be compatible
with

I
3
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3.2.1.3 Symbology. The equipment shall be capable of generating and displaying each of the symbols
shown and described in . All of the symbols in figure shall be displayable ●
simultaneously at sufficient update rate to prevent visible jerking and sufficient refresh rate to prevent
flicker. The equipment shall be capable of generating:

a. polygons

b. layers of occlusion

c. flashing symbols

d. shadowing (for contrast enhancement)

e. colors

f. alphanumeric characters

3.2.1.3.1 Symbol size and movement. Alphanumeric symbols shall be at least
by

cm high
cm wide. The symbology shall be capable of a minimum displacement of

3.2.1.3.2 Symbology freeze. The symbology shall not lock Up or freeze when incoming data is changing
except in special cases where a symbol is intentionally frozen. If a lockup or freeze occurs, that symbol shall
be

3.2.1.3.3 Symbol line width. The symbol line width shall be when measured at the
50 percent intensity poinrs with symbol luminance set at cdlmz.

3.2.1.3.4 Primary symbology checking. Primary symbology consists of altitude, airspeed, pitch, roll, ●headhg, vertical velocity, velocity vector (flight path marker), horizon line, and When
incoming data or processing that affects the primary symbology is identified as invalid (for example, a fail
irtdlcation from a self-test), the affected primary symbology shall be removed from the display and a positive
indication of the failure condkion provided. The processor shall check the information (incoming data)
needed to generate the primary symbology to determine if it is reasonable with respect to the physical aircraft
parameters (rate of change, maximum value, minimum value, period between change, etc.). The equipment
shall also cross-check related data for predetermined difference if more than one source is available. If the
incoming data isn’t reasonable or doesn’t fall within the predetermined differences, then the symbology
associated with the data shall

3.2.1.4 Display modes. The equipment shall provide the following modes of operation:

3.2.1.5 Video resolution. The vertical resolution shall be sufficient to produce 10% minimum
modulation when one half of the scan lines are “on” while operating in raster format. The
horizontal resolution shall be lines per minimum with a 107o line
modulation. These requirements are to be met while simultaneously meeting the contrast, luminance, and
ambient requirements of 3.2.1.6.

3.2.1.6 Display luminance, contrast, and viewing angle. The luminance, contrast, and viewing angle
requirements of the following subparagraphs shall be met when measured from the design eye position. The
dispfay luminance and contrast shall not change more than f 7. when changing modes. No
random bright flashes shall occur during mode switching.

3.2.1.6.1 HUD stroke-written line luminance. The luminance of all stroke-written symbols shall be
such that projected intages are clearly defined when superimposed on a background luminance of o
34,000 cd/m2 (10,000 tl) and color temperature of 3,000 to 5,000 Kelvin. The average line luminance

4
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over the total symbol area shall be a minimum of cd/m2 with a design goal of
cd/m2 when viewed through the HUD combiner glass. The contrast ( [Lt-Lb] /L~) of the symbology with a
34,000 cd/m2 ambient background shall be a minimum of with a design goal of 0.5.
Luminance shall not degrade more than % when measured from anywhere within

cm of the design eye position,

3.2.1.6.2 HUD raster luminance. The raster video luminance shall be such that shades
Of gray ~ steps, levels) are visible against a cdlmz background
luminance with an equivalent color temperature of 3,OOOto s ,000 Kelvin. The contrast ([ Lt-L~]/L~) of the
peak raster video with a -cd/m2 ambient background shall be a minimum of
The ratio between adjacent gray shades shall be a minimum of 1.4:1 (contrast of O.4),

3.2.1.6.3 MFD luminance and contrast. The luminance and contrast of all displayed data shall be
adequate for easy visibllit y in illumination environments from to The
following contrast requirements shall be met in a combined environment consisting of km
( fc) diffuse illumination and the specularly reflected image of a -cd/m2
( -fL) glare source. The contrast ([ L1-Lb]/L~) of stroke-written symbols shall be

minimum. The display shall be capable of presenting a minimum of shades
Of gray ( -1 steps) and the overall contrast of raster video (between brightest and darkest
shade) shall be minimum. The ratio between adjacent gray shades shall be a minimum of
1.4:1 (cnntrast of 0.4). The difference I“minance (AL) between the brightest image and the dimmest in this
environment shall beat least cdlm2 ( fL). The minimum contrast and shades
Of gray requirements above shall also be met in any less bright environment. The contrast between an uoff”
element and its background shall be less than

3.2.1.6.4 Dimming range. The equipment shall be dimmable to a level of cd/m2 (peak
brightness) in a dark ambient.

3.2.1.6.5 Chromaticity difference. The chromaticity difference (CD) between and
shall be adequate for easy dk.crimination of and be a minimum of
units on the 1976 CIE diagram defined in CIE Publication 15 Supplement 2 (1978), under

lighting conditions of

3.2.1.6.6 Luminance uniformity.

a. Symbol luminance uniformity. The difference in luminance between any symbol or symbol segment
and the average within any circle whose dtameter is one- founh the display!s minimum dimension shall not
exceed % of the average value. Total variation across the display shall not exceed

b. Raster luminance uniformity. The difference in luminance between any point and the average
within any circle whose diameter is nne-founh the display’s minimum dimensinn shall not exceed

9. of the average value when a flat field signal is applied. Total variation across the display
shall nnt exceed 70.

I

3.2.1.6.7 Viewing angle. Viewing angle shall be at least + a up, - 0

down, 0 left, and 0 right, relative to the central axis of the display. Criteria for
“viewing” are:

a.

b.

c.

5
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3.2.1.6.8 Blemishes. There shall no visible blemishes on the display face when viewed from the normal
viewing dkance. Blemishes shall be defined as any area where

o
3.2.1.7 Display size. The active display area shall be at least

—
cm by cm.

Rounding of display comers shall not exceed

3.2.1.8 Display color. The display color shall be when measured in
ambient lighting.

3.2.1.9 Night Vkion Imaging System (NVIS) requirements. The display unit shall be operationally
compatible with Class NVfS and sha[l not produce an NR value equal to or greater than

3.2.1.10 Video/symbology overlay. The equipment shall be capable of displaying
symbols while d@daying video.

3.2.1.11 Video size. The equipment shall display video from the The
aspect ratio raster shall be centered horizontally and subtend at least The center nf the
raster shall be

3.2.1.12 Vlewability during gunfire. During periods of gunfire, any apparent displayed image size
change or symbology movement (or combination of both) shall not degrade the pilot’s capability to use
critical symbology and shall not exceed % of the jitter values specified herein. The equipment
shall return to futl performance immediately upon cessation of gunfire.

3.2.1.13 Flicker, Jitter, and noise. The display shall not exlibit flicker which is discernible to the eye.
3itter shatl be less than (3u). The effects of electrical noise shall not cause any visible
distortion, positional or dimensional instability, or luminance variation in any symbology, reticle, or raster *
and shall not interfere with proper presentation or usability of the display, Motions at frequencies ahove
0.2S Hz are considered jitter, while lower frequency movements shall meet the requirements of the stability
paragraphs herein.

3.2.1.14 Dimensional stability.

a. SymboloW dimensional seabifiey.The dirnensioml stabifity of the symfrdo~ shall be f
for symbols leas than in height or width and for larger ayrnbols ? per

of height or width.

b. Raster dimensional stabtity. The mater shall be dimensionally stable so that in the comae of normal
opemtion, during mode switching, or aircmft power variation, the total display image size shall not change more
than % in height or % in width.

3.2.1.15 Positional stability.

a. Sytnbology positional stability. The positional stability of the symbology shall be ~

b. Raster positional stabdity. Displayed video data variation shall not exceed * percent
azimuth or elevation under any combination of environments.

3.2.1.16 Raater distortion and linearity. No picture element shall be displaced by more than
percent of the picture height from its true position referenced from the center of the picture.

6
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a 3.2.1.17 Reflections.

I a. The relative intensity of second surface reflections visible in the HUD field-of-view shall not exceed
V. of the primary symbol or video luminance.

b. Reflectivity of the display face shall not exceed %.

3.2.1.18 Solar effects. The optical design shall limit images and background illuminations arising from
solar illumination to less than % of the hrminance of the illuminating source when viewed
from anywhere within the eye motion box. Continuous direct sun illumination on the equipment within the
cone of acceptance shall not result in damage to any subcomponent whether operating or not.

3.2.1.19 Automatic brightness control and sensor. An automatic brightness control (ABC) shall be
provided to maintain visual contrast on the display aS the ambient changes. The range of the ABC shall be
suitable for ambient light levels in the range of As a design goal, the ABC shall automatically
irtcrease brightness during night mode operation when bright lights are in the operator’s forward field of
view.

3.2.1.20 Warmup time. The equipment shall be functionally operational and conform to all accuracy
and performance requirements with minutes of being switched on when operated in the
environment specified herein, inclu&@ temperature extremes. Transient power loss for up to

seconds shall not require re-warrmtp longer than the period of power loss.

o

3.2.1.21 Controls. Brighttress, contrast, and shall be provided. Brightness and contrast
shall change logarithmically with linear control movement, to give the subjective impression of linear
control.

3.2.1.22 Nuclear attmivabMity. Nuclear survivability shall be irr accordance with

3.2.1.23 Processor standards. General purpose processors shall use the instruction set
and be programmed in language. Processor configuration and programming tecludques shall
comply with . Software which controls symbol format shall be contained in
memory devices, to allow flexibility of symbol fomrat with minimal impact on the display hardware.
Specialized processors and languages may be used for specific display generation tasks which cannot be done
with standard general purpose processors.

3.2.1.24 Damage protection.

3.2.1 .24.1 Overload protection. In addition to the electrical overload protection requirements of
, the equipment shall be protected from chain reaction failures including those from external

overloads (shom)caused by@ounding ofextemal tiring during installation, test, or other causes. Insofaras
practical, no damage to an LRU shall result from open circuits or grounding of wiring external to the LRU.

3.2.1 .24.2 CRT protection. The shall be designed such that the CRTis undamaged in
the event of failure or switch-off of the aircraft electrical power supplies or sweep circuitry. The protection

I shalf be effective over the total brightness range.

‘o

3.2.1 .24.3 High voltage protection. The equipment shall be designed to preclude damage to
components or hazards to personnel from high voltage power supply and CRT high voltage arcs by use of arc,
suppressors or

7
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3.2.1.25 Head-up display (HUD) -specific requirements

3.2.1 .25.1 HUD field ofview(FOV). The HUDshsllhave atotalfield ofviewofatleast
vertical (V) by horizontal (H). The Instantaneous FOV(IFOV) (total seen by both eyes)
shall be at least Vx H. The FOVandits relationship tothe horizontal datum
shall be as described in , The above requirements are to be met with the eyes centered on the
design eye. The total FOV shall be viewable from within the eye motion limits (box) shown in

and the IFOV shal not decrease to less than 75% of the above requirement with up
to cm of eye displacement around the central line of sight within the eye motion box.

3.2.1 .25.2 Parallax. For a single display element in elevation and azimuth for two eyes 6.35 cm
(2.5 inches) apanlaterally, 90%ofthe measured values shall notexceed the following: mr
vertically , mr horizontally converging, and mr horizontally diverging. No
values shall exceed 1.1 times tbese values. All eye position and field angle data used to satisfy the HUD
field-o f-view requirement shall bethe”basis for compliance with this requirement.

3.2.1 .25.3 HUD standby reticle. Astandby reticle shall be provided which meets the size and shape
requirements of . It shall be independent of It shall be manually repressible
and shall meet the following detail requirements.

a. Lumkance: ~ereticle heluminance shall besuchthat theprojected images shall betisible and
achievea contrast of at least against a background luminance of 34,000 cd/m2 (10,000 fL)
andequivalent color temperamre of3,000 to5,000 Keltins. ~eaveragel"minance of the projected image
shall be a minimum of cdlmz when viewed through the combining glass.

b. Line widths. Standby reticle line tidth shallbe mrwhenmeasured atthe50 percent
ointensity points with the reticle luminance set at cd/m2 at the combining glass.

c. Color. The color of the standby reticle shall lie at UCS 1976 coordinates and

3.2.1 .25.4 HUD accuracy. The accuracy of the placement of fire control and navigation cueing
syrnbology onthe HUDcombher glass shall be adequate formaximum effective use of the
and the following

Calculated errors shall be based on 30 values where normal dktribution is assumed.

The errors shall include input signal conversion and computational errors in the HUD,

The errors shall be measured relative to the HUD mounting surface.

Static errors shall be computed as the root mean square of azimuth and elevation component errors.

Input signafa are assumed to be perfect.

Accuracies are with no canopy in place, except for the symbols listed under “canopy distortion

a.

b.

c.

d.

e.

f.
compensation. ” Accuracy of placement of primary HUD symbols on the combiner shall- not exceed
~ mr titlh a diameter circle and f mr everywhere in the TFOV,

3.2.1 .25.4.1 Flight symbol accuracies. The equipment shall reproduce flight symbol input signals on
the display to the following accuracies:

3.2.1 .25.4.2 Algorithm accuracies. The algorithms used to compute fire control symbology locations o
shafl hava the following accuracies:

8

Downloaded from http://www.everyspec.com



AFGS-87213B

●

3.2.1 .25.4.3 Symbol/video registration error. When symbols are overlaid on the video images, they
shall be registered to within % of the display width, plus % of the distance
from FOV center vertically and horizontally with respect to the commanded true position within the video
scene.

3.2.1 .25.4.4 Standby reticle positional accuracy. The same accuracy requirements stated for the
primary reticle shall apply for the standby reticle except

3.2.1 .25.4.5 Combiner glass displacement error. The combining glass shall not cause real world
objects to be dk.placed by more than mr (3u) in the area within 50 of the center of the FOV
or MI within the total FOV.

3.2.1 .25.4.6 Combining glass distortion error, The combining glass shall not cause real world objects
of less than 25 mr subtense to be dktoned by more than mr from the true object geometry,
established with out the combining glass. The distortion requirement shall apply for all eye positions that are
required to obtain the total FOV.

3.2.1 .25.4.7 Boresighting. The HUD display unit shafl be designed to provide simple, reliable
preboresighting such that when installed in the air vehicle, a combined boresight accuracy of

~ (3a) shall be achieved. Alignment, interface matching, or adjustment of the HUD
projection unit shall not be required when this unit is removed and replaced after the original factory
instslfadon is complete, providing that its mounting assembly is not disturbed.

3.2.1 .25.S Canopy dktortion compensation. The system shall compensate the position of the following
symbols for optical deviations through the aircraft canopy:

3.2.1 .25.6 HUD combhrer windloads. The combining glass and its mounting structure shall withstand
without breakage the windloading and temperature differentials associated with the sudden removal of the
canopy in fl@t. The operational environment preceding removal of the canopy is the normal cockpit
environment. Irnmed]ately following removal, the wbrdloading on the combiner will be and
the surface temperature will increase immediately to “c.

3.2.1 .25.7 HUD combiner transmission and reflection. The HUD combining glass shall conform to
. Transmissib~lity shall be a minimum of % for both directions through rhe

glass. The outer surface of the combining glass shaIl have a reflectivity of % or less.

3.2.1.26 Helmet mounted display (HMD).specific requirements. A HMD system with the following
characteristics shall be provided:

3.2.1 .26.1 Sunshine video capability. The HMD shall be capable of displaying video, with contrast,
resolution, and brightness as specified herein, in a ambient.

3.2.1 .26.2 Image intensifier (12} capabif ity. The HMD shall include 12 capability with the following
FOV, resolution, gain.

3.2.1 .26.3 Head supported weight and center of gravit y (CG). Weight of the helmet including display
hardware and feet of interconnecting cable shall not exceed CG shall be
below and forward of

3.2.1 .26.4 Personal equipment compatibility and interface. The HMD shail be compatible with

3.2.1 .26.5 Compatibility with ejection seat. TBD

9
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3.2.1 .26.6 Head tracking system. A head tracking system shall be provided which provides helmet look
angle, roll angle, and position to the following accuracies: Lag time between motion of the
helmet and output of angles and positions within the above tolerances shall not exceed ●
3.2.1 .26.7 Eye relief and exit pupil. Sufficient eye relief for comfortable viewing and viewing with
eyeglasses on shall be provided. Exit pupil shall be sttf ficient to prevent vignetting of the image with normal
helmet shifting due to G loadbtg, and shall be. at least mm.

3.2.1 .26.8 Monocular/B iocular/Binocular capability. The HMD shall provide
image (s), meeting the following requirements:

3.2.1 .26.9 Peripheral vision. The operator’s unaided peripheral vision shall cover at least
% of the srea availabIe with the standard helmet.

3.2.2 Ph yaical characteristic. The physical characteristics of the display system shall be

3.2.2.1 Weight.

3.2.2.2 Volume,

The weight of the equipment shall be kept to a minimum. The weight shall not exceed

The equipment shall not exceed the volume of

3.2.3 Reliability. See 3.2.5.

3.2.4 Maintainability. The design of the equipment shafl be such that the unscheduled active corrective
maintenance times at the organizational and intermediate levels shall not exceed the following:

a. Mean corrective maintenance time:
Organizational }evel: hours
Intermediate level: hours

b. Maximum corrective maintenance time (95th percentile):
Organizational level: hours
Intermediate level: hours

3.2.4.1 Maintenance concept. The equipment shall be designed for a maintenance
concept. This maintenance concept consists of

3.2.4.2 Scheduled maintenance. The equipment shall be designed to minimize scheduled preventive
maintenance. Scheduled preventive maintenance shall not be aliow’ed for any parts replacement unless it is
established that such parts have a wearout characteristic which results in a determinable life span with
non-random life distribution characteristics.

3.2.4.3 Self testa. The equipment shall have the capability to display and/or report faults and
out-of-tolerance conditions by employing an automatic, non-interruptive self-test. Self tests shall be capa ble
of detecting % of all faults. Self test false alarms shall not exceed % of
indicated faults. Fardts or out-nf-tolerance conditions that are obvious by looking at the displa y are
considered “detected” even if they are not electronically reported.

3.2.4.4 Built-in tests (BIT). Operator-initiated BIT, supplemented by self test, shall be capable of
detecting at least % of the malfunctions and out-of-tolerance conditions (at their predicted
frequencies) with a false alarm rate of less than %. BIT, supplemented as necessary by self
test, shafl be capable of isolating to the faulty LRU a minimum of % of the detected o
maIhrctions and out-of-toIerance conditions. The BIT shall isolate to the faulty SRU % of

10
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the time. Built-in tests may require interruption of normal equipment operation. If applicable, selection of
the BIT shall result in the equipment self generation and dtspla y of the appropriate test pattern on the display
surface. BIT results shall be easily interpretable without the use of table lookups. Faults or out-of-tolerance
conditions that are obvious by looking at the display are considered “detected” even if they are not
electronically reported.

3.2. 4.S TeatabiIity. Each LRU shall contain test points in accordance with Each SRU
shall have teat access pointa in accordance with These test points shall be adequate to allow
the following levels of fault detection:

a. The mir’drnum acceptable level of fault detection shall be 7. of all failures of digital
SRUS and % for analog SRUa.

b. Fauft isolation to a single circuit element (component) in % of the detected failures
for digjtal SRUS and % to 3 active components on analog SRUS.

3.2.4.6 Fault reporting. The equipment shall report self test- and BIT-detected faults to the
via the data bus.

3.2.5 Product integrity. The equipment shall perform within specifications for a service life of
years when subjected to the environments which are expected to occur during the intended

usage. The equipment shall perform within specifications after eWosure to the expected transportation,
manufacture, storage, and maintemnce environments. Other prnduct integrity requirements shall be
established in accordance with MIL-A-87244.

3.3 Design and construction.

3.3.1 (Reserved).

3.3.2 Electromagnetic compatibility. See MIL-A-87244.

3.3.3 Nameplates and product marking.

a. Marking of parts and assemblies. Equipment, parta, and assemblies shall be marked in accordance
with

b. Nameplates. Nameplates shall be permanently attached to the equipment and shall conform to the
requirements of

c. Nomenclature. NomenclaNe shalf be in accordance with

3.3.4 Explosive decompression. The shafl not be damaged and shall perform as
specified after an explosive decompression of the surrounding air. The pressure change shall be

3.3.5 interchangeability. (Reserved)

3.3.6 Safety. The equipment shall incorporate design features in accordance with which
promote the health and safety of those personnel who wifl use and maintain the system. Hazards which may
cause adverse explosive, fire, mechanical, or biological effects on personnel during system operation, test,
maintenance, and training shal be eliminated or controUed.

3.3.6.1 Escape clearance. The design of cockpiticrewatation equipment shall be compatible with the
escape envelope and ingress/egreaa requirements as described by Final escape envelope
clearance shall be approved by the procuring activity.
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3.3.6.2 Acoustic noise generation. Cockpit equipment
dB.

shall not generate noise in excess of

●
3.3.6.3 X-ray emissions. The equipment shall not produce x-ray emissions of more than
mifliroentgen per hour under normal operating conditions.

3.3.6.4 Crash safety. The cockpit equipment shall withstand the crash safety shock of
The equipment shall remain in place without failure of the mounting attachment and shall not create a
hazard; bsnding and distortion are permitted.

3.3.6.5 Combining glass bird strike. The canopy is such that it can deffect and impact the HUD
combher when bbd strike occurs. Therefore, the HUD combiner and its mounting shall be designed to
prevent large, sharp, or high velocity fragments from disabling the pilot when the combiner is struck along its
upper edge.

3.3.7 Human engineering

3.3.7.1 Handles and grasp areas. Handles and grasp areas, for ease of handling and installation, shall
be provided irr accordance with

3.3.7.2 Keyboard requirements

a. Key traveI and pressure. The operating travel for the keys shall be The operating
pressure shall be . Key operation shall provide tactile feedback such that an operator wearing
gloves can clearly tell when a key is actuated.

b. Key operation. All keys shall operate in a mode.

c. Key size and spacing. The keys shall be and shall be no closer than
edge to edge from any other key, switch, or knob.
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4. VERIFICATIONS.

4.1 General. The verifications (inspections/analysea/tests/demonstrations) shall verify the ability of the
airborne display to meet the requirements of section 3 herein. All verification shall be the responsibility of
the contractor. The Government reserves the right to witness, or conduct, any verification.

4.1.1 Verification of diagrams. (reserved)

4.1.2 Verification of system interface. The equipment interface shall be verified as described in the
following paragraphs.

4.1.2.1 Verification of electrical interface. The presence and function nf all electrical interfaces shall
be verified by exercising each input and monitoring each output signal for correct response, Details of
interfaces, such as tolerances, shall be verified by

4.1.2.1.1 Power input. Power input requiremen~ shall be verified by performing an electrical pnwer test
in accordance with Volt-ampere measurements shall be based on measurement of “true
mm Amperes”.

4.1.2.1.2 Verification of video interface. Compatibility with the specified video interface shall be
demonstrated by

4.1.2.1.3 Verification of data bus, CompatiWlity with the specified data bus interface shall be verified
by

4.1.2.2 Verification of mecbmrical interface.
compliance.

4.1.2.3 Verification of cooling. Compliance

Inspection and shall be used to verify

with the cooling requirements shall be verified by

4.1.2.4 Verification of display recording interface. Compliance shall be verified by

4.2 Verification of characteristics

4.2.1 Verification nf performance. Compliance shall be verified as specified herein.

4.2.1.1 Verification of redundancy. The display system redundancy requirements shall be verified by

4.2.1.2 Verification of lighting color. Compliance shall be verified by

4.2.1.3 Verification of symbology. Capability to display each nf the required symbols shall be visually
checked. Details on symbol dimensions and tolerances shall be verified by analysis, visual inspection, and
measurement of a representative sample (see 4.2.1.3, 1).

4.2.1.3.1 Verification of symbol size and mnvement. Symbol size and minimum line movement
capability shalf be verified by measurement nr design audh.

4.2.1.3.2 Verification of symboIogy freeze. shall be used to determine compliance.

4.2.1.3.3 Verification of symbol line width. Symbol line width shall be measured.

4.2.1.3.4 Verification of primary symbology checking. shall be used to verify that
primary fhght symbnlogy is checked and presented properly.

13
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4.2.1.4 Verification of display modes. Operation in all display modes shall be demonstrated.

4.2. 1.S Verification of video resolution. Vertical and horizontal resolution shall be measured with a e
scanning photometer (may use a slit aperture), with the display adjusted to meet the luminance and contrast
requirements herein, all in the presence of a lm/m2 ambient. Contrast modulation may be
meaaured in the dark and mathematically corrected for ambient illumination effects if the results can be
demonstrated to be equivalent. Contrast modulation is defined as (Lt-Lb)/ (Lt+Lb). The test shall be
performed using a square wave video signal, and using a measurement aperture no greater than 20% of the
display’s finetidth.

4.2.1.6 Verification of display luminance and contrast. Display luminance and contrast shall be
measured by

4.2.1.6.1 Verification of HUD stroke-written line luminance. The requirements of 4.2.1.6 apply. ,

4.2.1.6.2 Verification of HUD raster luminance. The requirements of 4.2.1.6 apply.

4.2.1.6.3 Verification of Iumimurce and contrast. Display luminance and contrast shall be measured
using the test setup shown in figure 1 and using the cOffuse illumination and specular glare source luminance
specified in section 3 herein. Light sources used aball have a color temperature between 3,000 and
5,000 Kelvirts. The folfowirtg measurements shall be taken and used to calculate the required contrast
([Lt-L~]/Lb):

L!, the total luminance of the image, or brighter area, including any background or reflected light,

Lb, the luminance of tfre background, or dimmer area, measured in the specified lighting conditions,
including any reflected light and any stray display emissions.

o
AL, (delta luminance, or difference luminance) the difference between the higher luminance (Lt) and
the lower luminance (Lb).

Measurements shall be taken with a photometer having a sensing aperture equivalent to at least 1.8 minutes
of arc, as measured from the normal operator viewing dktance. If luminance of smaller areas are measured,
then a series of meaaurementa shall be taken within an area equivalent to the 1.8 minute of arc area and the
luminance of the active areas shalf be averaged with the luminance of any inactive areas on an area-weighted
basis.

On large displays, such as a CRT, measurements shall be taken at 5 positions distributed over 80% of the
screen area and averaged.

If the dlmenaions of the image elements are large enough to permit several nonoverlapping measurements to
be made witbbr the image element boundaries, multiple luminance readings sha[l be taken and averaged to
establish the average element luminance.

If it can be demonstrated that AL does not change under varying lighting conditions, Lt can be calculated by
measuring AL and Lb and adding them. If it can be demonstrated that equivalent results can be obtained by
measuring in lower ambients (e.g., 54,000 lux rather than 108,000 Iux), then scaling up the results, then the
test may be done in the lower ambient.

14
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Light Source For
Specular Reflection

FIGURE 1. Combined specukr and difhse measurement setup.

NOTES

●
1.

2.

3.

4.

LIIminanceof the@amsourmismeasuredbyputtingamirror(pmferabiyfront-silvered)inplaceofthedisplayandleavingthe
photometerfacuw,dat the d~pk+ysurface.

The diffuseambientshouldbe measuredbysubstitutinga diffusesurfwxof knm reflectancefor the disptaysurfaceand
measuringib Iuminsncz,thm calculatingthe illuminationlevel.

The diffwcandspecularreflectedlightcanbemeasuredrqaratelyand summedor !m?as.rcmcntscanbe fake. dircctlywitb
buth lightsourctson at once.

Ordinsryphotostudiofloxl fightsamml purelydiffuselightsoucccs,but arc an acceptableapproxirmtionin th~ test.

1 5. Contrastshaltnot degrademore than 20%fmmspxiried valueswhenmeasuredat angtc.ssmallerthan the 30Sshownin
figurr 1, or whenthediffw reflectedIuminanctismeasuredwiththe photometerand lightsourceintercba”ged(that is.
photmnercron tk axisof the disptay).

4.2.1.6.4 Verification of dimming range. The requirements of 4.2.1.6 apply.

4.2.1.6.5 Verification of chromaticity difference. The requirements of 4.2.1.6 apply.

4.2.1,6.6 Verification of luminance uniformity. Display luminance test data shall be used to determine
c0mp3iance.

4.2.1.6.7 Verification of viewing angle. Viewing angles shall be determined by

4.2.1.6.8 Verification of blemishes. Verification shalf be by

4.2.1.7 Verification of display size. Compliance with the dkplay size requirements may be determined
approximate@’ by measuring *e active ~lsplay area, or by analysis of design data.

● 4.2.1.8 Verification of display color. Display color shall be measured using in a
ambient.

15
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4.2.1.9 Verification of NVIS. NVIS radiance performance should be performed by individuals or
organizations that have demonstrated technical competence to the Joint Aeronautical Commanders Group,
Tri-Service Lighting Committee, Naval Air Systems Command, Washington DC or to Naval Avionics Center a
bt Indianapolis, IN. Test methods and equipment of shall be used.

4.2.1.10 Verification of video/symbology overlay. Vldeolsymbology overlay shall be demonstrated.

4.2.1.11 Verification of video size. Video size shall be measured by

4.2.1.12 Verification of viewability during gunfire. Degradation of the symbology shall be monitored
visually during gunfhing vibration test. If significant degradation OCCUK, the apparent line width and
positional variations shall be measured.

4.2.1.13 Verification of flicker, jitter and noise. The cliiplay shall be monitored for visible flicker,
jitter, and noise. Any objectiomble effects noticed shall be measured.

4.2.1.14 Verification of dimensional atabllity. Symbnl and test patte~ dimensions shall be measured
to determine compliance.

4.2.1.15 Verification of positional stability. The position of symbols and viden shall be measured to
determine compliance.

4.2.1.16 Verification of raster distortion and linearity. Raster distortion and Iinearit y shall be tested
by

4.2.1.17 Verification of reflections. Intensity of reflections shall be measured to determine compliance.

4.2.1.18 Verification of solar effects. Solar effects shafl be measured by

4.2.1.19 Verification of automatic brightness control (ABC). Compliance shall be verified by ●

4.2.1.20 Warmup time. Warrrmp time shall be measured.

4.2.1.21 Verification of controls. Operation of all required controls ,till be demonstrated.

4.2.1.22 Verification of nuclear survivability. Nuclear survivability or vulnerability shall be evaluated
by

4.2.1.23 Verification of processor standards. Processor characteristics shall be verified by

4.2.1.24 Verification of damage protection

4.2.1 .24.1 Verification of overload protection. Compliance shall be verified by

4.2.1 .24.2 Verification nf CRT protection. Compliance shall be verified by

4.2.1 .24.3 Verification of high voltage protection. Compliance shall be verified by

4.2.1.25 Verification of HUD specific requirements

4.2.1 .25.1 Verification of HUD field of view (FOV). Measuremema of lock angles from specified eye
positiorta to field positiorta shall be used to determine compliance.

4.2.1 .25.2 Verification of parallax. Eye position and field angle data shall be taken to determine ●
compliance.

16

Downloaded from http://www.everyspec.com



,., ,1-

I

0

AFGS-87213B

4.2.1 .25.3 Verification of HUD standby reticle. Standby reticle luminance, line width, and color shall
be measured.

4.2.1 .25.4 Verification of HUD accuracy. Accuracy of symbols and symbol positions shall be evaluated
by

4.2.1 .25.4.1 Verification of flight symbol accuracies. Tire requirements of 4,2.1 .25.4 apply.

4.2.1 .25.4.2 Verification of algorithm accuracies. The requirements of 4.2.1 .25.4 apply.

4.2.1 .25.4.3 Verification of symbol/video registration error. l%e requirements of 4.2.1 .25.4 apply.

4.2.1 .25.4.4 Verification of standby reticle positional accuracy.
apply.

4.2.1. 25.4.S Verification of combiner glass displacement error.
apply.

The requirements of 4.2.1 .25.4

The requirements of 4.2.1 .25.4

4.2.1. 2.S.4.6 Verification of combining glass distortion error. The requirements of 4.2.1 .25.4 apply.

4.2. 1.2S.4.7 Verification of bnreaigbting. The requirements of 4.2.1 .25.4 apply.

4.2.1. 2S. 5 Verification of cannpy distortion compensation. The intentional displacement of symbols
for distortion compensation shall be evaIuated by

4.2.1. 2S. 6 Verification nf HUD combiner wind loads. Force and temperature loadings equivalent to
those shown in shall be applied to the HUD combiner. Breakage of the combiner or its
mountings shall constitute failure of the test.

4.2. 1.2S.7 HUD combiner transmission and reflection. Measurements shall be taken or procurement
data shaU be evaluated to determine compliance.

4.2.1.26 Verification of HMD-specific requirements. TBD.

4.2.1 .26.1 Verification of viden in sunshine capabllit y. TBD.

4.2.1 .26.2 Verification nf 12 capability. TBD.

4.2.1 .26.3 Verification of weight and CG. TBD.

4.2.1 .26.4 Verification of compatibility with persnnal equipment. TBD.

4.2. L 26.5 Verification of compatibility with ejectinn seat. TBD.

4.2.1 .26.6 Verification of head tracker system. TBD.

4.2.1 .26.7 Verification of eye relief and exit pupil. TBD.

4.2.1 .26.8 Verification of monocularlbiocularlbi nocular capabilit y.

4.2.1 .26.9 Verification of peripheral vision. Verification of peripheral vision shall be by

4.2.2 Verification of physical characteristics. The physical characteristics of the display system shall be
verified by
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4.2.2.1 Verification of weight. The equipment shall be weighed.

