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[57] ABSTRACT 
A graphics display system digital vector generator sys 
tem includes three position vector generators generat 
ing position information for each of three different pixel 
location dimensions and three visual characteristic vec 
tor generators operating synchronously with the posi 
tion vector generators to generate dynamic intensity 
information for three different dimensions of visual 
characteristics. Optical processing of visual characteris 
tic vectors includes normalization to generate Phong 
shading intensity vectors, pattern shape generation, and 
mixing of hue and intensity information with selectable 
resolution to obtain a desired visual characteristic pixel 
data representation. 

20 Claims, 11 Drawing Sheets 
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combine intensity information from the normalizing 
circuit with hue information from the pattern RAM to 
form a pixel display data word having a selected resolu 
tion for each of the two constituents. 

BRIEF DESCRIPTION OF THE DRAWINGS 
A better understanding of the invention may be had 

from a consideration of the following detailed descrip 
tion taken in conjunction with the accompanying draw 
ings, in which: 
FIG. 1 is a block diagram and schematic representa 

tion of a graphic image generating system in accordance 
with the invention; 
FIG. 2 is a block diagram and schematic representa 

tion of a video output and display subsystem used in the 
system shown in FIG. 1; 
FIG. 3 is a block diagram representation of a digital 

vector generator subsystem used in the system shown in 
FIG. 1; 
FIG. 4 is a block diagram representation of a single X 

dimension position digital vector generator used in the 
digital vector generation subsystem shown in FIG. 3; 
FIG. 5 is a block diagram representation of a single Z 

dimension digital vector generator used in the digital 
vector generation subsystem shown in FIG. 3; 
FIG. 6 is a block diagram representation of a single I 

dimension intensity digital vector generator used in the 
digital vector generator subsystem shown in FIG. 3; 
FIG. 7 is a block diagram representation of a DVG 

control circuit used in the system shown in FIG. 1; 
FIG. 8 is a detailed block diagram representation of a 

normalizing circuit shown more generally in FIG. 3; 
FIG. 9 is a block diagram representation of a color 

intensity multiplexer used in the digital vector genera 
tor subsystem shown in FIG. 3; 
FIG. 10 is a block diagram representation of a raster 

data processor (RDP) used in the digital vector genera 
tor subsystem shown in FIG. 3; and, 
FIG. 11 is a graphic representation of examples used 

to illustrate the operation of the invention. 
DETAILED DESCRIPTION 

Referring now to FIG. 1, there is shown a raster scan 
graphic image generating system 10 having an image 
generation and storage system 12 providing a source of 
images to be displayed. The image generation and stor 
age system 12 may be conventional in nature and in a 
typical system includes a data base storing the display 
list for each image to be displayed, communications 
interface circuits, and peripheral controller circuits 
including data entry devices such as keyboards, data 
tablets, and joy sticks. 
A digital vector generator system 14 receives lists of 

image definition data from image generation and stor 
age system 12 and converts such data to an array of 
pixels defining a display image. The array of pixels is 
communicated to, and then stored in, a frame buffer 
memory 16. In the present example, the frame buffer 
memory 16 includes storage for a two-dimensional 
768×576 array of pixels which is deemed to have an 
origin at the upper lefthand corner of a rectangular 
image with a Y axis extending positive downward and 
an X-axis extending positive to the right. For each pixel 
location within the buffer memory 16, there are stored 
12 bits of video information as well as two bits of sub 
pixel X address information and two bits of subpixel Y 
address information. 
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4 
Also contained within the frame buffer memory 16 is 

