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20. ABSTRACT.

~As the operator rotates his head to observe off axis disp lay detail , the
came ra is commanded to rotate and the projector follows. Thus, high acuity
detail is retained on the fove~ l, axis of the observe r’s eyes. This system
allows wide field—of—view (l6O~

’). remote viewing of scenes , with resolution
comparab le to human vision , using conventional TV system bandwidths. ,

The giithalled camera and projector mechanical and optical designs are
presented along with the method of relaying the optics th ru  the gimbals . The
digital servo system is described along with the associated computer programs.
The head tracking system includes sections on the tracker, illuminator , op tics
and electronics.

Considering that the system is the first of this type, the results
we re very encouraging. Equipment developed to pe r fo rm conventional functions
worked perfec t ly  including the servo control , TV camera , TV pr ojector , and
1-lead Tracker.  The mos t challenging p roblem encountered in the development
were associated wi th  the s t a t e — o f — t h e — a r t  advancement required in non—linear
optics . Prob lems were also encountered in maintaining optical quality in the
camera and display. The maximum resolution attained is approximately 1.5
milliradians compared to the 0.5 milliradians that is theoretically possib le.

Even with this limitation , system performance was very impressive. The
value of the wide field in maintaining observer orientation within the full
160° field—of—regard was readily apparent. Target tracking capability by
head con trol was very goodan d per ipheral cueing by motion and glints proved
to be er significan t value in the acquisition and tracking task.

i
~~Detailed performance analyses of the current  design indicate be t t e r

acuity is possible by fabricating new rear spline elements for  the non—linear
lenses and redesigning the projector optical relay . Through these efforts ,
1 milliradian performance should be readily obtained. Performance better
than this appears to be limited by a diffraction problem inherent in the
p rojector  Schlierin optics and would require use of a d i f f e r e n t  type of
proj  e Ct or.
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Sect ion 1

INTRODUCTION AND SUI’flIARY

This f i n a l  repor t  docunents the r e su l t s  of Con t rac t  No.  N 0001 4—75—C—0660.
he o b j e c t i v e  of th is  cont rac t  was to design and b u i l d  a f u l ly operab le
laberatorv b rassboard of the MCAI R Remote ViI~wing  System.

Und er a pievious ONR Contract (Ref. 1) , MCAIR proved the feasibility of
a unique non—linear lens which made this  e f f o r t  possible.  This lens takes
~idv :~ntage of t h e “variable acuity” characteristics of human vision to reduce
the amount of information (or bandwidth ) that must be transmitted in a wide
tield—of—view high resolution imaging system. A brief description of the
remote viewing system concept which utilizes this lens is presented in
APUeflLIIX A. The brasshoard system constructed unde r this contract represents
a significan t advancemont in the state—of—~ he—art o~ remote viewing because
for the firs t t ime a variable acuity picture that designed to be compatible
with human vision was recorded , transmitted , and disp layed in real time .

The ONR Brassboard Remote viewing system consists of a two axis gimbal—
led TV camera as shown in Figure 1 and a two axis gimballed TV projector as
show n in Figure 2(a) and (b). A serial transmission link and low loss TV
cab le allow t h e camera to be located up to 400 ft. from the projector. The
opt r~ltor of the system can steer the camera unde r servo control using a
helme t mounted tracke r shown in Figure 2, approximately 90 J -~ rees righ t
and left and can look up and down +45° . A microprocessor i.~~lements two axis
servo control of the camera and projector servos . The sys . ~~ can track
angular rates up to 1 rad/sec. It is capab le of looking at the sun with
no catastrophic failure . The projector subsystem consists of a 9 ft. dia
s;-he rL , a TV projector , and mounting support frame . It requires a floor
area of 15 ft. by 15 ft. The lower portion of the sphere is cut away , thus
an 8 foot ceiling is adequate . Interconnecting cables between the micro-
processor and the operator allow the operator to position himself at the
center of the sphere . He is required to be at the spherical center directly
helow the projector to realize the best optical performance of the system
and for optimum head control.

Considering that the system is the first of this type , the results were
very encouraging. As should be expected the only serious problems encountered
in the development we re associated with the state—of—the—art advancement
required in non—linear optics . All conventional functions or equipment
worked perfectly including the servo control , TV camera , TV projector , Head
Tracker , e t c .  Prob lems were encountered in maintaining opt ica l  qua l i ty  in
the non—linear image when t r ansmi t t ed  th rough  the  opt ical  relays , both in
the camera and display . While most of these problems were overcome , the
resulting resolution was still about 3 time s lower than  ant ici pated , abo u t
1.5 milliradians compared to the 0.5 milliradians that should be theoretically
possible .

1
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Figure 1 Two Axis Gimba led Camera
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(a) Left Side Show ing Detector Mou nted on Helmet (b) Right Side Showing Source on Project or Assembly

GP77-0S49- 70

Figure 2 Projector
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Even with this limitation, system performance was very impressive .
The value of the wide f ie ld in maintaining observe r or ienta t ion  wi th in  the
full 1800 field—of— regard was readily apparent .  Targe t t r ack ing  capab i l i t y
with head control was very good and peripherial cueing by motion and glints
proved to be of significant value in the acquisition and tracking task.

Detailed perform ance analyses indicate b e t t e r  acui ty is possib le by
fabricating new rear spu me elements for the non—linear lenses and redesigning
the projector optical relay . Through these e f f o r t s , 1 milliradian perfo rmance
should be easily obtained. Performance bet te r than this appears to  be
limited by a diffraction prob lem inherent in the light valve ’s Schl ier in
optical output .  Further  improvement would requi re use of a d i f f e r e n t  type
light valve projector.

Finally it appears that  the laboratory demons t ra t ion  wh ich involved
viewing a scene in which most of the spatial detail is stationary does not
show the true potent ial of  the sys tem f or the highly dynamic airborne
application. It is therefore highly recommended that the brassboard hardware
be f light tested in order to obtain a true performance asse~ oment in a
dynamic environment.

3
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Sect ion 2

AI’I’ROACII

The basic design p hi losoph y is dis cu ssed and t h e r at ion ale f o r the app roac h
used is p resented in t h is section . In subsequen t  sect ions  de ta i l ed  design of
the equipment  is developed. As a s t a r t i ng  poin t  f o r  these discussions t iLe
or iginal design goals from our proposal are listed below .

Electro—Optical Subsystem

T he design goal ot the  video subsys tems is to generate  a p r o j e c t e d
disp lay tha t  f u l l y suppor t s  human vision in both  f i e l d — o f — v i e w  and resolution .
Mor e speci f ically the goals are :

o 160° hemispherical FUV
o Image transfer characteristics as shown in Figure 3
o Resolution as a function of v i ewing  angle as shown in Figure 3
o Disp lay brightness greater than 1 ft—lambert ove r the en t i re  FOV
o Standard rv bandwidth video transmission between camerd and projector

100 - 05

80 - 0.4 

t .  
—

I m , c )  H e t q h t

6 0 -  .E ____  Z

~~4 0 - ~~~~0 2  4 _ _ _  _ _ _  _ _ _

/ 
_ __ _  _ __ __ _

20- O1~~
j
f ~
_____-- I _

O - 0 
10 20 30 40 50 60 70 80

Field Angle - deq
G P7T - 054 9 - SS

Figure 3 Remote View ing System Optical Requireme nts
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Control Suhsvs  t eu

L irIk r~L p iatl o rni w it h  motion capabi l i t ies  o f :

o Cove rage — 3600  az imuth , +_~~O
0 elevation

o Acceleration — 3000 °/second
o Slew ra te  — 300 °/ seco nd

t’rojector platform with the same specifications
Servo s t a t i c  pos i t ion  accuracy — 30 arc minutes

~~~ st i r L i ng  point  f o r  the design was presented in the proposal fo r  th i s
s t u~ v ( R e f e r en c e s  2 and 3 ) .  As th is design evolved , conside rab le change was
dictateu by practical considerations . Salient differences occurred in the

~~~~h a i l i n g  philosophy and electronic servo control system . The basic design
and t~~ese changes are summarized below .

1ue camera  electro — opt ica l  design followed the proposal very closely .  A
o~ iicon vidicon camera was used fo r  solar damage p ro tec t ion  (See Appendix B ) .
i J o  necessitated use of an optical relay with a mechanical iris for light
level  c o n tr o l .  A significant change f r o m  the proposal was the decision to
utili.~e a 1023 line raster TV system which was selected to obtain greater
resolution. The basic non—linear lens has an on—axis focal length of 2
inches and an image plane height of 0.72 inches (for maximum FOV of 160°).
In a 525 line ras ter system (488 effective lines), the angular separation
between scan lines is:

.]2 . -— = 0.738 milliradians
-488 x -

2 .5  minu te s  ot arc

n gu l a r  r e so lu t ion  resu l t s  when th i s  sepa ra t ion  is multip lied by the
r~ell r which  is 1.4. Thus the angular resolution is:

2.5 x 1.4 = 3.5 minutes of arc

dv ~Ltilizing a 1023 line system , the scam line separa t ion  is:

.72 = .384 milliradians 1.32 minutes of arc.
937 x 2

u~~e L n g o l a r  r e so lu t i on  then is:

1.85 minutes of arc

T hi s  value is much closer to the desired per formance . It will  be
s c ~-n la te r , howeve r , tha t  only a small f rac t ion  of this improvenent was actual ly

1 ILLC ed f o r  va r ious  technical  reasons.

5
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i l ic camera gimbal approach chiL n C~ d somewhat from that outlined in the
proposal. The azimuth gimbal axis was not at t h e lens nodal point but was
otfset is illustrated in Figure 4. [he pr imary  re ason fo r  th is  was s i m p l i c i t y
ot fabrication and the wide azimuth coverage available with this arrangement.
Th e use of gimbal position encoders shown on Figure 4 reflects our deci,ion
to emp loy digital electronics whe reve r possible . This approach  e l imina ted
the need f o r  rate and acceleration sensors on the camera platform because these

functions can be derived digitally from the position encoder outputs .

The p r o j e c t o r  design deviated s u b s t a n t i a l l y  f rom t ha t  o u t l i n e d  in the
p roposa l , the d it f e r e n c e  being p r i m a r i l y  in the me chanical gimball ing
arrangement . After consultation w i t h  General E l ec t r i c  Co. ( G . E . )  on mechanical
constra ints  of the ligh t valve p ro j ec to r , we decided to gimbal the p r o j e c t o r
in azimuth. This simp lified the optical relay because it required articulation
in one dimension only , the p i t c h  d i rec t ion .  This could be handled b y a
simp le ha l f—ang le  m i r r o r  and eliminated the need fo r  image de ro ta t ion .
Besides making the relay much simp ler and easy to align , this approach assured
a much h igher  level of light  out put , a cri t ical concern wi th  th i s  svs ten
(See Appendix C). The resulting projector gimballjasg arrangement is shown
in Figure 4. Other  minor  problems tha t  impacted on the p r o j e c t o r  sys tem
design were :

o Focus correction is requi red because of the close proximi ty of the
projection screen to the p r o j e c t o r .  This arises because the lens
has a flat focal plane when focused at infinity . When the plane
is shifted to obtain correct on—axis focus , the variable focal length
makes this location incorrect f o r  all o th e r  f i e l d  angle points .
An addi t ional  lens element was r equ i red  to co r rec t  t i i l s  problem .
Design of this element is discussed in Section 3 .2 . 3 .

o Incompatibility between the projector Schlerin optics and the  non-
linear lens . This rather comp lex problem is described in Section 3.2
and caused inefficient optical relay performance for projection angles
near ~he optical axis.

This problem re~ -i irc d re fabric~ition of the rear element of the
projection lens and relay design revision to obtain greater
magnification between projector and non—linear lens .

A digital control system was selected primaril y because of its flexibility.
Since a control system for a variah e acuity optical link of this type had
never been constructed , we felt a ,~eat number of changes in control system
dynamics and modes would be required before successful operation would be
achieved. A digital system with micropro essor control met these
requirements . In addition , this approach will make future additions of more
sophisticated contro l modes possible e .~~~~. , eve c o n t r o l .  F igure  -~ shows the
basic elements of this control system.

Head position sensing was as outlined in the proposal except that t h e
souce and detector locations were interchanged. The 1~. source had to be
mounted on the projector instead of the helme t so tb - i t it would be additive
with the i n f r a r e d  ou tpu t  ~rom the projector

.6
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Section 3

ELECTRO—DI~1 I CAL SYSTEM DES 1 GN

The electro—optical design Is divided Into three separate efforts , those
relating to the camera, the projector , and the head tracking system . For the
camera , this e f f o r t  includes TV camera selection and optical relay design
to mate the camera with the non—linear lens . For the projector , th is
effort covers TV projector selection , relay design , and focus corrector
design. The head t r ack ing  sys tem design uses an infrared source boresighted
with the pro jec to r  and a de tec to r  assemb ly mounted  on the he lme t and is a
part of the contro1 system which is described in Section 5. Each of th ese
items is disc... ‘letai l in the fo l lowing  sections .

3.1 CAMERA SP~~

The cameri u~ - s i g n  consis ted of the camera subsystem integration
and optical relay ,!es~~ u.

3.1.1 Camera

The camera e l e c t r o — o p t i c a l  c o n f i g u r a t i o n  f o l lo we d  t h a t  of the  proposal
ve ry closely. The original TV camera purchased as the sensor was a GE mode l
4TE33A1 . This camera was selected because it utilized a silicon vidicon
which is necessary for solar burn protection. It was compact and self
contained and was believed to be compatible wit h the GE light valve projector
which was selected for the disp lay .

During early evaluation of the ~ame ra/pro1ector comb ination , a vertical
j i t t e r  was noted on the display . This problem was t raced  to  the  random scan
in te r lace  of the  GE camera.  Ih i e  p r o j e c t o r  howeve r , requ i res  a p rec i se  2/ 1
interlace to maintain a stable picture . This problem was corrected by
using an external sync gene rator. Later in the systems integration effort ,
numerous i n t e r m i t t e n t  e l e c t r i c a l  connect ions were encountere d in the  TV
camera . This , plus poor o pt i c a l  p e r f o r m a n c e  of the a u t o m a t i c  i r i s  assembly
caused us to conclude t ha t  the GE camera would  not be su i t ab l e  f o r  t he
demonstration system.

Therefore , another came ra was selected and we elected to choose one with
a highe r line rate cap a b i l i t y  to ob t a in  g rea t e r  resolut ion.  A f t e r  a
thorough search of avai lab le IV c ameras , a General Elec t rodynamics  Co.
Model 6073B camera was selected. This system had the desired 1023 line
rate and a stab le 2/ 1 in te r l ace  requi red by the p r o j e c t o r .

3 .1 .2  Op t i ca l  Re lay

The function of the optical re l ay system is to re l ay a good qualit y
image from the non—linear lens t u  t h e  TV camera vidicon with no loss of
field— of—view or any noticeable vignetting. It must also magni fy the image
to the size compatible with the vidicon requirements and provide exposure

control for the can~~ra system . Exposure control is obtained by us ing an

H
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~~ ctronic controlled iris on one of the relay lens. For convenience ando uce cos th iS  ~1ement was purchased wi th  the camera. Re l ay design

o i t s  input must be the non—linear lens image which is 0.72 inches
in diameter and is located about 0.070 inches from the last
(aft) lens element. An Ff5.6 ray bundle must be accommodated
and imaging is nearly telecentric where all chief rays are
near1~ paralle l to the optical axis .

o Its o u t p u t  mus be to vidicon facep la te  which has an act ive
scanning area af 0.5 X 0.375 inches . Later this was found to
be a circul ar area  0 . 7  inches in d iame te r .

o One relay element must be a 50 nun F/ l .4  lens wi th  an ins ta l led
automatic iris assembly . This iris must be properly integrated
to h orn an ap€ :ture stop without vignetting.

Using these o p t i c a l  relay requi rements , the design progressed as
rollow s. The relay opt ics  were designed to use lenses tha t  could be
~urJra sed off—the--shelf rathier than custom designed and fabricated special
ienses . The lenses were chosen w i t h  s u f f i c i e n t  aper tu re  and format to
transmit the F/5.6 cone of light forming the non—linear lens image.

Use of the available automatic i r i s/ lens  assemb ly d ic ta ted  that  the
relay use lenses operat ing at i n f i n i t y  conjugates . A pair  of lenses are
t h e r e f o r e  requi red  to relay an image . The f i r s t lens collimates the image
and the second forms an image f r o m  the co l l ima ted  bundle  of l i gh t .  The
lens speed requ i red  is the  same as the speed of the  cone of ligh t to be
re l ay ed . The image—to—image  d i s t ance  is approximate ly  the sum of the two
j o c a l  l eng ths .  M a g n i f i c a t i o n  of the  relayed image is equal to the ratio of
the foca l  l eng ths  of the two lenses.

L i  the  purchased camera w i t h  the au toma t i c  iris assembly is used as
the second relay lens , the focal length of the first relay can be calculated
i f  the f i i r a l  image s ize is known. Selection of a f i na l  image size , requires
a t r a d e o f f  of r e so lu t ion  and f i e l d — o f — v i e w . The prob lem is that  a 4 X 3
aspect r a s t e r  is used to scan the c i rcu la r  image from the non—linear  lens.
The aspect  r a t i o  of the TV ras te r  mus t be 4 X 3 becaus e the p ro j ec to r  sys tem

a li ght  va lve  television p r o j e c t o r  wi th  a f ixed 4 X 3 r a s te r  f o r m a t .
The image should  cove r as much of the  r a s t e r  as possible.

I f  the r a s t e r  heigh t is made equal to the image diameter , no FOV is
Lost but i t  does waste a large part of the TV format . If the image
is large r , the angular resolution would be improved but the top and bottom
of the FOV is cutoff. A comp romise solution is to let the raster height
cove r 90~. of t h e  image d ia me t e r .  The par t  of the image that is lost lies
in an :lrO j of low interest. The non—linear lens image ~hIch is 0.72 inches
in diameter should be demagnified to be 0.417 inches in diameter  fo r  a
stio - h~r d 1/2 by 3/8 inch television raster. An 86 mm focal  length lens
w r en a i r e d  vi th the 55 nun Vicon lens wil l  g ive the desired image size .

~\n 85 mm Ff2.0 Olympus lens was selected for the firs t relay lens which

9
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has an aperture that  is large enough to collect all the light from the
non—linear lens without tire need for a field lens .

The second relay lens has an auto—iris to provide exposure control.
However , this is the case only if the iris is the aperture stop . Tire
aperture stop is defined to be the s t p  that  e f f e c t i v e l y  r e s t r i c t s  the
cone of rays passing through the lens system.

The f o l l o w i n g  analysis shows how the a u t o — i r i s  becomes the  a p e r t u r e
stop. The firs t element restricting the light bundle is the non—linear
lens which has a speed of Ff5.6. The non—l inea r  lens is t e l ecen t r i c  in the
image plane which means the non—linear lens ’ exit pup il is located at infinity.
Therefore, the next lens , the 85 mm Olympus , will reimage the non—linear
lens exit pup il in it ’s back fo cal plane . The 85 mm lens is fas t enough
so that  i t  doesn ’ t r e s t r i c t  the F / 5 .6  li gh t bundle . T h e re f o r e , if  the 50 mm
lens is posit ioned so tha t  it ’ s entrance pup il is coincident  wi th t ir e back
focal plane of the 85 mm lens , the auto—iris will be the aperture stop .

The relay system described above fulfills all of the optical requirements
but is mechanically awkward when coup led to the camera and non—linear lens.
It is about three  f e e t  long and the two heavy elements are located on the
ends. It can’t be folded into a more compact package without severe vignet-
ting unless a second relay is added . Therefore , an additional pair of relay
lenses are used to fold the optical system 180° so that the vidicon is
located directly above the first relay . Tire back focal distances of the
second p a i r  of relay lenses are large enough to accommodate folding mirrors.
Each mirror folds the system 90°. Two 80 mm Ff2.8 Xenotars are used for the
second relay giving it unity magnification.

Adding a second relay makes it necessary to use a field lens to keep
the au to—ir i s  as the ape r tu re  s top  and to keep v i g n e t t i n g  f rom becoming
noticeable . The fj ~~ld lens is a double convex lens located in the second
image p lane . With the image actually being formed inside the lens , the
field lens doesn ’t affect t ir e image and dust particles on tire field lens
surface are not in focus . The focal  l eng th  oh the lens is chosen to foriy
an image of tire exi t pupil of the 50 mm relay lens onto tire iris of tire
last relay lens . Using tire lens maker ’s formula the focal length is found
to be 52 mm.

The v idicon has typical silicon detector response and is very sensitive
to  n e a r — i n f r a r e d  energy . Howeve r , :re non—linear lens and r e l ay  opt ics
are not optimized for this spectr I band and the image suffers if the
i n f r a r e d  is not  f i l t e r e d o u t .  Va~ ious n a r r o w  band and low pass filters
were tried and the one that worked best was a Schott KG— 3 infrared absorbing
glass. I t  is placed in tire collimated region of the relay. A brassboard
of this system was c o n s t r u c t e d  and evaluated. Th is setup is sirown in
Fi gure 5.

10 
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Figure 5 Camera and Relay Brassboard

After initial testing ot the camera and projector systems , some
modi f i ca t ions  were necessary . First the camera vidicon was rotated 93 0 to
compensate fo r  the  90 ° image ro t a t ion  which occurs in the p ro jec to r  system.
This gave more ve rtical FOV coverage than horizontal FOV coverage due to the
4 X 3 r a s t e r .  Previous ly , tir e image s ize was chosen so tha t  the part  of
the ima ge falling outside of the raster was the top and bottom of the FOV .
Now the lOT image loss occurs in the horizontal  direct ion where the f u l l
FOV is desired. To get fu l l coverage of the horizontal FOV , the circular
image f rom tire non—linear  lens must f i t  within the  rec tangular  ras ter  but
the sys tem reso lu t ion  mus t not s u f f e r .  The solut ion was to magnif y the
image and increase the ras ter size so that  the image would cover as many
of the discre te diode s tha t  makeup the sensitive su r face  area of the
vidicon as possible . The vidicon has a sensitive area about 0 .7  inch in
diameter. The image which is also circular  is made s l ight ly smaller .  The
ras te r size is increased to 0 . 9 3  X 0.70 inches so that  the raster  heigh t is
about the same as the image diameter.  Consequently the image covers more
discrete sensi t ive elements than b e f o r e  and the resolution is improved
with  no loss of FOV.

The relative size of the image to the 4 X 3 aspect raster is smaller now
than it was becaus e the  f u l l  image lies w i t h in the raster .  This causes the
projected image to be smaller. Consequently, the projector relay op ti~ s
mus t be altered to provide increased magnification of the television image .
This modification is described later in Section 3.2.

I 1
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As in the  p r o j e cL or , tire camera relay optics  had to provide inc reased
magnification . Tir e second relay pair  wh ich be fo r e  operated at un i ty  magnif-
ication was made to magnif y the 0.417 incir d i a m e t e r  image to 0 .703  inches .
Tire large r image was obtained b y rep lacing tire last 80 mar Xeno ta r  w i t h  a
135 mm , Ff4.7 Xenar lens. This required only mirror modifications in
mouting hardware. The other optics were unchanged with the same field lens
used.

Tire optical components are located as show n in Figure 6. Thre te levis ion
image is formed in tire following way . Light from the object enters the
non—linear  lens f rom tire l e f t  and is imaged immediately  behind the non—linear
lens . This image is collimated by a 85 nun Ff2.0 Zuiko Olympus lens . The
coll imated bundle is imaged a second time by a Vicon 50 nun F f 1 . 4  lens tha t
contains tire aperture stop for tire system. A field lens is located in the
second image plane . The firs t mirror folds the optical axis up 90° where
a 80 mm Ff2.8 Xenotar lens collimates the second image . A 135 mm F/4.7
N enar  lens p icks up t i r e  co l l imated bundle  and the f ina l  image . The second
mirror folds th e optical axis 90° to make the image hit the vidicon. An
infrared absorbing filter is placed in the collimated bundle between the last
pair of relay lenses .

3. 2 PROJECTOR SUB—SYSTEM DESIGN

The second effort in the system design was tire e l e c t r o— o p t i c a l
subsvs ten design of t ire  p r o j e c t o r  which consisted of projector selection ,
relay design , focus  corrector design , and p r o j e c t i o n  dome design and
is de ta i led in  tire fo l lowing  sect ions .

3 .2 .1  The P r o j e c t o r  Select ion

Logic for the orig inal selection of the GE ligh t valve projector is
presented in Appendix C. It was the lowest cost approach that could produce
adequate disp lay brightness. A PJ7000 ligirt valve was originally purchased
for tire system. Tin s unit had a 525 line raster and an optical output
of 700 linnens . Later this unit was updated to a 1023 line raster for
reasons stated earlier in Section 2 and 1000 lumen output thereby making
it a PJ715O projector.

3.2.2 Optica l Relay Design

A f t e r  re c e i v i n g  t i re  p r o j e c t o r  f rom GE it was coup led to  the  n o n — l i n e a r
lens w i t i r  a s imple  s ing le element op t i ca l  relay . Problems were immedia te ly
encountered with the optical energy trans fer. The problem was traced to
the Schl ie ren  opt ica l  technique used in the projector .  This is show n
scirematically in Figure 7, for the no output case and Figure 8 for full
output. The ligh t output is proportional to the rate of change of oil film
thickness. This rate of change is generated by an electron beam which
writes on the oil film. As can be seen in these figures , the result is a
c e n t r a l ly obscur red  bund le  of i l l u m i n a t e d  segments .  When th i s  bundle  is
coupled into the non—linear lens a p rob lem results. This is illustrated

12
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in Figure 9 for a simp listic one element relay used in our original experi-
ment. In this experiment a dark spot was noted at tire center of th e
projected image. In the on—axis case, the reason for  this is tha t  a lmos t
all of the energy from tire l ight  valve fa l l s  outs ide  of tir e acceptance  cone
of the non—linear lens as can be seen in Figure 9. Tin s causes two ~1rc au
of concern. The low ligh t in the central hi gh acuity area of tire image can
seriously red uce the observer ’s visual capabilities . In addition , the annular
shaped input to the lens provides energy in the wors t possible portion of
the acceptance ray cone if good image quality is desired. Tire latter is
known from original ray trace data on the lens . In addition , tire annular
input by itself can cause serious diffraction prob lems . All of these
prob lems can lead to low display acui ty in the cen t ra l region wirere  the
highest acuity is desired.

GE was comsulted to see if the p r o j e c t o r  ou tpu t  could be m o d i f i e d  to
correct for this situation. After considerab le study, they concluded that
a major redesign would be require d to make the l ight  valve ou tpu t  more
compatible wi th our lens . This l e f t  only the relay parameters  as a
possibili ty to e f f e c t  an improvement . From an op t ica l  viewpoint , the only
relay paramete r that can be varied which affects the output ray cone geometry
is magnification . This parameter can expand or compress tu e F/number cone
f rom the p ro jec to r .  In our cas e , we need to reduce the  cone s ize win ch
requires more magnification within tire relay . A derivation will be

presented which relates the F/number and magnification to tire ratio of source
and display brightness .

The entire optical system is shown schematically on Figure 10.
The symbols to be used in this derivation are also defined on this figure .

The illumination (E) of the source is:

E = — ~~-— (1)
s A

5

Thus the source br ightness  ( B )  is:

- 

E F (2 )
B A a

5 S S 5

Now from cone geometry the solid angle is:

Cs 
= 

4 FNO 2 (
~ )

• where FNO = F/number of source

4R ~O
2

F -B = s
5

S
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TL - - (B) is also tire brigintness of tine image at t h e  lens . For those

~~ t o  are f l ot  Lni’~ i 1i~rr - wi th this fact it can be proven as f ol l~~~s : The t o t a l
Lux ~‘as~ t r i g  through th e  sou r ce a rea (A 5 ) w i l l  a r r i v e  a t  t ine  lens ar a

~ -\, ) o~~ uri ing good n - l a y  design. Tire area AL is r el a ted  to A by t h e

m igii i t  i c a t  ion ( > t ) , viz

A
L 

=

Str~cc titt output of relay is collimated as any good relay is , the
output r i ~ di itnete r equals the input diameter. Therefore , the ratio of
o u t p u t  to input s o l i d  ang le is

1 w D ~~ 12 
— = (6)

S L 1 D~~

I clition , the areas AL and A are also related by the magnification

A 1
0) 

~~~~
— (7)

1he b r i g h t n e s s  of t i i t  i z a g e is

B = — -
~
—- (8)

L

S u b st i t u t i n g  Eq u a t i o n s  (5) , ( 6 ) ,  and (7 )  i n t o  (8) resu l t s  i n :

BL 
= 

F (9)

The righ t side oh Equation (9) is equal to the right side of Equation (2),

thus :

B = B (10)
L s

:;ow we will determine the t rei -t of tire lens obscuration , magnifica tion ,

and F/number on the ccreen br~~citness . Tire lig ht f lux actually en t .ri n g
the projection lens f - o m  an i n c r e m e n t ; i ~ image area (dA 1 ) is :

F = B 1 dA.L ~~l•a 
— 

~LO~ 
(11)
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CL 
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4 FNOJ

where 
~~
°L 

= Lens acceptance F/Number

Al8o: 2
a i s D  (12)

SO — bo
U) = - 2 2Lo M M f

Now if we def ine  an obscura t ion  f a c t o r  (K) as the  r at i o  of t ine obscured

diameter (D) to tine :peth~re diameter (D), ~-~~z: 

(13)

Substituting Equation (13) into (12)

= 
- D = i T K  (14)

Lo 
M
2 f ~i YNO

S S

where FN 5) is the  F/number  of tire sou rce .  Nou substitutin g into Equa t ion (11).

= B ~~ d~~ { 
~~

°I.

FN0 -

L

All of this f lux  fa l l s  w i t h in  area dA d on th e projection screen. Tine
i l luminat ion  is then :

- B  dA 2
E = F 

= L L I — ( 17)
d dA 4 d A  2 2 ’ ~d d F~O l - NU ~~5

However the focal  lengths and differential areas ~rr~ related by:

dA. 2
= f  (18)

L 2
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S u b s t i t u t i n g  Equat ion  (18) , (3) and (2)  in to  (17) resu l t s  in:

- ~~~±. [L~°~ \ - (~.K~E~\ (19)
L d 

- 

L
4 

A
5 L\~°i~ ,i \i i  

/
Now the display screen brightness is:

Bd 
= Ed (2 0)

where 
~d is tine solid angle eve r w h i c h  E d is n t l  1 c t c c l . For our p u r p o s t  of

s tudy ing  the e f f e ct s  of m a g n i f i c a t i o n , t ine r e l a t i ve  b r i g h t n e s s  r e t e r i n c e d
to an unobscured source w i l l  simp l i f y t ine a n a ly s i s .  For an unobscured
source :

K = O

And then Equation (19) becomes :

FNO
— F f s (21)

E — 

L
2 

A ,

Theref ore:

~~~~~

-
= 

~~ =~~E~-D 1 
~~E~

_

~~

_L

~~~~ 

(22)

/ F’NO

\ ~~o1
For our l igh t  valve

K = 0.36

FNO = 2.8
5

= 5.6

Substituting these values into Equation (22) results in:

Bd — 
~~~~~~~~~~~~~ 

( 2 1 )

B r

This curve is plotted in Figure 11(a). This curve c l ea r ly  il lust ra t e s
the problem noted  in our f i r s t  e x p e r i m e n ta .  Dur ing  this ex e r c is e  we had
the f u l l  wid th  of the l i gh t  valve format  f i l l i n g  the lens image plane as
shown in Figure 11(b) . Here the  m a g n i f i c a t i o n  was the r a t io  of the non-
linear lens diameter  of 0 . 7 2  inch to the camera scanning widtir of 1.1
inches , v iz :

M — 
0.72 inch 

— 0 651.1

20



1 .0 
- ______ — _____- --- - -

0.6__  _

~~~ 0.6 -____ 
_ _ _ _  _____ _ _ _ _

R.~~
VaIu l —\

\

< 0.4 _________ -________ — _______  _________  _________

Original I
Ma~nif ication__ .....~~

j  /
0.2 

0.4 
‘

0.~ 1 .2 1 .6 2.0
Magnification • m

Original Format (a )

(b) 
Revised Format

-= 1 .1 Ic)

1 . 1

0.825 J 0.B2Er

Figure 11 Effect of Magnification on Bri ghtness

2 1 

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

~~~~~-



Under tinese condit ions no ligh t was e n t e r i n g  tire lens . The system was
made us eable b y reduc ing  the portion of t in e source area occup ied b y t i n e
lens image as shown on Figure 11(c). Thus , t ine  magnif ica t ion i s:

M = 
0:825 

= 0.87

Now t in e dis p lay b r i g h t n e s s  is 0. 3 t ina t  of an unobscured  or convent ional
opt ical  sy s tem.  Since considerab ly more ligh t is availab le in tin e cen t ra l
area of tine display (See Appendix C), this is an acceptab le situation. In
fa ct i t  )ne l ps to mak e the  display b r igh tness  more u n i f o r m  if the relay is
correct ly designed. Such a design was shown on Figure  9 . Note t ha t  for
tin e ed ge ray bundle t inat  t ine lens acceptance cone sh i f t s  to a more desirab le
port ion of tine l igh t valve cone. The resu l t  is essentially an increase in
ou tpu t  wiren compare d to t ha t  of an unobscured sys tem at  the  field edge .
Since the above solution appears to be satisfactory from a brightness stand-
point the quest ion of a cu i t y  was then considered.

While the exact effect of an annular  a p e r t u r e  f u n c t i o n  is very d i f f i c u l t
to pred ic t  precisely , an approximation of its affect on resolution is ratiner
easy. Figure 12 shows such an aperture and i t s  associated d i f f r a c t i o n  MTF.
For a thin annulus where tine inner (DOL) and outer (D

L
) diameters are

approximately the same , t ine >1I F sinows a pronounced drop in response at a
spatial frequency (S

1
) proportional to the difference in the diameters

divide d by twice  tine l ight  wave length ( 2 X ) , v i z :

= 
DL DOL (24)

The re fore , a good app r ox im at ion to t h e M u -  is t o  ass ume tha t t h e
spat ia l  f requency  (S 1) is t ine  l i m it i n g  f a c t o r  in pe r fo rmance . For th is

reason tin s I requency was c a l c u l a t e d  in te rms of t i n e  p a r a m e t e r s  of Figure 12.

At t i r e  p r o j e c t i o n  lens o u t p u t , the  i n s  d i a me t e r  (D 1 
) and foca l

length  ( f )  are r e l a t e d  to F / n u m b e r  (F
~~

)
L ) b y :

DL FNL~ 
( 2 5)

Substituting Equation (13) into s25) and relating FNO to FNO by tine
magnification L s

= 

~~-~m - (26)

S u b s t i t u t i n g  i n t o  E q u a t i o n  ( 2 - 4 )

s = _ ~f~ Ii — 
K 1 ( 27 )

1 2~ I FNO M FNU
L L
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In more convent ional  te rms the  resolu t ion  is a p p r o x i m a t e l y  t i r e  w i d t i n  o f
a h a l f  cycle .

1 — ___________ 
(281

0 2S 
— 

1 ... h1 1 (-~~-~
--- 

ML s

This f u n c t i o n  is p l o t t e d  in Figure  13 f o r  the  1i~~0t vj l v e  o u t p u t  f o r  an
o b s c u r a t i o n  ratio (K = 0.36)  and F / n u m b e r  of 2 . 8  and v a r i a b l e  m a g n i f i c a t i o n
and t ine  n o n — l i n e a r  lens f o c a l  length of 2 i nches  and F / n t u a b L - r  of 5. 0 .  N o t e
tha t  fo r  the revised ras te r  f o r m a t , the se ri ous MTF dei~rada t ion occurs  at  a
r e so lu t i on  of 0 .34  mi l l i rad ians  or 1.2 m i n u t e s  of ar c - . W h i l e  i t  would  be
des i r ab l e  to have b e t t e r  p e r f o r m a n c e  th an  t h i i ~~, it is  c o m p a r a b l e  to scan
line subs tense  and no f u r t h e r  improvement  cou ld  be made .  Any f u r t h e r
inc rease  in relay m a g n i f i c a t i o n  would  r e s u l t  in an i n c r e a s e  in s c a n  l i n e
subtense , also shown in Figure  13 f o r  a 1023 l ine  r a s t e r .  Based on t i r e
above e f f o r t  t ine design r equ i r emen t s  f o r  t ine  r e l ay  w er e  es tab l isined , and
are :

L ~~ • •• ~~J. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _
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Fi gure 13 Effect of Magnification on System Acuity

1. A magnification of 0.87

2 . Ap e r t u r e  s h i f t  geome t ry w i t h  f i e l d  angle  as shown in F i gu r e  9.

flne f i n a l  r e q u i r em e n t  was to i t e r a t e  t Ire  o v e r a l l  rt - liv mec h a n i c a l
design i nc lud ing  ove r a l l  l en g t h , f o l d  point locations , and diamet o r with
t h e designer.

Basical  lv • t irese p a r a m e t e r s  are

1 v c  ra i l  L e n g t h  ~ i c - ct

Diameter = 3 inches

Crit i cal Folds = 12 inches r c q u i  red between las t two lenses

Af te r conside rable design ci: ort tire ri- l ay of Figure i 4 evolved. On
this figure an edge r ay  bundle i s  d r aw n to show m ow the d o - s i  ri -U aperture
shift is achieved. Note no field l e nse s  are utilized. This was necessary
to maintain tine desire d aperture shrift. Tire large size penalty normally
associated witin a re lay design ci this ty p e  is eliminated by allc~-ing
vi gnetting of tine unused part of tile ligirt valve optical output.

Tine lens e l em e n t s  were  purch ased and t I r e  relay set up on an optical
benc in .  A f t e r  a small  deco ll ima t ion  at t i n e  projector output to a c h iev e
the required magnification , performance was exactly as expected. Tire
relay configuration us ing available lenses is sinow n in Figure 14. Figure 15
is a pho tog raph  of t ine relay test  set—up.
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Figure 15 Relay Test Setup

3 . 2 . 3  Focus Correc t ion

The variable focal length nature of the projection lens creates a
serious focus  problem.  This prob lem arises because  the p ro j ec to r  lens is
identical to the camera lens and designed for an object located at infinitt’.
For p r e l e c t i o n , the lens foca l  plane mus t be s h i f t e d  a f t  by about 0.08 inch
to ob ta in  op t imum on—axis focus where the lens focal length is 2 inches.
At au 80° object field angle , the  focal  length is down to 0.04 inches .
An 0.08 inch shifted image plane is obvious ly grossly ou t—of—focus for
this shor t  o f f — a x i s  foca l  p lane . To determine the magn i tude  of this problem ,
the f ocal plane profile for optimum focus was computed . The general case
geometry of F igure  16 was used fo r  Ur i s  purpose .  Here the lens equivalent
opt ica l  geometry fo r  on—axis and o f f — a x i s  object  angle 0 is shown. For
e i th er  case tine genera l  lens equa t ion  applies .

1 
+ 

1 • 1 (29)
s1(~-) S 2 (0)

2E
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Figure 16 Projection Lens Conjugate Geometry

where S1(O)  = Object distance

S2(8) Image distance

f(-~) = Focal length

From Figure (16) and becaus e S1(B )  is relatively constant , the focus error is

~ ( d )  

_ 
~~~~ 

— (30)

Substituting Equation (29) into (30)

3(d) = - 
f
2 ( O )  (31 )

5~~(0) — f(d)

For a 54 inch object  d i s tanc t , (S 1( 0 ) ) ,  the erro r in focus  f o r  a sys tem

focused at i n f i n i t y  is:

f
2
~ 0~ (3~6( 0) = ‘ /

54 — f ( 0 )

27

_ _  -- -- ~~~~~~~-~~ —.- -~~-- -~~~~~~~



This equat ion is p lo t ted  in i-lgure 17. i n  orde r t o  maiintain optimum
focus , t ine image p lane would in ave to be the sin ape o t ine F igure  17 curve ,
i.e. , 0.08 inch further back in tine cen te r  r e l a t i v e  to its edge .