4.2.2.2 Verification of volume. The dimensions of the equipment shall be measured.

4.2.3 Reliability verification. See 4.2.5,

4.2.4 Maintainability verification. Maintainability demonstration testing shall be conducted in
accordance with , to demonstrate that the maintainability requirements specified herein have
been satisfied. The conditions of the maintainability demonstration and tasks demonstrated shall represent
Ihose which can be expected to occur in the operational environment. Task selection shall be in accordance
with . A single simulated or induced fault or failure maybe counted as a maintenance action
at both the organizational and intermediate levels when practical,

4.2.4.1 Verification of maintenance concept. Compliance shall be verified by analysis,

4.2.4.2 ScheduIed maintenance. Compliance shall be verified by audit of maintenance data.

4.2.4.3 Verification of self tests. Compliance still be verified by

4.2.4.4 Verification of built-in tests. The Bn capability shall be verified by analysis and by data
gathered during the maintainability demonstration test and flight tests.

4.2.4. S Verification of testability y. Testability design shall be verified by use of analytical/statistical data
prepared either manually or by making use of available computer aided test analysis programs such as the
Navy/Ak Force Logic Stimuli and Response (LASAR) program.

4.2.4.6 Verification of fault reporting. Compliance shall be verified by

4.2.5 Verification of product integrity. Verification shall be by

4.3 Verification of design and construction.

4.3.1 (Reserved).

4.3.2 (Reserved).

4.3.3 VerificstiOn of
determine compliance.

4.3.4 Verification of

nameplates and product

explosive decompression.

marking. The equipment shall be inspected to

Crewstation eauipment shsll be subiected to an
explosive decompression test or analysis. The initial altitude shall be and the final altitude

. The rate of change of pressure shall be at least

4.3.5 Verification of interchangeability. (Reserved)

4.3.6 Verification of safety. The equipment shall be inspected to determine compliance.

4.3.6.1 Verification of escape clearance. Escape clearance shall be verified by

4.3.6.2 Verificstimr of acoustic noise generation. Personnel exposure protection from acoustic noise
shall be verified on the A scale of a standard sound level meter at slow response. If the alternate octave band
analysis method is used, the equivalent A-weighted sound level may be determined from
TM teat may be waived if the equipment does not produce significant noise.

o
4.3.6.3 Verification of x-ray emissions. TBD
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4.3.6.4 Verification of crash safety. Cockpit equipment shall be subjected to the crash safety test as

m
described in

~
4.3.6.5 Verification of combining glasa bird strike. The combining glass, along with a windscreen
mounted in the aircraft configuration, shall be subjected to a bird strike test in accordance with

I
4.3.7 Human engineering verification

I 4.3.7.1 Verification of handles and grasp areas. The equipment shall be inspected to determine
compliance.

~~ 4.3.7.2 Verification of keyboard requirements. The key travel dktance, pressure, operation mode,
size, location, and tactile feedback shall be verified by
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6. NOTES

(Thk section contains information of a general or explanatory nature thal may be helpful, but is not
mandatory.)

6.1 Intended use. The electronically generated airborne display is intended for use in aircraft.

6.2 Definitions.

6.2.1 Average luminance. The average of two or more luminance measurements taken at appropriate
locations over a specified area.

6.2.2 Built-in tests (BIT). Automated internal tests, which may be further defined as continuous or
interrupting.

6.2.3 ConforrrraL ASSimage where the angles between points or objecis match the real world. On a HUD,
symbols which overlay objects or depict angles as the pifot sees them in the real world are called cortfomral.

6.2.4 Contrast definitions. There are numerous expressions for contrast, cm-mast ratio, modulation,
and various other similar quantities, with very little standardization of meaning or usage. The following
definitions form a consistent set; most of the other definitions which are found are actually equivalent to one
of these (but may be expressed differently) or are so rarely used that they should be avoided. These
definitions are based on the following measurable quantities:

Lt, the total luminance of the image, or brighter area, including any background or reflected light, as
measured in the specified lighting conditions.

●
Lb, the luminance of the background, or dimmer area, including any reflected light and any stray display
emissions, measured in the specified Iighting conditions.

AL, (delta luminance) the difference between the h]gher luminance (Ll) and the lower luminance (Lb). For
a CRT, this is only light emitted by the display, that is, measured directly in a dark room. For devices which
rely on reflectance changes (such as LCDS or painted-on instrument faces), AL cannot be measured
directly; but it can be calculated as Lt-Lb. -

LUI, the luminance of an unlighted element; thk will be the same as Lb for a CRT, but will be different for a
device with discrete image elements, fike an illuminated switch cap or a segmented LCD.

a. Contrast ratio (CR) or luminance ratio. CR=Lt/L~, numerically equal to (AL+Lb)/Lb, also = 1.0
+AL/Lb. This quantity ranges from 1.0 (no contrast) to approachhg infinit y, and is commonly used in CRT
and HUD specifications. It is used not only because it is larger (more impressive) by one than the contrast
definition (below), but because it makes sense and is easy to use where two luminance are being compared,
such aa between shades of grey on a CRT.

b. Contrast (C) or luminance contraat. C=AL/Lb, numerically equal to (Lt-Lb)/Lb, also = CR - 1.0.
Tbia quantity ranges from 0.0 (no contrast) to approaching infinity, and is commonly used in instmment and
control panel specifications. It is used in lieu of the contrast ratio definition only because it starts at zero,
which is more logical to some people. Sub-definitions include Cl, which is the contrast of a lighted element
against an unlighted element, and Cul, which is the contrast of an unlighted element against its background.

c. Contrast as modulation (Cm). Cm=(Lt-Lb)/(Lt+Lb), numerically equal to AL/(Lt+Lb). This
quantity ranges from 0.0 (no contrast) to 1.0, and is often found in human factors research, such as in

●
discussions of contrast sensitivity of the eye. It has been called contrast, Michelson contrast, modulation,
luminance modulation, or, when multiplied by 100, percent contrast, depending on the author. Thk
quantity is crmaistent with “modulation” as defined in communications theory.

-.
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d. Luminance contrast. LC=(Lt-Lb)/Lt, numerically equal to ALILt, This quantity ranges from 0.0
(no contrast) to 1.0, and was called luminance contrast in MlL-STD-l 472C but was replaced , in
MIL-STD-1472D, by definition b above. It is equal to the Cm definition (c above) for Cm =1.0 or O.0, but is ●
larger than Cm elsewhere. It is luminance difference divided ‘by (normalized to) maximum luminance,
rather than mean luminance or minimum luminance, and is rarely used.

6.2.5 Diffuse raflectiott. Scattered or broken up reflection of fight. The BaSO~ reflectance standard used in
photometric tests, and ordinary white paper, are Examples of diffuse reflectom.

6.2.6 Display element. The smallest addressable entity of the display. In the case of a color matrix LCD, the
arnalleat addressable shutter or dot of an individual color. In the case of a segmented display, any of the shapes,
characters or aytnbcdamade up of only one individual addressable entity. Sometimes called a “dot”, a “segment”,
or (when a pixeI k subdivided to spatially achieve color or gray shades) a %ubpixel”.

.

6.2.7 Pill factor. On a matti.x display, the transmixive or emiasive area divided by the total inrage area,
normally expressed aa a percentage.

6.2.8 Lhre pair. One bright line and the adjacent darkened space between that bright line and the next
bright line, comprising a portion of a group of alternating bright and dark parallel lines. Note there are two
lines per line pair, and each line must be active, i.e., can be turned “on” or “off. ”

6.2.9 Line rate. In raater scanned systems, the total number of horizontal line times which occur in one
complete frame time. Note that thk is different than the number of active lines (those that appear on the
screen) and the horizontal resolution (also dependent on th@a like bandwidth and spot size). For example,
cotnssrercial TV in the US is 525 line rate, 485 active raster lines and has a horizontal resolution of around
300 lines.

6.2.10 Linea (of s-eaohrtion). The masimum number of alternate light and dark lines that can be resolved ●within a unit dinrension, generally “lines percrn” (or inch), “lines per picture height,” or just “lines”, which can be
aasumed to be fines per picture width or height. On a device with discrete picture elements (pixels), the number of
pisels ia stated as the resolution, although it is not strictly equivalent to lines of resolution on an analog display.
‘llte ttrtha of “lines per picittre height” for horizontal resolution, defiicd in EL4-RS-170, were used in many TV
syatem$ but are now rarely used becauae of the confusion caoaed by expreaaing hmizmttal resolution in terms of
vertical screen height, and the fact that it gives a lower (less inrpresaive) number on a 4:3 aapect ratio (standard
re@@dar) diapfay.

6.2.11 Malfunctions. Equipment failures which render the equipment or equipment modes unusable.

6.2.12 Minutes and milliradians. Units of angular measurement. 60 minutes of arc = 1 degree. 2 m
radiana = a circle (3600), therefore 1 radian = 57.30, 1/1000 radian (milliradlan) = 3.44 minutes of arc,
Milfiradiana are convenient unira for small angles because the size of the object, divided by the distance to
the object (i the same units), gives ita angular subtense in radians.

6.2.13 Occfude. lbblock off orcrrt off, as when one aynrhrdoverlaps another and the one “inback” is partially
hidden from view. “Occult” fraa a similar meaning and is sometimes used interchangeably.

6.2.14 Out-of-tolerance condition. Equipment faulta which cause the equipment to perform below
specified performance limits but do not render the equipment modes unusable.

.

6.2.15 P~el. Contraction for “Picture Element”. In a matrix display, the smallest element or group of
elements which provides spatial information and can produce all of the color and shades-of-grey capabilities of
the display. Note that some use “pixel” to refer to a single d~lay element, as defined hereim It may be necessary
to use the phrase “color group” or “full color pisel” to clarify. See “Ftat-Fanel Displays and CKIV’, by Lawrence
‘fknnas and SAE-ARP-4256.

●
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6.4 Responsible engineering office. The office responsible for development and technical maintemnce
of tbk specification is ASC/ENASI, Wright-Patterson AFB OH 4.5433. ReqT.E.stsfor additional infomration
or assistance on this specification can be obtained from James C. Byrd, ASC/ENASI, Wright-Patterson AFB
OH 45433; DSN 785-4131), Commercial (5 13) 255-4130. kry information obtained relating to
Government contracts must be obtained through contracting officers.

,..

,.

I

●

6.2.16 Self-tests. Automatic, non-interfering performance testing employing either continuous or
iterative monitoring techniques.

6.2.17 Specular reflection. Mnor-like reflection, with tbe characteristic that the angle of irrcidence equals
the angfe of reflection. An image of your face, seen reflected in a display, is a specular reflection.

6.3 Quantities of Iigbt

6.3.1 Candela per square meter (cdlms). The cd/mZ (also called nit for normalized intensity), is the
S.1. (Systeme International d’Unites, or international system nf units) unit for luminance. Luminance is
used to measure light radiating or reflecting from a surface, such as the face of a CRT. A cd/mZ is
aPPrOfimately 0.292 foot Lamber’r (1 fL approx= 3.43 cd/m2).

6.3.2 Lumens per square meter (lmlmt). The lrrrlms, or IUX(light fl~ is the S.1. unit for ilIuminance
(COnU120nfYcalled ifhrnrination). Illuminance is used to measure light falling CMa surface, such as a desk or
dqlay surface. A Iux is approximately equal to 0.0929 foot candles (1 fc approx = 10.76 lUX).

6.3.3 Candelas (cd). The cd is the S,1. unit nf luminous intensity (commonly called just intensity).
Intensity is used to measure light coming from a point source in a given directinn, such as the light coming
from a landing light or anticollision light On an aircraft. It is also used to measure devices which are too smsll
Or nonuniform (like LEDs) to be accurately measured in luminance “nits. It is roughly equal to the obsolete
units of candles and candlepower. A candela = 1 Iumen per steradian.

6,3.4 Lrtmena (Ire). The lm is the S.L unit of luminous flux. Luminous flux is used to measure the total
light coming from a source, such as an ordinary light bulb.

6.S International standardization agreements. Certain provisions of this specification are the subject
of international stsndardlzatinn agreement NAT-STD-3504. When amendment, revision, nr cancellation
of this specification is proposed that will modify the imemational agreement concerned, the preparing
activity will take appropriate action through international standardization channels, including departmental
standardization offices, to change the agreement or make other appropriate accommodations.

6.6 Subject term (key word) listing

displays
airborne displays
cathode ray tube
cockpit displays
CRT
head-up display
helmet-mounted display
LCD
fiquid crystal d~kiy
mtdti-purpnse display
multi-function display
sunshine Iegibilky

6.7 Changes from previous issue. Asterisks (or vertical lines) are not used in this revision to identify
changes with respect to the previous issue due to tbe extensiveness of the changes.
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DISPLAYS, AIRBORNE, ELECTRONICALLYIOPTICALLY GENERATED,
HANDBOOK FOR

10. SCOPE

10.1 Scope. Thii appendx provides rationale, background criteria, guidance, lessons learned, and
instructions necessary to tailor section 3 and 4 of the basic specification for a specific application.

10.2 purpose. ~appentiprotides tiesection 3andsection 4paragraphs oftiespecification, along
with information to assist the Government procuring activity in the tailoring and use of AFGS-87213B,

10.3 Use. ~isappendw isdesigned toassisttie project engineer hmiloring AFGS-87213B. ~eblanks
of the basic specification shall be filled in to meet the operational needs of the equipment being developed,

10.4 Format.

10.4.1 Requirementiverification identity. Section 300ftMi append~parallels section 3andsection4
of the basic specification; paragraph tiUesand numbering are in the same sequence. Section 30 provides
each requirement (section 3) and associated verification (section 4) as stated in the basic specification, Both
the requirement and verification have sections for rationale, guidance, and Iessonsleamed.

10.4.2 Requirement/verification package. Section 30 of this appendw has been so arranged that the ●
requirement and associated verification is a compIete package to permit addition to or deletion from the
criteria as a single requirement. A requirement is not specified without an associated verification.

10..5 Responsible engineering nffice. The responsible engineering office (REO) for this appendx is
ASC/ENASI, Wright-Patterson AFB,0H45433-6503. Theindividual whohasbeen assigned theresponsi-
bilityfor tMshandbook is James C. Byrd, ASCIENASI, Wright-Patterson AFB, OH 45433-6503, DSN
78 S-4130, commercia1513-355 -4130.

20. APPLICABLE DOCUMENTS

‘Unless otherwise indicated, the documents listed herein are referenced solely to provide supplemental
technical data. The latest edhion in effect should be used unless otherwise stated.

20.1 Government documents.

20.1.1 Specifications, standards, and handbooks.

SPECIFICATIONS

Military

MIL-C-675

MIL-B-5087

Coating of Glass Optical Elements (Antireflection)

Bonding, Electrical, and L@rtning Protection for Aerospace
Systems
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MIL-E-540010
MIL-H-5606

MIL-T-S624

MIL-R-6771

MIL-C-6781

MIL-N-7513

MIL-P-7788

MIL-L-7808

MIL-A-8243

MIL-P-15024/5

MIL-S-19500

MIL-M-3S51O

MIL-T-83133

MIL-H-83282

MIL-P-83335

MIL-C-83723

MIL-L-85762

●
MIL-E-87145

MIL-E-87235

AFGS-87213B

APPENDIX

Electronic Equipment,. Aerospace, General Specifications for

Hydraulic Fluid, Petroleum Base, Aircraft, Missile, and Oral-
nance

TurW1ne Fuel, Aviation, Grades JP-4 and JP-5

Reflector, Gunsight Glass

Control Panel, Aircraft 13quipment, Rack or Console Mounted

Nomenclature Assignment, Contractors Method for Obtaining

Panel, Information, Integrally Illuminated

Lubricating Oil, Aircraft Turbine Engine, Synthetic Base,
NATO Code Number 0-148

Anti-icing and Deicing-Defrosting Fluids

Plates, Identification

Semiconductor Devices, General Specification for

Mlcrocircuita, General Specification for

Turbine Fuel, Aviation, Kerosene Type, Grade JP-8

HydrauJic Fluid, Fue Resistant, Synthetic Hydrocarbon Base,
ficraft. Metric NATO Code Number H-537

Panels, Integrally Illuminated, Whhe, Specification for

Connectors, Electrical, (Circular, Environment Resisting), Re-
ceptacles and phi@, General Specification for

Lighting, A!rcraft Interior, Night Vision Imaging System
(NVfS) Compatible

Environmental Control, Airborne

Emergency Escape. Aucraft
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AFGS-87240

AFGS-87266

MIL.-A-87244

STANDARDS

Military

MIL-STD-210

MIL-STD-454

MIL-STD-461

MIL-STD-462

MIL-STD-471

MIL-STD-704

MIL-STD-781

MIL-STD-81O

MIL-STD-882

MIL-STD-883

MIL-STD-1295

MIL-STD-1472

MIL-STD-1515

MIL-STD-1553

MIL-STD-1750

Lighting Equipment, Akborne, Interior and Exterior

Akcraft Cockpit Transparency System

Requirements for the Integrity of Avionics

Climatic Infnnnatinn to Determine Design and Test Require-
ments for Military Systems and Equipment

Standard General Requirements for Electronic Equipment

Electromagnetic Emission and Susceptibility Requirements for
the Control of Electromagnetic Interference

Electromagnetic Interference Characteristics, Measurement of

Maip~inability Verification/Demonstration/Evaluation

Aiucraft Electric Power Characteristics

Reliabiky Testing for Engineering Development, Qualifica-
tion, and Production

Environmental Test Methods and Engineering Wldelines

System Safety Prngram Requirements

Test Methods and Procedures for Microelecuonics

Human Factors Engineering Design Criteria for Helicopter
Cockpit Electro-Gptical D~play Syrnbnlngy

Human Engineering Design Criteria fnr Militaw Systems,
Equipment and Facilities

Fastener Systems for Aerospace Applications

D@al Tme Dhision CommancUResponae Multiplex Data Bus

Sixteen-Bit Computer Insuuction Set Architecture
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MIL-STD-1787 Aircraft Display Symbology

MIL-STD-1799 Survivability, Aeronautical Systems

MIL-STD-1800 Human ”Engineering Performance Requirements for Systems

MIL-STD-1801 User/Computer Interface

MS25271 Relays, Electromagnetic, 10 Amperes, 4PDT, Type I, Solder
Hook Hermetically Sealed

(Unless otherwise indicated, copies of federal and military specifications, standards, and handbooks are
available from the Standardization Documenm Order Desk, Building4D, 700 Robbins Avenue, Philadel-
phia, PA 19111 -5094, phone (215) 697-2667.)

20.1.2 Other Government documents, drawings, and publications

AFAMRL-TR-83-095

AFR 161-35

ASD-TR-83-5019

FAA AC No. 25-1309-lA

FAA FAR-25. 1309

FAA-TSO-C 113

NAT-STD-3350

NAT-STD-3800

OSHA

Opticial and Human Performance Evaluation of HUD Systems
Design

Hazardous Noise Exposure

Optical and Human Performance Evaluation of HUD Systems
Design

System Design and Analysis

Airworthiness Standards, Transport Category Airplanes
(Equipment, Systema, and Installation)

Ahbnme Multipurpose Electronic Dkplays

Monochrome Video Standard for Akraft System Application

Night Viaion Goggle Lighting Compatibility Design Criteria

Code of Federal Regolationa Part 19103

20.2 Non-Government publications

ARINC 725 Electronic Flight Instruments

CIE Supplement No.2to Publication15 (E-1.3 .l), Recommenda-
tions on Uniform Color Spaces—Color Difference Equations,
and Psychometric Color Terms

EIA-RS-170 Electrical Performance Standards-Monochrome Television
Studio Facilities
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EIA-RS-343 Electrical Performance Standards for High Resolution Mono-
chrome Closed Circuit TV Camera

E1A-TEPAC-105-9 Line Profile Measurements in Shadow Mask and Other Struc-
tured Screen Cathode Ray Tubes

EIA-TEP-I 16-B Optical Charac~eristics of CRTs

RTCA-DO-160 Environmental Conditions and Test Procedures for Airborne
Equipment

SAE-ARP-1782 Photometric and Colnrimetric Measurement Procedures for
Airborne Direct View CRT Displays

SAE-AS-8034 Minimum Perfomrance Standard for Akbnme Multipurpose
Electronic Displays

SAE-ARP-4256 Design Objectives for Liquid Crystal Displays for Part 25
(Transport) Aircraft

Bar’ten, P. “The effect nf glass transmission nn the subjective image quality of CRT pictures. ” In:
Eurodkplay ’90 Intemadnnal Display Research Conference, Amsterdam, September 25-27, 1990,
Proceedings. Playa del Rey, CA: Society fnr Infnnnati&r Display, 1990. Pp. 336-339.

Bnff, K. R. & Lincnln, J. E. Engineering Data Compendium, Human Perception and Performance.
Wr’ight-Patterson A1r Fnrce Base, OH: Harry G. Armstrong Aerospace Medical Research Labora-
tory, 1988. e

Farley, W. “Determination of monnchomne display MTFs in the presence of glare.” In: SID ‘89
International Conference, Baltimore, MD, May 1989, Digest of Technical Papers. Playa del Rey,
CA: Snciety for Infnrrnation Display, 1989. p. 212.

Gard, Jerry. HUDS in Tactical Cockpits. Kaiser Electronics Company, unofficial guidebonk, 1989.

Kefler, P. and R. Beaten, “The EIA standard for MTFs nf monochrome CRTs. ” In: SID ‘89 Interna-
tional Conference, Bakimnre, MD, May 1989, Digest of Technical Papers. Playa del Rey, CA:
Society for Information Display, 1989. p. 204.

Kocien, D. F. Design Considerations for Virtual Panoramic Display (VPD) Helmet Systems Design.
Neuilly-sur-Seine, France: NATO Advisnry Group for Aernspace Research and Development
(AGARD), 1991. AGARD Conference Proceedings, no. 425.

Post, D. L. “US Air Fnrce colnr display issues.” In: Aerospace Behavioral Engineering Conference,
5th, Long Beach, CA, October 13-16, 1986, Proceedings. Warrendale, PA: Society of Automatize
Engineers, Inc., 1986, pp. 227-247.

Tarmas, Larry. Flat Panel Displays and CRT Displays. New Ynrk: Van Nostrand Reinhold, 1985
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REQUIREMENTS AND VERIFICATIONS30.

e TMs section contains guidance for tailoring the requirements in sections 3 and section 4 of the basic
specification. The sequence is the same, except that each performance requirement is paired with its
associated verification requirement.

3.1 Item definition. The display system shall provide all necessary information to the operator clearly,
requiring a minimum of operator effort, while operating in the environment specified herein, including
laboratory, ground, and airborne operation, The system shall perform the following major functions:

I

REQUIREMENT RATIONALE (3. 1)

The major functions and parts of the display system must be specified to establish what capabilities the
system must have.

REQUIREMENT GUIDANCE

Major system procurements, such as a new aircraft, will generally only have a system specification in the
initial request for proposal (RFP), and the contractor will be required to submit prime item development
(PID) specifications on each subsystem or unit, either as part of MSproposal or as a data item. Procurements
for a single unit or a subset of the display system require that the project engineer prepare a PID
specification, rather than a ponion of a system specification. In this case, the System Description becomes a
simple Item Description and all of the appropriate paragraphs under 3.2 herein are used to define the
equipment’s performance.

o An aircraft or avionics system specification generally includes several pages of display system description.
For example, the HH-60 Avionics Prime Item Development Specification contained the following list of
display-related equipment: multi-function display units; display electronics units (DELI); helmet mounted
display system; remote map reader; avionics control panels. Other systems will include other units; for
example, all fighter planes currently have head-up displays (HUD) and many use an electronic engine
monitor display (EMf3) and a separate integrated communicationhavigatiodidentification control/display
unit (CNI-CDU) or a keyboard, The system specification would generally include the key performance
characteristics of each of these functions or subsystems. These would be pulled from the appropriate parts of
section 3.2 herein and made subparagraphs under the display system description paragraph. Examples of
key requirements to be included in the system specification are as follows:

a. MFD
Quantity, size
Contrast, shades of gray, and lighting environment
Resolution
Format (Video, symbology)
Color requirement
Night vision goggle compatibility

b. DEU
Number of channels (unique formats)
Processing capability
SYmbology requirements

●
Number of input and output channels
Bus and video interface
Programmability Provisions for occluding, inverting, overlaying or flashing symbols
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c. Control panels
Panel lighting
Controls required

d. HUD
Field of View
Brightrteaa
Video capability (if required)
Symbol aet
Accuracy
Over-the-nose vision
Canopy/HUD hrteraction

e. HMD
Field of View
Brightness
Video capability (if required)
Symbol aet
Accuracy
Field of regard

Addhional guidance maybe found in FAA-TSO-Cl13 andin SAE-AS-8034

~ediW)ay system kpanofboti theationics system andthe crewstation. Itmustinterfac ewiththecrew
and with other crewstation equipment.

REQUIREMENT LESSONS LEARNED

The rniaaion of the aircraft wifl determine which display functions and characteristics are required. In the
early phases of a program, very general guidance will be available in documents such as the Statement of
Need and Program Management Direction. Studies, simulations, and meetings with the users must all be
used with good engineering judgment to arrive at a suitable aet of display requirements.

4.1 General. The verifications (inspections/analyses/tests/demonstrations) shall verify the ability of the
airborne display to meet the requirements of aectimr 3 herein. All verification shall be the responsibility of
tie contractor. The Government reserves the right to witness, or conduct, any verification.

VERIFICATION RATIONALE (4. 1)

Compliance with the general display requirements of 3.1 will generally become obvious during other tests
and inspections. Any other introductory and general quality assurance provisions should also be put into 4.1.
They are located here in order to allow aU of the remaining paragraphs of section 4 to exactly parallel the
section 3 paragraph with the similar number.

VERIFICATION GUIDANCE

While compliance with the general display system requirements will generally become obvious during other
tests and inspection, specific tests, inspections, and analysis should be added for any specific requirements
calfed out irr 3.1. For environmental tests, the conditions, tolerances, and accuracies of MIL-STD-810 are
often adequate and reasonable and are in general use. Exceptions should be added to account for any ●
program-pectdiar requirements. For example, for the F- 16, which uses forced-air cooling, specifications
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include: (a) cooling air standard conditions for temcmrature (27°C tlO°C) and flow rate tolerance

●
(+10, -O%); (b)tes~condition cooling airflow rate tolerance (~5%); a”dothe’r exceptions related to the
manufacturer’s preferred test conditions.

VERIFICATION LESSONS LEARNED

3.1.1

4.1.1

3.1.2

Item diagrama. (reserved)

Verification of diagrams. (reserved)

Interface definition. The equipment shall be cntnpatible with the electrical, mechanical, and
cooling interface requirements of the aircraft and the associated equipment. The equipment
shall not be damaged by operation of tie associated equipment when in any mode of operation (including
off mnde); nor shaU the equipment, in any mode of operation, be damaged when any or all of the associated
equipment or any unit of the is dk.connected. The performance of the associated equipment
shall not be degraded or interfered with by operation of the equipment covered herein.

REQUIREMENT RATIONALE (3, 1.2)

It must be clear which aircraft and other systems the equipment will interface with,

●
REQUIREMENT GUIDANCE

Names of appropriate aircraft and equipment should be filled in. Where the display equipment will interface
with existing aircraft, avionics and equipment, these items should be listed specifically to insure that the
manufacturer understands the interfaces and does not expect other equipment to be modified to suit him.
Conatdt with crew systems engineers when filling in the blank for this requirement to ensure that all crew
systems proposed for the aircraft are properly addressed from a compatibility viewpoint. Some interface
requirements to be considered are as follows:

a. COmpatibMty with crew protective systems, includlng restraint systems, oxygen systems, anti-g
systems, and all head mounted personal equipment (Reference MIL-P-87234 and AFGS-87226).

b. Compatibility with ejection system includhg the ejection sequence, ejection clearance envelope,
pitot sensing system, and seat adjustsnent (Reference AFGS-87235).

c. Compatibility with ouraide visibilky (Reference MIL-STD- 1776).

d. Compatibility with crew station geometry and arrangement (Reference MIL-STD-1776)

REQuIREMENT LESSONS LEARNED

Compatibility with the sear/escape system, flight controls, canopy and in8ress/egress is often &\fficult to
define, but drives requirements on size and layout of displays.
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4.1.2 Verification of system interface. The equipment interface shall be verified as described in the
following paragraphs. o

VERIFICATION RATIONALE (4. 1.2)

The subparagraphs describe verification methods for each kind of interface.

VERIFICATION GUIDANCE

Thii verification should be performed by a combination of tests and demonstrations and maybe conducted
together with the verifications of other requirements. Consult with crew systems engineers to determine
appropriate verification procedures. Typically, compatibility with crew protective systems is verified by
inspection of drawings, windblast testing and ejection sled tests. Compatibility with the ejection system is
verified by inspection of drawings, mockup evaluations, windblast testing, and ejection sled tests.
Compatibility with outside visibility is verified by inspection of Ahoff plots and actual hardware evaluation of
mockups, simulation, and evaluations of the ffight test article. Regardless of the number and types of tests
that are performed, a full system demonstration of crew systems compatibility must be performed. During
tlis evshration, the crewrnember should be using the full personal equipment ensemble, the equipment
should be fully functional and operating and realistic simulations of the cockpit and mission procedures
should be used.

VERIFICATION LESSONS LEARNED

None at this time.

3.1.2.1 Electrical interface. The equipment shall be compatible with the input signals, and provide
output signals as described in . Interface signals include

●REQUIREMEfW RATIONALE (3. 1.2.1)

The numerous electrical interface signals associated with the equipment must be defined; this is often done
bran Interface Control Document (ICD) whkh is generated as a joint effort by the display manufacturer, the
system integrator or aircraft manufacturer, and the Ah Force’.

REQUIREMENT GUIDANCE

For new systems, where the interface is not well defined, a generalized interface description or philosophy
should be inserted, along with a statement of who will further define the interface. For equipment which is
being retrofitted into an existing system, an ICD or equivalent document describing the existing interfaces
ahotdd exist. It should be referenced and provided to bidders.

REQUIREMENT LESSONS LEARNED

Proper documentation of aU the interfaces is essential, especially when equipment is not all designed by the
same team. Mk.takes not only create technical problems but cause serious contractual costs and delays
(“finger pointing”).

4.1.2.1 Verification of electrical interface. The presence and function of all electrical interfaces shall
be verified by exercising each input and monitoring each output signal for correct response. Details of
interfaces, such as tolerances, shall be verified by

VERIFICATION RATIONALE (4. 1.2. 1)

An exercise of aU equipment functions is generally required for acceptance and in the course of this exercise
one would normaUy expect aU interfaces to be used. Specific verification of details, such as tolerances on o
voltages, is needed on signals which are critical or not well understood.
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VERIFICATION GUIDANCE

Acceptance tests should exercise all interfaces, One may elect to perform laboratory tests to verify interface
details (such as voltage tolerances) but in most cases it is more cost-effective to wait until integration tests
indicate that a problem exists and then use detail signal requirements to determine which equipment is at
fault.

VERIFICATION LESSONS LEARNED

Interaction of equipment in a System Integration Lab (SIL) environment or simulation have often produced
effects which were not provided for or understood when interface COntrO1documents were developed,
Where this is likely to happen, a test-and-fix approach in the SIL is the only way to reach successful interface
because, even if a detailed interface test were designed and performed, it cnuld not correct problems due to
documentation oversights and mistakes.

3.1.2.1.1 Power input. The equipment shall perform as specified herein when supplied with electrical
power in accordance with the requirements of except . The equipment shall
remain safe, shall automatically recover to full performance, and shall remain unaffected in reliability, when
exposed to transient power conditions as described in . Power consumption shall not exceed

a

I

o

REQUIREMENT RATfONALE (3. 1.2.1.1)

The electrical power available must be accurately defined, and in many cases limited, to insure
compatibility.

REQUIREMENT GUIDANCE

The power specification for the appropriate aircraft and any exceptions to it should be filled in. Currently,
this is MIL-STD-704 for most Air Force aircraft. Maximum power consumption should be filled in if it is
critical and a power budget or analysis has been performed to establish appropriate numbers. Otherwise, the
blanks can be left as “To be proposed (TBP)” during the proposal phase of the program and any reasonable
numbers proposed by the manufacturer filled in.

REQUIREMENT LESSONS LEARNED

On some equipment it is power dissipation which is critical rather than power consumption. Thk was true
on the F-16 and A-10, where limited cooling is available in the cockpit display units.

4.1.2.1.1 Power input. Power input requirements shall be verified by performing an electrical power test
in accordance widr Volt-ampere measurements shall be based on measurement of “wue
rms Amperes”.

VERIFICATION RATIONALE (4 .1.2.1 .1)

A power consumption testis generally the easiest and best way to accurately determine power consumption
and ausceptib)lity to power uansienta.

VERIFICATION GUIDANCE

Power test techniques are reasonably straightforward; a statement that a power test will be performed to
verify compliance with the specified requirement should be sufficient. Testing to verify performance at
voltage and frequency extremes is normal] y appropriate.
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VERIFICATION LESSONS LEARNED

Designers now use switching-mode power supplies because of their high efficiency and small size and weight. ●
However, they can cause problems because they induce current harmonics on AC power systems. These
harmonics can impose significant additional loads on generation equipment and wiring, Volt-ampere
measurements must be based on measurement of ‘true rms Amperes”, since this accurately accounts for
harmonic effects

3.1.2.1.2 Video. The equipment shall be compatible with -line,
-frame-per-second, -field-per-second,

defined by
-aspect-ratio video as

. Vtdeo output for a video recorder shall be provided.