a Z-buffer 16a having a pixel location corresponding to 
each pixel location of the video display buffer memory 
and storing third dimension or Z-axis position informa 
tion for each pixel position in a display. The Z-axis is 
deemed to extend from the origin lying in the plane of 
the display screen positively away from the viewer 
perpendicular to the X and Y axes. Upon transfer of a 
pixel of information to the frame buffer memory 16, the 
current Z or depth value is retrieved from the addressed 
pixel location within the Z-buffer 16a and compared to 
the Z value of the new data. Initially the Z buffer 16a is 
set to a maximum positive value of 65,535 (for 216-1). 
If the Z value of the new data has a selected functional 
relationship to pre-existing old data such as being less 
than or equal to the Z value of the old data, indicating 
that the new data is at least as close to the viewer as the 
old data, then the new data is written into the frame 
buffer memory 16 with the Z coordinate value being 
written into the Z buffer 16a and the video display 
intensity and X, Y subpixel address data being written 
into the frame buffer 16. If the Z value of the new data 
is greater than the previously stored Z value at the 
indicated pixel address, (indicating that the new data is 
farther away from the viewer and hidden by a surface 
defined by the previously stored data) then writing of 
the new data into the frame-buffer memory 16 is inhib 
ited and the new data is discarded. In this way, only 
visible surfaces are actually written into the frame 
buffer memory 16 and a separate operation is not re 
quired to distinguish visible surfaces from hidden sur 
faces to complete the proper assembly of an array of 
pixels for a visible image. The Z buffer inhibit function 
may be selectively enabled or disabled in accordance 
with a desired operating mode. 
Within the frame buffer there are 52 bit planes form 

ing two display buffers and a single Z buffer 16a. Each 
display buffer contains 12 intensity planes, 4 subpixel 
address planes and 2 overlay planes for text or cursors. 
The single Z-buffer 16a stores depth coordinates. Only 
a first frame buffer can be addressed by the DVGs, but 
either buffer can be read by the video output subsystem. 
In normal operation, the second frame buffer is continu 
ously read to refresh the display subsystem while the 
first buffer is updated. After the first buffer has been 
updated, the data is transferred into the second buffer. 
During this transfer period, the video output subsystem 
reads the first buffer. 
To convert the data pixels stored by frame buffer 

memory 16 to a visible image, the frame buffer memory 
16 is accessed in raster scan order with the 12 bits of 
video display data being communicated to a color map 
RAM 18 which performs a transformation that converts 
the video data to a predetermined three color RGB 
representation with 8 bits maximum per color. Color 
map RAM 18 functions as a color look-up table that is 
loaded from image generation and storage system 12. 
This allows a particular intensity and hue to be assigned 
to a given pattern of bits at a selected address within 
frame buffer 16. 
An intensity control and horizontal subpixel deflec 

tion circuit 20 receives the RGB color intensity infor 
mation from color map RAM 18 and the X and Y sub 
pixel address information from frame buffer memory 16 
for use in generating display control signals including 
three visual characteristic signals representing the RGB 
color intensity input to a cathode ray tube 22 which 
displays the stored image on the face 24 thereof and a 
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buffer 16 and color map RAM 18 to maintain a continu 
ous visual display. 
At pixels defining lines and edges, the subpixel ad 

dress may be changed from the normal 2, 2 value as 
necessary to provide smoother edges and to reduce 
aliasing. Thus a subpixel address value of 0, 0 would 
move the displayed pixel location one-half of a pixel 
distance vertically higher and one-half of a pixel dis 
tance horizontally to the left while a subpixel address 
value of 1, 2 would move the pixel by one-fourth of a 
pixel distance horizontally to the left without changing 
the normal vertical displacement. A value of 2, 2 is the 
normal display position and a value of 3, 3 moves the 
pixel by one-fourth of a pixel distance horizontally to 
the right and one-fourth pixel distance vertically down 
ward relative to the normal background display posi 
tion. It will be appreciated that X and Y subpixel ad 
dresses independently control the horizontal and verti 
cal deflection so that each pixel may be selectively 
deflected by a selected quarter pixel increment either 
horizontally or vertically or both. 
Vector end-points are always located with (2,2) bcas. 

Due to the nature of the DVGs, addresses between end 
points are always (n,2) or (2,m) depending upon which 
axis is the major axis. The major axis subpixel address is 
always selected to be 2. 

