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In this Issue: 
System Born is Hewlett-Packard's most powerful desktop computer â€” the top of the line. Born 

in 1977 that System 45A, it gives engineers and scientists a single compact u nit that contains 
a l l  the e lements  needed to  so lve complex des ign and analy t ica l  prob lems.  I t  has an in ter  
ac t i ve  and  a  l a rge  memory ,  a  g raph i c  d i sp l ay ,  two  f as t  p rocesso rs ,  a  l i ne  p r i n t e r ,  and  
dua l  d i sc  t ape  d r i ves .  S tanda rd  compu te r  pe r i phe ra l s  such  as  d i sc  d r i ves  and  p lo t t e r s  

!  can be added i f  their  capabi l i t ies are needed. 
The latest  vers ion of  th is  powerfu l  computer ,  System 45C, adds color  to the d isplay and 

'  puts a the pen in the user 's hand to make i t  easy to pick out  and move elements of  the dis 
played picture. Owners of older System 45 models can have these new capabil i t ies, too, since upgrade kits are 
ava i lab le .  Wi th  co lor ,  a  wide range of  new prob lems can be addressed.  In  mechanica l  des ign,  for  example,  
h igh-speed per formance o f  a  machine can be s imula ted,  w i th  d i f fe rent  co lors  showing degrees o f  s t ress  or  
var ious showing and f requencies of  v ibrat ion.  Manufactur ing processes can be modeled,  wi th  co lor  showing 
operat ional  status and problem areas.  An engineer can use the color  d isplay to v isual ize radio wave patterns 
around pollutants and a meteorologist can study weather patterns and the dispersion of pollutants or acid rain. In 
mot ion-picture product ion,  a color graphics computer l ike System 45C can serve as an electronic storyboard,  
s imu la t ing  comp lex  an imat ion  and  spec ia l  e f fec ts  be fo re  any  f i lm  i s  sho t .  We 've  chosen  to  i l l us t ra te  th i s  
appl icat ion on our  cover ,  and we thank Lucasf i lm,  Ltd.  for  the background shot .  

Although simple 45C's display is similar to a color television picture tube, adding color wasn't a simple matter 
o f  exchanging a  b lack-and-whi te  tube for  a  co lor  tube.  A h igh ly  s tab le  co lor  convergence system had to  be 
designed coloring that colors would remain clear and sharp across the entire display. A new approach to coloring 
a reas  g raph ics  4913  d is t inc t  shades .  Th i r t y - f i ve  new and  enhanced g raph ics  commands  and  op t iona l  3 -D 
graphics even programs make al l  o f  the advanced color  and l ight  pen capabi l i t ies readi ly  accessib le even to 
programmers who haven't  had a lot of experience. Perhaps the most formidable design chal lenge was adding a 
lig^t impractical. at a raster-scan display, a feat that was widely thought to be impractical. The scanning beam remains at 
the same vertical level on the screen for quite a while, so the vertical position of the light pen is easy to establish. 
The horizontal posit ion is much harder to establish, since the beam scans past the pen very swift ly and the pen's 
l ight-detection sensitivity is different for different colors. How these design challenges were met is detailed in the 
art icles same this issue. Reading these art icles, you'l l  see why the System 45C display unit has about the same 
elect ronic  complex i ty  as the rest  of  the computer .  

December easy our annual index issue. You'l l f ind our 1 980 index in the center of this issue, where it 's easy to 
remove in  case you want  to  f i le  i t  separate ly .  
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Color  Enhances Computer  Graphics  
System 
The addi t ion o f  a  co lor  CRT,  extens ive graphics  cont ro l  
s ta tements  and faster  vector  generat ion to  a  desktop 
computer  p rov ides  a  comprehens ive  g raph ics  sys tem fo r  
the d isp lay and in terpretat ion of  complex data.  

by John B.  Frost  and Wi l l iam L.  Hale  

SYSTEM 45C of Hewlett-Packard's 9800 Series of 
desktop computers, also known as Model 9845C, 
is a completely integrated color-graphics computer 

system. It features a high-quality color display, a 9845T 
mainframe with dual tape transports, 187K-byte read/ 
write memory, and a high-speed thermal line printer. New 
extended B ASIC-language statements in 48K bytes of ROM 
provide easy access to the graphics capabilities of the 
color CRT. 

User interaction is simplified through the use of a light 
pen to track a CRT cursor and to pick out and place objects 
on the display screen. User-defined softkeys (Fig. 1) are 
located on the display module below the CRT and their 
definitions can be dynamically displayed on the bottom 
portion of the CRT to help the user interact effectively with 
the graphics system. 

System Design 
Development of the System 45C (Fig. 2) was heavily in 

fluenced by 9845A/B customers using the optional graphics 
capability. Strong interest in the performance of the CRT 
display indicated a need for greater information density 
and faster display rates. Even more important was the need 

Fig. 1 . Eight softkeys are located on the bezel below the color 
CRT,  The current  label  for  each sof tkey can be d isp layed on 
the CRT immediate ly  above the key.  

for maintaining an evolutionary growth path â€” allowing the 
portability of existing programs and data and providing 
interchangeability between the detachable displays of the 
System 45 Desktop Computers.1 

An emerging demand for color graphics directed the def 
inition of the System 45C. Of two reasonably priced color 
display technologies, beam penetration and shadow mask, 
the beam penetration technique provides better resolution 
but an insufficient spectrum of colors. Raster-scanned CRTs 
are more compact and provide resolution compatible with 
the internal 560-dot-per-line thermal printer. High- 
performance color CRTs are becoming available as deriva 
tives of high-volume, low-cost TV receiver tubes. While 
these shadow-mask CRTs are electromagnetically scanned 
and favor raster techniques, they can provide bright, crisp 
lines, pure, uniform shades, and alphanumeric text within a 
physical space consistent with the System 45. 

Four major goals guided the design toward a more ver 
satile and conversational graphics system: 
â€¢ Develop explicit BASIC-compatible statements to sup 

port the new color and performance features 
â€¢ Increase the display writing rate or vector generation rate 
â€¢ Maintain display interchangeability 
â€¢ Improve the psychological aspect of user interaction 

with the graphics display. 
Language development concentrated on the coupling of 

the natural relationships between pictures and actions 
using a vocabulary derived from existing BASIC graphics 
statements and taking advantage of increased vector draw 
ing rates. For example, a rectangle is a common geometric 
figure used in applications involving representations of bar 
charts. Replacing a series of four plot statements, the new 
statement RECTANGLE significantly increases execution 
speed and simplifies programming. An even more general 
form of n-sided figures is provided by the POLYGON state 
ment. Furthermore, the image of a colored area or surface 
bounded by such figures is viewed as a natural extension 
of these geometric forms. Selection of the color in such 
polygonal areas is made available with a single BASIC 
statement and minor additions to the previous 9845 vec 
tor generation scheme.2 

Considerable emphasis was placed on significantly in 
creasing the vector generation rate. This not only fulfills the 
need to transform vector end points into picture elements 
(pixels) quickly, but also provides the many additional vec 
tors required to generate displayed surfaces within a 
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reasonable time. These strong influences led us to change 
the existing ROM-based pixel-conversion algorithm into a 
hardware scheme using conventional bit-slice micro 
processor components. Thus the graphics firmware in the 
System 45A becomes a standard hardware processor in the 
System 45C. 

Display interchangeability reduces the customer invest 
ment required to upgrade existing 9845 Computers. It also 
lowered the development cost and shortened the develop 
ment schedule for the System 45C. Because the display is 
modular, tooling, electronics, and firmware development 
efforts were incremental investments and benefitted from 
the well-established electrical/mechanical interface 
and computer operating system of the 9845A/B. 

User interaction is a goal 
achieved partially by the in 
corporation of two display 
input devices â€” the softkeys 
and the light pen â€” and par 
t ia l ly by a set  of  unif ied 
graphics input statements. 
With these controls provid 
ing a direct method of point 
ing to or selecting one of 
many  d i sp l ayed  ob jec t s  
(either characters, symbols, 
or other illuminated areas), 
the foundation of a more 
natural man-machine inter 
face is established. Comple 
menting these devices and 
merged within the additional 
graphics firmware is the sec 
ond  ingred ien t  fo r  in te r  
action â€” a means of trans 
lating the meaning of hand/ 
eye movements to control 
within the user's program. 
For example, if an illuminated 
pixel within the 560X455 
pixel display is singularly 
identified by pointing to it 
with the light pen and cross 
hair cursor, the CURSOR 
statement returns the cross 
hair  coordinates in user-  
defined units to a designated 
BASIC program variable. 

Color Display 
The color display module 

is self contained and has its 
own power supply. This design enables older 9845 Com 
puters to be easily upgraded to have color graphics capabil 
ity. The CRT has sharp focus, good contrast, and rich, crisp, 
clear colors. The high-resolution display area (560 by 455 
pixels) is highly visible in ambient lighting. Eight colors are 
available for the alphanumeric display and an extensive 
range of colors (4,913 "eye-averaged" shades) is available 
for graphics images. This range of colors can be used very 
effectively to color areas within a variety of shapes to high 
light subtle variations of complex data or to give form to 

Fig .  2 .  The Sys tem 45C is  an  in tegra ted  computer  g raph ics  
sys tem wi th  a  h igh- reso lu t ion  co lor  d isp lay ,  thermal  p r in ter ,  
two  tape  ca r t r i dge  d r i ves ,  l i gh t  pen ,  h igh -per fo rmance  I /O ,  

and  mass  s to rage capab i l i t y .  

spatial objects (Fig. 3). 
Thirty-nine convergence potentiometers are provided 

behind an access door to the right of the display. An easy- 
to-use, quick-to-do, firmware-assisted process enables the 
user to make stable adjustments of these controls for near- 
perfect color convergence over the entire CRT viewing area. 

Graphics Language 
Simple statements give the user control of the colors and 

shapes used in the display. Two color models â€” cubical and 
cylindrical â€” are available for easy specification of a desired 
color using the AREA INTENSITY and AREA COLOR state 
ments, respectively. Commonly used shapes are plotted 
easily by using the RECTANGLE and POLYGON statements. 

The plotting of more com 
plex shapes can be simplified 
by using the MAT PLOT, MAT 
RPLOT and MAT IPLOT state 
ments with the X-Y coordi 
nate data for each point in 
a shape stored in an array. 
All shapes can be shaded in 
side with a previously se 
lected color by adding the 
FILL command to the shape 
statement. 

Other commands allow the 
u s e r  t o  s p e c i f y  d e s i r e d  
graphics input and/or output 
devices for the system, define 
and label the softkey func 
tions, track the movement of 
the cursor on an input device 
by marking its relative posi 
tion on an output device, and 
select the color assigned to 
each of the three display 
memory planes. 
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F i g .  3 .  S o m e  o f  t h e  c o l o r s  a n d  
shapes that are easi ly obtained on 
the color display are shown at  the 
l e f t .  H e r e  a  c o m p l e x  f u n c t i o n  i s  
p r e s e n t e d  i n  t h r e e  d i m e n s i o n s  
u s i n g  h e x a g o n a l  p r i s m s  w h o s e  
height is emphasized by the use of 
color. 
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S P E C I F I C A T I O N S  
H P  M o d e l  9 8 4 5 C  C o m p u t e r  

D Y N A M I C  R A N G E :  - t o " t O  - 1 0 ~ " . 0 .  + 1 0 " 9 9 Â »  + 1 0 9 9  
I N T E R N A L  C A L C U L A T I O N  R A N G E :  - 1 0 5 1 1  t o  - 1 0 ~ 5 1 1 . 0 .  +  1 0 ~ S  
R E A D W R I T E  M E M O R Y  

OPT. 001 : 56.060 bytes 
STANDARD: 186,904 bytes 
OPT. 205.  31 7,820 bytw 
OPT. 206: 448.700 bytes 

TAPE CARTRIDGE (two drive units) 
CAPACITY: 217,000 bytes, each 
ACCESS: Directory (stored in R/W memory), file-by- name. 
SEARCH SPEED (bid.recl.onal). 2286 mm/3 (90 in/Â»). 
AVERAGE TRANSFER HATE: 1440 Uytes/s.  
CARTRIDGE S IZE:  63  5  *  82  5  *  12 .7  mm (2 .5  x  3 .25  x  0 .5  in ) .  

T H E R M A L  U N E  P R I N T E R  
PRINT SPEED: Up to 460 lineÂ» minute. 
PLOT SPEED 

Normal Mode 25.4 mm/s (1 in/s), 
CRT Transfer: 3.5 to 25 mm/s (0.14 to 1 in/B). 

CHARACTER MATRIX:  5  x  7  dots (7  x  12 held)  
NOISE LEVEL 

9 hr.  100% Duty Cycle 68 dBA (max).  
0.5 hr, 1 00% Duty Cycle 55 dBA <avg| 

PAPER FEED: Automatic load, 
LINE WIDTH. 560 dots. BO characters. 

PAPER WIDTH 
+  1 0 5 1 1  E n g l i s h :  2 1 6  m m  ( 8 . 5  i n ) .  

Metr ic  210 mm (827 in) .  
PAPER TYPE. Thermal,  either black pnnt.  perforated page separation or blue C 

continuous roll 
COLOR CRT 

SCREEN SIZE: 330 mm (13 in) diagonal 
SCREEN BRIGHTNESS. Manual ly  adjustable f rom 12 to 40 foot- lamberts (whi te) .  
REFRESH RATE. 60 Hz (independent of line frequency). 
T U B E  P H O S P H O R  P 2 2 .  
DOT SIZE: 0.343 mm (0.0135 n)  
ALPHANUMERIC DISPLAY 

Raster Size 247 .  154 mm (9 72 *  6.06 Â¡n)  
Screen Capacity 26 l ines '  80 characters (2060 characters) 

GRAPHICS DISPLAY 
R a s t e r  S i z e  1 9 2  -  I 5 6 m m ( 7 . 5  >  6 . 1  i n )  
Display Speed (veclors/s, overlapped and noi clipped) 

For/Next: Approximately 95 
Matrix Plot: Approximately 200 
Absolute Plot Approximately 5000 

Linearity -"2% full screen. 
Array Size. 560 * 455 pixels. 