REQUIREMENT RATIONALE (3. f .2. 1.2)

For video displays only, video interfaces must ha specified clearly.

REQUIREMENT GUIDANCE

Video lime rate, frame rate, aspect ratio, and the appropriate video standard should be insetted. Many
current Air Force aircraft use 525-line, 30-Hz frame, 60-Hz field, 4:3- or 1: l-aspect-ratio video similar to
EIA-RS-170. Some systems use a higher voltage level (2 to 3 volts) than specified by RS- 170 (1.0 or 1.5
volts) to achieve a better signal-to-noise ratio. Some systems use other line rates (main] y 875 or 1023 per
EIA-RS-343) for better vertical resolution. Current systems should comply with the NATO standard
(NAT-STD-3350) which allows 525-30/60, 625-25/50, and 875-30/60 line-frame/field rates and
standardizes on 1.0 volt peak-to-peak. Color displays are in use on commercial aircraft which use a stroke
presentation with raster fill of some symbols at a 40/80 rate. Color video should be a red-green-blue (RGB)
(three-wire) signal hating timing and tolerances equivalent to the monochrome signals. Some systems
generating color video will also be required to generate a monochrome video output in order to allow video ●
to be used by monochrome video recorders and backup dkplays. Since single-channel video recorders are in
common use and quality of color video on ground playback is not critical, color video will normally be
converted to N’TSC or the new Y-C (Luminance-Chrominance) format for recording. New digital displa ys,
such as Active Matrix Liquid Crystal Dkplays, may also use a digital fiber optics interface, such as the one
used on the F-22.

REQUIREMENT LESSONS LEARNED

The multitude of video formats in use has caused significant problems for displays and recorders. For
example, on the F-4E PAVE TACK program, video from TISEO, radar, GBU- 15, Maverick, and PAVE
TACK was displayed and recorded. After the system waa designed, interfaced, and flight tested, problems
still occurred because the amplitudes and characteristics were different. For example, PAVE TACK FLIR
video is one volt and often has large areas of grey with occasional white areas, while the radar video is three
volts and often consists of large areas of black with white apots. The AGC circuit in the display could not
correctfy compensate for these differences, so the operator had to frequently adjust the display brightness
and contrast when switching.
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4.1.2.1.2 Verification of video interface. Compatibility with the specified video interface shall be

o
demonstrated by

VERIFICATION RATIONALE (4,1.2,1.2)

Video interfaces must be tested or demonstrated to assure compatibility.

VERIFICATION GUIDANCE

The video signal voltage and timing characteristics can be measured if deemed necessary, but it is sometimes
adequate to rely on (a) laboratory demonstrations of compatibility with standard video generation
equipment, and (b) integration laboratory or aircraft demonstration of system compatibility.

VERIFfCATfON LESSONS LEARNED

3.1.2.1.3 Data bus. The equipment shall interface with the data bus.

REQUIREMENT RATIONALE (3. 1.2. 1.3)

For equipment on aircraft which have a dam bus, use of the b“s and characteristics of the btra must be
specified.

REQUIREMENT GUIDANCE

TO simplify and standardize interfaces, current Air Force policy is to make maximum practical use of the
h’flL-STD-1553B, Notice 2, multiplex bus, although higher speed data buses are being developed, System

●
considerations such as bus loading and the amount and type of data to be interfaced will indicate which units
should operate on the data bus, how many busses are needed, a“d which units should be bus controllers.
This can range from putting each unit of a dkplay system on the bus to putting ordy one electronics
unitkymbol generator on the bus.

REQUIREMENT LESSONS LEARNED

Unique dars bttases, such as were originally used on the F-15 and F-1 11, reduce other application
possibilities for the equipment and increase life cycle cost.

4.1.2.1.3 Verification of data bus. Compatibility with the specified data bus interface shall be verified
by

VERIFICATION RATIONALE (4. 1.2. 1.3)

Bus interfaces must be tested or demonstrated to asaure compatibilityy.

VERIF1CATION GUIDANCE

Afl new and modified designs must be tested to insure comparability with MIL-STD-1553B, Any hardware
or software changes made irr a unit may inadvenently make it non-compliant with the standard.
MIL-HDBK-1553 provides extensive guidance on the design and application of MIL-STD-1553.

The failure to conduct thorough MIL-STD- 1553 compliance tests on individual units prior to systems
integration results in lengthened integration and flight test activities, slipped schedules, and IIigh costs for
design/constntction error correction. In addition, future system growth options may be closed off due to
non-compliance problems which are too costly to correcq or worse yet, problems may remain undetected

●
until the future modMcations are attempted.

VERIFfCATfON LESSONS LEARNED
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3.1.2.2 Mechanical, interface. The equipment shall be designed to be -mounted.
Mounting interface details and tolerances shall be in accordance with ●

REQUIREMENT RATIONALE (3, 1.2.2)

Mechanical interface must be defined to assure compatibility.

REQUIREMENT GUIDANCE

Any mounting details which are known should be insened. “Hard” momrting (“o shock mounts) is generally
required for avionics units which can be designed to tolerate the vibration and shock environment. An
oudhe dimensional drawing or reference to a mechanical interface control document should be inserted.

REQUIREMENT LESSONS LEARNED

4.1.2.2 Verification of mechanical interface. Inspection and shall be used to verify
compliance.

VERIFICATION RATIONALE (4. 1.2.2)

Interface must be verified by analysis and demonstration for installation and interchangeability of units in
the aircraft.

VERIFICATION GUIDANCE

A dimensional tolerance analysis comparing the two sides of the interface maybe required for complicated ●
or precision interfaces. System integration and tight tests are the ultimate test of the interface and are often
adequate by themaelvea to verify compliance.

VERfFfCATfON LESSONS LEARNED

3.1.2.3 Cooling. The equipment shall be cooled by

REQUIREMENT RATfONALE (3. 1.2.3)

Coofhrg method must be established,

REQUIREMENT GUIDANCE

Free convection cooling is preferred where low dissipation and adequate ambient air make it practical.
When forced air cooling is available, better refinabilityand lower equipment cost can generally be achieved by
using it, and information on temperature, pressure, flow rate, interface hardware and contamination limits
should be inserted in the specification. Use of internal fans or conductive heat transfer to the mounting base
k also appropriate in some situations. Requirement 52 of MIL-STD-454 prohibits blowing ambient air over
electronics components, so most new avionics which use cooling air are” cold plate” designs. MIL-R-87155
should be consulted for additional guidance.

REQUIREMENTS LESSONS LEARNED

Some equipment also has a requirement to operate for a specified period without cooling.
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4.1.2.3 Verification of cooling. Compliance with the cooling requirements shall be verified by

VERIFICATION RATIONALE (4. 1.2.3)

Compliance with cooling requirements must be verified, usually by test

VERIFICATION GUIDANCE

Cooling provisions should be simulated during temperature-altitude tests. Separate cooling air tests are
generally performed on fnrced-air-cooled equipmem to measure flow rate, pressure drop, and susceptibility
to dirt and water contamination.

1[ k important to account for any special conling apparatus in tests demonstrating compliance with cooling
requirements. If the display needs a fan, for exsmple, to meet the cooling requirements, it is important that
aIl acceptance tests be run with the fan in operation and that any fan failures be counted as relevant failures.

VERIFICATION LESSONS LEARNED

Conhng fans can create excessive noise in the cockpit. Permissible noise levels must be specified and tested
if use of fans is anticipated.

3.1.2.4 Display recording interface, The equipment shall provide the following interface for cnckpit TV
video recording

REQUIREMENT RATIONALE (3. 1.2.4)

Moat HUDS must interface with a cockpit TV camera tn provide a recording capability, Recordings are used

●
io training, target damage assessment, and in locating system problems which maybe impossible to duplicate
on the ground.

REQUIREMENT GUIDANCE

A Cockpit TV System (CTVS) (miniature video camera) is currently used in most Air Force fighter aircraft.
Most HUDS provide a CTVS mounting surface which must be specified. For a HUD using conventional
refractive optics, the CTVS is mnunted aft of the combiner where it “sees” all HUD symbology as well as the
outaide scene. In HUDS which use a diffraction (holographic) optics combher, the CTVS is mounted
forward of the combiner and the symbology is electronically nverlayed. Many systems also provide
composite tideo outputs of sensor video andlor dkplay symbology to a video tape recorder. The user’s
needa, in terms of which dkplays are to be recorded, and the quaIity/accuracy to be achieved, should be
insened. A hand-held viden camera is also included on at least one aircraft.

REQUIREMENT LESSONS LEARNED

4.1.2.4 Verification of display recording interface. Compliance shall be verified by

VERIFICATION RATIONALE (4. 1.2.4)

Proper camera interface must be verified to assure adequate video recording.

VERIFICATION GUIDANCE

o Mechanical or electrical tesra or inspections should be specified, depending on the type nf interface

VERIFICATION LESSONS LEARNED
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3.2 Characteristics ~

3.2.1 Performance. The following performance requirements shall be met under the full range of ●
environmental conditions specified herein except

REQUIREMENT RATIONALE (3.2. 1)

This paragraph defines the conditions under” which the performance requirements in the following
subparagraphs are to be met.

REQUIREMENT GUIDANCE

Performance requirements are generally met over the full range of environments specified, except degraded
performance may be allowed during gunfire vibration. Other exceptions are sometimes appropriate, such as
aflowing deviations from full accuracy during the first 5 to 15 minutes after turning on at cold temperature
extremes. If MIL-E-5400 references are used, the equipment class and category must be specified using the
definitiona in MIL-E-5400.

REQUIREMENT LESSONS LEARNED

4.2 Verification of characteristic

4.2.1 Verification of performance. Compliance shall be verified as specified herein.

VERIFICATION RATIONALE (4.2. 1)

Performance requirements must be verified over appropriate environmental conditions

VERIFICATION GUIDANCE

Compliance can be verified by evaluation of test plans and procedures. Extensive guidance on the
measurement of photometric and calorimetric characteristics is provided in SAE-ARP- 1782.

VERIFICATION LESSONS LEARNED
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3.2.1.1 Redundancy.’ ~edtsplay system shall protide redundant features orredundant units such thal

● in the event of any single-point failure.

REQUIREMENT RATIONALE (3.2. 1.1)

If not properly designed, integrated electronic systems used for collection and presentation of data can have
catastrophic failures caused by a single-point electronics failure. Redundancy of data paths and/or hardware
is required to provide a safe and reliab[e system.

REQUIREMENT GUIDANCE

It should be possible to complete a mission with a single-point failure. ‘This is often possible with a reasonably
smalf amount of redundant hardware and wiring if a degraded mode of operation is allowed. This may
require workarounds, such as sharing a display, which increases workload. For flight critical information, a
separate, independent system is generally required. For example, in the Combat Talon II d&play system at
least two of the four CRT displays will continue to work and tiIl be capable of displaying any sensor in the
event of a single-point failure, There are also backup instmments which will provide adeqw+te data for
instrument fkght even if the main computers and rlkplays fail.

REQUIREMENT LESSONS LEARNED

The need for a fail-operational or at least fail-safe design has always been recognized for primary flight
displays. Fortunately, current improvements in elec~onic technology are making this easier to achieve.

Redundant or backup modes must be tested periodically; otherwise they may not work when needed,

I* 4.2.1.1 Verification of redundancy. l%e dkplay system redundancy requirements shall be verified by
—

VERIFICATION RATIONALE (4.2. 1.1)

This requirement must be verified to insure that the system will operate adequately under failure conditions.

VERIFICATION GUIDANCE

Verification method @l depend on the level of redundancy required and the criticali~y of the
fail-operational performance. In some systems, simply disconnecting certain units or signals will be adequate
to demonstrate the effects of failure. In a more complex or critical system, a failure mode effects analysis
coupled with a thorough demonstration with a large number of simulated failures will be needed.

VERIFICATION LESSONS LEARNED

Redundancy requirements and verification may be integrated with a safety analysis, where the probability of
a failure which results in a hazardous event is assessed and controlled. FAA FAR part 25, Section 25.1309
and AC No. 2S. 1309-lA provide guidance on probabilities of failure which should be achieved for
dmctions which have minor, major, or catastrophic consequences.

3.2.1.2 Lighting color. Control panel lighting shall Emitted light shall be compatible with

REQUIREMENT RATIONALE (3.2. 1.2)

o Color of display presentations and panel lighting must be controlled for consistency and, in some cases, to
insure compatibMty with night vision goggles.
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REQUIREMENT GUIDANCE

The appropriate panel lighting requirements should be inserted. For many existing Air Force aircraft, ●
integrally illuminated panels, using white light in accordance with MIL-P-7788, are appropriate.
AFGS-85240, Lighting Equipment, Airborne, Interior and Exterior, should be used to develop the system
lighting requirement; if it is, the display Iighting paragraph should merely reference the system lighting
requirement. On aircraft where the crew will use night vision goggles (NVGS), the spectrum of all emitted
Iightmust be closely controlled. (See Section 3.2.l.9) Thegoal istoprevem excessive red and infrared
light from the cockpit from being sensed by the NVCia, causing their sensitivity to the extremely dim outside
scene to be reduced.

Onche HH-60, it wasrequired that less than l%ofthe CRTdisplay’s total light otttput wotddbe in the
spectral range beyond 600 nanometers (red and infrared). This was achieved with monochrome CRTs using
P-43 phosphor andanarrow bandpass green fiiter. While this proved mbeoperationally compatible with
Class A devices, the emissions were higher than allowed by MIL-L-85762.

AFGS-87240 defines requirements (similar to those in MIL-L-85762A, Lighting, Aircraft, Interior, Night
Vision Ima@tg System (NVIS) Compatible) formeasuring energy which the NVGsare sensitive to("NVIS
Radiance” or NR) and specifies the color and NR content allowed for NVG crewstation equipment. There is
alaoa NATOdocument (NAT-STD-3800) whlchcovers asimilar setof NVGcompatibility criteria. IfNVG
compatibility is required, a measurable definition of compatibility must be put in the specification; for
example, “as defined in AFGS-87240.”

Some systems (pardcularly Arnty) have arequirement for”sec”re bghting”. Secure lighting is designed to
eliminate near-IR radiation (7OO-11OO nm) as far as possible and minimize radiation of visible light by
making lights green (peak eye sensitivity), only using lights where required for the mission, and making lights
dimmable. Secure lighting is important for systems which maybe exposed to hostile ground troops who now ●use NVGs and other Image Intensification (12) devices.

REQUIREMENT LESSONS LEARNED

Lighting color tolerances of f 0.02 xandyunita(CIE 1931 color system) were used inthepast but were
retictive, especially htie~een panofthe specmm. ~enewcolors defined in MIL-L-85762 for use in
night vision compatible cockpiu use larger tolerances (for example, a radius of 0.037 for NVG green in CIE
1976 u! v’ coordinates). TM tolerance is easier to meet, but allows colors which are different enough to be
noticeable if they are physically close together and are reasonably bright. Many programs specify the
technology to be used (e.g., electroluminescent or incandescent) inorder toachieve more uniform color,
brightness, and aging characteristics.

4.2.1.2 Verification of lighting color. Compliance shall be verified by

VERIFICATION RATIONALE (4.2. 1.2)

CoIor of lighting must be verified to assure chat it is uniform and aesthetically pleasing, and in some cases to
assure that it is compatible wi@ night vision imaging systems.

VERIFICATION GUIDANCE

Instrumental verification of lighting color can be accomplished in several ways. Measurements with a
spectral radiometer are the most accurate, but the measuring systems are expensive and require
considerable user expertise. For P-43 CRTs and other spectraOy concentrated sources, radiometric
measurements are the only reliable means of color determination. Tids includes other phosphor-lighted ●
displays aa well, including flat panel liquid crystal displays illuminated by fluorescent lamps.
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Other means ofverification have been developed, tailored tospe~ific Iightingschenres. For example, Air

●
Force Blue-Filtered Wlte L!ghtand Instmment panel Llgbti"g(IPL) Whim Iightcolor measurements can
beperfomed using aproperlycalibrated four filter colotieter (Photometer) asthemeasuring detice. This..
technique works well for filtered incandescent technology because energy is measurable through each of the
four tristimrshts color matching ftmctions (filters in the photometer), and the mathematics are
straightforward andeasyto use. ~istechnique does network well ifenergy isnotmeasurable through each
of the four fibers. A second example is the~nretric method of measuring hrstrument Panel Lighting
(IPL) Red, Aviadon Red, artd Identification Red light to be a tninimwrt Sat”ratio” level when compared to a
calibrated National Bureau of Standards (now the National Institute of Standards and Technology NIST)
red limit filter.

When color is relatively consistent from unit to unit, a visual comparison with a reference standard is often
used introduction acceptance tests to minimize cost. Visual testa are quick andkmvcost, and have high
probability of success when the standard ia close to the nominal requirement for color, the standard is the
same physical size asthedevice undervest, andtieinspector is fight adapted s"itably forthetask at hand,
Visual tescaare necessarily subjective, soitisimponant tohavean objective test specified asa backup to
rWOh% any disputes, Additional guidance is found in MIL-L-85240, MIL-L-85762, MIL-P-7788,
MIL-C-27160, MIL-C-2S050, and MIL-L-25467,

VERIFfCA~ON LESSONS LEARNED

3.2.1.3 Symbology. The equipment shall be capable of generating and displaying each of the symbols

The equipment shall be capable of generating:

polygons

layera of occlusion

flashing symbols

shadowing (for contrast enhancement)

colors

alphanumeric characters

REQUIREMENT RATIONALE (3.2. 1.3)

●
showrr and described irr . All of the symbols in figure shall be displayable
aimuhaneoualy at sufficient update rate to prevent visible jerking and sufficient refresh rate to prevent
Ktcker.

a.

b.

c.
I

d.

e.

f.

For equipment which generates and displays symbology, the symbology characteristics must be specified.

REQUIREMENT GUIDANCE

An appropriate syrnbology set must be established and documented, usually in a series of figures withh the
specification or in a separate cockpit desigtr description document resulting from simulations, pilot inputs,
etc. MIL-STD-1787, Aircraft Display SYrrrbology, has been widely coordinated and should be used as far as

●
possible. Symbols used in existing systems shoukl be used as far as possible, with consistent meanings, since
tfis minimizes retraining and can prevent fatal confusion in emergencies. Additional guidance maybe found
in MIL-STD-1295 (for helicopters).
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MIL-STD-1787 (rev. B draft) has specific requirements on primary flight symbology.

Display prncessor performance in terms of the number of polygons it can process, the number of occlusion ●
layers, etc. is relatively new, anditis nbtclear what requirements areappropriate forthevarious tWesof
aircraft dkplays.

A Helmet Mounted Sight (HMS) ok Helmet Mounted Display (HMD) has the unique ability to display
symbols over the entire field of regard of the’system (up to 47r steradians, i.e., all directions), and can
present them stabilized (fixed) relative totbeearth, relative to the aircraft, orrelative tothepilot’s head.

REQUIREMENT LESSONS LEARNED

Current trends in elec~onics have made it generally easy to build symbol generators to be programmable;
therefore, it is often not necessary to accurately describe symbol shapes and details before equipment
design. The advantage of trying to define the symbol set early is that it allows a reasonable estimate of the
nutnber andcomplexity of thesymbols to be made, whlchis essential totheperson attempting to size the
symbol generator and make inaccurate proposal. Once a symbol set has been chosen, changes to it will
generally affect memory and processing requirements on a stroke-by-stroke basis rather than
symbol-by-symbol.

%llemany etistig systems baveaseparate symbol generator unit, some have thesymbol storage and/or
generation built into thetiWfay unit ortie central computer. Ifthiscan bedonewithout creating complex
btter faces or excessively large boxes, it can reduce the total amount of hardware.

People seem to enjoy inventing symbols and will often come up with new and unique symbols if given the
chance. ~edocwentation andwaining problems created bythlscan be spectacular, soitis essential that
the symbol set be based on existing standards and systems.

Symbola that are calculated usipgbackup or reversionary sources (such as calculating the velocity vector
●

from airdats when inertial data input is lost) should be clearly indicated to the pilot.

Symbols that are incorrectly positioned because of field of view (FOV) limitations should be clearly
irdcatedt othepilnt. Particular care should be taken so that two symbols which are positioned relative to
each other donotchange thlsrelationship when placed atornear tielimitofthe FOV. An example would
beaflight director andtheveIocity vector syrnbolsona HUD. When thevelocity vector islimited by the
FOV liiit, this should not affect the position of the directnr steering symbol relative to the velocity vector.
This might be accomplished by limiting the velocity vector slightly inside the FOV limit so the director could
move around it.

~euseof flashing s~bolsto indicate de~aded or FOV-limited damisnot acceptable by itself. Flashing
symbols are discouraged except for critical alerting functions, such as a breakaway cross.

HUD syrrtbology must be “compatible” with the head-dovm display (HDD) information.

Symbols that can be deleted by declutter should have a secondary warning when they are deleted because of
faulty data. An example might be the annunciation “DATA DELETED” in place of the data if such a
symbol is deleted because of invalid data.

4.2.1.3 Verification of symbology. CapabWy to display each of the required symbols shall be visually
checked. De@flsonswbol dimensions andtolerances shall reverified by analysis, visual inspection, and
measurement of a representative sample (see 4.2.1.3.1).

VERIFICATION RATIONALE (4.2. 1.3)

Proper syrnbology capabilities must be verified.
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VERIFICATION GUIDANCE

a Vkual checks and symbol measurements are usually used for verification,

VERIFICATfON LESSONS LEARNED

3.2.1.3.1 Symbol size and movement. Alphanumeric symbols shall be at least cm high by
cm wide. The symbology shall be capable of a minimum dkplacement of

REQUIREMENT’ RATIoNALE (3.2. 1.3. 1)

Minimum size of symbols is specified to insure readability under all conditions. Minimum line movement
must be specified to assure that symbols appear to move smoothly.

REQUIREMENT GUIDANCE

The following size/resolution relationships should be met. They are based on numerous human factors
studies, successful operational systems, and the need to achieve fast, accurate reading under a variety of
ambient and stress condhions. Note: 60 minutes of arc = one degree, 17.45 milliradians (mr) = one degree,
3.44 minutes of arc = 1 mr. Size in degrees = arctan (symbol sizelviewing dktance).

a. Stationary or nonrotating raster alphanumeric symbols shall subtend a minimum of 16 minutes
of arc and consist of a minimum of 16 scanning lines or pixels of symbol height and 12 horizontal

m

resolution elements for symbol width .

b. Raster alphanumeric symbols oriented other than vertically, and other video shapes shall
subtend a minimum of 22 minutes of arc and consist of a minimum of 20 horizontal scanning lines for
symbol height and 20 horizontal resolution elements for symbol width. This does not apply to raster
symbols such as small circles. tick marka, scales, and indices that are in compliance with the symbo}ogy
requirement.

c. Stsoke-written alphanumeric symbols should subtend a minimum of 16 minutes of arc.

d. Stroke-vmitten alphanumeric symbols on a HUD should subtend a minimum of 24 minutes of
arc vertically and 14 minutes of arc horizontally.

e. Color symbols must be larger if color coding is important. Studies have shown the need for larger
symbols to allow color identification from among six possible colors.

Design eye for mnst cockpit designs is normally around71 cm (28 inches) to primary flight displa ys. At that
distance the size of an alphanumeric 16 minutes of arc in height and 12 minutes in width will be
3.3 x 2.6 mm. If 16 horizontal scan Iines are required for a raster symbol then the display will require
48 lines per cm if the smallest acceptable symbols are chosen.

One system which was well accepted by pilots used 875-line (808 active lines) alphanumerics and symbology

I overlayed on sensor video on a 17-cm (6.8-inch) square CRT. Alphanumerics were 26 raster lines high
(approximately 5 mm or 0.2 inch high) and subtended 23 minutes nf arc at the normal viewing distance.

10

A minimum increment of movement of 1/2 line width has been used for a HUD. Increments this small or
smaller wifl alfow symbols to appear to move smoothly. Raster symbology generators normally store symbol
information in a memory matrix map of pixels (for example 512 x 512 for 525-line video, 808 x 808 for
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875-line video or 512x 1024 forhigh resolution 525-line video), andeach pixel represents the minimum
line movement. Text-type alphanumerics (those that do not rotate or move around the screen with the
symbols) are often constrained to appear only in f~ed “character cells” and need not meet the minimum o
movement criteria. (See also 3.2.1.3.3, Guidance. )

REQUIREMENT LESSONS LEARNED

Raster alphanumerics and symbology having horizontal lines only one raster line thick will flicker noticeably
in a conventional 30-frame/60-field per second interlaced raster. This problem can be reduced by making all
fines at least two raster lines thick, or using a 60-hz non-interlaced format, A non-interlaced format will allow
the use of pixels only one raster line high, allowing thinner lines to be drawn, but requires t~ce the ~deO
bsnd width, andmakes tietideo incompatible tithstandard monitors and VCh.

4.2.1.3.1 Verification of symbol size and movement. Symbol size and minimum line movement
capability shall be verified by measurement or design audit.

VERIFICATION RATIONALE (4.2.1.3.1)

Symbol size and minimum movement must be verified to assure that symbols are easily readable and move
smoothly.

VERIFICATION GUIDANCE

On head-down displays, such as CRTS, it is generally easy to make approximate measurements of symbols on
the d~play with an ordinaty rider. Where parallax errors are large (due to a thick faceplate) or accurate
measurement of small detrtil is required, an inspection microscope with a built-in scale can give much better
accuracy. For a HUD, a tbeodofite (a telescope with reticle and calibrated pivot base, like a surveyor’s
transit) is used. It is not necessary to measure symbols if their size can be verified from other fixed ●
characteristics, such as the number of raster lines per symbol height or a freed array of pixels,

VERIFICATION LESSONS LEARNED

Symbol dimensions can be verified by analysis and one-time gain measurements, Current symbol generators
use digital techniques and precision digital-to-analog converters to generate accurate deflection and video
waveforms for sytnbology. If the symbol is programmed correctly, and all analog gains are correct, the
symbol will be dxplayed correctly. If the gains are incorrect, all the symbols will be the wrong size, so
measurement of a known vector in X and Y for accuracy and comparison with the rest of the screen is
adequate.

3.2.1.3.2 Symbology freeze. The sytnbology shall not lockup or freeze when incoming data is changing
except in special cases where a symbol is intentionally frozen. If a Iockup or freeze occurs, that symbol shall
be

REQUIREMENT RATIONALE (3.2. 1.3.2)

Important flight symbols must never be allowed to freeze, since thk might provide false and unsafe
information to the pilot.

REQUIREMENT GUIDANCE

Most specifications require that symbols be removed from the dkplay, rather than be allowed to freeze; this
forces the pilot to get his information from another instmment, rather than use incorrect information. Some
systems only remove part of the symbol, such as the alphanumeric on airspeed and altitude scales, to o
indicate that they are incorrect.
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REQUIREMENT LESSONS LEARNED

G:venthe requirement toremove’’locked” symbols, most designs have used symbol generation schemes
which inherently provide forerasure of symbolsat are~larinterval (should be Iess than 1 second), unless
they are updated by current data.

4.2.1.3.2 Verification of symbology freeze. shall be used to determine compliance.

VERIFICATION RATIONALE (4.2. 1.3.2)

Prevention of symbol freeze must be verified for safety.

VERIFICATION GUIDANCE

Equipment demonstration, with input data removed or internal faul~ inmodu~ed, is mua]ly appropriate to
determine compliance. Since this function is usualiy implemented in software in new systems, it may be
appropriate tO audit the sOftware to verify that appropriate steps have been taken.

VERIFICATION LESSONS LEARNED

3.2.1.3.3 Symbol line width. The symbol line width shall be when measured at the 50V0
brtensity points with symbol luminance set at cd/m2.

REQUIREMENT RATIONALE (3.2. 1.3.3)

Symbol line width must be wide enough to make symbols easily visible, but narrow enough to produce
clean-looklng symbols.

REQuIREMENT GUIDANCE

Line width specification of 1 snr at 3,400 cd/m2 (1,000 fL) has been used for HUDS with good results.
Another HUD required that the stroke width be between 0.12 and 0.2 times the symbol height and that
stroke width be 1 t 0.2 mr measured a! the I/e (37%) intensity point and at 3,400 cdlmz (1,000 fL)
luminance (e= base of natural logarithms, or 2.72). Aaauming a Gaussian spot profile, the width at I/e is 1.2
times the width at 5070. Lirre width should be specified and measured based on the 5f)~o amplitude point,
since tbii is common practice and easiest to measure. However, dds is an indhect control of line width as
seen by the eye; the eye will see the line width near the 5% point.

The concept of “line width” is different on matrix-type displays, such as an LED array or LCD matrix, where
lines have sharp edges rather than a gaussian profile. On these displays, the width of a line in pixels should be
stated. Cmde characters can be made with a one-pixel tide line; two-pixel wide lines allow for smaller
“notches” and some fail redundancy, since one stuck pixel or line cannot destroy the character. (See
“Improve Character Readability In Spite of Pixel Failures: A Better Font”, Jim Uphause et al,
NAECON ’90) Three-to five-pixel linewidths are needed to produce smooth curves and uniform linewidth
at all orientations. SAE ARP 4256, “Design Objectives for Liquid Crystal Displays for Part 25 (Transport)
Aircraft” recommends that minimum Iinewith be not less than ?O~o of maximum iinewidth at any
orientation.

REQUIREMENT LESSONS LEARNED

HUDS which display raster video (for night use) have had difficulty meeting a video resolution requirement
(requiring a small spot size) and the minimum stroke symbol line width (which requires a larger spot size).
These two requirements must be made compatible, otherwise “tricks” such as defocusing the spot in stroke
mode will be required. Precisely controlling and mezuring line width is dlf ficult, and since line widths from
0.5 to 1.5 rsrr are visually acceptable, a wider tolerance such as 1i 0.5 mr may be appropriate.
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4.2.1.3.3 Verification of symbol line width. Symbol line width shall be measured.

VERIFICATION RATIONALE (4.2. 1.3.3)

Symbol lime width must be verified to assure that symbols are clearly visible and aesthetically pleasing.

VERIFICATION GUIDANCE

The usual method of measuring line width is to electronically move the line on the HUD past the slit in a
slit-apemtre photometer.

/
VERIFICATION LESSONS LEARNED

3.2.1.3.4 Primary symbology checking. Primary symbology consists of altitude, airspeed, pitch, roll,
heading, vertical velocity, velocity vector (flight path marker), horizon line, and When
incoming data or processing that affecta the primary symbology is identified as invalid (for example, a fail
indication from a self-test), the affected primary symbology shall be removed from the display and a positive
indication of the failure condition provided. The processor shall check the information (incoming data)
needed to generate the primary symbology to determine if it is reasonable cvith respect to the physical aircraft
parameter (rate of change, maximum value, minimum value, period between change, etc.). The equipment
shall also cross-check related data for predetermined difference if more than one source is available. If the
incoming data iact’t reasonable or doesn’t fall with:n the predetermined differences, then the symbology
associated with the data shall

REQUIREMENT RATIONALE (3.2. 1.3.4)

primary Wlght sysnbology must be checked for accuracy, since it is critical to safety.

REQUIREMENT GUIDANCE

This requirement applies to any display which is designated as a primary flight instrument or is likely to be
used as such. In the past, HUDS were generally not designated as primary flight instruments, but pilots tend
to use the HUD symbology as if it were their primary instruments, so the accuracy of that symbology
becomes critical to flight safety. The requirement to remove defective or “locked-up” symbols has been used
on several HUDS. Checking for reasonable values and cross-checking between data sources has only been
required in special cases.

REQUIREMENT LESSONS LEARNED

Criteria for accepting an electronic display as the primary flight display have been developing slowly. For
further dku.saion, see 4.2.1 .J and 3.2. J.3 herein and the specific requirements of MIL-STD-1787.

4.2.1.3.4 Verification of primary symboIogy checkbsg. shall be used to verify that
primary flight syrnbology is checked and presented properly.

VERIFICATION RATIONALE (4.2. 1.3.4)

Symbology must be checked for safety.

VERIFICATION GUIDANCE

Verification of a fault-checking system’s capabilities can get very involved. The verification should include
btaerdon of faulra or incorrect data bha to demonstrate appropriate removal nf symbols. If an extensive
software validation ia being performed, some of the functions may be verified by analysis. If the display is to
be certified aa a primary flight instrument, the test and validation will have to be very thorough to insure safe ●
operation.
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VERIFICATION LESSONS LEARNED

3.2.1.4 Display modes. The equipment shall provide the following modes of operation:

REQUIREMENT RATIONALE (3.2. 1.4)

Display modes must be specified to assure that the diiplay performs all of its desired functions.

REQUIREMENT GUIDANCE

Description of dkplay modes should come out of system design and configuration studies. For example, a
HUD might have a landing mode, a navigation mode, two or three weapon deiive~ modes, and a built-in test
mode. An integrated control and dkplay unit (ICDLJ) might have navigation, communication, system status,
and built-in-test modes.

REQUIREME~ LESSONS LEARNED

4.2.1.4 Verification of display modes. Operation in all dkplay modes shall be demonstrated.

VERIFICATION RATIONALE (4 .2. 1.4)

proper operation of equipment modes can be verified by a demonstration.