Referring now to FIG. 2, the intensity control and 
horizontal subpixel deflection circuit 20 is represented 
in a somewhat simplified form. Frame buffer display 
architectures are well known and therefore much of the 
conventional circuitry required to access the frame 
buffer memory 16 in raster scan order, read out the pixel 
data, and cause the face 24 of CRT 22 to be illuminated 
with the pixel data has not been explicitly shown. Only 
that portion of the deflection circuit 20 which relates to 
horizontal and vertical subpixel deflection of the normal 
pixel display position is illustrated in detail. 
A timing and control circuit 40 generates the master 

timing and synchronization signals for operation of 
monitor 41 including CRT 22. These signals include a 
synchronization signal which is communicated to the 
deflection control circuit 44 which controls the raster 
scanning of a beam across the face 24 of CRT 22 in a 
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conventional manner. In the present example a set of 45 
magnetic deflection coils 46 produce a conventional 
raster display pattern although alternative deflection 
means such as electrostatic deflection plates or other 
display technology could be employed. 
Timing and control circuit 40 generates a pixel rate 

clock signal 33 MHz/ which is used to latch color inten 
sity and subpixel address data received from color map 
RAM 18 and frame buffer memory 16. Timing and 
control circuit 40 also generates at the 33. MHz pixel 
clock rate a signal ECLK which is utilized to latch the 
intensity and subpixel address data after processing in a 
pipeline type of arrangement. Timing and control cir 
cuit 40 also generates at the pixel rate a set of four tim 
ing signals T0–T3 at the 33 MHz pixel rate, but having 
relative phase relationships displaced at quarter pixel 
time intervals (7.5 nanoseconds) to control the times at 
which color intensity data is applied to CRT 22 and 
hence the exact quarter pixel horizontal position of the 
corresponding video pixel image. 
A V latch 48 responds to clock signal 33 MHz/ to 

latch the 24 bits of three color, video intensity data 
while an X, Y latch 50 latches the four bits of X and Y 
subpixel address data and a previous X, Y latch 52 

50 

55 

65 

latches the immediately preceding four bits of X, Y 
subpixel address data. 
A horizontal control ROM 56 receives the current 

pixel and previous pixel subpixel address information as 
address inputs and outputs horizontal displacement 
control information defining the effective subpixel ad 
dress commands in response thereto. The Y subpixel 
information output by horizontal control ROM 56 rep 
resents a straight passthrough of the current Y subpixel 
address information. However, the X subpixel address 
information output by horizontal control ROM 56 rep 
resents a selected blending of the previous and current 
X, Y subpixel address offsets so as to achieve a posi 
tional averaging effect at line or edge boundary inter 
sections. 
Many existing systems handle discontinuities which 

occur as two intersecting lines attempt to share a single 
pixel by displaying the pixel as a weighted average of 
the two or more colors attempting to share the pixel in 
proportion to the portion of the pixel theoretically oc 
cupied by each color. This color blending tends to de 
grade the dynamic resolution of the display and is aes 
thetically unsatisfactory for color mapped systems hav 
ing a limited continuity of the various colors. 

Instead of attempting to dynamically blend the differ 
ent colors of two intersecting lines or edges, the hori 
zontal control ROM 56 uses subpixel addresses of adja 
cent horizontal pixels to set the spatial boundary be 
tween the pixels so as to produce an aesthetically pleas 
ing image while retaining the full dynamic visual acuity 
and resolution of the imaging system. As a general rule, 
line or boundary pixel edges are treated as dominant 
and conflicting background pixel edges are moved to 
conform to the subpixel deflection of line or edge pixels. 

Tables 2A-2D show the response of the horizontal 
control ROM 56 to the preceding and current subpixel 
addresses Y1 Y0X1X0. Xp and Xc are the decimal val 
ues of the preceding and current subpixel address bits 
X1X0, Yp and YC are the decimal values of Y1.Y0 pre 
ceding and current address bits. 