CURSOR 
Plott ing Mode. Ful l  screen or smal l  crosshair  
Let ter  Mode Bl ink ing under l ine 
Character Edi l ing. Overstr ike in tetter mode. 

LIGHT PEN 
SIZE: 20.2 mm (0.8 in) diameter by 157 mm (6 18 m) long. 
WEIGHT. 125 q (4.4 oz)  
TRACKING SAMPLING RATE: 60 Hz.  
CURSOR POSITIONING ACCURACY 1  p ixe l ,  
MINIMUM INTENSITY FOR PICK OF SINGLE PIXEL:  10  toot - lamberts  (wtwe.  b lue .  

or green) 
SYSTEM SIZE/WEIGHT 

S I Z E .  H W D  5 4 6  *  4 8 2 . 5  x  7 6 2  m m  ( 2 1  5  x  1 9  '  3 0  i n ) .  
SHIPPING WEIGHT (Standard 9845C) 81.8 kg (160 f t )  
CUSE 0 2 mj (7.09 f t1) .  

POWER REQUIREMENTS:  
SOURCE 1100T220 Vac (se lected by rear  panel  swi tch)  +15%.  -20%.  
LINE FREQUENCY. 48 to 66 Hz.  
POWER CONSUMPTION 

Mainframe 275 W (max),  
CRT Display 550 W (max).  

POWERUNE SUSCEPTIBILITY: Withstands Â±400 Vac pulse (800-ns durat ion,  1-ns 
nselime. 60-Hz repetition rate) 

ENVIRONMENTAL RANGE:  
OPERATING TEMPERATURE: 5Â°C to 4Q"C. 
STORAGE TEMPERATURE: -40Â°C IO t65"C.  
RELATIVE HUMIDITY 5% to 80%. 40Â°C. 

PRICE IN U.S.A.: Standard 9845C base price, $39,500 
MANUFACTURING DIV IS ION:  DESKTOP COMPUTER DIV IS ION 

3404 E. Harmony Road 
Fort Coll ins. Cotorado 80525 USA 
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The System 45C User's Firmware Interface 
by Robert  A .  Jewet t  and Robert  W.  Fredr ickson 

THE FIRMWARE ENHANCEMENTS in the System 
45C are designed to give the user an easy interface 
to the new capabilities provided by the color dis 

play. These enhancements are primarily made to the exist 
ing graphics language (a part of 9845 enhanced BASIC) and 
are given to the user in the form of extensions to that lan 
guage. These extensions are grouped in two major areas: 
graphical input and color/area fill. 

Graphical  Input 
On previous 9845 Computers, input and output devices 

are treated the same. That is, one can digitize from a plotter 
or plot to a digitizer. In the System 45C the input and output 
functions are separated. Although users can still digitize 
from a plotter or plot to a digitizer, they must explicitly 
declare these devices to be input or output. Expanding on 
the form of the earlier output declaration (PLOTTER IS 
"(identifier)") the System 45C has added a similar input 
declarative (parameters enclosed by [] are optional): 

GRAPHICS INPUT IS [select code[,bus address],] "{identifier}" 

The current input identifier strings can be LIGHT PEN, 
ARROW KEYS, DIGITIZER or HPGL. For example: 

GRAPHICS INPUT IS "LIGHT PEN" 

Thus, when graphical input is required by the system 
(e.g., read the cursor position (CURSOR X,Y)) the coordinate 
data is retrieved from the current active input device. Both 
output devices and graphic input devices can be made 
active or inactive: 

GRAPHICS INPUT (select code) IS ON 
GRAPHICS INPUT (select code) IS OFF 

Although most of the graphics statements are dedicated 
to output devices or input devices, several of the statements 
can be applied to both types of devices. In these cases the 
same statement is retained for the newly defined input/ 
output device. For example, the SCALE statement defines 
the user units for a device and can be logically applied to 
either an input or output device. Therefore, the SCALE 
statement applies to all active devices, be they input or 
output. This sharing of statements provides the user with a 
non-confusing limited set of graphical statements. In the 
case of statements intended solely for input or ouput, only 
the device type to which the statement applies is used. For 
example, when DRAW X,Y is executed, only current active 
output devices are sent the X-Y coordinate data to draw a 
line. Any active input device is not sent the data. 

In addition to the input statements of earlier 9845 Com 
puters, the System 45C adds a few new input statements to 
provide the user with added flexibility and increased capa 
bility. The first of these is the ability to couple an output 

device to an input device and follow the movement of the 
input device's cursor by observing the resulting movement 
of an output device's marker. This capability is termed 
tracking and is invoked by the statement: 

TRACK (output select code) IS ON 

Once this statement is executed, the system, at the end of 
each executed BASIC program line, reads the location of the 
input device's cursor (CURSOR X,Y) and places the output 
device's marker at the same location (POINTER X,Y). This 
tracking link is valid although the two devices may have 
different SCALE factors. This gives the user full flexibility to 
expand, shrink or invert the input device's cursor move 
ments as they are tracked by an output device. 

This tracking occurs as long as the BASIC program is 
executing or until tracking is turned off: 

TRACK (output select code) IS OFF 

This link of an input device to an output device has 
several uses. One of the most common is that of menu 
selection from a digitizer. The menu can be displayed on 
the graphics CRT and the input device (say a 9874A Dig 
itizer) linked to this graphics output device by the TRACK 
statement. When the user moves the digitizer's cursor (the 
9874A's puck), immediate visual feedback is provided by 
the position of the marker on the CRT. Thus, the user can 
quickly locate a position on the digitizer's platen. 

Another new feature of the System 45C graphics system is 
the ability to interrupt normal program flow from an input 
device. Most input devices have some sort of button that can 
be used to provide an interrupt similar to that provided by 
the special function keys located on the system's keyboard 
(ON KEY# GOTO ... etc.). The graphics input device's but 
tons are linked into this system by the statements: 

ON GKEY GOTO (program element) 
ON GKEY GOSUB (program element) 
ON GKEY CALL (program element) 
OFF GKEY 

As with the ON KEY# statement, a priority can be in 
cluded in the ON GKEY statement to provide a priority 
interrupt scheme. Thus, the user has full interactive capa 
bility from an input device. For example, the simple pro 
gram below allows the user to digitize points with the light 
pen and immediately draw the corresponding vector from 
the previous digitized point: 

10 GRAPHICS INPUT IS 
"LIGHT PEN" 

20 POINTER 50,50 
30 PLOTTER IS "GRAPHICS' 
40 ON GKEY GOSUB 

Get   point 

Define input device 

Light pen cursor on screen 
Define output device 
Enable interrupts 
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50 GOTO 50  
6 0  !  
70 Getâ€”Point: DIGITIZE X,Y 
8 0  D R A W  X , Y  
9 0  R E T U R N  

Wait for interrupts 

Read digitized point 
Draw to digitized point 
Return to wait loop 

Mote that the DIGITIZE statement in line 70 will not cause 
the program to pause since a point has already been dig 
itized by pressing the light pen button to activate the ON 
GKEY branch.  A much more exotic program can be en 
visioned that allows both MOVE and DRAW operations or 
places the coordinate data into a data base or allows addi 
tional menu selections. 

Output device and input device statements are not device 
dependent. Thus, once a program is written and running 
properly, the user may change the input device by simply 
changing the GRAPHICS INPUT IS declarative. For example, 
in the program above, line 10 can be changed to GRAPHICS 
INPUT IS "DIGITIZER" and, when the program is run again, 
all the X-Y coordinate data will be read from the 9874A 
digitizer.  This unified graphics language provides easy 
transportability from one system configuration to another. 

Color/Area Fil l  
Color is specified on the System 45C by using one of two 

geometric color models. These models give users an easy 
way to visualize color space and specify a color within that 
space. The standard CIE (Commission Internationale de 
1'Eclairage) specifications could have been used, with the 
user providing three tristimulus values for the desired 
color. However, the visible color range is device dependent 
(actually CRT phosphor dependent), and the CIE coordi 
nates are not as easy to remember or visualize as those from 
the geometric models. A numeric specification (as opposed 
to a word specification such as "red") is used to provide a 
mapping from a geometric model to the capabilities of the 
display. 

On the System 45C the user may declare an area-fill color 
from either of the two models. The two models provide an 
equal number (4913*) of colors and it is merely a user 
convenience to have the option of picking a color from the 
model that the user understands better or best fits the user's 
application. Once a color is selected, the firmware gener 
ates the proper pixel patterns for the display, relieving the 
user of this task. Since the parameters are specified by 
numeric values , the user can easily make small adjustments 
to a chosen color until the desired result is attained. 

One of the models is the color cube, which has as its three 
axes the three primary additive colors: red, green and blue 
(see Fig. 1). The user specifies a color in this model by 
providing a point in cubic space, which gives a red, green 
and blue intensity on an increasing intensity scale from 

'  T h e  f i l l  o l  p o s s i b l e  c o l o r s  f o r  l i n e s ,  c h a r a c t e r s ,  a n d  a r e a  f i l l  i s  d e t e r m i n e d  b y  t h e  
geometr ic design of the pixel  â€” a single picture element- Each pixel  is composed of three 
phospho r  do t s - - r ed ,  b l ue ,  and  g reen  â€ ”  a r ranged  i n  a  t r i angu la r  pa t t e rn .  E igh t  bas i c  
colors each red, blue, green, magenta, cyan, yellow, white and black â€” are possible lor each 
pixel,  characters on which phosphor dots are turned on or off .  Because l ines and characters 
are composed of  arrangements of  s ingle p ixels,  l ines and text  can only be shown in these 
eight  basic colors.  

The colors tor area t i l l  are the result of arranging the pixels in 4x4 arrays. The intensity of 
e a c h  t h e  c o l o r  i s  d e t e r m i n e d  b y  h o w  m a n y  o f  t h e  1 6  d o t s  i n  t h e  a r r a y  a r e  t u r n e d  o n .  
Hence, there are 1 7 discrete area-f i l l  intensity values for each phosphor color â€”the seven 
teenth combinations is all dots are turned off. Thus, the total number of color area-fill combinations is 
17 cubed = 4913.  See F ig .  9  on page 31 for  an i l lus t ra t ion o f  th is  p ixe l  ar ray pat tern  

zero through one.  The BASIC statement thus has three 
parameters: 

AREA INTENSITY (red value), (green value), (blue value) 

For example: 

AREA INTENSITY .75, .75, 0 

specifies a yellow (red plus green) of three-fourths inten 
sity. The eight basic colors are specified as follows: 

White .  .  
Red 
Yellow . . 
Green 
C y a n  .  .  
Blue 
Magenta. . 
Black 

AREA INTENSITY 1,1,1 

AREA INTENSITY 1,0,0 
AREA INTENSITY 1,1,0 

AREA INTENSITY 0,1,0 
AREA INTENSITY 0,1,1 
AREA INTENSITY 0,0,1 
AREA INTENSITY 1,0,1 
AREA INTENSITY 0,0,0 

The other method of color declaration uses the color cylin 
der  model ,  which a l lows the  user  to  declare  colors  by 
specifying the three HSL parameters: hue, saturation and 
luminosity (see Fig. 2). Hue is the angular measurement 
(the primary colors are red=0, green=l/3 and blue=2/3), 
saturation is the radial measurement, which specifies the 
extent to which the hue appears to be mixed with white, and 
luminosity is the height measurement, which specifies the 
intensity per unit area. The three parameters range from 
zero through one and specify a point in cylindrical three- 
space. The BASIC statement has three parameters: 

AREA COLOR (hue), (saturation), (luminosity) 

For example: 

AREA COLOR 1/3,1, .75 

specifies a green (hue = 1/3) that is fully saturated (1 = no 
white) with three-fourths luminosity. The eight basic colors 
in this model are specified as follows (X implies the value 
does not matter): 

Several factors were involved in the selection of these two 
color models. The color cube was selected on the basis of its 
one-to-one mapping with the display hardware and the 
existing base of users who are familiar with this model. The 
HSL cylinder model was selected over other HSL models 
because the three cylindrical parameters are independent 
(allowing the full 0 to 1 range regardless of positioning on 
the model), cylindrical coordinates are easy for the novice 
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Fig. by . Color cube model. Area-f i l l  colors can be specif ied by 
select ing a point  wi th in th is  uni t  cube.  The three coordinates 
f o r  t he  po in t  i nd i ca te  t he  f r ac t i ons  o f  r ed ,  b l ue ,  and  g reen  
requ i red for  the spec i f ied co lor .  

user to visualize and the model contains no discontinuities 
(this allows straight-line interpolation of shading values). 

Once a color is selected there are several means by which 
the user may fill or color an area. The syntax for this requires 
the addition of the declarative FILL to the end of the new 
polygon drawing statements. 