Now the effect 01 this de focus will hi. related to focal p lane resolution.

iii ~~(ti ) is tine required resolution , tine allowable focal plane blur

(~(e)) is

= f ( 0) ~~0
) (33)

Since the focal plane spatial resolution is uniform; tinat is the off—
axis resolution is equal to tine on—axis value ,

= constant  = 1( d )  ~~ e) = f ( 0 )  ~~(0) (34)

If ~ is in minutes of arc the allowable focal plane blur is

- 1(0) ~~
0) 

— 

(35)
— 344Q

Relating similar triangles on Figure 16

D ( - - )  
— 

(36)
- 

3 ( i )

0 10 ~~~~~~~~
- - - - .— - — - —_______________________________
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Solving f o r  6 ( 0 )

~ s 2 ~~~ (3 7)
6 ( 0 )  = 

IJ (- ~)

Since the F/nuniber is defined as

.~ f ( 0 )  c o n s t a n t  ( 38)
FNO - 

0(0)

and

S
2

( 6) f ( 3 ) ( 39 )

Then

3 ( 0 )  = ~ F/No. (
~~

)

Subs t i tu t ing  Equat ion (35) and (39 ) into ( 4 k ) )

3 ( 0 )  = 
~~~~~~~~~~~~~~~ 

F/No . 1( 0) 
( - .1)

For our lens the F /No .  = 5. 6 and [(0)  = 2 inch , tine al l crw~~i- ii- foccfl p la ne
mislocation is

~ (0 )  = 3 .294  x lO~~ ~~0) 
(4 2 )

This equation is plotted on Figure 17 for resolutions (~~(0~ ).:t 1, 2 , and 4
arc minutes .

There are two ways  of c o r r e c t i n g  t h i s  focus  s i n i t  t p r o b l e m .  Ih e  i r og o
plane can be tailored to Figure 17 wi th  a c o r r e c t o r  elern - ’nt in the  lens image
plane or the lens can be operated at tine infinit y focal plane position a~ d
a positive optical element placed at the lens output  to conve r ge ti-ne lens
output  to a 54 inch conjugate distance. After some experimentation witin a
focal p lane correc tor , tine l a t t e r  approac h was s e l e c t e d  as t I n  only f eas ib le
n~~thod of focus correction . This is not w i th o u t  I t s  pr oblem s in ow e v er .

Tine onl y way of ach iev ing  a pos i tivi.- ( c o O n - rg i ng )  i o n s  e i f i . - c t  o u t s id e
of tine non—linear  lens is as sin own in Fi gu r e  18. It  mu st  be a
double  convex e lement  in orde r to  a c c o m m o i i t r - t i n e  en t i r e  t i e - i d — a :  — /  i t - v

win i le its thickness must be lucid down to reduce we i g i r t  and i n e r t i a  of t h e
p r o j e c t o r  p i t c h  axis.

The fol l~~~ing technique  was used to  desi gn t h i s  e l e m e n t .  C u r v : i t  Un.
o the s u r f a c e  closest to tine lens was s e l e c t e d  by l i t  go-ome t rv . i l l e n

the second surface  radius was computed to converge  t he  on—axi s  r a \  b u n d l e
at the 54 in th  dis tance . Tinen tine angular  b l u r  s i c o -  as seen f r o m  t i n e
center  of the dome was computed fo r  all  o t i n e r  f i e l d  a n g le s .  Tinese  r i - s u i t s
we re then compared to the inheren t  s y s t e m  a c u i t y .  Tin t -  r e s u l t i n g  l t - i i ~
curvature are shc~~n on Figure 18 while b lu r  data  are show n cir F i  g u r e  1~l .
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Figure 18 Focus Corrector Geometry

Tine b l u r  a f t e r  co r rec t ion  was wel l  w i t h i n  the  a c u i ty  t o ler a n c e  f o r  t i r e
e n t i r e  160 ° f i e l d .

Tine prob lem w i t h  th i s  me thod  of focus  co r rec t ion  is t ina t  i t  gene ra t e s
a d i s t o r t i o n  to tine n o n — l i n e a r  lens o u t p u t . Rays e x i t i n g  tine n o n — l i n e a r
lens are bent  t owards  the  o pt i c a l  cu’is by an increment  t h a t  iu r cr e a s e s
wi th  f i e l d  angle. This is to say t ha t  w h i l e  b l u r  is acceptab le , tine
cen t ro id  of t ine  b lur  f al l s  on ti -ne screen at the wrong l oca t ion .  Th i s  can
and wi l l  cause fa lse  motion of p o i nt s  on ti -n e d isp lay as g imbal angles var c .
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To s tudv  import arnce 01 t i n  i s  e I i - c t  , r n — s w -  c m -  I r aced  I rom t u e  lens to
t i lt  screen at various f it-i d a n g l o -s w i t i n o u t  and w ith t i n e  c o n n e c t o r  lens .
Tine angu la r  erro r r e su l t  lu g  I ron b o t h  n : : n : r t - , ;  as ob so- cv1 -d I ron t i e  dome

. 4 0 0  ~~~ n o nw n) on i- gov t  20 .  \ ij  t i n  no c o r n  u . 1  or i t n ~ , air e r ro r  is
gene ra ted  becaus e of tine m odal point sin i t t in tine non— lit -near lens . Tb is
sii .i f t  can he set -mr  on tine ch Id n on t r a c e  dat  a s h o w m r  on F i g u r e  21. Tine gimbal
axis of  the  p r o j e c t i on  lens j r~t e - F 5 d o t  ve ry nea r  t I n t -  45 ° nodal p o l t n t .  T h i s
make t ire  p r o j e c t  ion  c o r r e c t  o n l n .. a: 0~ a n d 45° .

As the nodal po imr t s hI f t s  a f t  or  f o t w a r d  f o r  tire ang les o t ine r  than  4 ’ °
t h ey  f a l l  on the  screen at large r or smalle r angles (measured f rom t ine
sphere cen t e r )  t h a n  t i n y s inou ld  to m a l m n t a i n  no d i s t o r t i o n .  Tire wors t case
occurs at 80° where po in t s  are advanced b y 2

0
, Figure 20 curve c. I f  t ine

focus co r rector  is ins ta l l ed  on the lens , po in t s  are directed in an opposite
di rec t ion  as shown by t ine  curve e of F i g t n r e  20. Here  t he  erro r i nc reases
con t inuous ly , readni n g ab o u t  90  at iitY command a n g le .  T n i s  suggests t h a t
if  tine size of t i re  n o n — l i n e a r  lens i r n . n g . -  is inc reased , t t r i s  p r , .n I u l  or ’  mus t be
reduced . This wa s anaiv  c t - h  a n d  a 1~. value was found to I: reduce minimum
e r r o r  ove r t i r e  en t i r e  i c l d , .- u r \ c  d. Tire r-.axin:um .- n r r  is rr bo. ’r:t t i n e  s ame
ma~~i itu d e  as i t  would  be w i t h  no c o r r e c t o r .  l i n t -  only pr od len:  is a sli gh t
loss in f i e l d — o f — v i e w , f rom 110 1 ° to 140 0 . S i n e r e s o l u t i o n  is very  low in
this region , t h i s  is be l ieved to  be an accep tab le t r a d e o t t  f o r  a b e t t e r
acuity close t o  the  o p t i c a l  axis.  A c o r r e c t o r  of t h e  t i e s  i g r r  sines- n in Figure  18
was f a b r i c a t e d  and l n s t r l l a t  i o n  ncn r oi.~are de:.igne d or t i n e  p ci  o - c t o r  lens .

3.2.4 
~~~~ then Surf aci - ~~~~~~

I t  was a p p a r e n t  f r n r :  e ar l y  e x p c r i : o - n t : n l  p n j e - c t i o n s  c i i  t i n t  i n t e r i o r
su rface  of the sp ire re th a t  ii d i :  f u ~~ u n i t - -  g u n  wh i  t n . s c re en  s n n r [  . r c . -  d i d
not yield en oug h edge l n r i g i i 1 n o -- ~s .  Ti n s was i t  - d i  t - d  an-n d the c .rlcuiat ions
are contained in A p p e m r di  x C. As also d o s o r  ib i d in  t i r e  I i u l n o- n r c i i  X , t i n t -
p r o j e c t  ion! V L e w & -  r ge o nni e t r y  w i g  01) 1 inn co-h f . r r  a S p i n 1  .nr  sc re t - rn  c o a t i n g .
Tine work  of R c - f t - r e n c . -  L - ° ) m d i  t e l  t h a t  in g i l  - - - o r  -c~ n c r -n m a t e r i a l  w o u l d
i n c r e ase b n i g h r t n . - s s  b y  a f - j - I -c r  o~ t o u r .  Base- i on t i n  i s , we . - v a l i n . i t r -d
Si i’ O ra .1 - - pes of I urn i cnn: - : ‘ii i Or on 1 : 4  s or fi n - c j n n l  yt . c’und to  On a se re- e rr
gain o f  f o u r  w in s  - a - l i v  n o - I n i c v e d .  13-c v i s u a l  o h s n - r v , n t  j o i n s , r . u con c l u d e d  t h a t
sill t rer en t brig intn ess y r .  ho - i n : o lu t . a l o t - i t o  it -id n i g h - s  o f  120 0 .
Beyond tin s , per t o r n o n c e-  w i:, q o t -s I  i . r n r a b l . i i w , ’ c i , high cc’ rr t i. n s t ob j e c t s
we re eas l iv  d e t e c t e d  out  to l i i ’.

Fin e  a l um n n u :  paint , now .- v u -  r • c - u  - - . 2  t O t  in p o -r  f e c t  ions in t ine  dome
joints to b e i i o n i - vo-rv  no t  i c e a b l e .  us ui . red n -x :’ o- i r c h i I cr . - of conside r-
a b l e  o- f f o rt  to  re f i l l  :nud sand tine i - j u t : .  n r r n t h .

3. 3 UE~\D I R- \C F I h I ,  i 2 n L I E S l~~h

Tine fun d  i o n  o i l  t i ~ .- h ead  L i  - m i - c so -r y e  ( - o n t n o n i  sv st e -n: is to  m a i n t a i n
— n i r g n n i ~ n r  a l i gnment  o t t  p r o j e i r n ’r ’ s -; i ca l . I X L C  and 1 : n - n ’b s o - r v n r ’ s i i o r : : i t r n I

n g o I l i n e .  A head m ogu l .-ir pos i t o n  so  n : ; -  i o n :  • n  t . - I at i vt~ head/proj ector
angular posi ti On :-,enns or w i l l  m e t  a0 - cor : : n p l  is i n t im is h o - l o u s e  o t  t ine C lo se
proximit y C l  t ine  v i e w i n g  s u r f a c e .  b - c / l u  Cl  iv .r c - - r u n n p l i s l n  t h is s e n s i n g
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Figure 21 Nodal Point Shift of Nonlinear Lens

tas k , ti n e he ad pos i t ion  must be sensed relative to the projection lens
coordinates in all six dimensions . To avoid a complex sensing and
co mp u t a t i on a l tas k , an e l e c t r o — o p t i c a i  approach was devised t h a t  inheren t ly
senses tine r e q u i r e d  pa ramete r s  and is show n in Figure  22 .
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Figure22 Head Position Sensing
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For tine head trac-.er to function properly it mus t i-nave adequate
sensitivity and no significant deadband . From an optical standpoint the
image of tine source t in - i t  f a l l s  on time de t ec to r  mus t be of s u f f i c i e n t size
and streng th to provide a useable signal/noise ratio around the null point.
For tin s system , where uniform acuity exists over about ±1°, a threshold
sens i t i v i t y  of about 0 .20 ° would seem adequate.

In the following paragraph , the sensitivity of the source will be
related to otiner system parameters . An optical schematic and definition of
terms is shown in Figure 23. The source has a radiant emittance of W

A
w a tt s/ c m 2 —~~. Assuming t ine  source has a focal  length (f 1) ,  and F/number

(FN O
1
), the power output of the source assemb ly can be computed as follows :

Assuming tine source is a Lambertian emitter , its radiance is

A . watts (43)
in 

2steradian cm )1

The power exiting ti-ne source is:

(44)

wine re = Solid angle subtended  b y t i -ne p ro j ec t ion  lens (See Figure 23)

A
1 

= Sou r ce a rea

= Source emitting bandwidth

Source Image 
Sourcc~~~~s ~~

t i~ \f ~~~~~ ~~~~i t t i ng

at Screen

Prohect ion Surface 

L 

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

of

GPI7 O~~Iq )~

Figure 23 Head Tracking Radiom etrics
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Tine solid angle (w
1
) is

2
_ _ _ _ _ _ _  

(45)
1 4 F N 0

1
2

where D
1 

= Source lens diameter

= Source lens focal  length

FNO
1 

= Source lens F/number

It  is a lso assumed t h at AX is small enough so that N
A 

remains essentially

constant.  If  tine source assembly is focused to form an image on the viewing
screen a dis tance L from the source , ti-ne irradiatnce at tine screen surface is

~1 (46)
A2

where A
2 

= Screen area illuminated by source

From geometr ical  op t ics  t ine source and screen areas are re la ted  b y :

A1 = /_
f 

\
2

A2 L /
and

= A
1 

(4~ )

Substituting Equation (44) througin (48) i m n t o  ( h t n )

- 

W 
( 

f
1 ~~~ ( 4 9 )

- 
~4 FN0~~ \

Assuming  a screen  gain of G , t i-ne rad i  once 0 1  t i r e  sc reen  is

___  
(50)

- 2 \ L  I-c’ F r i  i

The power I ron the screen e n t e r i n g  t i n t  de e - c t or  a p e r t u r e  also ion it i d
d i s t ance  (L) f r o m the  sc reen  is :

P 3 = N
2 ~~ 

A 4 (51)  

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



Winere
2

= 

4L2 
(52 )

Subs t i t u t i ng  Equat ions (48) , (50) , and (52) in to  (51) r e s u lt s  in an
equation defining the power incident on the detector as a f u n c t i o n  of sys tem
parame ters .

= 

C W
A 

L\X D
3

2 
A1 (53)

16 ~~o~
2 L 2

The detector selected was a UDT , Inc. l ’IN SC/ 25 . Salian t c har act er i s t i c s  fo r
this cell are :

Spectral Response ± 5% 350—1100 nm
Dark Current 7.5- r amps Max
Position Sensitivity 0.32 amps/watt—cm

Active Area 3.5 cnr
2 

(.74x . 7 4 inc i t e s )
Minimum Spot Size 0.05 inch

For this application an output exceeding ti-ne dark current of 7.5  LI amps fo r  an
angular spot displacement of 0.20 is des i r ed .  Thus the desired sens i t iv i t’.- t o
angula r inp uts sho uld be:

= Dark current = ~~~~~~~~~ = 37 uamp/deg  (54)
o Threshold 0.2 dug

To define the sensitivity in te rms of linear disp lacements , Equation (54) mus t
be adjusted by the detector focal leng th , thus the desired position sensit-
ivity is:

— 
2120 i.ramp s (5 5)L 13 cm

We can equate the desired position sensitivity to tine cell ac tua l  pos i t ion
sen s i t i v i t y ,  thus

S
L 

= Actual position sensitivit y x incident Powe r (56)

Substituting Equation (55) i n t o  (56) and so lv ing  fo r  tine incident  power
results in:

2120 ~amp 1 (57)
3 f

3 
cm X 32

w— cm

= 
f watts (58)
3
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The incident power (P
3) was defined in Equation (53). Tine focal length

(13
) in E quat ion (58) is def ined  in terms of F/number  and lens diame ter ,

f3 
= D

3 
FNO

3 
(59)

Substituting Equation (53) and (59) into (58) results in an equation win ch
interrelates the de t e c t or and source parameters , viz :

3C W , - ;  - 1
3 

A
1 = 6.62 (l0~~ ) (60)

-

~~~~ ~~o1
2 

FNO
3 

L
2

Of the above parameters , C and L are availab le from disp lay geome try . Tine
parame ters 

~~~~
, ~ A , A

1 
can be ob tained from the source parameters .

A 1763 prefocused incandescent s tandard  ligh t bulb was chosen fo r
mechanical reasons and has tine following characteristics :

o Temperature 4000°K
o Source Dimensions 0.06 x 0.12 inches = 0.4645 cm

A Wratten No. 88A filter was selected to attenuate tine visual and
transmit the infrared wavelengths. This filter cuts off below 300 nm. The
cell response limits ti-ne upper responsitivity to 1000 nm. This establishes
the wavelength band to:

= 200 nm = 0.2LI

The 4000 °K source has an average radiance over this wavelength band of

= 1000

Using a screen gain of 4 and distance to the screen of 54 inches (137 cm)
and substituting these values into Equation (60) results in

2 2
1
3 

= 1.75 FN0
1

3 
FNO

3 
(61)

The aperture diameter of ti-ne source and receiver are related hr’ their
respective focal lengths , viz:

= J.... (0 2 )
D
3 

1
3
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The de tec tor  ape r tu re  (D 3) inas a diameter  of 0.05 cm and if the smaller

dimension of tine source is equal to its aper ture  (D 1) ,  the focal  lengths are
related b y:

= 0.1524 3.05 
(63)

0.05

A 2 inch focal length lens with a 1.5 inch aperture diameter was selected for
the source optics . Thus tine F/number is:

FNO
1 

= ~-~~~~-- = 1.33

The f ocal length of the detec tor from Equation (63) is:

2
= —~~--~~~~~ = 0.66 incln

The required detector F/number is therefore

2

FNO
3 

= ~(5~ 35 ~ (64)
1,

R~O 3 ~~~~ 
(1.33) 2 

= 1.42
( .66  x 2 . 5 4 )

The chosen detector  f i e ld—of—view can be determined b y :

U detector size 0.74 (65)
tan 2 

= 2 x f
3 

= 
2 x O.66

Thus the f ie ld—of—view is:

o = 58 0

A f t e r  a search of available lenses , a double convex aspheric was selected.
This lens had a focal  length of 0 .94 inches and a diameter of 1.5 inch . There-
fore its F/number is:

FNO
3 

= = 0.63

While the f ie ld—of—view would be somewhat reduced with this lens i . e . ,

o = 43 0

39

_ _ _ _ _ _ _ _ _ _ _  -~~~~- --- ~~~~ ---~~ -~~~~- - .  - - ~~~~~~-~~ . - - -  . - - -~~~~~~.- - --



the threshold wil l  be improved b y the ra t io

3 -)

(FNO
3Y = •94

3 
1.42

2 
= 14.5

FNO
3 

2 f 3
3 .63 2 .66~

This allows sufficient margin for more filtering if requi red and/ o r
allows operat ion of the source at a lower power input.

The assemb led sensor can be seen on Figure 24 while the source is
seen on Fi gure 25. An addit ional  Wra t t en  88A f i l t e r  was foun d to be
necessary on the de tec tor  to reduce its sensi t ivity to visual wavelength
band. Ti-ne response of ti -n e f ina l  de tector  system is shown ott Figure 26.

- -  
om’~- I 

-

I -

f

(a ) (b) GP71-OS4 9-~ 9

Figure 24 Helmet Mounted Detector
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GP71-0549-6l

Figure 25 Projector Mounted Source
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Figure 26 Response of Infrared Head Tracking Detector System
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Section 4

MECHAN ICAL DESIGN AND FABRICATION

Detail  drawings of the camera assembly and projector assembly and
their components are included in this section.

4.1 CAME RA ASSEMBLY (P/N 7lA050002— lOOl)

The camera assembly is shown in Figure 27. Camera and pitch axis
assemb ly is supported by forks from tine yaw axis assemb ly.  Wiring for
TV camera and pitch position encode r are flat cables secured to one of
the forks.

PITCH AXIS (P / N  7lA050002)

The p itch axis assemb ly is sinown in Figure  28. P i tch  s h a f t  (—27)  is
supported on bear ings in bot ir  forks . Bear ings  are fu l ly  retained in both —

forks. The pitch axis torque motor (Inland 1—5135 , 4 lb.—ft.) is mounted in
the —49 fork, pitch position encoder (Baldwin 5X232BL) and pitch stops in
tine — 5 1 f o rk .  The pi tch -n  stops , —39 and —41 p e r m i t  ± 

600 ro ta t ion  ( f rom
horizontal) with the yaw axis vertical as in Figure 27 or horizontal. A
remo veable p in is provided to lock ti-ne p i tch axis in the hor izon ta l  pos i t ion .

YAW AXIS (P/N 7lA050003)

The yaw axis assembly is sinown in Fi gure  29. Fork supported block
is mounted on — 5 7 .  Yaw s h a f t  (—5 9)  is suppo r t ed  by 2 bearings the lower of
which  is fu l ly r e t a ined , the upper  is f ree  to move axially in the support
housing ( — 6 5 ) .  The yaw to rque  motor  ( In l and  T—573 0 , 7 lb. — f t . )  and yaw
position encode r are mounted within the  support housing. Stops (not shown)
l imit yaw t ravel to ± 9Q 0 , and a removable pin locks ti -ne yaw axis at 0

0
.

OPTICAL ELEMENTS AND MOIJN T S

The optical elements layout is shown in Figure 30. The at tach points
are located as shown in Figure 31. The —1 base plate is mounted on —27
pitch shaft and provides the mount for tine non—linear lens (T—054427—l) the
relay optics , and television camera . The optical centerline of ti-n e non—linear
lens is 2 inches below the p i t ch  axis. The axial pos i t ion  of all  relay
optics except a f ield lens mounted in —79 shown in Figure 30 is ad jus tab le
along the optical axis. Folding mirrors are adjustable about 2 axes. A
cover (not shown) Is provided and is attached to the —1 base plate.

4.2  PROJECTOR ASSEMBLY (P/N 7 1A050003—lOOl)

The projector assembly is shown in Figure 32(a) and (b) and is supported
by 71A050004 support structure shown on the upper part  of Figure 3 2 ( b ) .  Ti-n e
yaw axis bearing is a single 25 inch I . D .  “x” sect ion bear ing  designe d to carry
moments as well as axial and radial loads . This support method was selected
to preclude a long yaw axis shaft (and a pai r of conrad type bearings) and
pe rmi t mounting the entire assemb ly within the dome. The yaw torque motor

42
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Figure 27 Camera Assembly
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Figure 30 Camera Optical Elements
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J1
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_71A050004 1 1
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\\~~~~-

GP77-O54 9~48

Figure 32 Projector Assembly
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(Inland T—l0035 , 100 lb.—ft.) and yaw position t-nco dcr are mount ed on tine — 1
plate above the bearing. The projector is mounted w i t h i n a i~~x st r u c t u r e
supported by the yaw bearing . Holes in the box at approp riate locations
provide access to projector controls . Bottom plate of tin e box supports the
pitch axis forks. Yaw travel is limited by stops (not, shown)  on t h e
71A050004—l plate to approximately ±120°. Tine stops are -p ri l ;g loaded to
provide essentially uniform deceleration for 15° of rotation (of tine yaw
axis) before becoming “hard” stops.  Limi t swi tches  s h o r t  Lh~- yaw motor  jus t
before engaging either stop.

Fork arms (—27 and —29) support the pitcin axis assemb ly. Tine —29 fork
and bottom plate (—15) of box sturcutre support tine —2001 re l r nv a s s e m bly .

RELAY ASSEMBLY (P/N 71A050003—200l)

The relay assembly is shown on Figure 33 and s u p p o r t s  and locates  4 of
t Ine 5 required relay lenses and 3 of tine 6 r equ i red  m i r r o r s , t~~c remain ing
lens and mirrors  are mounted w i th in  the p i t c in  axis  r i s s e n r b l y .  sill lenses in
the relay assembly are ad jus table along t i -ne o p t i c a l  axis , and al l m i r r o r s
are adj ustab le about 2 axes .

PITCH AXIS (P/N 71A050003)

The p i t ch  axis assemb ly is shown in F igure  34 . Tire — 2 7  f o r k  mounts  th e
p i t ch axis torque motor (Inland 1—2950 , 1.2 lb. — f t . )  and p i t c h  p o s it i o n
en code r (Baldwin 5V232BL ) .  Stops are provided to l i m i t  p i tch tr a \ -ei  to
±60° (from horizontal). A removeable pin (in tine — 2 Q  t o r k ) . T o c - ~s t h e  p i t ch
s h a f t  in the ho r i zon ta l  p o s i t i o n .  A “h a l f  ang le ” d r i v e  is p r o v i d e d  fo r  the
relay mi r ro r  mounted on the —55 m i r r o r  suppor t . Ti -n e “h a l f  reig l . e” is ob t a i n ed
b y a d i f f e r e n t i a l  on the —29 fo rk . A r ing gear (P l C  N 3 — 4 — 5 )  is f i x e d  to
the d i f f e r e n t i a l  case (—99 , — 4 7 , — 4 5 ) ,  a seco n d gea r  is f i x e d  to  tire p i t c h
s h a f t  (—43 , — 3 9 ) .  The planet gears , to which  is mounted  t i -n e “ h a l f  angle ”
m i r r o r  (—51 , — 5 3 , — 5 5 ) ,  ro ta te  in tine s ame d i r e c t i o n  as th e  p i tch -n  s h a f t  b u t
at one—half  the  angular  ra te .  Th e  m i r r o r  may be “ zeroed ” by r o t a t i n g  t h e
—47 cover wi th  respect to tine —45 housing.  The —109 r ing  is t h e  moun t f o r
the cor rec tor  lens (not sino wn ).
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Section 5

CONTROL SYSTEM

The funct ion of ti-ne Control System is to connmand the projector to
follow changes in camera angle. Camera angle changes are comm anded by
changes in operator head position or joy stick input. It consists of these
major parts ; tine microprocessor , the camera electronics box , and tine software .

Tine general design of the control system has been done digitally. The
digital design of this system is in general immune from the kind of problems
such as d r i f t  and error  due to the m a n u f a c t u r e  of posi t ion and rate signals
that beseech common analog servos . The mathematic production of rate signals
from position data and digital (PcM ) transmission of control signals eliminate
many noise and signal related problems , although some sign al errors still  show
up. in tine case of a d ig i ta l  sys tem these errors show up in vary ing degrees .
For example , a lower orde r bit could be dropped and probab ly not be noticed
by the system, but tine system would surely j ump if tine sign bit or one of the
higher bits suddenly is in error. Filters and other protective software
have been programmed to help smooth out the results of such signal errors .

Figure 35 is a block diagram showing the camera and projector servos ,
the microprocessor which is located at the Irome station and tine camera
electronics box at ti-ne remote site. The system uses serial data to communicate
between the microprocessor and tine camera electronics box. Figure 36 shows
a more complete block diagram of ti-ne hard wired contro l system. Ti-ne
microprocessor allows the sys tem to be operated in three basic modes:

Projector Camera

13 Bit Position Data 13 Bit Position Data

Motor Control 4 4 4 4 Moto r Control
I System Clock[ Master Clock

RXRDY Camera
Mic ro Processor I Electronics

Position Data Box
I-

Head Control p Servo Signal

Stick Control P 0P77-05 49-7

Figure 35 Servo Control Block Diagram
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MODE 1) Came ra servo f ully opera tional , the projector axes are pinned
and the system is joy stick controlled. In this mode the high
acuity spot is stationary while the “whole picture” moves
about the dome.

MODE 2) Tine camera and projector servos are fully operational. The
dis play p icture is stabilized and the system is joy stick
controlled. In this mode , the higin acuity portion of the
image is slewed about , using the joy stick control to the
point of interest wi-nile the picture as a whole Is stationary .

MODE 3) Camera and projector servos are fully operational and head
controlled. This is generally the preferred mode of operation
and the disp lay is the saute as in Mode 2 except that the
camera and projector follow—up are controlled via a helme t - :

mounted position detector.

These three modes allow ti-ne user to tailor the remote viewing system to
iris own particular needs .

This sect ion contains a descri p t i o n  of the  cont ro l  system and is
divided into  tas k oriented subsections which are : a description of the
microprocessor, ti-ne camera electronics box, and software . In addition ,
included is a section on the head tracker and a section on the math mode ls
on which the software is based. Finally in the last section are system
operation procedures.

5.1 MICROPROCESSOR HARDWAR E

The basic microprocessor  is tine In te l  80/10 packaged in the  SBC8O
Modular Backplane/Card Cage with an I/O expans ion board and prototype board .
Diagnostic inardware , real time interrupt logic , powe r supp lies , and some
analog hardware were integrated with ti-ne Intel SBC 80 into one package
resulting in a mini—computer for ti-ne Remote Viewing System.

The 80/10 Intel microprocessor board contains :

1 — 8080A Central Processor
1 — 8251 Ser ial I/ O
1 — 8255 Parallel I/O
4 — 8708 1K—PRO M— UV eraseable

1 K BYTES OF RAN

and line drive rs and terminators . In addition to the hardware listed , a
computer emulator and PROM programme r were available at the suppliers for
scheduled use.
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5.1.1 Diagnostic Hardware

The hardware consists of two hexadecimal keyboards , 5 hexadecimal LED
displays , address compara tors , and miscellaneous gates and logic and is shown
in Figure 37. One keyboard is implemented as a function keyboard via the
software and the othe r keyboard is implemented as a data/address keyborad
via tine software. The keyboards and LED Displays are f ron t panel moun ted
on the computer. The rest of the hardware is mounted on the back of the
front panel and on the prototype board.

Real Time Interrup t Hardware

The processor has provisions for six real time interrupts. They are
designated NCLR, RXRDY , TXRDY , KB1, KB2 , AND COMPARATOR on Figure 37. The
basic interrup t channel is shown in Figure 38.

Tine computer controls tine active status of the Interrupt cinannel by
inputs to the channel enable and reset gate. Winen tine channel is active ,
an interrupt from an externa l device sets the Q output of the flip—flop.
The Q output generates an interrup t pulse to tine computer and sets a bit
in the computer interrupt input port. The computer software interrupt
handle r service routines polls tine interrupt input port to determine the
source of the interrup t and tinereby takes the desired path . During this t ime
all othe r low priority interrupts are disabled. For example , if an RXRDY
interrupt came in while a TXRDY interrupt was being serviced , it would no t
recognize the RXRDY request until ti-ne TXRDY service was completed. High
priority interrupts from the keyboards are always active .

All six interrup t channels operate in the same way and are mixed together
at the eight input NAND Gate. The output of this gate drives the computer
interrup t line. Ti-ne hardware involve d in an interrup t channel is a computer
output port , computer input port , and gate , and a Flip—Flop .

Operation of one interrupt channel can be described as follows. The
computer has instructions which-n enable and disab le the external interrup t
line. With the interrup t line enab led, tine software sets the bit that is
assigned to the channel being discussed. This bit appears as input to the
7408 gate as shown in Figure 37. Tine line from Reset is normally high and
so the input to the preset channel of the Flip—Flop is high and active . The
inputs to the NAND gate are all high and the channel is ready to accept an
interrupt. An interrup t from an external source causes the Flip—Flop to go
low. The Flip—Flop output causes the NP.ND gate output to go high generating
a computer interrupt and it also sets a bit assigned to this channel at a
computer input port.

Software samples the input port , de termines which interrupt channel has
reques ted service , sets the active status of all interrup t channels
according to the priority level of the interrupt that has just occurred and

proceeds to service the interrupt. When service is comp le te , software resets
the output port wh i ch sets the Flip—Flop and then sets the output port so
that the channel is again active . It also resets the other channels and
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Figure 38 Int errupt Channel

makes them active , in summary , tine output of the Fli p— Pl op is normal ly high-n ,
goes low when an interrup t occurs , stays low during software service ,
goes higin when software is finisined , and becomes active when tine 7408 and
gate output is higin .

Res tart

The res tar t  f u n c t i o n  key causes U— l9 on Figure 37 , to  change i ts
outpu t  which in turn  causes U — l l  to t r i gger .  Ti-n e- o u t p u t  of the  one sinot
U— il  goes to the computer  reset  l ine win ch causes t ine  compute r  to go to
memory location zero. No interrupt is generated. When other k~-vs aredepressed ,an interrupt is generated v ia  U — l 7  as d e s c r i b e d  above- . In addition
tine keyboard output is routed via i—i , pins 17, 15 , 13 , 11, 3, 9 , 7 and 5 to a
comp u te r  paral le l  input  po r t .  As a consequence tine software can de t e rmine
which key was depressed and perform tine necessary functions .