TABLE 2A 
Ye and Yp not equal to 2 

?? 
0.123 

Xc () 0.112 
1 1122 
2 1223 
3 2233 

TABLE 2B 
Ye=2, Yp not equal to 2 

?? 
0.123 

Xc 0 01:12 
l 1122 
2 0.123 
3. 2233 

TABLE 2C 
Ye not equal to 2, Yp-2 

?? 
0.123 

Xc 0 0002 
t 1112 
2 1123 
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TABLE 2C-continued 
Ye not equal to 2, Yp-2 

0.123 
3 2233 

TABLE 2D 
Yo-Yp-2 

0.123 
Xc 0 Q102 

1 1112 
2 01.23 
3 2233 

It will be recalled that a subpixel address value of 2 
indicates a background or fill pixel which is displayed at 
a normal pixel position. Such pixels thus tend to indicate 
a background or fill position although a subpixel ad 
dress of 2 can occur at a line or edge boundary if the 
best position for defining the boundary coincidentally 
happens to be the normal background position. In any 
event, the absence of a value of 2 (Y1, YO= 1,0 binary) 
from the Y subpixel address of both the current and 
previous pixel indicates that neither pixel is a back 
ground pixel, and suggests an intersection of two lines 
or edges. 

In Tables 2A-2D the rows correspond in top to bot 
tom order to current X subpixel address values of 0–3 
decimal respectively while the columns correspond in 
left to right order to the previous pixel X subpixel ad 
dress values of 0–3 decimal respectively. Look at the 
major diagonal of the array shown in Table 2A. It will 
be noted that where both the current and previous pix 
els have the same subpixel address, the output address 
from control ROM 56 is the same as the inputs. Where 
the previous and current pixels do not have the same 
subpixel X address, the current pixel effective X address 
is output approximately as an averaging of the previous 
and current pixel subpixel X addresses depending on the 
current and previous Y1 Y0 address. 

It should be noted at this point that the subpixel X 
addresses define the point at which the left edge of a 
pixel occurs by defining the time at which the corre 
sponding color intensity data is applied to the CRT 
display. Once a pixel starts it continues until the occur 
rences of the next pixel by applying the color intensity 
information for the next pixel to the CRT display. 
There is consequently no gap between adjacent pixels in 
the horizontal direction. The width of each pixel is 
inherently varied to fill the allotted display space. 
The X subpixel address output of horizontal control 

ROM 56 (designated XR1, XR0) is decoded by a binary 
decoder 58 and then latched by EX latch 60 in response 
to clock signal ECLK. At the same time, EV latch 62 
latches the corresponding 24 bits of video color inten 
sity information while an EY latch 64 latches the corre 
sponding subpixel Y address information Y1, YO which 
has been passed through horizontal control ROM 56 
unchanged. A multiplexer 66 receives the decoded ef 
fective X subpixel address information and the four 
sequentially phased timing signals T0–T3; and in re 
sponse to these signals generates a pixel start clock 
signal which effectively defines the time occurrence 
and hence the spatial positioning on the video display of 
the left edge of each successive pixel. 
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10 
Upon the occurrence of the signal pixel start, three 8 

bit digital-to-analog converters, one for each of the R, 
G, B color components of the video signal, contained 
within a circuit designated latching I DACs 68 receive 
and latch the color intensity signal from EV latch 62. 
These latched color intensity signals are immediately 
converted to corresponding analog voltages and ap 
plied to the color intensity control inputs of the CRT 22 
to immediately command the displaying of the latched 
video information. Simultaneously, signal pixel start 
causes a Y deflection latch 70 to receive and latch the Y 
subpixel address information from EY latch 64. 
A digital-to-analog converter 71 responds to the digi 