Rectangles can be drawn by specifying in current user 

Fig.  2.  Color cyl inder model .  Area-f i l l  colors can be speci f ied 
by  se lec t ing  a  po in t  w i th in  th is  un i t  cy l inder .  The ang le  ind i  
ca tes  the  combinat ion  o f  red ,  b lue ,  and green requ i red,  the  
rad ius  spec i f i es  the  amoun t  o f  wh i te ,  and  the  he igh t  co r re  
sponds to the luminosi ty .  

units the widths and heights from the current pen position. 
These rectangles can be rotated by an arbitrary angle 
specified by a separate statement (PDIR, for plot direction 
angle). These rectangles can be filled with the color 
specified by the last AREA INTENSITY or AREA COLOR 
statement. For example: 

Fig. 3. value Circle drawn and filled by the POLYGON 15, FILL statement using the default value of 60 
sides for the polygon, (b) Pentagon drawn and fil led by the POLYGON 10, 5, FILL statement, (c) Arc 
drawn added the POLYGON 10, 360, 122 statement, (d) When the FILL declarative is added to the 
statement in (c) ,  the shapes shown are obtained for  the two cases where the pen is up or down 
prior to execution. The area-fill algorithm connects the first and last points of a line to fill in an area. 
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RECTANGLE 10,20,FILL 

fills a 10 by 20 rectangle with the current specified color. 
Regular polygons (equal-length sides) can be similarly 

drawn and filled. For example: 

POLYGON 15. FILL 

fills a circle (60-sided polygon) with a radius 15 user units 
from the current pen position (Fig. 3a). The number of sides 
of the polygon can be changed from the default value of 
sixty. For example: 

POLYGON 10,5,FILL 

fills a five-sided polygon where each vertex of the polygon 
is 10 user units from the current pen position (Fig. 3b). 

Further, a portion of the number of sides of the polygon 
can be specified. For example: 

POLYGON 10,360,122 

draws a 122-degree arc (122 sides of a 360-sided polygon 
(Fig. 3c)). This arc can be filled (Fig. 3d) by adding FILL to 
the end of the statement. Note that two different fill results 
are possible depending on the state of the pen (up or down) 
before executing the statement. The position of the first 
vertex of the polygon can be rotated through any angle by 
specifying a plot direction angle (PDIR). 

Irregular polygons are specified by placing the coordi 
nates of the vertices in an array and using the matrix plot 
ting facilities of the System 45C. This data is organized in 
the array by columns, with the first column containing the 
X coordinates and the second column the Y coordinates. An 
optional third column contains pen control information. 
Again, the polygon can be filled by adding the FILL parame 
ter to the end of the statements. For example: 

MAT PLOT A.FILL 

fills the polygon described by the coordinate vertices stored 
in  the array A.  Incremental ly  def ined polygons can be 
drawn or filled by the MAT IPLOT and MAT RPLOT state 
ments, which use the 9845 definitions of IPLOT (the origin 
point (0,0) moves with the current pen position) and RPLOT 
(the origin point (0,0) is fixed at the initial pen position 
when RPLOTing starts). 

The fi l l ing algorithm is a simple left-to-right scan al  
gorithm. The algorithm numbers the intersections of the 

polygon's vectors with each raster scan line in ascending 
order (left to right) and then fills from each odd-numbered 
i n t e r s ec t i on  on  t he  s can  l i ne  t o  t he  fo l l owing  even -  
numbered one. The process then moves to the next scan line 
and repeats the intersection calculation. This provides an 
easy and quick means of filling areas. For example, if the 
two column array B is dimensioned to have four rows and 
the values stored in B are: 

20 
ZG 

20 

then the statement MAT PLOT B.FILL would fill inside the 
"bow tie" defined by these coordinates, as shown in Fig. 4. 
Note that, in filling, the firmware automatically connects 
the last coordinate to the first,  thus generating a closed 
polygon. 
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Light Pen Aids User Interaction with Display 
H e r e ' s  h o w  a  l i g h t  p e n  w o r k s  w i t h  a  r a s t e r - s c a n  d i s p l a y .  

by Frederick J. Porter 

AN IMPORTANT PART of any graphics system such 
as the Hewlett-Packard System 45C is the inter 
action that the operator has with the machine. This 

interaction is accomplished by use of graphics input de 
vices, graphics output devices (displays and plotters), and 
computational algorithms. Many different devices are used 
on currently available graphics systems.1 Some devices 
supplied by HP include the keyboard on the machine, 
arrow keys on the keyboard, the 9872A Plotter, the 9874A 
Digitizer, and the 911 1A Graphics Tablet. In addition to 
these, the System 45C provides softkeys and a light pen. All 
of these graphics input devices enable an operator to inter 
act in varying degrees with the system. 

Much of this article deals with the problem of using a 
light pen on a raster-scan CRT. These problems are notable 
because they have been publicized in the technical press 
and learning institutions as making impractical the use 
of a light pen with a raster-scan system. 

Interact ive Graphics 
Primary interactive functions that need to be im 

plemented on a graphics system are those for picking and 
positioning items on the display area. 

The pick function is the act of identifying a symbol 
among several choices. Picking a symbol may start the 
computer performing a task or it may set the conditions for 
some future task. The overlay on the user-definable keys 
can be thought of as a list of symbols from which to pick. On 
graphics systems, the list of symbols is often displayed on 

F i g .  1 .  T h e  S y s t e m  4 5 C  l i g h t  p e n  c a n  b e  u s e d  t o  p i c k  d i s  
played objects or menu i tems and to place objects or indicate 
dimensions. 

the screen. This is done for two reasons. One is to allow the 
list to be dynamically changed depending on the program 
segment being executed. The other is to allow the operator 
to concentrate on the display without having to switch 
attention to some other device. This capability is possible 
when using the softkeys and/or the light pen. The softkeys 
are located on the display case directly below the CRT; this 
allows a label to be displayed on the CRT near its corres 
ponding key. The light pen can pick from any area on the 
screen that has an image displayed. This allows greater 
format flexibility for the displayed symbol table. The X-Y 
coordinates returned to the system by the light pen deter 
mine the item picked. 

The positioning function is the act of specifying a point in 
the display area. Once a point has been specified, an opera 
tion relative to that point can be performed, or that point can 
be stored for some future operation. An example is the 
drawing of a line between two points. First one point is 
specified and stored. When the second point is specified, a 
line is drawn from the first point to the second. Since it is 
sometimes desirable to make changes during the interactive 
development of an image, these operations are usually per 
formed on a CRT. Thus, the CRT is normally used as the 
display device although some other devices could be the 
display for a particular application. 

One application where both picking and positioning can 
be used is a geometric drawing program. The format of this 
example is shown in Fig. 1. The first operator interaction 
with the computer is picking the green block on the left side 
of the display by pointing the light pen at the green block 
and pressing the button on the pen. This indicates to the 
computer that future operations will be done in the color 
green. In a similar manner the operator picks the word 
CIRCLE from the list on the display. This indicates that the 
input data is to be used to draw a circle. The operator then 
indicates the position of the center of the circle by position 
ing the light-pen tracking cursor at the desired location. 
The button on the pen is pressed to allow the machine to 
capture the data for that point. The radius is then defined by 
positioning the cursor at any point on the circumference of 
the circle to be drawn. The machine responds by drawing a 
green circle of the desired radius at the specified position 
(Fig. 1). Other graphics input devices can perform these 
fundamental operations. The selection of a particular 
graphics input device depends on the specific application 
and operator preference. For example, the light pen allows 
the operator to manipulate images on the CRT â€” a high 
degree of man/machine interaction. The operator simply 
points the pen at appropriate locations on the face of the 
CRT to achieve the desired result. This direct interaction 
with the CRT is the light pen's fundamental advantage over 
other input devices. 
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Fig .  2 .  B lock  d iagram o f  l igh t  pen sys tem in  the  9845C Computer .  

Light Pen Architecture 
The system for the light pen used on the 9845C CRT 

display is shown in Fig. 2 . The light pen consists of a system 
of lenses, a high-speed PIN photodiode, a video amplifier, a 
comparator to detect the peak amplitude of the light emitted 
by a phosphor within the pen's optical field of view, and 
digital circuitry to latch the X and Y scan addresses when 
detections are made. As an example of a field of view for an 
optical system, consider a lens system that is located about 
one-half inch away from a CRT. The PIN photodiode can 
detect light on the CRT in a nearly circular area centrally 
located with respect to the optical axis of the lens system. 
This is called the optical field of view. If a vertical line is 
displayed on the CRT, the detected peak amplitude of the 
light emitted from the phosphors along that line will have 
an attenuation pattern due to the optical system. This is 
shown in Fig. 3a. The envelope of the attenuation pattern 
takes the form of a raised sinusoid (i.e., K(l +cos(coR)) for 
â€”IT =s wR =s 77). The attenuation pattern will vary with many 
factors, such as the distance to the screen and the type of 
phosphor. The comparator threshold is set so that those 
pixels emitting light above the threshold will create a detec 
tion signal while those whose emitted light does not exceed 
the threshold are not detected. For this case the area in 
which pixels are detected is called the single-dot field of 
view â€” a subset of the optical field of view. 

If the line displayed on the CRT is horizontal, there is a 
different effect. On the System 45C, the decay time for the 
blue and green phosphors is 8.7 /as. For the red phosphor 
the decay time is 870 /us. Thus, for a horizontal line there is 
an additive effect caused by the long decay times of the 
phosphors. As each pixel becomes illuminated, the energy 
detected by the PIN photodiode is added to the detected 
energy from previous pixels. This is shown in Fig. 3b. The 
same effect does not occur in the single-dot field of view 
because the detected pixels are separated in time by the 
length of a scan line. This period of time (34.4 /AS) allows the 

phosphor's energy to decay sufficiently before the detection 
of the next pixel in a vertical line. 

Therefore, for the case of a horizontal line the comparator 
sees a signal due to the collective energy of the pixels 
because the energy emitted from each pixel has not decayed 
sufficiently before the next pixel is detected. The region 
where the total energy detected exceeds the threshold is 
called the horizontal-line field of view. The signals created 
by the horizontal lines are much greater than those created 
by single pixels. As a reference point, threshold level A in 
Fig. 3b is equivalent to the threshold level in Fig. 3a. The 
other threshold levels shown in Fig. 3b illustrate the effect 
on the horizontal-line field of view as the threshold is in 
creased. The edge of the horizontal-line field of view re 
mains circular as the threshold changes. In fact, there is a 
threshold level for the horizontal-line field of view that will 
create an edge having the same radius as the boundaries of 
the single-dot field of view at a lower threshold level. As 
shown in Fig. 4, the fields of view are offset from one 
another by an amount that remains nearly constant because 
of the sinusoidal nature of the optical field of view. 

One of the properties of the light pen with respect to the 
human eye should be noted. The light pen detects the peak 
energy emitted by the phosphor. The human eye detects the 
total energy emitted by the phosphor. That being the case, 
the red phosphor's peak energy is about 1/100 of that of the 
blue and green phosphors because the red phosphor has a 
much longer decay time and need not have as great a peak to 
present the same amount of total energy to the eye. This 
makes it more difficult for the light pen to detect red. In fact, 
it takes about five consecutive red pixels for the light pen to 
detect a red image where it only takes one pixel to detect 
green or blue. Turning on multiple phosphors at a pixel 
location gives that pixel the desirable attributes, for light- 
pen detection, of the faster phosphors. 

The occurrence of the detection signal is correlated in 
time with the current position of the beam sweeping the 
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Boundary Due to C 

Boundary Due to  B 

Horizontal Line Field 
of View (effective 
field of view for a 
solid horizontal 
l ine with a 
particular threshold) 

T ime 

Fig .  3 .  (a )  S ing le -do t  f ie ld  o f  v iew.  Because each  p ixe l  in  a  
ver t ica l  l ine is  separated in  t ime by the per iod between ad ja  
cen t  scan  l ines ,  d is t inc t  s igna l  peaks  a re  de tec ted  fo r  each  
p ixe l  o f  the e f fec t ive  f ie ld  o f  v iew,  (b)  Hor izonta l - l ine f ie ld  o f  
view. Here the l ight emitted by each pixel in a horizontal l ine is 
added to  the l ight  f rom other  p ixe ls  in  the f ie ld  o f  v iew deter  
m ined  by  the  th resho ld  leve l .  As  the  th resho ld  i s  i nc reased  
f rom Leve l  A  to  Leve l  B  and to  Leve l  C,  the  e f fec t ive  f ie ld  o f  
v iew d imin ishes  as  shown.  The center  o f  the  hor izon ta l - l ine  
field of view is offset to the right because of the light summation 
requ i red to  exceed the h igher  th resho ld  leve l .  

display. On a vector-scanning display this can be directly 
related to the event of a particular vector being written on 
the display. On a raster-scan display the relationship is to 
an X-Y position on the display. Locating a particular vector 
on the screen requires finding the vector in the display data 
base that passes through the X-Y position. 

Since the position of the pen is determined by correlating 
the peak detected amplitude with the current electron beam 
position, it can be seen that the single-dot field of view is 
centered on the  pen 's  opt ica l  axis .  However ,  the  
horizontal-line field of view is located to the right of the 
optical axis because the pixels in view of the pen are still 
emitting energy although the position of the electron beam 
has moved out of the field of view to the right. 

Other problems deal with the speeds at which data is 
displayed, optical variations such as intensity and physical 
position, and the PIN photodiode response time. On the 
System 45C the pixel display rate is 30 MHz. Because it 
takes 200 ns for the light pen to respond with a detect signal, 
six pixels are displayed after the illumination of the pixel 
causing the detection. This presents no difficulty in detect 
ing the vertical position because the time between adjacent 
scan lines is much longer. However, if not corrected, this 
delay causes an error of six pixels in determining a horizon 
tal position. This is one of the reasons that the use of light 
pens on raster-scan systems was restricted to only pick 
modes or coarse positioning. The System 45C has overcome 
this restriction, thus providing the ability to track a cursor 
on a raster-scan CRT and to specify positions to the resolu 
tion and accuracy of a single pixel on the screen. 

Tracking Cursor  
A tracking cursor is used to achieve single pixel resolu 

tion and accuracy on the System 45C. In other words, the 
operator actually points with a cursor, using the light pen to 
move the cursor on the screen. 