LEDS and Comparators

Ci rcu i t s  d r iv ing  th~ LED disp lays and  compare a d d r e s s  f u n c t i o n s  involve
the components U— l , U —2 , U — 3 , L — 4 , U — 5 , U—6 , 11— 7. J— l  p ins  35 , 37 , 39 , 41
are a computer  o u t p u t  por t  on wh ic i r  t ine  compu te r  o u t p u t s  t ine  da t a  des i red  to
w r i t e  to a s p e c i f i c  LE D.  Tine s o f tw a r e  Linen o u t p u t s  t ine  code on p ins 43 , 45 ,
47 , 49 of J—l wh ich causes 11—3 to select tin e appropriate LED. The p ins of
J— 2 are tine address bus of t ine  c o m p u t e r .  When ti -n e compara to r s  11—4 , 11—5 , 11—6 ,
U—7 “see” t ine  add ress set  on the la tches  U — i and U—I , a compute r  i n t e r r u p t

is genera ted  via U — 9 .  Ti-ne one sinots  U —b am-nd U — l l , reset  11—12 so t h a t
the gate U—9 is disab led a f t e r  tine compare address has been e x e c u t e d .  11— 12
enables t i-ne gate 11—9 when the s of t w a r e  se lec ts  i t  v ia  11— 3.  In summary ,
so f tware  loads the comparators  w i t h  t ine  des i red  address  s im i l a r  to tine
p r ev ious  d iscussion  ab out LED ’ s and t inen  s o f t w a r e  enab les 11—9. When the
address appears at the comparators , U— 9 genera tes  an i nt e r r u p t and t ine  one shots
11—10 d isable  the U— 9 gate.  Pius  34 , 33 of J— 2 are s ignals  f rom tine computer
which  enable  11—9 onl y when an address is on the  address bus of the compute r .
Th i s  is necessary since other  computer  da ta  appears on the address bus and
creates a t iming prob lem solved by these inpu t s .
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input/Output PORTS

Ti m e sy s t e m  uses a t o t a l  of i’i gint  input  por t s  and f ive  o u t p u t  p o r t s .
T lne~- are assigned as sir owt n in Figure 39. The computer  low orde r b i t s  is
shown at tine righ t in tire t i gu r t - . high p r i o r i t y  in te r r u pt s  are at Input
Port  1, low p r i o r i t y  i n t e r r u p t s  come in at Inpu t  Por t  3. i in c A/ D conve r t e r s
s ta rt the A/I ) conve rsion p r o ces s  w in e n  SY S CLK goes pos i t  ive . ‘l i m e s o f t w a r e
checks Port 114 to veI n fy h at  C I L VO rsion is  comp let e  b e f o r e  r e n d i n g  t i m e
data at Ports  E5 and E6 .

T ine low o r d er  LED is se I t -  - t e d  by a 4 at  p o r t  ER aind t opp. I i m r g  b I t 11 i t t

port E—A.

5.1.2  D i a gn o s t i c  Software

In t e l  in as a compute r  e m u l a t o r  LIt ’ S  ignalt -t i as I CE—8() win ici :  is used w i t h
tine I n t e l  >11)5 sy s t e m .  Tine ’ i n — c i r c u i t  ennui  ~n t o r  i l l  t o r t  IL i t (1 any u s e r
conf igu red  8080 sys teu n . W i t h  t i re  ICE— 80 , t i m e  des igne r can omm n lat e the system
8080 in real time’ , s i n g l e  s tep  t ime  sy s t e m  p rogram , and s i ib s t  i t  I nN -  I n t e - l l e c
memory and I /O fo r  u se r  sv~~t enn e q u i v a l e n ts .  I t  w i l l  p r o v i d e -  address data
and 8080 s t a tu s  i n f o r m a l  ion on t in t  las t 44 m a c l i m e cy cles  e m u l a t e d .  I t  allows
the user to sha re  I n t e i l e c  moore rv and I/O f~rc i i i  t i e s  and is ind i spens able fo r
m l  t ial  debugg ing .  Tine l ( E — S O  was used wi ti n t i ne  RV S during Monitor
Program debugg ing.

The R’I S mi croprocessor has d i a g r r o — t  Ic s o f t w a r e  r e f e r r e d  to  as the ~ oni tor
Program des1~z T- Ied p r imar i  lv to f a c i l i ta t e  o p e r a t i o n a l  p rogram checkou t
and fo r  enhancement  of compu te r  o p e r a t i o n .  One PRO M in tine p rocessor  is
devoted to t ine  Moni to r  Program.  I t  is t i m e  onl y p r o g r a m  i n p u t / o u t p u t  tine
computer  inas . In i Li a l  checkout  of t ine  p rocessor  m o n i t o r  p r o g r a m  u t i l i z e d
t ire computer  e m u l a t o r  ava i l ab le  on t i n e  I n t e l  >tI ) S Svs t e r n .  A f t e r  t ine
Diagnost ic  S o f t w a r e  c i reckou t  on tire - em u l a t o r  was c o m p l e t e d , it was u sed  to
t roubleshoot  ot im e r PROM s o f t w a r e .

PRO M ü3 is devoted to the  D i a g n o s t i c  S o f t w a r e . It is s tand  alone s o f t w a r e .
While the  computer is operational witir tire sy s t e m  s o f t w a r e , D iagnos t i c  S o f t w a r e
is not  used. Tine M o n i t o r  p rog ram is accessed when the  o p e r a t o r  depresses  the
Halt  Key.  Ex i t  f r o m  the d i agnos t i c  s o f t w a r e  is accomp l i s ined  when the Re turn
Key is depressed.

The prima ry purpose  of ti -n e m o n i t o r  p rogram is to implement  keyboard
functions wh ich allow tine operator full utilization of processor capability .
Unde r monito r , tire opera or cati display tine contents of all memory positions ,
p rogr am RAN , sing le step tine pro cessor , and access all processor registers .

The Monitor Program contains all of tine diagnostic software required to
couple the two keyboards with the processor. All keyboard functions are imp le-
mented by software as opposed to hardware . Keyboard generated interrupts are
routed via ti-ne interrupt inandler to the monitor. Keyboard 1 is a function key-
board and Keyboard 2 is for data in hexidecimal . When a Keyboard 1 key is
depressed tine monitor jumps to the appropriate routine corresponding to the
function represented by tire key. Concurrently ,  the interrup t handler has
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Input Ports
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Low Order BYTE

Projector Encoder
High Bits Pitch

I 1—Compare ‘

~KYBD2 >. Interrupts
KY BD 1 )

2 
Projector Encoder Yaw

Low Order BYTE

Projector Encoder
‘~ 3 Yaw High Bits
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~ 
Projector Pitch
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Projector Yaw Projector Pitch
° I_ _ DA  High Bits D/A High Bits

Projec tor Yaw
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Figure 39 Computer Input and Output Ports 0P77
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disabled all other in te r rupts  so that once a keyboard interrupt has occurred
they have priori ty. This assumes that the operator desires complete processor
control. When the operator has finished his input , depressing the RST key ,
returns the machine to the program with all inter.rupts enabled.

Figure 40 is a brie f exp lanation of keyboard functions implemented.
These functions allow the operator to display contents of all memory locations ,
to load data in to  RAM , to disp lay the contents  of registers and load registers ,
to halt the program , to single step the program , and to stop the program at a
specif ic  program address.  The SML Key used wi th  tire OK and Change Key allow
the user to load or change any of the fixed multiply constants. The monitor
generates fast multiply routines for each multip ly constan t and loads RAN with
these routines. Twenty multiply constants are progranined and loaded in RAM
from 3D90 to the top of RAN .

The stack pointer starts at 3CFF. The lower portion of RAM is assigned
to the stack . Scratch pad RAM starts at 3D00 to 3D90. Since there are
608 locations above 3D9 0 and only 400 are required b y the mul t i p ly routines ,
residua l memory is available at the top of RAM.

An example of monitor  wil l  i l l u s t r a t e  how it works . The example will
illustrate how to examine a memory position ( i . e . ,  disp lay contents  of
memory on the LEDS).  First  ti-ne operator  presses the Halt  b u t t o n .  Monitor
recognizes tine in te r rup t , halts  the compute r and displays on the LED ’s
the address of the next  program ins t ruc t ion  tha t  will  be executed . Next
the operator  presses the display memo ry key. Monitor determines that  the
display memory function is required. It displays a 2 on the highest order
LED i nd i ca t i ng  tha t  the EM key was depressed. Then it prepares  to f e t c h
a memory location , and then halts and waits for the operator to proceed.
Next the operator depresses in succession 4 keys which are the memory
address entering, highest orde r hexidecimal number first. Monitor then moves
the memory contents of tha t  posit ion to the LED display and wai ts  for the next
keyboard instruction. In suumtary , the operator presses Halt , EM , XXXX , on the
numeric Keyboard and Moni tor  displays on the LED ’s the contents  of memory
location XXXX . If the opera tor  wishes to see the next  posi t ion he presses
the continue b u t t o n . This b u t t o n  sequences th ru  memory one s tep at a time
execut ing the func t i on  i n i t i a l ly loaded ( i . e . ,  deposit , or examine memory) .

Keyboard Functions

The fo l lowing  describes t i re  keyboard funct ions :

Reset Reset causes the processor to s t a r t  at location
zero.  The PRO M program at location zero
ini t ial izes the problem (see rebated  sect ion under
s o f t w a r e)  and then the processor is programmed to
Hal t .  This allows the operator  to do necessary
tasks pr ior  to  system operation. Subsequently ,
the opera to r  causes the processor to proceed by
depressing the  Star t  key .

Examine Memo ry Dis p lay s tine contents  of memo ry on the LED ’s.
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Keyboard Meaning Description
Mnemonic

HLT Halt Pressing this key causes an i nterrupt , sending prog ram cmli rol to the
diagnostic software ,

AST Reset Hardware reset ,  Res tores program counter to i t - t o .

EM Examine memory After pressing this function key, the diag nos t i c  software wil l expec t  four
hexadecimal numbers to he’ input from the data keyboard , i r n i t i c a t i r n g the
address to be exami n ed. It wil l  their disp lay the co nte r i  ts of tha i memory
location ,

DM Deposit memory The DM rou ti run ex pects six er it i es f i  orn thin data keyboard. The f i r s t  four
of thes e are for ru ed ri to the 16-Is t address and the is r two form the 8-bit
data byte to be stored ,

CO Continue Followruq air EXAMINE MEMORY or DEPOSIT MEMORY . the operator
may  a ut o r un it i ca l ly  ir icri’merit the n i l i l i ins ’ , ponit i’ i  try pressin g CONTI NUE .
The software will thi ’rr display the cor it -n t s nf this new location or will he
ready to accept two hexadecimal dig its for ( lata i n r i t r y .

ER Examine register A f te r  piessi nq E R  the s o f t w a r e  i ’xjw t ts on e hi ’x ,iilt ’ciriial digit from the data
key board r id i c , it iii~ which of 8 ninqi steis is to I i ’  nl i cpldy -cI . The rout ine wil l
then display the t i r r i r u ts  of this r t i ] i s t ’ r

DR Deposit register  Af ter  pr ’ ss i l i q  DR r h ’  - , n f t w i - ex j ie i : t ~ t hu - i -  ‘iiln i ’s f io rn the data keyboard ,
t he’ f i r s t  d igi t  nilli i i t ini j  which i i ’ i ] i s t i ’ n  is to Iii modif ied , and the last two
dig its formed Into the 8-hit byte to be moved in to the reg is ter .

The reg is ters  Iii ’ givei r the fo l low in g n u m e r i c a l  ass ignment :

Register Number
B 0

C 1

D 2
E 3
H 4
L 5
.4 6

PSW 7
(Processor  status wordl

AS Return By pressing this key , the sof tware wi l l  restore all reg Ister conter nts  and
co rnd i t ion hi t~ to their values prior to er n ter i r g the diagnost ic so f tware  and
wil l  the m re turr n program contro l to the locatio n icing executed prior to
e n t r y  into the ’ diagn ostics.

CA Address compare This f u nc t i on  uses comparators to compare the address bus to a software
stored 16-bit rumber . A f te r  press i ng this key, the sof tware will expect
four er ut r ies f rom the data keyboard which are formed into the 16-bit
nrumber loaded into the comparator . A RETURN is executed automatically
by the so f tware  arid upon occurre n ce of the ins e rted address , program
control is re tu r n ed  to the diagr nostic sof tware ,

SS Single step Af ter  pressing th i s key, the sof tware wil l  automatical ly execute the RETURN
routine arnd will execute the in s t r uc t ion prior to er nter i r rg the diagnostic
software. Program control  is the m returned to the diag n ostics.

ST Start Causes the processor to retur n ,

SML Set Multiply Constant This function expects the OK or change key to be depressed , If chan ge is
signaled i t  expects two hexadecimal entries. It will tf ner n generate a fast
mul t ip ly  rout ine load i t  in RAM and display the next multiply consta n t for
the operator to OK or CHANGE . Twenty consta rr t must be approved.

OK Okay Indicates to SML approval  of cons tan t .

CH Change SML expects two hexadecimal numbers to be input from the data keyboard.
SML then ger nerate s multiply rout ine f r om n u m b e rs loaded and toads
in RAM .

0 P7 7 -0549-72
Figure 40 Display Processor Keyboard Explanat ion
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Halt Causes the computer  to stop and wai t for  a
keyboard input .  Halt  disp lay s the next  ins t ruc t ion
address.

Examine Register Displays register contents on LED’s.

Deposit Memory Allows user to load any RAN position.

Deposit Register Allows user to deposit register.

Set Mul t ip ly  User may change any multiply constant. The next
constant  is displayed on tire LED ’s. Once this
mode is entered all twenty multiply constants must
be OK or changed.

Sing le Step Tire computer executes one program step. The
address of tire i-next instruction is shown on the
LED ’ s.

Cont inue Is used wi th  the Examine memory,  a Deposit memory
f u n c t i o n .  I t  sequences to the next  memory
posi t ion imp lementing the same funct ion used
prev ious ly.

Res ta r t  Is used to reenter  the program f rom the Halt mode .

Compare Address Th., computer stops at the  desire d address. The
next instruct ion is displayed.

OK u s used w i t h  SML . It leaves the constant unchanged
and the next  constant  is disp layed.

Ch ange Is used w i t h  SIlL . The user enters ti-ne desired
constant on Keyboard 2.

A f t e r  press ing  th i s  key ,  the s o f t w a r e  wi l l  execute
ti -ne RVS contro l sof tware .

5.2 CAME RA ELECTRONI CS BOX

The C amera E lec t ron ic s  Box (CEB) i n t e r f aces  the remote camera s h a f t
encoders and servo amp l i f i e r  via t i -ne ser ia l  data  t ransmission l ine to the
home station microprocessor. The CEB ’s primary function is to send and receive
da ta .  I t  sends gimbal pos i t ion  da ta  to tin e microprocessor  and receives
servo—motor commands from tine microprocessor.

Tine transmitter system is split into two identical sections , one
handling pitch axis data , and the other yaw axis data. The transmitter
section sends tine 13 b i t  s h a f t  encode r word (one fo r  each axis) up the serial
line in two ei ght bit words to the processor. The firs t byte contains
the eiglnt low order bits , the second byte contains the remaining five higher
order bi ts. The 3 excess bits (the highest bits unused) are set to zero.
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The receive r system , like the transmitter is sp lit into two identical
subsystems ; one for each axis , pitch and yaw . The receiver subsystem output

consists of two 8 bit parallel—parallel data latches which are input to two 12

b it digital—to—analog converters .

Tire heart of tine camera electronics box is the Unive rsal Asynchronous

Rec~ iver/Tratrsmitter (UART). Tin s device is an LSI subsystem which accepts

parall el binary words consisting of 5 to 8 data bits , and outputs tinem as

serial words with one or two s top  b i t s  an d a parity option. Tire UART is
a single monolithic chip, is TTL compatible and its strobed outputs are

tristate logic.

Block diagrams of the UARI’’s Transmitting and Rece iv ing  sect ions are
sh own in Figure  41(a) and ( b ) .

5.2.1 System Clocks and Timi~~

The basic c o m p u t a t i o n  cy cle ( I l—clock)  runs at 100 l I z .  The system clocks
runs at 153.6 KHz, the f requency required by tire UART t o  cnstabl ish a baud rate of
16. This is the maximum asynchronous baud rate of the Universal Synchronous
Asynchronous Receiver/Transmitter (USART) and UART . The transmission of

one byte takes approximately 1.2 usec. Two bytes per half cycle of M—clock

are required , th’as the timing margin of the system is approximately 50%. No

me asurements were made of the computation cycle length but some results indicated
the computer timing margin is greater than 50%. Thus, the serial transmission
line determines the maximum Il—clock frequency .

Increas ing I l—clock would allow tine design of a wider ban dpass sys tem ,
howeve r since many factors must be conside red (i.e., motor saturation , noise
levels , accuracy , load disturbances) there is not a clear cut ratio between
band pass and ‘I—clock frequency .

The initial design proceeded with an Il—clock of 100 Hz , tirus the basic
sample rate of ti-n e system is 10 msec , 5 msec for each axis. Synchronous
transmission was considered b u t  p re l iminary  work indica ted  tha t  i t  might
prove difficult to operate a 400 ft. transmission line in the synchronous
mode . The asynchronous mode allowed design flexibilities because the 156.3
KHz clock could be a local oscillator or it could , if feasible , be sent over
the transmission line . The final design sends the system clock over the
transmission line. This required careful attention to the line driver
se lec t ion  and impedance matching of the receiver.

5.2.2 Control Logic

The con t rol logic rou tes the incoming and outgoing bytes to the
t r a n s m i t t e r  and receiver sections .
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Figure 41 Universal Asynchronous Receiver/Transmitter
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Transmitter Section

The control logic is svmnetric to~ both ~I X e ’ s .  FIgure 42 contains a
block diagram of the CEB Design. The p itch axis is enabled by the positive
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Figure 42 Camera Electro nics Box Block Diagra m
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M—clock and the yaw axis is enabled by the negative M—clock. When M—clock
goes positive the pitch axis encoder output is stored in data buffers , (the
shaft encoder output continually tracks shaft position) . The firs t buffer ,
(the low order bits) is strobed onto the data bus , while the other three
lat ches are in the high impedance state. The falling edge of the da ta strob e
(DS) puls e on the UART causes the shift register to transnit the data out on
the serial output line. When the first by te of the transmission is comp lete ,
a real time interrup t is generated at the microproces sor. The microprocessor
servi ces the interrupt and generates a RX RDY pulse to the CEB. Upon re ceipt
of the pu lse , the second byte is strobed onto the data bus to the UART and
the seq uence is repeated. The second RXRDY pulse sent down by the microprocessor
is ignored by the CEB and the box now waits for M—clock to go negative and then
sends up the yaw information in the same manner. In summary , for  each half
cycle of the M—clock the encoders are read , stored in lat.ches and sent to the
microprocessor in two eight bit words . These bytes are received by the micro-
processor and stored in memory and the microprocessor acknowledges receipt
of these words to the CEB via the RXRDY pulse.

Receiver Section

Ti-ne receiver section is independent of the transmitter section including
UART funct ions , thus allowing for  complete asynchronous opera t ion .  When
Il—clock goes positive , the microprocessor initiates transmission of the
first (high order bits) pitch axis command byte. When this transmission is
complete , the receiver ’s control logic strobes the firs t byte into a buffer.
The microprocessor tinen initiates transmission of the second byte. Upon
completion of the second byte transmission , the contro l logic loads the second
byte  into a b u f f e r  and then i t  inputs  both  by tes  to the d i g i t a l— t o — a n a l o g
conve rter for the pitch axis. Ti-ne D/A (12 bits) receives a full word at one
instant in time just after the receiver has loaded both bytes of information
into data storage . This word remains on the D/A input until ti-ne end of the
next cycle of the N—clock .

5.2.3 Camera Box Electro Mechanical Description

The camera electronics box is connected to the microprocessor  via f ive
twisted pair cables. The pro cessor supplies the system teith :

1) System clock — 153.6 KI’Iz
2) Il—clock — 100 Hz
3) RX Da ta — Servo—amp command signal
4) RXRDY — Microprocessor  acknowledgement of receipt of Posi t ion Data

The camera box sends

1) TX Data — A Position Data down to the SBC 80 microprocessor.

The shaft encoder words are brough t to the CEB from the gimbals using
2—18 wire ribbon cables and DB25 connectors , and the D/A output is sent to
the power amp over two twisted pairs , through an MS3106—14S-4P connector.
The power amp outputs are run in separate cab les to the torque motors .
Thir teen  (13) b i t  Baldwin s h a f t  encoders are used to determine sh a f t  posi t ion.
Figure 43(a) show s the CEB LAYOUT and Figure 43(b) shows the board layout.
Componen t descriptions shown in the board are listed In Figure 44. Figure 45 and
46 are schema t ics of the transmitter and receiver sections , respec tively of the CEB .
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5.3 SYSTEM SOFTWARE

Each of the four  PROMS are assigned a system so f tware  funct ion for
ease of PROM management. PRO M #1 (memory locations 0— 3FF) is devoted
to the system initialization and the interrupt handler. PROM #2 (memory
locations 400— 7FF) contains the Yaw Axis cont ro l  equat ion  s o f t w a r e . PROM #3
(memo ry locations 800—BFF) contains the diagnost ic  sof tware . PROM #4 (memo ry
location (COO—FFF) has the software for the system pitch axis . The detailed
line by line listing of tine software for all of tine PROMS is included in
Appendix D. Software flow diagrams are shown in Figure 4 / .

5.3.1 PROM Programming

Art Intel 8080 Cross assembler is availab le on the PDP 11 Digital Equip-
ment Computer. To program a PROM , a source program is created on the PDP 11
computer. It is assembled on the PDP—l1 by the follow ing commands into an
8080 binary language which is used as an input to tine PROM programmer .
Commands f o r  useing the assembler are :

s A3 KB: , CMI
RU INXAS
File , Li’: < File since the assemb ler canno t h andle a f ull PROM , a

program MERGE can be used to link two programs toge ther:

$ AS File l.OBJ , 1
AS File 2.033, 2
AS File 3 , 3
RU MERGE

Subsequently ,  the .OBJ files can be punched on paper tape with commands

$ AS File 3, 1
$ AS PP: , 4

RU CHAN GE
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Qty Part No. Description

8 8212 Eight Bit Input/Output Port

7 DM74123 Dual One-Shot
2 7474 Dual D-Ty pe Flip Flop
1 7404 Hex lnve rt er
1 7402 Quad2lrrput NOR

1 7420 Dual NAND
1 74107 Dual J-K Flip Flop

1 7408 Quad 2 Input AND
1 1488 Line Driver

1 1489 Line Receiver
1 74194 4 Bit Shift Register

1 7427 Triple 3 Input Positive NOR
2 74100 8Bit  Latch

2 DAC372-12 D/A Converter

1 AY5- 1013 Universal Asynchronous
Receiver/Transmitter

1 N8T14B Line Receiver

GP77-0549-63

Figure 44 Camera Electronics Box Component List

The resulting paper tape can then be read into the PROM programmer.

5.3.2 PROM #1, In te r rup t Handler Sof tware

As real time interrupts are generated to the microprocessor , it is
routed to memory location 38, whereas the reset button causes the computer
to start at memory location zero. As a consequence , memory loca tions zero
th ru 37 are devoted to the necessary housekeeping functions required to
initialize the system. Ti-ne processor than encounters a program Halt. The
start button causes it to advance past the Halt where it enters the active
system program . The program enab les all interrupts and waits in a backward
f orward loop located at memory positions 30 and 33 for interrupts . A listing
of the program is shown In Figure D—l, Appendix D.

Interrupts

There are three system interrupts ; system clock , receiver , and transmitter.
The system clock generates an interrupt every 0.010 sec. Each system
inte rrupt causes the computer to proceed thru the yaw and pitch control
equat ions and update the system commands . Concurrently ,  the receiver and
transmitter send data over the serial transmission line link to the remote
camera. The receiver interrupt causes the computer to store the received word
in memory. The transmitter interrupt causes the computer to load the trans-
mitter with a new command word.
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When an in te r rup t  occurs , the fo l lowing sequence is executed:

1) Save the status of the machine ,
2) Poll the in t e r rup t  ports and determine the specif ic  in te r rupt ,
3) Reset all interrupts , make appropriate interrupts active

de termined by prior ity of interrupt reques ting service ,
4) Jump to interrup t service routine ,
5) Restore status of machine and return to sequence prior to the

interrupt.

System Interrupt Service Routine

This routine is the primary or key interrup t which determines the system
data sample rate. The following events happen after a system interrupt:

1) Load the transmitter with a new word and load the transmitter
counter used by the transmitter service routine

2) Initialize the receiver counter , Y Flag,  and X Flag
3) Read the Projector Encode rs
4) Output command updates to the P ro j ec to r  Power Amplif iers
5) Read tu e X and Y AI D ’s
6) Compute the Yaw and Pitch control equations . The output of these

equations update system commands .

Receive r Interrup t Service Routines

This routine stores the word just received in memory and resets the
receiver.  The receiver is then  read y f o r  the next word .  Ini t ia l ly, the
service rout ine loads the  receive r c o u n t e r .  Since ti-n e receiver normally
reads fou r  words per sample i n t e r v al , t I1e ~ se rv iLe  rout ine  checks the counter .
If  more than four  words have been r t - c e i ve d  ait e r ror  has occurred .  In this
case , the data from the last cycle- is loaded into the yaw axis data memory
positions . If the counter is correct, the routine reads in the receiver
contents and stores the da ta  in the memory p o s i t i o n  ind ica ted  by the councer .
Next the rout ine  increments  the c o u n t e r  and s to res  i t  in memory . When two
words have been received , X Flag is loaded. This indicates  that  new data
is ready for processing in the pitch axis contro l equations . If the third
word has been received the routine loads the transmitter and returns to the
previous program before the interrup t occurred.

5.3.3 Transmitter Service Routine

This routine loads the transmitter with words from memory each time the
transmitter is ready to send a new word. The pitch data is sent out first
since it is always ready at the beginning of a clock cycle. The routine
loads the transmitter counter , decrements the counter and sends’ a word to
the transmitter from memory . When the counter indicates Yaw commands (i.e.
third word) the routine checks Y Flag . Y Flag indicates that  the Yaw axis
computation is done and that new Yaw commands are ready. If data is available
the routine sends the data and returns the computer to the previous program .
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5.3.4 PROM #2 Yaw Control Equations

These equations are on PROM #2 and start at location 400. Due to the
complexity of the system every effort was made to keep the pitch and yaw
equations alike. As a consequence PROM #4 except for changes peculiar to
the pitch axis is similar in program flow to PROM #2. Firs t the new data
word is called from memory and the bits 14 thru 16 are set so that the computer
treats the encoder as a double precision word with the LSB of the encoder
located at the LSB of tL’~ computer. The compensation equations are calculated
and placed in intermediate storage at CAMAY . CANAY is limited to 1 rad/sec
and is input to the Integrator driving the camera. Next the camera servo
equations are processed. These equations represent a rate command position
hold servo. The camera encoder is converted to a double precision word with
the LSB of the encoder corresponding to the LSB of the computer. The
unfiltere d firs t difference is computed and stored at location 3FFO . The
filtered gimb al rate is limited and multiplied by the constant MYLVB.
MYLVB is stored at location 3D82 as a double precision word with the decimal
at the left with one sign bit. At location 4F9 the digital integrator sums
in the update CANAY and limits the integrator output at gimbal stops of
±90

0 . These stops are inside the mechanical stops of the gimbal. The camera
encoder is subtracted from the integrator output and stored at CDEL location
3D72. Next the position feedback is limited and multiplied by the constant
MYLVK. Subsequently ,  the rate feedb ack signal is summed with the position
signal. This sum is multiplied by TORQY and limited. It is stored at CCMAY
as a doub le precision word . The transmitter service routine sends CCN.AY to

remote station where via the hardware it is truncated to a 12 bit word as
input  to the D / A  d r iv ing  the  power amp . Next  LAG is called. This subroutine
is a filter which provides a signal to the projector. The signal provides
accurate p ro j ec to r  to camera tracking . The camera error is tested. If it is
too large , the came ra input  is taken as the input to the p r o j e c t o r .  The pro-
gram now computes the projector servo equations which are a basic position
servo with a modified rate command from LAG . The program proceeds as follows :
Beginning at memory position 696 the position feedback is calculated , limited
and multipl ied by >IULBY . This result is stored at IPOSY. At location 6C5
an integral channel is implemented for small input errors . If the error is
large the i n t eg ra l  channel  is bypassed. The output is summed w i t h  the  contents
of IPOSY and s tored at IPOSY . Next  the f i r s t  d i f f e r ence  of posit ion is
calculated and s tored at 3FF2 with the LSB of the resul t  at the LSB of the
computer .  This u n f i l t e r ed d i f f e r e n c e  is summed with EOY, the LAG signa l
nEntioned prev iously and the result is limited and filtered to provide a suit-
able rate feedback signal. It is stored at 3D64.

This resul t  is summed wi th  the pos ition feedback signal. The computer
word h a s  one sign b i t  ar J  the  decimal to the l e f t  in the doub le precis ion
word.  Since the hardware  requi res  the decimal to the r ight , the s o f t w a r e
truncates the word to 12 bits and shifts the result to the right so that the
LSB of the word is at the  LSB of the computer. This result is stored ~~t

PVLAY . Y Flag is set to indicate that new data is at PVLAY. Next the routine
checks if the transmitter has already tried to send the data. This is indicated
by the high orde r bit of Y flag. If it has the routine it initiates the trans—
mission. If not , the routine cc-ntinue s to the Pitch control. The computer listing
is contained in Figure D—2.
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5 . 3 . 5  PROM #3 Diagnos t ic Sof tware

Discussed earl ier  In Section 5.1.2.  Computer l is t ing is contained In
Figure D—3.

5.3 .6  PRO M #4 Pi tch Control  Equations

X Flag is tested to determine if new data has been received . If not
the routine waits for new data. After new data has been received , the pitch
equations are processed s imilar to the yaw equations described above .
D i f f e r e n t  mu l t i p ly constants are used. A complete l is t ing of the equations
are shown in the Figure D—4. In the sof tware  equations X is used to
designate the P it ch  Axis and Y is used to designate the Yaw Axis of the
sys tem. The new P i t c h  Axis commands are stored at PVLAX as a double pre-
cision word . At the beg inning of the next clock cycle the t ransmit ter  service
routine sends the new words to the remote station. At the end of the Pitch
Axis equations , the computer  has comp leted all required up data processing
per clock cycle and re turns to loop wai t ing fo r  the next in te r rup t .  Timing
margins indi cate that the next in te r rup t will  be from the receiver and
tran smi t te r  routines.  -

5 .4  MATH MODELS

The Remote Viewing System servos can be operated in three different
modes . They are :

MODE 1) Stand alone servos closed around each gimbal .

MODE 2)  Camera as a rate command position hold servo with ra te  inputs
from the stick. The projector in a position servo follower
to the camera.

MODE 3) Camera and Projector in closed loop with the head controller.
This option includes capability to insert the stick control
in lieu of t u e head controller without changing the control
equations .

The first mode allows the camera to be used with the projector servo3
disabled . It simplifies system power up b~ cause the system is stable for
all gain modes.

The second nEde uses the  s t ick  control  as input .  I t  can be implemented
by minor program changes in the microprocessor. It can be used to achieve
accurate  po in t ing  and p ro jec to r  to  camera t racking.  It is ideally sui ted for
fine pointing b u t  is less advant -eous f o r  t racking moving ta rgets .

The t h i r d  mode is the f ina l  system configuration which provides helmet
mounted cont ro l  b y the ope ra to r .
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5.4.1 MODE 1

Linear Trans fer  Function

A simplified linear model of the servo used for each gimbal is shown
in Figure 48. The integral channel was implemented and used as required for
fine pointing. The equivalent transfer function is:

H (s) A K S + P 1 N  (66)
1 3 2S + AC S + AKS +~~J4

where A = 1/I
K = f t  #/ rad
M = f t  #/ sec/rad
C = f t  # / rad /sec
I = Gimb al Inert ia

Computer studies of ramp type inputs to the servo showed that the 100
ft. lb. torque motor on the projector azimuth axis was the system limiting
factor and significant saturation occurred around 1 rad/sec. The servos were
designed to minimize this saturation and provide the bes t poss ible frequency
response. Figure 49 shows the response of the camera to a ramp input of

r~MS H 
_ _  _ _  _ _

Input 
A mphf ier Gimbal Encoder F ~

OP77.0549-12

Figure 48 Mode 1 Servo Block Diagram

1 rad/sec for 0.25 sec. The camera lag is less than 0.1 sec as shown
in the figure. This is consistent with an operators reaction time using
stick control. Note that this lag does not caus e image motion on the
projector screen. The image will move because the projector remains
s tationary in Mode 1 operation.
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Figure 49 System Response for Stick Input
Lag = 0 12 Sec
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Gains

Impor tant gains for each axis are summarized in Figure 50. Inertias

shown in the table were results of measurements made when the sys tem was
first assembled. Subsequent changes in optics and mechanical design caused

these inertia figures to change. Accurate information on inertias associated

with the final design are unavailable. The channel gains shown in the table

were used to derive the first estimate of computer gains cognizant of the

effects of non—linearities . The importan t non—linearities in the system are

saturation , threshold , and friction. These result in overall gain reduction

and apparent  increase in damp ing.

The gains of Figure 50 were required during sof tware  development. They
served as a basis for software scaling and for sizing multiply routines .

Subsequently , they were used during initial system checkout.

Name Symbol Units Projector Projector Camera Camera
Azimuth Pitch Azimuth Pitch

Inert ia I f t - lb /sec 2 1.58 0.052 0.28 0.1 13

Proport ional
Channel Gain K ft- Ib/rad 632 20.8 112.5 45.2

Rate Channel
Gain C ft-Ib/rad/ sec 63.2 2.08 11 .25 4.52

Integral
Channel Gain M ft- lb/rad/se c 7015 230 1249 50!

Pwr amp Gain KA ft-lb/Computer Volt 19.2 0.493 2.28 1.4

Corn puter
Rate Gain GC — 4 13 530 619 406

Computer
Prop Gain G K — 165 212 15 10

Computer
Integral Gain GM — 18 23 1 .7 1. 1

C ft-I b/ rad/s ec O. 1 S28 GC 0.0039 GC 0.O1BG C 0.011 GC
K ft - lb/rad 3.82 GK 0.098 G K 7 .27 G K ~~~
M ft- Ib/sec/rad 380 GM 9.76 GM 726 GM 445 GM

Figure 50 Servo Gains GP17 0549-r4

Gains for Camera Azimuth Axis

An examp le of the gains involved for the camera azimuth axis are shown
in Figure 51. Non— linearlties not shown in the figure cause gain reduction
and some phase shif t. Consequently, gains were adjus ted on the ac tual
hardware to optimize gimbal performance and camera—to—projector tracking
as ev idenced by picture motion. The non—linearities of the system make
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Figure 51 Camera Azimuth Axis

the frequency response of the  system a function of amplitude and frequency .
1~wv tend to reduce the system bandwidth. The system was designed and
optimized for ramp type inputs.

5.4.2 MODE 2

Using the projector in a servo follower mode to the camera requires
careful system servo design . Any error in projector—to— camera tracking
causes p icture motion on the spherical screen as viewed by the observer.
The serv o f o l l o w e r  inheren tly has dynamic lag even though integral feedback
could be used to reduce steady state errors . From qualitative considerations
some dynami c error i.s allowable because the observer cannot follow dynamic
motion faster than a few hundre ths of a second. Consequently ,  camera and
projector instantaneous rates can be unequal for short time intervals
provid ing the steady state position error remains within acceptable limits
of approximately 0.01 radians .