tal Y1,Y0 subpixel offset signal output by Y deflection 
latch 70 to generate an analog signal on conductor 73 
that is indicative of the subpixel displacement. DA con 
verter 71 inherently provides the logic conversion that 
is required to convert the Y subpixel address signals to 
deflection current command signals. An amplifier 72 
with four output stages responds to the analog deflec 
tion signal on conductor 71 and drives a current 
through the four coil pair in proportion thereto. A set of 
low inductance subpixel deflection coils 76 having four 
single turn coils on each side of CRT 22 is driven by the 
current outputs of buffer amplifier 72 to selectively 
deflect the scanning or electron beam vertically upward 
from the normal raster scan position. The 8 coils gener 
ate a uniform horizontal magnetic field across the three 
electron beams from the PIL gun of CRT 22. This 
causes equal vertical deflection of the three beams. As 
noted previously, negative subpixel address values are 
eliminated by utilizing a subpixel address value of 2 as 
the normal horizontal background position and a sub 
pixel address value of 2 as the normal vertical back 
ground position. This background address value corre 
sponds to a vertical offset of 3 upward. The displayed 
pixel location can be moved vertically upward or 
downward from this normal background position rela 
tive to the +4 pixel upward bias position. 

In order for the vertical subpixel displacement of a 
given pixel to match the occurrence of the left bound 
ary of the pixel at the time the video data corresponding 
thereto is latched by digital-to-analog converter 68 and 
becomes effective to control the display, it is necessary 
that the response rate of the amplifier 72 and the deflec 
tion coils 75 match the response rate of the color inten 
sity controls of CRT 22. Because this response rate is 
very fast, the single turn coils 76, are utilized to reduce 
the inductance thereof and enable the response time of 
the subpixel vertical deflection system to match this 
very fast response of the intensity control system. The 
amplifier bandwidth can be trimmed at the time of man 
ufacture to synchronize the subpixel vertical deflection 
with the intensity control. 
As shown in FIGS. 1 and 3, the digital vector genera 

tor system 14 operates in response to vector defining 
information received from the image generation and 
storage system 12 to generate multi-bit digital words of 
pixel data representing video image pixels of vectors 
defined by the vector defining information. The digital 
vector generator system 14 includes raster display pro 
cessor (RDP) 110 having input and output data buses 
RDPIN 90, and RDPOUT 92 which each carry 16 
parallel data conductors along with control conductors 
and couple to raster board buses RBOUT 15-096 and 
RBIN 15-0 100 respectively, which interconnect the 
major system components of the image generation and 
storage system 12. The RDP input data bus 90 is cou 
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pled through a buffer 94 to bus RBOUT 96 while the 
RDP output bus 92 is coupled through a buffer 98 to bus 
RBIN 100. A 16Kx 16 data memory is included within 
raster data processor 110 to provide storage of object 
and vector definition data as well as working operands. 
A message bus with 16 data conductors and 8 control 
conductors provides communication between the raster 
data processor 110 and the image generation and stor 
age system 12. Through the RDP input and output 
buses 90, 92 and their extensions RBOUT 96, RBIN 100 
along with control lines, the raster data processor 110 
(see FIG. 3) has communication access to the individual 
registers and memories of the visual characteristic pixel 
data generating portion 112 of the digital vector genera 
tor 14. 
The raster data processor 110 receives image defining 

lists from the image generation and storage system 12 
and processes these lists to obtain the data necessary to 
initialize the pixel data generator 112, which in turn 
generates the actual pixel data containing the dynamic 
color and intensity visual characterization for each line 
vector of a display image. The pixel data generator 112 
basically operates between only two end points defining 
a single line vector at any one time. The raster data 
processor 110 breaks down complex image segments 
such as vertex defined, filled or unfilled polygons into 
line vector representations. Typically each object is 
represented by a series of boundary vectors defining the 
peripheral edges of the object and a series of fill vectors 
which are coincident with raster scan lines and define 
the interior of an object. The pixel data generator 112 is 
then utilized to generate the actual pixel data values and 
their display position addresses for these line vector 
representations. 
The pixel data generator portion 112 of the digital 