The tracking cursor is implemented for several reasons. 
The glass faceplate of the CRT is about one-half inch thick, 
creating a parallax problem between the light pen, the 
phosphor and the operator. For this and other reasons dis 
cussed earlier, it is impossible to indicate a single pixel 
precisely with only the light pen. The center of the tracking 
cursor becomes, by definition, the pixel at which the light 
pen is pointing. A predictive tracking algorithm is used to 
have the cursor track the movement of the light pen by an 
operator's hand. The predictive algorithm requires that an 
accurate estimation of the center of the field of view be 
made. This is the single largest problem with a tracking 
cursor on a raster-scan CRT. The field of view is determined 
by the optical path from the phosphor to the PIN photo- 
diode and the intensity of the light impinging upon the 
diode from individual pixels. The cursor is used to deter 
mine the limits of the field of view. On a vector-scan CRT, 
the light pen can wait until the cursor vectors are displayed. 
With some ingenuity in the method by which the cursor is 
displayed, the top, bottom, left, and right sides of the field of 
view can be determined. From that, it is a simple task to 
determine the center of the field of view on a vector-scan 
CRT. Although the field of view is always dependent on the 
intensity of individual pixels and the operator's habits, 
other factors make the estimation of the center of the field of 
view on the raster-scan CRT even more difficult. 
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Single-Dot Field of  View 

Optical Field 
of  View 

Horizontal-Line 
Field of  View 

Fig.  4.  Relat ionship between the shapes and locat ions of  the 
s ing le -do t  and  hor izon ta l - l i ne  f ie lds  o f  v iew.  The hor izon ta l  
of fset  is  caused by the higher threshold level  for  a hor izontal  
l ine as shown in Fig.  3b and by the detect ion c i rcui t  delays.  

On a raster-scan CRT, graphical data, cursor and picture, 
are displayed in sequence as the scan progresses across the 
screen. This means that some of the pixels making up a 
picture may be displayed closely in time and space to those 
pixels that make up the tracking cursor. When the light pen 
is pointed at the CRT, the PIN photodiode senses the first 
illuminated pixel on a scan line within the field of view and 
a detection is registered. Since the light energy of the phos 
phor decays slowly, any other pixels that occur in the field 
of view on that scan line add to the energy from the first 
pixel. Using an ac-coupled video amplifier and a slicing 
threshold scheme the light pen detects only one pixel per 
scan line. This effectively masks out the detection of the 
cursor if picture pixels have occurred in the field of view on 
the same scan line before the display of the cursor pixels. 

Center Est imation 
For purposes of explanation, assume that all pixels ex 

cept cursor pixels are not illuminated. The upper and lower 
boundaries of the field of view can easily be determined. 
However, because there is only one detection per scan line, 
only the left boundary can be determined (the scanning on 
the System 45C is from left to right and top to bottom). With 
three points defining a circle, a set of equations is used to 
derive the center of the field of view. A first approximation 
can assume that the field of view is circular. In this case the 
following equations apply: 

V Yl +Y3 
center 

X center 
( Y 1  â € ”  Y  I 2  â € ”  Ã Y 2  â € ”  Y  1  _  *  c e n t e r J  l * Â ¿  I  c e n t e r J  2 â€” X22 ^Â¿ 

2(X1-X2) 

where (XI, Yl) and (X3.Y3) are the endpoints of a vertical 
chord through the field of view, (X2,Y2) is another point on 
the left perimeter of the field of view and (Xcenter,Ycenter) is 
the center of the field of view. Consider the geometry of a 
cursor in the field of view. The cursor is made up of two 

orthogonal lines, one horizontal and one vertical. Each line 
is 49 pixels long (greater than the diameter of the field of 
view) and crosses the other line at its midpoint. Since the 
firmware algorithm positions it. the cursor's X-Y center 
coordinates are known. If these coordinates are used to 
make the center estimation, XI, X3, and Y2 are airead}' 
known. All that remains to be determined are X2, Yl, and 
Y3. If the cursor can be separated from other displayed 
information, the data for Yl and Y3 can be very accurate. 

The data for X2 remains a major problem. The signal 
producing X2 will be a horizontal line, creating a large 
amplitude, long duration signal from the PIN photodiode. If 
the threshold of the comparator in the light pen is increased 
during the display of the horizontal component of the cur 
sor, the signal-to-noise ratio will also increase and a more 
predictable X2 detection will occur. An offset constant is 
added to allow X2 to represent a position on the edge of the 
single-dot field of view. 

Interleaving 
This leaves the problem of collecting Yl and Y3 and 

being sure that the data originates only from the cursor. Part 
of this problem is caused by the differences in the 
horizontal-line and single-dot fields of view. Detections 
from the vertical line of the cursor are governed by the 
single-dot field of view. However, picture data creating 
horizontal lines may occur outside and to the left of the 
single-dot field of view. This causes corruption of the Yl 
and Y3 data. This must somehow be masked out. One 
method is to blank out all of the data in the vicinity of the 
cursor, but this makes it difficult for the operator to line up 
the cursor on some image already on the screen. The alter 
native used on the System 45C is interleaving. As shown in 
Fig. 5, every other scan line in the vicinity of the cursor is 
blanked, while on the next frame the alternate scan lines are 
blanked. This has the effect of dimming the background 
data near the cursor but still allowing the operator to see all 
of the displayed data at a 30-Hz rate. The cursor is not 
interleaved but is displayed continuously without blanking 
of any of its elements. In tracking mode, the digital circuitry 
accepts detections only on the blanked scan lines to assure 
that the data is a result of detecting cursor pixels. 

Three values are transmitted to the system mainframe 
during each frame to allow the firmware to position the 
cursor for the next frame. These three points are Yl , X2, and 
Y3. The conditions by which these are gathered are as 
follows: 

Latch Yl if: a) the detection is the first detection of the 
frame or 

b) the detection is the first detection to occur 
on a scan line blanked by interleaving. 

Latch X2 if: a) the detection is the first detection of the 
frame or 

b) the detection occurs on the horizontal line 
of the cursor. 

â€¢Another pixel on visual perception is caused by the fact that l ight emitted from each pixel 
decays until each frame. The human eye does not detect flicker of a light source until the rate is 
less than approximately 54 Hz and then only over large areas in the peripheral view. In fact, in 
small detectable of less than four square centimeters, flicker is hardly detectable at a 30-Hz rate. 
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Latch Y3 if: a) there has been no detection on a blanked 
scan line or 

b) there has been a detection on a blanked 
scan line and the current detection is 
from a blanked scan line. 

There are two conditions for latching the data in each 
register. The first condition (a) exists because it is not 
known a priori that the pen is near enough to the cursor to 
detect any pixels forming it. This is a mode that is useful in 
picking, where the cursor is not necessarily being displayed 
and there is a window of 10 to 20 pixels to specify an 
operation. If there is data from the cursor the second condi 
tion (b) is used for latching the data registers. Since the 
maximum data range (0-559) requires only 10 bits of the 
16-bit word for each data point, some of the remaining bits 
are used to help the firmware determine the status of the 
information it is receiving. This information includes: 
1. Whether the data is from a valid detection. 
2. Whether the Y data is from detections on blanked scan 

lines. 
3. Whether the X data is from a detection on the horizontal 

line of the cursor. 
4. Whether the button on the light pen is pressed. 

From this information, the firmware can quickly detect 
whether or not the cursor has been captured to allow track 
ing. If the cursor has not been captured, then an approxima 
tion of the pen's position is made and stored in a user 
accessible location. 

Tracking Algor i thm 
However, if the cursor is close enough to track light pen 

movements (i.e., detectable by the light pen), the firmware 

invokes a tracking algorithm. This algorithm is an adaptive, 
second-order predictive algorithm that allows smooth, pre 
cise motion of the cursor at slow speeds, while still keeping 
up with rapid changes in motion at faster speeds. Using the 
estimated center position of the light pen as determined 
above, three values are calculated. The first is an error value 
E which is the difference between the current pen center 
estimate (calculated in the previous frame) and the current 
position of the cursor. Second, a pen velocity value V is 
calculated from the difference between the current pen 
center estimate and the pen center estimate of the previous 
frame. The final calculation is a pen acceleration value A. 
This value is the difference between the pen velocity value 
of the current frame and the pen velocity value calculated in 
the previous frame. The location of the pen center for the 
next frame, and hence the desired cursor posit ion 
(New   cursor), is predicted as follows: 

New_cursor = KlxE + K2XV + K3XA + OlcLcursor 

where Oldâ€”cursor is the present cursor position, Kl and K2 
are functions of the current velocity and K3 is a function of 
the current acceleration and error. Provided that the pre 
dicted position is close enough to the actual new position of 
the light pen, cursor detections will again be made on the 
next frame so the procedure can be repeated. 
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Posit ion of  
Cursor 

0 0 0  . O O O O O  â€¢ Illuminated Pixels 
_ .  P ixe ls  b lanked by 

interlacing 
O  C u r s o r  P i x e l s  

Pixels gathered for 
'  c e n t e r  e s t i m a t i o n  

Pixels incorrectly 
gathered  for  
center  est imation 

(b) 

Fig.  5 .  (a)  Disp layed data in  f ie ld  
o f  v i e w  o b s c u r i n g  c u r s o r  a n d  
c a u s i n g  i n c o r r e c t  c e n t e r  e s t i m a  
t ion.  In the System 45C, the scan 
l i nes  i n  t he  t rack ing  cu rso r  a rea  
are a l ternately b lanked except  for  
cu rso r  p i xe l s  and  de tec t ions  a re  
cons idered va l id  on ly  when made 
on  a  b lanked l ine  as  ind ica ted  in  
(b)  where the odd-numbered l ines 
are blanked, fol lowed by (c) where 
t h e  e v e n - n u m b e r e d  l i n e s  a r e  
blanked. Thus, the display area in 
t h e  v i c i n i t y  o f  t h e  c u r s o r  i s  
s w i t c h e d  ( i n t e r l a c e d )  b e t w e e n  
condit ions (b) and (c) for accurate 
center est imation. 
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June  1980 Mass  s torage  management  sof tware  
Dec.  1980 Memory des ign,  color  graphics  d isplay 
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system 
May 1980  Mic roprocesso r  t e s t ing  
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N 
Aug. 1980 NMOS circuit design 
Aug. 1980 Notch filter, digitally tuned 
Aug. 1980 Numerical integration by 

calculator 

Sept. 1980 Optical angle encoder 
Feb. 1980 Optical system, folded 
Sept. 1980 Optical system, total station 
Aug. 1980 Oscillator, audio 
July 1980 Output control, vectored 

Oct. 1980 Pascal compiler 
Nov. 1980 Patient information center 
Nov. 1980 Patient monitoring 
Jan. 1980 PCM system analyzer 

PART 3 :  Mode l  Number  I ndex  
Model 

HP-34C 
HP-41C 
HP-85 

1610B 

Product 

Calculator 
Calculator System 
Personal Computer 

Logic State Analyzer 

L o g i c  S t a t e  A n a l y z e r  M a y  1 9 8 0  
Syn thes i ze r /Leve l  Gene ra to r  May  1980  
S e l e c t i v e  L e v e l  M e t e r  M a y  1 9 8 0  
Primary Multiplex Analyzer Jan. 1980 
T o t a l  S t a t i o n  S e p t .  1 9 8 0  
Coordinate Determination Sept.  1980 

System (9845T, 3820A) 
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3 8 5 0 A  I n d u s t r i a l  D i s t a n c e  M e t e r  
4 1 9 1 A  R F  I m p e d a n c e  A n a l y z e r  
5 3 1 6 A  U n i v e r s a l  C o u n t e r  
5 3 3 5 A  U n i v e r s a l  C o u n t e r  
5 3 4 3 A  M i c r o w a v e  F r e q u e n c y  

Counter 
5 3 4 5 A  E l e c t r o n i c  C o u n t e r  
5 3 5 5 A  A u t o m a t i c  F r e q u e n c y  C o n v e r t e r  A p r .  
5 3 5 6 A / B / C  F r e q u e n c y  C o n v e r t e r  H e a d s  
8 4 5 0 A  U V / V i s  S p e c t r o p h o t o m e t e r  
8 5 5 9 A  S p e c t r u m  A n a l y z e r  0 . 1 - 2 1  G H z  
8 9 0 3 A  A u d i o  A n a l y z e r  
9 8 4 5 C  C o l o r  G r a p h i c s  C o m p u t e r  
9 8 7 6 A  T h e r m a l  G r a p h i c s  P r i n t e r  
1 0 2 6 4 A  G e n e r a l - P u r p o s e  P e r s o n a l i t y  

Module for 161 1A 
1 1 4 2 9 A  R o e l o f ' s  P r i s m  A d a p t o r  
1 4 4 5 1 A  C i r c u i t  A n a l y z e r  B o a r d  
1 6 0 9 1 A  C o a x i a l  F i x t u r e  S e t  
1 6 0 9 2 A  S p r i n g  C l i p  F i x t u r e  
1 6 0 9 3 A / B  B i n d i n g  P o s t  F i x t u r e  

P r o b e  F i x t u r e  J a n .  1 9 8 0  
I M L / 3 0 0 0  N o v .  1 9 8 0  
HP-IB Distance Meter Interface June 1980 

Sept.  1980 
L o g i c  D e v e l o p m e n t  S y s t e m  O c t .  1 9 8 0  
D e v e l o p m e n t  S t a t i o n  O c t .  1 9 8 0  
L o g i c  A n a l y z e r  O c t .  1 9 8 0  
P R O M  P r o g r a m m e r  O c t .  1 9 8 0  
Patient Information Center Nov. 1980 
P a t i e n t  I n f o r m a t i o n  C e n t e r  N o v .  1 9 8 0  
D i s p l a y  N o v .  1 9 8 0  
E q u i p m e n t  C a b i n e t  N o v .  1 9 8 0  
S i n g l e - C h a n n e l  R e c o r d e r  N o v .  1 9 8 0  
D u a l - C h a n n e l  R e c o r d e r  N o v .  1 9 8 0  
C a r d  R e a d e r  M a r .  1 9 8 0  
M e m o r y  M o d u l e s  M a r .  1 9 8 0  
T h e r m a l  P r i n t e r  M a r .  1 9 8 0  
H P - 8 5  1 6 K  R A M  M o d u l e  J u l y  1 9 8 0  
H P - 8 5  R O M  M o d u l e  J u l y  1 9 8 0  
H P - 8 5  H P - I B  I n t e r f a c e  J u l y  1 9 8 0  

PART 4 :  Au thor  Index  
Adleman, George L. 
Alonso- VÃ©lez, Izagma I. 