Wh ile there are several approaches to the problem , the one used in the
RVS was to feed the camera rate command signal forward to the projector .
This requi red  inser t ion of a lag network in series , which compensates the
projector for camera velocity lag. Since the camera lag is ins ensi t ive to
component changes by virtue of the feedback in the servos the circuit should
remain in calibration . Adjus tment of the lag can cause the projector to lead
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the camera or to lag the camera. Computer studies indicate the system is

easier to stabilize in Mode 3 if the projector leads the camera by a sligh t

amount. ~‘th i1e some dynamic error still exists 
its magnitude and time of

decay are such that no deleterious system operation is evident to the

observer. A simplified linear block diagram is shown in Figure 52.

_ 
_ _  

r ~{C Hl _
StIc 1

~~

f

~
_

1 ~~ K S + M  

~~~~~~ I A
~~~HLJ}4 ~~

r S + 1  H

:~ [

K S + M ~~ 

~ [AH ~~~~~}~~~f~~~~~
h

OPT7 .0549-Z l

Figure 52 Mode 2 Servo Block Diagram

The output of the lag network approximates the camera velocity. If
the camera velocity were being fed forward the linear projector response
can be shown to be

H (s) = 
ACS 2 + AKS + 

~~ (67)
2 3 2

S + AS C + A K S + A M

System Response Versus Lag

Figures 49, 53 , and 54 show the response of the system to maximum
stick inputs of 1 rad/sec for .25 sec with values of lag in the forward
loop of 0.1 and .12 sec and .14 sec. The figures show that this range of
lag causes the projector to cross over the came ra and change from lag to
lead. The parameter was adjusted on the actual hardware to enhance projector
tracking and achieve minimum picture motion.

The Figure 55 shows the system response for a stick input of max p lus
for 0.25 sec and then max negative for 0.25 sec. with the lag set at an
op timum of 0.14 sec.
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Figure 53 System Response for Stick Input
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5.4.3 MODE 3

Non—Linear  Block Diagram

Figure 56 is a block diagram of the f ina l  mechanization showing the feed-
back loops imp lemen ted in the microprocessor .  For s implicity the gimbal
mo del is not  included. The gimbals are shown as a double integration of the
accelerating torque . Figures 57 and 58 show the  response of the system to
step inputs of the detec tor  and fo r  smooth Lead motion of 7 rad/ sec  for
0.25 sec.

Digital Model

A digi ta l  s imulat ion of one axis of the system is shown in Figure 59.
This model was used to conduct parametric studies and to determine the effects
of various system non—linearities. The arithmetic and sample times of the
microprocessor inherent  in a samp led data sys tem were included in the model
to the extent possible. This was required to accurately predict hardware
performance. Dynami c f r i c t i o n  fo r  the camera and the p ro jec to r  gimbals are
included. The power amplifiers were modeled as voltage amp l i f i e r s. The
torque motors for each gimbal were modeled from motor specificat iona and
gimbal inertias were taken from experimental results. The actual or final
gains used in the microprocessor are in good agreement with those predicted
by the mode l and in general correlation between hardware performance and
that  p red ic ted  by the model was ve ry good. Quani ta t ive  in format ion  on the
as bt4lt sys tem non—linear i t ies  would f u r t h e r  improve the simulat ion resul t s .

5 .5  S ” )PERAT IO N

svs ten power—up , check to see tha t  all cab le connections are made .
At ~se , the mic rop rocessor has two ribbon cables wi th  DB25
ci ~oming f rom the  p i tch  and yaw s h a f t  encoders , an analog output with
c~ .~i1~~~L or  (MS 3 106—M S--2P) which  goes to two po ten t iome te r s  on the input of the
servo amplifiers , and the ser ial  i/O cab le (DB25) box.  Also , located on the
rear panel of the microprocessor are connections for the joystick contro l
and helmet control.

The camera electronics box requires the serial cable from the micro-
processor , two ribb on cables (DB25 connectors) from the shaft encoders and
the analog output (MS31O6—l4S—4P ) cable to the servo amplifiers . When all
cables have been connected and the servo amplifier input gain pots turned to
the off position , the microprocessor , camera electronics box , and servo
amplif iers can be powered in any order. The microprocessor may now be started
by pushing the “RST” button (reset) and then the “Go” button .

Next the operator turns each camera servo gain pot to maximum. He
veri fies that the camera is pointed straigh t ahead and that it is stab le.
Subseq uently, the projector 8ervo pots should be set to a maximum , one at
a time. When the pot is maximum the camera and projector should be stationary
and both pointing at the same position.
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C PROJ CAMERA POS ITION SERVOS STEP INPUT TORQ MTRS LIMITED
@00 1 INTEGER a,B,CI~MR.DX.LCER
0002 DIMENSION g ( 1 t) 0) ,J ( 100 ) ..pROJ ( 100) ..V( 100) .M( 100) .JRC lOt3 ) . !DE T ( 100 )
@003 DIMENSION IV (I00)~ Ip (1ee).FsTc1ee:~.DFST(100)
0004 DO 5 I~~l .100
@005 IV (I)-0.0
0006
0007 J (I)~ 0.0
0008 PROJCI)-0.0
0009 DFST (I)-@.0
0010 FST(I)=0.0
0011 V (I)-0.0
@012
@013 1P(I)~ 0.0
@014 JR (1)-0.0
@015 5 CONTINUE
@016
@017 8-—S
0018 E1N~0.25
0U19 H-0
0020 CAMR=0
@021 DP=@.@
@022 PDOT-0.0
@023 DPDOT-O.0
0024 DT-0.010
@025
@026 CR-0.0
@027 CRTE~0.0
0026 T-0.0
@029 RS-0.0

DVDOT=0.0
0031 D V = 0 .0
0032 DO 100 1-3.106)
@033 IDET (11~~((El*-PROJ(I—1))~~~.2),0.@00767E) r34 KDRT-( (PROJ ( I-1)-PROJ ( 1—2) )*2.0)/0.800767
@035 ID-IDET (I)*IDET (I)
@036 I F ( I D . L E . 1 6 ) I D E T ( I ) - 0
0037 rAMR.B*~DRT+g*1DET( I)
0038 IF (CAMR.GE . 13:’CAMR-13
0039 IF (CAMR .LE.—13)CaMR-— 13
0040 DX-13
@041
0042 IF(N.GE .25)DX.0
@043 ~-X+DX
0044 C-X*0 .000767
@045 C E R - X — I V ( I — 1 )

I l ( 1) CER
D IP-M( 1) *10 .7*0 . 00244*1. 333

@048 JR(I)-(V (I-2)--V (I—1))’0.000?67
0049 CR-JR (1)/DT
0050 CRTE-CR*1 .07*13.00244*1.333
13051 T-CRTE+DIP

Figure 59 System Math Model
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0052 RS.T*T
0053 IP(T.GE.0.t)T1~-T-0.t
@054 IF(T.LE.0.1)TQ-T+0.1
0055 IPI:RS.LE.e.e1:’ TQ-e.0
0056 I F ( RS. LH .0 .01  .AND.VDOT .GT .0 .0 ) T Q -T—0 . I
0057 IF (RS .LE.0 .01 .AND .VDO T.LT. 0 .0)T Q-T+ 0 . 1
0056 1P(T.GE.4.0)TQ~4.0
0059 IF(T.LE.-4.O)TO--4.0
0060 XLC-TQ-(VDOT*1) . 1824)
0061 DVDOT- CXLC*DT:I,0. 113
006 2 VDOT-VDOT+D VDOT
0063 DV-VDOT*DT
0064 V (I)-V (I—1)+D1
0065 IV (I)-VCI)/0.00076?
0066 ERR-Vu — PROJ: I—1
@067 AERR- (ERRWIOe.e),3. 14159
@068 I.( 1) -ERR/0 . OOt)76?
0069 DISP-K(1)*13.B*0.00244*0.5
0070 J (1)- (PROJ (I—2 -PROJ(I—1))’0.000767
@071 DPsT(1.DX—PSTCI—W*0 . 10
0072 FST( I)-FST( I— I)+DFST (I)
0073 PRT-(J (1)+FST I))/DT
@074 RATE-PRT*1 .36*0.00244*0.5
@075 DZ-X(I)*0.000152
0076 Z•Z+DZ
0077 CIW-K(I)*0.0*!-~(I)
€1078 IF(CHK.GE.4300)Z-’0.0
0079 TRQE-RI4TE+D ISP
@080 TRS~ TRCE*TRQE
0081 IF(TRQE.GE.0.t)TRE~TRQE—0.t
0062 IP(TRQE.LE.—0 . 1)TRE-TRQE+0 . 1
@063 IF(TRS.LE.0.0I)TRE-0.0
@084 IP(TRS.LE.0.01.AND.PDOT.GT.6.0)TRH.TROH—0.1
@085 IFCTRS.LE .@.01.AND.PDOT.LT.e.O TRH-TROE+0.1
00b6 IF(TRQE.GE.1.2)TR.E-1.2
0087 IF (TRQE.LE .-1.2)TRE-—t.2
0086 ~a.-T -(PDOT*0.e2*6666)
0069 DPDOT- (XL*DT) .-~~ .052
0090 PDOT . PDOT+DP DOT
009 1 DP- PDOT*D T
@09 2 PROJ (I)-PROJ (t—1)+DP
0093 1P(1)-PROJ (1).’0.000767
0094 WR ITE I.1 .300) i1ERR..C.V (I).PROJ(I).TO
0095 100 CONTINUE
0096 300 FORMAT (5 (E11.4. IX))
@097 CALL EXIT
€1096 END

ROUTINES CA LLED ’
EXIT

OPTIONS -/OPs2./GO

BLOCK LENGTH
MAIN. 3478 (@15454) *

Figure 59 System Math Model (Conclude d)
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The system may be stopped at any time by turning the projector gain pots
to zero. The processor may be stopped by pushing the HALT or the RESET
button. The system may be restarted by repeating the sequence described
above.

The mode of control may be switched between stick to head by actuating
the toggle switch located on the rear panel of the microprocessor. When
all gain po ts are on , the system is in the stabilized mode . The projector
pots can be left off for operation of system in non—stabilized disp lay
mode .

Basic Monitor Functions

The microprocessor has a self contained monitor program. An operator
with  an unde rs t anding of the servo control pr ogram , (See sof tware sec tion
of this report)  can use the monitor  to troubleshoot not only so f twa re
problems but also p in down the point of many e lectronic  f a i lu re s .

Using the monitor , the user can for instance examine the position data
coming from the s h a f t  encloders . To examine dat a , the fo l lowing  sequence
should be used:

o Depress halt (lILT) button

~ Depress examine memory (EM) b u t t o n
o Punch in memory address

When the address has been entered , the processor  wi l l  disp lay the 8 b i t
word stored at that address in a hexidecimal code. The location in memory
following this  address may be addressed b y pushing the “CU ” b u t t o n .  The
low order b i t s  are s tored  in the f i r s t location and the h igher  b i t s  in the
second. Car - t r a  p i tch  data is located at computer memory address 3D40 and
3D4l. Came yaw data  is located at 3D42 and 3D43. The lower 13 bits contain
the posi t ic~ -~format ion , highest order bits are not used and can be ignored.
The lowest r b i t  is approximately equal to 2 .6  minutes  of a rc .

A lis of the  contro l program is availab le in the so f tware  sect ion
of this re . This listing, along with the monitor description in the
same sect ic  wil l  allow a person f a m i l i a r  with the 8080 programming
language to al ter  the system parameters and f ine tune the system.  The
control sys tems gains can be adjus ted directly from the monitor , but a word
of caution is in order. Due to the scaling complexities and interaction of
the system gains it is suggested that change not be made without a complete
and thorough understanding of the software.

The quad detector mounted on the helmet has approximately a 40° f ull
field—of—view. If the IR spot that it senses is outside its field—of—view ,
the microprocessor will receive no control signals and the serv o will rema in
at rest. The observer needs to turn his head , pointing the detector toward
the high acuity portion of the display. As the user does this , the system
will begin to slew toward him. The sensitivity of the head controller can
be adj usted by adjusting the intensity of the source . The recommende d
settings of the light source are 5 Vac and 5 amps.
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The joy st ick control has zeroing pots so that  the j oy s t i ck  analog
output signal can be adjusted within the system ’s software deadband eliminating
servo drift.

The microprocessor LED readouts allow the operator to determine the

operational mode of the microprocessor. Upon powerup , the readout will show

43210. The same readout will occur after the RST GO sequence. The halt
(HLT) button will cause a “D” to be read into the first digit and the next
four show the current program counter. The restart (RS) button changes the
halt display to show a 6 in the first digit and leaves the other digitr
unchanged. If after depressing the halt button , a “D” is not located in
the f i r s t  digit , the microprocessor program is not running correct ly is
indicated.  The user should then repeat to reset sequence (RST , GO).

The torque motor on the yaw axis of the projector can exert 100 ft. lb.
of torque if the power amplifier or its input should fail in a hardover
mode . Hard stops and motor  shor t ing  switches have been installed on this
axis to protect  the light  valve in the unlikely event that such a f a i lu re
should occur . If the motor shorting switches are tripped , the operator
mus t s top the sys tem and reset the switches .

In normal operat ion the s o f t w a r e  l imits  the camera and p r o j e c t o r  axes
to ± 90 ° in yaw and ± 45° in pitch . These software limits prevent the
operator from slewing the equipment into the mechanical stops and eliminate
undue rapid de celerat ion of the hardware .

5.6 HEAD TRACKE R INTERF ACE ELECTRONICS

The control signals required for the head tracking mode are generated
by a dusl axis position sensor. This sensor provides pitch and yaw position
information from a light spot imaged on the detector surface . The source
of the ligh t imaged on the detector is a 24 watt bulb in a lens assembly
focused to image the filament of the bulb on the dome surface. The detector
is helme t mounted , and the light source is mounted on the projector pitch
axis. Although some axes crosstalk could have been eliminated by moun ting
the detector  on the pitch axis and the light source on the helme t, the
opposite arrangement was chosen in order to keep the helme t assemb ly as ligh t
as possible. Both the li ght source and the detector are filtered with Wratten
88A f i l te rs. T h e  de tector  (PIN—SC—25)  manufac tured  by Uni ted Detector ,
has a posi t ion sens i t iv i ty  of .32 a m p/ w a t t / c m , and a series resistance of
5K.~. The l ight  source is a 1763 , 6 volt , 4 ampere p re focus  socket bulb .
The de tector  ou tpu t  signal is ampl i f ied  using the circuit  shown in Figure 60.
This ampli f ier is charac ter ized b y i ts low input impedance and h igh common
mode rejection. The zener diodes located on the output stage clip the signal
at approx ima tely 4.7 volts to prevent overdriving the analog to digital input
of the microprocessor.
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The spot imaged on the detector (the filament of the bulh)nominally has a
width of 0.06 inches. The detector has a usable width of 0.74 inch . A rough
calculation shows that using a 0.9 inch focal length lens the detector will
have an approximate field of view of 40°. If the source imaged on the dome
is outside of the f ield of view of t h e  detector the microprocessor receives no
signals from the detector and the system will remain at rest. As the
detector is pointed toward the image on the dome surface , the projector will
begin to slew toward the detector. As the projector slews toward the detector*
and locks onto the detector ’s signal , the system ’s f eedb ack loop is comp le ted
and the system wi l l  be f u l l y head cont ro l led .

A typ ical signal output vs. command angle Is shown in Figure 26. The
amplitude of the signal output  is not  onl y a f u n c t i o n  of the CMR amplifier ,
but also of the light source intensity and positioning of the detector
within the return cone of the source l i g h t .

The head control system may be finetuned by adjusting the ligh t source
to provide the appropriate response in the closed loop system.

* In actuality, the detec tor directs the camera to move and the projector
follows the camera.
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Sec tion 6

RESULT S AND CONCLUSION S

This section details the tests tha t  were made to document system
performance as measured by system resolution and d i s to r t ion  and compares
these data to theoretical predictions.

Resolution me asurements of the total system were made using tribar
targets . These measurements were made on the sys tem as it was ad jus ted
for  the ONR demonstration. The system was set up fo r  be st overal l focus ,
a s i tuat ion which reduces on—axis resolution. The sys tem focus problem is
discussed in more detai l in the fo cus corrector  sect ion of this report .

The lens d i s to r t ion  func t i on  causes no no t iceab le  e f f e c t  to radial
lines while lines perpendicular to these (tangential lines) are compressed.
For example , in the vertical direction , a vertical bar targe t which is
read ily resolvable has a horizontal counterpart which is not resolvable.
These two target orientations were used to measure system resolution along
and across the scanning line direction , (I.e. Horizontal bars used for
vertical measurements).

The resolut ion measurements we re made as a f u n c t i o n  of the ang le from
the optical axis (0). These angles were computed f r o m  shaft position encoder
data read f r o m  the microprocessor  memory , the system geometry and lens nodal
point  s h i f t  da t a .  Figure 61 shows the geometry involved to  render a true 0
from the encode r readings in orde r to determine vertical and horizontal
resolut ion.

The targe t viewing d i s tance  was se lected to be alw ay s grea ter  than the
lens h y p e r f o c a l  d is tance as determined w i t h  an Fil  sys tem , and the focal
length fo r  the  corresponding i~. The camera a u t o m a t i c  iris control was
disab led and set at the typ ical outdoor  s e t t i n g  wh i ch was about Fil l .  The
resolution targe ts were i l luminated  using ph o t o f l o o d  lamp s , to provide
proper targe t contrast. Now the vertical and horizontal resolution as a
function of incode r reading will be determined.

The lens is located vertical distance (a) and horizontal distance (b)
from the pivot point. The lens nodal point is located a horizontal distance
(b—n) from the pivot point. The lens optical axes labeled Oa Is pointed on
azimuth angle (c a )  and e levat ion angle ( s e )  w i t h  respect  to the reference
co—ordinate  sys tem xyz .  The t iba r  targe t is located at angle 0 w i th
respect to the lens optical axis in a vertical plane .

For the vertical resolution , from the triangle with apex ’s labeled as 1—5—8
in Figure 61(a).