vector generator 14 includes a digital vector generator 
control circuit 114 which generates the specific decod 
ing, timing signals and control signals for clocking and 
enabling the various registers, memories and other cir 
cuit components of the pixel data generator 112 for the 
purpose of transferring data from one place to another. 
These data transfer techniques are conventional and in 
the interest of clarity have not been described in detail. 
However, the major control signals and the important 
timing relationships which enable the proper operation 
of the vector generator 112 are described specifically. 
The digital vector generator system 14 is coupled to 

frame buffer memory 16 by a large bandwidth bus 
called the DVG bus 116. A set of 79 principal conduc 
tors comprising DVG bus 116 is arranged to carry 34 
data signals DVGDAT 33-0, 16 address signals 
DVGADDR 15-0, 24 chip select signals DVGCS 23-0 
and 5 frame buffer memory select signals FBMSEL 4–0. 
All except the data signals are actually addressing sig 
mals. The frame buffer memory select signals permit 
selection of the color components and two single bit 
overlay components of frame buffer 16, Z buffer 16a or 
color map RAM 18. The data signals include 16 bits of 
Z buffer 16a data DVGDAT 33-18, 2 bits of overlay 
memory data DVGDAT 17-16, 4 bits of X,Y subpixel 
address data DVGDAT 15-12, and 12 bits of main 
frame buffer memory 16 data DVGDAT 11-0. Conven 
tional control and clock signals are also passed along 
the DVG bus conductors. 

Raster data processor 110 is coupled to the DVG bus 
116 to provide RDP 110 with complete control over the 
contents of the frame buffer 16, 16a for such functions 
as initialization and diagnostic analysis. During video 
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12 
display generation the pixel data generator 112 commu 
nicates pixel spatial addresses and visual characteristic 
information over the DVG bus 116 to frame buffer 16, 
16a. Buses RBOUT 96 and RBIN 110 couple RDP 110 
to the color map RAM 18 for initialization and diagnos 
tic analysis. 
The pixel data generator 112 includes six component 

digital vector generators 118–123 designated respec 
tively DVG X, DVG Y, DVG Z, DVG I, DVG J and 
DVG K. Spatial address generators X, Y and Z118–120 
generate three dimensional positional address informa 
tion while visual display characteristic generators I, J, 
K 121-123 generate three dimensional color and video 
intensity information. The two sets of generators form a 
vector generator subsystem 126 with an X, Y, Z spatial 
address portion 128 and an I, J, K dynamic color por 
tion 130. The two portions 128, 130 are conceptually 
similar but have differences in their specific implemen 
tations. 

Visual characteristic generator DVGs I,J and K 
121-123 perform three primary functions. During Gou 
raud shading DVG K 123 interpolates intensity data 
between two end points. Phong shading produces a 
quadratic interpolation between end points and uses 
DVGs I,J and K. Texture is generated by slaving the I 
and J DVGs to the X,Y and Z DVGs and addressing 
the pattern RAM with the I and J DVGs. 
A dynamic intensity processing circuit 150 couples 

the generated visual characteristic information to the 
DVG bus 116 with a large number of selectable combi 
nations which afford the system operator an extensive 
collection of selectable operating modes. A pattern 
shape multiplexer 152 receives the 13 bits I 6-0, J 5-0 
and selectively outputs 12 of the 13 bits to a 4KX 12 
pattern RAM 156. The output bits are selected as I 5-0, 
J 5-0 when signal PATTSHPSEL from a mode control 
register 258 is 1 and I 6-0, J 5-1 when signal PATTSHP 
SEL is zero. This enables color selection signals to be 
balanced between the I and J DVGs 121, 122 or to be 
weighted in favor of DVG I 121. 
The selected 12 bits become address bits for the pat 

tern RAM 156. If each work in pattern RAM 156 stores 
the value of its address then the address input signal is 
output to a color/intensity mixer 158 unchanged. Alter 
natively, the address input can be made to recycle with 
a selected period. If a selected visual pattern is stored in 
pattern RAM 158 at addresses corresponding to the 
repeating address pattern, pattern RAM 156 will output 
the pattern on a repetitive basis to provide a textured 
surface effect. 