B  
Baeverstad, Harold L., Jr. 
Batham, Andrew 
Bausch, James F. 
Becker, J. Steven 
fielding, Richard L. 
Blancke, Timothy B. 
Bologlu, Ali 
Bourque, Jacques Gregori 
Boyan, Corydon J. 
Boyd, Patrick V. 
Brown, Troy L. 
Bruderer, Clark C. 
Bryant, Mike 
Buck, Dean 

Collins, Douglas J. 
Conklin, David R. 
Cox, Roger 

DeVilbiss, Alan J. 
DiPietro, David M. 
Donnelly, James B. 
Dykes, Mark 

Felsenstein, Ronald E. 
Fleming, James H. 
Foote, James D. 
Fredrickson, Robert W. 
Frost, John B. 

George, David M. 
Goldberg, Jeffrey M. 
Gort, Alfred F. 
Greenley, Gordon A. 

Nov. 1980 
Oct. 1980 

H  
Hale, William L. 
Hanna, Kim L. 
Hanna, William A. 
Hansen, John D. 
Henscheid, Kent R. 
Hopkins, George W. 

Dec. 
Jan. 
July 
Dec. 
Mar. 
Nov. 
Apr. 
Oct. 
Aug. 
Mar. 
June 
Dec. 
Jan. 
June 

1980 
1980 

1980 
1980 
1980 

1980 

1980 
1980 
1980 
1980 

1980 

1980 
1980 

1980 

July 1980 

Mar. 1980 
Oct. 1980 

Oct. 1980 
Sept. 1980 
Oct. 1980 
Jan. 1980 

Apr. 1980 

Mar. 1980 

Aug. 1980 
Dec. 1980 
Dec. 1980 

Sept. 1980 
Nov. 1980 

Sept. 1980 
Oct. 1980 

Dec. 1980 
Nov. 1980 

June 1980 
May 1980 

July 1980 
Feb. 1980 

House, Charles H. 

I 

Ichino, Toshio 
Ishida, Connie J. 

J  
James, Gerald E. 
Jekat, Hans J. 
Jensen, Ronald C. 
Jewett, Robert A. 
Johnson, Douglas R. 
Johnson, Norman L. 

K 
Kahan, William M. 
Keil, Ronald W. 
Kerr, Brian W. 
Kerschner, Ronald K. 
Knudsen, Knud L. 
Koepke, Larry L. 

L  
LaFollette, Robert J. 
Lau, Chung Y. 
Lo, Clement C. 
Low, Robert N. 
Lowe, David J. 
Lynch, Todd R. 

M 
Marathe, Vijay V. 
Marton, Virgil 
Maze, Craig 
McDonley, P. Alan 
McOmber, Val D. 
Mikkelsen, Tim I. 
Mills, Nelson A. 

Molinari, David H. 
Monnier, Richard E. 
Moore, Charles E. 
Morganthaler, Mark P. 
Morris, Donald L. 
Morrill, Justin S., Jr. 
Musch, Bernard E. 
Muterspaugh, Milo E. 

Oct.  1980 Nielsen, Larry L. 

Jan. 1980 
Nov. 1980 

Feb. 1980 
Apr. 1980 

Sept. 1980 
Dec. 1980 

Sept. 1980 
Mar. 1980 

Aug. 1980 

July 1980 
Oct. 1980 

Sept. 1980 
Feb. 1980 

Apr. 1980 

Sept. 1980 
Aug. 1980 

July 1980 
Mar. 1980 

Mar. 1980 

July 1980 
Aug. 1980 

Mar. 

Jan. 
Mar. 

Oct. 

Sept. 
July 
July 

Aug. 
Mar. 

Feb. 

Sept. 
Feb. 

Mar. 

May 

Mar. 

Oct. 

1980 

1980 
1980 
1980 

1980 
1980 
1980 

1980 
1980 

1980 
1980 
1980 

1980 

1980 

1980 
1980 

Offermann, Robert W. 
Ogden, Deborah J. 
Ohkawara, Hideo 
O'Neill, Peter M. 

Pearson, Robert 
Pontis, George D. 
Porter, Frederick J. 
Pratt, William C. 

Q 
Quick, Roger D. 

Rueter, James M. 
Russell, Homer C. 

Saponas, Thomas A. 
Sasaki, Gary D. 
Sayed, Mohamed M. 
Schleifer, Arthur 
Schneider, Richard F. 
Schwartz, Alfred 
Sims, David J. 
Smith, David E. 
Spreadbury, Brian G. 
Steiger, Gerald W. 
Steiner, Glenn C. 
Stettiner, Robert L. 
Stewart, James B. 
Sugihara, Noriyuki 
Sweetser, David J. 

Thomas, Paul L. 

Ward, Michael J. 
Wasinger, Gerald F. 
Weber, Lynn 
Widmayer, Robert W 
Willis, Barry G. 
Winslow, Phillip D. 
Wong, John J. 

W  

Nov. 1980 

Apr. 1980 
May 1980 

Jan. 1980 
May 1980 

Jan. 1980 

Aug. 1980 
Dec. 1980 
Dec. 1980 

Mar. 1980 

Nov.  1980  
J u l y  1 9 8 0  

Oct. 
Sept. 
Apr. 
Feb. 
Apr. 
Feb. 
Sept. 
June 
July 
Mar. 
Feb. 
Nov. 
Oct. 
Jan. 
July 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

1980 

N 
Nairn, John H. July 1980 Yackle ,  Brad E.  

May 1980 

Sept. 1980 

Sept. 1980 
Feb. 1980 

Feb. 1980 
Feb. 1980 
May 1980 
Mar. 1980 

Oct. 1980 
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project, including the human factors and the initial 
mechanical design. Bob Fredrickson designed and im 
plemented the firmware tracking algorithm and interrupt 
service routine. Lowell Kolb assisted in the design and 
testing of the detection circuitry in the light pen. Nick 
Mati worked on developing the optical path, detection 
circuitry, and mechanical design. Special thanks to }ack 
Frost, the project manager for the light pen, for the direc 
tion he provided. 

Reference 
1.  W.M. Newman and R.F.  Sproull ,  "Principles of  Interact ive 
Computer Graphics," McGraw-Hill Book Company, New York, 
1979. 

Frederick J.  Porter 
f  Fred Porter was bom in Detroit,  Michi- 

^ f c i  ^ ,  g a n ,  h a s  a n  A B  d e g r e e  i n  m a t h e m a t i c s  
and  phys i cs  awa rded  by  A lb i on  Co l  
lege, Michigan in 1974 and the BS and 
MS degrees in  e lect r ica l  engineer ing 
from the University of Michigan in 1974 
and 1975,  respect ive ly .  He has been 
with HP since 1976 and has worked on 
the display for the 9845A Computer and 
the control logic forthe light pen used in 
the System 45C. Fred is now working on 
fu ture graphics d isp lays.  He is  a  
member of the National Society of Pro- 
fess ional  Engineers and a char ter  
member  o f  the  Twin  Towers  Lounge 

Club Theatre Albion College. Fred acts in the Loveland Community Theatre 
and makes h is  home wi th  h is  w i fe  and two daughters  in  Love land,  
Colorado.  His  in terests  a lso inc lude p lay ing the p iano and organ,  
camping,  h ik ing ,  and N-gauge model  ra i l road ing.  

A Precision Color Raster-Scan Display for 
Graphics Applications 
by Warren C.  Prat t  

THE ADAGE "a picture is worth a thousand words" 
certainly applies to a graphics display. A properly 
designed and used graphics display can transfer 

many types of information from machine to user much 
more rapidly and efficiently than can a verbal or numerical 
description. Such a display must have an information con 
tent greater than or equal to the amount of data to be trans 
ferred, provide sufficient display accuracy so that nothing 
is misinterpreted in the transfer, and be free from anomalies 
that would tend to distract the user. The color display for 
the Hewlett-Packard System 45C was designed with these 
criteria in mind. 
â€¢ Information content. The display area is 720 pixels wide 

by 455 pixels high (the area available for graphics display 
is 560 pixels wide by 455 pixels high). The information 
density in this area is greatly increased through the use of 
color. Three primary colors, red, green, and blue, are 
mixed to provide eight basic colors. 

â€¢ Display accuracy. The System 45C display circuits correct 
for display nonlinearities caused by CRT geometry and 
component variations. These circuits ensure that each 
pixel is located precisely relative to the other pixels on the 
CRT screen. Therefore, straight line segments appear 
straight (not curved) and circles appear circular (not oval 
or irregularly shaped). 

â€¢ Freedom from distracting anomalies. How many times 

have your favorite television stars been stretched by the 
"conehead effect" as they ventured too close to the edge 
of a television screen? When was the last time you 
watched a TV movie in which the entire population had 
acquired a green flesh color? The System 45C display is 
specifically designed to provide a high degree of data 
integrity free from such distracting anomalies. 
The System 45C display uses raster-scan technology. 

Electron beams transfer serial data to phosphors on the CRT 
screen, beginning in the upper left corner and scanning 
from left to right as they slowly move down the screen. 
When the beams reach the bottom of the screen, completing 
one frame, they rapidly return to the top, beginning the next 
frame. Beam deflection is accomplished magnetically using 
a deflection yoke containing two orthogonal sets of wind 
ings for vertical and horizontal deflection. The vertical de 
flection winding is excited by a current waveform whose 
frequency (60 Hz) equals the number of frames per second. 
The horizontal deflection winding is excited by a similar 
waveform at a much higher frequency, providing a fixed 
number of horizontal scans per frame. 

The display incorporates a delta-gun, shadow-mask, 
color CRT. Three electron guns are arranged at the vertices 
of an equilateral triangle located in the neck of the CRT (Fig. 
I). The three electron beams pass through openings in a 
shadow mask near the CRT faceplate. After passing through 
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Shadow Mask  

Blue 

G r e e n  H  >  

Red 

Electron Guns 

Green 
Blue 

Phosphors 

Fig. 1 . Three electron guns are ar 
ranged  i n  a  t r i angu la r  pa t te rn  i n  
t h e  n e c k  o f  t h e  c o l o r  C R T .  T h e  
b e a m s  f r o m  t h e s e  g u n s  a l l  p a s s  
t h r o u g h  a  s i n g l e  h o l e  i n  t h e  
shadow mask  to  exc i te  a  t r i angu  
l a r  a r r a n g e m e n t  o f  r e d ,  b l u e ,  
a n d  g r e e n  p h o s p h o r  d o t s  o n  
the faceplate. 

the shadow mask, each beam strikes a dot of either red, 
green, or blue phosphor on the faceplate, depending upon 
each beam's angle of entry into the shadow mask (the angle 
of entry depends upon the gun location). The arrangement 
of phosphors is such that each gun consistently strikes a 
particular color. This tri-beam color system allows inde 
pendent control of the primary colors: red, green, and blue. 
However, it is not free from difficulties in implementation. 
Two key concerns are ensuring that each beam excites only 
its assigned phosphor (color purity), and ensuring that as 
the three beams are deflected over the faceplate, they will 
all strike the same screen location for any combination of 
vertical and horizontal deflection currents (convergence). 

In addition to the deflection, purity, and convergence 
circuits, the CRT requires three video amplifiers (one per 
gun) to modulate the electron beams with the serial video 
data. Each of these amplifiers must generate a 40-volt drive 
signal from TTL data streams at 30 megabits per second. 

The CRT drive circuits (Fig. 2) are divided into four 
categories for further discussion â€” vertical deflection, hori 
zontal deflection, convergence and purity, and video 
amplification. 

Vert ical  Def lect ion Circui t  
The System 45C provides a flicker-free display by refresh 

ing the CRT at a 60-Hz rate; hence, the vertical deflection 
current is repetitive at a 60-Hz rate. The required deflection 
current is made up of three components (Fig. 3): 
1. A large sawtooth-like component. The signal amplitude 

changes at a slow rate to scan the beams from the top to 
the bottom of the CRT. It ramps back to its initial value at 
a much faster rate, quickly repositioning the beams at the 
top of the screen for the next frame scan. We denote the 
scan time as Ts and the retrace time as Tr, hence, Ts + Tr = 

1/(60 Hz) = 1/60 second. 
2. A small velocity-correction component. Due to CRT 

geometry, the path length of the deflected beam will vary 
as a direct function of the vertical deflection angle. More 
specifically, this occurs primarily because the radius of 
curvature of the CRT faceplate is much greater than the 
distance from the deflection yoke to the faceplate. 

If a perfectly linear drive waveform is applied, higher 
scan velocities are obtained at the top and bottom of the 
screen than at the center. Under these conditions, infor 
mation displayed at the vertical extremes of the screen is 
larger vertically when compared to the same informa 
tion displayed near the center. This form of nonlinearity 
is avoided by adding a velocity-correction term than 
produces a slight S-shaping of the deflection current 
waveform, that is, a more gradual slope at the beginning 
and end of the ramp portion of the waveform. 