VERIFICATION GUIDANCE

A demonstration can show that each of the equipment modes functions as required,

VERIFICATION LESSONS LEARNED

A system integration lab or “hotbench” is an excellent means of evaluating whether the display modes are
adequate for the mission. The KC- 135 fuel savings advisory/cockpit avionics system (FSA/CAS) lCDU
paging scheme and operator interface was thoroughly exercised and debugged on a hot bench throughout its
development. The testing was accomplished using ASD engineering and SAC tanker crews, and resulted in
identification and correction of software design flaws early in the program.

3.2.1.5 Video resolution. The vertical resolution shall be sufficient to produce 10% minimum
modulation when one half of the scan lines are “on” widle operating in raster format. The
horizontal resolution shall be lines per minimum with a 109’oline modulation.
These requirements are to be met while simultaneously meedng the contrast, luminance, and ambient
requirements of 3.2.1.6.

REQUIREMENT RATIONALE (3.2. 1.5)

Resolution represerm the display’s ability to present sharp edges and details in an image. This paragraph
applies to CRT displays; for a flat panel matrix display, a statement of the number of pixek, pixel spacing,
and pixel shape may be appropriate. A separate specification of line width in addition to resolution
requirements on CRT dkplays is redundant, unless the CRT is also used for stroke-written formats (see
3.2. 1.3.3). Resolution patterns are seen by the eye in a manner directly analogous to the resolution
measurement.
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REQUIREMENT GUIDANCE

The raster format of the display must be compatible with the system, and will generally be one of lhe ●
accepted standards (525-fine, 485 active or 875-line, 809 active). The number of active raster lines is
generallythe limiting factor in vertical resolution. The, uaeful vertical resolution on analog video can be
obtained by multiplying the number of active raster lines by the KeU factor, which is normally accepted to be
0.7. The KeU factor accounts for the fact that raster lines represent a “sampling” of the actual analog image.
The KeU factor does not apply to information’which is digitally inserted on raster lines,

An ideal raster should have the vertical spot size (at SO%point) equal to or a little smaller than the raster line
spacing, since thkwillproduce very little vertical modulation with all the raster lines turned on, but will
produce a noticeably dark line when one line is turned off. Thus the typical requirement would be to present
10Yomodrdation with one half the raster lines turned on and the alternate ones turned off,

Horizontal reaohrtion is normally specified in “lines”, either per inch, per picture width, or per picture
height, andshould not beconfused whhthen umberofr asterlines, “TVlines perpict”re height” are the
unhaforC RThotizontalr esolutionin EIA-RS- 170. Resolution issometinres specified inlinepairspercm
(or per inch). Since one “line pair” is the same as two “fines”, line pairs per cm can be converted to “TV
fines per picture height” by multiplying fine pairs per cm by two times the picture height. Note that for a 4:3
aspect ratio diaplay (normal rectangular TV), this means thermmber oflines per inch is multiplied by the
(smaller) verdcal screen dimension to get “TVlines perpicture height”.

Itiscommon practice tospecify resolution ata 10Yocontrast modulation point, Thisisactually just onepoint
onthecontrast tranafer function (CTF) cume. ~enFcurve isaplot ofcontrast modulation measuredon
the CRTveraua spatial frequency (resolution). CTFismeasured usinga square wave input waveform, A
similar measurement, modulation transfer tinction (MTF), usesa sine wave input, CTF and MTF can be
related, using Fourier analysis, but the easiest approach is to use square waves and keep everything in terms ●
of CTF. Atypical dMplayunit CTF curve approaches 100% modulation (1OOX Cm, see section 6) at low
Spatial frequencies , then gradually rolls off at higher frequencies and passes through the 10% contrast
modulation point at the specified resolution, An ideal CTF curve would remain Klgh out to the frequency of
the higheat spatial frequency in the image and then roll off sharply to reject high frequency noise, Therefore
it ia best to specify several points on the CTF curve, requiring high modulation capabilities at the Iow and
medium spatial frequencies and 10% modulation at the stated resolution. This is normally difficult to do
because oftiegeneral lack ofdamon therequired shape of thecume and lack ofdata on what curve is
achievable by cm-rent dispIays. An alternative would be to specify resolution at lower frequencies, but
require hQhermodulation; for example, 70% modulation at 400 fines rather than 10Tomodulation at 800
fines. ThiaphUosophy has never caught on in practice since it makes the stated resolution of a system a
lower, less impressive number.

For highly dynamic scenes, such as might occur on a hefmet mounted display, a valuable extension to CTF is
the concept of dynamic CfT. It measures contrast transfer as a frmction of image motion (fraction of
subtense moved per second) andallow aonitoanalyze and compare smearing/blurring caused by various
lags, persistances, and frame rates.

Some criteria used to establish thehorizontrd resolution requirement are as follows:

a. Dqlay resolution should be better than the best sensor being used in the system to prevent the
display flom seriously limiting system performance. For example, for a FLIR providing resolution of 400
lines, the display should have resolution (at 10% modulation) 20% to 50% better than this to insure that
it wiffprovide good modulation at the frequencies contained in the FLIR video. Note that a display
whoae~k less tianutity atanyspatial frequency where thesensor's CTFisnot zero till reduce the o
system CTF.
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b. Display resolution must meet or exceed the criteria for number of lines per symbol height and
width for symbology and alphanumerics (see symbology paragraph herein).

c. Horizontal resolution must not be specified so high as to cause gaps between raster lines (due to
small spot size). Tricks, such as using a CRT spot which is elongated in the vertical axis or is “wobbled”
vertically while it scans horizontally, have been devised to overcome this problem. This should only be
necessary in a display which operates my a wide range of line rates. To require a horizontal resolution
significantly greater than the number of active raster lines serves no practical purpose, since the
resolution of most sensors is no better in the horizontal axis than in the vertical.

d. Horizontal resolution should not be specified much higher than the human eye’s ability to
resolve. Normal visual acuity ranges from about 30 to 60 cycles per degree under varying brightness and
contrast condhiona, but rarely exceeds 40 cycles per degree outside the laboratory condiiotts. Thk
leads to a maximum useful display resolution under good viewing conditions of approximately 67 lines
per cm (170 ~mes or 85 cycles per inch) at a normal 76 cm (3o inch) viewing distance. The useful display
resolution under inflight conditions till acmally besomewbat less than this duetotibration, stress, low
brightness and contmst, etc. A dispIay with high modulation at this frequency would provide the
sharpest detail resolvable by the eye, Current display technologies or sensors rarely achieve this.

Examples ofspecified resolution on some existing equipment are as follows: (some are based on Iimiting
resolution rather than 10% modulation.)

Commercial VHS VCR

f’rrsc Tv

Super 8 movie fiim

5-iich color Cm (.21 mm pitch shadow mask)

Common module FLfR

16 mm fii

N-inch Sony lab monitor
F-111 AMP 44mch Cm display

Remote map reader

CT-II 6.8-inch x 6.8-irrch Cm (875.line)
35 mm fiim

280

350

350
500

480

6WJ

650

800

500

808

130Q

REQUIREMENT LESSONS LEARNED

4.2.1.5 Verification of video resolution. Vertical and horizontal resolution shall be measured with a
scanning photometer (may use a slit aperture), with the display adjusted to meet the luminance and contrast
requirements herein, alf in the presence of a lm/m2 ambient. Contrast modulation may be
measured itr the dark and mathematically corrected for ambient illumination effects if the results can be
demonstrated to be equivalent. Contrast modulation is defined aa (L1-Lb)/(Lt+Lb). The test shalI be
performed using a square wave video signal, and using a measurement aperture no greater than 20% of the
display’s Iinewidth.

VERIFICATION RATIONALE (4.2. 1.5)

Resoludon must be verified; there are numerous testing methods which can be used, and results are
generally different depending on the one used, so one common, repeatable test is defined here.
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VERIFICATION GUIDANCE

Ondisplays titidiscrete tisible pkels, pkeldensity can reverified byi"spection, counting the pixels with ●
an inspection microscope. However, th~sdoes not filly characterize image sha~ness. Thevist.ral sharpness
and image quality on a matrix display (such as an LCD) is dependent on the line-forming algorithm
(antialiasing) and spatial, temporal and chromatic noise content, in addition to the actual number of pixels
resolution. The pitch-and-linewidth measurement approach discussed below may be used on a matrix
duplay to assess anti-aliased line profile if the software can provide for sweeping a line across the screen in
known spatial incremema. Intiiscase, aphotometer is focused onasingle addressable element tomakethe
measurement. As the line isswept past the measured element, each of the gray levels of the line maybe
meaatrred asafunction of the line position. Note, however, that this primarily protides ameans of validating
tiehne-titing algotitim, wMchintum de@rmines theintended shape of the fine' sluminance profile. lt
does not give any indication of other image quality attributes sticb as spatial noise induced by the sampled
reconstruction nature of the x-y matrix, nor of orientation cw position dependencies of image quality
(resolution, and spatial and chromatic noise).

At the specified resolution, a CRT should provide a minimum of 10% contrast modulation, both horizontally
andvefically when measured titithe scanning photometer technique. ~lstest must be done on a bright
patch of video (meeting the luminance and contrast requirements herein, under worst case lighting
conditions) to be representative of display performance under these conditions. There has been no
consistent application of this mle in the past, which helps to expIain some of the great variation in specified
resolution among dkplays. In some cases it maybe necessary to also specify resolution in a dark ambient to
satisfy everyone’s desire for a large, impressive display resolution number.

It can be very difficult to ,measure the resolution in the specified high ambient conditions, since the
photometer must normally be very close to the display and will cause shadows, Therefore, it is acceptable to
measure symbols, background, and reflected ambient separately, then analytically find the modulation at
high ambient. ●
Thiatest isdonewith aphotometer equipped titha small slit (typically 0.4x10minutes ofarc), or a very
small aperture and a scanning device, which can either be pan of the photometer or a translating table. The
photometer can be connected to an X-Y plotter to give an output record, a plot of luminance versus position
on the screen. Contrast modulation (Cm) is defined, insectinn 6, The input signal isassumed to be 100%
modulated, i.e., the whhe level is the “peak video voltage” the display specification or interface calls for and
the black level istheapecified black level, so there is no need to divide by the input modulation when
calculating the contrast transfer function.

Thk test tends to be difficult and time-consyming; visual inspection of a resolution test pattern may be used
in production acceptance testa if the specified requirement is consistently met (as verified with the scanning
photometer).

Acmrate, repeamble resolution tesBfor patterned-screen CRTs (shadow mask or beam index) are notin
general use. Wletiescanting shttest mi@tbeusefiI atlowresolutions onthese CRTs, airborne color
CRTs areofien desiWed toapproach tieresolution fimit of the color pattern. In this case the CTF data
would begoodat low frequencies, but would show extreme fluctuations atresolutions near the color pattern
pitch. Apractical work-around tothishas beentospecify size of thecolorpattem (typically O.3or0.2mtn
triad pitch for h@t resolution shadow mask CRTs) and the line width. The line width must then be
measured, generally byslowly sweeping alineacross tiescreen andmeasuring iwprofile tith a photometer
(See TEF 105-9, “Lhe Profile Measurements in Shadow Mask and Other Stmctured Screen Cathode Ray
Tubes”.) The photometer must have a small enough apenure to be focussed on one phosphor dot and
exclude light from other dota.

SAEARP-1782 provides additional guidance on resolutiori testing technique for CRTS.
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VERIFICATION LESSONS LEARNED

● Measurement of resolution on video which is bright enough to also meet the luminance and contrast
requirements is a severe test for a CRT, especially in a full sunshine environment (see 3.2. 1.6).

3.2.1.6 Display luminance, contrast, and viewing angle. The luminance, contrast, and viewing angle
requirements of the following subparagraphs shall be met when measured from the design eye position. The
dkplay luminance and contrast shall not change more than t % when changing modes. No
random bright flashes shall occur during mode switching.

REQUIREMENT RATIONALE (3.2. 1.6)

Display viewabifity with appropriate head motion and mode switching is essential to display usefulness.

REQUIREMENT GUIDANCE

Luminance change associated with mode changes should not exceed 40%, For some instruments and
displays, it has been required that alI information remain readable at any viewing angle UP to 30_ with
respect to a fine normal to the display for a complete 360_ revolution around the normal line. (See
3.2.1.6.7, Viewing Angle.)

REQUIREMENT LESSONS LEARNED

4.2.1.6 Verification of display luminance and contrast. Display luminance and contrast shall be

o
measured by

VERIFICATION RATIONALE (4.2. 1.6)

Luminance and contrast must be measured to assure display usefulness,

VER1FICATION GUIDANCE

A spot photometer should be used to measure luminance of the various shades of gray, from each of the eye
positiona defined. Contrast can then be calculated, using the definition in section 6. Chromaticity
measurements must be taken with a spectroradlometer.

VERIFfCATION LESSONS LEARNED

Two major causes have been identified for errors in luminance measurements on test units exhWing highly
saturated color or short spikes of light output (e.g., CRTs with P-43 or P-s3 green phosphor).

The first relates to the spectral properties of the light source. The accuracy of a spot photometer can be
degraded by as much as 30% (potentially more) if the photopic response of the photometer’s
filterlphotomukiplier tube combination deviates significantly from the ideal CIE Y luminosity function. This
problem is most evident for strongly colored light sources, particularly for blue and red primary colors,
Luminance correction factors can be generated from the spectral energy distribution of the colored source
and the spectral response of the photometer, as follows:

I

~~r = ~ [(CfE Y luminOsiV function)” (Spectral energ dktribution of colored source)]

● ~ [f?hotometer spectral rcspnnse) ● (Spectral energy distribution of colored source)]
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One-nm wavelength increments are needed for sources exhibiting narrow emission bands, while larger
wavelength increments (i.e., S nm) may suffice for broader band sources (e .g,, incandescent). The
CIE Y hrminoshy function (“photopic curve”) can be obtained from a photometer manual. The ●
spectral energy distribution of the colored source must be measured on a similar sample using a
spectral radiometer. The photometer spectral response can be obtained from the photometer
manufacturer.

The second luminance measurement problem arises from the inability of a photometer to respond
dynamically to bright, concentrated, light sources such as the moving spot of a CRT. Thk problem
has been observed with monochrome (GY, or P-43) CRTS at luminance greater than 686 cd/m2 (200
ff-.). It k possible for a very high momentary peak brightness to cause the photometer electronics to
saturate, clipping the signal. All photometers respond differently, but all photometers will read
erroneously low in this circumstance, Some photometers give a warning of such an over-range
condition.

Most photometers are equipped with neutral density, (ND) filters. When measuring CRTS, it is
recommended that the h:ghest attenuation filter be used which will still give the needed number of
significant digits bt the luminance result. ‘flis will help ensure that the peak luminance is within the
dynamic range of the photometer. However, in some cases (e.g., high luminance CRT displays) the
maximum avaif able anenuation may not be sufficient for accurate luminance measurements. For
example, an F-117 dkplay produced such an over-range with an ND-4 (four orders of magnitude
attenuation). An accurate measurement of luminance could only be obtained with an additional
attenuation of ND-2 (total attenuation of ND-6).

3.2.1.6.1 HUD stroke-written line luminance. The luminance of all stroke-written symbols shall be
such that projected images are clearly defined when superimposed on a background luminance of
34,000 crf/m2 (10,000 fL) and color temperature of 3,000 to 5,000 Kelvin, The average line luminance @
over the total symbol area shall be a minimum of cdlmz with a design goal of
cd/m2 when viewed through the HUD combiner glass. The contrast ([ L,-Lb]/Lb) of the symbology with a
34,000 ctf/m2 ambient background shall be a minimum of with a design goal of 0.5.
Luminance shalf not de~ade more than To when measured from anywhere within

cm of the design eye position.

REQUIREMENT RATIONALE (3.2. 1.6. 1)

HUD brightness is critical for performance in sunshine.

REQUIREME~ GUIDANCE

This requirement applies only to HUDS. Line luminance of 5440 cd/m2 (1,600 fL) and contrast of 0.2
(contrast ratio of 1.2:1) is quite feasible and provides symbols viewable in full sunshine. Design goals of
17,000 cd/m2 (5,000 fL) and contrast of 0.5 would provide more comfortable viewing in very bright
condttiona. Note that this is a lower contrast than is recommended for head down displays, but is adequate
for a HUD because a HUD ia much brighter, there is color contrast between green HUD symbols and the
background, and large, single-shade graphics are used.

There is normally no need to specify contrast in the dark on a CRT-based HUD, since the CRT can easily
achieve contrast of over 100 in the dark. If other display technology is used (such as LCDS) that do not have
a very black background, there will be “background glow” projected onto the outside scene, which is very
difficult to see through. Thk can also be a problem on panel (head down) displays, where the “background
glow” amounts to stray light being emitted into the cockpit, where it will cause reflections in the o
canopylwirtdshields.
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Note that theambient fora HUDisspecified inunits ofluminance (cd/m2orfL) of the background rather’

@
than the illuminance units used for panel displays. This is because the imagery is projected onto the outside
world, and is seen relative to the brightness of that outside scene, not the illumination Ievel in the cockpit.

Head motion requirements areimpofiant where diffraction optics and/or directional fikers are used, since
there isgenerally alosofon-atis luminance performance astheetit pupil is made larger (allowable eye
motinn increased). 2590 maximum luminance degradaticm within 2 cmnf the design eye positinn has been
specified fnr a HUD; this appears tn be a bare minimum.

REQUIREMENT LESSONS LEARNED

Symbol brightness is achieved at the cost nf other parameters such as CRT life and cnmbiner see-through
clarity. Testa have shnwn that there is a definite reduction i“ CRT life expectancy when operated at very high
hcminances. It is important to verify that this reductinn in CRT life can be tnlerated.

4.2.1.6.1 Verification of HUD stroke-written line luminance. The requiremenra of 4.2.1.6 apply.

3.2.1.6.2 HUD raster lctmicrance. The raster viden luminance shall be such that shades of
Way ~ steps. levels) are visible against a cd/m2 background
luminance with an equivalent cnlor temperature of 3,000 to 5,000 Kelvin. The cnntrast ( [Lt-Lb] /Lb) of the
peak raster video with a -cdlm2 ambient background shall be a minimum of
The ratio between adjacent gray shades shall be a minimum of 1.4:1 (cnntrast nf 0.4).

REQUIREMENT RATIONALE (3.2. 1.6.2)

This requirement is needed (on HUDS with tideo) to assure that HUD video is visible against appropriate

o background brightctesses.

REQUIREMENT GUIDANCE

Vkibility nf 6 shades nf gray against a 170 cd/m2 (50 fL) background with a contrast of 7.0 has been
demonstrated. This is not bright ennugh fnr viewability in full sunshine but may be usable against dark
backgrotmds like dm nr trees in daylight. Nnte that the number of steps is nne less than the number of levels
nr shades.

REQUIREMENT LESSONS LEARNED

There may be systems that would benefit from a full sunshine HUD viden capability, but current technology
makes tiis difficult to achieve in a practical design.

4.2.1.6.2 Verification of HUD raster luminance. The requirements of 4.2.1.6 apply.

3.2.1.6.3 MFD luminance and contrast. The luminance and cnntrast nf all displayed data shall be
adequate for easy visibility in illumination environments frnm tn . The following
cnntrast requirements shall be met in a cnmbined environment consisting nf Iux
( fc) diffuse illumination and the specularly reflected image of a -cdlcnz
( -fL) glare source. ‘he contrast ([ Lt-Lb]/Lb) of stroke-written symbols shall be
minimum. The display shall be capable of presenting a minimum of shades of gray
( -1 steps) and the overall contrast of raster viden (between brightest and darkest shade) shall
be minimum. The ratio between adjacent gray shades shall be a minimum of 1.4:1 (contrast
of 0.4). The difference luminance (nL) between the brightest image and the d]mmest in thk environment

●
shall be at least cdimz ( fL). The minimum contrast and shades nf gray
requirements abnve shall alsn be met in any less bright environment. The cnntrast between an” off” element
and ita background shall be less than
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REOUIREMENT RATIONALE (3.2.1.6.3)

Thk requirement is needed to assure that stroke-written symbols and/or raster video on head dowz displays
●

invisible inappropriate lighting environments. Itincludes a dual (diffuse and specular) lighting environment
to simulate lighting in the real world and avoid some of the disparity which has existed between test results
and real experience. The illuminationand glare source luminance of the worst case environment for the
display technology being used and the appropriate aircraft types should be filled in, as discussed below. The
difference luminance capability of the display is specified in order to limit the shift in luminance which an
operator experiences when shifting hk gaze from the surroundings to the display and also to overcome
veilirtg glare which occurs when high luminance levels (e.g., white clouds, sun, etc. ) are in the operator’s
field of view.

REQUIREMENT GUIDANCE

Tbk requirement should be applied to all head-down or panel displays, It addresses ody luminance
contrasc evaluation of color difference on multicolor dkplays should be based on the “color difference”
paragraph herein. The firat sentence should be filled in with a generic description of the lighting
environment, for example, “full sunshine to full darkness” for a fighter cockpit,

The combmed diffuse and specular environment described herein has not been widely used in the past but is
now included in MIL-L-85762 and SAE ARP-1782. The use of diffuse-only tests in the past appears to
account for some of the variation in test results for different devices and general dkagreement on what
contrast values are acceptable. Since both the specular component and the diffuse component affect
readability, testing to one or the other is inadequate. Note that a diffuse ambient illumination level falling on ●
a dkplay should always be specified in unita of illumination (lux, lrdmz, or fc) while light radiating from a
surface, such as the face of a CRT or a reflective surface should be in luminance units (nits, cd/m2, or fL).

The following table contains auggisted values for illumination and glare source luminance based on
measurements taken in several aircraft cockpits. Note that the traditional fighter cockpit environment
specification of 108,000 hrx (10,000 fc) diffuse illumination has a 6,800 cd/m2 (2,000 L) glare source
added to it. The glare source represents objects such as the pilot’s helmet or fhght suit, illuminated by
stmshme, being reflected in the dkplay. Much brighter glare sources are possible, especially if the display is
not optimally positioned in the cockpit. For example, if the face of a dkplay is positioned at such an angle
that, from the design eye point, the “angle of incidence = angle of reflectance” rule allows the pilot to see
reflections of the sky, the glare source could be a white cloud at 34,000 cd/m2 (10,000 fL) or even the sun
itself (several million fL).

An 86,400-lux (8,000-fc) diffuse illumination level maybe adequate for instrument panel displays in some
fighters. Tbii is based on actual cockpit measurements in a T-38 and an F-16, which showed that the high
iffumination Ievefa outside the cockpit are generally attenuated to less than this by passing through the
canopy and hittbtg the instrttment panel at oblique angles.

In the past, separate specification requirements for anti-reflection coatings on CRT faces prevented
excessive specular reflections. This provided adequate results in many cases, but the desire in this document
is to state the performance required (in terms of contrast in the presence of a glare source) without
describing a specific design or presenting a solution that might only apply to CRTs; it is actually the inner ●
surfaces, rather than the front surface, that contribute most of tbe specular reflections on an LCD.
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TABLE L Suggested requirements for illumination and glare source luminance.

FDiffuse illuminationIux

fc

Glare amtrcc
cdlmz

n

108,000 S&m 3240 MO o

1O,O(SI Sm 300 50 0

6S00

I

6S00 I 6S00

I

3400
I

o

2000 ‘2030 2000 1000 0 I

NOTES:

1.

2.

3.

4.

5.

llc bubble canopy (fighter cockpit) environment WUmcg~ bubblecanopyand~coddisplayplacement(i.e.,m specular
refkzti.mof Ibe sky).Wherespxutm reflections of the sky are a problem, wch as cmcomok.rnrwmed tighted legend
switches, the @arcsource ahoold be increased fo 34,000 cd/m2 (t0,000 SL).

~e ccckpitwitb roof (transport) environmenta,sumes an opaque roofcwerhcad,such that direct sun canonlyhi! the displaya
small percentage of the lime and onty at targe angles off axis

‘fhc “shaded” environnwm actually occum IIIDSIof lhe timefor displap i“ an inslmnwntpmd mder a glareshield.(See
“MultifunctionDirplaysoptimiud forviewabiliy”,R.Hock, mbmckand J. Murch, SPIE VOL1117, DisplaysyslmnoptimII
(1989).)lle lowdiffuse ambient makes it impcsibk for a displaywithout high light output or high reftwtancc to have the
highdelta Iumiwmcemxded for good legibilityin this .mvironme”t,The ‘L]O,OOOfc”.mwironmenthasbeen used byitselfas a
Iegibitiiycriteria, leading 10displaysthat are optimimd for that mm - but “ot designed for good legibilityi“ the normal
(shaded) envkonmenk 11may he more approptile to req.irc high Iumina.m and ccmwst capability i“ the “shaded”
entinment snd imty quirc mi”inud pmf.mnancc in the sunshine environment.

The enclcsd cabin ewironmerd k like an off,ce the star. sources are ceiling Iightr and small windows

Sunshine al noon at high sftitucfecan rwcb 154,440 lux(l4,3oO fc)or mom. This fableas.wrnc.$the display is insidea ca”o~
(YPi=W kCSSt~n 8s% tmmm~on) and the sun cannot hit the dKpb.ywithin atwut 30” of perpendicular.

Table 11provides suggested contrast requirements based on a variety of human factors testa and practical
experience with existing aircraft displays. They represent the monochrome contrast needed to assure rapid,
accurate reading of the information in a wide variety of lighting, stress, and vibration environments-i. e., a
fully legible display. Information with lower contrast may still be visible and readable but will look washed
out frr some ainaations and may not provide the reading speed and accuracy required.

It ia desirable to hit the shift in luminance to about 20:1 when the operator looks from the display to a
34,000 cd/m2 (10,000 fL) cloud and back. So far it has been possible to achieve about 50:1. To get a 50:1
value, specify a difference luminance (AL) of 680 cd/m2 (200 fL) between the display highlights and the
display background at the brigbtest setting. When a display is located low in the cockpit, where the outside
scene is not in the eye’s instantaneous field of view at the same time as the display, the problem of veiling
glare becomes less severe, and this number can be decreased to 340 cd/m2 (100 fL), In an office or
enclosed cabin environment, luminance difference of 35 cd/m2 (10 fL) is adequate, although most users
prefer higher luminance (170 cd/m2 or 50 fL).

s

Downloaded from http://www.everyspec.com



AFGS-87213B

APPENDIX

TABLE IL Suggested contrast requirements.

Required contrast

>1.sfor
Numbers h - 5.Omm and
only 0.12h < SW <0.2h

Alpha- >2.0 for
numeries h = 5.Omm and

0.12h < SW ~ 0.2h

Graphics
and alpha- >3.0
numeries

Video I >4.66

Goal mntrast

2-20

3-20

3-20

m-so

Contrast compensations
for other character

h and SW

Multiply required contrast by
5.O/h for 2.5< bs 7.5mm

and by 0.12hL$W for
O.Olh < SW < 0.12h

NOTES

1.

2.

3.

4.

5.

6.

7.

his character height, SWk character stroke width. ChmaCter height should nwer be less than 2,%mr. T% table aswmes a
ld-cnr -g dirfance.

‘flw 4.66 overall mntrast fortidcn represents 6 shadesof gray (5steps), each a minimumof /Z(appmx.l .41) times the next,
Af feast eight 1.4kl shades should be visibleun&r ofhcr than worst- illumination rmvir.anmenls.llds requirement has
ban applied foCRTS,with the understanding that a CKTis an analogdeviceand it can actually procf.m an infinite number of
shadesbetween the ones spmificd. Sysremswhichqumtti the Iuminame Icvefsmust be able m product a greater munber of
smatter shades (e.g., 64 shades of each primarycolor), assumingthe goal ism displayvideowithout c4jectiomble contouring.

These minimumshave ban used inCRTdispfay$pccifirationswhm fxi”g teared in the high brigbtmss e“vircmmenl,with the
assumption that ccmrmstwill itnprow riam UIC“mi”imum” to fbe “goal” rmge whm i“ a 1.ss brighl e“vironme”t this
asmmption may not lx did for a reflective device, such as a reffectiw LCD or paimed instrument. ‘flIc wrxst-cax
environment for tbe partimdar dqfay bxfmol~ should be substit”fed.

‘flIeminimum required rnntmr! for video has bee” met with monochrome CSZDin sunshine, but “d necessarilywi!b color
d-

For a dmpfaydevice where tmfigbtcd characters shouldn’t be noticeable, the contrast behv.m ““lighled scgm,mfsand the
background (&L)should not excccd 0.1. ~, of up m 0.2S maybe ac.xp!able where viible segmentsare not objectionable.

On hytmid(stroke and raster combined) C3?Ik,stmke+witten sf’mbofsare normally brighter and higher conlrast than raster
aymbofsa“d video, due to inherent characteristics of C2ZlkThey are gencraliy specified as having a higbcr contrast ratio
(refatiw to bfack) than the video, with the undemanding that theywillbe wittcn over the video and mayonty achieve the
minimum eonfmst there.

When mwcr swnbofsarc mitten over video. thev must be a shade of mw briehter then the video otherwise it is difficutl 10. . .
acbkvc adquate contrast Mwcen the symboland bright video. Enhancement techniques, such as blccking out surrounding
vidm or sbadmving@lockingout one pixelall wound the symbol),maybe required. Highd~play Iuminanm (dL) isrequired
W.minimiz tbe time rquircd for the w m adapt fmm highexlerior luminance (tops ofcloudsor fresh snowin sunshine)to
tbe lower Iuminancc of the dir.pfays,and to rwercomc vcifing gfare (when flying toward the sun). Tnis is a diff.rent
mm?ideration from mnlrast in the dkpfay, which rcfales more to detccfion time for features within the display.

As with most other performance requirements, improvements in luminance and contrast can often be
achieved only at the cost of other parameters (cost, reliability, resolution, power dissipation, etc. ) in an
equipment design, so tailoring the requirement based on critically of the information being displayed and ●
capability of the display technology available may be appropriate.

%
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REQUIREMENT LESSONS LEARNED

The need for high luminance output (difference luminance) in displays used by an operator exposed to
sunshine (even if the display is in a shadow) has not been widely recognized in specifications. This can be a
real problem for devices that have adequate contrast ratio but do not emit or reflect enough light to minimize
time required for eye adaptadon and overcome veiling glare.

4.2.1.6.3 Verification of luminance and contrast. Display luminance and contrast shall be measured
using the test setup shown in figure 1 and using the diffuse illumination and specular glare source luminance
specified in section 3 herein. Light sources used shall have a color temperature between 3,000 and
5,f)O0 Kelvins. The folfowing measurements shall be taken and used to calculate the required contrast
([ L,-L~]/L~):

Lt. the total luminance of the image, Or brighter area, including any background or reflected light.

Lb, the luminance of the background, or dimmer area, measured in the specified lighting conditions,
including any reflected light and any stray display emissions.

nL, (delta hmdnance, or difference luminance) the dlf ference between the higher luminance (Lt) and
the lower luminance (Lb).

Measurements shall be taken with a photometer having a sensing aperture equivalent to at least 1.8 minutes
of arc, as measured from the norrrral operator viewing dktance. If luminance of smaller areas are measured,
then a series of measurements shall be taken within an area equivalent to the 1.8 minute of arc area and the
luminance of the active areas shall be averaged with the luminance of any inactive areas on an area-weighted
basis.

On large displays, such as a CRT, measurements shall be taken at 5 positions distributed over 80% of the
screen area and averaged.

If the dirnenaions of the image elements are large enough to permit several nonoverlapping measurements to
be made within the image element boundaries, multiple luminance readings shall be taken and averaged to
establish the average element luminance.

If it can be demonstrated that nL does not change under varying lighting condhions, L, can be calculated by
measuring nL and Lb and adding them. If it can be demonstrated that equivalent results can be obtained by
measuring in lower ambienta (e.g., 54,000 lox rather than 108,000 lux), then scaling up the results, then the
test may be done in the lower ambient.

VERIFICATION RATIONALE

Contrast and luminance must be verified to assure good legibility. A specific test technique is described in an
attempt to make the test results repeatable and consistent. TM procedure is intended to give a good
representation of real world lighting conditions without requiring the use of expensive or exotic equipment.
A similar procedure is required by SAE ARP-1 782 and by MIL-L-85762.

VERIFICATION GUIDANCE

Thii paragraph ahntdd be used intact whenever specific display unit luminance, contrast, and combined
environment requirements are imposed in section 3 of the specification.
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FIGURE 2. Combirred specular anddiffuse measurement setup.

NOTES

1.

2

3.

4.

5.

Luminance of the glare source ismeasured byputting a mirror (preferably front-silvered) in placeof the displayand leavingthe
pbotomefer focused at the d~pfay surface.

~e diffuse ambient should be uwasurcd by substituting a diffuse amfacc of known reflectance for Ihe display surface and
mcaaucingifs Iuminam, fhen calculating the illumination level.

~ dfflt?e and $pccufarrefkcfed light can fx measured aepamtdy a“d summedor mcasureme”ls ca” be take” directlywi:b
both figfusoumcs on af once.

Ordinmy photo 8tudio tlcad Iighfsare not purely diffuse fightsources, but arc m acceptable approtimatio” in this 1.s,

Gntattill notde~de momtb"20% fmmsFifiti valuawhe" mautiat anglusmller than th.3Oo shovmi”
figure 1, or whm the diffuse reflected luminance is measured with OKPhotmter a“d light sour= i“lerchanged (Ml is,
photometer on the axis of the display).