LS 1 (68)
cos 8

a

94



-

~~~~

2—~

N. 

6 L 
~~~~~~~~ I lb

4

___1.::I-._ I (a) Vertical Resolution

d

~~~~—~~~
)( S27~~~~~~~~~ /

8—” _ — n b

x 4
GPIi 0S4 9 -?3

(b I Honzonta l Resolution

Figure 61 Geometry to Convert Shaft Encoders Readings to True Angles

9s 

- ,----~~~~~ .- ,-. . -~~~~~~~~~~~~~ - - -  - , - - - -- --_ -.- --. -~~~~~~~



-~~~~~~

From triangle 1—4— 5

y = s  tan t3 (69)1

Also from triangle 1—4— 5

s (70)1
cos

From triangle 1—2—4

a (71)a= a r c sin
2

From t r iangle 1—2— 4 , the dis tance °a is

= S
2 cos ci. — b (72)

From the oblique triangle 3—4— 6, the distance T is

T = ~~(Y + y)
2 

+ 
~°a 

+ n)2 - 2 ( Y  + v ) (0 + n ) . (73)

cos (90 —

From the oblique tri angle 3—4—6 the angle 0 is defined as:

2(_(Y + y) + 
~°a + n)~ + T 

(74)= arc ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

From oblique triangle 3—4— 7

T = + y + d) 2 + 
~
°a 

+ n) 2 — 2 (Y + y + d) . (75)
+ ii) cos (90 + ~ — 8 )

Also from oblique triangle 3—4— 7 the angle 0~ is def ined as:

-(Y + y + d) 2 + (0 + n) 2 + (T~)
2 (76)

= arc cos 
2 T 

~°a 
+ n)

The resolution ~ is then
(77)

ø = e — e
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Now the horizontal resolution case shown on Figure 61(b) where the
optical axis and line to target are in the horizontal plane. From the
t r iangle with apex labeled 1—4—6 ,

(78)
L

S
1 — cos 8a

From triangle 1—4—5

(79)
S = —2 cos~~&

e

From t r iangle 1—2—5

a (80)
Cs = arc sin -~

2

From t r iangle 1—4—6

K = L t a n~~ (81)a

From triangle 1— 2 —5

(82 )
0 S ., cos c i . — b
a

From tr iangle 1—6— 7

S
3 
= \!L~ + 

(8 3)

From triangle 1—5— 7

.~2L~_ (84 )
= arc tan Sa 3

From oblique triangle 3—5— 8

T =~~~~~~~~+ x) 2 
+ 

~°a + n) 2 - 2 ( X  + x) 
~
°a ~ (85)

cos (90 — 8 )
a

Als o f rom obli que t r iangle  3—5—8

(_ ( x  + x) 2 
+ 

~
°a + n)

2 
+ T 2 

(86)0 = arc cos~~ 2 T 
~
°a + n )  /
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From obli que t r iangle 3—5—9

+ x + d) 2 + 
~
0 a + n) 2 — 2(X + x + d) (O + ~) .  (87)

cos (90 —

Also from t r iangle 3— 5—9

(_ (x + x + d) 2 
+ 

~°a 
+ n) 2 + ( T ) 2 ‘

~ (88)= arc cos 2 T~ ~°a + n )  /

The hor izonta l  resolution is:

(89)
0 = 0 -— 0

6 .1 CANERA PERFO RMANCE

Results of the camera per forman ce tests  are shown in Figures 62 and 63 .
Figure 63 shows resolution in the horizontal plane while Figure 63 is the
same data fo r  the ve r t i ca l  p lane . The expected resolut ion as discussed in
Section 3.0 is also shown on the f i gu re s .  Note  that in e i ther  cas e the
on—axis angular resolution is about 1.7 times worse than was anticipated.
in order to mak e some meaning f u l  comparisons the  computer  model of Appendix
E was degraded u n t i l  the measured  on—axis pe r fo rmance  was achieved. This
degradation was accomp l ished b y increas ing the Guassian b lur  of the non-
linear lens function . This required an increase from the ray trace data value
of 5.5 microns (one s igma)  to 50 microns . These data are shown by the solid
line on the f i gures .  Note  that  th is  da ta  which was matched on—axis is near
the actual  per fo rmance  fo r  mos t othe r f i e l d  angles .  This indicates  a uni form
opt ical  b lur  a t  the v id icon  f a c e p l a t e .  A notable  except ion  is the consider-
ably worse per formance  in the 0 . 4  to 1.0 degree region caused by an incorrect
aspheric  element  p r o f i l e  in the rear op t i c a l  assembl y of the non—linear  lens .
We attempted to correct for th is during the cont rac t  b y f a b r i c a t i n g  new
elements us ing  a new s t a t e — o f — t h e — a r t  pan tagraph g r ind ing  technique and an
air bearing spindle. t ’ nfortunatel y, this was a fa i lure . The new elemen ts were
even worse than the original hand fabricated elements. The fabricator is
present ly  remaking  these  e lements  wh ich w i l l  hope fu l ly  correct this prob lem
In the near  fu tu re . In this abnormal acuity region , performance drops
b y a f ac to r  of t h r ee .  This is ve ry distracting because performance should
be best in this region to suppor t  foveal vision.

6 .2  TOTAL SYSTEM PERFORMANCE

The measured performance of the overall system is show n in Figure 64
and 65 for  the h or izon tal and ver ti cal planes. Emp loying the same analytical
method  as in the camera case it was necessary to degrade display performance
from the a n t i c i p a t e d  15 mi c rons ( eq u i v a l e n t  l ight  valve spotsize)  to
90 microns in orde r to predic t  h o r i z o n t a l  on—axis performance . Then when
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these data were plotted on Figures 64 and 65 very poor prediction of off—
axis data  is ob t ained. This implies a nonuniform degradat ion at the objec t
plane of the  p rojec t ion  non—linear  lens w i t h  much h igher  b lu r  on—axis .  The
reason fo r  this is the diffraction prob lem created by the sch lierirt optics
which was discussed in Section 3. However it appears to be considerab ly
wo rse than an t i c ipa ted .  To assess the remainde r of the f ie ld , the display
b lur  was reduced u n t i l  a good mat ch was obta ined o f f — a x i s .  (The greatest
emphas is was placed on the less than 15° region beca use of expec ted
magnification problems which will  be discussed l a te r ) .  A disp lay blur of
30 microns matched the data very well f o r  both  hor izon ta l  and vert ical
p lanes as can be seen on the figures. This is a reasonable display quality
value which would produce very little additional degradation to the camera
if it applied on—axis as well. The on—axis performance would only degrade
from 0.85 to 1.0 milliradian if the 30 micron display quality was maintained
on—axis .

The disparity in on—axis system per formance  between hor izon ta l  and
vertical planes (1.5 to 1.9 milliradians) is undoubtedly due to schlierin
alignment (horizontal at the non—linear lens focal p lane) which will yield
a h igher  d i f f r a c t i o n  c u t o f f  spat ial  f requency in the ho r i zon ta l  d i rect ion .

The system resolution , Figures 64 and 65 , show the same local region
of poo r per formance  (aroun d 1°) tha t  was seen on the camera only curves .
The projector appears to aggrevate this region very little . The reason for
this lies in the fac t  that  the p ro j ec to r  lens produces much b e t t er  qua l i ty
in this region apparently because i t  has a b e t t e r  rear lens cell.

The apparent lowe r sys tem resolu t ion  at f i e ld  ang les larger than 20 °
is caused by incorrect magnification. This can be seen on Figures 66 and 67
which show measured vs. computed angular e r ro r  in the projected display .
He re the measured da ta  is compared to 2% , 5% and 10% magnif ied  images. The
desired value is 2% while the horizontal magnification appears to be about
7% and the vertical about 4%.

6.2.1 Low Contrast Performance

Because of time constraints , direct measurement of low contrast
performance was not possible. Therefore it is necessary to use the
analytic model adjusted to yield the measured high contras t performance , to
est imate  per formance  at lower contras ts . These data  are shown on Figure 68.
Here the input modulation (contrast) required to resolve targets at various
spatial frequencies are shown. Two curves are require d for the system
because of the p ro jec to r  prob lem noted above . I t  should be noted that  the
linear spa tial frequency scale app lies everywhere on the non—linear  lens
focal  p lane while  the angular  spat ia l  f requency scale applies only on—axis.
These two spa t ia l  frequency parameters are related as described in Appendix D.
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6 .2 .2  Demons tra tion Resul ts

The sy stem was .iemonstrated in the laboratory by p lacing the camera on
the northwest corner of the roof of MCAIR Bldg. 102. A hard wire link was
established to the display station which was located in the laboratory about

300 f t .  away. The camera ove rlooked L ambert Field and Brown Road which
borders the ai rpor t .  A f ie ld  of regard of 180° in azimuth and ± 60° in
elevation was established. For comparison a 525 lIne conventional TV
came ra wi th  a remote control zoom lens was also placed on the roof .  This
camera was pointed towards a sign board about 1000 ft. distant. This sensor
was displayed adjacent to the RVS camera video CRT display .

To compare resolut ion , the RVS camera was pointed toward  the same sign
board and the conventional camera was zoome d unt i l  the same detai l  could be
seen on i ts  display as the on—axis P-VS was producing.  This f i e l d — o f — v i e w
was about 100 x 14° . The RVS p ro jec t ion  f i e ld—of—view was then reduced by
masking to this f i e ld—of—view . The operator  was then given the  t ask  of
searching the f ield of regard of the RVS sensor using joy stick control. The
usual prob lems with  narrow fields—o f—view were noted in maintaining
or ien ta t ion  in the total  f ie ld  of regard and in smooth tracking of moving
vehicles.

Next the mask was removed so the operator could see the entire RVS
field of view and the full up head control operation established. In general
all viewers liked the wide fie1d display , especially the ease in tracking
moving targe ts. It should be noted here that the servo control pe rforma nce
was excellent. No perceptible display motion occurred under any dynami c
condi t ion.  This requires that the camera and projector servos track within
about 0.5  milli radian under the mos t ex treme dynamic conditions .

Most observer s noted the low on—axis per formance  even when made aware
that it was comparable to a 14° FOV conventional system. Some observers
were imp ressed by motion and gl int cue ing in the peripheral  very low
resolution area of the display while others felt lack of sharp spatial
detail in these regions would degrade these visua l cues.

6 . 3  CONCLUSIONS AND RECOMMENDATIONS

Consider ing this  is the f i r s t device of this type , we feel  the results
we re very encouraging.  As should be expected the only ser ious prob lems were
w i t h  the new technology or s t a t e — o f — t h e — a r t  advancement in non—linear
opt ics . All conventional functions within the state—of—the—art worked
perfectly including the servo control , TV camera , TV projec tor , head
t racker , etc. The value of the digital control system was demonstrated
through its outstanding performance and reliability which could have been
ach ieve d only with great effort if an analog system was employed.
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I t  appears the greates t improvement in performance could be obtained
by (a) replacing the rear splines elements of the  non—linear  lenses and
(b) solving the diffraction problem in the projector relay . The firs t is
unde rw ay and if successful should be corrected within one to two months.
The latter has no easy solution at this time . As discussed in Section 3,
increased relay magnification may help but comp lete correction may require
a different type of ligh t valve that does not require Sch lerin optics. At
least two are p resen t ly uade r development .  A KDP light valve is being
developed in France while a liquid crystal light valve is under development
at Hughes Aircraft in the USA. Both o these operate on a controlled
polar iza t ion  p r inc i ple and can use conventional optics . Another possibility
is to const ruct a new non—linear lens with a small F/nuirber so that it can
utilize more of the ligh t valve optical ray cone .

Finally we believe the laborator~’ demons t ration , where a scene is
viewed in which mos t spatial detail is stationary , does not show the true
potential of the system in flight control and navigation. We have seen
this when projecting tape recorded video taken t h r o u g h the windshield of
an aircraft. It appears that the somewhat low on—axis resolution is not so
objectionable under these dynamic conditions . Based on these observations it
may be desirable to fly the sensor in order to obtain a true performance
assessment in a dynamic environment .
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Appendix A

BRIEF DESCRIPTION OF THE REMOTE VIEWING SYSTEM (RVS )

The RVS concept is based on the fact that the human visual capability can be
represen ted by a resolution cap ability of about 130 ,000 elements , provided tha t
these elements are sized non—linearly according to the acuity f unc tion as sh own
in Figure A—l.  An image with this character is t ic  requires onl y about 2 MHz video
bandwidth at 30 Hz frame rates.  In comparison , standard techniques would requ i re
over 1,000 MHz bandwidth for this field—of—view (180°) and resolution. Even
at smaller fields—of—view , the bandwidth saving is significant. A comparison of
bandw id th req uiremen ts for  vary ing fields— of—view for the conventional linear
acuity function and for the P-VS foveal concept is shown in Figure A—2 . Appro-
xi ma tely two orders of magnitude decrease in BW is achieved with the foveal system
at FOV ’ s greater  than 20 degrees. In order to mechanize the concept described
above , a method must be devised to generate an image which satisfies the optical
requirements  of the eye. The P-VS concept contains a lens system that  creates
opt ical  “d is tor t ion” by varying the spacing of the angular  resolution elements
to dup licate the acuity function shown in Figure A—l. This process is illustrated
in Figure A—3. The lens transfer characteristic required and the technique
fo r  r econs t ruc t ing  the image at a remote location is also shown on this figure.
System opera t ion  is as follows :

The image transmission system scans the photocathode of the vidicon or photo—
detectors of an imaging array , transmits this signal to the remote location , and
recreates the image on a CRT or light valve tube. In the original RVS concept ,
the distor ted image is exp anded us ing a lens system with a transfer characteri-
stic identical to the sensor lens and imaged on a spherical screen concentric
w i t h  the nodal point  of the lens .

Obvious ly,  fo r  the above image t ransmiss ion sys tem to p e r f o r m  adequatel y ,  the
opt ica l  axes of both  the sensor and p ro j ec t c r  must have the same al ignmen t as
the viewer ’s eye. The initial RVS system concept used the approach outlined in
Figure A—4. The position of the projector is slaved to the camera by a high
accuracy position servo, with the camera ’s angular position commanding the pro-
jector ’s pos ition relative to fixed ground station reference coordinates. The
viewer at the groun d s t a t ion  thus has the same angular perspec tive as he would
if he were located in the remote vehicle . The sensor and projec tor must also be
aligned with the viewer ’s foveal axis. In the original concept a Honeywell
oculometer was employed f o r  this func t ion. The oculometer measures the angle
between the eye ’ s foveal axis and the p ro jec to r ’ s optical  axis. This error signal
is t r ansmi t t ed  to the remote vehicle and commands the camera to move until the
angular error is reduced to zero. As the camera moves , the projector follows
through the slaving loop . The control mode , presently under stud y ,  is somewhat
d i f f e r e n t , however.  The observer ’ s head pos i t ion  instead of his  eye pos i t ion  is
utilized to point the remote camera. The operational difference resulting from
this simp lifica tion is tha t when the viewer uses his peripheral vision , he must
learn to rotate his head towards the area of interest rather than his eyes. A
reticle may be required to show the observer the location of the highest acuity
area of the disp lay .
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Appendix B

CAME RA CONSIDERATI ONS

LIGHT LEVEL CONTROL

Light level control must be accomplished by an iris in the camera optical

relay . The relay is required fo r  this purpose becaus e no iris control is

ava i l ab le  in the non—linear lens . An iris control was not initially considered

necessary because an Sb S 3 vidicon was contemplated which had s u f f i c i e n t  dynamic
2

range fo r  good d a y l i g ht  performance with ele t ronic light control. Solar damage

cons ide ra t ions  l a t e r  d i c t a t c d  thc  use of a silicon vidicon which cannot be adapted

to e l e c t r o n i c  l ig ht  level c o n t r o l .  The range r e q u i r e d  of t he  i r i s  c o n t r o l  is

discussed below .

Assuming a GE Z7978 Ep icon vidicon is utilized an average faceplate

i l l u m i n a t i o n  of .25 f t — c a n d l e s  is recommended. Using conventional formulas , th is

relates to a scene brightness as follows:

E 
-~B — (B—l)

If E = .25 ft— candles

= .25 x 4 IC 2 = ~~ ~~ \ 2 Lumens
B 

~~NO~ ‘ NO ’ - 2Steradian—ft

Assuming a 1:1 relay between lens and vidicon the effective F number at the vidicon

is identical to that of the non—linear lens — F/5.6. The brightness is:

B 9.97 Lumens —

2 
— 31.32 ft— lambert

Steradian—f t

This is the minimum bri ghtness level capability of the camera. It is sufficient

to operate anywhere in the U.S., even under heavy cloud cover.

The max imum terra in br ightness anticipated is about 5000 ft—lamberts.

This appr oximates clear weather at 70° solar elevation and .16 terrain

113

- - -  S- S—-S------5 S - - - - -~-



reflectance. The F number required to attenuate this brightness to .25 ft—

candles at the vidicon facep late is (per Equation (B—l))

5000 = . 2 5 x 4  F 2
-~ Tt ‘ NO~ (B-2)

(F~~)Y 5000

= 70 .7

This small aperture would cause serious diffraction in the image quality.

For this reason , a filter is considered. Because of sensitivity of the silicon

v i d i c o i ~ t o  IR radiation a Schott KG3 filter is recommended. This filter provides

ab out 2O~ transmission in the visual spectru r-~. This reduces the maximum F number

requirements to about F/16 , which is easily obtainable in the optical relay between

camera and lens.

In summ ary ,  the camera optical ro1~s must have sufficient aperture to

coupic all the energ’.- in the Ff5.6 non—linear lens image ray bundle to the

vidi con . The iris control in the relay must have the capabilit y ol reducing

this F/5.6 i-av bundle at the vid i c o n  to F/l (t . This variable iris should be servo

controlled to maint ain the required vidicon faceplate illumination under varying

terrain illumination and reflect ance characteristics.

The average video level from the vidicon can be used as the drive signal.

This is possible because the foveal region occup ies most of the vidicon photocathode

ar e a .  Therefore an average video level will optimize bri ghtness in this area as

desired .

SOLA R DAMAGE CONSIDERAT I ON S

Utilizing the sun bri ghtness value of:

3 LumenBs = 2.09 x 10 
- 

-—

~
- [From Re ference (B—i)]

Steradian ft
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At F/5 .6  the vidicon faceplate illumination would be [from Equation (B—i)]

E = ~ 
2.09 x 1 0

8 
= .523 x lO~ foot candles

(5 . 6)

This gives a 2x s a f e t y  f a c t o r  over the  lO~ foo t  candle  maximum r a t i n g  of the

vidicon proposed for the RVS camera. Operationally the safety margin is

considerably better than this because any time the sun is visible to the RVS the

automatic light level control wili certainly have the camera stopped down to F/8

or greater. The margin is at least 4x when this is considered . The IR filter

discussed in the previous paragraph also increases the safety margin.
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Appendix C

PROJECTOR STUDIES

INTRODUCTION

The p r o j e c t i o n  b r i ghtness  problem is i l l u s t r a t e d  in Figure C—i. Here uniform

size area elements are shown in the projector object plane at th ree diffe rent dis-

tances from the optical axis. If the object plane is of uniform brightness (which

is the case for the RVS intermediate image or projector object) the screen illurni—

nation decreases as object area elements displace from the optical axis. Each area

in the object plane contains the same light flux , which is spread over a greater

area or~ the projection screen. In the actual case, area elemen ts are projec ted

1000 times large r in the extreme periphera l  region (90 °) than in the foveal region

(0°) of the display . This , of course , is completely unacceptable to the viewer.

Two alternatives are possible for solving the above problem.

(a) A variable density filter to properl y attenuate the foveal area of pro-

jection so that it matches the peripheral field in screen brightness.

This is , of co urse , feasible only if image bri ghtness is sufficient to

generate acceptable bri ghtness in the peripheral field of the displayed

image .

(b) iirnplov a direct or virtua l image viewing system. This is much more

efficient and inherently results in uniform display brightness if the

exit pupil is large enough to support the entire eye aperture (or the

interocular spacing if binocular viewing is to be achieved).

Selection of the best disp lay approach requires a thorough analysis of the two

above approaches .

In the past ye~..r, MCAIR IRA D on the P-VS has been 957. devo ted to trade—offs of

display concepts. The results of these studies , analyses , and tests ar outlined

below .
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GENERAL PROJECTION GEOMETRY

PROJECTION SCREEN APPROACH

The geometry of the projection screen approach is shown in Figure C—2. A-n

element of area dA with brightness B is projected through a lens of aperture D and

focal length I to a viewing screen located at distance L. The image of dA on the

viewing screen appears as d A .  This area re—radiates over solid angle The

apparent screen brightness B (O), as seen by the observer also at distance L, but

o f f s e t by distan ce Z , is calculated as follows .

The ligh t f lux  thro ugh aperture D from image area dA is:

F B x w x d A  (C l)

where

a is the solid ang le of ligh t collection by the projector lens .
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FIGURE C-2
DISPLAY BRIGHTNESS GEOMETRY

Accord ingly:

2
= r [ D ( 9 ) j  

= 
iT 

(C—2 )
4 [ f ( e ) ] 2 4 2

Developmen t of in terms of FNO instead of lens aperture and focal length is

preferred because both theory and experiment show that the latter vary with field

angle (6) on the non—linear lens while FNO does not.

Combining these two equations yields :

F =  B~ dA 
2 

- 

(c-3)4 (FNO)

This is the total flux that illuminates dA at the screen .5

118

-5 -- - - - -5 -  - -- -5--



--~~~-5- -5-5_ ---- -- -S-- -—------- 5-5 --~- - —- - -S -—- -- - -- .

Screen illumination (E) is:

BiT 
2 

dA (c—4)
dA5 4 (FNO) dA( 0)

The screen b r i gh tness  is there fore

F B~ dAB (0) = = 
2 (C—5 )

~ 4 (FNO) 
dA (~ )

Note that B will have the same units as B i f  A and A have i d e n t i c a l  un i ts .
5 S

For the on—axis case , zero subscript is used:

dA 
= 

[f(~ ) ] 2 
= 

(FNO) 
2 [ D ( 0 ) ] ~ 

(C-6 )
dA (O) L

5 
L

Iii ore fore :

B = 
B D ( O )~ (C-7)

For t h e  developed lens , D( O )  = .356” . According ly:

B~~(0) .0995
-. (C .— 8 )

B

I f  L = 60” :

8 (0) 
2.76 x 10~~

B (C—9 )

WORST CAS E BEST CAS E

I~ the screen is perfectly diffuse If the screen has optimum characteristics

I

TT i
= iT steradians a

L
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WORST CASE BEST CASF:

B (0) 
—6S 

= 8.78 x 10 If = 10” (About the m i n i m u m  pro—

For B (O) = 1 ft—lamber t jector/eye separation)

1
2

B = 114 ,000 ft—lambert = 71 = .0873 s t e r a d i a n s

If the screen is perfectly diffuse If the screen has optimum characteristics

B (0)
- 

B 
= 3.161 x

For 8 (0) = I ft— lan ibert

B = 3160 ft— lamh ert

The abc ’~-o ca~~cu 1 a t io n s  show an o b j e e t  brightness in the 3000 to 100,000 I t —

lambert range is required for acceptable di sp l ay  brightn ess in t h e  f o v e a l  region of

the rrojected disp lay . For reasons shown on Fi gure C—I , it i s  not the foveal

region , hut t h e  peripheral region that p u t s  t h e  greatest requir ement on B.

In calculating peripheral disp lay brigh t ness it is most convenient to normalize

Equation (C—5) by the on—axis brig htness. The resul t is a fall—off ratio of bright—

ness anticipated in the projected disp lay .

8 ( Q )  dA ( O )
= 

d \ (~~) 
(c-l0)

Equation (C—lO) assumes a constant FNO for the lens and a for the screen. The

forme r has been ver if ied exper imentally while the latter will be assured by

spherical screen geometry and uniform coating .

The display brightness at any angle , u , can be computed by de termining the axial

br ightness  using Equa t ion  (c—7) or (C—9) and multiplying  by the ratio of Equation (C—b).

The area ratios of Equation (c—b ) are available from lens design data and have been
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verified experimentally . These data are  plotted on Figure c—3. N o t e  t h at  at Y ’ )~~,

br ightness is down by 10 ~ . It is obvious from this that the 3000 to 100,000 ft—

lambert range required for on—axis bri gh tness must be increased to 3,000 ,000 to

100
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FIG U R E  C-3

NO R M A L I Z E D  DISPLAY B R I G H T NE SS

1~
) ( )  , ) ) I )  , OMO ft—lamb ert to  support peripher al vision , ibis c x c t e I i n g lv  h i gh r e qt i i  r e —

m o n t  for oh ject brightness m i  t i . i I  l y  led us to discard this approach and proceed to

direct view display approaches . Difficult y in achieving sufficient exit pupil size

and fi e ld of view (to be discussed later) with those approaches directed effort

ba ck ~o screen viewing techniques .

Si,”e Equation (C—b ) is constant (a function of the original concept) the

clue to increas ing disp lay brightness mus t be found in the equation for axial

br ightness (Equation (c—7)).

Poss ib le  parameters  are :

1. Screen C h a r a c t e r i s t i c s  (4

12i 
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2. Projection Lens Aperture (U)

3. Screen/Projector Distance (L)

4. Object Brightness (B)

Screen Solid Angbe — In the previous example a minimum value of was computed

to determine a lower limit of object brigh tness f or the disp lay projector. Since

this minimum may not be practical it was studied in more de ta i l .  The f i r s t  observa-

tion was that projector/viewe r geometry could be improved for a specular coating .

This is illustrated in Figure c—4. The eye and lens are equal ly  displaced on each

side of the sphere center. This aligns the centroid of the reflected ligh t towards

the eye posi t ion — making a large a unnecessary .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Incident
Energy

Ref lected Energy

- 
Centered About

- Nominal Eye Position

GP~~3 O’ 8~ 54

FIGURE C.4
OPTIMUM GEOMETRY FOR SPECULAR SCREEN COATINGS
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In reviewing availab le screen materials from Reference (C—i) Stewart Filmscreen

Silvergrain appears good for our application. This screen has a gain of four.

While high e r  gain screens ex is t , th ey tend to be retroreflective rather than specu—

la r .

Calculating object brigh tness requirements using this a yields :

6B = 25 x 10 f t — l a m b e r t  f o r  a 1 f t — l a m b e r t  screen b r i g h t n e s s  and f u l l

hemisphe r i c  p r o j e c t i o n

The Stewart screen coating discussed above develops a considerab ly large r dis-

persion than is required by our concept — i . e .,  abo u t ~~
- s t e r ad i ans , wh ich  is equiva-

len t  to 30” d i spe r s ion  at  the head loca t ion  if  L = 60 inches.  Using the  geome t ry  of

Figure C—4 the d i spers ion  requi red cou ld  be as small  as h a l f  the i n t e r o c u l a r  dis-

tance plus an t i c i pa ted  head  mot ion . A l l o w i n g  a 2 inch head motion , about 3 inches

would be sufficient . A1lo’~ing an additional 2 inch es f o r  s u r f a c e  i r r e g u l a r i t i e s

( a b o u t  2 °)  the so l id  ang le would  be

2
= 

2 
= .0218 steradians

60

From Equation (B—9)

= 
2.76 ~~bO

5 
= .00126

at  90 ° th i s  requires

BB 90 s
~ —6— 1000 = 1.26 x 10 B

For B90 
1 f t—lamb er t

B = 
1 

= 794,000 ft—lambert
1.26 x 10
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This is a substantial reduction below the 25 x 10
6 

required using the Stewart coat-

ing.

The natural question at this point is if this type of screen could be fabri-

cated. Theoretically it could be — as shown in Figure C—5. This figure shows the

FIGURE C.5
OPTIMUM SCREEN COATING

general construction that would receive the minimum beam dimension D and expand it

in to  a diverging cone hav ing  a radius Z at distances L ( D < < l ) .

From simp le geometry it can be seen that

Dcos 9 = - ~~~~
- B (c i — O )

h =  D
2 cos 0

hsin B = —

r

= -j + B = +

= c~’ —

h= 2 arc  s in —
r
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= 2 arc sin 
D

2r cos 0

- U
sin (—)

2 2r cos 0

D

2

The ~~3 requi red to make 5” dispersion at 60” is

0 = arc tan  ~~~~
- = 4.76°

For our lens the minimum D = .00356 ”

0 is obtained from the projector 1ens/e~m geometry wh i ch also is (by coincidence)

0 = 4.760

There fore ,

.00356r = 4 76 = .043 inch
2 cos 4 .76  sin

Spacing of sphere centers  would  be 2h ~ D

The optimum screen would t h e r ef o r e  use specular  r e f l e c t i v e  sect ions of .043 inch

radius spheres — spaces at .0035” centers ,

The above calculations show how the projector object brightness requirements

could be reduced over 30 times through an op timized screen coating. Construction

of  such a coating might be expensive however.

Exit Aperture — Brightness requirements reduce by the square of the lens

aperture D. Therefore, a new lens design would appear to be of significan t value .

For instance , if FNO — 1 could be achieved , object  b r ightness could be reduced by

(5•5)
2 

or about 30 times. Unfortunately the size of the projection lens would

grow at least by 5.6 times. This means the present 9” diameter would increase to

about 50”. Besides being very expensive, a lens this size would force expansion

125
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of screen geometry . If everything was scaled by 5.6, the advantage of the large

~ )eL ture would be exactly negated by the increase in projection distance L.

Barring a completely different lens design , it appears that questionable advantage

can be gained by scaling lens geometry .

If through a new projec tor lens des ign, aperture could be made to increase

wi th  image angle 9, some compensation in B could be achieved while reducing B

requirements . The limit of this would probably be FNO = 1 in the peri pheral  f i e ld .

Applying Equation (C—7), the objec t brightness requirements would now be:

B = 800,000 ft—laxnbert (Stewart Screen Coating)

This level of improvement may be achievable through the expense and effort of a

completely new non—linear lens design for projection only.

Conside ring the degree of technical advancement that was requi red. to design

a lens with correct distortion , such a redesign for projection appears to be a

high r i sk .

P r o j e c t i o n  Dis tance L — Reducing the p ro j ec t ion  dis tance , L , is as e f f e c t i v e

as incre asin~; D is reduc ing  ob j ec t  b r i g h t n e s s  r equ i remen t s .  However , shown in

Figure C—4 , p a r a l l a x  angles of both projector/screen and viewer/screen are increased.

Also, b i n o c u l a r  v i e w i n g  becomes impaired as L is reduced.

Qui te  a r b i t r a r i l y  at th i s  t ime , a parallax o f 5° is considered the maximum

accep tab le .  Laboratory tests  in p r o j e c t i n g  t r anspa renc ie s  show tha t  th is  value

is acceptab le in maintaining focus of the projected image . Since at the time of

this writing a full hemispherical projec tion has not been achieved , it is

impossible to de te rmine  if 5 ° is accep tab le  to the  v i e w e r .

I t  wi l l  be shown later that parallax can be eliminated and L reduced through

.ybrid projection techniques. They require considerable development , however ,

involving some technical risks.
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Maintaining the 5° parallax angle with the existing non—linear lens requires

about 60” project ion distance . This is considered the minimum acceptable (L) at

this time.

Object Brightness — At this point in the analysis it appears that  between

.8 x 10
6 

to 25 x 10
6 ft—lambert object brigh tness is required. Standard CRT ’s

are in the 1000—3000 ft—lambert categories and are obviously unusable . Projection

CRT ’s are be t t e r  but still fall cons iderably sho r t of the br ig htness req uirements

(10 ,000 — 20 ,000 ft — l a m b e r t )  and add a x—ray radiation hazard that  would probab ly

make them unacceptable  in the RVS app l i ca t ion .

Eidophor light valve approaches eliminate the x—ray problem , but are quite

large and have a mechanical pointing limit. Their high output , howeve r, makes them

a promising candidate. For th is reason an available G.E. ligh t valve was studied.

Th e PJ 700 l ight valve has a monochrome output of 750 lumens and requires app roxi-

mately Ff3 relay optics . This indicates the geometry shown on Figure C—6. Since

the non—linear lens requires only F/5.6 solid angle input and an image reduction is

requ i red  to re l ay the  ligh t  valve to the lens , the image b r i g h t n e s s  is equal  to the

light valve object bri ghtness. This bri ghtness can be compute d as follows :

= 
Flux 

= 
750 lumens

Area x Solid Ang le 6 . 3  x l0~~ x .0872

B = 1,365 ,000 
lumens 

— = 4,290 ,000 f t - l a m h e r t
Ft s t e r a d i a n

T h i s  value l ies  between requirements of the two screen coattnc:- d i s c u s s e d  above .

For t he  S t e w a r t  coa t ing ,  th is value is about  s i x  t i m e s  h e 1~~~~t i ’. d e s i r e d , or wou ld

del ive r o n L y  .17 ft—lambert at 90° projection.

The sc ale to the righ t of Figure (‘—3 shows artual screen h r i ~~h t n e s s  t h a t  would

he  achieved versus  f i e l d  ang le  f o r  t h e  S t e w a r t  screen c o a t i n g .  T h i i - . f i g u r e  shows

i h ~ d e s i r e d  I f t — l a m h e r t  cou ld  be ach ieved  out  to 32° view ang le .  At 80° , the
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Relay

Light 
Sealed Light Lens Acceptanc: Con:

3 
Light Valve Object Area A = 0.63 x ~~ tt

D Light Valve Effect Solid Ang le ~o = 0.0872 Steradians 0~~82 22

FIGURE C-6
LIGHT VA LVE GEOM ET RY

a;sured mix field fr t h e  existing non—linear lens , the brightness is about .2 ft—

1 imbert.

~‘hi1e Ei2u~ :cr li~~-~ va l ves exist -.~‘i t hi outputs as high as 4000 lumens , which is

if~~i~-ien’~ ~o ~~ i~-v~ the lesired display brig htness , problem s such as price , bulki—

nes s , and reli c~i 1 i~ le ~ ~o the off —t t~~—shelf G.E. system being a better choice

for a nea r—t~~r-- Jem~n~.~ rati on e l .  The .2 ft—lamhert minimum screen hrightness ,
1 -

ye beli eve , is siif ~ i - i c  nt for th~~~e purposes . In the mo re distant future , single—

crystal ferr o e lect ric ligh t v a l v e c can be expected to replace the Eidop hor typ e

IReference (C—2)J. In addi t ion to furn ish ing  more l ight , these devices have a storage

capability wh ich will eliminate flicker in the peripheral field of the pr oiected

display — (an inherent problem in wide field displays). Therefore , we believe the

ligh t valve projection technique , using the existing non—line ar lens and existing

screen c o a t i n g s , is a very f e a s i b l e  approach . I f  p e r f o r m a n c e  p r ov e s  to he m ar ~~ina 1 ,

a specialized screen coating can correct the deficienc y and assure a disp l ay brigh t-

ness of ove r 5 f t — l a m b e r t .
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Appendix D

PRO M 1, PRO M 2, PRO M 3, AND
PROM 4 COMP UTER PPflGRAM LIST INGS

Figure D—l is a l ist ing of the PRO M No.  1 Computer Program. Figure
D—2 is PROM No . 2 , Figure D—3 is PROM N o.  3, and Figure D—4 is PRO M N o. 4.
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INTEL 6 .i CROSS ASSEMBLER 14i32 i 39 09—MR. . 7 PRGE

I j

3
4 J
5 SYSTEI’l EQURTES
6
7 J

0 j
9

10
11 2
12 0000 SETML E~U .Ra14
13 0000 FIRST EQU *H3FE@
14 0000 OUTPT EQU *H981
15 0000 OST~T EOU .H3DOa
16 0000 YAW EOtJ *HO400
17 0000 PI TCB EQD e}1@CO0
18 0000 CAMAX EQU *H3DOO
19 0000 CA’IBX EOU *H3fl0 1
20 3900 CAM~Y EOTJ eH3b@2
21 000t’ C~iiBY EQU *H3D03
22 0000 CCNAX E OU *H3D04
23 0000 CCM~~ EOU *H3D05
24 0000 CCMAY Et ltJ  •H3D06
25 0000 CCMB ? E QU *H3D07
26 0000 CPO~~ EOU *H3UOB
27 0000 CPOB ~< E OU *H3D09
23 Ooea CF0~ Y Et~U *H3DOA
29 @000 CPO B~i Et~U *H3DOB
30 0090 CPL~ X EOtJ *H3D@C
31 01)00 CPLBX EQU *H3DOD
32 0000 CPL~~Y E OU *H3D0E
33 0000 CPLB Y EQU *H3DOF
34 0900 DETX EOU *H3D1O
35 .@o e@ DEl? EOU *H3 DLI
36 ~@00 @ IPRJX EQU *H3D 1R
37 0000 IPRJY Ei~U *H3D1C
36 00~ 0 IP O SX EQU *H3D 1E
39 0000 IPOSY EOU *H3D20
40 0900 MULCX EQU *H3DSO
dl 0000 MUL UX EQU MULCX+20
42 0000 MXLVB E QU MULDX+2 0
43 000~ MXLVI< IiQU MXLVB+2 0
44 0000 MUL~ X E QU MXLVK+20
45 0000 MULBX EQU MUL cIX+2 0
46 0000 MULCY EQU MULBX+ 2 @
4? 0000 MULD ? EQU MULCY+2 0
48 0900 t’WLVB EQTJ MULD Y+2 0
49 0900 MYLV I< EQU MYLVB+20
50 000i~ MULi~Y EQU MYLVE+20

Figure 0.1 Prom No. 1 Service Interrupt Handler Software
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INT E L 5~ ~i CROSS AS SEMBLER 14s33 s 02 09—MR . (7 PRGE 2

51 0000 t’IULBY EQU MULAY+20
52 0000 NCPOX EQTJ *H3D22
53 0000 N CPOY EQU 0H3D24
54 0o0@ PRJAX EQIJ •H3D26
55 @900 PRJBX EQU *H3D27
56 0000 PRJ~ Y E QU eH3D28
57 0000 P RJR Y EQIJ *}13D29
5~ 0000 PRL OX P QU *H3D2 1~
59 0000 PRLBX EQU *H3D2B
00 @000 PRL~ Y E QU *H3D2C
dl  0000 PRL BY EQt J *H3D2~
62 13900 PVL~X EQU *113D2E
63 @00 ) PVL R ~ EQ U *}{3D2F
64 0000 PVL~ ? EQU •H3D30
65 0000 PVL B Y EQ U *H3D3 1
66 @i)t313 RSTRT E GU *H3D40
67 01)00 R I N T  EQ U *H3D34
68 0000 TSTRT EQIJ *H3D47
69 @000 T I N T  LOU *H3D38
70 0000 X E I U  *H3D3A
71 0’)0@ XV EQ U *H3D3C
12 0000 XFL~ G LOU ~H3D3E

~‘3 ( ‘i)ØØ YFL~iG E QU *}{3D3F
0000 USCMD EQU •HEsOED

75 (‘t)0O USDiiO EQU *HO0EC
76 0000 USD~~I LOU *HOOEE
77 i’~~~~ PRTcd EQU •H0000
73 0000 PRT~~I E QU *1(13001
79 090’) PRTC I EQU *1(0092
80 0000 PRTh 2 LOU *1(0003
81 ‘3060 PRTB2 Et~U *HE)0E5
82 0000 PRTC2 LOU *110000
83 0000 PRTD 1 EQU *H0001
84 0’)00 PRTD2 LOU *1(0002
85 00013 PR TD3 EIILI
36 Øi)30 P JO II EQU *}{OOE?
87 @1)00 P101 2  EQU *HOOEB
88 Ø:)ØØ MDI.J 1 EQU *1(0098
89 0000 MOW2 LOU *110082
90 0000 N I  E QU *H0001
91 @‘)00 i~2 EQU *110003
9 -~-)00 ~R~ET EQU CHEA
93 O’)00 1<YB D1 EQU *1(800
~4 Ø )ØØ KYBD2 EQU aH9AB

~5 0900 COMP~ R LOU *1(816
96 01)00 ORG 0