Further freedom in manipulating the visual charac 
teristic pixel data is provided by the color/intensity 
multiplexer 158 which selects either 8 bits, PR 7-0 from 
normalizing circuit 154 or 12 bits COL 11-0, from pat 
tern RAM 156, and outputs 12 bits, comprising a se 
lected combination onto data conductors DVGDAT 
11-0 of DVG bus 116. This permits, for example, a 
surface to be shaded or covered with a pattern, 
DVG control circuit 114 includes a DVG pixel 

counter 148 (shown in FIG. 7) along with functions 
such as decoding of register selection and enable signals 
and generation of control signals required for the opera 
tion of the pixel data generator 112. An address trans 
late and interleave circuit 146 receives the X, Y integer 
pixel addresses from X, Y DVG 118, 119 in X, Y coordi 
nate representations and converts these to a set of linear 
addresses that are compatible with data memories. A 
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While the selection of initializing data varies some 
what with the particular mode of operation for the 
vector generator system 126, the mechanics of the oper 
ation of each of the digital vector generators 118–123 
always remains essentially the same. Using X DVG 118 
as the specific example, the integer portion of the start 
ing vector coordinate for each DVG 118–123 is loaded 
into the integer counter or register 140 from data mem 
ory 106 over bus RBIN 100. The fraction register 134 
for each DVG is similarly loaded. Then the accumula 
tor registers 136 are cleared by asserting signal 
CLRACCS/ to force a zero output from adder/sub 
tractors 138 while clock signal DVGCLK is asserted. 
Next, the load accumulator signals (LDXACC/) go 
active low to add zero to the starting vector coordinate 
and store the sum in the accumulator register 136. 
For the digital vector generators assigned to the 

minor spatial axes (X, Y or Z) a roundoff value of $ 
(binary 0.001) is then loaded into the fraction register 
and subsequently added to the fractional starting coor 
dinate value for the initial pixel stored by the accumula 
tor. This pixel value creates an offset which automati 
cally rounds the 4 pixel resolution represented by the 
two most significant bits to the nearest 4 pixel value. 
That is, as soon as the accumulated incremental value in 
the accumulator passes the point, the two most signifi 
cant accumulator bits will indicate a value of 3 and 
continue to indicate 4 until the accumulated actual val 
ues pass the i point at which time the two most signifi 
cant bits will indicate a value of #. Rounding is thus 
automatically effected to the nearest 4 pixel value. 

Next, the slope of the vector with respect to the X or 
Y major axis is loaded into the fraction register 134. The 
major axis is the X or Y axis to which the vector being 
displayed is most nearly parallel. This is, the axis to 
which the angle between the axis and vector is less than 
or equal to 45°. If the vector lies at exactly 45°, the X 
axis is treated as the major axis. 
For the DVG corresponding to the major axis a delta 

value of all 1's (1-2-12) is loaded into the corresponding 
fraction register. If DELSIGN is L (increment accumu 
lator), a carry bit is entered into adder/subtractor 138. 
If DELSIGN is H (decrement accumulator), a borrow 
(L) bit is entered into the adder/subtractor 138. This 
process sets the increment along the major axis to unity. 

After the DVGs are stepped to generate a next point, 
the resultant values are written into the frame buffer 16. 
The value stored in the fraction register of each DVG is 
thus added to the corresponding accumulator 136 for 
each DVG to enable the correct value for each axis to 
be indicated at the DVG output as the system steps 
along a line vector in one pixel increments. As the ad 
der/subtractor 138 overflows, the counter 140 is incre 
mented (or decremented) so that for each DVG 
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118-119 the counter 140 indicates the integer portion of 55 
the pixel address and the accumulator 136 indicates the 
fractional portion. Each DVG 118-123 includes an 
adder/subtractor 138A, 138B and an accumulator 
136A, 136B which extends to the integer portion of the 
resultant vector coordinate. 