The tear setup shown in figure 1 is designed to simulate a typical dkplay installation. The photometer is near
the display operator’s normal viewing position, representing the operator’s eye. The diffuse light source
representarhe sun ancUor bright clouds illuminating the crewstation. The glare source represents objects in
the crewatation, such as the operator’s helmet or flight suit, (or, in some cases, the sky) which can be
reflected duesaly back to the operator’s eye.

The color temperature requirement on the fight sources requires that the light be approximately white,
Normal irscandescent photo sNdio lights are the easiest to obtain and some of them meet this requirement,
Fluorescent orarclamps should not beusedtitiout care fil analysis, since some of them radiate most of
their light at one wavelength, w~ch mayor may not be close to she color of the “notch” filter used on many
displays, and canrherefore produce erroneous results.

Measurement of L, and Lbis all that isnecessary tocakrdatethe contrast (as defined in paragraph 6.2
hereti). ALkcotiody measured anddiscussed hconnection Mth CRTs, (itmaybe called by several ●
other names) since itissimply fhelight being generated by the CRT, which doesn’t change with different
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●
ambients. ~isquantity cannot remeasured directly onareflective-tWe display (for example, an LCDOr
painted instmment face), since the contrast on these displays isatleast partially produced by selectively
reflecting the ambient light. For CRTs, it is generally easier and more accurate to measure AL (with the
lights turned off) and calculate Ltbyadding this to Lb.

The photometer should measure an area at least as large as the area that the human eye normally averages
over. Many spot photometers include a Z-minute-of-arc (1/30 degree) measurement setting which meets this
requirement when the photometer is positioned at the normal viewing distance, This is important in any case
where the surface being measured is not continuous. For example, the luminance inside the phosphor dots
of a shadow mask CRT is much higher than the area-averaged luminance seen by a person (or a photometer
with a 2-minute-of-arc measuring aperture )..-.

Where character segments are being measured, non-uniformity within a segment can cause incOnsistant
measurements. In thii case, several measurements should be taken and averaged to obtain an average
reading.

The notes under figure 1 describe how the combined ambient lighting should be measured. While these
techniques may not be as technically precise as putting the photometer in place of the display and taking
measurements, they will be much easier and generally just as accurate in practice because they eliminate the
need to move any of the test setup except the display. A typical test jig might provide a display support with
rollerskracks under it ao the dkplay can be slid back to permit the mirror and diffuse reflector to be
accurately positioned in its place. Distances and angles in thk test setup are not critical.

Arr ordinary photo studio floodlight is not really a diffuse light source, but in tils test setup, with Small
off-axis angles, it is a reasonable approximation, and is probably more realistic because it more closely

o
simulates direct sunshkte mixed with diffuse light from clouds and sky. A diffuse illuminating sphere may
also be used if it is modified to allow independent adjustment of the specular and diffuse reflections. Wkh a
normal diffuse iRuminating sphere, when the photometer is positioned on-axis, it sees a specular reflection
of its own lens, and when it is positioned off-axis, it sees a specular reflection of the internal surface of the
sphere.

VERIFICATION LESSONS LEARNED

Numerous different (and often contradictory) measurement techniques have been used in attempts to
specify and measure contrast. It has always been difficult to compare results for different display
technologies, not only because of the different terminology and techniques, but because of the different
d~play media. For example, contrast requirements for avionics CRTs are always specified in a high ambient,
since tAii is the most difficult environment for them and they actually ach]eve much better contrast most of
the time, in less severe environments. A person not reafizing tlis might wonder why an LCD hating the same
specified contrast looks more “washed out” in normal mom light.
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3.2.1.6.4 Dimming range. Theequipment shall be dimmable toa level of cd/m2 (peak
brightness) ina dark ambient.

e
REQUIREMENT RATIONALE (3.2.1.6.4)

N]ght brightness must be specified to assure that an appropriately dim display is available for night missions.

REQUIREMENT GUIDANCE

This reqUhement applies to displays which are used in an environment where the eyes must be at least
partially dark-adapted and/or where the display must not create excessive light which can cause canopy
reflections at night. (Also see 3.2.1 .21.)

In some displays, this is a separate mode activated by a “day/night” or “day/auto/night” switch, which
changes the range of brightness and contrast controls.

A dimming range was not generally specified on head-down CRT displays, since adequate range was
available as long as suitable controls were provided. Adequate range may be difficult to achieve on other
technology d~lays. Dimming to 0.34 cd/m2 (O.1 fL) has been used, but it is still too bright to allow fully
dark-adapted vision of the outside scene. Measured data indicates that some pilots used electromechanical
irrstrutnenta at settings as low as 0.01 cd/m2 (0.003 fL). Some existing flat panel displays are specified at
().034 or 0.102 cd/m2 (0.01 or 0.03 fL). While this is too dim to make use of the eye’s full resolution
Capability, it allows the display to still provide critical information when turned down to a level that does not
produce serious canopy reflections.

The following specific requirements have been used for a HUD for a night mission: “The HUD shall be
capable of providing a very dim, easily controllable image, free of background ‘glow’ in areas not displaying
information in the night brightness mode. Thk mode shall allow the pilot to adjust the HUD such that @

symbology on the HUD, wh]le being clearly and uniformly displayed, does not obscure outside vision of a
dimly lit scene such as a horizon Iigbted only by moonlight. If tfds requirement cannot be met by accurately
controfliig the drive to the display in the night brightness mode, an optical filter shall be used which is
automatically inserted in the optical train irr the night brightness mode. Tfds requirement will be considered
to be met when the following is achieved: In a dark ambient (less than 0.107 lux) with symbols and peak
whbe video adjusted to 1.7 t 0.35 cd/m2, a minimum of six shades of gray ((1.4 f O.2) :1 ratio) shall be
visible and the areas of the raster which are blank shall be less than 0.07 cd/m2. ”

REQUIREMENT LESSONS LEARNED

In the F-16, “blank” formats were made available on the MFDs to allow the pilot to eliminate canopy
reflections when the MFDs were not in use. A data enoy display that produced 0.34 cd/m2 (O. 1 fL) was
declared “too bright” by pifots and was changed to 0.034 crf/m2 (0,01 fl).

Some older CRT-based HUDS had a “background glow” problem at night because the CRT was not properly
blanked in areas not presenting symbols. The image source in a HUD or HMD must have a very high
contrast to prevent this problem. Special color tracking circuitry was required on some color CRTs because
the three color guns did not all dim together.

4.2.1.6.4 Verification of dimming range. The requirements of 4.2.1,6 apply.

al
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3.2. L 6. S Chromaticit y difference. The chromaticit y difference (CD) between

●
and

shall be adequate for easy discrimination of and be a minimum of
units on the 1976 CIE diagram defined in CIE Publication 15 Supplement 2 (1978), under

lighting conditions of

REQUIREMENT RATIONALE (3.2. 1.6.5)

For color displays, simple contrast is not adequate to specify color differences. Work performed by
Silverstein, Memifield, and their colleagues for air transport displays has addressed color display luminance
and contrast requirements in the avionics environment. Those data ahow that the introduction of color
contrast greatly alters the luminance and contrast parameters as compared to monochromatic displays.

,:
REQUIREMENT GUIDANCE

For color displays, chromaticity differences (CD) can be used to quantify the dkcriminab)lhy of various
colors. while many color difference measures have been proposed, distance between the two colors on the
1976 CIE UCS diagram ia the easiest to use and seems to be a reasonable approximation to human
perception of difference. Chromaticity difference (ignoring luminance difference) should be calculated as a
simple vector” (Euclidean) distance, like this: cD=(Au’2+Av’2.) IJZ. The u’ and v’ values should be
measured irr the presence of the worst ambient in which the display is expected to achieve Ml performance.

A system of color difference equations, the CIE L-U*V* color space (abbreviated CIELUV) is defined in
CIE publication 15 supplement 2. It ia designed around the use of a reference light source shining on a
reflective surface, and is therefore not clearly defined for a“ emissive display such aa a CRT. (See “U, S. Air
Force Color Dkplay Issues”, by David L. Post, S.A.E. paper 0148-7191/86/1013-1695). It has oniy

●
recently come into use. There is still a great deal of uncertainty as to what values of AE” are adequate under
various conditions, as well as uncertainty as to how well it correlates with human perception in various pans
of the color gamut.

The CIE LUV equations of CIE Publication IS Supplement 2 (1978) are repeated here for information:

L“ = 116 (Y/Yn) 1’3-16 Y/Yn greater than 0.01

u* = 13L” (U’ - U’n)

v* = 13L” (V’ - V’n)

AE* = [(AL*)z + (Au*)2 + (Av*)2 ]IJZ

Y is the luminance of the color sample and Yn is the luminance of a reference stimulus. u’ and v’ are
chromaticity coordinates of the sample in the 1976 UCS system, U’n and v’” are chromaticity coordinates of
a reference stimulus. These definitions assume the sample is being compared against a reference stimulus,
such as CIE stsndard illuminant D-65.

Another measure of color capabllhy ia “color area”, defined as the area withh the triangle formed by the
three primary colors plotted irr CIE 1976 u’ v’ chromaticity coordinates. For example, a typical color CRT
(i a dark ambient) has a color area of about 0.045 u’ v’ square units.

REQUIREMENT LESSONS LEARNED

Color differences have not been specified in existing systems, as mentioned in the “display color” paragraph

● herein. It ia not clear what values should be used in the blanks above.

4.2. 1.6.S Verification of chromaticity difference. The requirements of 4.2.1.6 apply.
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3.2.1.6.6 Luminance uniformity.

a. Symbol luminance uniformity. The difference in luminance between any symbol or symbol ●
segment and the average within any circle whose diameter is one-fourth the display’s minimum
dimension shall not exceed % of the average value, Total variation across the display shall
not exceed

b. MsterlWinance uifnmity. ~edifference inluminance between any point and the average
within any circle whose dkmeter is one-fourth the display’s minimum dimension shall not exceed

% of the average value when a flat field signal is applied. Total variation across the display
shall not exceed %.

REQUIREMENT RATIONALE (3.2. 1.6.6)

Symbols and video must appear uniform for aesthetic reasons and to avoid “dropout” of portions of
symbnls.

REQUIREMENT GUIDANCE

Large area uniformity of f 20% within 1/4 of the display and f 40% overall has been required for CRT
dispIays. T@tter tolerances are usually nnt necessary since the eye is not very sensitive to brightness
variations over large areas. Abrupt changes (discontinuities), however, are objectionable. A much tighter
requirement k needed between adjacent pixels or segments in a display made up of discrete elements,
especially if the non-uniformities form patterns, such as rows or colwnns. (See 3.2.1.6.8, Blemishes.)
Uniformity must be specified at high and low brightness to assure uniform controllability at low levels.

Note that uniformity is defined as

max or min luminance - average luminance
average luminance

which k numerically equivalent to:

max luminance - min luminance
rttax luminance + min lumirtanec

(times Ml to get percent)

(times 1(KIto get percent)

where average luminance is defined as: (max. + rein) /2

REQUIREMENT LESSONS LEARNED

Some systems have non-uniformity of ~ 50% (3: 1), nr even more, between the center and the edges, and
this is not objectionable if it k a uniform brightness falloff over a large area.
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4.2.1.6.6 Verification of luminance uniformity. Display luminance test data shall be used to determine
compliance.

VERIFICATION RATIONALE (4.2. 1.6,6)

Uniformity must be verified to assure that the display is usable.

VERIFICATION GUIDANCE

Verification should be based on luminance measurements.

VERIFICATION LESSONS LEARNED

3.2.1.6.7 Viewing angle. Viewing angle shall be at least + degrees up, -
degrees down, degrees left, and degrees right, relative to the central axis of the
display. Criteria for “viewing” are:

a.

b.

c.

REQUIREMENT LESSONS LEARNED

Displays with thick bezels or protruding controls may block the view of the operator, Certain display
technologies, including LCDS and any display using pupil-forming optics or a directional filter, may have
narrow viewing angles.

REQUIREMENT GUIDANCE

Required angles depend on the geometry of the planned installation (and any other potential installations)
tsking into account the need to see the far edge of the display. For example, a display on the centerline of a
single aeat aircraft can have narrow viewing angles (less than 20”). A side-by-side cockpit may require at
least some readability from across the cockpit, which may exceed 4S 0 (depending on viewing distance and
width of cockpit). Possible criteria include:

a. No display face blockage by bezel or controls.

b. No critical information blocked by bezel or controls.

c. No contrast reversal or color reversal

d. Contrast does not degrade to less than 70% of the value on axis.

e. Contrast does not degrade to less than 3.0.

f. No visible change in color or Ioss of contrast.

g. Information remains readable.
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l%e criteria chosen (more than one maybe needed) depends onthecriticality of the information. Stating
angles asup, dom, leh, andright from normal allows for asymmetrical situations (which are common) and
eliminates the confusion over total viewing angle vs. angle from normal. o

REQUIREMENT LESSONS LEARNED

LCDshave haddifficulty achieving tide tietingangles, especially when driven tithshades0fgraY (videO);
any viewing angle characteristics specified should be evaluated in a cockpit mockup to verify they are
adequate, but not excessive. Devices which reflect or radiate light from a diffuse surface or gas (painted
inatrornenta, CRTs, plasma dkplays) generally have very wide viewing angles, limited only by bezel blockage,
curvature of the display face, or off-axis reflections in the cover glass.

4.2.1.6.7 Verification of viewing angle. Viewing angles shall be determined by

VERIFICATION RATIONALE

Angfes must be verified to insure the display will be visible from the operators location,

VERIFICATION GUIDANCE

Measurement or evaluation of design data should be used for verification,

VERIFICATION LESSONS LEARNED

3.2.1.6.8 Blemishes. There shall no visible blemishes on the display face when viewed from the normal
viewing distance. Blemishes ,shall be defined as any area where

REQUIREMENT RATfONALE

Blemishes, or smafl area non-uniformities, are distracting and esthetically undesirable, and, if large and/or
high brightness, can obscure information.

REQUIREMENT GUIDANCE

Blemishes include stuck or missing pixels or fines, bubbles, pita, or scratches in glass, and small area
nonuniformities in brightness or contrast. The eye is sensitive to “edges, ” i.e., places where contrast changes
over a short distance. Small variations in brightness that do not violate the (large area) uniformity
requirement herein are often obvious and objectionable.

The criteria of MIL-E-1 have been used in the procurement of CRT bulbs. Blemishes are sometimes not
mentioned in display system specifications, since it is generally understood that visible blemishes are
objectionable, and detail blemish criteria should be in the CRT or other dkplay component specifications.
Additioml blemish specifications relating to the phosphor screens themselves have not been standardized.
When present, they are frequently drawn from commercial CRT specifications, or generated in
consideration of the needs of the application. In monochrome CRTs, phosphor screen defects are
considered and counted the same as defects in the glass. In color CRTs, the screen defects are identified
and specified uttiquely based on maximum a[lowable size and number, minimum spacing between blemishes o
and contrast of the defect with respect to the surround.
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For irregtdar blemishes, their size maybe defined as the smaller vahte given by one of the two relationships,

[1] Size = (Length + Width)/2

[2] Size = Length/10 + 2* Width

The following criteria have been used for a.n Active Matrix Liquid Crystal Display:

a. Bubbles, transparent or opaque flaws, pir.s, voids, delamination, or dark spots shall meet the
following criteria:

None exceeding 0.’4 mm.
No more than two between 0.25 mm and 0.4 mm, and no less than twelve mm apan.
No more than five between 0.12 and 0.25 mm, and no less than six mm apart.

b. With a flat field signal applied, luminance of the display (including backlight) shall vary no more than
~ 10% from the average withh any 10-mm diameter zone. Luminance measurements shall be based on
an approximate y l-mm diameter area.

c. No two failed pixels within a ten-pixel racous of each other (also precludes any failed rows or
columns); No more than three failed pixels within a 25 mm circle; Total number of failed pixels shall not
exceed O.OIYC (-O.005YC in some cases) of all pixels. Any display element within a color pixel that is
more than 30’% brighter or d)mmer than similar nearby elements is considered a failure of the pixel.

d. For an array with less than three pixels per mm (76 pixels per inch), no failed pixels are allowed at
delivery; Single pixel failures in the field may not require replacement if they do not degrade character
or symbol legibility.

Rectangular targets with contrast of 0.02 are visible when they have an area of 20 x 20 minutes of arc
(approx. 4 mm square at 76 cm (30”) viewing distance). Targera with contrast= 0.04 are visible when they
have an area of 5 x S minutes of arc (approx 1 mm square). (Under laboratory conditions–see “Engineering
Data Compendium, Human Perception and Performance”, Boff & Lincoln, Armstrong Research Labs,
1968, acct. 1.625.)

REQUIREMENT LESSONS LEARNED

Ablerniah about 2mmindiameter whbcontrast of O.1 darker than its surroundings wasobserved to be
clearly visible and distracting on one display panel.

4,2.1.6.8 Verification of blemishes. Verification shallbe by

VERIFICATION RATIONALE

If any blemishes are visible, they must be assessed to determine if they meet the acceptance criteria.

VEIUFICATION GUIDANCE

Vkual inapecdon should be used to find any visible nommiformities. Any nonuniformities found should be
measured with a spot photometer to determine compliance.

VER1FICATION LESSONS LEARNED
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3.2.1.7 Display size. Tbe active display area shaU beat least cm by cm.
Rounding of display corners shall not exceed ●

REQUIREMENT RATIONALE (3.2. 1.7)

Display size must be specified to assure that it is large enough to assure rapid assimilation of displa yed data.

REQUIREMENT GUIDANCE

Dsplay size must be determined first of all on the basis of physical limits of the cockpit or panel on which it is
designed to fit. However, after those limits are known, it is important to provide the user the required symbol
size, picture size, and clarity stipulated in the resolution paragraph. Use of standard size displays should be
at least encouraged, if not directly specified.

REQUIREMENT LESSONS LEARNED

It is generaffy assumed that the larger the display is, the better it is. However, there is a very definite limit to
how large a dkplay should be. For exsmple, on the F-11 lF PAVE TACK system, a virtual image lens is
used to magnify a 14.5-cm diagonal (s. 7-inch diag) CRT by approximately 1.8, giving the equivalent of a
25.4-cm diagonal (l O-inch diag) display at a 33-cm (13-inch) viewing dktance. Operators using this display
with 525-Iine PAVE TACK video occasionally had trouble finding targets at long range because of the large
area they had to scan, and the fact that raster lines and noise in the picture were clearly visible with this
display size. They also occasionally failed to see flashing status indicators on the edges of the picture when
they were tracking a target in the center of the display.

At normal cockpit viewing distances (70-80cm), video in a 525.line format will generally provide adequate
image quality on small dkplays (less than 15 cm or 6 inches square); however, an 875-line format should be
used on larger d~lays. A higher resolution fortnat, such as the EIA-RS-343 1023-line format, should be

*used for very large (30- to, 50-cm) displays.

4.2,1.7 Verification of display size. Compliance with the display size requirements may be determined
aPPrO~matelY by measuring tie active display area, or by analysis of design data.

VERIFICATION RATfONALE (4.2. 1.7)

Approximate display size can be verified by dhect measurement. on devices with thick or curved faceplates
(like CRTs). measurement Mu be difficult and evaluation of design data/engineering drawings may be
needed.

VERfFICATfON GUIDANCE

Verification is normally by measurement.

VERIFfCATION LESSONS LEARNED

3.2.1.8 Display color. The display color shall be when measured in
ambient lighting.

REQUIREMENT RATIONALE (3.2. 1.8)

Dkplay color must be specified on some systems to insure that equipment built by different contractors or at
different times ia aesthetically compatible. It is also important in some applications in order to be compatible
with standard colors. For color dkplays, the various colors used must be easily separable and must take into e
account the “reserved” colors (red and yellow).
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REQUIREMENT GUIDANCE

Most fighter aircraft displays must be visible in sunlight.

Monochrome airborne CRT displays are generally green because:

a. GY phosphoric very efficient and durable, and happens to produce green light.

b. The human eye is most efficient with green light.

c. Narrow bandpass filters are readily available which pass most of the green light and absorb most
of the non-green sunlight, thus enhancing contrast.

d. Green lightcan bemadecompatible tithnight tision goggles (NVGS).

REQUIREMENT GUIDANCE

For CRT applications where a particular phosphor or a parric”lar persistence time is required, they should
be insened. TMs requirement is generally not needed in situations where color, luminance, frame rate and
reliability requirements adequately define phosphor requirements.

Type GY phosphor (designated “P-43” in the old phospher designation system) is specified in many cockpit
CRT applications; it is a high efficiency, bright yellowish-green phosphor with a narrow spectrum light output
which works well with wavelength-selective filters and diffraction optics. GJ (P-1), YB (P-3), GX
(P-44) ,and KJ (P-53) are also appropriate in some cases. Color CRTs ohen use X (P-22) wh,ch is available
in red, green, and blue formulations. See EIA-TEP- 116-B, “Optical Characteristics of CRTs”, which
covers characteristics of all registered phosphors.

The goal in full color dispfeys is to have the color primaries widely separated (io CIE chromaticity
coordhates) and/or provide filtering such that they will stay widely separated when exposed to and mixed
with ambient Iigbt. Present color CRT projects have simply specified the color coordinates of the most
appropriate, ctn7ently available phosphors.

LCD matrix displays have inherently different characteristics; for example, the saturation of colors does not
change appreciably with ambient light levels on active matrix LCDS (AMLCDS) which have color filters over
each subpixel. A color filter is used to give each subpixel its desired primary color, but it also serves to absorb
most of the reflected (white) ambient light.

REQUIREMENT LESSONS LEARNED

Specifying the color coordinates of the phosphors on color CRTs has been adequate, since the phosphor
colors are widely separated and allow a large gamut of colors to be generated on the CRT, by mixing the
primaries in any desired ratio. Where symbology uses color coding, and the operator must be able to easily
name the color he sees, regardless of the background or lighting conditions, only a few (5 to 8, depending
on which study you believe) uniquely identifiable colors can be used. Color difference criteria (see
3.2. 1.6.5) can be used to try to optimize the distribution of the colors used. Colors are generally specified
and measured in a dark ambient because thk makes testing easier and repeatable, but this ignores the major
effects of ambient light on color saturation. See 3.2.1.6.5 for more on this subject.

In color CRT dkplays, the color coordinate tolerances for the blue phosphor primaries need to be slightly
greater than for red or green phosphors due to the chemical sensitivity of the P-22 blue phosphor most
widely used. In addition, color coordhates for mixed colors (e. g., cyan, yellow, and whhe) must be enlarged
in order to allow for variations resulting from the combination of color ratioing accuracies (electronic) and
variations in individual primary phosphor screen colors.
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Acolortolerance radius ofO.015 (1976CIE UCS)units has been suggested where color coding is usedon
multiple color CRTs in the cockpit. 0.02 units was used on one CRT, and 0.03 units maybe the tightest
tolerance practical introduction for some phosphors (such as P-22 blue). ●
4.2.1.8 Verification of display color. Display color shall be measured using in a

ambient.

VERIFICATION RATIONALE (4.2. 1.8)

Display color must be evaluated to assure that it is fully usable and aesthetically acceptable

VERIFICATION GUIDANCE

On monochrome CRT systems, review of technical data may be adequate to determine that a standard
phosphor of known color is being used. For color CRT systems or systems using other display media,
apectroradiometer measurements should be performed to establish chromaticit y coordinates of at least the
primary colors.

VERIFICATION LESSONS LEARNED

Specific test procedures must acknowledge the limitations (measurement uncertainty) of the measuring
instruments. Spectroradiometers will provide the most accurate color measurement, but are also relatively
slow in making the determination. At the other extreme, small hand held calorimeters permit rapid color
determination, but the accuracy of the measurement depends upon the accuracy with which the color filters
and spectral response of the instrument emulates the CIE chromaticit y curves. Correction factors have been
found useful in the latter case when determined for each color, and provided the colors measured do not
vary greatly in color coordinates.

3.2.1.9 Night Vision Imaging System (NVIS) requirements. The display unit shall be operationally ●compatible with Class NVIS and shall not produce an NR value equal to or greater than

REQUIREMENT RATIONALE (3.2. 1.9)

Night Vkion Imaging System compatibility is required of many avionic displays, whether to allow immediate
use of NVGa, to affow for future gro@ to use NVGa, or to minirrdze the emission of IR and light from the
cockpit to reduce observability.

REQUIREMENT GUIDANCE

MIL-L-87240 provides extensive guidance on aircraft lighting, including a section on NVIS compatibility
which includes the compatiblfky requirements of the cd-service specification MIL-L-85762A. The
requirements in MIL-L-85762A are most often invoked as specified. However, some tailoring may be
appropriate, Some user communities feel the NVfS radiance levels specified in MIL-L-85762A are too
stringent for their application.% particularly non-helicopter users. Over- specification of NVIS requirements
will constrain other important display parameters, most notably maximum display luminance available fOr
daylight operation. State-of-the-art performance available must be considered to avoid mutual conflicts
among maximum luminance and contrast (for daylight readability), color (multi-color vs monochrome) and
NVIS (Class A or Class B) performance requirements. Display size may also be a consideration, particularly
in raster-seamed CRTS where maximum achievable luminance varies as the inverse of display area.

REQUIREMENT LESSONS LEARNED

MIL-L-85762A establishes limits on radiant power of emissions within the sensitivity envelope of NVIS.
Two clasaes of NVIS are specified, Class A and Class B. The difference in the two is the cutoff point of the ●
minus-blue (long pass) filter used on all third generation aviators NVIS to reduce their response to visible
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light from the cockpit. 50% NVIS response is at approximately 630 nm for Class A and 660 nm for Class B

a
NVfS. Class B NVIS allows limited color capability in the cockpit, but at the expense of reduced sensitivity
overaU (a consequence of the filter cut-on point). The Class A NVIS radiance limit of 1.7x10-10 NVIS
Rsdiance Class A units (NRA) cannot be applied to a multicolor display that uses red and/or yellow. It has
been shown to be mathematically impossible to meet the Class A NVIS limit in the presence of such longer
wavelength visible emissions. The higher Class B limits were devised for color displays.

The standard red and green colors called out in MIL-L-85762 have been used as requirements on
electronic displays, but these color requirements only apply to the extent that those displays are used to
present warnings and cautions which must be of standard color.

A color CRT operating in a monochrome green mode typically wilf not meet the Class A requirements due to
emission of unselected colors cause by scattered electrons. The P-43 and P-53 green phosphors generally
used in monochrome avionic displays also have emissiorta at longer wavelengths which will cause the display
to fail a Class A requirement unless properly filtered. The optical absorption necessary to achieve NVIS
compatibility per MIL-L-85762A results in absorption of visible light as well, limiting the luminance
achievable in the display. For cockpit displays where luminance is a priority, the NVIS Radiance
requirement may force a trade off between maximum luminance and level of compatibllit y achieved.

Monochrome operation of color active matrix liquid crystal displays also may not meet the Class A
requirement because the individual color filters are not sufficiently dense in the IR to attenuate the NVIS
Radiance. The pixels of the panel all emit similar amounts of infrared energy whether or not the pixels are
activated.

4. ‘L1.9 Verification of NVIS. NVfS radiance performance should be evaluated by individuals or

●
organizations that have demonstrated technical competence to tie Joint Aeronautical Commanders Group,
Tri-Service Lighting Committee, Naval Air Systems Command, Washington DC or to Naval Avionics Center
in Indianapolis, IN. Test methods and equipment of shall be used.

VERIFICATION RATIONALE (4.2. 1.9)

Compliance must be verified to insure the required low levels of infrared and red emissions are achieved.

VERIFICATION GUIDANCE

Measurement of NVfS compatibility irt accordance with MIL-L-85762A is technically challenging if
rigorous accuracy is required. There are several means of determining NVIS compatibility with ease of
measurement generally inversely proportional to the accuracy required.

The scanning apectroradiometer may be used to obtain best accuracy. However, a very complete
understand~ng of noise thresholds and other error sources is required, as well as means for error mitigation,
in order to successfully use thk type of system. In particular, significant errors may be made with
narrow-band emitting sources, and with test units which have both freed and variable infrared emissions
(e.g., incandescent filament and phosphor screen, respectively, in a CRT).

The MIL-L-85762A Appendix B measuring system performance validation routines intended to
demonstrate the fitneaa of a measuring system to perform NVIS rad:ance measurements work well if the
measuring system is used to measure broad band emission sources @ was developed around filtered
incandescent sources).

o

Spectroradiometer errors can be serious for highly saturated sources such as a P-43 CRT. In cases where
the display performance can be mathematically validated to provide radiance levels below the sensitivity
threshold of the measuring system, a direct measurement of NVIS radiance is not in itself adequate to
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determine rlsplay compliance. For example, the mathematical evaluation of the individual components
that comprise aP-43 CRT (unfiltered emission spectra oftiephosphor andspectraI transmittance of the
contrast enhancement filter designed toprovide NVIScompIiance) indicate the NVISperformance of the ●
integrated display unit to be below the Class Afimitas specified in MIL-L-85762A, A direct measurement
titiagood specuoradiometer till notsupponthls because tiedetectors aren't sensitive enough (noise level
fagreater than signal level inparta of theapectrum). Radiance values that are calculated from system noise
wifl indicate a small but finite value of emitted power that is three or more orders of magnitude above the
actual performance of the dkplay. The mathematical protocol defined in MIL-L-85762A modifies
(ampfifies) the small but erroneous power (radiance) and causes the display to be measured non-compliant.

MIL-L-85762A also does notaccurately account forsouces (such as CRTs and flat panel displays) that
.haveboti fwedand variable sources of WIS-sensitive emissions. Ina CRT, aswella sinthe fluorescent
tubes used to backlight LCDS, the hot fifament produces relatively constant IR emissions, while the phosphor
produces emiasiona propor’donalto luminance. MIL-L-85762 allows measuring the display at a brighter
setdng and then scafhrg down theresukatothe specified luminance of 1.7 cd/m’2 (0.5 fL). Since the IR
emisaiona donotgo down propordonally, this canaUow adisplay whhexceaaive emissions to pass the test.

The quickest and moat straightforward validation method is a direct visual comparison of the test object and
a carefulfy calibrated threshold radiance standard, viewed through a properly filtered GEN III NVIS
inspection device (GENHImoqocular, for example). ‘f%ethreshol dradiance standard must be a device
Shatcan be accurately characterized. An NVIS compatible, filtered incandescent light source which has
measurable energies at aU wavelengths within the NvM sensitivity envelope is ideal for this purpose,

The GEN HI NVLS inspection device must also be carefully characterized by a qualified standards house
because the exact caracteriadcsof theminus-bhte filter canhave a profound effect on the compatibility
observations, particularly if the light spectrum of the test object differs significantly from that of the
reference standard. o

NVfS apot radiance meters may also be used, with more accurate res”lta, when calibrated with a calibrated
threshold radiance standard or conventional luminance standard with suitable calibrated attenuators to
reduce thelight source output appropriately. The speccdoutput ofsucha standard need not resemble the
unit under teat.

VERIFfCAITON LESSONS LEARNED

3.2.1.10 V}deo/aymbology overlay. The equipment shall be capable of displaying
symbols while &playing video.

REQUIREMENT RATIONALE (3.2. 1. 10)

Where system requirements necessitate overlay of symbols on video, the appropriate requirements must be
specified.

REQUIREMENT GUIDANCE

TMs requirement applies to systems requiring symbols overlayed on video. The following requirements have
been used for a HUD with raster capability: “The equipment shall be capable of displaying all symbols and
symbol combmationa required berein while dkplaying video. During d~play of video, selected symbols may
be displayed in raster rather than by stroke. Primary symbols and symbols whose appearance is substantially ●
degraded by being placed in raster shall be displayed by stroke. Use of srroke during retrace may be
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extended by ‘stealing’ (deleting) up to 30 lines of video. Such ‘line stealing’ should be minimized, such that
no more video is deleted than necessary at any given time, Symbol quality during displa y of video shaO meet
all requirements herein, except that symbols displayed in raster maybe degraded as required by the physical
limitations of quantifying them into raster lines. ” This system has both stroke and raster symbol generation
capability, which adds significant complexity and may not be needed for other systems.

Where raster symbols are overlayed on video, they must be a shade brighter than the video or be otherwise
enhanced (see 3.2. 1.6.3). Separate brightness controls for symbology and raster are generally needed to
optimize the picture. Gamma, or the non-linear relationship between video signal voltage and desired
dkplay luminance, must ako be specified in some cases.

REQUIREMENT LESSONS LEARNED

on color CRTs, when the symbols are overlayed on a different color background, the coIors of the symbol
and background mix, producing another color. This can be avoided by electronically substituting the
symbols for video, rather than adding them to the background.

4.2.1.10 Verification of video/symbology overlay. Video/symboIogy overlay shall be demonstrated.

VERIFICATION RATIONALE (4.2.1.10)

Proper display of combined video and symbols must be verified.

VERIFICATION GUIDANCE

Verification by demonstration is generally adequate.

VERIFfCATfON LESSONS LEARNED

3.2.1.11 Video size. The equipment shall display video from the The
aspect ratio raster shall be centered horizontally and subtend at least The center of the raster
shall be

REQUIREMENT RATIONALE (3.2. 1. 11)

The size of the video, if different than the dkplay size, must he defined.