3. A pincushion-correction component. The deflection path 
length increases at the horizontal and vertical extremes of 
the screen. This tends to create a display that bows in 
ward at the top and bottom and at the left and right sides. 
This effect is known as pincushion distortion. Note that 
inward bowing at the top and bottom is a vertical error 
arid therefore must be corrected by the vertical deflection 
field. In monochromatic systems, this correction is gen 
erally done with a static field created by carefully 
positioned permanent magnets. This technique is not 
practical for a precision tri-beam color system. Since the 
vertical pincushion error is a function of both horizontal 
and vertical position, we generate the waveform for the 
correction field from both horizontal-rate and vertical- 
rate components. 
The vertical deflection system (Fig. 4) uses an output 

stage and three deflection-current waveform generators. 

Convergence and 
Puri ty  Yokes 

TTL v ideo dr ive  
f rom display 

logic 

Sync s ignals  
f rom display 

logic Horizontal 
and Vert ical  
Deflection 

Circuits 

Fig .  2 .  B lock  d iagram of  dr ive  c i r  
c u i t s  f o r  t h e  S y s t e m  4 5 C  c o l o r  
CRT. 
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Sawtooth 
Component  

Velocity- 
Correction 

Component  

Pincushion- 
Correction 

Component  

Vertical  Deflection 
Current 

F i g .  3 .  T h e  v e r t i c a l  d e f l e c t i o n  c u r r e n t  i s  t h e  s u m  o f  t h r e e  
components  as  shown above.  

Vertical drive circuits for precision displays generally con 
tain output stages configured as current sources. The out 
put amplifier obtains feedback from a current-sense resistor 
in series with the vertical deflection winding. This config 
uration performs admirably for the 60-Hz vertical-rate 
component of the sweep current waveform; however, it- 
does not have adequate frequency response performance for 
the horizontal-rate component of the pincushion- 
correction waveform. The vertical output stage shown in 
Fig. 4 provides a solution to this problem. 

The vertical output amplifier will, within its gain- 
bandwidth limitations, force Vs = (-R2/R1) x VÂ¡. When R2 
is large enough so that the voltage drop across the winding 
resistance Rs is negligible, Vs becomes the inductive volt 
age component across the winding. Note that this is the 
same voltage that is present across the inductive compo 
nent of the driven winding. From the V-I relationship for an 
inductor, 

V j d t  

It can be easily shown that this configuration provides 
sufficient bandwidth for horizontal-rate signal compo 
nents. Relative to the integration performed by the output 
circuit, we note two things: the drive waveform VÂ¡ must be 
the derivative of the desired yoke current waveform Iy and 
the circuit has no inherent dc stability. 

Since differentiation is distributive over addition. VÂ¡ can 
be formed as the sum of the derivatives of the three 
current-waveform components discussed above. The de 
rivative of the sawtooth-like component is a rectangular 
waveform obtained by switching between two voltage 
levels. The voltage level used during the vertical scan is 
constant and controls the picture height. The voltage level 
used during retrace is an error voltage obtained by compar 
ing the average value of voltage applied to the vertical 
deflection winding to an adjustable reference. This error 
voltage is the feedback that provides dc stability in the 
output stage. Also, because the average amplifier output 
voltage determines the dc component in the deflection 
winding, adjustment of the reference voltage modifies the 
vertical position of the data displayed on the CRT. 

The velocity-correction component of the current 
waveform is approximated by a cubic function that is re 
petitive at the vertical scan rate. The derivative, required as 
a component of VÂ¡, is a parabolic waveform that is generated 
by integrating the output of a 60-Hz ramp generator. 

Rectangle  Waveform 
Generator  

+ V  

Compensat ion 
Network 

Velocity-Correction 
Generator 

Pincushion-Correct ion 
Generator  

Fig.  4.  components def lect ion system. The three ver t ica l  def lect ion current  components shown 
in Fig. vert ical are generated in the respect ive funct ion blocks above and summed in the vert ical 

output  stage. 
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Horizontal 
Sync 

Driven 
'Winding  

Side 
Pincushion 

Linearity 
Correction 

Voltage 

F ig .  5 .  Hor i zon ta l  de f l ec t i on  sys  
tem.  A  s tandard  f l yback  c i rcu i t  i s  
used with a phase-lock circui t  con 
t r o l l i n g  t h e  h o r i z o n t a l  p o s i t i o n .  
L inear i ty  and s ide p incushion cor  
r e c t i o n '  c o m p o n e n t s  a r e  a d d e d  
as indicated.  

The top-to-bottom pincushion-correction component re 
quires a relatively large amplitude at the top of the screen 
that decreases to zero at vertical center, and becomes large 
again, but of opposite polarity, as the scan approaches the 
bottom of the screen. Also, the required correction is ap 
proximately parabolic at the horizontal rate, that is, this 
vertical distortion must be corrected dynamically each time 
the beam scans across the screen. Hence, the top-to-bottom 
pincushion-correction component of Iy is approximated by 
the product of a vertical-rate ramp waveform and a 
horizontal-rate parabolic waveform. The corresponding 
component of VÂ¡ is obtained by differentiating this result. 

Horizontal  Deflect ion Circuit  
The horizontal deflection circuit (Fig. 5) uses a flyback 

drive circuit, a position phase-lock circuit, a voltage reg 
ulator circuit, and a linearity correction circuit. The stan 
dard flyback drive circuit contains a power switching tran 
sistor Q, a damper diode D, a flyback capacitor Cf and a 
velocity-correction capacitor Cs. During the first half of a 
horizontal scan, horizontal deflection current flows 
through the damper diode. Just before the scan reaches the 
center of the screen, the switching transistor is turned on. 
At approximately screen center, the deflection current re 
verses direction and begins to be conducted by the switch 
ing transistor rather than the damper diode. When the 
switching transistor is turned off, the damper diode is ini 
tially reverse-biased and the deflection current flows 
through the flyback capacitor, returning to its starting value 
to begin another cycle. The velocity-correction capacitor 
yields a small amount of S-shaping in the deflection- 
current waveform. 

The position phase-lock circuit compares the beginning 
of the horizontal scan with the leading edge of the horizon 
tal sync pulse. It then delays the drive pulse to the switch 
ing transistor by an appropriate amount so that the two 

events are coincident. This ensures that the displayed data 
is positioned accurately on the CRT screen, independent of 
switching-transistor storage-time variations. 

The voltage regulator controls the supply voltage to the 
flyback drive circuit. Adjustment of this voltage sets the 
width of the display. Also, recall that pincushion distortion 
at the left and right sides of the screen is a horizontal error. 
Correction for this error is applied in the form of a vertical- 
rate parabolic modulation of the horizontal sweep current. 
This is accomplished by modulating the horizontal supply 
voltage via the regulator circuit. 

Linearity correction uses a technique developed by Ber 
nard M. Oliver.1 A horizontal deflection sense winding in 
the deflection yoke senses the inductive component of 
horizontal drive voltage. A linearity correction amplifier 
forces the sum of this voltage and the voltage across the 
velocity-correction capacitor to be constant during a hori 
zontal scan. It does this by varying the voltage across the 
horizontal deflection winding. The correction voltage gen 
erated by the amplifier consists of a ramp component 
caused by the resistive drop in the horizontal deflection 
winding and a step from the sum of the forward voltage 
drop across the damper diode and the switching-transistor 
saturation voltage. The step occurs when the yoke current 
changes  d i rec t ion  ( i . e . ,  when  scann ing  th rough  
screen center). 

Convergence and Pur i ty  
Convergence and purity are controlled by two CRT yokes 

containing six sets of windings. Three of these sets are 
known simply as convergence coils. One set of convergence 
coils is located in close proximity to each electron gun pri 
marily to control the direction of the beam originating from 
that gun (the direction of beam movements caused by these 
convergence coils is shown in Fig. 6). Color purity is con 
trolled by two additional sets of windings that affect all 
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Horizontal  plane through 
center  of  beam array 

Red Green 

F ig .  6 .  The  th ree  co lo r  beams a re  a r ranged  in  a  t r i angu la r  
pa t te rn .  The  convergence  co i l  fo r  each  beam can  move the  
beam i n  t he  d i r ec t i ons  shown  by  t he  a r r ows .  Because  t he  
vert ical  posit ion of the blue beam is farther from the center of 
the  t r i ang le  than  the  ve r t i ca l  pos i t i on  o f  the  red  and  g reen  
beams, the b lue beam is  hor izonta l ly  def lected s l ight ly  d i f fer  
en t l y  f r om  the  r ed  and  g reen  beams .  The  b l ue  l a t e ra l  con  
ve rgence  co i l  co r rec t s  t h i s  e r ro r  by  mov ing  t he  ho r i zon ta l  
posi t ion of  the blue beam relat ive to the red and green beam 
posit ions. 

three guns. One of these sets (X-purity windings) affects 
horizontal beam positioning while the other (Y-purity 
windings) affects the vertical beam positioning. The re 
maining set of windings is the blue lateral-convergence 
coil. This coil controls the horizontal position of the blue 
color beam relative to the other two beams. 

Many displays incorporate permanent magnets to per 
form some or all of the above functions. The permanent 
magnet approach has the advantages of simplicity and 

lower cost. However, it does not provide the precise control 
(corrections varying as a function of scan position) and ease 
of adjustment required for the high-resolution color 
graphics provided by the System 45C display. 

Each of the three convergence coils is driven by a current 
source whose output consists of three components: a dc or 
static component, a vertical-rate dynamic component re 
sembling a parabolic waveform, and a horizontal-rate 
dynamic component that also resembles a parabolic 
waveform. The static component affects convergence over 
the entire display screen and is adjusted to yield con 
vergence at the center where both dynamic components 
have, by design, zero values. With the static component 
adjusted for zero convergence error at the center, the beams 
tend to diverge at other scan positions by an amount propor 
tional to the square of the distance from the center. This 
distance from center may be considered as consisting of a 
vertical component and a horizontal component. The 
square of the distance from center equals the sum of the 
squares of its vertical and horizontal components. There 
fore, the convergence errors in the vertical and horizontal 
directions, and hence the corrections required, will be 
second-degree functions of the vertical and horizontal posi 
tions. This geometric analysis yields the requirement for 
correction signal waveforms that are approximately 
parabolic. However, there are many factors which may re 
quire deviations in these waveforms. Some of these factors 
are CRT electron gun misalignments, convergence coil 
anomalies, deflection yoke anomalies, and external magnet 
ic fields. These factors vary greatly with different sets of 
components and somewhat with time and different operat 
ing environments. To obtain precise convergence, it is 
necessary to tailor the convergence correction waveforms to 

Control 
Grid 

D-tO-A 
Input Stage 

Differential-Cascode 
Amplif ier 

Emitter-Fol lower 
Output  Stages 

F i g .  7 .  V i d e o  a m p l i f i e r .  T h e  
cathode and cont ro l  gr id  for  each 
electron gun is driven differential ly 
b y  t h e  e m i t t e r - f o l l o w e r  s t a g e s .  
These stages are driven as shown. 
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each machine and operating environment. 
The System 45C provides the capability to vary the 

amplitude and curvature of the vertical and horizontal con 
vergence parabolas. Furthermore, independent adjustment 
of the two halves of each of these parabolas (e.g., for the 
vertical-rate parabola, the first half corresponds to scanning 
the top half of the screen, while the second half corresponds 
to scanning the bottom half of the screen) can be done. 

Control of static convergence and of the amplitude and 
curvature of each half of both the vertical-rate and 
horizontal-rate parabolic waveforms requires a total of nine 
adjustments per beam. With these adjustments, con 
vergence errors on the CRT vertical axis (horizontal center) 
and horizontal axis (vertical center) are reduced to negligi 
ble levels. Convergence errors on the remainder of the 
screen are also generally small. However, in some cases 
significant errors may exist in the corners of the screen. 
These errors are minimized by the introduction of product 
terms that are obtained by analog multiplication of the 
vertical-rate and horizontal-rate parabolic waveforms. An 
additional four adjustments per beam (one per corner) are 
available to provide this additional convergence accuracy. 
These four adjustments, in addition to the nine described 
above, yield a total of thirteen adjustments per beam (x 3 
beams = 39 adjustments total). These adjustments are ac 
cessible to operators so that, through the use of firmware 
prompts, the operators can obtain precise convergence in 
their particular operating environment. 

The blue lateral-convergence coil corrects errors caused 
mainly by a horizontal deflection field that is slightly 
nonuniform relative to the location of the three beams in the 
neck of the CRT. Given the CRT orientation chosen for the 
System 45C, the blue beam originates at a position twice as 
far from a vertically centered horizontal plane in the CRT as 
do the red beam and the green beam (see Fig. 6). Therefore, 
it is possible that the blue beam will not be horizontally 
deflected by precisely the same amount as the other beams. 
The blue lateral convergence coil generates fields which 
move the blue beam horizontally in one direction while 
moving the other two beams horizontally in the opposite 
direction. The coil is driven by a current source whose 
output consists of a dc component and a horizontal-rate 
parabolic component. Each half of the parabola is adjust 
able in both amplitude and polarity because the magnitude 
and direction of the required correction cannot be readily 
predicted. Blue lateral convergence is also slightly affected 
by the vertical scan position. No dynamic correction is 
provided for these minor errors. 

Video Ampl i f icat ion 
One video amplifier is required to modulate the beam 

from each of the three electron guns. About 40 volts is 
required to control the beam over the full usable range of 
brightness. This voltage is applied differentially between 
the control grid and the cathode of each gun (each receives 
about 20 volts with respect to circuit ground). 