97 9 ’ Ø ~j  F3 0 1
q8 01)01 3IFF3C L~ 1 SP.*H3CFF
99 01)04 CDO1O1 Cj).LL I N t l

1130 000? 3ECO M’lI fi.*HCe

Figure D~1 Prom No. 1 Service Interupt Handler Softw are (Continued)
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INT E L ~. 3 CROSS ASSEMBLER 14.33i09 09—MR. (7 PAGE 3

10 1 0009 328A3D 5Th OSTAT
102 000C 2F CM~103 i300D D3E A O1JT PR SET
104 000F 3EC7 M’iI A. *HC7
105 00 11 2F
106 00 12 D3E A OUT PRSET
107 0014 CDC30 I CiILL SETUP
108 0017 FB E l
1139 0i ’~18 0604 M’1I B. *1104
110 0t)1~ 78 LEDS: MOV A.B
11 1 OO1B CDS1O9 CiILL OUTPT
112 @O1E 3E 11 M’iI ch*Hl1
113 0)20 80 ADD B
114 0021 47 MDV
115 0022 FE S9 CPI *H59
116 0’)24 C2 1A00 JN Z LEDS
117 002? CDfl4 0 1 Cu LL ZERO
118 002A 76 HLT
119 0028 ~EFF N’!!
120 002D 2F CMA
121 002E D3E~ OUT PRSET
122 0’)3@ C33300 B RI4RD : JIIP FR WR D
123 0033 C33000 FRWRD : J I I P  BYL.IRD
12 ..4 0036 Dl ;
125 0038 C5 SRV : PUSH B
1 26 13039 D 5 PU SH D A
127 003~ ES PU SH H i V REG
126 003B F5 PIJS H PSI4 11 ISTERS
129 003C 0801 114 Ni i INPUT LAST 3 BITS OF PROJ X
130 003E F 6 J F  OR ! C H IF
131 0040 FE 1F CI ’ !
132 0042 C~ 5D00 J;: PT?
133 0045 4? MDV B .A
134 0046 3EC O M ’J !  A. *HCO
135 0048 2F CMh
136 01)49 D3E~ OUT PR SET
137 0948 3EC? M’1 I A. *HC7
138 004D 2F CMA
139 004E D3EA WiT PRSET
140 0050 78 MDV
141 0’)5 1 2 17B 00 L < I  H .JTAB
142 0054 07 LOOP i R1.C
143 o~~rc Dfl7300 ST
144 0058 23 lOX H
145 0059 23 lOX H
146 005A C35400 JIIP LOOP
147 0050 DB03 PTY~ I N N2
148 00SF F 6 I F  OR! *H 1F
149 906 1 47 Mi)V B .A
150 0062 3EC0 M’1t A.

Figure 0-1 Prom No. 1 Service Inte rupt Handler Sottwar e (Continued )
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INTEL 8~~~ CROSS ASSEMBI.ER 14,33t16 09—MR s (7 PAGE 4

151 0064 2F CIIA
152 0065 D3EQ OUT PRSET
153 006? 3EFF Mit  L *HFF
154 0069 ZF CMA
155 006A D3EA O u T  PRSET
156 006(.. 78 MDV A,B
157 @O GD 218300 L~{1 H.JTAB+ 8
158 0070 =35400 JI-IP LOOP
159 0073 FB ST. E l
160 0074 EB XCHG
161 0075 1i~ LDAX D
162 0076 6.~’ N OV L . A
163 Ot)7,~ 13 lO X D
16-4 0078 18 LDAX 0
165 0079 5? MDV H .R
156 @078 ES PCH L
167 007R 8B00 JTAB : 01.1 !EE T
168 0’)?D 9100 UN ~B2 i U A
169 007F 9700 014 COMPR i N B
170 0081 ~lC00 ON DBRF
171 0083 9000 DO RXRDY P L
17L Ot)85 8390 DO TXRDY E
173 0037 89013 DO S?SCLX 2 S
174 0089 8C00 DO DBRF
175 008B C00008 ~B 1: C u L L  ~YBD l ; S E R V F C E
176 008E C38C00 JNP DBRF i
177 0091 CDABOS ~B2: CilLL ~YBD2 ROUTINES
178 0094 C38C00 Jr-i? DBRF
179 0~

)97 CDIEOO COMPP: CD~LL COMPA R FOR
130 0093 C38C00 JMP DBRF i
18! 009P CL i SOO l RXRD YI CuI LL P H INTE R
182 0080 C38C00 JO? DBRF
183 0083 CD2D0 1  TXRD ?i CuI L L TX RUPTS
184 @086 C33C00 JtiP DBRF :
185 0089 CDL 100 SYSCL~ : Cu LL SYS
186 ODA C F l  PBRF : POP PSI4 i REST
1~ T 008D El POP H i ORE
188 @OAE Dl POP 0 REGIS
189 OOAF Cl Po P B TERS
19€) O3OBO CS RI(T
19 1 OO B I 214730 SYS~ L1{I H.TSTRT
192 00B4 7E MDV AM
193 @OBS D3EC OUT USD80
194 00B7 2B DCX H
1’~5 0038 22383D SIILD TINT
196 0OBB 2 1403D L :< I H. RSTRT
197 @oBE 223430 SHLD PINT
198 00C 1 21 3F 3D LX I  H .Y FL AG
199 130 C4 3E00 M’ll A. *H00
200 O O CS 77 MDV M.9

Figure D-1 Pro m No. 1 Service Interupt Handler Softw are (Continued)
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INT E L 8. .u CROSS ASSEMBLER 14.33.23 09-MR. .7 PAGE 5

20! ) l )C7 213E3D LX! H.XPLRG
202 OO CA 77 MDV M .8
‘.OJ OO CB DB 00 114 PRT AI

204 @O CD 2F CMA
205 0OCE J2263D STA PRJAX

06 OOD I 030 1 114 PRTE 1
207 0003 2F ClIA
206 0o04 E O I F  AN ! cH ip

09 00D6 322730 STA PRJBX
210 0u ’D9 DB O IN PRTC 1

-
- .21 1 00 DB 2F ClIA

212 UO DC 32283D STA PRJAY
21 3 0DDF 0303 IN PRTA2
214 OOEI 2F C118
21 5 00E2 L61F ~Th1 eHIF
216 00E4 32293D STh PRJB Y
21 7 O~ E7 382E3D L DA PVL AX
218 OO EA 2F Cr19
4u9 0I)EB 0300 i)1~T PRTC2
L.20 OilED 382F3D ~~~ PV LBX
22 1 oOFO LO OP 801 *H0F
222 OOF2 )2 F3D ST.~ PV LBX
223 00F5 383 13D LIlA PV ~Y
224 OOFO EGF 0 314 1
2 . 5  OOFA 57 MDX? 8.8
226 0O FB 332F3~) LD9 PV LB X
227 OOFE P2 uRA D
2’8 00FF 2F Cr18
229 0r00 030 1 )1iT PRTD 1
23€) 0 102 33303D LDA PV LAY
23 1 0 105 2F ClIA
232 0 106 D362 O~JT PRTD 2
233 0 108 DB~ 4 PORT . 10 *HE4
234 0 108 67 RJ .C
235 010B D A I l O !  Jo; SCND
236 O I O E  D20801 JOC PORT
237 0 1 1 1  DBE4 SCND . 10 *HE4
238 0 113  @7 RLC
239 0 114  07 PLC
240 0115 D 2 I I O I  JI4C SCND
241 0118 DBE6 IN PRTD3
242 0 1 18 C66@ AD ! *1160
243 OI1 C 32103D SIR DEIX
244 OII F DBE 5 IN PRTB2
245 0 121  C680 81) 1 *1180
246 012 3 32 113D SIR DETY
24? 0 126 CD0e)04 C3LL YAW
248 0 1 29 CD000 C Cu LL PITCH
249 012C CS RET
250 0120 29383D TX. LIiL D TENT

Figure 0-1 Prom No. 1 Service Interupt Handler Soft ware (Continued )
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INTEL 8.. .i CROSS RSSEMBI.ER 14.33.30 e9—Mn. .7 PAGE 6

251 0t30 70 NoV
252 0131 FE4S CI’! *1(45
253 01 33 CR4101 J~ YF
254 0136 D84001 J: ET
255 ~ t39 7E CONT. NOV 8.M
256 @138 ZB DCX H
257 @ 13 8 22383 1) SHLD TINT
258 1313E D3EC OUT USD80
2~9 0(40 CS ET: RET
260 @ 141  2 13F 3D YF. LXI H .YFL A G
201 @144 ?E MDV AM
262 @145 C680 AD! *H50
263 @ 147 7? N OV M.R
264 0148 IF  R8R
265 0149 28383D LEL D TINT
266 @ 14C D9390 1 JC CONT
267 014F C9 RET
268 0150 28343D RX. L1LD PINT
09 @153 70 MDV 9.L

2713 0 154 FE44 CP I  *H44
271 o156 C8780l J~ CM
272 0159 DBEC 114 USD80
273 OJSL 77 MO? M.A
274 0 ( SC 23 lOX H
275 @ 1 5 D  22343D S1{LD P I N T
270 @ 160 70 MDV 8. L
277 OtOl Fc42 CPI *1142
27 13 0163 C87301 J:: 3M
279 0 166 F (43 C1’ I *1(43
280 ‘3lE6 CH6C0I ) .  AM
281 0 1 G B  C9 RET
282 @16C 23383D AM. L~~ D TINT
263 016F 7E NOV R.M
284 0170 D3EC OUT USD80
285 @ 1 7 2  C9 RE T
286 0173 213E3D 3M. L XI  H. XFL R G
287 0 176 3E 01 N’!! R. e}!Ol
288 0178 7? MDV M.8
289 0179 C9 RET
29€ ’ @ 17 8  280E3D CM, L!U.D CPLAY
291 0170 220830 S1U.D CPOAY
292 0 ( 80  C9 RET
293 0 181 3E96 I H I T .  N’!! A.IIDWI
294 0 163 D3E ? OUT P 10 11
295 0185 3262 I N I T 1 .  M ’!I A.MD1 .~~
296 0 167 ~3EB OUT P 10 12
297 0189 AF UCLEAR. XRR A
298 0~ 8A D3ED ouT USCMD
299 O I 6 C  D3ED OUT USCMD
300 018E D3ED OUT USCMD

Figure 0-1 Pro m No. 1 Service Interupt Handler Software (Continued )
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INTEL 6.  ., CROSS ASSEMBLER 14.33.37 09—MR. . 7 PAGE 7

301 0190 3E40 MTI R.eH40
302 0192 D3ED OUT USCMD
303 0194 326E Mi! R.*H6E
304 0196 D3ED OUT USCMD
305 0196 3E37 Mi! R.*H37
3o~6 0199 D3ED OUT USCMD
307 019C DBEE 114 USD81
308 019E DBEE 114 USORI
309 0190 AF XRA A
310 0181 D3EC OUT USD80
311 0183 C9 RET
312 0184 210000 ZERO ’ LXI H.*H0000
313 0187 223831) SIiLD .1(31)39
314 ‘3138 223C3D SIiLD *H3D3C
315 OIA D 22603D S~~D *1(31)60
316 0 (B” 22703D SHLD *H3D7O
317 0133 22743D SHLD eH3D?4
318 0L36 22783D S1(LD *113078
319 0 1B9 22EE3F SIfl. D *H3FEE
320 013 C 22E83F SEL D eH3FEA
32 1 @ IBF 22EC3F S1~LD *H3FEC
322 01 C2  CS RET
323 01 C3 AF SETUP ’ XRR A
324 01C4 32E03F SIR FIRST sFIRST O. THE N FIR ST FF
325 O I C 7 CD I 4 OA CoaL SETML
326 01CR 3EPF MI! 8.*RPF
327 01 CC 32E03F SIR FIRST
326 01 CF CS RET
329 01D 0 EN D

Figure 0-1 Prom No. 1 S~-erv ice Interupt Handler Software (Continued)
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5- - - , -- -~~~~~ - - -- -- ~~~~~~55 5-- - --_-- ‘ -5 — 

INTEL f308r~ ..9OSS ASSEMBLER SYMBOL TABLE

PVLBX- :3D2F PVLRY- :3D30 PVLBY - 3D3 I RSTRT- 3D40
PINT - :3034 TSTRT- :3D47 TINT - 3D36 X • 3D38
XY • :3D3C XFLRG- :3D3E YFLAG - 3D3F USCMD - 1)OED
USD80- OOEC USD81- ‘3@EE PRT A1 - 0)000 PRTB 1- 1)00 1
PRTC I -  0)002 PRTA2 - 0003 PPTB2- OOE S PRTC2- ‘3000
PRT DI-  0300 1 PRTD2 - 1)002 PRTD3 - 00E6 PRSET- IIOER
COI’IPA- 0616 LEDS 0)019 BKWRD 0030 FRWRD 0033
SRV 0038 LOOP 0)054 PT? 0058 ST 0073
JTRB 0073 COMPR 0097 RXPDY 009D TXRDY 0093
SYSCL 0)099 ~YS 0031 PORT 9108 SCND 0 )11 1
TX 0120 CONT .3139 ET 0140 YF 13141
RH 0)150 H i - 1)001 1(31 OO8~ 1<B2 .109 1
N2 - 0)003 3M 0 173 CM 0178 8 - 0)007
I N I T  0) 18 1 !N!T 1 1) 185 B — 0000 UCLE A 0) 169
ZERO 0)194 C - 0)00! SETUP 91C3 D - 1)002
F • 1)003 KYBD1- 0)600 KYBD2- o)9~~ P101 1- 0@E7
MDI41 - 009B MDW2 - 0082 P 1012 - OOEB DBRF O0AC
RN 016C H - 0004 CAMAX- :3000 CAMBX- 3D@1
CR118?- 3D 02 CAMBY - ;3D03 CCMRX- :3D04 CCMBX- ;3D05
CCMA?- :3D@6 CCM BY- 31)0? PITCH-  0)C00 CPOAX- :3D08
CPL RX - :ID0C L - o)005 CPOBX- :3D09 CPORY- :3DeA
P1 = ‘)006 SETML - 038 14 CPOB Y- :3D0B u-I R S T • :3FEe
CPLBX- :3DOD CPLAY- ;3D0E OSTAT- :3D68 CPLBY- :3D0F
DETX - 3D 10 YAW - 1)400 DETY - :3011 IPRJX - ;3D 18
SP = 0006 IPRJY ~ :3D 1c IP OSH - :3D 1E OUTPT- 0981
IPOSY - :3020 MULCX- :3D90 PSW - 0)006 MULOX- :3D84
P 1XLVB- :3DB8 MXLVI<- ;3DC c MUL AX - ;3DE0 MULBX- ;30?4
MULC Y- :)E08 MULDY - ;3E 1C MYLV B - :3E30 MY LYK - ;3E44
MUL AY- ;3E56 MULBY- ;3E6C NC P OX 3D22 NCPOY - 3D24
FRJ RX- ;3D26 PRJBX- :3D27 PRJ AY- ;3D28 PRJ BY- :3029
PRLciX- :3D2A PRLBX- :?D2B PRLRY- 3D2C PRLBY- 3D20
PVL AX - ;3D2E

ERRORS DETECTED: 0

Figure D-1 Prom No. 1 Service Interupt Handler Software (Concluded)

137



I
INTE L 6....d CROSS RSSEMBLRR 14.33.20 09—MR s ~7 PAGE

1
2
3
4
5 SYSTEM EQUATES
6 $
7 $

8
9 $
10
11
12 00)00 CAP1IIX EQU *H3D00
13 00300 CAMBX ENU *11300 1
14 0000 CR118? EQU *1131)02
15 01)00 CAMBY EQU *113003
16 00)00 CCNRX EQU *113D46
17 01)00 CCMAY EDU *113044
18 01)00 CPORX FUn *1131)40
19 @1)00 CP OBX EQU *113D41
20 01)00 CPOAY EQU *H3042
21 0000 CPOBY EU U *1131)43
22 0000 CPL R X ~UtJ *H300C
23 00)00 CPLBX ED U *II300D
24 01300 CPLQY LOU *11300E
25 0(309 CPLB? ROll •H3DOF
26 @003 DETH EQU *1130 10
27 01)00 DETY EU!! *H3D II
28 01)00 DDOTX EQU *113D12
29 00)00 DDOTY LOU *1131) 14
30 00)00 DOT I X LOU *113016
31 00)00 DOT!? EU!! *113018
32 00)00 IPRJX LOU *H3DIR
33 00)00 IPRJ? LOU *H3D1C
34 00)00 IPOSX EU!! *H3D13
35 @0100 IPOSY EU!! *113020
36 0900 MIILCX LOU *113D90
37 @ooe MULOX LOU MIJLCX+20
36 0000 MXLVB LOU MULDX+2 0
39 @1)00 MXLVI( EOU MXLVE+2$
40 01)00 MULAX LOU MXLV~(+20
41 01)00 MULBX EOU MUL RX+2@
42 01)00 MULCT EOU MULBX+2$
43 0000 MULD? EU!! MIJLCY+20
44 00)00 MYLVB LOU MULDY+20
45 00)00 MYLVI( EU!! MYLVB+20
46 @0)00 NUt A’! LOU MYLVX+2@
47 @000 MULBY LOU MULA Y+2 @
46 0900 MICH LOU MULBY+20
49 01)00 MICHY EQU M I CH+ 20
50 00300 CMIV LOU M!CHY+20

Figure 0.2 Prom No. 2 Yaw Control Software
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INTEL ~~~~ CROSS ASSEMBLER 14.35.38 09—MR s -77 PAGE 2

51 0000 CM I X LOU CMIY÷ 2 0
52 0900 TOR QY EU!! CM !X+20
53 01)00 TOR QX LOU TORQY+20
54 09oo~ PTQX LOU TORQX+2 @
35 01300 NC POX LOU *H3D22
56 00)00 HCPOY ~OU *H3D24
57 00)00 PRJAX EOU *H3D26
58 01)00 PR.JBX LOU *H3D27
59 00)00 PR-JAY EU!! *H3D28
6€) 0000 PRJ BY EOU *H3D29
61 0000 PRL RX EU!! *}f3D2A
62 0000 PRLB X EQU *113022
63 00)00 PRLPLY EU!! *H3D2C
64 0000 PRLBY LOU *H3D2D
65 0000 PVL RX EUU *113D2E
66 0000 PVLBX EU U *H3D2F
67 0000 PVLRY EOU *H3D30
68 00)00 PVLBY EOU *H3D3 1
69 ‘3000 PINT LOU *H3D34
70 Oo )@@ TINT LO U *H3038
7 1 @0)00 H EU U *H3D38
72 0000 XY EU!! *H3D3C
73 00)00 XFLAG LOU *H3D3E
74 00)00 YFLAG LOU *H3D3F
75 0000 DELY LOU *1131)65
76 0000 ICWI EU!! *~31)7Ø
77 00)00 CDEL LOU eH3D72
78 00300 CI? EUU *H3D74
79 00)00 USD80 EU!! *He0EC
80 00300 PRTA1 LOU *1(0000
81 0000 PRTB I EOU *H0001
62 0000 PRTC I LOU *H0002
83 @0)00 PRTR2 EOU *1(0003
84 0000 PRTB2 EOU *H00L5
85 00)00 PPTC2 LOU *110000
86 0000 PRTD I EOU *1(0001
87 0000 PRTD2 LOU *H0002
88 @1)00 PRTD3 LOU •H00E6
89
90 $ SYSTEM COMPENSATION NE114ORI(
Si
92
93 0400 ORG *1(4ØØ
94 @40 0 292C3D YAW . L!iL D PRLAY
95 0403 LB XCHG
9€. 04@4 382930 LI)A PRJBY
97 0407 L6 1@ RH ! *1(10
98 0409 FE IO Cl’ ! *11(0
99 @403 C2 1604 JNZ RA

100 040L 39293D LOR PRJBY

Figure D-2 Prom No. 2 Yaw Contr ol Software (Continued )
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INTEL ~~~~ CROSS ASSEMBLER 14*35*45 09—MR s P7 PAGE 3

101 0411 C6E @ 81)1 *HE0
102 0413 32293D SIR PRJBY
103 0416 28283D RAt LELD PRJAY
104 0419 CD4305 C8LL MINUS
105 041C 19 1) 0.0 D
106 0410 CD4305 C0.LL MINUS
107 0420 EB XCHG
108 042 1 CD083E COIL MULCT
109 0424 22 143 1) SHLD DDOTY
110 ‘3427 DBLC IN USD80
111 @429 3A113D L1)A DETY

= 112 042C FF04 CI’! *1104
113 042E P24004 JI’ PAR
114 @431 FEFC CP!  *HFC
115 0433 F33804 JM MAN
116 0436 3E00 11’!! 8.*H00
117 0438 C34204 iMP 1MG
h G  0433 C604 MAN . AD! *1104
119 0431) C34204 JMP IN G
120 0440 C6FC P88. AD ! *HFC
12 1 0442 53 INC. M I ) V L.A
122 0443 FF00 Cl3 ! *1100
123 0445 3E00 N’!! A.*R00
124 0447 P24804 JI’ ZP
125 04~8 ZF CMR
126 0.443 5? ZP. MDV D.R
127 044C C D I C 3 E  COIL MULDY
128 0443 EB XCHG
129 0450 28143D LIiL D DOOTY
130 0453 19 D0.D D
131 0454 LB XCHG
132 0455 78 MDV 8.D
133 €1456 07 PLC
134 @457 D96404 JC FIVE
135 0458 2 I CCFF  L~~I H.*HFFCC
136 @45D 19 DOD 0
137 @45L D87204 JC PL
138 046 1 C36B04 JMP TWO
139 0464 21340 0 FIVE t LXI H. *R@034
140 0467 19 DOD D
141 0468 D27B04 JI4C ML
142 046B LB TWO t XCHG
143 046C 22023D SIIL D CAMAY
144 046F C38404 JIIP EXT
1-15 0.472 2(3400 p1., L~ I
146 0.475 22@23D S~~D CR118?
147 0476 C38404 JIIP EXT
146 047B 2ICCFF MLi LX!
149 04?L 220230 SHLD C AMAY
150 0461 C36404 JMP EXT

Figure 0-2 Prom No. 2 Yaw Contro l Software (Continued )
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INTEL 6~.,A CROSS ASSEMBLER i4.35i52 @9—Mk~ P7 PAG E 4

151 1

152 CAMERA SERVO
153
154 0484 38433D EXT . LD9 CP OBY
155 0487 L6 1F RN! *1113
156 0489 324330 518 CPOBY
157 048C E6 10 RN! *1110
158 048L FE 1O CPI *1110
159 0490 C29B04 JI4Z WP
160 0493 38433D LDR CPOBY
161 0496 C6EO AD I *HE0
162 0498 32433D SIR CPOBY
163 0493 284230 WP t LHLD CP08Y
164 049E CD4305 COIL MINUS
165 0481 22243D SHLD NCPOY
166 0.484 EB XCHG
167 0.185 ~R0E3D LI {LD CPLR?
168 04A8 IS DOD D
169 0489 22F03F SHLD *H3FF0
170 @.18C 29 DOD H
171 048D 29 DOD H
172 048E EB Xc:HG
173 048F 28423D LI {LD CPOAY
174 04B2 220E3D SIIL D CPLAY
175 0435 78 MDV R .D
176 04~6 07 ~LC
177 0437 D2C404 iNC OGDR
178 0.438 211 1 01 LXI H.*H111
179 04BD 19 DOD D
160 O4BE D2D4 04 JNC DECR
181 @.4C 1 C3D 804 iMP MUL
162 O.4C4 2 1LFF L OG DR t LXI  H .*HPEEF
183 @4C? 19 DOD D
164 O.4C8 D8CE04 JC LMA R
185 O4C B C3D804 iMP M~~.
186 O4CE 210040 LMAR: LXI H,*H4000
187 0.40 1 C38D04 iMP FLTR
162 0404 2 100C0 DEC P . LXI  H.*Hc000
189 @41)? C3DD04 3M? FLTR
190 0.108 CD303E MUL . CALL MYLVB
191 04DD CD4B05 FLTR . CALL SHIFT
192 @4E0 CD4805 CALL SHIFT
193 04L3 LB XCHG
194 04E4 23603D L~~D *1(3080
195 0.1E7 19 0110 D
196 04E3 LB XCHG
197 04~ 9 228030 SHLD *113000
196 04E 28823D L~~ D *H3D82
199 04EF CD4B0 S CAL L SHIFT
200 0.1F2 13 DOD 0

Figure 0-2 Prom No. 2 Yaw Control Software (Continued )
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INT EL 6~...,d CROSS ASSEMBLER 14.33.59 09—MA t (7 PAGE 5

201 0433 22623D SIiLD *113D62
202 04F6 22183D S~~D DOT!?
203 04F9 28023D LELD CR119?
204 04FC LB XCHG
205 @4FD 283C3D LIILD X?
206 0500 19 DiID 0
207 03~ ( LB XCHG
206 0302 78 MDV 8.0
209 0503 07 PLC
210 0304 081205 JC PAP
211 050? 21D0E2 LXI
212 0308 19 DAD D
213 0303 DAIDO5 it: ONE
214 @30E EB XCHG
215 050F C33205 JIIP TI-IRE
216 0312 21041E PAP. LXI H.*H1E04
217 0315 (9 DOD 0
218 0516 o)22905 JNC FOUR
219 0519 LB XCHG
220 0318 C33205 iMP THRE
221 051D 2 10000 ONE . LXI 11.0
222 @520 22023D S1~~D CR1’IRY
223 052 L 21301D LXI H,*H1030
224 0526 C33205 JMP THRE
225 0329 210000 FOUR . LXI 11,0
226 032C 220230 SIILD CAMAY
227 032F 21FCEI LXI L*REIFC
228 0532 222C3D THRE: SHLD XY
229 0335 EB X~HG
230 0336 28243D LIIL D NCPOY
231 0339 29 DOD H
232 0538 29 DOD H
233 033B 19 DOD 0
234 053C 22723D SXLD CDEL
235 033F EB XCHG
236 0540 C30006 3M? *H600
237 @543 ?C MINUS ’ MDV f i ,H
238 0544 2F Cl-IA
239 0345 67 MDV 11.9
240 0346 7D NOV
241 0547 2P CMR
242 0548 6F MDV L.A
243 0349 23 nIX B
244 0348 CS RET
245 0346 7C SH!FTt MDV
246 034C 07 PLC
247 034D 7C NOV
248 034E iF PAR
249 034F 67 MDV 11.8
250 0550 7D MDV 8.L

Figure D.2 Pro m No. 2 Yaw Control Software (Continue d)
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INTEL 80~0 CROSS ASSHMBLP.R 14.36.06 09—MR’r— f7 PAG E 6

251 055 1 IF PAR
252 0352 63 MDV L.a
253 @353 C9 RET
254 0354 END

Figure D-2 Pro m No. 2 Yaw Control Software (Continued )
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INTE L 6.. ..ô CROSS ASSEMBLER 14.37.26 09—MA 77 PAGE

1 $ ***********
2
3 $
4 $
5 SYSTEM EQUATES
6 1
7 $
8 $

9 1
10
I I  $
12 01)00 LAGH LOU *H3FOC
13 00)00 LACY LOU *H3F20
14 00)00 CDLL LOU *113D72
15 00)00 LOT EUU *H3FEC
16 01)00 CAMAX LOU *113D00
17 0000 CRMBX EQU *H3D01
18 00)00 CAMIIY EQU *H3002
19 0000 CANE? LOU *H3D03
20 0000 CCMAX EUU .1(3046
21 0000 CCMAY LOU *H3D44
22 0000 CPO9X EOU *H3D40
23 0000 CP OBX L OU *H3D4 1
24 0000 CPORY EDU *H3D42
25 01)00 CPOBY EOU *H3D43
26 0000 CPLAX LOU *H3DOC
27 0000 CP LB X LO U *H3D0D
28 01)00 CPLRY Er)!! •H3DeE
29 0000 CPLE? EQU *H3DOF
30 01)00 DETX LoU *H3D10
31 0000 DETY LOU •H3011
32 00)00 DDOTX EOU *113012
33 01)00 DDOTY EUU *H3D 14
34 ‘30)00 DOTI X LOU *H3D 16
35 00)00 DOT!? LOU *1(3016
36 01360 IP RJ X LOU *H3D1A
37 0000 IPRJY EOU *H3D1C
38 0000 IPOSX LOU *H3D1E
39 0000 IPOS? EUU *H3D20
40 00)00 MULCH EO’i *H3D90
41 00)00 MULDX LOU MULCX+20
42 0000 MXLVB LOU MULDX+2@
43 0000 MXLV I< EOU MXLVB+20
44 0000 MUL8X LOU NXLVE+2 @
45 0000 MULBX EUU MULRX+20
46 01)00 MULCY LOU MULBX+2@
47 @1)00 MULD? LOU MULCY+20
46 01)00 MYLVB LOU MULDY+2 0
49 0000 MYLVI( EOU MYLVB+20
50 01)00 MULAY LOU MYLVK+20

Figure 0-2 Prom No. 2 Yaw Control Software (Continued)
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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INTEL b. ~~ CROSS ASSEMBI.ER 14*37.49 09—Mk~ 77 PAGE 2

SI 01)00 MULBY LOU MULR?+20
52 Øo)eO NICE LOU MULBY+20
53 01)00 MICHY LOU MICH+20
54 00)00 CMI? EUU MICHY+20
55 00)00 CMIX LOU CMIY+20
56 00)00 TOROY EU!! CMIX+20
57 00)00 TOR QX LOU TORQV- ’-2@
58 01)00 PTQX EUIJ TOROX+20
59 00)00 NC ’OX LOU *H3D22
60 00)00 NCPO? EU!! •H3D24
61 00)00 PRJAX L OU *H3D26
62 00)00 PRJBX EQU *H3D27
63 0000 PRJIIY EU!! *113026
64 0’)00 PR JBY EU!! *113D29
65 00)00 PRLAX L OU *H3D2A
66 Ø0 ’3Ø FRLB X L OU *}13D2B
67 006P PRLAY EOU *H3DZC
68 0000 PRL BY LOU *113D2D
69 Oo)00 PVLAX LOU *}j3D2E
70 0000 PVLBX EOU *H3D2F
71 0000 PVLHY Et)U *H3D30
72 0000 PVL RY EU!! *H3D31
73 @0)00 R I N T  LoU *}j3D34
7~ ~ 0’3Ø T I N T  ED!! *H3D38
75 0000 H LOU *H3D38
76 ~1-l00 LOU *H9D3C
7? 00)00 XFLAG LOU *H3D3E
78 00)00 YFLAG E~ U *H3D3F
79 00)00 ~ELY LOU *113D68
60 ‘3000 I CHY ED!! *H31Th3
81 00)00 USD80 EDU *H€t0EC
82 31)00 PRT~ 1 LOU *110000
63 01)00 PRTB I LOU *H0001
64 0000 PRTC 1 LOU *1(0002
65 00)00 PRTII2 EU!! *110003
86 00)00 PRTB2 LOU
87 01)00 PRTC2 EDU *110000
88 00300 PRTP I Et)!! *1(0001
69 0000 PRTD2 LOU *110002
90 0000 PRTD3 LOU *H00E6
91 0o 00 ORG *H600
92 Øo ØØ 78 MDV 8.0
93 010 I @7 RLC
94 0o,02 DA1506 JC YMI
95 oo;Ø5 2i00F0 LXI H.*HF000
96 0~0O 19 balD D
37 Øo,Ø9 D80F06 Jo: ?LM
98 eo cl C C32506 iMP Ky
39 Ch OP 210040 YLM. LXI H.*H4000
100 oo;12 C32006 JIll’ YE

Figure 0-2 Prom No. 2 Yaw Control Software (Continued )
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INTEL 8~~~ CROSS ASSEMBLER 14a37s56 09—Mn. -‘7 PAGE 3

101 0h;1S 210010 Th!. LXI H.*H1000
102 0o~16 19 DOD D
103 0619 D21F06 iNC YDE
104 ~6!C C325@6 JMP
105 Oo,1F 2100C0 YDE. LXI H.*HC000
106 0622 C32806 iMP YE
107 @625 CD443L KV: CALL MYLV1<
108 0628 LB YE. XCHG
109 01 29 ZA1B3D LIiL D DOT!?
110 0N2C 19 DOD D
i ll 062D EB XCHG
112 002E 79 MDV 8.D
113 Ohi2F 07 RLC
114 00 30 D94306 JO: 1<80
115 00)33 2IBCFB LXI H.*HFBBC
116 0636 19 DAD D
117 063? D83t06 JC OH
118 0638 C35306 3M? GOSH
119 O6dD 210040 OH. LXI H.*R4000
120 0640 C3S606 JMP OSH
121 @643 21440 4 KAD . LXI H. *11444
i2~ 0o 46 19 DOD D
123 0647 D24D 0b JHC WOW
124 0649 C35306 MI? GOSH
125 0640 2100C@ WOW . LXI H.*11C000
126 0650 C35606 iMP OSH
127 0653 CDDO3E GOSHi CALL TOROY
126 0656 22443D OSH : S1{LD CCMR?
129 $

130 iPROJLCTOR SERVO
131
132
133 0659 CD8C07 CALL LAG
134 o63C 28723D LHLD COEL
I~ 5 06SF EB XCHG
136 0660 79 MDV 8.0
137 0661 07 R1.C
136 0662 D26F06 iNC
139 @665 210004 LXI H.eH400
140 00i 6 19 DOD D
141 0669 D27906 JNC LARGE
142 @hi6C C38606 iMP GO
143 0663 2IOOFC VY?. LXI H.*HPC0@
144 eo,72 19 DOD D
145 @673 D87906 JC LP.PGE
146 00,76 C36806 3M? GO
147 0679 283C3D LARGE . LIiLD XY
148 067C CDA4e7 CALL MINUS
149 0673 CD9807 CALL SHIFT
150 0662 CD9B 07 CAL L SHIFT

Figure 0-2 Pro m No. 2 Yaw Control Software (Continued)
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INT EL ~~~~ CROSS RSSEMB).ER 14.36.03 09—MR’i— P? PAGE 4

151 0665 222430 SIfl.D NCPOY
152 0608 2fi283D Got L1U.D PRJAY
153 0o;8B CD9407 CALL MINUS
154 068E 221C3D SIILD IPPJY
155 0691 EB XCHG
156 0692 28243D L1~~D NCPOY
157 @‘9S 19 DOD D
158 0696 226830 SHLD DEL?
159 0699 LB XCHG
160 0698 78 MDV 9.0
161 0693 07 PLC
162 069C D23506 JN C OGD
163 06SF 216600 LXI H. *H0066
164 @682 19 DOD 0
165 0683 D28F06 iNC DEC
166 0686 C38C06 iMP BY
167 0689 210040 LMR . LX! H. *H4000
168 O6AC C3BF06 JMP IF
169 0683 2 100C0 DEC . LX I H. *HC000
170 0622 C33F06 JIIP IF
171 0635 219 9FF OGD * LXI
172 0628 19 DOD D
173 66B9 088906 JC LMA
174 O6BC CD6C3L BY: CALL MULBY
175 O6BF 22203D I?. SIiLD IPOST (
176 06C2 28683D LELD DELY
177 @6C5 EB XCHG
178 06C6 ~A NOV
179 06C7 07 PLC
18€) 06C6 020506 J(IC CLA
181 @6C3 213000 LXI  H.*H30
182 O6CE 19 DOD 0
183 @6CF 021307 iNC OUT
164 06D2 C3DCOG iMP GAIN
1(35 0605 ~ ID@FF CLAt LXI H.*HFFDO
186 06D6 19 DOD D
187 06D9 D A I 3 O ?  OUT
188 06DC CD943E GAIN : COIL MICHY
189 060P LB XCHG
19€ ) 06E0 28703D LI {L D ICH Y
191 06E3 19 DOD 1)
192 06E4 22703D SIiLD ICH?
193 06L? LB XCHG
194 @6E8 78 MDV 8.D
195 06E9 07 RI.C
196 06E8 D9F706 JC PA
197 06ED 2100C0 LXI H.*HC000
198 @630 19 DOD 0
199 0631 D80107 JC PB
20$ 06F4 C30C07 ill? PC

Figure 0-2 Prom No. 2 Yaw Control Software (Continued )
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INT E L b~....0 CROSS ASSEMBLER 14.38.10 09—MA . /7 PAG E 5

201 06F? 210040 PA . LXI R.*H4000
202 € ) o 39 19 DOD 0
203 Oo, F B 020607 iNC PD
204 06FE C30C07 iMP PC
205 070 1 2 10040 PB . LX! H.*H4000
206 0704 EB XCHG
207 070 5 C3eCO? MI? PC
208 0708 2100C0 PD. LX! H.*HC000
209 0703 EB XCHG
2(0 070C 292030 PC . LELI) IPOSY
2 11 I370F 19 DOD D
212 07 10 222 03D SI{LD [POSY
213 0713 2A2C3D OUT : L] {LD PRLAY
214 07 16 ED XCHG
215 0717 20.2631) L~~ D PRJA?
216 0718 222C3D SI LD PPLRY
217 @71D 291 C3D LHLD IP RJ Y
218 0720 19 DOD D
219 ‘3721 22F23~ SI {LD *113FF2
220 0724 29 TOAD H
221 @725 29 D u D  H
222 0726 29 DAD H
223 0727 29 DOD H
224 0726 29 DAD H
225 0729 EL XCHG
226 0728 2ALC3F LI{LD EOY
227 072D CD940 7 CALL MINUS
228 0730 19 DAD D
229 0731 29 DAD B
230 0732 EB
231 0733 78 MDV 9.0
232 0734 07 PLC
233 0735 D24~ O? iNC OGDR
234 0738 210004 LXI H.*H400
235 073B 19 DOD D
236 073C D2520? JN C DECR
237 07~ F C35807 JMP BXR
238 0742 2100FC OGOR: LXI H.*HFCO0
239 0745 19 DAD 0
240 0746 D84C07 JO LMRR
241 0749 C35607 MI? BXR
242 074C 210040 LMAR : LXI }h*H4000
243 074F C35B07 3M? IPR
244 0752 2100C0 DECR: LX! }h *HC000
245 07S5 C3S607 3M? IPP
246 07S6 CDS03L BXR : CALL MULAY
247 0759 CD9307 IPR. CALL SHIFT
248 075E CD9B07 CALL SHIFT
249 076 1 LB XCHG
250 ‘3762 28623D LI{LD *1(3062

Fi gure 0-2 Prom No. 2 Yaw Control Software (Cont inued)
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INT EL 8~~.ô CROSS ASSEMBLER 14.36*17 09—MA. (7 PAGE 6

251 0765 19 DOD D
252 @766 ED XOHG
253 0767 226230 S1iL D *1(3062
254 07~ 8 8643D L~~D *H3D64
255 0760 CD 990 7 CAL L SHIFT
256 0770 19 DOD D
257 @771 226430 SELD *113064
258 0774 LB XCHG
259 0775 292030 L1{LD IP O SY
260 0778 19 DAD 1)
261 0:’~’9 22303D SIiLD PVLA?
262 077C 29 DOD H
263 0:’7D 29 DOD H
264 @77E 29 DOD H
265 077F .9 DAD H
266 0760 7C MDV 9.11
267 @781 32303D STA PVLA?
2b8 0784 21 3F 3 D L XI  H .Y F LAG
269 o:’6~’ 7E MDV A .M
270 C788 C6OI lID! *1101
271 ‘3788 77 MDV N. 9
272 07C~ 07 RLC
273 076C 1)0.9007 JO ALT
274 070F ~9 R~!T
275 0790 29383D ALT: LELD TINT
276 07~~) 7E MDV A . M
277 0794 2B DOX H
278 0795 223631) SHLD TINT
279 0796 D3EC OUT USD90
280 @798 C9 RET
281 0798 7C SHIFT. MDV A .H
2(32 079C 07 PLC
283 0790 7C MUV 9.11
284 079E iF Ril~
2~3S 0733 67 MDV 11.8
2(36 0790 7D MDV
287 @791 iF RAP
288 0782 6F MDV L.A
2~9 @783 CS RET
290 0794 7C MINUS ’ NOV 8.H
2~ 1 0785 2F CtIA
292 0796 67 MDV H,A
293 0797 7D MDV 9, L
294 0788 2F Cr18
295 0799 6F MDV L.A
296 0798 23 nIX H
297 @ 799 C9 RET
296 078C 280230 LAG . L)iLD CANnY
299 078F 29 DOD H
30€) 07B0 29 DAD H

Figure D-2 Prom No. 2 Yaw Control Softwar e (Continued)
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INT E L &~~ CROSS ASSEMBLER 14.36.24 09—MA . /7 PAGE 7

301 0781 29 DOD H
302 @7B2 EB XOHG
303 07B3 2AEC3F LI~LD EOY
304 07B6 CDA4O 7 CAL L MINUS
305 07B9 19 DAD D
306 O7BA LB ~CHG
307 0799 CD883E CAL L CMI?
308 O7BL CD9B07 CAL L SHIFT
309 07C 1 CD9B 07 CuIL . SHIFT
310 07C4 CD9B O7 CALL SHIFT
3 11 07C7 CD9B0 7 CALL SHIFT
312 o;’CA CD9B07 CALL SHIFT
313 07CD C09B07 CAL L SHIFT
314 07D0 CD9B07 CALL SHIFT
315 0703 LB XCHG
316 0704 2AEC3F LELD EOY
317 0707 19 DAD D
316 07D8 22EC3F SaD LOY
319 ‘7DB C9 RET
320 07DC END

Figure 0-2 Prom No. 2 Yaw Control Software (Concluded)

150

-- --- -



INTEL f- .0 CROSS ASSEMBLER 11.25:50 27—MA . /7 PAGE

1 01300 ORG •H600
2 0(300 KBIN2 EQU *HE9 sKEYBOARD INPUT PORT
3 @800 PRSET LOU *HEA 5 INTERRUPT FLIP—FLOP PRESET OUTPUT £0
4 0003 LEDCM LOU *HE8 sLED AND COMPARATOR OUTPUT PORT
S 3~300 SEThL EUU *11914
6 o’0300 01< EQU *H864
7 00300 C~!aNG LOU *~H9528 8(300 RE ADA EQ~J ~LH3D 60 i 3D01) THRU 3083 IS ADDRESS IN F ORM ATIO
9 01300 REA DD LOU READA+4 s3D84 THRU 3D85 IS DATA INFORMATION

10 01300 READF EQU REA DD+ 2 ;3086 IS FUNCTION INFOR MA TIO N
11 0~30o~’ FSTAT ED!! RERDF +I s3D87 IS FUNCTION STATUS
12 01300 PS WE LO U FSTAT+ 1 ;F SAJ E IS THE RETURN LOCATION IN INTL
13 0 30’ OSTC~T L OU PSAVE+2 ;C ODE FOR EXPECTED KEYBO ARD INPUT
14 ~}~BRD I IS TH.~ FUNCTION 1<LYBOARD SERVICE ROUTINE
15 0000 DDE S K B R D I :  IN 1<BI N 2 ~ IHP 1JT FUNCTION I N FORM A TION
o6 0002 E6F0 AN! *HF@ ;NE ’RE ONLY INTERESTED III HIGH ORDER
17 0’~O4 47 MOV B.1i ;SAVE FOR LATER
18 01305 328630 STh REA DF S STORE I N F O R M A T I O N  READ
19 01308 FEB0 C P I  r~1(flO s I S  THIS A MAJOR OR MI N O Tt FUNCTION
20 0~30A i l I l F @ 8  JC FU HCT ~MlN OR FUNCTION—JUMP TO FUN CT
21 OSTAT=C.) NIElINS MAJOR FUNCTION IS EXPECTED
22 OST8T~20 MEANS M I N O R  MONITOR FUNCTION IS EXP E CTED

OSTAT = IS MEANS M I N O R  ~ET11L FUNCTION CH ANG OR O~() IS E~~ E
24 - : OSTAT =8 MEk NS NU MBER IS EXPECTED
25 z LDA OSTAT

- CPI *HC0
27 JNZ ERROR
28 0801) 78 M OOT 8.3
2~ c3l30.~ FEDO CP I  *Hfl03 ;F I N I )  P AR TICULAR MAJOR FUNCTION
JO 3~i 10 D0. 408 JC SETML sJUM P TO SETML IF ACC CO
31 @03 i~ C9B3 09 JZ START SJUMP TO START IF 8CC-DO
32 sCOMPR IS THE ENTRY P O I N T  WHEN A COMPARE INTERRUPT OCCURS
33 ‘3816 JE2 O CO M PR: MV! A. *H20 s MON I TOR OR COMP ARE INTERRUPT HAS 0CC
34 09 18 12393D STA OSTAT sGET READ? FOR MONITOR M I N O R  FUNCTION
35 01319 78 NOV 8.3
36 ‘3O3i C C32F.08 JMF M OHI TR
37 O O 3 i F  FE @0 F U H cr .  CI’ ! *1180 s CHLCJ ( FOR MONITOR MINOR OR SETIIL MIN
38 0821 D~2D08 JC D I A G  IF LESS THAN 60 IT’ S A MONITOR MINOR
39 : LDA OSTAT SCH E CK FOR SETML MINOR (UNCTION
40 ANt ~IIi 0
4~ J3 ERROR
42 @1324 78 MDV 9.3 sIS IT AN OK OR A CI’ANG
43 ‘30325 rE90 C?! *}j%

44 0(327 ~A64O9 JC 01< sI P ACC~ 80.OK
45 0(328 C35209 JMP CHANG

s O l A G  IS THE ROUTINE FOR MON I TOR MINOR FUNCTIONS
47 sDIAG : LDA OSTAT SCHECK TO SEE THAT THE
48 ANI *1120 FUNCTION SELECTED
49 JZ ERROR W8S EXPECTED
50 0(320 (9 018G . RET

Figure 0-3 Prom No. 3 Monitor Program
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INT EL I CROSS ASSEMBLER 11.26:06 27—M1~ /7 PAGE 2

Si  0132E 3E70 MO~J I TR : MV ! L*H70 ;GLT READY
52 ‘~03’3 92873D Sm FSTAT FOR SINGLE STEP
53 0933 3FD8 (lvi A, *HD6 sDI SP L AY ~D 0 ON HIGHEST
54 0835 CPa 10~. CALL OUTPT ORDER LED
55 0038 El POP H ;STORE THE OLD PROGRAM COUNTER AT LOC
56 00~ 9 228330 SHLLJ PSAVE PS9VE LOC A T I ON IN INTE RRUPT HANDLE

u~ 3C 2 10500 LXI H .8 ~P0 INT TO THE LOCATION CPU WAS EXECUT
58 ~~3F 39 DAD SF WHEN INTERRUPT OCCURR ED
59 ~i(34Ø 28 XCHG ;DI SP L R Y ADDRESS
E o ~ @(41 18 LPAX D OF IN STRUCTIO N

- - 51 0042 CDD 133 CA LL SPLIT •ro BE EXECUTED
62 - 

~~5 ~ (“ I X D AFTER RETURN
63 0’~46 10 LDA~ D TO ORIGINAL
6-1 0( 347 CDD308 CALL SFCND P~ OGT~AM
65 0(348 2E2 0 NEX T~ IV! 8. *H20 S PREPA RE FOR MONITOR MINOR FUNCTION
66 0~34C 3L8830 STh OSTRT
67 ~ 34F 76 HLT s W AIT FOR KEYBOARD INTERRIJPT
63 0(350 30.3630 LDA READF s LOA1) FUNCTION
69 0053 C~~1B09 A R N D : CALL JUMP iJUM P T’) APPROPRIATE
70 0t356 !~9 PCHL ROUTINE
7 1 ~d~ 7 67 O~ EM : 1) 14 EXAMM
72 0959 7706 ER :  LW EXA MR U
73 0(IS B 3606 PM : !)14 DEPM N
74 005 1: 9508 DR: 1)14 DEPR ;T P
75 013SF ~408 SS: 3)14 SSTEP A
76 0(361 fl~ 08 CO : 1( 14 CONT : B
77 ~%3 LD 08 PS: 1)14 RE SE r s L
78 0(365 C3~38 CA : 1)14 COMPA E
79 :E~9MM IS THE MEMORY EXAMINATION ROUTINE
60 0(367 CDO~ 09 EXAM M : CALL El ;REAI ) FOUR HEX DI GITS FROM KEYBOARD
51 01369 CD S6OS CALL CONCAT s CONCATENATE INTO 16--LIT ADDRESS
82 30360 P7509 CAL L LR(i sZER O OUT LOW ORDER FOUR DISPLAYS
83 097€ ) 19 LD AX D s D I S P L I I’l CONTENTS
8 4 3 ~ 7t  CDD 1O8 CALL S P L I T  : OF THAT ADDRESS
85 @1174 0340.08 ,TMP NE XT
86 :EXAMR EX IIIINES THE CONTENTS OF A PARTICULAR REGISTER
67 0077 160 1 EXAMR : I - IVI  0, 1
68 0(379 CPSSO9 CALL L2 ;REA1) ONE HEXADECIMAL DIGIT
8~ -)i7C CD3709 CALL MEMORY sF1141 ) LOCATION IN STACK
90 0117F 7E MDV A .M :DISPLAY CONTENTS OF
91 @060 CD D I08  CA LL SPLIT : THAT REGISTER
92 0(383 C34806 ,J MP NEXT
93 ;DEPM DEPOSITS DATA INTO A S P E C I F I E D  RAM LOCATION
94 ~l3~ 6 fl0309 DE PM: CAL !. E l  :REAI ) FOUR HEX D I G I T S  FROM KEYBOARD
95 ~ 363 ~.)5809 CALL CONC A T s CODOA TENA TE INTO 16—BIT ADDRESS
96 006C CD~ 5@9 CAL!. ZERO s ZERO OUT LOW ORDER FOUR DISPLAYS
97 093F ‘Tb4309 CALL TWO :REAI) IN TWO MORE D I G I T S . CONCATENATE
98 ‘3(392 C -  1000 JMP NEXT
99 ;DEPR DEPOSITS DATA INTO A SPECIFIED REGISTER

100 01395 160 1 DEPR :  MV I D , I

Figure 0-3 Prom No. 3 Monitor Program (Continued)
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INTEL b .~~ CROSS ASSEMBLER 11 .26:15 27—MA . t? PAGE 3

101 0(397 CDOSS3 CALL F.2 ;REAJ) IN ONE DIGIT
132 0(399 CD3709 CALL MEMORY jF!N1) LOCATION OF REGISTER IN STACK
(03 0891) EE ~CHG
104 @(39E 004309 CALL TWO s REAI) IN TWO MORE DIGITS .. CONCATENATE
105 OCt1 1 C34A08 IMP NEXT
106 ;SSTEP CAU SES ONE INSTRUCTION OF THE SOURCE PROGR AM TO BE
107 2 EXECUTED FOLLO WED 8? 0 RETURN TO THE D I n s~NOST 1C
108 ; ROUTINE
100 0(384 3E@9 SST23- : MVI 8.9 ;SET THE CMPR FLIP - - FLOP
110 € 106 CP8109 CA LL OUTPT
1 1 1  0099 (38000 ~HIP RE SET
112 sCON T AUT OM A TICALLY INC RE ME N TS TIlE TABLE POI N TER FOR THE
113 : DE P M 9(10 FXA MM F U N C T I O N S
114 0( 30.0 30673D CONT: LDA FSTAT :EXAMM OR DEPM?
115 O lAF C 1) iBO9 CALL -J u MP :‘~ET READY TO JUMP TO 3R1)
116 0(382 3E’36 (‘lV ! 9.6 : IN STRUCTION OF DEPM OR
117 0(384 35 ADD L ES~j MM . ADDRESS IN RAM IS
113 OLB S ‘ F  NOV L .A  INCREMENTED BY ON E -

119 0(386 3~ 0@ ‘WI A.E (  sA D D
120 ~13S3 17 PAL CARRY
121 0039 04 ADD H OIJT OF
122 @:~:JA 67 NOV H~ A ; I. TO H
123 @083 13 !NX D IN FORM 0. T! GN AT RE ADA TI~IRU
124 OIIBC E9 I’CHL ~ READA+3 IS UNCHaNGED .
(25 :RESET RESTORES THE REGISTERS AND INTERRUP T STATUS ~ND
126 OLD PROGRAM COUNTER
127 ON BD 3E C @ RESET: MV! A. *HC O : GET RE A DY TO
£28 01)BF 326A3 D STO. OSTAT SAY GOODBYE
1~~) 0(302 3EF F MV ! 8.~~HFF EN AB LE
13~ 0904 2F CM.~ ALL IN TERRUPT
131 0(303 33Ee~ OUT PRSET F L I P — F L O P S
132 OO C? 29863D LHL P PSAVE sGE T THE !NI ERR U P T HANDLER ADDR ESS
123 0( 3CA E9 PC 1iL .: RETURN
134 :COM PA LOADS THE COMPA RE ADDRESS BUFFERS AIID THE N RETURNS

TO ThE SOURCE P R OGRAM
136 0030 E 0L~~~99 COMP A : CALL E l  ;REA )) IN FOUR HEX D I G I T S
137 O13 CE C384C9 •!MP SSTE P AlIt - LOAD COMPARE ADDRESS
138 i S P L I T  DECODES 0 1 6 — B I T  NUMBER SO THAT IT CAN BE I) I SPLA? ED
139 : ON THE FRO N T PANEL
140 O( 3 D 1 0E04 S P L I T :  (IV ! C.4 J REGISTER C POINTS TO LEI) DISPLAY
141 0(303 6F SEC N D:  MOV L . A  .:SPL ( T  ACCUMULATOR INTO TWO HEX
142 0(3D4 29 I)AD H D ( G I T S . C O N T R I N E D  IN LOW ORDER
143 OdD S 29 I)AD H FOUR BITS OF H AND L REGISTERS .
1~ 4 0~3D6 T~9 DAD H
i4 5 0(307 29 DAD H
146 0(3DB 7D MOV A ,L
I- ’ 7 ~9D9 CD3FOB C~.LL LOW
148 o IDC Oc (NP C
14~. ~ :~ D 44 MOV B.H
I S O  O i J D E  Cf;E608 CALL DATA

Fi gure 0-3 Prom No. 3 Monitor Program (Continued)
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INTEL 1 3 CROSS ASSEMBLER 11:26:22 27—Mh ?7 PAGE 4

151 0( 3E 1 ~‘C (NR C
152 O(3E2 C9 RET
153 sSTORE STORES THE DATA READ Ill
154 0 (3E3 E SOF STORE : AN! *HF s LOO I< AT LOW ORDER FOUR
155 ODES 77 MOV M.9 i BITS READ IN. MOVE INTO READA
156 0(3E6 23 IN X H i INCREMENT READA TABLE POINTER.
157 OLE? 41 NOV B.A
158 i3(3E~i 73 DATA : MDV 9.8 s MOV DATA TO
159 09h9 E60F AN ! *HF HIGH ORDER
160 OLEB 07 RLC FOUR PITS
i ( 1  ‘~I3EC 07 RLC
162 OII~ D 07 RLC
163 ONEE 07 RLC
164 OO EF 81 LOW : ORA C JOUTP UT DATA
165 0~3F @ CD6 1~ 9 CALL OUTPT TI) APPROPRIATE
166 03iF 3 47 MDV 8.9 s DISPLAY
167 0(3F4 39673D I. DA FSTAT s IS THIS PERHAPS A COMPARE
166 08F7 FE ?~) C P I  *H7@ : ADDRE S S OR SIN ’ LE STEP?
109 @13F9 CO RN Z
17(1 OIIFA 71) MDV A,B ;1F AC OR SS LOAD
171 0(3FB P604 5111 4 s COMPARE ADDRESS BUFFERS
172 OOFD EEF 0 X R I *HF0 2 COM P LEMENT THE H I G H  ORD ER FOUR BITS
173 ODE F CDB 109 CALL OUTPT
174 0902 C9 RET
175 :E 1 .E2 . SHi I RE AND REPE A T ARE ENTRY POftTS TO A I.~~U T I N E  THAT
rt  CONTROLS THE RE~ JI P4 G AND S T O R I N G  OP DA TA.
177 0903 1504 E l :  (IV ! 0,4 ‘0 CUNTAINS • OF D I G TS o) T BE REA D .
176 0905 0:07 E2:  MVI C.7 :C C I ) N T A ] N S  D I S P L A Y  P f l ’N T E R
179 090? 21803D SHARE . LXI H .READA
180 0909 3E06 REPEAT: MV I 9.8
181 090C 32693D STA OSTAT
1a2 090F CD~ 109 CALL READ
183 09 12 CPE3O8 CA LL STORE i STORE AND
154 0915 90 DCR C • DISPLAY DIGIT
185 0916 15 oCR P i RE A D
156 0917 08 P2
187 0918 C3@A09 ,!MP REPEAT
186 iJuMr DETERMINES THE ADDRESS OF THE DIAGNOST IC ROUTINE
1 69 TO BE USED
19(1 0~ 1B FE5O JUMP : CR1 *H5(1 s STORE THE FUNCTION READ AT PSTAT
191 @91 D CA2 AO9 JZ AROUND s AN D D I S P L A Y  ON H I G H  ORDER
192 0920 32673D STA FSTAT D (SPLRY (IF OTHER THAN CONT).
193 0923 P5 PUSH P5W
194 0924 P608 O R I  6
195 0926 CD 810 9 CRT .L OUTPT
196 Ø~29 Fl (‘OP P5W
197 0920. OF AROUND : RRC S COMPUTE
198 0928 OF RRC JUMP
199 092C OF RRC $ TABLE
200 092D 215708 LX I H,EM : POSITION

Figure D.3 Prom No. 3 Monitor Program (Continued)
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INT El . 6’-~~0 CROSS A SSEMBLER 11:2 6 :29 2 7— M A i (7 PAGE 5

201 0030 85 ADD L
202 0931 6F MDV L.A
203 0932 71! MDV A,M
204 0933 23 [MX H
205 0934 66 MDV H.M

~@6 @935 SF MOV L . A
207 0936 C9 RET
208 iMENORY DETERMINES ~ IERE IN THE STACK A PARTICULAR
209 REGISTER IS STORED
210 0937 3A803D MEMORY: 1.09 READA ;STEP BACK 11 LOCATIONS T~~U
21 1 @939 210900 LXI H.9 , STACK. H AND L POINT
212 093D 2F CMA 2 TI) B REGISTER
213 093E 30 IMP A ;1IOW STEP FORWARD NUMBER
214 003F 85 DD L OF LOCt1TIONS CORRESPONDING
215 0940 6F MDV L.A 2 TI) REGISTER NUMBER.
216 0941 39 DAD SP
217 ‘~942 CS RET
216 :T140 ~E9DS IN TWO DIGITS FROM THE KEYBOARD AND FORMS
2 19 THESE INTO AN 8—BIT  BYTE
22(1 0943 05 TWO : 1’USH D ;STORE ADDRESS OF LOCATION

2 1 0944 1602 (IV I D .2  TI) BE M O D I F I E D
227 0946 OE @S MV! 0.5
223 0948 218430 L X I  H ,R E A D T I , REAI) IN
224 094B CD0909 CA LL REPEAT TWO D I G I T S
225 094E E l  POP H
226 094F 018430 1.X! B.REaDD :CONCATEHATE
227 095 CDSBO9 (:ALL ENT AND
223 0955 72 MOV M .D STORE
229 0956 EE <CHG 20  AND E ARE AGAIN TIlE
23(1 0957 C9 RET : ADDRESS POINTER
29 1 J CONC A T TAKES FOUR 4-BIT NUMB ERS CSTORED IN THE LOW ORDER
232 2 FOUR BITS OF FOUR MEMORY LOCATIONS )  AND CONCATENATES THEM
233 $ INTO A 16-- BIT NUMBER
~34 0958 016030 CONCAT: L X I  B.REI1DA ;LOAI) ACCUMULATOR WITH
235 095B 00 ENT: L.DAX B HIGH ORDER HEX DIGIT
236 095C 07 RLC OP RE A D A TABLE
237 0950 ~17 RLC
2~ 6 095E 07 RLC
239 O~’5F 07 RLC
240 0960 57 MDV D .h
21! 096 1 03 (MX B
242 0962 00. LD9X B CONLATENATE TWO HIGHEST ORDER
243 0953 62 I)R9 D j  DIGITS BY OR-ING A WITH D.
244 0964 ~7 MDV D.A sSTORE RESULT IN D.
245 0965 03 (MX B sSftMh THING WITH NEXT
246 O9€ 6 •~A LDA X B TWO D I G I T S  AND
.47 0967 37 ALC : STORE IN E REGISTER.
243 0966 @7 RLC
249 0 u69 ~7 RU
3S~ @96 9 07 I~LC

Figure 0.3 Prom No. 3 Monitor Program (Continued)
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INTEL b ~ CROSS ASSEMBLER 11:26.36 27—MA. (7 PAGE 6

251 0965 SF MOlT E ,A
252 39CC 03 (MX B
253 096D 09 LPIIX B
254 (

~95~ 133 ORA E
253 O~ 6F JF MOV 3,9
256 0970 09 RET
257 $ READ REAI)S IN THE DATA LINES OF TIlE KEYBOARD AND STORES
258 THIS SEQUENCE IN REGISTER A .
259 0971 75 REAP : HLT ~W9IT FOR KEYBOARD INTERRUPT
260 09 72 P639 IN KB1N2
261 0974 C9 RET
262 : ERO WR ITE S ZEROES ON THE DISPLAYS
263 09 ’S 3E04 ZERO : I-WI A.4 OUTPUT aEP.OES TO
2~ 4 0977 CD~~109 Lt : .OP : CALL OUTPT FOUR LOWEST ORDER DISPL AYS
265 @“70 3C [MR A
266 097B FEOO 0?! 8
257 097b C27709 JN~ LOOP
268 :-Y~80 C9 RET
269 3~~~1 FS OTJT~T: PUSH PSW ;SAVh TIlE ACCUMULATOR
27(1 09~2 27 CM0. i OUTPT THE NUMBER TO THE
271 0933 D3E 6 OUT LEDCM : LED AND COMPARATOR OUTP UT PORT
272 (193.5 3F.47 MV I A,*}147 ;TOGGLE
2 73 0937 7P CMII TIlE
274 0~ 58 P330 OUT ?RSRT 74154
2 S  0980 3E~~7 ~1V! ~~~~~~ ENABLE
276 0980 2F CMII PIN
277 09@D D3EA OUT PRSET

~~‘E 090F F l  POP PSL4 ~RE STORE THE ACCUMULATOR
279 0990 09 RET
230 0991 3E88 ERROR: NVI 0.,~ RB8 ;OUTI’UT ERROR MESSAGE
281 0993 ( :ua 1 09 CALL OUTPT
282 ~‘u96 3E07 MV ! A.?
233 0998 CD8 109 CALL OUTPT
284 099B 3306 MV ( 9,6
285 099D CD3 109 CALL OUT?T
286 0990 3’!BS MVI A.*HB5
287 09A2 CrjO 109 CALL OUTPT
288 090.5 334 MV ! 9,*H84
209 3~ 97 CD8 109 CALL OUTPT
230 090.0. C9 RET
291 0998 3A60.3D KBRD2: LOP. OSTAT 2 NUMHRIC KE YBOARD SERVICE RETURN
292 0993 F506 CR 1 8
293 09~ O C29 109 JN ERROR
294 0~ B3 C9 START: RET
293 09B4 END

Figure D-3 Prom No. 3 Monitor Program (Continued)
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INTEL 6k,.~ CROSS ASSEMBLER 14:46.02 09—MA’~ ‘ PAGE

1 00.00 ORG •HAO O
2 0A00 FIRST EQU *H3FEO
3 00.90 F STP.T EOU *H3D6?
4 00.00 ZERO EQU •H975
5 60.00 SPLIT EQ(J •H8D1
C OilOd TWO EQtJ eH943
7 00.00 OSTAT 3011 *H3D89
Ii 00.00 TEMP EQU OSTAT+1
9 0Ai~0 COUNT EQU TEMP+1
10 00.00 CNSNT EOU COUNT+ 1 i3DOD HAS MULTIPLY CONSTANT READ FROM
1 1 00.00 MPNTR HOt! CMSNT+ 1 i 3DBE THRU 3DBF HAS MIJLTIPLY ROUTINE
12 00.00 MULCX EO1J MPNTR+2 ~3D90 HAS STARTING LOCATION OF 1ST MU
13 ;CiIilI IS THE MULTIPLY CONST ANT TABLE
14 @0.00 08 CTP.8: DB 6
15 00.0 1 01 D13 1
16 00.02 3C D13 *H3C
1?’ 00.03 01 013
18 0i ’A4 04 DI ) 4
19 00.05 @1 D~3 I
20 OiIOG 06 DI ) 6
21 00.07 01 DI) 1
22 00.00 3C DI) *H3C
23 00.09 04 DI) 4
24 00.00. 19 DI) *HlA
25 00.0R 00 Dl) *H90
26 OII0C ~0 DI) 0
27 OiI0D 00 DI3 *H0
28 0I~0E SD DI) *HP
29 0i10F 00 0]) 0
30 00. 10 09 DI ) 9
31 SillI SA Dl) *HA
32 00. 12 DO 1)13 *1100
33 00. 13 OD DI) *HD
34 ;SETML CREATES FAST MEMORY ROUTINES IN RAM
35 00.14 3E10 SETML : MV ! th*HlO ~GET READY FOR SETML MINOR FUNCTION
]~ 00.16 3260.30 SIP. OSTAT
37 ‘30.19 3E00 Mu 9.0 ;CERTiI [N SUBROUTWES USED BY THIS
38 Oill B 32873D 5Th FSTAT iSECTION REQUIRE A VALUE FOR FSTAT
39 ~11E CD7SO9 CALL ZERO jZERO OUT DISPLAY
4k~ 00.2 1 2 19@3D LX! H.MUL ’ X
- . 1  00.24 226E3D SHLD IIPNTR 2 INITIALIZE MULTIPLY ROUTINE POINTER
4 ~42? l 1 0O0j ~ LX I  D .CTA B 2 I N I T I R L I E TABLE POINTE R