REQUIREMENT GUIDANCE

Tids requirement applies to systems where video is displayed at other than the exact display size. For
example, on a HUD with video capability, the video may fill the instantaneous or total field of view vertically
or horizontally, but wifl not, in general, match the total symbology display area. The paragraph should also
specify the location of the video on the display, in terms of degrees below the horizontal datum for a HUD
and centimeters from the center on other displa ys. Where 4:3 aspect ratio video is displayed on a 1:1 screen
(or vice versa), this paragraph should describe whether the screen is overscanned in one direction or
underscanned in the other direction to make the video fit.

REQUIREMENT LESSONS LEARNED
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4.2.1.11 Verification of video size. Video size shall be measured by

VERIFICATION RATIONALE (4.2. 1. 11)

Appropriate sizing of video must be. verified.

VERIFICATION GUIDANCE

Normally, measurements taken during acceptance test would be adequate.

VERIFICA~ON LESSONS LEARNED

3.2.1.12 Viewability during gunfire. During periods of gunfire, any apparent displayed image size
change or symbology movement (or combination of both) shall not degrade the pilot’s capability to use
critical symbology and shall not exceed % of the jitter values specified herein. The equipment
shall return to fufl performance immediately upon cessation of gunfire.

REQUIREMENT RATIONALE (3.2. 1.12)

On aircraft which have a gun, the level of performance during gunfire must be specified.

REQUIREMENT GUIDANCE

TM requirement, which actually serves to relax accuracy requirements during gunfire, has been used on
F-1 6 and A-10 HUDS with “200%” filled in. Because of the severity and shon duration of gunfire, full ●
performance during gunfire may be difficult and expensive to achieve and be of very little value.

REQUIREMENT LESSONS LEARNED

4.2.1.12 Verification of viewabilit y during gunfire. Degradation of the symbo)ogy shall be monitored
visually during gunfiring vibration test. If significant degradation occurs, the apparent line width and
positional variations shall be measured.

VERIFICATION RATIONALE (4.2. 1. 12)

Vlewabtity must be verified to assure that the pilot can see critical symbols during gunfire.

VERIFICATION GUIDANCE

Verification is generally done by visual observation backed up by measurements if necessary.

VERIFICATION LESSONS LEARNED
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3.2.1.13 Flicker, jitter, and noise. The display shall not exlibit flicker which is discernible to the eye.
Jitter shall be less than (30). The effects of electrical noise shall not cause any visible
distortion, positional or dimensional instability, or luminance variation in any sytnbology, reticle, or raster
and shall not interfere with proper presentation or usatilhy of the display. Motions at frequencies above
0.25 Hz are considered jitter, while lower frequency movements shall meet the requirements of the stability
paragraphs herein.

REQUIREMENT RATIONALE (3.2. 1. 13)

Flicker, jitter, and noise in a display degrades accuracy, can cause confusion or errors in a tense, high
workload environment, and are aesthetically objectionable.

REQUIREMENT GUIDANCE

It k always desirable to reduce artifacts in tie display, such as flicker, jitter, and noise, to a level that is not
noticeable to the operator. FEcker is very difficult to quantify and measure. A properly designed CRT
display should have no flicker other than the barely perceptible fading of alternate lines which can usually be
seen in an interlaced raster dkplay at high brightness. For other display technologies, more specific flicker
criteria may have to be developed. Jitter should be fimited to much leSSthan the minimum line width to be
displayed. For example, a HUD with a l-mr nominal stroke width should have less than 1 mr (0.074 cm at
71.1 cm viewing distance) of jitter. In fact it may be limited to much less; for example, ARINC
Characteristics 725 limits jitter m O.018 cm (0.007 inch). Noise which is noticeable when the dkplay is in
normal operation should not be allowed, although in some situations (for example, a display for a special
project where only a few will be built), the time and cost required to design out all noise may be excessive
compared to the aesthetic value of a “clean” dkplay.

REQUIREMENT LESSONS LEARNED

A standard 30-Hz frame, 60-Hz field (2: I interlaced) raster video is widely used on CRTS. Stroke-written
graphics and computer-generated raster graphics with din lines are written at 50 Hz or bigher. LCDS
generally must be driven with symmetric drive voltages; any asymmetry in thk system results in fl~cker at 1/2
the frame rate, so they must typically be driven above 75 Hz to prevent visible flicker.

4.2.1.13 Verification of flicker, jitter and noise. The dkplay shall be monitored for visible fhcke I,
jitter, and noise. Any objectionable effects noticed shaO be measured.

VERIFICATION RATIONALE (4 .2. i .13)

Compliance must be verified for aesthedc and accuracy reasons.

VERIFICATION GUIDANCE

Verification should be based on visible observations backed up by measurements if necessary.

VERIFICATION LESSONS LEARNED

Where the jitter is present in an electronic signal, such as a composite video signal from a signal generator,
jitter can be measured by displaying the signal on an oscilloscope synchronized from an accurate time base
and comparing the timing of video from line to line andior frame to frame. Measuring jitter on a display
surface is more difficult and might require taking repetitive photographs and comparing them. It is rarely
necessary to measure jitter since nearly everyone agrees that visible jitter is objectionable and it is generally
possible to design systems so none is visible, in which case it need not be measured.
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3.2.1.14 Dimensional stability.

a. Syrnbolo&y dirrrensional stability. The dimensional stability of the syrnbology shall be f o
for symbols less than in height or width and for larger symbols,

~ per of height or width.

b. Raster dimensional stability. The raster shall be dimensionally stable so that in the course of normal
operation, during mode switching, or aircraft power variation, the total display image size shall not change
more than % in height or Yoin width.

REQUIREMENT RATIONALE (3.2.1.14)

Symbol and raster dimensions must be stable for aesthetic reasons and for accuracy

REQUIREMENT GUIDANCE

Dimensional stability of flmrfor symbols less than 50mrinhei@, and flmrper 50mrin height have
been used for HUD symbols. Comparable smbilities for an MFD wcmld be f 0.7 mm for symbols less than 50
mrinheight, and ~0.7mper 50mrinheight, Dkplaytiage size changes aregenerally limited to less than
t 270.

.-
REQUfREMENTS LESSONS LEARNED

4.2.1.14 Verification of dimensional stability. Symbol and test pattern dimensions shaIl be measured
eto determine compliance.

VERIFICATION RATIONALE (4.2. 1. 14)

Dnensional stabifity must be verified for accuracy and aesthetic reasons.

VERIFICATION GUIDANCE

Verification should be based on measurements.

VERIFfCATfON LESSONS LEARNED

3.2.1.15 Positional stabHity.

a. Syrrrbology positional stability. The positional stability of the symbology shall be
*

b. Raster positional stability. Displayed video data variation shall not exceed i %
azimuth or elevation under any combination of environments.

REQUIREMENT RATIONALE (3.2. 1. 15)

Symbol and viden position must be stable for aesthetic reasnns and for accuracy.
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REQUIREMENT GUIDANCE

Symbol positional stabWyof tlmrhas been used fora HIJD. Stability ofraster position of~2% has been
used for a HUD. In some cases where stroke and raster are used cm the same display, the registration
betweentbe two is more important.

REQUIREMENT LESSONS LEARNED

4.2.1.15 Verification of poaitiomd stability. Theposition ofsymbols andtideo shall be measured to
determine compliance.

VERIFICATION RATIONALE (4.2. 1. 15)

Positional stabUity must be measured to aSSUre an accurate and aesthetically pleasing display.

VERIFICATION GUIDANCE

Verification k normally done by measurement.

Vf3RIFfCATfON mssoNs LEARNED

3.2.1.16 Raster distortion and linearity. NO picture element shall be displaced by more than
~0 of the picture height from its true position referenced from the center of the picture,

REQUIREMENT RATIONALE (3.2. 1. 16)

Raster distortion must be limited for accuracy and aesthetic reasons.

REQUIREMENT GUIDANCE

Distonion and linearity error requirements of less than 1% have been applied to CRT based systems.
Distortion of 2% has been allowed for many systems, and is normally adequate.

REQUIREMENT LESSONS LEARNED

Distortion and finearity errors of less than 1% are achievable with modern circuitry, Devices with large
optics, such as the WFOV HUD, may have serious optical distortion which adds to the display image
distortion. Errors which are spread over a large area are much more tolerable than small-area distonions,
just as large-area brightness nonuniformitiea are tolerable.

4.2.1.16 Verification of raster distortion and linearity. Raster distonion and Iinearit y shall be tested
by

VERIFICATION RATIONALE (4.2. 1.16)

Raster distortion must be measured to assure accuracy and aesthetic quality.

VERIFICATION GUIDANCE

The “ball” chart defined in EIA-RS- 170, has been used for linearity measwements. his made in the form
of a transparency with circles of radius equal to 270 of the display height. This chart is overlayed on a raster
containing a grid of white lines; all line intersections should fall withh the circles.

VERIFfCATfON LESSONS LEARNED
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3.2.1.17 Reflections.

a. The relative intensity of second surface reflections visible in the HUD field-of-view shall not ●
exceed % of the primary symbol or video luminance.

b. Reflectivity of the display face shall not exceed ‘%,

REQUIREMENT RATIONALE (3.2. 1. 17)

Secondary reflections must be controlled to prevent reflections from interfering with the primary displayed
information.

REQUIREMENT GUIDANCE

The secondary reflection requirement applies to equipment having npcics. Secondary reflections have been
limited to 2% in current HUDS. This is achievable and reduces interference between secondary reflections
and the displayed information. A limit of 0.s70 reflectivity on the display face is generally appropriate for
dlSplayS used in sunshine, and implies that an anti-reflective coating will be used. Note that the contrast
requirements herein indirectly require control of reflections.

REQUIREMENT LESSONS LEARNED

4.2.1.17 Verification of reflections. Intensity of reflections shall be measured to determine compliance.

VERIFICATION RATIONALE (4.2. 1. 17)

Reflections must be measured to assure that they are nnt objectionable.

VERIFICATION GUIDANCE

Verification should be by measurement.

VERIFfCAITON LESSONS LEARNED

3.2.1.18 Solar effects. The optical design shall limit images and background illuminations arising from
solar illumination to less than % of the luminance of the illuminating source when viewed from
anywhere withii the eye motion box. Continuous direct sun illumination on the equipment within the cone
of acceptance shalf not result in damage to any subcomponent whether operating or not,

REQUIREMENT, RATIONALE (3.2. 1. 18)

Solar effects must be fimited to assure that bright sun images do not interfere with use of the display or
degrade the equipment.

REQUIREMENT GUIDANCE

Solar images have been limited to less than 2.5% on existing HUDS. Note that 2.5% of the sun’s brightness is
still bright enough to produce a very objectionable sun image in the display, but because the sun is only in the
correct place to produce the image a small percentage of the time, and there is often no practical way to
prevent the itrtage, it has been accepted. A tighter requirement (0.5%) should be a design goal.

REQUIREMENT LESSONS LEARNED
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4.2. 1.1S Verification of solar effects. Solar effects shall be measured by

VERIFICATION RATIONALE (4.2.1.18)

Solar effects must be measured to insure display usability.

VERIFICATION GUIDANCE

Measurement tecfudques appropriate for the display should be inserted.

VERIFICA~ON LESSONS LEARNED

3.2.1.19 Automatic brightness control and sensor. An automatic brightness control (ABC) shall be
provided to maintain visual contrast on the display as the ambient changes. The range of the ABC shall be
suitable for ambient light levels in the range of . As a design goal, the ABC shall automatically
increase brightness during night mode operation when bright lights are in the operator’s forward field of
view.

REQUIREMENT RATIONALE (3.2. 1. 19)

An ABC has been used on d~lays which are exposed to sudden or frequent changes in ambient light in a
high workload environment.

REQUIREMENT GUIDANCE

ASI ABC suitable for use against ambient backgrounds from 340 to 34,000 cd/m2 (100 to 10,000 fL) has
been used for a HUD, An ABC for a head-down display in a fighter cockpit was specified to be suitable for
ambient illuminations from 1,080 to 108,000 IUX(100 to 10,000 fc). However, this is a relatively useless
range since there is really no need to dim a display irr this environment.

Although ABC sounds like a great idea, some implementations have been expensive, difficult to test, and of
relatively little value in actual aircraft use. Problems which should be resolved include:

1. Multiple sensnraand ahyateresiafunction are needed to prevent fluctuations due to shadowing, such
as by the opemtors hand.

2. On head-down displays, a forward-luokirrg sensor is needed to account for the pilot’s eye adaptation
level due to the scene luminance outside (rather than just cockpit iflumirration). A system that dints displays
while aun ia shining in the pifots eyes is doomed to faifure.

3. Sensors with increased sensitivity are needed to make ABC work irr the 1-100 fc cange (dusk and
dawn transition) where they would be most useful.

4. It’s now practical to have software currtrol the bcigbtening and dmming time constants, and the
nonlineas relationship between ambient level& control settirtg& and display drive signals, but proven
algorithms asrd psrametem may not be avaifable.

REQUIREMENT LESSONS LEARNED

The ABC used on the F- 15 head-down rfispla ys has caused problems and may be eliminated; ABC appears
to be most useful on HUDS. ABCS are being used on the Boeing 757/767 commercial aircraft where sensors
are provided to measure both the cockpit illumination level and the forward scene luminance. Operation
over a wider range (down to 10.8 Iux) is desirable but ma y not be practical with existing technology. Tight
tolerances are not necessary.
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of. automatic brightness control (ABC). Compliance shall be verified by

●
VERIFICATION RATIONALE (4.2, 1, 19)

—

Perfomrance must be evaluated to assure that the ABC provides the required brightness adjustment.

VERIFICATION GUIDANCE

Laboratory brightness tests can be performed to verify that the ABC works as designed. The actual-
ambient-brightness-versus-display-brightness function must often be determined experimentally during flight
test of the hardware, since the desired characteristic is greatly affected by the surroundings in the cockpit,
Wide tolerances should be used in this test, since accuracy is &lfficult to control and of very little value.

VERIFfCAnON LESSONS LEARNED

3.2.1.20 Warmup time. The equipment shall be functionally operational and conform to all accuracy
and performance requirements within minutes of being switched on when operated in the
environment specified herein, including temperature extremes. Transient power loss for up to

seconds shaIl not require re-wamtup longer than the period of power loss.

REQUIREMENT RATIONALE (3.2, 1.20)

Prompt warmup is required to prevent delays when starting Up the aircraft and avoid wasted maintenance
time when operating the equipment for checkout or repair.

REQUIREMENT GUIDANCE

A wamtup time of two minutes is generally adequate. Some systems have also allowed degraded
per fomtance for up to five minutes atier turn-on at cold temperature extremes. Others, such as engine
instrutrtents on an aircraft wh]ch will be on alert, must provide a reasonable display immediately, but may
not need to meet fufl specifications for two minutes. Power transients of up to one second should be
tolerated without requiring a full re-warmup period.

LCDS do not hmction at low temperatures and must have built in heaters if the system is to start up quickly in
a cold emironrttent. A requirement that is compatible with LCDS but still provides a useable display during
aircraft stan is:

Display shafl have a visible image within 30 seconds (at least 25% brightness and l-Hz update rate) and meet
specified perfomtance wittdn 5 minutes when starring at -40”C.

REQUIREMENT LESSONS LEARNED

CRTs have an inherently slow warmup because of their vacuum tube nature. The major problems associated
with wamtup of analog circuitry and mechanical devices have mostly disappeared with current digital
hardware.

4.2.1.20 Warmup time. Warmup time shall be measured.

VERIFICATION RATIONALE (4.2. 1.20)

Warmup must be checked to assure that the display equipment does not delay aircraft start-up or o
maimenance.
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VERIFICATION GUIDAh~CE

Verification is normally done by timing with a stopwatch.

VERIFfCATION LESSONS LEARNED

3.2.1.21 Controls. Brightness, contrast, and shall be provided. Brightness and contrast
shaIl change logarithmically with linear control movement, to give the subjective impression of linear
conuol.

REQUIREMENT RATIONALE (3.2. 1.21)

Several controls are normally included on display equipment. Brightness and contrast are required to make
the display characteristics compatible with the ambient lighting.

REQUIREMENT GUIDANCE

Nearly afl displays have rotary type controls for brightness and contrast, plus several other controls
depending on the system application and configuration. MIL-STD-1472 (and the new AFGS-1800)
contains guidance on controls. See also 3.3.7.2.

“Bezel buttons” (also called “soft keys”) are used on most multifunction displays. Ten to 24 programmable
switches are arranged around the periphery of the display, with the label presented on the display adjacent to
the switch.

Advantages of bezel buttons are:
a. Minbnum hardware to buy and maintain
b. Minimum panel space occupied
C. Switch labels and fimctions can be changed in software as design is refined or functions are added
d. Less finger prints on glass (compared to touch panels)
e. Tactile feedback (click) when buttons are pushed

Dkadvantages are:
a. Stuck with one switch arrangement
b. Pushbuttons are nnt optimum for functions previously performed by rotary switches.
c. No shape coding of switches
d. Adds clutter to the video screen

“Soft knobs” have also been used, providing easy adjustment of functions traditionally controlled by a rotary
control.

Separate video contrast, video brightness and symbol brightness controls are provided on many MFDs.
Others have the relationship between video and symbol brightness freed (set) by the design. If it is set, it
must be changeable (by software or hardware adjustment) since the desired relationship depends upon the
lighting environment and the video sources being used, and has had to be adjusted as a result of fhght tests.

“Ganged” brightness controls, which adjust several displays at once, are used in some cases where there are
several electronic displays of the same technology (similar dimming characteristics) in the cockpit, much as
the traditional flight instruments lighting was ganged together.
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REQUIREMENT LESSONS LEARNED

Modern display units use push buttons, rocker switches, or “digital potentiometers” to adjust brightness. ●
contrast, etc. Thk technique will result in dkcrete steps in control settings, which can be objectionable unless
the steps are made sufficiently small. These devices eliminate the reliability problems of potentiometers and
allow software to recall previous settings and automatically set up displays when modes or formats are
changed.

4.2.1.21 Verification of controls. Operation of all required controls will be demonstrated.

VERIFICATION RATIONALE (4.2. 1.2 1)

Availability of controls and smooth, easy operation must be verified.

VERIFICATION GUIDANCE

Verification is generally done by demonstration of the operation of the controls.

VERIFICATION LESSONS LEARNED

3.2.1.22 Nuclear survivability. Nuclear survivability shall be in accordance with

REQUIREMENT RATIONALE (3.2. 1.22)
o

ThiS requirement applies to equipment used on aircraft which are required to operate in a nuclear
environment.

REQUIREMENT GUIDANCE

Characteristics of the nuclear effects which ,till be felt in the area where the equipment is installed should be
determined and used in the specification. See also MIL-sTD-1799.

REQUIREMENT LESSONS LEARNED

Nuclear effects generally apply to strategic aircraft, but have not been applied to tactical aircraft. Nuclear
hardening or shielding will affect cost, weight, choice of materials, etc.

4.2.1.22 Verification of nuclear survivability. Nuclear survivability or vulnerability shall be evaluated
by

VERIF1CATION RATIONALE (4.2. 1.22)

Mission-critical dkplays must be tested to verify that they will continue to operate

VERIFICATION GUIDANCE

Appropriate teats must be developed.

VERIFICATION LESSONS LEARNED
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I 3.2.1.23 Processor stsmdards. General purpose processors shall use the

,0

instruction set
and be programmed in language. Processor confi~ration andprogramming techniques shall
comply with . Software which controls symbol format shall be contained in
memory devices, to allow flexibility of symbol format with minimal impact on the display hardware.
Specialized processors and languages may be used for specific display generation tasks which cannot be done
with standard general purpose processors.

REQUIREMENT RATIONALE (3.2.1.23)

Processor and software design characteristics are specified to promote commonality of hardware and
software and the support equipment and training associated with them.

REQUIREMENT GUIDANCE

Au Force policy is to use the minimum number of different instruction sets (for example, MIL-STD-1750
for 16-bit processors) and Ada higher order language (HCIL) except where specific circumstances make this
impractical. A software specification or other software coding document should be referenced which defines
the numerous other software design requirements. Software which controls symbol format should be
contained in ultraviolet or electrically erasable PROM’S, since it generally gets changed as a result of flight
testa and changes to the aircraft or its mission. DoD-STD-2 167 and DOD-STD-2 168 provides
requirements for software development and quality control. MIL-STD-1803C Software Development
Integrity provides additional guidance.

a The standard processor and higher order language requirement should apply to the general purpose
processor portion of a symbol generator and not necessarily to the specialized hardware and software that
converts the symbol commands into display primitives. The specialized software and hardware must operate
in a high speed, real time environment to generate all the symbology in the required time. Hardware
optimized for symbol generation and assembly language software or microcode optimized for speed is often
used for this portion of the symbol generator.

REQUIREMENT LESSONS LEARNED

Special-purpose PALs and ASICS are often used in display processors.

4.2.1.23 Verification of processor standards. Processor characteristics shall be verified by

VERIFICATION RATIONALE (4.2. 1.23)

Compliance must be verified to assure that the processor and software can be efficiently maintained.

VERIFICATION GUIDANCE

A processor’s compliance with MIL-STD-1750 can be certified by ASC/ENASC. Copies of the
MIL-STD-1750 test software can be made available on request through ASD/ENASC. PROM twe can be

I verified by evaluation of design data.

VERIFfCATION LESSONS LEARNED
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3.2.1.24 Damage protection.

3.2.1 .24.1 Overload protection. In addition to the electrical overload protection requirements of ●
, the equipment shall be protected from chain reaction failures including those from external

overloads (shorts) caused by grounding of external wiring during installation, test, or other causes. Insofar as
practical, no damage to an LRU shall result from open circuits or grounding of wiring external to the LRU.

REQUIREMENT RATIONALE (3.2. 1.24. 1)

Induced failures caused by overload can be greatly reduced by appropriate equipment design.

REQUIREMENT GUIDANCE

MIL-STD-454 provides appropriate overload requirements.

REQUIREMENT LESSONS LEARNED

4.2.1.24 V&ification of damage protection

4.2.1 .24.1 Verification of overload protection. Compliance shall be verified by

VERIFICATION RATIONALE (4.2.1 .24. 1)

Compliance must be verified to assure that excessive failures are not induced by overload.

VERIFICATION GUIDANCE

Demonstrations or analysis of circuitry should be performed.

VERfFfCATION LESSONS LEARNED

3.2.1 .24.2 CRT protection. The shall be designed such that the CRT is undamaged in the
event of failure or switch-off of the aircraft electrical power supplies or sweep circuitry. The protection shall
be effective over the total brightness range.

REQUIREMENT RATIONALE (3.2. 1.24.2)

Equipment containing a CRT must have CRT protection to prevent damage to the expensive CRT.

REQUIREMENT GUIDANCE

The name of the equipment containing the CRT should be inserted, or the paragraph should be deleted if
there is no CRT.

REQUIREMENT LESSONS LEARNED
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4.2.1 .24.2 Verification of CRT protection.

●
Compliance shall be verified by

VERIFICATION RATIONALE (4.2. 1.24.2)

Compliance must be verified to assure CRTs are not damaged.

VERIFICATION GUIDANCE

Data collected during a maintainability demonstration is usually adequate.

VERIFfCATfON LESSONS LEARNED

3.2.1 .24.3 High voltage protection. The equipment shall be designed to preclude damage to
components or hazards to personnel from high voltage power supply and CRT high voltage arcs by use of arc
suppressors or

REQUIREMENT RATIONALE (3.2. 1.24.3)

Equipment containing a CRT, with the corresponding high voltage, must have an arc suppression scheme to
prevent damage due to arcs.

REQUIREME~ GUIDANCE

● Arc suppressors or an equivalent scheme are appropriate for equipment having a CRT.

REQUIREMENT LESSONS LEARNED

This requirement is the most important in initial field reliability. Arc protection must be applied to the focus,
G2, cathode, and deflection leads. Careful attention must be paid to the grounding between the CRT and
the HV PS.

4.2.1 .24.3 Verification of high voltage protection, Compliance shall be verified by

VERIFICATION RATIONALE (4.2.1.24.3)

Compliance must be verified to asarrre equipment will not be damaged by arcs

VERIFICATION GUIDANCE

Analysis of circuitry and failure data is sometimes adequate.

VER1FICATION LESSONS LEARNED

Special arcing testa (during development and qualification) should be run on early preproduction equipment
to find and fix any failure modes caused by arcs.
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3.2.1.25 Head-up display (HUD) -specific requirements

3.2.1 .25.1 HUD field of view (FOV). The HUD shall have a total field of tiew of at least o
vertical (V) by horizontal (H). The Instantaneous FOV (IFOV) (total seen by both eyes)
shall be at least Vx H. The FOV and its relationship to the horizontal datum
shall be as described in The above requirements are to be met with the eyes centered on the
design eye. The total FOV shall be viewable from within the eye motion limits (box) shown in
and the IFOV shall not decrease to less than 7570 of the above requirement with up to cm of
eye dkplacement around the central line of sight within the eye motion box.

REQUIREMENT RATIONALE (3.2, 1.25. 1)

HUD FOV must be large enough to accommodate dkplay of all necessary information,

REQUIREMENT GUIDANCE

This requirement applies to Head-Up Displays (HUDS) only. (Note: “Head” is singular; pilots have only
one.) The above paragraph was used in a wide FCSV raster HUD specification with the following
requirements filled bt: 200 vertical, 25” horizontal, 17” x 250 IFc3V, relatiomhip to datum shown in a
figure, and 1.9-cm (3/4-inch) eye motion allowed. The contractor met the requirements using a diffraction
Optics combmer. Conventional HUDS (refractive optics) generally have a smaller TFOV and a much smaller
IFOV, due to optical limitations. A typical conventional HUD might have a 20-degree TFOV, and a
9-degree by 14-degree IFOV. The maximum TFOV and IFOV obtained from a demonstrated, practical
HUD with conventional optics has been 250 and 13 x 20°, respectively.

Conventional optics HUDS with their smaller FOV are adequate for use with weapons which must fire o
forward (near the aircraft axis). WFOV capability is useful for firing off-axis weapons, and is critically
important (along with a video capability) to a system which relies on HUD FLIR video for night navigation
(such as LANTIRN).

A gttidebook called “HUDS in Tactical Cockpits”, written by Jerry Gard of Kaiser Electronics, gives
extensive advice on HUD FOV. A Crew Station Ergonomics Information Analysis Center (CSERIAC)
State of the Art Report (SOAR) 92-2, “Human Factors Issues in Head-Up-Display Design: The Book of
HUD”, by Daniel Weintraub and Michael Enaing, provides extensive background on HUDS.

REQUIREMENT LESSONS LEARNED

For the F-16 LANTIRN HUD program, data measured in a real cockpit showing eye location at various
times for various operators was used to define a “box” 7 cm high, 14 cm wide, and 25 cm long inside which
the operator’s eyes remained most of the time. Field of view and luminance degradation limits were then
specified for the operators eyes in the box. It is essential that the HUD design be based on actual operator’s
eye positions, measured in a cockpit, rather than the hypothetical “design eye” point. This is panicularly
important for a HUD which has optical power in the combining glass (e.g., a WFOV diffraction optics HUD)
becatrse the ideal viewing position for these HUDS can only be changed by redesigning the optics. Wkh the
more tradhional HUDS (flat plate combkter glass) it is possible to modify the combiner to adjust the viewing
position.

The htteraction of the HUD, the design eye position, and the aircraft canopy requires study and
optilzation. Some of these issues are discussed in Report AFAMRL-TR-83-095, “Optical and Human o
Performance Evaluation of HUD Systems Design”.
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At least one aircraft has used the inside of the windshield as the HUD combiner, but this has proven difficult

● because:

a. It is too far from the pifot and not at the optimum angle to get adequate FOV

b. Modem aircraft canopies are curved.

c. Ahgnrnent and accuracy are hard to maintain, since other optics need to be precisely positioned relative to
the cnmbmer, and the windshield bends under air loads and with heating,

Note that General Mntors uses the windshield as a combiner in their automotive HUD, where cost savings
and aesthetics are more important than accuracy or FOV.

4.2.1.2.5 Verification of HUD specific requirements

4.2.1 .25.1 Verification of HUD field of view (FOV). Measurements of lnnk angles from specified eye
positions to field positions shall be used to determine compliance.

VERIFICATION RATIONALE (4.2. 1.25. 1)

FOV must be measured to assure hat it & large enough fnr the appropriate symbology and/or video.

VERIFICATION GUIDANCE

Verification is normally based on measurements taken with a tfreodolite.

●
3.2. 1.2S.2 Parallax. Fnr a

VERfFfCATfON LESSONS LEARNED

single dk.play element in elevation and azimuth for two eyes 6.35 cm
(2.5 inches) aparr laterally, 90% o~ the measured values shall not exceed the following: mr
vertically , mr horizontally converging, and mr horiznrrtally diverging. Nn
values shall exceed 1.1 times these valuea. All eye pnsition and field angle data used to satisfy the HUD
field-of-view requirement shall be the basis for compliance with this requirement.

REQUIREMENT RATIONALE (3.2. 1.25.2)

Parallax must be limited to prevent eyestrain, double imaging, and loss of (or a false sense of) depth
perception. Paraflax is defined as the difference in viewing angle between the two eyes when they me both
lonldng at the same point or object. Fnr example, two eyes 6.35 cm apart looking at a pnint 28.5 meters
away will be converging 2.3 mr.

Imperfections in the HUD optics and/nr the aircraft windscreen cause eirher the HUD symbnlogy, the real
world or bnth to not be dkplayed at an nptical distance of infiniry (from the pilot’s pnint of view). Since the
two eyes cannnt simultaneously fuse two images that are at different optical distances (i.e., where the
difference in the distance exceeds the tolerance of Panum’s area) either the HUD symbnlogy or the real
world scene, whichever isn’t being fixated upon at the time, will appear doubled. The eyes must then
accommodate back and fordr between the twn sources nf visual information, resuking in eye fatigue.

REQUIREMENT GUIDANCE

●
Tbia requirement applies to equipment which has optics, including HUDS and Helmet Mounted Displays.
Parallax limits of 1 mr vertical, 2.3 mr horizontally converging, and 1 mr horizontally diverging have been
used on a HUD, and are usually considered adequate.
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REQUIREMENT LESSONS LEARNED

Some aircraft require that the HUD have optical power to compensate for the optical power of a curved o
canopy. In a simple case (the F-15), this is a very slight cylindrical curve ground into the combiner glass.
The F-1 6 has a much more complicated situation because the canopy is a non-uniform compound curve,
and has slight optical power. When the Wide Field of View LANTIRN HUD was installed in the F-16,
prnblems with 10SSof depth perception and double imaging occurred. Anyone designing a similar system
should research the work which was done at WPAFB to correct these problems, as it involved tighter
windshield specifications, optical modifications to the HUD. and different parallax requirements
(ASD-TR-83-5019).

4.2.1 .25.2 Verification of parallax. Eye positinn and field angle data shall be taken to determine
compliance.

VERIFICATION RATIONALE (4.2. 1.25.2)

Parallsx must be measured to assure that excessive eyestrain, double imaging, or loss of depth perception
wiIl nnt occur.

VERIFICATION GUIDANCE

Verification should be based on measurements

VERIFICA~ON LESSONS LEARNED

●
3.2.1 .25.3 HUD standby reticle. A standby reticle shall be provided which meets the size and shape
requirements of . It shall be independent of It shall be manually repressible
and shall meet the follnwing detail requirements.

a. Luminance: The reticle line luminance shall be such that the projected images shall be visible
and achieve a contrast of at least against a background luminance of 34,000 cdlm~
(10,000 fL) and equivalent color temperature of 3,000 to s,000 Kelvins. The average luminance of the
projected image shafl be a mtilmum nf cd/m2 when viewed through the combining glass.

b. Line widths. Stsndby,reticle line width shatl be mr when measured at the 50%
intensity points wfth the reticle luminance set at cdlmz at the cnmblning glass.

c. Color. The cnlor of the standby reticle shall lie at UCS 1976 coordinates and

REQUIREMENT RATIONALE (3.2. 1.25.3)

Until recemfy, a standby reticle has been required on most HUDS that have a targeting function. Higher
reliability of modem electronics, and complexity of bating duplicate image sources in a HUD, are making
thff a high cost, low value option in new systems.

REQUIREMENT GUIDANCE

The standby reticle was generated by a mechanical mask and a fight bulb, completely independent of the
HUD electronics and CRT, in most HUDS built prinr to 1980. The complexity of fitting these mechanical ●
components into the optical train added significant cost and degraded reliability, so mnre recent HUDS have
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a
used anindependent electronics channel togenerate astandby reticle on the same (primary) CRT. This was
particularly important on LANTIRN because diffraction optics are used in the combiner and the wavelength
of tbe light source is critical. The level of independence of the standby reticle has generally been established
bythe users, whonaturally want itasindependent aspossible. Thesize andshape of thereticle should be
defined by a figure included in the specification. It should look like the primary aiming reticle and/or follow
the standby reticle guidance.

An alternative to providing a separate standby reticle is to configure the system such that the display wiObe
driven by a backup symbol generator in the event of HUD electronics unit failure. This is particularly
attractive in systems which have multiple symklgenesato~s (for head-down dkplays) wh]ch can drivetbe
HUDina backup mode. It providesa full performance backup mode, rather than the relatively useless
manual standby reticle.