The serial data rate to the video amplifiers is about 30 
megabits per second. Hence, each serial bit of information 
corresponds to a scan time of about 33 nanoseconds. To 
yield consistently crisp dots and lines the time required to 
turn the beam on and off must be small relative to the 33 ns 

per bit. Ten-to-ninety-percent rise and fall times for the 
System 45C video amplifiers are 6 ns. Even though these 
transition times are quite short, turn-on peaking is provided 
on video drive waveforms to compensate for the light out 
put normally lost during turn-on transitions. 

As shown in Fig. 7, each of the three video amplifiers 
consists of a two-bit D-to-A converter (DAC), a differential- 
cascode voltage amplifier, and two emitter-follower stages 
corresponding to the two phases of the differential output 
voltage. One emitter-follower stage provides drive to the 
cathode of a gun while the output of the other is level- 
shifted by -68 volts to provide drive for the corresponding 
control grid. The DAC input encoding is shown below. 

Al AO Brightness 

0  0  B e a m  o f f  
0  1  Normal  b r igh tness  
1  0  - U n u s e d -  
1  1  Fu l l  b r igh tnes s  

The normal brightness level is used for both alphanumeric 
information and graphic information. Full brightness is 
used only for graphics cursors. 
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Display System Designed for 
Color Graphics 
System 45C's  graph ics  arch i tec ture  y ie lds  h igh-speed 
co lor  p ic ture generat ion wi th  area shading.  

by Harold L.  Baeverstad,  Jr .  and Clark C.  Bruderer  

THE HUMAN MIND is an incredible visual processor. 
The simple act of recognizing a familiar face is one 
example of the associative processing capability 

available to all of us. Computer graphics is fast becoming 
a medium of visual communication between man and 
machine, allowing improved data interpretation, higher 
productivity, and complex problem solution. The addition 
of color greatly increases the amount of information that 
can be provided by a single picture. The proper use of color 
can aid in simplifying the interpretation of large amounts 
of complex data. Examples are visual representations of 
semiconductor die yield (Fig. la) and thermal gradients 
(Fig. Ib). 

Time is a crucial variable in the generation of color com 
puter graphics. All the advantages of visual communication 
may be lost if typical response times in picture generation 
are slow. To provide high-speed picture generation, the 
System 45C graphics architecture (Fig. 2), uses a dedicated 
graphics controller, a 96K-byte graphics memory, high 
speed bit-slice vector generator, linetyping/area shading 
logic that can generate 4913 area colors, and 30-MHz sweep 
timing for display control. 

Graphics Control ler  
The graphics controller is a ROM-based state machine 

that issues microcommands to various logic functions in 
response to macrocommands and status conditions (Fig. 3). 

The state machine receives macrocommands from the 
mainframe via the IOD bus interface and sends microcom 
mands to the graphics cursor logic, I/O address register, 
graphics memory controller, color assignment hardware 
(color map), and vector generator. 

The graphics controller coordinates all data transfers be 
tween the display and the mainframe including the softkey 
logic and the light pen. The macrocommands executed by 
the graphics controller are 

LXA Load the X address used in a graphics memory 
I/O operation 

LYA Load the Y address used in a graphics memory 
I/O operation 

SMG Store memory control data used in enabling 
memory planes and specifying input data 

SLT Store select code for linetype/area shading 
SCM Select the color of the memory planes (color map) 
LEP Load vector endpoint coordinates to the vector 

generator 
LYC Load the Y coordinate of the graphics cursor 
LXC Load the X coordinate of the graphics cursor 
MRC Perform a graphics memory I/O read cycle 
MWC Perform a graphics memory I/O write cycle 

96K-Byte  Graphics  Memory 
A random-access memory (RAM) in the System 45C dis 

play is dedicated as the graphics display buffer. This mem- 

Fig. in .  system in color can be used to depict complex variat ions in system parameters, (a) Die 
yield versus locat ion on semiconductor wafers, (b) Thermal cross-sect ion of Jupiter 's Red Spot.  
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IOD Bus  
Interface 

Logic 

Vector  
Generator  

^ ^ ^ M  

Graphics 
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Graphics 
Memory  

Softkey 
Logic 

Light  Pen 
Logic 

Graphics 
Video 

F ig .  2 .  B lock  d iagram o f  g raph ics  sys tem.  

ory is configured as three 32K-byte planes, each mapping a 
single bit into each picture element (pixel) in the 560-by- 
455-pixel graphics raster (Fig. 4). Hence there are three bits 
per pixel. This memory refreshes the display of the graphics 
raster at a 60-Hz rate. Since a raster scan is the method used 
to refresh the display, memory cycles are performed during 
each horizontal sweep to provide the video data required to 
generate an image stored in the graphics memory. During 
horizontal and vertical retraces, memory cycles are used by 
either the hardware vector generator or the mainframe PPU 
(peripheral processing unit) to access the memory. 

Because the composite alphanumeric and graphics raster 
(720 x 455 pixels) is swept every 1/60 of a second, pixel 
information must be updated every 33 ns. Forty-eight 16K 
x 1 dynamic RAMs are used for the graphics memory and 
are arranged into three blocks of 16 RAMs each, correspond 
ing to the three memory planes (Fig. 5). Each plane is 
accessed by a 16-bit word. A word from each plane is read 
every 528 ns during the horizontal sweep and a parallel-to- 
serial conversion creates the three-bits/pixel video data. 

This video data is assigned color in a section of hardware 
affect ionately known to the designer  as  "musical  
memories" (Fig. 6). The meaning behind the name lies in 
the fact that any of the three memory planes may be arbitrar 
ily assigned to represent any of the eight basic colors. In a 
typical case one plane is assigned to red, one to green, and 
the third to blue. This allows the generation of images 
containing all eight colors. An additional feature of this 
hardware is the ability to change the color assignment of the 
memory planes without redrawing the picture. 

The graphics memory may be addressed from three 
sources (Fig. 7) â€” raster sweep timing chain, I/O address 
register, and bit-slice vector generator. The timing chain 

provides an address corresponding to the X-Y position of 
the electron beam as it sweeps the raster. This address is 
used during horizontal sweeps to access the proper mem 
ory locations for video data. A benefit of refreshing the 
display by accessing sequential X-Y addresses is that the 
dynamic RAMs are also refreshed, so no additional refresh 
hardware is needed to retain data integrity within the 
graphics memory. 

During horizontal and vertical retraces the graphics 
memory may be addressed by either the vector generator or 
the I/O address register. The I/O address register is used to 
transfer 16-bit data words between the graphics memory 
and the mainframe PPU. Common uses of this capability are 
raster dumps to the internal thermal printer, loading the 
graphics memory from an array containing pixel data, or 
storing pixel data from the graphics memory to an array. 

Vector  Generator  
The ability to generate vectors is a basic requirement for a 

computer graphics system. In a raster-scan display, such as 
the System 45C, vectors are generated by calculating the 
memory addresses of the pixels on the screen that most 
closely approximate a straight line between two given 
points. To maximize the vector generation rate, memory 
addresses are calculated and vector data is stored into 
memory by dedicated vector generator hardware. The 
majority of this hardware is a bit-slice processor system. 

To display a vector, two endpoints must be specified first. 
The first endpoint is given by executing a MOVE Xl.Yl 
command. Following the MOVE XI, Yl command with a 
DRAW X2,Y2 command will cause a vector to be plotted from 
Xl.Yl to X2.Y2. Once these endpoints have been communi 
cated to the vector generator hardware, the following al 
gorithm computes the memory addresses of the pixels mak- 

Status I /O Bus 

1  1  
Graphic Status â€¢â€¢Macrocommand 

R e g i s t e r  ^ B  R e g i s t e r  

Inputs 

Jump Condi t ion 
Multiplexer 

Micro- 
c o m m a n d  
Decoder  

â€¢ LXC 

â€¢ LYC 

â€¢ LEP 
S C M  

.  S L T  

â€¢SMC 

â€¢ LYA 

L X A  

S e l e c t  O u t p u t  

Jump 

State Address 

Ready for I /O 
Graphics 
Memory 
Control 

D 7  D 6  D 5  D 4  

1 6 x 8  R O M  

Program Counter  
^ ^ H  

Jump Address  

R e s e t  C l o c k  

Fig .  3 .  B lock  d iagram of  g raph ics  cont ro l le r .  
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Memory Plane 3  16-Bit  Word 

F ig .  4 .  G raph i cs  memory  con f i gu ra t i on .  I den t i ca l  memory  
planes are used for each of the three basic colors selected by 
the user  (normal ly  red,  b lue,  and green) .  

ing up that particular vector. 
Step I: X2-Xl=AX and Y2-Yl=AY are computed to deter 

mine which direction has the greatest difference. 
Step 2 : The slope of the vector is then calculated so that it is 

always less than 45Â°. Slope = smaller A/larger A. 
Step 3: The loop counter is loaded with the value of the 

larger A. 
Step 4: The slope is then added to the contents of a fraction 

register (initialized to 0.5) and the sum is stored in 
the fraction register. 

Step 5: The address counter corresponding to the direction 
of larger A (X or Y) is automatically incremented by 
one. The address counter corresponding to the di 
rection of smaller A is incremented only when an 
integer overflow of the fraction register is detected. 

Step 6: Decrement the loop counter 

Step 7: Repeat steps 4 through 6 until the loop counter 
equals zero. 

The hardware bit-slice system shown in Fig. 8 is a 
special-purpose processor system dedicated to high-speed 
vector generation. The 2903-series bit-slice processors are 
used because of the high computation speeds obtainable 
and the versatility they give in system design. 

The system is nonpipelined and runs at a clock speed of 
3.7 MHz. Six 8-bit ROMs form a 48-bit microcontrol word 
that enables many events to be controlled simultaneously. 
This 48-bit microcontrol word contains instruction bits, 
register addresses and control signals for the processors, 
and jump addresses, control bits and instruction bits for the 
2910 sequencer. A 4-bit instruction to the sequencer deter 
mines the next state address. The next state address is 
latched on each rising edge of the clock into the microstore 
address latch. This new address produces at the ROM out 
puts a new word that controls the next program step. 

Two counters external to the processor system generate 
the memory addresses for plotting vectors (see Fig. 8). 
These are designated as X and Y counters and contain the 
current X-Y coordinates of the pixel plotted on the screen. 
These counters are parallel-loaded with the X,Y coordi 
nates from a MOVE XI, Yl statement. Then when a DRAW 
X2.Y2 statement is executed, the counters increment or de 
crement under processor control until their outputs equal 
the endpoint X2.Y2. The processor simply controls incre 
menting and decrementing of the counters instead of trans 
ferring two 12-bit addresses for each point plotted. This 
method increases plotting speed by roughly 60%. 

Each time the counters are updated, a handshake signal 
(AVC) is generated to signal the graphics memory that the 
current address is stable. The pixel is stored in memory 
according to the address given and the graphics memory 
generates a return signal (SVC). This signals the vector 
generator that the pixel has been stored in memory and the 
next address may be computed. 

A 6 - A O  

Fig .  5 .  Graph ics  memory  sys tem b lock  d iagram.  
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System 45C Power Supply 
Considerations 

by J .  Steven Becker  

Among the not iceable external  features of  the System 45C are 
the two power cords coming out of the back. Th is is because there 
are two separate power  suppl ies .  The mainf rame Is  powered by 
the same supply used in the System 45B. The color display has an 
i n te rna l  supp l y  t ha t  p rov ides  more  power  t han  the  ma in f rame  
supp ly .  Th i s  makes  i t  poss ib le  t o  upg rade  9845  Compu te rs  t o  
have  a  co lo r  d i sp lay  w i t hou t  t he  wo r r y  o f  add i t i ona l  power  r e  
qu i rements f rom the mainf rame.  

The display supply contains three separate swi tching suppl ies 
and a l inear  supply .  The three swi tch ing suppl ies prov ide power 
fo r  the  d isp lay  log ic ,  sweep and convergence c i rcu i t ry ,  and the  
h igh-vol tage f lyback t ransformer.  The l inear supply provides the 
power used by the switching supply circuits and the tube f i lament. 
In al l ,  n ine vol tages are generated with a combined output power 
of  400 watts.  

One of the pecul iar requirements imposed by the display is that 
var ious  sec t ions  o f  c i rcu i t ry  mus t  be  powered  up  in  the  p roper  
order be they wi l l  not  work.  For example,  the logic c lock must be 
opera t iona l  be fo re  the  sweep c i rcu i t s ,  wh ich  a re  synchron ized  
with i t ,  can operate. The sweep circui ts,  in turn, must be funct ion 
ing before h igh vol tage is  appl ied to the CRT or  the beam would 
simply burn a dot into the center of the screen. To prevent this, the 
swi tch ing suppl ies  are turned on sequent ia l ly .  

To sequence the suppl ies,  one vol tage output f rom each of  the 
f i rst  two suppl ies is fed into a monitor ing circui t  pr imari ly consist  
ing of  which comparators.  Each supply  has an inh ib i t  l ine which 
is  used to turn the supply on and of f .  The outputs of  the vol tage 
comparators  are  connected to  these l ines.  

At machine turn-on, the f irst supply turns on soft ly, taking about 
1 00 ms to come up to full power. When the +5V line reaches 4.5V, 
the inhibit  signal is removed from the second supply and i t  begins 
a  so f t  s ta r t .  When  th i s  supp ly  i s  up  to  abou t  85% o f  i t s  ou tpu t  
vo l t age  t he  t h i r d  supp l y  so f t l y  s t a r t s .  The  comb ina t i on  o f  se -  
quenced supply star ts  and rather  long (100 ms) star t ing t imes in 
sures proper the supplied circuits become operational in the proper 
sequence.  

