
- 1 - METHOD AND APPARATUS FOR SORTING LINE  SEGMENTS FOR DISPLAY AND
MANIPULATION BY A COMPUTER SYSTEM BACKGROUND OF THE INVENTION 1.   Field of
the Invention: 5         This invention, relates to computer systems and,
more particularly, to circuitry for sorting among end points of line
segments to be displayed on the output display of a computer system. 2.
History of the Prior Art: A major problem in utilizing computers to provide
graphic displays is that for a single frame of graphical material to be
presented on a cathode ray tube (CRT), it is usually necessary to store an
indication of the information which is to be displayed for each position
(pixel) of the cathode ray tube. 15  With large and detailed displays, the
number of pixels on the cathode ray tube may be approximately one thousand
or greater in a horizontal direction and a like number in the vertical
direction giving a total of approximately one million or more pixels about
which information is to be stored. In a preferred system which is capable
of providing a number of different colors 20  on the cathode ray tube, each
of these pixels contains eight bits of digital information specifying the
particular color output. Consequently, approximately eight million bits of
information need to be stored for each frame to be presented at the output.
25        Not only does color information have to be provided for each
pixel  for each frame of the display, but in generating graphic displays,
the usual method of determining the shapes of figures requires that various
algorithms be applied to the data to shape those figures. If this
information is handled by the software of the system, computing the
positions of each point to be 30  displayed and determining the data to be
displayed at that point slows the operation of the system to a point where
functions such as animation are essentially impossible. For example, in
order to present a polygon on the output display, it is necessary to
determine each end on each horizontal  



-2- line which makes up the polygon because the Information is furnished to
the display by scan lines. In prior art systems, this determination of the
ends of each line to be scanned to the output display required the use of
software run by the central processing unit (CPU) to evaluate the end
values for 5  each scan line of each graphical shape to be presented. Such
arrangements increase the time taken to present the graphics to a point
were appreciable slowing of the display occurs. For this reason, various
systems utilizing hardware to speed the 10  operation have been suggested.
One method for speeding the operation uses two output frame buffers and
loads one buffer while the other is being scanned to the display. Such a
system significantly speeds the operation but requires essentially twice as
much memory to accomplish the storage. 15       There has now been proposed
a unique system for presenting computer graphics on an output display using
only a single output frame buffer. The system breaks all graphics shapes
into quadrilaterals, then decomposes the quadrilaterals into subportions
subtended by line segments which provide a trapezoidal area of scan line to
be displayed. By breaking 20  the shapes into quadrilaterals, each point,
line, triangle, and quadrilateral may be handled in the same manner to
speed the operation of the circuit. Moreover, the system allows the
information to be scanned to the frame buffer from top to bottom, in
reverse, from left to right, or in reverse to further increase the speed of
operation because of the ability to eliminate certain 25  page mode jumps
and to scan only the information to the frame buffer which need not be
clipped thereby eliminating the loss of time in clipping. Normally, the
information to be displayed is transferred to the input of the circuitry
for scanning to the frame buffer in a consistent manner. That is, 30  the
information transferred first is that which is to be first presented. The
information is transferred from the top of the display down and from left
to right. This is not the manner in which the system of which the present 



invention is a part handles the information prior to the time of transfer
to the    -3- frame buffer. Consequently, some arrangement must be provided
for sorting the information available for storage by the frame buffer which
arrangement operates to accomplish the sorting without appreciable delay. 5
It is, therefore, an object of the present invention to speed the operation
of computer systems. It is another object of the present invention to
provide circuitry for handling in hardware the manipulations of graphical
material which have in 10  the usual case been handled by the software of
the computer system. It is an additional object of the present invention to
provide circuitry for sorting among the addressing information provided for
storage of images by a frame buffer to determining the X and Y coordinates
of the ends of lines 15  to be scanned to the frame buffer for presentation
by the output display. It is an additional object of the present invention
to provide circuitry for sorting among the addressing information provided
for storage of images by a frame buffer to determining the X and Y
coordinates of the ends of lines 20  to be scanned to the frame buffer for
presentation by the output display particularly in view of the clip window
in which the information is to appear.    -4- SUMMARY OF THE INVENTION
These and other objects of the present invention are realized in a new
output display system which utilizes a unique philosophy of graphic 5
figure presentation whereby high speed graphics may be provided using only
a single output display buffer. In order to allow the use of hardware to
implement the presentation of 