Acontrast of 0.2(contrast ratio of 1.2:l), andaminimum luminance of5,440cd/m2 (l,600fL)bas been
used and k adequate to assure viewab]lity in sunshine. A contrast of 0.5 would be preferred, but requires
setious compromises in other CRT characteristics with current technology.

ReUclehne tidfishould besimilar totiatoftie primaVsymbology; lmrwidth measured at5440cd/m2
(l,600fL) luminance has been used successfully.

Standby retitles were red in many older HUDS, apparently to distinguish the standby from the primary. With
the superior Capability of symbol generators toda y, it will be obvious if a backup reticle is in use, HUDS using
wavelength selective optics (diffraction or”holographic” combiners) will only work with onecolor of light,
so it is necessary to make the standby reticle the same color as the primary. Unless a specific color
requirement is known, the color requirement should be deleted or a statement that the standby is similar in
color to the primary can be used.

REQUIREMENT LESSONS LEARNED

4.2.1 .25.3 Verification of HUD standby reticle. Standby reticle luminance, line width, and color shall
be measured.

VERIFICATION RATIONALE (4.2. 1.25.3)

Standby reticle characteristics must be measured to assure that an aesthetically pleasing and clearly tisible
reticle is provided.

VERIFICATION GUIDANCE

Measurements should be made using the same techniques as those used in measuring primary symbology.

VERIFfCA~ON LESSONS LEARNED
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3.2.1 .25.4 HUD accuracy. The accuracy of the placement of fire control and navigation cueing
symbology on the HUD combiner glass shall be adequate for maximum effective use of the
and the following a

a. Calculated errors shall be based on 3U values where normal distribution is assumed.

b. The errors shall include input signal conversion and computational errors in the HUD.

c. The errors shall be measured relative to the HUD mounting surface

d. Static errors shall be computed as the root mean square of azimuth and elevation component
errors.

e. Input signals are assumed to be perfect.

f. Accuracies are with no canopy in place, except for the symbols listed under “canopy distortion
compensation.” Accuracy of placement of primary HUD symbols on the combiner shall not exceed
~ mr within a diameter circle and ? mr everywhere in the TFOV.

REQUIREMENT RATIONALE (3.2. 1.25 .4)

Accuracies must be established to insure that HfJD symbols allow accurate targeting a“d to insure that flight
and navigation symbols are geometrically correct.

REQUIREMENT GUIDANCE

The name of the equipment requiring the greatest accuracy should be inserted; for example, on the A-10,
tie GAU-8~n reqtires tiatthe Wncross be accurately located. Accmaciesof t 1.7 mron the optical o
axis, ~ 3 mrwithkta 12-degree diameter circle, and f 5 mr anywhere in the FOV have been achieved,

REQUIREMENT LESSONS LEARNED

4.2.1 .25.4 Verification of HUD accuracy. Accuracy of symbols and symbol positions shall be evaluated
by

VERIFICATION RATIONALE (4.2. 1.25.4)

Symbol accuracy must be meaattred to assure that the HUD design provides accuracy adequate for flight
control and weapon delivery.

VERIFICATION GUIDANCE

SytnboI positions are normally measured in the laboratory using a theodolite with the HUD display unit
mounted on a precision test fmture. Digital readouta and scales are evaluated by observation.

VERIFfCA~ON LESSONS LEARNED

8s
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3.2.1 .25.4.1 Flight symbol accuracies.

●
The equipment shall reproduce flight symbol input signals on

the display to the following accuracies:

REQUIREMENT RATIONALE (3.2.1.25.4,1)

Primary flight symbols must accurately depict attitude, heading, etc., to prevent the pilot from being
dkorienled.

REQUIREMENT GUIDANCE

The following flight symbol accuracies are achieved on the F-16 HUD:

a. Pitch anglti tl.OO

b. Airspeed f 2 IGAS

c. Altitude f 7.62 m (25 feet)

d. Rnll attitud~ f 1.5”

e. Mscfr f .02 Mach

f. Headitt& f 1“

REQUIREMENT LESSONS LEARNED

4.2.1 .25.4.1 Verification of flight symbol accuracies. The requirements of 4.2.1 .25.4 apply.

3.2.1 .25.4.2 Algorithm accuracies. The algorithms used to compute fire control symbology locations
I shall have the folfowing accuracies:

REQUIREMENT RATIONALE (3.2. 1.25.4.2)

, For a HUD which performs weapon aiming and Right director calculations, the accuracy of the algorithms
must be controlled to assure proper weapon delivery and flight director operation.

REQUIREMENT GUIDANCE

The following accuracies are achieved in the F-16 HUD (excluding display errors):

a. Snapshoot: t 0.5 rm

b. Lead computing optical sighti f 0.5 mr

I
c. Flight dwecto~ t 0.5 mr

I REQUIREMENT LESSONS LEARNED

●
4.2.1 .25.4.2 Verification of algorithm accuracies. The requirements of 4.2.1 .25.4 apply.
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3.2.1 .25.4.3 Symbollvideo registration error. When symbols are overlaid on the video images, they
shall be registered to within % of the display width, plus % of the distance from
FOV center vertically and horizontally with respect to the commanded tme position within the video scene. e

REQUIREMENT RATIONALE (3.2.1.25.4.3)

For systems which overlay video with symbology the relative position must be controlled; this is only
important for a display where the spatial relationship between tbe video and symbology has meaning.

REQUIREMENT GUIDANCE

Alignment of t 1 mr t 0.596 of the distance from FOV center was specified for the LANTIRN HUD. This
only applied to the symbols whose exact position in the scene was important.

REQUIREMENT LESSONS LEARNED

This paragraph is intended to deal with errors occurring wirhhs the display system; a system displaying sensor
video on a HUD or HMD will have misregistration relative to the real world due to the fact that the camera is
not in Iine with the HUD. For example, a FLIR mounted under the nose is several feet vertically below the
HUD, and the image can only match with the real world (from the pilot’s point of view) at one range.

4.2.1 .25.4.3 Verification of symbol/video registration error, The requirements of 4.2. 1.2S.4 apply.

3.2.1 .25.4.4 Standby reticle positional accuracy. The same accuracy requirements stated for the
primary reticle shall apply for the standby reticle except

REQUIREMENT RATIONALE (3.2. 1.25.4.4)

If a standby reticle is provided, its accuracy must be specified to assure it will be useful.

REQUIREMENT GUIDANCE

Standby reticle accuracy is normally equivalent to the primary reticle accuracy.

REQUIREMENT LESSONS LEARNED

4.2.1 .25.4.4 Verification of standby reticle positional accuracy. The requirements of 4.2.1 .25.4
apply.

3.2.1 .25.4.5 Combiner glass displacement error. The combining glass shall not cause real world
objects to be displaced by more than mr (30) in the area within 50 of the center of the FOV or

nsr within the total FOV.

REQUIREMENT RATfONALE (3.2. 1.25.4.5)

A HUD combmer glass must have flat and parallel surfaces in order to prevent displacement of the
real-world scene.

REQUIREMENT GUIDANCE

Errors of 0.6 mr bt the central part of the FOV, and 0.8 mr overall, are specified for the F-16

REQUIREMENT LESSONS LEARNED

4.2.1 .25.4.5 Verification of combiner glass displacement error. The requirements of 4.2. 1.2S.4 o
apply.
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3.2.1 .25.4.6 Combining glass distortion error. The combining glass shall not cause real world objects

● of less than 25 mr subtense to be distorted by more than mr from the true object geometry,
established with out the combining glass. The distortion requirement shall apply for all eye positions that are
required to obtain the total FOV.

REQUIREMENT RATIONALE (3.2. 1.25.4.6)

Combiner glass surfaces must be flat to prevent geometric distortion, which degrades appearance and
accuracy.

REQUIREMENT GUIDANCE

Distortion of O.2S rnr is used in the F-16 HUD specification. Larger distonions are allowed in some cases,
such as at the dkcontinuity between the two images on a dual-combiner HUD.

REQUIREMENT LESSONS LEARNED

4.2.1 .25.4.6 Verification of combi”i”g glass distortion error. The requiremems of 4.2.1 .25.4 apply,

3.2.1 .25.4.7 Boresighting, The HUD display unit shall be designed to provide simple, reliable
preboreaighting such that when installed in the air vehicle, a combined boresight accuracy of

~ (30) shall be achieved. Alignment, interface matching, or adjustment of the HUD

o

projection unit shall not be required when this unit is removed and replaced after the original factory
installation is complete, prnviding that its mounting assembly is not disturbed.

REQUIREMENT RATIONALE (3.2. 1.25.4.7)

For head-up displays, boresighting is required for accurate symbology positioning. Accurate preboresighting,
with no on-aircraft adjustments, reduces maintenance cows and allows HUD replacement to be done
quickly without special equipment.

REQUIREMENT GUIDANCE

Preboresighdng should not be applied if extremely accurate boresighting is required, since it creates many
design constraints. T’Msrequirement was applied to the F-16, and made a normal HUD swap-out very easy.
However, it is now a major operation to check or reset the factory alignment of the mounting base when it is
found to be bad (due to airframe bendhg).

Where an error budget has been established which goes down to the level of HUD boresight, the appropriate
number should be inserted. Alternately, where a system contractor is responsible for accuracy, HUD
accuracies should be specified relative to aircraft reference, and the boresight accuracy requirement can be
dropped to allow the manufacturer to set up his own error budget.

REQUIREMENT LESSONS LEARNED

Electronic boresighting is now practical. It eliminates the need for a mechmically complex and expensive
adjustable moundrsg tray. ‘Ilk method uses an electronic memory on the aircraft m store alignment numbers

a
which are read by the display at power-up and used to adjust symbol positions (developed on the C-17).

1- 4.2.1 .2.5.4.7 Verification of boresighting. The requirements of 4.2.1 .25.4 apply.
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3.2.1 .25. S Canopy distortion compensation. Thesystem shall compensate theposition of the following
symbols for optical deviations through the aircraft canopy ●

REQUIREMENT RATIONALE (3.2. 1.25.5)

Where a curved canopy is used which introduces significant distortion, it may be necessary m electronically
shhl the position of symbols on the HUD or HMD to make them accurate relative to the distorted real scene.

REQUIREMENT GUIDANCE

This requirement is often not needed, since it only applies to HUDS or HMDs in aircraft with curved
canopies, such as the F-16. AFGS-87266, Aircraft Cockpit Transparency System, should be referenced for
other canopy-related requirements.

REQUIREMENT LESSONS LEARNED

Symbol position compensation is used in the F-16. The corrections are done by the HUD processor using a
nine-coefficient polynomial correction equation. The coefficients are determined from measurements taken
on each windahleld when it is manufactured, and are stored in the aircraft computer along with other aircraft
weight and configuration data; they are passed to the HUD over the data bus when the system is turned on.
This seems to be the most practical way to make the corrections, even though it adds significant complexity
to the software. AU symbols which must align with the outside scene, such as aiming retitles, target
designators, continuously computed impact line, and radar search cues, are compensated, Some aircraft
alao require compensation to correct parallax errors caused by the canopy. (See 3.2. 1.25.2.)

e
4.2.1. 2S.5 Verification of canopy distortion compensation. The intentional displacement of symbols
for distortion compensation shall be evaluated by

VEfUFICATION RATIONALE (4.2. 1.25.5)

Position correction must be tested to insure that the system provides adequate weapon accuracies.

VERIFICATION GUIDANCE

A test shordd be perfomted to measure the corrections made by the HUD and compare them with the
corrections mathematically defined by the equations.

VERfFfCA~ON LESSONS LEARNED

3.2.1 .25.6 HUD combhter ‘wind loads. The combining glass and its mounting structure shall withstand
without breakage the windloading and temperature differentials associated with the sudden removal of the
canopy in flight. The operational environment preceding removal of the canopy is the normal cockpit
environment. Immediately following removal, the windloading on the combiner will be and
the surface temperature will increase immediately to “c.

REQUIREMENT RATIONALE (3.2. 1.25.6)

Tftia requirement applies only to aircraft in which the front part of the canopy is removed prior to emergency e
ejection. The HUD must withstand the windloads in order to avoid breaking up and injuring the pilot.
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REQUIREMENT GUIDANCE

The F-16 HUD was designed to withstand the windloads which were determined by analysis and wind
tunnel tests and were described in a figure in the specification. Specific loading requirements depend on the
maximum safe ejection speed for the aircraft. Consult with escape system and canopy engineers to establish
appropriate requirements.

REQUIREME~ LESSONS LEARNED

I
4.2.1 .25.6 Verification of HUD combiner wind loads. Force and temperature loadings equivalent to
those shown in shall be applied to the HUD combiner. Breakage of the combiner or its
mountings shall constitute faihtre of the test.

VERIF1CATION RATIONALE (4.2. 1.25.6)

Combiner strength must be verified to assure pilot safety.

VERIFICATION GUIDANCE

Static force teata or a dynamic wind-tunnel test should be performed.

VERIFfCATION LESSONS LEARNED

‘o
3.2. 1.2S.7 HUD combiner transmission mad reflection. The HUD combining glass shall conform to

. Transmiasibtity shalf be a minimum of % for both directions through the glass.
The outer surface of the combining glass shall have a reflectivity of TOor less.

REQUIREMENT RATIONALE (3.2. 1.25.7)

For HUDS, the optical characteristics of the combiner glass are important to provide comfonable, accurate
viewing.

REQUIREMENT GUIDANCE

TMi requirement applies only to HUDS. MIL-R-6771 provides optical characteristics guidance.
Transmissibility of 70%, and outer surface reflectivity of 0.5% are appropriate.

REQUIREMENT LESSONS LEARNED

For aircraft where NVGa will be used, the transmission of the combiner in the near IR range should also be
specified.

4.2.1 .25.7 HUD combiner transmission and reflection. Measurements shall be taken or procurement
data shall be evaluated to determine compliance.

o VERIFICATION RATIONALE (4.2. 1.25.7)

Compliance must be verified to assure adequate performance and appearance of the combiner
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VERIFICATION GUIDANCE

Verification can be done by measurement or data evaluation.

VERIFfCATfON LESSONS LEARNED

3.2.1.26 Helmet mounted display (HMD)-specific requirements. A HMD system with the following
characteristics shall be provided:

REQUIREMENT RATfONALE

A HMD system could be valuable for air-to-air and air-to-ground attack, cAS/BAI, low level terrain
folfowing missions, night and in-weather missions, night rescue, and special operations, It can provide the
pilot with an overlay of both video and graphics information from sensor-generated and
computer-generated sources and maintain the pilot’s temporal and spatial relationships to the tasks at hand.
It can provide the pilot with an instantaneous presentation of the tactical and portions of the strategic
situation to improve the pilot’s situational awareness and reduce workload. Through the use of EO, FLIR,
and LLTV aensora used separately or in combination through appropriate signal processing, the HMD
presentation can permit the pilot to fly with improved safety and allow him to detect/acquire objects at long
range.

REQUIREMENT GUIDANCE

Because of the lack of existing successful pmductio” HMD systems to provide a “baseline” of performance
requirements, this section is necessarily vague. ●
Existing HMDs typically add excessive weight and volume to the helmet and did not have the proper CG or
wind blest resistance for safe ejection, although some experimental unite now are considered ejection-safe.
Monocufar, syrnbology-orrly systems can be made bright enough for use in sunshine, while current
technology makes it very dlfficrdt to provide video in sunlight. Video, with its high spatial frequency
information, can cause binocular rivalry, and is thus more compatible with a binocular viewing
configuration.

It is common practice to refer to a head-mounted system that can dkplay raster video and/or dynamic stroke
synrbology as a Helmet. Mounted Display (HMD). Head-mounted systems that can only display fixed
symbols are referred to as Helmet Mounted Sighta (HMS).

Current HMD systems use a miniature CRT, about 0.75 to 1.0 inch in diameter, to provide a video image on
the helmet. HMSS use a smaller device, such as a pattern of light-emitting diodes (LEDs) to form a reticle.
Irrstalfing a l-irrch CRT on the helmet adds significant weight, due to the weight of the glass CRT bottle,
high-voltage connections, etc., so attempts are being made to build smaller CRTs with adequate
performance. Providktg high resolution, Klgh brightness, mggedness, and producibility in a l-inch CRT is
already very difficult, so meeting the same requirements in a smaller tube will be even more difficult, and will
almost certainly result in loss of performance in some areas. Alternatives are being investigated, For
example, small fiquid crystal displays (LCDS) could solve the size and weight problem but introduce new
problems in resolutioru addressability: producibMy; the need for a powerful, uniform backlighu and the
need for an extremely high-contrast-ratio image source if one is to see through the background. Systems
have been teated which locate the CRT remote from the helmet; the image is then carried to the helmet with
a fiber optic cable. This allows the use of a larger CRT, mounted in a box where its full performance can be ●
realized, but requires the use of an image-carrying fiber optic cable, with serious size, stiffness, weight, and
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resolution problems, and the addition of another box in the cockpit. The fiber optic cable approach has

● been used in an “NVG HUD”, a device which is added to existing NVGS and provides symbology overlaid
on the NVG images, but does not have adequate resolution to display video and is not integrated into an
ejection-safe design.

Additional guidance is available in laboratory reports (for exsmple, Kocien, 1991).

REQUIREMENT LESSONS LEARNED

The difficulties and risks associated with HMD development are due to the severity of the performance
requirements applied and the lack of a major development effort to resolve the remaining problems. Since
operational systems are still rare, it is not clear which features are essential and which could be optional.

4.2.1.26 Verification of HMD-specific requirements. TBD.
.,

3.2.1 .26.1 Sunshine video capability. The HMD shall be capable of displaying video, with contrast,
resolution, and brightness as specified herein, in a ambient.

REQUIREMENT ILY210NALE

If a sensor is avsilable which can “see through” certsin atmospheric conditions better than the human eye, it
may be useful to provide a full video capabllhy which is bright enough to be used in sunshine. Otherwise,
video is only required at night.

●
REQUIREMENT GUfDANCE

It must be recognized that video sensors (such as FLIR) which are designed to allow vision at night will
provide far less utifity in sunshine. For exsmple, the resolution of the human eye in da ylight is approximately
3 times better than that of a 30 degree FOV FLIR, so most of the time if it is bright enough to have a
sunshhe legibility problem, it is bright enough to fly without the FLIR. Symbology, on the other hand,
shoufd be uasble in sunshine, since this allows the HMD to be used as a HUD and HMS in daylight, just as it
can at night. Viewabtity in sunahlne is not so difficult to achieve if a dark visor is used. For example, the
normal “sunglasses” visor has transmission of around 1570, which means that a HMD operating inside this
visor would need to be visible against a 1500-fL background, rather than normal 10.000-fL sunshine.

The brightness, resolution, and. contrast requirements in the HUD section of this spec can be used as a
Stsrdng point.

.
REQUIREMENT LESSONS LEARNED

4.2.1 .26.1 Verification of video in sunshine capability. TBD.

3.2.1 .26.2 Image intensifier (12) capability. The HMD shall include 12 capabllhy with the following
FOV, resolution, gain,

REQUIREMENT RATfONALE

A capability to see in the dark can be achieved by integrating 12capability into the helmet. 12s do not require
use of a FLIR or helmet cracking system, therefore can result in a much less expensive system. The

●
disadvantages are that they operate in the visible and near-IR range–therefore the crewstation lighting must
be made NVG compatible-and they do not detect radiated thermal energy (as a FLIR does). They also add
more weight to the helmet and complexity to the optics
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REQUIREMENT GUIDANCE

Attempts have been made to design helmets with 12 capability are being designed for use in high speed ●
aircraft with ejection seats, with the low weight and proper center of gravity (CG) to avoid excessive stress on
the pilot’s neck during high-G maneuvers and the high accelerations of ejection. They must also be designed
to withstand the windblast which occurs during ejection without dkintegrating and injuring the pilot.

One possibility being considered is to conve~ the 12 imagery to a video signal, then display it on the HMD
CRT, eliminating the need to optically combine images, This approach solves the optics weight and
complexity problem, but creates the need for a camera to scan the 12 image. This additional hardware then
must be mounted on the helmet or on a gimbal controlled by the helmet position signals.

REQUIREMENTS LESSONS LEARNED

4.2.1 .26.2 Verification of 12 capability. TBD.

3.2.1 .26.3 Head supported weight and center of gravity (CG). Weight of the helmet including displa y
hardware and feet of interconnecting cable shall not exceed CG shall be below

and aft of

REQUIREMENT R41TONALE

The weight of any helmet mounted equipment is critical. Any helmet becomes uncomfonable after long use,
contributing to pilot performance degradation, and pilots regularly complain that their present helmet is too
heavy.

REQUIREMENT GUIDANCE

The actual weight which can be tolerated in a given aircraft mission must be established by human factors
Studies. Past ahdes do not provide a specific number that the dkplay hardware can be designed to, but
indicate that it depends heavily on how long it must be tolerated, in what environment, and the physical
conditioning of the individuals wearing the helmet. Aircraft with a lower G requirement and no ejection seat
represent a rnifder environment compared to a fighter. Applying the same w,eight and CG requirements to a
HMD for these aircraft as would be applied to a fighter will most certainly drive the display hardware design
W ~eater complexity anWOr 10wer performance. and could only be justified on the basis of a much greater
cost to support two systems in the field rather than one.

Wkhout a firm cutoff on acceptable weight, reducing the weight to a minimum must be the goal, with the
knowledge that systems aucb as IHADSS, at 3.9 Ibs, are tolerable in helicopters, At least one study has
shown that CG is at least as critical as total weight, finding that significantly mnre weight cnuld be added if
the CG was maintained very near or below the natural CG of the head. A high, forward CG is the worst; this
fact gready complicates the optical design of a HMD by forcing components to be mounted low and toward
the back.

REQUIREMENT LESSONS LEARNED

4.2.1 .26.3 Verification of weight and CG. TED.

3.2.1 .26.4 Personal equipment compatibility and interface. The HMD shall be compatible with ●

%
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REQUIREMENT RATfONALE

o
Use of existing goggles, oxygen mask, communications gear, etc, will save substantial development effort
and eliminate logistics problems associated with unique hardware being dedicated to the aircraft with the
HMD. Unique personal equipment provides the possibility of improving weight and CG and optimizing
interface with the display hardware.

REQUIREMENT GUIDANCE

The goal, as always, should be to use the efisting oxygen mask, communications gear, helmet, and
nuclear/chemical/biological protective equipment if possible. However, the best solution for the overall
system may be to redesigrr one or several of these items to improve weight, CG, or compatibility with the
HMD equipment. ?ltese requirements must be established by human factors and personal equipment
specialists.

,..
REQUIREMENT LESSONS LEARNED

4.2.1 .26.4

3.2.1 .26.5

4.2.1 .26.5

3.2.1 .26.6

Verification of compatibility with personal equipment. TBD.

Compatibility with ejection seat. TBD

Verification of compatibility with ejection seat. TBD.

Head tracking system. A head tracfdnc system shall be movided which rxovides helmet look— . .
angle, roll angle, and position to the following accuracies: Lag time between motion of the
helmet and output of angles and positions within the above tolerances shall not exceed

REQUIREMENT RATfONALE

The ability of the HMD or HMS to position symbols in space, or sense where the user is pointing a
helmet-mounted symbol, as well as the ability to point a head-steered sensor, depends on precise knowledge
of helmet angles. Helmet position (in addition to angles) maybe needed to compensate symbol positions fm
canopy dktordons and tracker errors, and is required if pointing at closeup objects (within the cockpit) is to
be used.

.
REQUIREMENT GUfDANCE

A significant difference between early tracking systems and current systems is their ability to sense helmet
,., roll, and therefore stabilize certain images (such as a FLIR) in roll. If an image is not “roll stabilized”, the

ftnage wilf roll with the pilot’s helmet, rather than roll with the ourside scene. This can be very disorienting,
giving conflicting clues as to which way is up. Without roll stabilization, if the pilot tiks his head, the FLIR
scene tilts with him, rather than staying f~ed in inertial space, as the outside scene does. The IHADSS
system is not roll stabilized, and has been used successfully, but this appears to be more an attempt to work
around equipment limitations than an actual choice. Some head position sensing systems (including the
magnetic HMS) provide roll sensing with minimal increase in hardware. In the past, a complex third axis in
the FLIR gimbal was required to roll-stsbJize the video, but with the advent of processor-controlled scan

o

converters and CRTs, it is now possible to electronically roll the image. If the real world scene or 12 imagery
is overlaid with FLIR video, the lack of roll stabilization of the FLIR would show up as gross misregistration
between the two images. There seems to be no research showing that gross misregistration and a rotating
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horizon can be tolerated. Therefore head roll sensing and roll stabilization of the FLIR and symbology
should be pursued.

o
A magnetically coupled head tracking system was developed several years ago and has demonstrated

—

capability in Several installations to provide sensing of the pilot’s head orientation (in 3 axes) and position,
with minimal weight or other encumbrance on the helmet.

Static accttracyof 2mr CEP on axis, 4 mrCEP beyond 30” has been recommended on some systems.
Good accuracy is generally dependent on boresighting each time the system is used, to compensate for things
fikehefmet fit.

REQUIREMENT LESSONS LEARNED

4.2.1 .26.6 Verification of head tracker system. TBD

3.2.1 .26.7 Eye relief and exit pupil. Sufficient eye relief for comfortable viewing and viewing with
eyeglsaaes on shalf be provided. Exit pupil shall be sufficient to prevent vignetting of the image with normal
helmet shifting due to G Ioadlng, and shall be at least mm.

REQUIREMENT RATTONALE

Adequate eye relief (diatmtce between eyeball and optics) and exit pupil (diameter of area from which tbe
image can be seen) are difficult to achieve in a compact, lightweight optical design, but are critical to
operator performance and acceptance.

REQUIREMENT GUfDANCE

lWteen mm exit pupil has been recommended for HMDS with instantaneous or apparent FOVS “p to 40°,
Seventeen mm has been recommended for a 45-60 degree FOV. Thirty mm of eye clearance may be
needed to provide clearance for eyeglasses.

REQUIREMENT LESSONS LEARNED

HMDs require compact, lightweight optics, and efficient combiners, and some require unusual optical
characteristics, such as asymmetric reflectors. This appears to be an excellent area to apply diffractive
optics, sometimes called holographic Optics. A diffractive optics element can be thought of as a “hologram of
an optical element”. Instead of storing the characteristics of some object for later viewing, as is done in
regular holography, the characteristics of an optical element are stored, and preserved in a thin layer of
gelatin sealed between two pieces of glass. They are very selective to both wavelength and angle, so they
make an ideal combmer, efficiently reflecting the image from the HMD (of the right color and angle), while
efficiently passing the outside scene (of random colors and angles). They are also tricky to make, with only 4
or 5 vendors in the world capable of production rates. Furthermore, their angle sensitivity can be a real
problem, especially itr wide field of view systems.

4.2.1 .26.7 Verification of eye relief and exit pupil. TBD,

3.2.1 .26.8 Monocular/B iocular/BinocuIar capability. The HMD shall provide
image (s), meetbrg the following requirements:

REQUIREMENT RATIONALE

The issue of whether a single image is provided to one eye (“monocular”), a single image is split and
provided to both eyes (“binocular”), or an independent image is provided to each eye (“binocular”) bas a

.
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●
major effect on the performance, cost, wei8ht, etc. of the HMD. For very wide field of view, “panoramic
binocular” designs have been attempted, where the two images only overlap partially.

REQUfREMEfVf GUfDANCE
It has been demonarrated that NVGS using two 12 tubes (“binocular”) provide better night vision than NVGS
with only one tube (“monocular”). There has also been a problem with eye dominance with the IHADSS
system, where the operator’s brain seems to prefer to concentrate on what is seen by the unaided eye, rather
than look at the FLIR image provided to one eye by the IHADSS. V\ewing symbology can usually be
accomplished successfidly with only a monocular display. Viewing video comfortably on an HMD usually
requires a biocular or binocular con figuration., bm the complexity of providing video to both eyes in a
helmet display may be reason to reconsider. Adding a second video source, with the associated optics and
alignment hardware, may increase the weight and cost of the system beyond what can be tolerated. Having
two 12tubes can improve imagery, since the imagery reaching each eye is from an independent sensor, so the
noise in the pictures is uncorrelated, and their separation protides the possibility of some depth perception
due to natural parallax. On the other hand, there wifl only be one FLIR on board, so feeding it to both eyes
provides no gain in noise cancellation or depth perception. The eye dominance problem associated with
monocular syatema maybe the brain’s natural response to receiving a dim, fuzzy, (not roll stabilized) image;
it prefera to concentrate on the less conliming image from the unaided eye.

REQUIREMENT LESSONS fEARNED

4.2.1 .26.8 Verification of monocular/biocular/binocrrlar capability. TBD.

3.2.1 .26.9 Peripheral vision. The operator’s unaided peripheral vision shall cover at least
9. of the area available with the standard helmet.

o
REQUIREMENT ILKITONALE

As long as the HMD is used onfy as a supplement to unaided vision, the abifity to see around optical
arrucnrres, etc., is very important.

REQUfREMENI’ GUIDANCE
Peripheral tilon should be maintained as near to that available with a standard helmet as practical; 90% has
been specified on one system. Thk is a worthy goal, but it may be an excessive driver on the design of the
optics. Integradon of video and symbology into the helmet should reduce the pilot’s reliance on outside
vision for situation awareness, and alfow us to tolerate some blockage of peripheral vision if it results in a
significantly better HMD capability. A dezine with stowable optics (optics that fold out of the way when not
in use) could tolerate more blockage dining use.

. REQUIREMENT LESSONS LEARNED

4.2.1 .26.9 Verification of peripheral vision. Verification of peripheral vision shall be by

VERIFfCATfON R4TfONALE

Verification of peripheral vision is necessary to ensure the HMD system does not adversely affect situation
awareness and compromise aircrew safety during flight.

VERIFfCATfON GUIDANCE

Consult with crew systems engineers when determining the appropriate verification procedures. Typically,
verification should be accomplished by inspection of Aitoff drawings which includes a plot of the exterior
vision available with the standard helmet versus the HMD bebnet and by demonstration with actual

o
hardware.

.
VERIFfCATfON LESSONS LEARNED
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3.2.2 Physical characteristics. The physical characteristics of the display system shall be

4,2.2 Verification of physical characteristics. The physical characteristics of the display system shall be o
verified by

REQUIREMENT AND VERIFICATION GUIDANCE (3.2.2 and 4.2.2)

The requirement and verification rationale, guidance, and lessons learned for physical characteristics are
included in the following individual subparagraphs: Since these subparagraphs tend to describe a design,
rather than the performance required, they are included in this handbook for information and should be
used in the basic specification only when they are specifically needed.

3.2.2.1 Weight. The weight of the equipment shall be kept to a minimum. The weight shall not exceed

REQUIREME~ RATIONALE (3.2.2,1)

Weight of equipment shottfd be specified to prevent adding excessive weight to the aircraft, and in many
cases to meet critical aircraft weight and balance requirements.

REQUIREMENT GUIDANCE

Equipment designed for retrofit intn existing aircraft may have to meet specific existing limits, For new
aircraft, the manufacturer should allocate allowable weights to the various avionics or provide specific
guidance on the severity of weight control measures to be taken. MIL-STD- 1472 lists maximum weight for
easy handling, which may constrain the weight irr some cases. o

REQUIREMENT LESSONS LEARNED

4.Z. 2.1 Verification of weight. The equipment shall be weighed.

VERIFICATION RATIONALE (4.2.2. 1)

Weight must be measured to assure that excessive weight is not added to the aircraft.

VERIFICATION GUIDANCE

Equipment ahaff be weighed.

VERIFICATION LESSONS LEARNED

ml
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3.2.2.2 Volume. The. equipment shall not exceed the volume of

● REQUIREMENT RATIONALE (3.2.2.2)

Volume must be constrained to fit in the available aircraft space.

REQUIREMENT GUIDANCE

Equipment designed for retrofit into existing aircraft must generally fit into an existing space, whose
dimensions can be obtained from existing design data and put in the specification in the form of dimensions
or a sketch (figure) showing the outhe.

REQUIREMENT LESSONS LEARNED

4.2.2.2 Verification of volume. The dimensions of the equipment shaO be measured.

VERIFICATION RATIONALE (4.2.2.2)

Volume must be measured to assure that equipment will fit.

VERIFICATION GUIDANCE

Verification should be by measurement.

VERIFfCA~ON LESSONS LEARNED

3.2.3 Reliability. See 3.2.5.

4.2.3 Reliability verification. See 4.2.5.

3.2.4 Maintainability. The design of the equipment shall be such that the unscheduled active corrective
maintenance dntes at the organizational and intermediate levels shall not exceed the following

a. Mean corrective maintenance drne:
Organizational level: hours
Intermediate leveh hours

●

b. Maximum corrective maintenance time (95th percentile):
Organizational Ievek hours
Intermediate level: houra.

Irttesmediate Ievek hours

REQUIREMENT RATIONALE (3.2.4)

Design for maimainabtity is a critical driver of life cycle cost.