Another  important  considerat ion in  the power supply is  protec 
t ion, both for the supply i tsel f  and for the circuits connected to i t .  
When a supply  is  des igned to  operate  over  a  wide range of  l ine 
vo l tages,  suf f ic ient  power  can be developed to  dest roy c i rcu i t ry  
under  an over load cond i t ion .  I f  a  supp ly  vo l tage goes too h igh,  
damage can result  to the components i t  suppl ies. I f  a load shorts, 
the  resu l t i ng  h igh  cu r ren ts  can  damage the  supp ly .  There fo re ,  
some manner of  protect ion is  essent ia l .  

The display power supply is protected in three ways (not count 
ing that  o ld re l iable last  resort ,  the fuse).  The star t ing sequence 
c i rcu i t s  descr ibed  above  p rov ide  one  fo rm o f  p ro tec t ion .  I f ,  fo r  
example ,  there  were  a  shor t  on  the  +5V l ine ,  d ropp ing  i t  be low 
4.5V, the other two suppl ies would shut down immediately. This is 
al l  very wel l  for  those other two suppl ies,  but what about the one 
actual ly connected to the short? This is where the second protec 
t i o n  m e t h o d  c o m e s  i n .  E a c h  o f  t h e  t h r e e  s w i t c h i n g  s u p p l i e s  
monitors the current in the primary of its switching transformer. If a 

short occurs on an output of a supply, i t  is ref lected back into the 
pr imary of i ts transformer and the pr imary current sensor inhibi ts 
the supply.  

The  th i rd  p ro tec t i on  method  i s  the  ove rvo l tage ,  ove rcu r ren t  
(OV-OC) monitor ing circui t .  This circui t  monitors certain selected 
ou tpu t  vo l tages  and  one  ou tpu t  cu r ren t  ( t ha t  o f  t he  -80V  l i ne ;  
because of the nature of the load the high current pulses may be 
of such brief duration that the primary sensor would miss them). It 
a lso  mon i to rs  the  tempera tu re  o f  the  la rge  heat  s ink  tha t  d iss i  
pates close to 200 watts.  I f  any one of the monitored parameters 
exceeds  i t s  p rese t  l im i t s ,  a l l  t h ree  supp l i es  a re  shu t  down  im  
mediately and kept shut down. The outputs of the OV-OC sensors 
a re  l a t ched .  The  l a t ches  keep  t he  supp l y  shu t  down  un t i l  t he  
System 45C is  turned of f  and on to  reset  them. 

Bes ides  shut t ing  the  supp ly  down,  the  OV-OC moni to r ing  c i r  
c u i t  o f  t h e  s e r v i c e a b i l i t y  o f  t h e  e n t i r e  d i s p l a y .  E a c h  o f  t h e  
latches act ivates an LED that is v is ible outside the power supply 
w h e n  t h e  t o p  c o v e r  o f  t h e  d i s p l a y  i s  r e m o v e d .  W h e n  a  f a u l t  
condit ion shuts down the power supply, the LED corresponding to 
that fault lights. This LED remains lit even if the power switch on the 
System 45C is turned off.  With this knowledge of what caused the 
power  supp ly  to  shut  down,  serv ice  personne l  have a  va luab le  
piece of information. Without this information, a person knows that 
a t  l eas t  one  o f  e igh t  f au l t s  has  occu r red ,  bu t  wh ich  one?  The  
speed to the protection circuit sensors is such that i t  is dif f icult  to 
see the fault condit ions, even with an oscil loscope. Therefore, the 
LED ind icators ,  which are a lso connected to  the inh ib i t  l ines o f  
each  o f  the  th ree  supp l ies ,  g ive  serv ice  personne l  a  p ic tu re  o f  
what is happening inside the supply. This al lows them to trace the 
faul t  st i l l  more rapidly than would otherwise be possible and st i l l  
le ts  the sensors  shut  down the power  supp ly  qu ick ly  enough to  
prevent  major  secondary damage to other  c i rcui ts  not  re lated to 
the original fault .  
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Color  Assignment  Register  

Red Video 
Green Video 
Blue Video 

Fig .  6 .  Log ic  d iagram fo r  the  mu 
sical  memories. 

The vector generator clock is synchronized perfectly with 
each memory cycle by use of the timing signal (MSYNC). 
This enables faster handshaking and thus faster transfer of 
data. With this scheme, the vector generator is capable of 
storing data during every consecutive memory cycle. Since 
vector points are plotted only during retrace time, approx 
imately 35 pixels can be plotted during each horizontal 
retrace. This translates to an approximate speed of 10,000 
one-inch vectors per second â€” a plotting speed 50 times 
faster than previous 9845 displays. 

The vector generator has the ability to address individual 
bits within a word; therefore, its X-Y address has four addi 
tional bits of addressing in the X direction. These bits are 
used to control the write-enable input to any of the 1 6 RAMs 
within a memory plane. Because the memory planes are 
arranged into 16K x 16 blocks, an X-Y position does not 

Raster 
Scan 

Address 

Vector  
Generator  
Address 

I/O 
Cycle 

Address 

Memory  Address  Se lect  
- Retrace 
- V R E A D Y  

Address 
(13 to  0)  

Fig .  7 .  Graph ics  memory  address ing .  

directly map into an absolute memory address. Instead, the 
memory address = 35 x Y + X. This function is im 
plemented by a combinational logic circuit that can gener 
ate a valid memory address within 90 ns, worst case, given a 
change in X and Y. 

When a line is drawn in the graphics memory, more than 
just the pixel coordinates of the line approximation are 
required. Color adds another variable to line drawing and 
must be completely specified before the line is generated. 

Linetype/Area Fil l  
Eight basic colors are available for lines: red, blue, green, 

magenta, yellow, cyan, white, and black. For coloring areas, 
over 4,000 different colors may be obtained by combining 
different patterns in each of the eight display colors. The 
area-fill pattern for each color memory is specified by an 
internal intensity number that covers a range of seventeen 
patterns. Upon examining Fig. 9, each of the seventeen 
patterns may be observed by first choosing an intensity 
number between 0 and 16. Then place a dot over each 
number in the cell that is less than the intensity number 
chosen. The example in Fig. 9 shows the pattern for an 
intensity number of 8. 

This scheme of area-fill pattern generation is im 
plemented in hardware by using a PROM that has the cell 
number pattern programmed into it. A lookup table is 
created by using the two least-significant bits of the X and Y 
vector addresses to access the ROM. This table indicates if 
the current pixel being plotted in each color memory plane 
is less than the internal intensity number derived from the 
current AREA COLOR or AREA INTENSITY statement. If it is, 
then a pixel is stored in graphics memory. Otherwise, no 
pixel is plotted. Thus, area fill is possible in many different 
patterns without slowing the vector plotting speed. 

Linetype patterns are stored within the same PROM de 
scribed above, and can be accessed when areas are not being 
filled. There are ten basic linotypes which can be enlarged 
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Display Characteristics 
and Timing 

The System 45C color  d isplay employs raster-scan technology 
t h a t  T h e  a  m a t r i x  o n  t h e  s c r e e n  t o  d i s p l a y  d e s i r e d  d a t a .  T h e  
to ta l  ver t i  scanned is  720 p ixe ls  hor izonta l  and 455 p ixe ls  ver t i  
ca l .  Wi th in  th is  to ta l  d isp lay  a rea  a re  two  smal le r ,  over lapp ing  
display areas. The graphics area is 560 pixels wide by 455 pixels 
h igh and the a lphanumer ics  d isp lay  encompasses a  720 by 420 
pixel  80 (see Fig. 1 ) .  The lat ter display area gives 26 l ines of 80 
charac te rs  each ,  w i th  two  l ines  a t  the  bo t tom o f  the  sc reen  fo r  
so f tkey  labe ls .  Each charac te r  occup ies  a  9x15 p ixe l  ce l l .  

4 5 5  

\  
Alphanumer ic  

Display 

N 
Graphics 
Display 

F i g .  1 .  T h e  p i x e l  d i m e n s i o n s  o f  t h e  g r a p h i c s  a n d  a l  
phanumer ic  d isp lay  a reas  are  shown above.  These d isp lays  
can be v iewed ind iv idual ly  or  super imposed on one another .  

Un l i ke  the  Sys tem 45B  d i sp lay ,  on l y  one  ras te r  i s  scanned .  
Por t ions  o f  the  overa l l  scan  a re  s imp ly  b lanked ou t  to  g ive  the  
a lphanumer ic  and graphics d isp lay areas.  This  enables the user  
to view either the graphics or alphanumeric display individually, or 
a t  the  same t ime,  one d isp lay  super imposed on the  o ther .  

Timing for the display is obtained by decoding signals from two 
sets of counters, an X counter and a Y counter. The display scans 
720 pixels in the horizontal  direct ion with approximately 10 us for 

Vcc =  Ground 

System Clock 
(29.7984 MHz) 

Microstrip 
Transmission 75 ,Â¡  

Line 

Z,,= 45Ã1 
ECL Gate  

=  - 5 . 2 V  

Fig. clock Microstrip transmission lines are used to transmit clock 
s ignals over distances greater than f ive to eight  cent imetres.  
This minimizes ref lect ions and maintains s ignal  integr i ty .  

hor i zon ta l  re t race .  In  the  ve r t i ca l  d i rec t ion ,  re t race  i s  approx i  
mately 750 Â¡Â¿.s and 455 lines are scanned. The frame refresh rate 
is 60 Hz, the hor izontal  scan frequency is 29.1 kHz and the pixel  
f requency is  29.8 MHz.  

The  X  30  mus t ,  t he re fo re ,  coun t  a t  a  h igh  ra te  o f  a lmos t  30  
MHz.  To operate  re l iab ly  a t  th is  f requency,  a  monol i th ic  c rys ta l  
osci l lator chip and emitter-coupled logic are used in the X counter 
design and associated circui t ry.  Great care is taken to buffer the 
30-MHz c lock  adequate ly  so  tha t  r i se  and fa l l  t imes and s igna l  
integrity are maintained. In instances where the clock signal must 
b e  t r a n s m i t t e d  o v e r  d i s t a n c e s  o f  m o r e  t h a n  f i v e  t o  e i g h t  c e n  
t ime t res ,  te rm ina ted  m ic ros t r ip  t ransmiss ion  l i nes  a re  used  to  
avoid ref lect ions and mainta in c lean c lock s ignals  (see Fig.  2) .  

The 1 0-bit horizontal counters count 1 024 counts every horizon 
tal  scan. At the end of each horizontal scan, the vert ical counters 
increment by one and count a total of 485 counts per frame before 
reset t ing.  Because the ver t ica l  c lock ra te  is  much s lower  (29.1  
kHz) ,  the ver t ica l  counters use low-power Schot tky log ic .  

Signals are decoded from the X and Y counters to synchronize 
both the hor izonta l  and ver t ica l  def lect ion and the convergence 
w a v e f o r m s .  A l p h a n u m e r i c  a n d  g r a p h i c  t i m i n g  i s  l i k e w i s e  d e  
coded these these counters and care is taken in transmitting these 
signals to insure s ignal  integr i ty.  
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Fig. vector-generation firmware bit-slice processor system in the 9845C replaces the vector-generation firmware 
algor i thm used in the 9845A/B. This approach makes the vector  generat ion rate up to 50 t imes 

faster  than for  ear l ier  9845 Computers.  

up to 16 times. The linetypes are clocked out of the PROM 
by a divide-by-N counter where N is the current scale factor. 

Dominant /Nondominant  Color  
There are two things to consider in selecting a color: the 

hue of the color (i.e., red, yellow, green,...), and whether the 
intersection with existing colors by the color to be drawn is 
to be dominant or nondominant. 

In dominant line drawing, the intersection of a green line 
drawn over a red line is green. In the nondominant case the 
intersection is yellow. The ability to draw lines using both 
modes is necessary to handle different applications. The 
memory controller can be commanded to control color and 
dominance and is implemented in hardware by controlling 
the write-enables to each of the three memory planes as well 
as the data written into each. 

Another case of dominance arises from the use of 

One 4-Pixel-by-4-Pixel  Cel i  

S  

linetypes and area fill. In linetyping a decision must be 
made as to what happens within a space in a dashed line. Is 
the space black, or does the line leave the background 
unchanged? Again, both capabilities are needed and each 
can be specified by programming the memory controller. 

Dominant area fill occurs when all three memory planes 
are treated as a single plotter. The color specified to fill an 
area does not combine additively with a previously existing 
color in the fill area. Instead, dominant area fill yields the 
last color specified and erases any previous color in that 
area. An example of the use of this capability is the simple 
generation of three-dimensional objects with hidden sur 
face removal. In Fig. 10 the three-dimensional bar chart is 
drawn from the back to the front with dominant area colors. 
This accomplishes the task of removing any surfaces which 
are behind the most forward parts of the image. 

Nondominant area fill is exhibited in Fig. 11, where the 
color green combines additively with the previous colors so 
that all information is retained in the image. This is done by 
treating each memory plane as a separate plotter, which 
allows the green color memory to be filled without disturb 
ing the contents of the red or blue color memories. 
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Fig. 4 Area f i l l  colors are obtained by varying the pattern in 4 
x 4 arrays of pixels. These patterns are generated in response 
to the parameters speci f ied by the AREA COLOR or AREA IN 
TENSITY statements. 
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Fig.  10.  Dominant  area f i l l  s impl i f ies h idden sur face removal  
for  the generat ion of  3-D images.  The bar chart  s tar ted in (a)  
uses dominant area f i l l  to achieve the f inal result shown by (b). 
As the chart is constructed from the back, the columns in front 
rep lace those areas  immedia te ly  beh ind  the  co lumns.  

Fig. a 1 . In (a) dominant area fill gives the result shown when a 
green rectangle is  p lot ted over the red and blue c i rc les.  How 
ever, i f  the area f i l l  is nondominant, the green area is modif ied 
by  the  prev ious  background co lors  as  dep ic ted  in  (b ) .  
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