Referring now to FIG. 6, the dynamic value DVGs I, 
J, K 121-123 operate in the same general manner as the 
spatial DVGs 118–120, but have a somewhat more flexi 
ble hardware configuration. 
DVG I, J. and K 121-123 are similar to DVG X, Y 

and Z 118–120 except that DVG I, J and K 121–123 
operate upon three dimensional normal intensity vec 
tors rather than positional vectors. 
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16 
The dynamic value DVGs I, J, K 121–123 develop 

information which defines the visual manifestation 
characteristics corresponding to the pixels whose ad 
dresses are being concurrently generated by the X, Y Z 
spatial DVGs 118–120. As illustrated by DVG I 121 
shown in FIG. 6, the hardware of the dynamic value 
DVGs provides more flexibility in the selection of oper 
ating modes than the spatial DVGs but the basic princi 
ple of operation is essentially the same. 
A 8 bit I fraction register 134C, an 8 bit I fraction 

adder/subtractor 138C and an 8 bit I fraction accumula 
tor 136C operate in substantially the same manner as the 
fraction portion of the X and Y DVGs 118, 119 except 
that the resolution is decreased from 12 to 8 bits. For 
each step of the DVGs 118–123, a delta value stored by 
fraction register 134C is added to an accumulated value 
stored by I fraction accumulator 136C. However, 
whereas pixel spatial addresses are determined by pixel 
locations in a predetermined pixel display array and can 
at most change by a value of one, the visual characteris 
tics depend on subject lighting conditions and can 
change by values greater than one at each step. The 
integer portion of DVG I 121 is thus implemented with 
an 8 bit I integer register 134D, an 8 bit I integer adder/ 
subtractor 138D and an 8 bit I mask register and accu 
mulator 136D which performs the corresponding accu 
mulator function of I fraction accumulator 136C. I 
DVG 121 is thus capable of accommodating non-frac 
tional delta increments. 
Within the I and J DVGs 121–122, mask register and 

accumulator 136D enables a selected number of most 
significant integer bits to be effectively frozen or fixed 
at a value which can be preset into accumulator 136D 
while the less significant bits are allowed to accumulate 
and repetitively overflow as a sequence of pixel defini 
tion steps is executed. A mask register within I mask 
register and accumulator 136D receives and stores a 
mask control byte from bus RBIN 7-0 100 in response to 
a decoded register load signal LDSHDMSK 1. Each bit 
of the mask control byte enables the loading of a corre 
sponding bit position in the accumulator register. By 
disabling the loading of a given accumulator register bit 
it is “frozen” and no carries can be passed through to 
higher order bit positions. All values at the masked bit 
position and above thus remain constant while lower 
ordered positions are able to increment and overflow as 
the integer delta value and carries from the fractional 
portion are added thereto at each DVG step. 
This selective bit freezing function is particularly 

useful in conjunction with DVG I 121 and DVG J 122 
when they are coupled through the pattern shape multi 
plexer 152 to address pattern RAM 156. In this mode of 
operation, a pattern stored within a selected number of 
address locations in pattern RAM 156 can be repeti 
tively outputted every 2" pixels in each dimension 
where n is the number of bits which are allowed to vary 
within the I and J outputs. By placing the same delta 
values in the I, J DVGs 121, 122 as the X, Y DVGs 118, 
119 respectively, and freezing selected bits in the I, J 
accumulator registers, a corresponding pattern can be 
stored in pattern RAM 156 which will be repetitively 
accessed synchronously with the incrementing of 
DVGs X and Y (118, 119) to produce a repetitive dis 
play pattern. 
For example, if the I output corresponds to the X 

dimension, and 3 bits are allowed to vary while the 
remaining bits are frozen, the address input to pattern 
RAM 156 will repeat itself and thus cause the dynamic 
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