REQUIREMENT GUIDANCE

o

Maintenance times should be specified based on an analysis of equipment complexity, deployment concept,
and maintenance time budget. This can be a very subjective area, and the actual requirement inserted in the
specification may be based on the opinion of an engineer who has experience on recent maintainability

I
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demmtstratimrsof similar equipment. ‘f%etime sspecifie dshouldb eshottenoug htorequire good design
practice and encourage innovative approaches to easy maintenance, butlong enough to allow reasonable
performance, reliability, and cost. ●

REQUIREMENTS LESSONS LEARNED

4.2.4 Maintainability verification. Maintainability demonstration testing shall be conducted in
accordance with , to demonstrate that the maintainability requirements specified herein have
been satisfied. The conditions of the maintainability demonstration and tasks demonstrated shall represent
those which can be expected to occur in the operational environment. Task selection shall be in accordance
with . A single simulated or induced fault or failure maybe counted as a maintenance action at
both the organizational andirtterrnediate levels when practical.

VERIFICATION RATIONALE (4.2.4)

For development programs where the designer haa some control over the maintainability features of the
equipment, a demonstration is needed to assure equipment availability and maintenance costs will be
acceptable.

VEIUFICATION GUIDANCE

A maintainability demonstration using the latest version of MIL-STD-47 1, may be done in the full scale
development phaae. Task selection is usually based on Appendix A of MIL-STD-471.

VERIFfCATfON LESSONS LEARNED

3.2.4.1 Maintenance concept. The equipment shall be designed for a maintenance
concept. Thii maintenance concept consists of

REQUIREMENT RATIONALE (3.2.4. 1)

In many casea the maintenance concept for a piece of equipment should be specified to assure that it will be
compatible with existing apares prtrtiaioning and maintenance procedures.

REQUIREMENT GUIDANCE ,

The three-level (organizational, intermediate, and depot) maintenance concept has been used in the past
for most complex electronic unita. such as CRT displays. This philosophy should be reevaluated for new
technology and packaging schemes. For example, a small circuit card or a hermetically sealed module may
be cheaper to mairitain as a throw-away module (no depot repair) rather than buy spare parts, data, and
support equipment to repair it. A description of planned basing and shop mobility requirements should also
be included, if possible, to guide decisions on how each part should be maintained.

REQUIREMENT LESSONS LEARNED

The trend toward better buift-in-test (BIT), and the high cost of providing intermediate support facilities at
remote locations, have caused most programs to change to a two-level maintenance concept. Under this
concept, problems are isolated to the failed module or assembly on the aircraft, based on BIT, and failed o
modules are shipped directly to a depot for repair.
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4,2.4.1 Verification of maintenance concept, Compliance shall be verified by analysis.

VERIFICATION RATIONALE (4.2.4. 1)

Use of appropriate design philosophy for the chosen maintenance concept must be verified to assure low
maintenance cost.

VERIFICATION GUIDANCE

Ana}ysis of documentation can be used to verify compliance.

VERfFfCATfON LESSONS LEARNED

a

?

3.2.4.2 Scheduled maintenance. The equipment shall be designed to minimize scheduled preventive
maintenance. Scheduled preventive maintenance shall not be allowed for any parts replacement unless it is
established that such parts have a wearout characteristic which results in a determinable life span with
non-random life distribution characteristics.

REQUIREMENT RATIONALE (3.2.4.2)

Scheduled maintenance is generally prohibited for electronic display equipment because of the cost in time
and paperwork required tn plan and perform it and keep the corresponding records.

REQUIREMENT GUIDANCE

Scheduled preventive maintenance is normally not aI1owed.

REQUIREMENT LESSONS LEARNED

4.2.4. Z Scheduled maintenance. Compliance shall be verified by audit of maintenance data.

VERIFICATION RAT30NALE (4.2.4.2)

Compliance must be verified to assure that the equipment is easily maintainable.

VERIFICATfON GUIDANCE

The fact that no scheduled maintenance is included isr the maintenance manuals, or reliability analysis and
test, must be verified m assure low cost field operation.

VERIFICATION LESSONS LEARNED

3.2.4.3 Self tests. The equipment shafl have the capability to dkplay andlor report faults and
out-of-tolerance conditions by employing an automatic, non-interruptive self-test. Self tasts shall be capable

●
of detecting % of all faults. Self test false alarms shall not exceed % of indicated
faults. Faults or out-of-tolerance ccmdkiona that are obvious by lookbrg at the display are considered
“detected” even if they are not electronically reported.
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REQUIREMENT RATIONALE (3.2.4.3)

Equipment self test is easily implemented on digital equipment, and generally provides confidence that e
equipment is working properly. Analog circuitry (such as that driving a CRT) is harder to test.

REQUIREMENT GUIDANCE

For mission-essential equipment containing a ..digital processor, a high level of mission-essential fault
detection and a low false alarm rate should be specified. A 95% detection and a 17. false alarm rate is not
uncommon.

REQUIREMENT LESSONS LEARNED

4.2.4.3 Verification of self teats. Compliance shall be verified by

VERIFICATION RATIONALE (4.2.4.3)

Appropriate detection and false alarm rates must be verified to assure that the equipment user will have
confidence in the equipment and insure that he does not unknowingly rely on degraded equipment,

VER1FICATION GUIDANCE

Data gathered during a maintainability demonstration is generally adequate to be used in an analysis to verify
tids requirement.

VERfFfCATfON LESSONS LEARNED

3.2.4.4 Built-in tests (BIT). Operator-initiated BIT, supplemented by self test, shall be capable of
detecting at Ieaat % of the malfunctions and out-of-tolerance conditions (at their predicted
frequencies) with a false alarin rate of less than %. BIT, supplemented as necessary by self
test, shall be capable of isolating to the faulty ,LRU a minimum of % of the detected
malfunctions and out-of-tolerance conditions. The BIT shall isolate to the faulty SRU % of the
time. Built-in tests may require interruption of normal equipment operation. If applicable, selection of the
BIT shalf result in the equipment self generation and display of the appropriate test pattern on the display
surface. BIT results shall be eaaily interpretable without the use of table Iookups. Faults or out-of-tolerance
conditions that are obvious by looklng at the display are considered “detected” even if they are not ●

electronically reported.

REQUIREMENT RATIONALE (3.2.4.4)

A BfT capability generally does away with organizational level (on-aircraft) test equipment and allows for the
fastest possible correction of problems on the aircraft.

REQUIREMENT GUIDANCE

High levels of fault detection and isolation to the faulty LRU are important in reducing unnecessary LRU
replacements and improving aircraft availability. A .9570 detection, 9070 isolation, and 570 false alarm rate
can be achieved in new equipment which is mostly digital, and processor-controlled. Isolation to the faulty
SRU is also required in some cases. The system specification for the KC-135 ICDU required the following o
SRU fault isolation performance:
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90% to one SRU

95% to two SRUS

100% to three SRUS

Some d]splay parameters are best evaluated by operator interpretation of an internally generated BIT
pattern display. A flightline golno-go evaluation of brightness, contrast, resolution, color convergence, and
purity (on shadow mask CRTs), etc., based on an internally generated test image should be considered.

REQUIREMENT LESSONS LEARNED

A test pattern generated witMn the display system helps maintenance personnel quickly decide whether the
display, or a system providing data to the display, is at fault.

4.2.4.4 Verification of built-in teats. The BIT capahllity shall be verified by analysis and by data
gathered doring the maintainability demonstration test and flight tests.

VERIFICATION RATIONALE (4.2.4.4)

BIT capability must be verified to assure low maintenance costs and high aircraft availability rates.

VERIFICATION GUIDANCE

Verification should be based on data collected during mainrai~bility and tight test.

VERfFfCATfON LESSONS LEARNED

3.2.4.5 Testability. Each LRU shall contain test points in accordance with Each SRU
shall have test access points in accordance with These test points shall be adequate to allow
the following levels of fault detection:

a. The miniium acceptable level of fault detection shall be % of all failures of digital
SRUS and % for analog SRUS.

b. Fault isolation to a single circuit element (component) in V. of the detected
failures for digital SRUS and % to 3 active components on analog SRUS.

REQUIREMENT RATIONALE (3.2.4.5)

Design for testability is needed to assure that maintenance work and support equipment is reasonably
simple.

REQUIREMENT GUIDANCE

These requirements are dependent upon the type of equipment and the maintenance concept chosen and
should be established by a thorough analysis of these factors. Fault detection rates of 90% (sometimes 95%
or 99%) for digital SRUS and 90% for analog SRUS have been used. Isolation to a single component in 91)~o
of failures on digital SRUS, and to 3 components on 90% of analog failures, has been used.

REQUIREMENT fESSONS LEARNED
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4.2.4.5 Verification of testability, Testability design shall reverified byuseof analfiical/statistical data
prepared either manually or by making use of available computer aided test analysis programs such as the
Navy/Ak Force Logic Stimuli and Response (LAsAR) program. ●

VERIFICATION RATIONALE (4,2.4.5)

Testability must be verified to assure that equipment is easily repairable,

VERIFICATION GUIDANCE ,

Verification ia normally done by analysis.

VERIFICATION LESSONS LEARNED

3.2.4.6 Fault reporting. The equipment shall report self test- and BIT-detected faults to the
via the data bus.

REQUIREMENT RATIONALE (3.2.4.6)

For aircraft having a central computer capable of storing maintenance data, self test- and BIT-detected
failures should be reported in order to allow rapid maintenance. l%k is particularly important in finding
faults which are intermittent or only occur in certain fhght conditions.

a
REQUIREMENT GUIDANCE

This requirement should be applied wherever a computer capable of storing fault data is available. In a
system with no central fault reporting system, the dkplay subsystem should record a hktory of its fault
report.% Thii data should be retained in a non-volatile memory until it is intentionally cleared by a
maintenance person.

REQUIREMENT LESSONS LEARNED

4.2.4.6 Verification of fault reporting. Compliance shall be verified by

VERIFICATION RATIONALE (4.2,4.6)

Verificadon is needed to assure that faults reported to the computer are consistent with what the operator
saw.

VERIFICATION GUIDANCE

Data can be taken during the maintainability demonstration to analyze compliance.

VERIFICATION LESSONS LEARNED

●

✎
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3.2.5 Product integrity. The equipment shall perform within specifications for a service life of

o
years when subjected to the environments which are expected to occur during the intended

usage. The equipment shall perform within specifications after exposure to the expected transportation,
manufacture, storage, and maintenance environments. Other product integrity requirements shall be
established in accordance with MIL-A-87244.

REQUIREMENT RATIONALE (3.2.5)

A formal AVIP reduces development and life cycle problems with electronic systems which must withstand
the often severe environment within aircraft and perform under adverse conditions. It integrates the
numerous plans, analyses, and tests and ensures that the required activities are completed at the correct time
to influence the design and manufacture of the product. The length of time the equipment will be used will
affect many aspecta of the design.

REQUIREMENT GUIDANCE

The actual environment will depend on the aircraft type and mission. Environments for transportation,
StOrtIge, maintenance, etc., must be assessed to dete~ine if they are less severe than the operational
environments and considered in the design if they consume a significant part of the life. Refer to
MIL-A-87244 for futtber guidance.

AVfP is a structured and disciplined engineering approach with the goal of ensuring electronics will perform
their function reliably fnr their intended service life. Early in the design phase, engineers should develop a
thorough understanding of how the electronics will be used (design usage) as well as the environments the
electronics will be exposed to and operated in. This undesstanrhg heips designers/engineers determine

a

various stresses the electronics will experience during the service life cycle. It is also necessary to understand
the propenies, charactel istics, and variabilities of materials, pana, and processes used in the equipment.
This knowledge and data are then used to analyze and evaluate the durability and damage tolerance of the
equipment. These analyses are supported and supplemented by appropriate engineering/development tesra.
Incremental verification of the durability and service life requirements takes place via analyses, lower level
engineering tests, and finally a DurabOity Life Test (DLT). Appropriate life management and quality
assurance provisions are established.

Environments will typically be much different for cockpit-mounted units than for equipment-bay-mounted
units. For example, temperatures over 100 “C have been measured in a closed, non-operating cockpit under
desert condkiona.

A Sunshine and Ultraviolet Radiation requirement applies to cockpit equipment which will be exposed to
9 sunshine, either while operating or non-operating. An intensity of 950 W/m2 (88 W/fr2) has been used to

represent a closed cockpit in the desert. Rad]arion of 1076 W/m2 (100 W/ft2) is appropriate for a
canopy-open condition, but should not be used with the maximum closed cockpit temperature. Most longt-,
term damage is due to ultraviolet radiatinn; a test using 5000 hours of UV radiation at 100 W/m2 has been
used to simulate a lifetime of UV exposure. Organic dyes and materials tend to be most susceptible.

Dkplay equipment must be designed to prevent entrapment of fluids, such as rain, and must not be damaged
by contact with oif, fuel, or de-icing fluid. Optical filters are generally affected by oil (including oily
fingerprima), and must return to full performance when washed with alcohol or window washing detergent.

Requirements for resistance to contact with fluids should not be applied to items where meeting them is

●
impractical or of Iittfe value. For example, the tape used in the Airborne Video Tape Recorder is generally
not usable after contact with these fluids, but it is expendable and it ia not practical to make cassettes
watertight.
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Full performance in some extreme environments is sometimes not required, for example:

a. Fticker, jitter, noise, resolution, etc. of a d~lay may be allowed to deviate from specifkat ions during ●
gurrfiie, provided the pieturi remains usable, sirree the vibration is severe and the duration is short.

b. Amagrreticfield environment of up to 5Gau.vs, witha gradient of up to6 Gaussperm (20 Gauss per foot)is
aometinres applied. High resolution color CKIk may lose color purity under these conditions. A deviation
should be Wowed in this case, since these are short-term, worst-case cmrditiom, normal operating conditions
are much leSSsevere, the image remains usable, and preventing the purity loss would require ot her design
compromises.

c. Most avionics d~lays requue a 2-misrute startup time at cdd temperatures. Displays required for engine
starting and emergerrq taxiing irr aircraft that must start quickly on alert will have shorter startup tirrres. It
may be appropriate to aflow deviationa from full perforsnance (misror distortion, smearing, image lag) for the
f~ five or ten rnirmtea, since such cold starfs should be rare, the displays would still be usable, and meeting
fulf perforrnarrce may require other compromises, such as use nf excessive heater power.

The traditional dosuments on standard environmental requirements (MIL-E-5400) and environmental test
methods (MIL-STD-8 10, RTCA-DO-1 60) may provide additional guidance on general levels and test
methods that are in common use, but the specific environmen~ of the equipment in question should be the
overndbig factor.

A CRT life requirement is often included for high brightness CRT displays such as a HUD, where the CRT is
typically driven very hard in order to meet brightness requirements. A duration and brightness which
representa the normal amount of operation at full brightness should be used. C)ne thousand hours at 6,800
cd/m2 (2,000 fL) measured off the combiner was specified for the LANTIRN HUD CRT. ENASI tested a
similar CRT at 38,000 cd/m2 (11,000 fL) measured at the CRT (no filters) and found that its life was
significantly shortened.

a

Electromechanical elapsed time indicators were used in most display uniw, but they added cost and failure
modes to the equipment. Modem equipment with a, processor and non-volatile memory can electronically
record operating time, on/off cycles, flying time, etc., with very little additional hardware.

REQUIREMENT LESSONS LEARNED

The raisr, high humidity and high temperature entiromnent has been observed at Eglin AFB, where F-4
canopies left open during maintenance were closed as quickly as practical during a sudden summer
thunderstorm. After the storm, maintenance operation continued, with sunshine heating up the closed, wet
cockpit.

●

The andreflective coating on the F-16 radar display &perienced excessive spotting after only 25 hours of a
severe humidity test. The requirement for this filter was changed to MIL-C-675, since it could meet this
requirement and the filter is in a pnsitioq where it will dry quickly.

4.2.5 Verification of product integrity. Verification shall be by

VEfUFfCATION RATfONALE

Compliance must be verified to assure that the equipment withstands the environment and has adequate
service fife and durability characteristics.

VERfFfCATfON GUIDANCE
o

Appropriate teats, analyses, demonstrations, and inspections, as outlined in MIL-I-87244, should be used.
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Equipment using forced-air cooling should be subjected to a “sand and dust in the coding air” test if small or
complex air passages are used, or if the cooling air passes over components or connectors.

Verification of fungus resistance is often done by analysis on avionics, since modern electronic equipment
usually contains very littfe fungus nutrient material.

VERIFfCATfON LESSONS LEARNED

Significant degradation of display optical filters in sunshine has been experienced. As a result of field
degradation of fibers on F-4 Wild Weasel aircraft, filter tests were performed and certain laminated filters
were found to degrade. Holographic optical elements from the LANTIRN HUD program were also tested
for approximately 900 hours at MO W/m2, which was intended to represent three years of sunshine. These
elements contain a layer of dichromated gelatin, and the test result showed minimal degradation.

3.3 Design and construction.

3.3.1 (Reserved).

3.3.2 Electromagnetic compatibility.. See ML-A-87244.

4.3 Verification of design and construction.

4.3.1

4.3.2

3.3.3

a.

(Reserved).

(Reserved).

Nameplates and product markhsg.

Marking of parta and assemblies.
accordance with

Equipment, parts, and assemblies shall be marked in

b. Nameplates. Nameplates shalf be permanently attached to the equipment and shaU conform to
the requirements of

c. Nomenclature. Nomenclature shall be in accordance with

REQUIREMENT RATIONALE (3.3.3)

Markhtg, nameplates and nomenclature must be clear and be consistent with current DoD marking practices
to allow efficient distribution, apare parts handfing, and maintenance.

REQUIREMENT GUIDANCE

MIL-E-5400 provides guidance for marking. Nameplates should be
Nomenclature should be obtained hr accordance whb MIL-N-75 13.

REQUIREMENT LESSONS LEARNED

installed per MIL-P-1 S025.

Most avionics development contracts require the contractor to submit requesta for nomenclature (DD Form
61). However, the paperwork involved in getting this in the contract, approving it, and modifying it is often
more work then actually filling out tbe form, since it k only a two page form. Nameplates are generally
required to be riveted on, but for many units, such as optical modules, thk is not practical and bonded-on
nameplates should be allowed.
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4.3.3 Verification of nameplates and product marking. The equipment shall be inspected to
determine compliance.

o
VERIFICATION RATIONALE (4.3.3)

Compliance must reverified toassure tiatefficient dlswibution, spare parts handling, and maintenance is
possible.

VERIFICATION GUIDANCE

Not required.

VERIFfCATfON LESSONS LEARNED

3.3.4 Explosive decompression. The shall not be damaged and shall perform as specified
after an explosive decompression of the surrounding air. The pressure change shall be

REQUIREMENT RATIONALE (3.2.5. 13)

CrewSUtion equipment should survive a sudden decompression tamed by battle damage, canopy removal,
etc.

REQUIREMENT GUIDANCE

Equipment located in the crewatation maybe exposed to explosive decompression and should continue to a
operate. An appropriate air pressure change rate and limits must be inserted. Condition (a) ofMIL-C-6781
has been used for F-16 equipprent.

REQUIREMENT LESSONS LEARNED

Thii requirement is not applied to all crewatstion equipment but should be applied to any equipment in a
pressurized area which is critical to safety.

4.3.4 Verification of explosive decompression. Crewstadon equipment shall be subjected to an
explosive decompression test or analysis. The inhial altitude shall be and the final altitude

. The rate of change of pressure shall be at least *

VERIFICATfON RATIONALE (4.2.5. 13)

Compliance must be verified to assure operation of equipment after decompression.
,

VERIFICATION GUIDANCE

The cabin altitude and flight altitude corresponding to the greatest pressure change should be inserted

VERIFICATION LESSONS LEARNED
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Interchangeability. (Reserved)

Verification of interchangeability. (Reserved)

Safety. The equipment shall incorporate design features in accordance with wh!ch
promote the health and safety of those personnel who will use and maintain the system. Hazards which may
cause adverse explosive, fire, mechanical, or biological effects on personnel during system operation, test,
maintenance, and training shall be eliminated or controlled.

REQUIREMENT RATIONALE (3.3.6)

Safety requirements and features are needed to protect personnel and equipment.

REQUIREMENT GUIDANCE

The safety requirements of MIL-STD.882 and MIL-sTD-4s4 are often applied.

REQUIREMENT LESSONS LEARNED

4.3.6 Verification of safety. The equipment shall be inspected to determine compliance.

VERIFICATION RATIONALE (4.3.6)

Compliance must be verified to assure that personnel are not exposed to unnecessary hazards

VER1FICATION GUIDANCE

Verification shoufd be done by inspection,

VERIFICATION LESSONS LEARNED

3.3.6.1 Escape clearance. The design of cockpitlcrewstation equipment shall be compatible with the
escape envelope and ingress/egress requirements as described by Fhal escape envelope
clearance shall be approved by the procuring activity.

REQUIREMENT RATIONALE (3.3.6. 1)

For equipment located near the ejection envelope of an aircraft with ejection seats, clearance must be
provided for safety.

REQUIREMENT GUIDANCE

Drawings or other data showing required clearance for cockpit equipment should be provided, usually as a
figure in the specification.

REQUIREMENT LESSONS LEARNED
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4.3.6.1 Verification of escape clearance. Escape clearance shall be verified by

VERIFICATION RATIONALE

Escape clearance must be verified to assure safety

VERIFICATION GUIDANCE

Drawing analysis or a cockpitlcrewstation demonstration should be used, depending on the equipment’s
position its the cockpit. MIL-E-87235 covers additional escape system requirements.

VERIFfCATfON LESSONS LEARNED

3.3.6.2 Acotrstic noise generation. Cockpit equipment shall nnt generate noise in excess of
dB.

REQUIREMENT RATIONALE (3.3.6.2)

Cnckpit noise level must not be high enough to interfere with pilnt or maintenance personnel performance

REQUIREMENT GUIDANCE

Noise levels should not exceed 75 dB where this can be easily achieved. Acceptable levels of equipment @
noise will depend on the duration of exposure and sound attenuation characteristics of helmets and other
personal equipment. Specific requirements are contained in MIL-STD-1789.

REQUIREMENT LESSONS LEARNED

Noise from avionics is generally caused by high speed cooling fans. In some cases, noise created by
equipment bay unita is also a problem since maintenance personnel must be able to converse while
performing bencb checkout.

4.3.6.2 Verification of acoustic noise generation. Personnel exposure protection from acoustic noise
shall be verified on the A scale of a standard sound level meter at slow response. If the alternate octave band .

analysis method is used, the equivalent A-weighted sound level maybe determined from This
test may be waived if the equipment does not produce significant noise.

VERIFICATION RATIONALE (4.3.6.2)

Compliance must be verified to assure noise is not objectionable.

VERIFICATION GUIDANCE

Compliance shoufd be verified by test unless the equipment does not produce significant noise. The
equivalent A-weighted sound level may be determined from AFR 151-35.

VERIFfCAITON LESSONS LEARNED
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3.3.6.3 X.ray emissions. The equipment shall not produce x-ray emissions of more than

o
millioentgen per hour under normal operating conditions.

REQUIREMENT GUIDANCE

The high voltage accelerated electron beam of a CRT can produce dangerous x rays, especially in
Irigh-brigbtrress color designs with anode voltage over 30kV. A limit of one milliroentgen per hour has been ,
used. Reference OSHA, Code of Federal Regulations, part 1910.

REQUIREMENT LESSONS LEARNED

4.3.6.3 Verification of x-ray emissions. TBD...

3.3.6.4 Crash safety. The cockpit equipment shall withstand the crash safety shock of
The equipment shall remain irr place without failure of the mounting attachment and shall not create a
hazard; bending and distortion are permitted.

REQUIREMENT RATIONALE (3.2.5 .5.2)

Equipment must not create a hazsrd to the crew irr case of a crash landing.

REQUIREMENT GUIDANCE

o
MIL-STD-8 10, method S16, provides appropriate crash safety shock levels. The requirement should be
aPPfied to crewstation equipment only.

REQUIREMENT LESSONS LEARNED

4.3.6.4 Verification of crash safety. Cockpit equipment shall be subjected to the crash safety test as
described in

VERIFICATION RATIONALE (4.2.5.5.2).9

Compliance must be verified by test or analysis for safety.

I VERIFICATION GUIDANCE

A test on a stroctrrral mockup or an analysis of design data is often an appropriate alternative to a test of
actual equipment, since the g levels are very h@ and can damage valuable equipment. If a test is performed,
it should be based on MIL-STD-8 10, method 516, procedure III.

VERIFfCATfON LESSONS LEARNED
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3.3.6.5 Combining glass. bird strike. The canopy is such that it can deflect and impact the HUD
combiner when bird strike occurs. Therefore, the HUD combiner and its mounting shall be designed to
prevent large, sharp, or high velocity fragments from disabling the pilot when the combiner is struck along its o
upper edge.

REQUIREMENT RATIONALE (3.2.5.15)

For a HUD in an aircraft with a flexible canopy, the HUD should withstand the shock of a birdstrike on the
canopy without injuring the pilot.

REQUIREMENT GUIDANCE

This paragraph should be deleted, except for a HUD in an aircraft with a flexible canopy. Data on aircraft
type, airspeed, and canopy configuration should be inserted.

REQUIREMENT LESSONS LEARNED

4.3.6.5 Verification of combining glaas bird strike. The combining glass, along with a windscreen
mounted io the aircraft configuration, shall be subjected to a bird strike test in accordance with

VERIFICATION RATIONALE (4.2.5. 15)

Compliance must be verified to assure pilot safety.

VERIFICATION GUIDANCE

A birdstrike test, such as the one performed by General Dynamics on the F-16 and F-16 LANTIRN HUDS,
is generally appropriate.

Vf3RlFICATfON LESSONS LEARNED

3.3.7 Human engineering

3.3.7.1 Handles and grasp areas. Handles and grasp areas, for ease of handling and installation, shall
be provided in accordance with

REQUIREMENT RATIONALE (3.3.7. 1)

Equipment must be designed for compatibility with human operators to be useful.

REQUIREMENT GUIDANCE

Extensive guidance is contained in MIL-STD-1472 and MIL-STD- 1800.

REQUIREMENT LESSONS LEARNED
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4.3.7 Human engineering verification

...

. .

●

!,

4.3.7.1 Verification of handles and grasp areas. The equipment shall be inspected to determine
compliance.

VERIFICATION RATIONALE (5.6.1)

Verification is required to assure comfortable and safe equipment handling.

VERIFICATION GUIDANCE

Verification shall be done by inspection.

VERIFfCA~ON LESSONS LEARNED

3.3.7.2 Keyboard requirements

a. Key travel and pressure. The operating traveI for the keys shall be . The operating
pressure shall be . Key operation shall provide tactile feedback such that an operator
wearing gloves can clearly tell when a key is actuated.

b. Key operation. All keys shall operate in a mode.

c. Key size and spacing. The keys shall be and shall be nn closer than
edge to edge from any other key, switch, or knob.

REQUIREMENT RATIONALE (3.3.7.2)

For equipment with a keyboard, the characteristics of the keyboard must be specified to assure that
comfortable, accurate operation in the airborne environment is possible. These requirements will also apply
to push buttons, such as might be located on the periphery of an MFD.

REQUIREMENT GUIDANCE

Guidance is contained in MIL-STD-1472, MIL-STD-1801, and MIL-STD-1800.

The operator should receive positive tacti}e feedback that a key has indeed been activated; however, it is
important that the operating pressure be such that keys are not easily accidentally activated. The KC-135
ICU key operating pressure was originally specified at 16 f 4 ounces but was later changed to 20 f 4 ounces.
The operadng travel was specified to be 0.13 to 0.51 cm (0.05 to 0.20 inch) with clear tactile feedback.

4,3.7.2 Verification of keyboard requirements. The key travel distance, pressure, operation mode,
size, location, and tactiIe feedback shall be verified by

VERIFICATION RATIONALE (4.3.7.2)

Keyboard characteristics must be verified to assure usability.

VERIFICATION GUIDANCE

These characteristics are normally verified by measurement and irrspection.

VERIFICATION LESSONS LEARNED
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40. ABBREVIATIONS AND ACRONYMS

ABC

AFR

AGC

ARINC

ASC

AVfP

BIT

c

cd

CD

CIE

CIELUV

c1

cm

CNI-CDU

CR

CRT

CTF

cl-m

Clll
DEU

EIA

EMD

EMI

fc

fL

FUR’

FOV

FSAICAS

h

HDD

HOL

HUD

HVPS
12

lC

lCD

automatic brightness control

Au Force regulation

automatic gain control

Aeronautical Radio, Inc.

Aeronautical Systems Center

aviOnics/electronics integrity program

built-in test

contrast

candela

color difference

Commission Intemationale de l’Eclairage

a system of equations defined in CIE publication 15 supplement 2.

contrast of a lighted element against an unlighted element

contrast as modulation

communicatiotrhravigationlidentificatimr controlldisplay unit

ccrntmat ratio

cathode ray tube

cnntrazt transfer function

cwkpit TV system

contrast of an unlighted element against its background

diapfay electronics unit

EIcctronica Industries Association

electronic engine monitor display

electromagnetic interference

footcarrdle

foot Lambert

forward-leoking infm-rcd

field of view

fuel savings advisory/cockpit avionics system

hours, height

head-down display

higher order language

head-up display

high voltage power supply

image intensification

integrated circuit

interface control document

.
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● IFOV

lR

KIAS

AL

L

Lb

LCD

*, Ian

LRU

L,.
Lul
MFD

MPD

MTBF

MTF

NR

N“rsc

NVG

● Nvfs

OSHA

●

-J

!0

PID

PROM

RFP

RGB

rms

SIL

SRU

STANAG

Sw

TFOV

TISEO

Tv

Ucs

VCR

WFov

AFGS-S7213B
APPENDIX

integrated control and display unit

instantaneous field of view

in fra-red

knots irdcated air speed

difference luminance

luminance

luminance of the background

Iiquid crystal dkplay

lumen

line replaceable unit

total luminance of the image

luminance of an unlighted element

multifunction dkplay

multipurpose display (=MFD)

mean time between failures

modulation transfer function

NVfS radiance

National Television Standardization Committee

night vision gog#es

night vision imaging system

Occupational Health and Safety Administration

prime item development

programmable read-only memory

request for proposal

red-green-blue

root mean square

system integration laboratory

shop-replaceable unit

NATO standard

stroke width

total field of view

target identification set, electro-optical

television

uniform chromaticity scale

video cassette recorder

wide field of view
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Boresighting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .25.4.7 . . . . . ...9 . . . . . . . . . . 91
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HUD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .6 . . . . . . . . . . ...4 . . . . . . . . . 51
control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .21 . . . . . . . . . ...7 . . . . . . . . . . 79
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operator-inkiated. . . . . . . . . . . . . . . . . . . . . . . . . ...3.2.4.4.. . . . . . . . ...10 . . . . . . . . Io4
faU1trepOKing . . . . . . . . . . . . .. . . . . . . . . . . . . . ...3.2.4.6.....,,,,,, ,11 ,,, ,,, ,,, 11)6
(defined) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .6.2.2............,21

CRT prntectinn . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...3.2.1.24.2 . . . . . . ...7 . . . . . . . . . . 82
Candelax

(defined) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...6.3.3 . . . . . . . . . ...23
per square meter (defined) . . . . . . . . . . . . . . . . . . 6.3.1 . . . . . . . . . . ...23

Canopy distortion, compensation for . . . . . . . . . . . . . . 3.2.1 .25.5 . . . . . . . ...9 . . . . . . . . . . 92
Canopy jettison, provision fnr . . . . . . . . . . . . . . . . . . . . 3.2.1 .25.6 . . . . . . . ...9 . . . . . . . . . . 92
Center of gravity, HMD . . . . . . . . . . . . . . . . . . . . . ...3.2.1.26.3 . . . . . . . ...9 . . . . . . . . . . 96
Chromaticity difference . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .6.5.... . . . . ...5 . . . . . . . 61
CO1OK

of control panel lighting . . . . . . . . . . . . . . . . . . . . . 3.2.1 .2...... . . . . ...3 . . . . . . . . . . 39
nfdkplay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...3.2.1.8.. . . . . . . . . ...6 ,,, ,., ,,, , 66

Color difference . . . . . . . . . . . . . . . . . . . . . . . . . . . ...3.2.1.6.5 . . . . . . . . ...5 . . . . . . . . . 61
Combining glass:

bird strike . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.6 .5 . . . . . . . . . ...12 . . 114
displacement error , . . . . . . . . . . . . . . . . . . . . . . ...3.2.1.25.4.5 . . . . . ...9 . . . . . . . . . . 913
diStOIliOn e~Or . . . . . . . . . . . . . . . . . . . . . . . . . . ...3.2.1.25.4.6 . . . . . ...9 . . . . . . . . . . 91
transmission andreflecdon . . . . . . . . . . . . . . . . . . . . 3.2.1 .25.7 . . . . . . . ...9 . . . . . . . . . . 93
windloads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .25.6 . . . . . . . ...9 . . . . . . . . . . 92

Computers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .23 . . . . . . . . . ...7 . . . . . . 81
Conformal (defined) . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.3.............21

.

●Check all the subparagraphs of the paragraphs listed,
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size (weight and volume) . . . . . . . . . . . . . . . . . . . . . 3.2.2 . . . . . . . . . . ...10 . . . . . . . . . 100
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canopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .25.5 . . . . . . . ...9 . . . . . . . . . . 92
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tlicker, jitter, and noise . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .13 . . . . . . . . . ...6 . . . . . . . . . . 73
raster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 .16 . . . . . . . . . ...6 . . . . . . . . . . 75
See also HMD. HUD

Durability See Product integrity
Ejection, pilot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.6.1............11 . . . . . . . . . 111
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●Check alf the subparagrapha of the paragraphs listed.
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