~~~ 
.‘~~ 9 i E I 4  MV! 9,20 ~IMI TI 0.LI3E LOOP COUNT

- - :~~ 3r I9TPT: 5Th COUNT
• - -

~ LD A X D $L O9I ) THE ACCUMULATOR WITH TABLE ENTR
- STA CNS r~1T ~STORE TABLE ENTRY

• - CALL SPLIT iDISPLAY TABLE ENTRY
- - FIP~T ~CHECg FOR FIRCT TIME THR1J

~ -~L : NSB DEC IDES
- 

: IF C ’ l .  ~ T R ST TIME THRU

~~~~~~~~~ ~~~
, 3 M -~~~~ :~~ r Program (Continued)



INTEL SL... CROSS ASSEMBI.ER 14:46:24 09-MA\ . ‘ PAGE 2

51 @A3D CD64OA CALL 01< :OTHERWISE. SET UP MULTIPLIES
52 0~140 C3440A JIIP NEXT $ INTERACTION FROM KEYBOARD
5~ @0.43 76 HALT: HLT $ WAIT FOR P. KEYBOARD INTERRUPT
54 0~344 13 NEXT: INX D :PREPARE FOR NEXT TABLE ENTRY
55 00.45 3P.6C3D LDP. COUNT
56 00.48 3D DCR A JDECREM~NT LOOP COUNTER
57 00.49 C22C09 JNZ INSPT
58 0A4C 3EC0 MV ! A.*HCO JPREPARE FOR NEXT MAJOR FUNCTION
59 0i14E 326A3D STA OSTAT
60 ~Ii 151 CS RET
61 $CHANG READS TWO HEX NUMBERS FP.OM THE NUMERIC KEYI)OAR!) AND USE
62 8 NUMBER RATHER THAN THE ONE 1(1 CTAB TO GENERATE A MULTIPLY ROU
63 00.5? 118B3D CHANG : LXI D.TEMP
64 00.55 CD4309 CALL TWO s REAI) KEYBOARD
65 00.58 3E10 MV ! A,*Hl0 $PREPARE FOR NEXT SETML MINOR FUHCTIO
66 0i15A 3260.30 STA OSTAT
67 OIISD 3A8B3D LD A TEMP JTHIS THE NEW MULTIPLY CONSTANT
68 00.60 CD7000 CALL MULl .: SET UP THE MULTIPLY ROUTINE
69 0i163 C9 RET
70 :0 1< TAKES THE NUMBER FROM THE TABLE AND GENERATE S THE
71 C ’I R R ES POHD I HG MUI. TIP L Y POUT IN E
72 00.64 3E10 OK: tV ] h.*t{I0 ~PREPARE FOR NEXT SETML IINOR FUNCTIO
73 @0.66 3260.30 STA OSTAT
74 @0.69 3P.8D3D LDA CNSHT LOP.]) THE TABLE ENTRY INTO THE ACCUMU
75 @iI6C Cb700A CALL MUL t .:SET UP MULTIPLY ROUTINE
76 00.6F CS RET
7? :MtJLT WRITES P. ROUTINE IN RAM TO MULTIPLY VARIABLE BY SOME CON
76 :THE CONSTA~’T IS IN THE ACCUMULATOR. THE ROUTINE CORRESPONDING
79 ~TO THE CONSTANT 5 IS GIVEN BELOW :
80
81 L X I  H.0
82 : DAD D
83 DAI ) H
54 : DAI ) H
65 : DP.D D
86 $ RET
87 00.70 2R833D MULT: LHLD MPNTR ;GET THE STARTING LOCATION FOR THE MU
86 0-~73 362 1 MV ! M, 4~H2 1 8 WR ITE AN ‘LX! H.0’ INTO MEMORY
89 Oil?S 23 INX H
90 00.76 3tM0 MV! M.@
91 0i178 23 I N X H
92 00.79 3600 MVI M.0
93 @i~7B 23 IH X H
94 Oil7C 0C08 MV! 8.8 iS IS THE LOOP COUNTER
95 00.73 07 LPCY: RLC ,!GNORE LEADING ZiIROES
96 @iI7F DP.690P. IC OWT :JUMI’ OUT WHEN FIRST ONE IS FOUND
•17 0i162 05 DCR B
98 00.63 C2 ?EO A JNZ L P CY
99 00.66 C39909 JMP ZCNT :NO ONES, NUMBER IS ZERO
100 @i~39 OF OWT : RRC

Figure D.3 Pro m No. 3 Monitor Program (Continued)
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I

INTE L 60o~ CROSS ASSEMBLER 14:46.31 @9—MA~- • ‘ PAGE 3

101 0i18A 0? TOP: RLC iCHEC!< FOR ZERO OR ONE
1(12 018B D29109 JNC G02 iIF ZERO, JUST WR ITE 11 ‘DAD H’
103 0i16E 3619 GO1 : MV ! M.*H19 ;OTHERWISE WRITE A ‘DAD 1)’
104 00.90 23 INX H $ AND THEN A ‘DAD H’
105 01191 3629 G02: MV! M.*H29
106 00.93 23 [MX H
107 00.94 05 DCP. B i CO N TINUE FOR ALL R E M A I N I N G  BITS
106 00.95 C28P.0A JNZ TOP
109 00.96 2i~ 1CX H :WR IT E O~ ER LAST ‘DAD H’
11( 1 @0.99 36C9 ZCNT: MV ! M. *HC9 8 WITH Il ‘RET’
111 00.9B 2A OE3D Lj I LD MPNTR :ADD 20 TO THE OLD STARTING
112 00.SE 0 11400 LXI  B , *H14 LOCATION TO GET THE NEW
113 00.0.1 09 DAD B STARTING LOCATION
114 0i1~2 228E3D SHLD MPNTR
115 000.5 CS RFT
116 0000

INTEL (3066 CROSS ASSEMBLER SYMBOL TABLE

P. - 0007 B - 0000 GOl OA8E G02 0R91
C 000 1 D 0002 E • 1)003 CTAB 0900
CHAN G 1)0.52 H = 0004 HALT 0943 L 0005
M = 0006 FST0.T= 3D8? TEMP = 1)065 FIRST- 3FES
COUN T - 3DSC CNSNT- :3080 SPLIT-  08D 1 OSTAT- 13080.
MULCX- 3fl95 ZERO - 0975 MPNTR - 3D6E SETML 0914
SP - 0006 INSPT 0A2C NEXT 1)0.44 OK 00.64
MULT 00.70 LPC Y 0A?E PSW = 0006 TWO - 0943
OWT 00.89 

- 
TOP 00.89 ZCNT 00.99

ERRORS I)ETE CTED: 0

Figure 0.3 Prom No. 3 Monitor Program (Concluded)
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INTEL 8080 CROSS ASSEMBLER 14:47:34 09—MRY T7 PfiGE

1 j

2
3
4

SYSTEM EQUATES

7
8
9 8

10
11
12 01)00 CAMAX EQU *H3D00
13 @:)00 CAIIBX EQU *H3D@ l
14 0000 CAMP.? EQU *113002
15 0000 CAMBY E QU *H3D03
16 0000 CCMAX E QU *H3D46
17 01)00 CCM0.Y .iQIJ *113044
18 0000 Ci2 OAX E QU *H3D40
19 0000 CPOBX EOU *j 13D41
20 0000 CROP.? E QU *113042
21 0000 CR05? E QU *H3D43
22 0000 CP LA X E QU *H3DOC
~3 @000 CPL~ X E QU *H3DOD
24 0000 CPL0.Y E QU *H3D0E
25 0000 CFL B Y EQ U *H3D0F
26 0000 DET X EQU ~H3D1~27 01)00 DETY E OU *H3D 11
28 0000 DDOT X EH U *H3D 12
29 i.~)00 DP OT ? E QU *113014
30 0005 D O T I X  FOIl *H3D 1G
31 0000 DOT !? EOU *H3D IB
32 C~)00 [PR JX FOIl *j{ 3D19
33 0000 !PR JY EOU *H3 DI C
34 01)00 IPOS X E QU *}j3D1E
35 01)00 [POSY E QU *H3820
36 0000 MTJLC X E QU *H3DSO
37 @000 MUL OX EQU MULCX+2 @
38 0000 MXLVB EQU MULDX+20
~~ MXLV !< E QIJ MXLVB+20
40 0000 MUL A X E QU MXLVK+2 @
41 soes MULBX E QU MULAX+20
42 01)00 MULC Y EQU MU LBX+2 0
43 0050 MULDY E QU M1JLC?+20
44 01)00 MYLVB E QU MULDY+2 0
45 01)00 MYL VI< E QU MYLVB+Ze
46 0000 MUL A Y EQ U MYLVK+2 0
47 0000 MULE ? E QU MULAY +2 0
46 01)05 M I C H  EtI U MULB Y+20
49 0000 M I C H Y  E QU M [CH+ 20
50 0000 CMI? EQU MI CHY +20

Figure 0-4 Prom No. 4 Pitch Contro’ Softwa re
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~1

INTEL 6080 CROSS 0.SSEMBLER 14:47:56 09—MAY—77 PAGE 2

Si 01)00 CMIX E~U CMIYI2O
52 0000 NCPOX EQU *}13D~2
53 0000 MC~O? EQU *113024
5-~ 0~)00 PR IAX H QU ~H3D26
55 0o00 PRJBX EQU *11302?
56 01)00 PR~ P.? EQU •}I3D28
57 @000 PRJEY EQU *J13D29
58 0000 PRL0.X EQU *}1JD29
59 0000 PRLB X EQU *H3D25
6€’ 00u0 PR] AT EQU *}I~ D2C

1 @000 PF•L5I’ EQU *113D2D
‘2 00Ø~ PVLIIX Sot! *}13D2E
63 0000 PV~•BX E QU *H3D2F
64 0000 ?VL AY EQU *H3D30
65 0000 PVLBY EQU *113D3 I
60 0000 R [N T  E QU *}{3D34

0000 TI’~T EQU *113035
bO 01)00 X E QU *H3D3A
69 01)00 XY EQU *}131)3C
.0 0000 XFLPLG EQU *113033
71 0000 YFLAG F.’~U *H3D3F
72 “000 CPEL~ EQU ~H3D76
73 0000 CIX EOTJ *113076
74 0000 US30.O EQU *HS0EC
75 @1100 PRTA] EQU *110000
76 01)00 PRTB 1 E~ U *11005 I
77 0000 PR~ C ) EQU *110502
78 0000 PRTA2 EQU *110003
79 0000 k~RTB2 EQU
80 1~)00 PRTCZ EQU *110005
51 01)50 FRTD 1 EQU *d000 1
82 0000 F RTD F .HU *110002
@3 0 1)00 PRTD3 EII U *110036
84 01:00 OR G *HC00
85

S?STEI’I COMPENSATION NETWORK
87
88
89 0000 2I3E3D PITCH: L~<I H.XFLP.G
90 01:03 7E MOV
91 0004 iF RAP
92 oi:os D2000C iNC PITCH
~3 0000 2920.3D L]ILD PRL0.X
94 OC0B EB XCHG
35 000C 3A273D LI) 0. PR JBX
36 000F E~ I0 0.14! *1110
97 0011 FF10 CPI *1110
iS 5013 C2 IE S C J112
99 @~~16 30.2730 LD0. PR JB X

1(10 00 19 C~~ 0 A D! *1130

Figure 0-4 Prom No. 4 Pitch Control Software (Continu ed)
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INTEL 8080 CROSS ASSEMBLER 14 :48i03 09—MA Y—77 PAGE 3

101 0C1B 322730 SrA PRJBX
102 OC1E 2A263D RA : LÜD PRJAX
103 0021 LDD20D CAL L MINUS
104 01:24 19 DAD 0
105 0025 EB XCHG
106 j***$c**SPFCIAL LEAD NETWORK
1J7 3

108
109 0026 2A573D LHL D *113052
110 0029 EB XCHG
:1 1 0020. 2AEA3F LIiLD *}[3FEA
112 0C2D CDDP.0D CALL SH&T
113 5030 CDD200 CALL MINUS
114 0(233 19 DAD P
115 0034 CDDA0D CALL SHIFT
116 003? CPDP.0D CALL SHIFT
117 CALL MULCX
116 0030. 22 12 3D SI {LD DDOTX
1!9 0030 ES XCHG
120 0CiE 70. MOV
121 003F 07 RI.C
122 0C40 D0.530C JO FEE
123 0(243 2 [F E F F  L~~I H , *HFFFE
124 0(246 19 DAD 1)
12’S 0047 D9600C , 1 DEl
126 e~:4P. 210000 Lu 11.0
127 €C~ D 22123D SIlL DDOTX
126 0C~0 C~~00C iMP PET
129 0053 210200 FEE L < I  11.2
130 0056 19 DAD D
131 0057 D2600C JI4C DET
132 0050. 210000 L~~I 11.0
133 005D 221230 S1~~D DPOTX
134 00€ ) 3A 103D DET: LDP DETX
135 0063 FF04 CPI *1154
136 0065 F~ 7?0C JP POL
137 0(266 FEFC C P I  41{FC
136 6060. Ff~720C ill MDL
133 006D 3E00 Mi! A. *1100
140 @C6F C3790C ill? ING
141 0072 C604 MbL . 0.1)1
142 0074 C3790C JMP IN G
143 Si:?? C6FC PDL:  AD ! *HFC
144 0(279 SF ING : NOV E.A
145 0070. FEI30 C P I  *115(1
1’6 0C?C 3E00 Mi! R.*H00
147 0073 F2 62 @C JP ZAP
148 0(261 ~F CMA
149 0062 57 ZAP : NOV D . 0 .
150 0063 CDP.43 0 CALL MULDX

Figure 0-4 Prom No. 4 Pitch Control Software (Continued)

162

_ _ _ _ _ _ _ _  ~~~--- _ _-- _



- - ---~~~~~~~~~ 

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

-

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

-

INTEL 8080 CROSS ASSEMBLER 14.48: 10 09—MAY—77 PAGE 4

)S 1 “(286 ES XCHG
152 006? 20.1230 L1ILD DDOTX
153 0(260. 19 0110 B
1S4 0(288 ~B X(2116
155 OCSC 70. NOV A . D
156 o ;~ p 07 R1.C
157 0083 D0.950C JC FIVE
153 0129 1 2 I C C F F  L {I  H, *HFFCC
153 0094 19 DAD D
i~~0 0095 DP.A90 C JO PLMT
10 1 0 .98 C3P.20C iMP TWO
16~ 0098 1J4 ~ 0 FIVE : L~~! H.*H0534
1b3 009E [9 DA D P
[54 009 F ~2B20C iNC MLMT
165 0(20.2 EB TWO : ~ 2HG
156 000.3 22003D SHL D CAMAX
167 00f.~ C3BbSC Jil? E X I T
~58 0(,P.3 2 3400 PLMT : L~~I H.*H34
159 @(211 C 220030 SHLD CAMAX
1 ,0 ~0P.i~ C3BB0 C Jf ’IP ~X !T
171 0052 2 I C C F F  MI NT: I .XI H. *HFFCC
172 0(2 55 ~2003D ~ELD CAMAX
173 1r 3P C3BBO C iMP E X I T
1 7-i
:75 : CAMERA SERVO
176
177 o :ss ~A41 3D OXIT : LD’l CPOBX
170 0C5’~ E t - I F  AN !  *HI F
17:4 0 ~i0  3 413D STA CPO BX
170 0 L  E 6 ’O  *H 10
181 OCCS FF10  C P I  *1110
102 @ I C ’  ~~D20C ,TH: NP
183 0~~i0. 30.4130 IDA

2) A D ]  *1135
I JS  0~ CF ~ 4i~ D S~r0. CF~.’BX
1F~ ~~D: 3-~-.- 3D NP: LD0.
[07 AO DS cri~1~i8 ‘~ fh~ bF M’~7 L.A
189 0 r A4 1 3D L DA CP 0BX
1 ’O 000.

‘1 00 DB ~.7 ‘nV H. P.
192 ~ IDC 23 1NX H
!~~~i OOD D 222230 SHLD NCPOX
19 I I30E0 ES XOHG
I 00E1 70009D LIII)) CPLAX
I ’~ 00E4 19 DAD P
!~ 7 0035 2~ F4JF SHLD *iI3FF4
195 OO E S 9 DAD H
1~ 9 0 : E 9  29 DAP H
20(1 0030. XOHG

Figure 0.4 Prom No. 4 Pitch Contr ol Software (Continued)
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INTEL 8060 CROSS ASSEMBLER 14~48.18 09—MAY—77 PAGE 5

201 0CEB 2A403D LIiLD CPOAX
202 OCE E 22eC3D SaD CPL 0.X
2”3 00F 1 70. MOV A . D
204 00F2 07 PLC
205 00F3 D2000 D iNC OGD R
206 00 F6 2 1 1 1 0 1  L < I  H . *H I I 1
2i,~7 0~~~ 19 DA D D
208 SO F A ~1!0OD JN C DF .CR
209 0 : F D  3 160D JMP MU L
21€) 01)00 IIEFFE OGOR: ~.ui  11.*HFEEF
211  01)0 3 19 DAD D
2 12 0~’ ’ 1 DHSAOb JO
21~ 0]’07 C3160P Jr-i? MilL
2 1 — . 1~~~r~ 21~’u40 LMAR : L~~I H. *H4000
215 iThOD C3 1 ’’E J(1F FLTR

1E . i zD’~~ 110 02” DCCR : I~~i H . *H C000
2 17  0 0 1 3  C~~l 90 D J M}’ FLIP
210 0t l ’~ 16 0 3 0  MUL t ThL L MX LV B

01) 19 ( D D 0 . 0 L -  FLIP : CH LL H I F T
~~ O ~11 C C D D A O D  :ALL ~H I FT
221 01)~ F E t ~ ~~

-

2~~i 0020 - L]{LD *H 3 F 0 4
‘03 1’ 2~~D D

~~~ ‘ - ~~~~~ ES ~ HO
.~ 2 5 01)2 3 . 2 0 - . T h  SE LD ~H ‘2 14
::~- “ -20 Ht.~~ 3D L }I L D .H 0

0025 rr~~ 4~ p - i l L  S H I F T
210 oi:~ 19 ~~ B
2.~ ’ “02~ - - . - P - - i: t’ “H -: li -

2 3 0 0) ’?  22t~ -~~ -;H’.D D TIX
231 0035 2 ’ . ’ ’  0 ‘ r {Lp Ci i ’lox
“32’ ‘0 - - HO
233 01)39 ~ L I ’  P ‘-1
- - - -~ OIL:’ V’ 2 ) t D  P
235 “ o3 r 75 X’ HG lh , 

~~2 “- ‘~I 3 E - t i  t i  V
237 003F -~7
130 0040 LA4EO2’ JO A?
..i 9 “ . 4 3  1 I O O F . ’ L: < I H . ‘~iF2e 0
,_ .-~~‘ 0 4b I I 2)~iIT’ D2 4 1 ‘ L 4 ’ LA5 ~-~0D i:

- -L ‘ I — .~ EB ~~‘ HG
.~4: ‘~-4P fl€EOD ill? THRE
244 - ‘04 E ‘11005 PAP : L~~1 H , *110B 10
~~~~~~ 00 51 i DAD D
24~ 0’~S2 - ‘ . ~

[- F0IJP
~47 O~ 55 ES

0 01)56 C36E 0D JMP THRE
249 01)59 210000 ONE: L~~I H.*H0
220 0l)SC 2200 41’ S~~ D CAMAX

Figure D-4 Prom No. 4 Pitch Control Software (Continued)
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INTE L ~~80 CROSS ASSEMBLER 14:48 .25 09—MAY—77 PAGE 6

251 00SF 2 100SF . L {! H.*HSESS
~J 0062 C36E00 iMP THRE
253 01)65 210000 FOUR: L<1 11.0
254 0I)Sd 220~ 3D SI1L D ‘:Rr-lAX
255 01)65 21F0F4 L { I  H,~~HF4F0
25 5 51)63 223A3D Tu RF.: SI{L D X
.797 ~ [)7 1 ES XOHG
258 01)7.7 . 5223P L~~D NCPO ~
259 51)75 2-9 DA D H
200 0070 ~ DAD H

h !  0077 I~ DAD P
1’-j~. ‘-~070 2’-~ DA D H
0-’ ’ -‘079 2-~ DA D H
‘.~ . 0 0 ’ A  2 ’7703 r  -0 {LD C D E [ . X

2- S 5[172) ES XOHG
Jb~- ‘ - ‘F “o MOV A. 2
.1 ,7 0117F ..

~~ RI .C
0 ~D80 220701’

2’’ ’ •‘[)53 21300) L~~1 H.*H30
~70 .)L A,- 

~~ P
.77 1 01)8’ DY ~01’ ~ro
.772 O~ -~ ’ -t ,_ ‘ 9 - ~’’: Ill—

— . ‘ -ip 21. ’F~ ~‘1~A ‘ ‘ 1  H. I~HFFD 0
- • 

,‘ ; ,,~ 
, 

~-~o
275 0 ~ I t-~~ E , 2  l~ - 7 7

‘
~~~ ‘ I - )  • C~ F- 1E OP.I N: tL. - M I X

0: ~ FE \- HO
e ’ ” SO A ”fl 31’ ~.1L1’  C IY

~~~
“ — ‘ 0 F’ 1 ’

.200 .0 - - -  ‘ 0 2  2Ii ~,.D IX
• h~ .1 • t  t i ~ HO

9~ ,‘ :~~ ,) ‘h ‘ ‘  ‘
~,,~ 0 ” R! .C

‘ -. ~~~~~~~~~~~~~~ 3
~~~~ 1 1 ’’  L % 1

- 0 - - . i i :  2 ’
15~ 

•~~
‘ ‘lt ’ P I E ~ • ‘:

.288 - o ‘3C . ‘lf
~t F 1” 4. ’ P A ’  L~~l i4 . *H4000
F :~~t D il D

:-
~ i ! L3 :- 001’ ‘ I i  P D

- ‘ . Sb C~ C-~L “P
14  L : B~ 21• ’~’4” PS’ L’ll 11. *114000
- ‘ - .  ‘0B~ ES X’ HG
— -‘ ‘‘ -h2- .~ . F F-

‘ 0 0  .2 I50C~ PD: L i - ’ I H. .11(000

~9” ‘ii’ ‘
.. ES

~~~~ 00) 4 2Aj~ - 3 D  PC :  L!{L D D O T I X
t Ct 0 0 ’  19 DA D D

0~
) o - : 5  12[6]D S~~ D DOT I X

Figure 0-4 Prom No. 4 Pitch Control Software (Conti nued )
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INTEL 8080 CROSS ASSEMBLER 14.48.32 09—MAY—77 PAGE 7

301 ODCB 2H763D OUT : LHLD CT)ELX
302 ON CE EB XCHG
303 01)CF C3E60D JMP *11036
354 00D2 7C MINUS : NOV A.H
305 5])D3 2F
30€. SI)D4 57 NOV 11.0.
307 ODDS 70 NOV
308 SI)D6 2F ClIP.
3u9 01)07 SF MOV L.A
315 UNDO 23 INX H
311 OI )D9 09 RET
312 SODA 7C SHIFT : NOV A. H
313 @!)DS 07 R1.C
314 C!)DC 7C MOV A .H
315 00DB IF PAR
310 000E 67 NOV H .P .
317 0D DF 7D NOV
3 16 01)30 I F
319 ThE1 SF NOV L.A
320 00E2 C9 RET
321 ~!)E3 END

Figure D-4 Prom No. 4 Pitch Control Software (Continued)
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INTEL 8080 CROSS ASSEMBLER 14:49.39 09—MAY—77 PAGE

I j
)

3
4
5 SYI TEM EQUATE S
6
7
8
9
10
11
12 0000 CAMAX EQU *113005
13 0000 FOX E~U *H3FEA
14 0000 CAMBX EQU *H3D0 1
15 0000 CAMAY EQU *H3D02
16 0000 CAME? EQU *}[~D03
17 0000 CCMAX EQU *H3D46
18 OI)ØØ CCMP.Y EQU *}j3D44
19 0000 CPOAX E~ U *H3D40
25 0000 CPOBX EQU *113D41
2 1 0000 CROP. ? ~QU *H3D42
22 Or ) 00 CR05? EQU *H3D43
z3 @i’ OO CPLI1 X EQtJ *H3D0C
~~ 01)00 CPLB X EQU *H3D 0D
25 O t )@ O CPLP.Y E QU *H3D0E
26 Ci)0O CP L BY E QU *H3DOF
27 ‘3000 DET X EQL *H3DI0
28 0000 D E f Y  E’~U *H3D 11
29 0000 DD O TX E QtT
30 000tj DD O TY E QIJ *H3D!4
31 0 1)00 DOT 1X E QU *H3D 16
32 0”S6 DOT!? E QU *113018
33 0000 !PR JX Eu!J *}13D1P.
34 01)00 IPRJY ~QU *H3D1C
35 0000 IPOS X EQU *H3D1E
36 01)00 [POSY E QU *H3D20
37 0000 IULC X E QU *H3D90
~~ MULD X E QU MULCX+20
39 0000 MXLVB E QU MULDX+2 0
40 0000 MXLVI( E QU MXLVB +20
4! 0000 MULAX EQU MXL VK+20
42 01)00 MULBX EQU MULAX+20
43 Ø Oj ØØ MULCY EQU MULBX+20
44 01)00 MULDY EQU MULCY+20
45 (11)0(1 MYLVB EQU MULDY+20
46 fl0~ 0 MYLVI< EQTJ MYLVB+2 0
47 01)55 MULAY E ~U MYLVI(+20
48 0000 MULBY E QU MULAY+2 0
49 01)00 fIlCH EQU MULBY+20
50 0000 M I C H Y  EI IU MI CH+2 0

Figure 0-4 Prom No. 4 Pitch Contr ol Software (Continued)
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INTI?~. 608(1 CROSS ASSEMBLER 14:50:02 (19—MAY—77 PAGE 2

51 Si)0€) CMI? EQU M1CHY+20
52 0000 C M I X  Foil CMIY +2 0
53 0000 TOROY 70U CM IX+2 0
54 50 -5 TOR OX E QU TORQY+20
55 0000 PT~)X E QU TORQX+20
56 5 )55 N CPOX L U *113022
57 0000 NC P OY E QU aH3D24
SEr 0000 PR JAX E.~U *H3026
59 0000 PRJB X E QU *113027
6€) 0000 ?RJ I-’IY E QU *H3D26
61 0000 PR JS Y EQ IT *H3D29
62 0000 PRL 0. X EQU *113D2A
63 0000 PR LDX E QU *H3D2B
64 0000 P R LA Y E QU *11302C
65 0000 PRLB Y Foil *H3D2D
66 0050 P VLAX Foil *H3D2E
57 0000 PVLB X E QU *H3t 12F
66 0050 PVL AY Foil *H3D30
69 Ø0€ ) 0 PYL E ? FOil *113031
70 00@( 1 P I N T  E QU *H3D34
71 @000 h O T  FOil *H3D38
72 0000 X E QU *H3D3A
73 0000 XY E QU *H3D3C
74 0000 X F T .0.G EQIT *H3D3E
75 0005 YFLA’ Foil *H3D3F
76 t~iO00 DELTA tiOU *H3D58
77 0000 I CHA N FOil *H3D6@
78 0000 IJ SDAO E QU
79 01)05 PRT A 1 F .OC *110000
80 @000 PRTB 1 E QU *H500 1
6 ! 0000 PRTC ! EQIT *H5052
82 0000 PRTP.2 EQU *115503
83 @000 PRTB2 F O il  *HSSE5
64 00~0 FRTC2 E QU *}{OO0~
85 0 1)00 PRT O I E *110001
86 0000 PR T D . .  E QU

87 0000 PRT D ’~ E OU *110036
86 01ii~6 ORG 4~HPE 6
89 0 ] ) E 0  ?A M oV
90 0 1)E7 07 RLC
91 01)36 DAFS0D JO MIS
92 01)38 2100C0 L:fl 11.*!1C000
93 01)EE 19 DAD D
94 OI ) EF DAFF 0D JO ALT O
9’5 00F2 C30B0E iMP xv~
96 01)F5 ~.l5040 Ni lE :  Ll < ! H.*H4050
97 0DF6 19 DAD P
96 @ 1.F9 D20 S0E JN C CDE
99 0I)FC C3SDSE JMP XVK

100 00FF 210040 AL M: L~~I H.*H4000

Figure 0-4 Prom No. 4 Pitch Control Software (Continued )
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INTEL 8080 i_ROSS P.SSEMB1,~ R 14.50:09 09—MAY—71’ PAGE 3

10 1 01102 C30EOE iMP
132 01105 2100C0 ODE: LXI H. *HC000
103 01108 C30E0E JIIP ETR
104 01108 CDCC3D XVR : CALL MXLVK
105 0) !OE ES ETR : XCHG
106 011SF 20163D LIiL D DOTIX
107 01112 19 DAD 11
108 0 1113 EL XOHG
109 01114 70 MOV A .D
110 61115 07 R1.C
11 1 01116 D0290E JO
112 01119 219P.F9 LXI H,*HF990
113 O F I C  19 DAD P
114 OE1 D D023 0E JO OH
11 5 5920 C’~3~ T3E iMP GOSH
11€ ’ 01123 210040 OH : L X I  H . *H4000
117 01126 C33Ct3E ~. 1P OSH
118 01129 215606 KA ’~: L X I  H , *H666
119 o:~2’: 19 DA D D
120 0112D D2 335E JNC WOW
12 1 01130 C3390E iMP G0~ Ii
122 01133 21 @000 140W: ‘.XI :~.*HC00e
123 O 1~~6 C33C OE iMP ‘)SH
124 @1139 CDE43E GOSH: CALL TOROX
125 0113C 72463D OSH: ShLD CCM AX
126
127 IPROJECTO R SERVO
128
129
135 013~ CDCFOF CALL LAG
13 1 0~ 42 2~i2C3D L1{LD PRJAX
132 01145 CD840L~ CALL MINUS
133 01148 I P.3D SI{LD IPRJX
34 0114B EB XOHG

135 5114C 204030 L!{L D CFOAX
136 0l!4F 19 DAD D
137 t31150 22563D SI{LD DELTA
138 01153 EB XOHG
139 OE5~ 70 MOV A .D
140 01155 ‘~‘7 RLC
141 0 1156 D2630E JNC 0130
142 01159 210040 L XI H.
143 0115C 19 DAD D
144 OhS D D27 30E JNU D1~C
145 01160 C3790F TI-IF
146 01163 2!00( :o 0130: LXI H.*FC000
147 01166 1 .  DAD D
140 011’-7 006003 JO LMA
149 01160 C3790E iMP
15(1 @116D 2 I0’~40 LMP. : L X I  H. *H4000

Figure D.4 Prom No. 4 Pitch Contr ol Software (Continued)
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INTEL 8080 CROSS ASSEMBLER 14:50.16 09—MAY—77 PAGE 4

151 01170 C37C0E JMP IP
152 01173 2!00C0 DEC: LX! H.*H0000
153 01176 C3700E iMP I?
154 01179 CDF43D EX: CALL MULBX
135 @117C 271E3D IP: SHLD IPOSX
156 0117F 20563D LHLD DELTA
15’” @1182 EB XLHG
156 01163 ~‘0 MOV 0.0
159 01184 07 PLC
160 01165 D2920E iNC CLA
16! 01188 213000 LXI H. *H30
162 0118B 19 DAD B
163 0118C D2D0 0E iNC OUT
~64 0118F 039903 JMP GAIN
165 01192 2100FF CLA : LXI  H. *HFFDS
166 01195 19 DAD 0
167 01136 DADOS E JO OUT
166 01199 CD803E GA IN: CALL fILCH
169 0119C ES XOHG
17€ ) 0119D 206€.3D LHLD ICHcLN
171 01100 19 lI D P
172 ~‘11A 1 22603D SIiLD ICHAN
173 0~ P.4 ES XOH G
174 01105 70 ~I0\T A .D
175 @110.6 07 KLC
I 7E  OEIi? DAB40E JO PP.
177 01100 2 ’ @ O C @  LXI H.*HC000
176 0110D 19 DAD 0
1~~9 0110E DABF.0E it; PB
160 011B ! i_3C90E iMP PC
181 011~ 4 210040 PA: L XI  H.*H4000
162 01157 19 DAD D
163 ‘-O~1’2 D2i_5@E J’-IC PD
184 0118B C3C9SE JMP PC
165 O2BE 210040 PB : L X I  H. *H4000
186 ‘311C ! ER
187 @1102 C3C90~ J’IF PC
188 011C5 21 00C0 PD:  L XI  H,*HC000
189 011C8 EB XOHG
190 @11C9 2A1E3D PC: L’{LB [POSX
191 511CC 19 DAD D
192 011C1’ 221h.3D S1{LD IPOSX
193 011D0 2A2A 3D OUT : L1{L D PRLAX
194 011D3 EB XOHG
195 011D4 2ci263D LIiL U PRJ0.X
196 0 1107 222M30 ~1{L r’ PRLAX
197 ~11DP. 201030 L~~ D IPRJX
193 0E DD 19 PAD B
199 0E DE 22F63F SHL D *H3FFO
200 011E 1 2~ DAD H

Figure 0.4 Prom No. 4 Pitch Control Software (Continued)
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INTEL 6000 CROSS ASSEMBLER 14;50s23 e9—MRY—? 7 PAGE 5

2)1 OEE2 29 Di~D H
202 OEE3 29 Di11~ H
2~3 @EE4 29 D u D H
2~i4 0EE~ 29 DiID H
205 OEF6 ER XCHG
~~~ OEE7 2~ EA3P LHLD LOX
207 OE EA 19 DIlD D
206 @E EB CD7B0~ Ci~LL SHIFT
209 @EE E CD7B OF CMLL SHIFT
210 OEF I CD7ReF Ci~LL SHIFT
2 i 1  @E F4 ER XCHG
212 @J~FS ?~ NOV A.~213 OEF6 0? RLC

OEF7 D2040F J~4C OGDR
215 3i~Fa 2 l S Si S  L~< 1 H.*H 1555
z16 r~Ft) 19 DiID D
21? @E FE t~2 140F JU C DECR
218 OFO ’ C3 1~ 0F JMP BXR
2 19 01 04 2 1ABE~ OGDR: L~~1 H.*HE~~ B
220 01 0? 19 Th1D D
221 @F88 Di~0E0F JC LM~R
222 ~F0B C~~1~ 0F J~1P BXR
223 OIZ OE .~1O040 LMRR : L~~I H, *H4000
224 01:11 C3 1~ @F JNP IP R
225 01 14 2 100C0 DECP. : L~~I th *HC000
226 01~1? C 3I D @ F JMP IFR
227 0F1~ CDEO3D BXR : Ci~LL MUL~ X
226 OFID CD7BO? 1PR~ ~ I~LL SHI?T
229 0~ 2@ (.D7B OF CuI LL SHIFT
230 0F23 ED XCHG
231 0F24 2i15@3D LHLD aH3j~5O
232 ~W27 19 D~ D D
233 @1 26 EB ~CHG
234 @1:29 22503D ~11L D *H3D5O
235 OF2C 2gS23D LHLD *H3D52
236 0P2F CD7B @F Cu ~LL SHIFT
23’ 01:32 9 ThID D
238 0p33 22523D SIILD *H3D52
239 01:36 ER X~ HG
240 @)~3i 2R1E 3D L1{LD IPO SX
241 @F3a 19 DuI D D
242 @P313 ER X~HG
243 01 3C 711 NOV 11,1)
244 @P 3D (~7 RLC
~45 @F 3E DZ4EO F J1~C VOGD
246 014 1 2 14F.~30 L~{t H, *H4E
247 @1:44 1’ Di~D 1)
248 @) 45 D25BOF JHC VDEC
249 @) 46 C36 10F iN? VBX
250 OP4S 2 iB2FF VO GDt L {1 ij , *}tFFB2

Figure D-4 Prom No. 4 Pitch Control Software (Continued)
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INTEL 8080 CROSS IL SSEM BLER 14.50 30 09—M AY—?? PAGE 6

251 OF4E 19 Di~D D
2~~ ØP4F D~550F JC VLMA
253 @F5 2 C3 G1O F J tI P VBX
25~4 01 55 210040 VLMP~ L~~1 H.*H4000
255 01 56 C3640F JIIP VIP
256 OFSB 2 100C0 VDEC i L {I  L *HC000
257 e1:5~ C3640F JMP VIP
258 0F6 1 CDF63E VBX : CiU. L PTQX
259 01:64 7C V I P ~ NOV
260 0F65 OF RRC
26 1 ~~~ OF RRC
262 ~)F6~ SF RRC
263 01 68 OF RRC
264 01:69 ~22F3D STP~ PVLB~
265 01 6C E6F0 ~H 1 *HFO
T~66 OF6E 67 iVV H.~267 OFE F 7D NOV ~ ,L
268 SF70 RRC
269 SF71 OF RRC
.75 SF72 OF RRC

2? ( SF73 c~272 SF74 E6OF ~N I *HOF
273 @F76 B4 OR~ H
274 ‘~F77 322E3D PVL~ X
275 SF7~ C9 RET
276 131:78 7C SHIFT t  NOV
277 OF7 C 07 RLC
.~78 ~P7 D 7C NOV
279 SF7~ :F Ri~.R
260 OF7F 67 NOV
261 @l~60 7D NOV cL. L
282 01:6 1 IF Ri~R
233 G~ 82 ~F NOV ~~~284 0F63 C9 R1~T
285 0F84 7C MIN US ~ NOV
206 o1~85 2F cria
287 0F86 67 NOV H.. ~
286 0F67 7D NOV
269 0F86 2F CM~
290 01:59 6F NOV L .R
291 ei~ea 23 IH X H
292 OFSB (.9 RET
293 SPOC 2 1523D L~~I fl, *H3D52
294 ~F6F 3.~ I t IR N
295 3F90 7E MOV ~~M296 0F9 1 FE64 CM *H64
297 01~93 F~B00F ~JM RLED
296 01:96 FEC O CI’ ! *HC 8
29~ SF96 Fh9EOF JM BLED
300 OF9B 3EeO PV11

Fi gure 0-4 Prom No. 4 Pitch Control Software (Continued )
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IN TEL 8O8’~ CROSS ASSE MBLER 14:50:37 09—MaY—77 PAGE 7

30! OF9D 77 MOV !1.A
302 OF9E 0654 BLED~ N?! B.eH54
303 0P~ 0 76 SLED: NOV ~ .B
304 OFR1 CDC OOF CnLL OUTPT
305 0F~4 3E11 M’1I a.*H1I
306 0FA6 80 ~DD B
307 0~~ 7 47 NOV B .a
305 0P..8 FE~9 CI’! CHA9
309 OF~ P~ C2~ 00F 3HZ SLED
310 OP.~D C3BF0F JIIP BOX
311 SF80 ~6~4 SLED : M’FI B.*Ha4
312 0I~B2 78 PLED: NOV R,B
313 O1:~ 3 CDC0OF Ci~LL OUTPT
314 0F~36 3E 11  Mi! i~.*H1 1
3 15 S1~BO 80 iThD B
316 OFB9 47 M.)V La
317 AFB~ FEF9 Cl’ ! *HF9
318 OFBC C2B20F 3HZ PLED
319 APBF C9 BOX: R~:T
320 OFCS 2F OUTPT: CI1~
:: i oI:c l Lj3E6 01fl *HE6
322 OFC3 3E3F NI! a, *H3F
323 OFCS 2F CI1f~
~24 01:C6 D3E ft OUT *HEci
325 OFCB 3EFF MI! a,*HFF
326 0FC~ 2F Clia
327 OFCB D3E~ (OJT *HEA
323 01:CD C9 RET
329 OFCE 2~0O3D LaG : LI{LD CRNaX
3313 ~~~ 1 29 !~i~D H
331 @FD2 2~ Di~.D
332 SFD3 29 D~D H
333 0FD4 EB XCHG
334 OFDS 2aEz~3F LELD EOX
335 0FD 6 CDS40F CiU. L MINUS
336 OF DB 19 D u D  D
337 OPtiC EB XCHG
338 0FDD CD OC3F Cu ~LL *H3F0C
333 OFES CD7BOF Cu ~LL SHIFT
340 S F E 3  CD7BOF Ci~LL SHIFT
341 0FE6 CD7BOF COIL SHIFT
342 0FE9 CD7B OF C O.L L SHIFT
343 OP EC CD7C0F COIL SHIFT
344 (WEF CD7B0F Ci~LL SHEFT
345 01:F2 CD7B OF Ci~LL SHIFT
346 OFFS EB XCHG
347 OFF6 2aEa3F LIiL D EOX
346 0PF9 19 D~ D I)
349 OFFa 22Ea3F SIiL D EOX
350 OP FD ~~ RET

Figure 0-4 Prom No. 4 Pitch Control Software (Continued )
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351 ‘3P1 E EN D

Figure D-4 Prom No. 4 Pitch Control Software (Continued)
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INTE L 13086 CROSS ASSEMBLER SYMBOL TABLE

PRLaX~ :3D2A PRLBX- :3D2B PRLAY- 3D2C PRLBY- 3DZD
PVL~ X~ :3D25 PVLBX- :ID2F PVLAY- 3D30 PVLBY- 3D3 1
R I N T  = :3D34 TINT - :3D38 H - 3D3A H? - 3D3C
?FLaG = 3D3F DELTA - :3D58 USDR O- 0~ EC PRTI% 1 (3000
PP.TBI- 000 1 PR TC I- 0002 PRTA2 • ‘3003 PRTB2- SeES
PKTC2- c)Ø% PRTDI- 0001 PRTD 2~ 0002 PRTD3- 00E6
MIS ODF S OLM ODF F XVI< SEOB ETR 0E~ E
OH 0E23 ~JO14 u3~ 33 GOSH 0E39 OSH (3E3C
OGD 0E63 LIIh SE~ i’ s:: 0E79 IF 057C
P~i OEB4 PB OEE3 PD ‘3ECS PC ()EC9
OUT u~EDO OGDR OFO4 LNaR OFOE BXR 3F1A
IF’R OFID VOGD OF4B VLMA SF55 VDEC OF5B
VBX 0F61 VIP SF64 SHIFT OF7B fi - (300?
MINUS OF6~ SLED 0F~~ B 0000 PLED OFB2
BOX OFBF C - 000 1 OUTPT SFCO D = )002
CDE OEOS DEC ‘)E73 B — 0003 K~ D 0E29
CL6 0E92 BLED SP9E aLED SFBO LAG OFCE
ICHAN - 3D60 G~ !N ‘3E99 DECR SF14 H • 0004
CcIMaX- :~D00 CaMBX= :3D01 caNay- :3D02 C.aMBY - :1D03
CCMaX = :3D46 CCNa Y= 3D44 N I G H  - :3E80 XFLA G - 3D3E
cPoaX- 3D40 ~..:Lax= 3DOC C’LBX- :3D0D L - (3005
CPOBX = :3D4 1 CPOaY - )D42 N - 0006 CPOBY- 3D43
CPLf1Y- :3DOE BOX = 3FE~ CP LBY - :3DeF DETX - :3Db
~‘ETY = :3D 11 DDOTX = :3D12 DDOTY- 3D14 DOTIX- 3D16
DOT I Y= 3D 18 IPRJ X = 3D I~ SF - 0006 IPRJY - 3D I C
IPOSX= .3 D I E !POSY - :3D20 MU lCH -  3D90 MULDX - 3DA4
P514 0006 MXLVB - :3DBB MXL ’ K- 3DCC MULAX - :3DEe
M !JLBX= .3DF4 MU LC Y- 3E06 MULDY - 3E 1C MYLVB - 3530
MYLVI(= :3E44 !luLaY- :3556 MULB Y S 3E6C MI CHY - :3594
CMIY :;Eaa C M I X  - IEBC TOROY S :3EDe TORQX- 35E4
PTQX JEF 6 HCPO X- 3D22 NC P O ?- .3D24 PRJAX- :3D26
PRJBX= 3D27 PRJ aY~ 3D26 PRJBY = :3D29

ERROk~ DETECTED: 0

Figure D-4 Prom No. 4 Pitch Control Software (Concluded)
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Append ix E

AYPLI CATI ON OF THE NIGHT VISION LABORATORY (NV!..)
THERMAL VIEWING SYSTEM STATIC PERFO R1W4CE MODEL TO

THE RVS

It was suggested that the NVL Thermal Viewing System Static Performance Model,
Reference (E—l) be used to evaluate the performance of the Remote Viewing System (RVS).
However , repeated at tempts to convert the RCS parameters directly to the NV!.. model
have led to the following problem. The radial distortion function of the foveal lens
does not lend itself to an MTF analysis as a function of object field angular spatial
Lrequencv as called for in the NVL model. All parameters can be converted
successfully except for the scan velocity term because a linear raster scan on
the lens image plane will create a variable angular velocity and variable direction
scan in the object field. This is depicted in Figure E—l. Extreme comp lexity
results when attempts are made to convert spatial into temporal frequency . This
is illustrated by the rotation of the f

~ 
bar pattern in the lens itn.~ge p lane

shown in Figure E—l. Given enough time , an analysis could be made ic~ a manner
compatible with the NVL model. However, the analysis is much simp ler if performed ,
not in object field angular frequency (cycles/milliradian) but in spatial frequency
terms (cycles/millimeter). For our purpose of optimizing the RVS lens , it is
simpler to work in terms of spatial frequency on the foveal lens focal plane.

This simplicity arises because seven of the nine MTF ’s are independen t of
object field angle at this foveal lens focal p lane location, and the scan
velocity is undirectional and uniform at this location , thereby making easy
conversion from spatial to temporal parameters . The only non— linear conversions
necessary are simple geometrical cnes which t ranslate from focal plane to object
f ield and disp lay space . The advantages of working in the spatial frequency
terms will become clear as the analysis i~. developed. In the following develop-
ment , the NVL model approach will be used precisely but will be applied in the
foveal lens focal plane as a function of linear spatial frequency (cy/mm) . Parameters
will be covered in the same orde r as they art~ in tile NVL Report Reference E—l , wh ich
describes the model in detail.

E.l MTF’s

Optical MTF The optical MTF ’s consis t of a diffraction MTF and a Gaussian
MTF.
(a) Diffraction In angular terms , the diffraction MTF is referenced as Equations
(9) and (10) of the NVI. report:

2 r — l 1/2H (f ,~:) = — LCOS A — A(1 — A ) j  (E—1)opt X

where . A = 
~
F
#
f /L(’

~
) (E—2)

where L(~i) is the equivalent focal length which changes over a 50/1 range as
obj ect f i e ld  angle 0 changes. The angle U is the absolute angle between the
point of interest and the lens optical axis . At the foveal lens image p lane

f
S = ç E— 3)

x L ( i )
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FIGURE E-1
SCAN DI STORTIO N I NTR ODUCE D BY FOV EA L LE NS

whe re S is the image plane spatial frequency and f is its object field
angular equivalent measured along the scan line pro~ ec tion in the objec t
field ( .  direction on Figure E— l). Solving fo r  f in Equation(E—3)and
substituting this for I in Equation (E_

~2)~

A = A F  S (E—4)
/t x
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Since the F/number of our lens is constant, the diffraction MTF is no longer a
function of object field angle. Thus we may write H ) which indicates
that the MTF is a function of the independent variab?~ S 

X0~j~y, Note, however,
that conversion to object field angular spatial frequenc~ is very simple
because focal length is constant over small angular incremen ts and may be
determined from

f = S L ( O )  (E—5)
~ x

where ~ is along the scan line projection in the object field

likewise

= s~ L( 8 )  (E—6)-

where w is normal to the scan direction in the object field

(b) Blur — A similar simplicity exists here. The MTF equation with the angular
term b of Equation (11) of Reference(E—l )replaced with its equivalent is:

~~lur~~x’
°
~ 

= ex~ [_ 
~~~~ 

f 2] - (E-7)

The foveal lens inherently has a constant spatial blur over its entire focal plane,
so that the sigma (c) of Equation (E—7)is a constant. Substituting Equation(E—5)into
(E—7) we see the blur MTF simplifies to

2 2 2H
bl

( S )  exp [— 2~ o S ] (E—8)

Thus this ?ITF like the diffraction MTF, is no longer a function of object field
angle because the focal length variab le has been removed.

Detection MTF — The spatial filter MTF of the detector is defined as:

Sin(irf Lxx)
= Sinc(f &) 

(E—9)

It is also complex in our system because the angular projection of the detector
into the object field (~ 0) in this equation varies with absolute object field
angle (0) . Since the detector height is still uniform at the lens focal plane ,
shown in Figure (E—2)as E~h , Equation(D—9)can be restated as:

Sin(~ S ~h )

~~et~~ x~ 
= 

rrS~~Th 
(E—lO)
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FIGURE E-2
OPTICAL RELAY PARAMETER S

Aga in the MTF independent of object field angle. Note from Figure (E—2)that
the detector ie1 g~lt ~..h ) is a function of detector size(a), detector system focal

length (L
D
), and relay focal length (L

a
), viz:

a (E ll)

LD

If the detector characteristics are known , the focal lengths are a function
of detector size (Lh) projected unto the image plane as shown in Figure (E—2).
Detector size iki can be computed directly from either the on—axis resolution
required , the number of scan lines required across the vertical FOV , or bandwidth/
response restrictions and frame rate requirements . The focal lengths , Lc 

and LD.
are then selected to make the detector dimension appear as the required L~.h at
the foveal lens focal plane. The detector MTF becomes:

11.D (S) = Sinc 
S a  Lc 

(E—15)

Again this MTF is independent of object field angle .
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Detector Electronics MTF — It is in the MTF , the detector electrical
response, that we get into real trouble trying to work in object field
angular space . For a conventional linear optical system , a linear detector
scan velocity converts into a scaled but linear angular scan in the object
field. This is not true in our system as was shown in Figure E—l. A linear
scan in the x direction on the image plane results in angular velocities in
both 0x and 13 directions in the angular object field. Both of these angular

components are nonlinear functions of both x and y position on the image
plane. Thus , converting from spatial frequency to temporal frequency becomes
very complex. All of this can be avoided by working in linear spatial plane
terms . If the scanner has an angular scan velocity ~, then the linear motion
of the instantaneous FOV on the foveal lens image is

V = ~L 
(E—16)

x C

The conversion to temporal frequency (f ,u is therefore

f = V S (E—l7)
x x

This is a constant conversion and not a function of time . Therefore , all
electronic MTF ’s of t he NVL model are valid. These are

H

H (f)
Elect

H B 
(
~~

Display — The RVS disp lay is the inverse of the foveal lens , which results
in a conventional linear raster generated on the CRT. The CRT has a constan t
spot size and ‘the expansion optics has a constant blur at the object focal plane .
Again this MTF, if derived in the linear spatial plane , will not be a function
of objec t ang le. If the optical blur and CRT spot size are comb ined and
assumed to have a Gaussian MTF, a composite sigma (o d

) results and the MTF is:

H
Disp (Sx) = exp [_2’

~
T
2
(ro d

)
2
S
X
2 ] (E—18)

where r is the phys ical ratio of forma t sizes ; viz

r = 

HLENS IMAGE (E—l9 )
H
DISPLAY CRT
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By contrast, if this were accomplished in the object angular plane, the MTF
would be much more complex, viz

HDisp~~ x,O ,M
) = exp [- 

21T
2
(ro

d
)
2
f
X
2

] 
(E-20)

L(0)  H

where M is any system angular magnification from object field to the viewer.
Again the simplicity is obvious .

Stabilization and Eyeball — The remaining two MTF’s are the only two
that are not simplified by working in linear spatial rather than angular
terms . Firs i, stabilization tends to be angular input to the system. Using
the MTF from the NVL report:

H
L

(f) = exp 
~~~~~~~ 

(E—2l)

Converting to the foveal lens image plane results in

R.LOS
(S
X
O) — exp [— Ps 2L(e ) 2

] (E—22)

Similarly, the eye views the display in angular terms . The NVL MTF is

r i f 1
= ex~~[~ —

~
j (E—23)

Equation(E- 23)mus t be converted to the foveal lens image plane

FS L ( O )

~~~~~~~~~~ 
exp [— ~ I (E 24)

In conclusion, seven MTF ’s have been simplified at the expense of two that
have been made slightly more comp lex by the conversion to linear spatial
frequency.

E.2 NOISE EQUIVALENT MODULATION (NEIl)

For visual spectr~~l applications noise equivalent modulation mus t
replace NEL~T in the NVL model. In the visual model, the primary
noise source is the detector which is a silicon vidicon. Its NEM was
extracted from data of Reference (E—2) . These data show vidicon S/N
as a function of faceplate illumination for a specific bandwidth. The
basic function is approxima tely

peak— to—peak signal = 100 E (E—21)
noise (rrns)
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where E is faceplate illumination in L1JX. The noise equivalent signal is
(signal input that just equal noise)

NEM noise 
= 

1 (E—22)
signal 100E

assuming that the noise is proportional to the square root of the bandwidth

( \ f )  of 4( 108) Hz. For data given~

NEM = _____________ = 5 X l0~~ 
s..,~f (E In LUX) (E—23)

lOOE 10

For E in footcandles :

NEIl 4.64 x lO~~ \J~T (E in Foot—Cand le s)  (E—24 )
E

The faceplate illumination can be calculated f rom sys tem geometry as
follows :

E
f 

= 
:T
;~
:0 

‘E-25)

Where

B=Scene b rightness in footlamberts

T= Atmospheric transmission

‘ = Optical transmission within sensor

F The equivalent F/number or F/number actually supplying the

vidicon . This is the lens F/number modified by the relay and
from basic geometrical optical theory is:

F = F  L (E—26)noe no U

L
C .

If the sensor emp loys an automatic light level control which operates
on vidicon target current , E will be accurately maintained . Therefore,
Equation (E—24) app lies as written for the level of E which is preset. For
the silicon vidon unde~ study, bes t performance is obtained when the level
is about 0.1 lumens/ft - Equation (E—23)then becomes :

NEM = 4.64 X l0 6 

~~ (E—27)
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E .3 MRM CALCULATIONS

The following MRM equation modifications are required so that the
computation may be performed in linear spatial frequency terms. First ,
in the NVL MRT equation , ty must be replaced by the apparent detector size
at the foveal lens image plane , i.e., it must be the th defined on Figure
E—2. As previously demonstrated in Equation (E—ll).

tih = a Lc (E—28)
y y -

~~
-
-
D

Also , in the MRN equation , it is best to compute the Q integral in terms
of temporal frequency . This eliminates the velocity term in the MRT
equation and makes the Q integral easier to compute. The Q integral is
there fore

Q(f,9) = S(f) H~ (f)H (L~
2
H
~ f f \d f  (E—29)

S(f ) w
\V) 

ye~ 
~~~

Of these terms, only H , the transfer function for a rectangular bar of
wid th w , has not been Lfined. This transfer function is in linear rather
than angular dimensions , i.e.,

= Sinc = Sinc (~ ) (E—30)

where

w 

~ ~~~ 
(E-3l)

The MRM equation written to show the dependency of two variables is
1 11/2

MRN(s 9) — SNR1T
2
NEM (~

i S Q(f ,9) ( (E~-32)x ’ — 4/14 MTFTOTAL (S ~Q)[.~fNFR te ‘~ovscj

This equation results in an MRT very weakly dependent on 9. To obtain
the MRM for any field angle 0, we convert the spatial frequency term S
into an angular frequenr y term by using Equation(E—9) containing the fo~allength function :

f = S L(0)
ii x

Note this will be the angular spatial frequency in the scan direction (target
bars normal to the scan direction). It could be related to f and f but
this doe8 not appear to be required at this point. X Y
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E.4  CONCLUSIONS

To conclude this ef for t , a block diagram of the NVL model converted
to the VARVS Concept in the visual spectrum is shown in Figure E—3. This
model was used in the study to compute Minimum Resolvable Modulation to
predict performance.
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