graphics, it has been found that the information presented to the hardware
10  will be processed more rapidly if it is of essentially the same nature
no matter what the shape is which is to be drawn on the display. The system
is based on a definition of a graphical figure (shape) which considers the
shape to be composed of a number of subportions each of which are
quadrilaterals. Circuitry is provided for rapidly displaying quadrilateral
15   images by handling only information regarding the four vertices of
those quadrilaterals. All of these quadrilaterals may be handled in the
same manner by the graphics presentation hardware and recombined on the
display to present the desired shape. 20       The system breaks the
quadrilaterals into subportions made up of pairs of line segments which
subtend a trapezoidal area of scan lines to be presented on the output
display. The X and Y coordinates of the two ends of each scan line in each
trapezoid are then determined. 25        The system is devised to select
the optimum manner of decomposing a shape so that the operation proceeds at
its most rapid. For example, if a shape to be decomposed lies only
partially within the clip window and either partially above or below the
clip window, the operation will proceed more rapidly if the portion outside
the clip window need not be processed. 30  This may be accomplished if the
decomposition may proceed from either the top down or the bottom up so that
the visible portion of the figure is first presented. Furthermore, if the
operation proceeds from the bottom up, fewer page boundaries in memory need
to be crossed if the scan line processing    -5- proceeds from right to
left rather than from left to right as in the normal case. The crossing of
fewer page boundaries also allows more rapid operation. The decomposition
provided by the system takes place either from 5  the top down or from the
bottom up. The circuitry is also able to determine the start and stop
points of each scan line even thougth the figure is 



comprised of line segments which cross one another. The ability of the
circuitry of this invention to provide such rectilinear coordinates allows
the rapid transfers of graphic information to an output display. 10
However, the ability to proceed in such multiple directions to decompose
figures requires circuitry which is able to sort in any order among the
information provided in order to present the information in a- more logical
order to the frame buffer. This invention provides such sorting 15
capability. The invention comprises a circuit having two portions each of
which includes comparator circuitry capable of reviewing addresses defining
a pair of line segments. Each portion handles one edge of the subportion -
- 20 defined by the line segments to determine which position of each of
those line segments on each scan line is the least or the greatest and
which is within a left clip boundary or a right clip boundary. The result
of each such determination defines each scan line and is transferred to
circutry for writing to the frame buffer.    ---- 25 These and other
objects and features of the invention will become apparent to those skilled
in the art by reference to the following detailed description taken
together with the several figures of the drawing in which like elements
have been referred to by like designations throughout the 30  several
views.                ---    -6- BRIEF DESCRIPTION OF THE DRAWINGS Figure 1
is a representation of a graphical shape divided into two quadrilaterals
which when individually displayed on a computer output 5  device provide
the complete original shape; Figure 2(a)-(d) is an illustration of a single
quadrilateral shape 



decomposed into line segments; 10        Figure 3 is a block diagram
illustrating a graphical output system for a computer constructed in
accordance with the invention; Figure 4(a)-(d) are illustrations useful in
explaining the operation of the invention; and 15 Figure 5 is a circuit
diagram illustrating one arrangement for implementing the invention.    -7-
NOTATION  AND NOMENCLATURE Some portions of the detailed descriptions which
follow are presented in terms of algorithms and symbolic representations of
operations on data 5   bits within a computer memory. These algorithmic
descriptions and representations are the means used by those skilled In the
data processing arts to most effectively convey the substance of their work
to others skilled in the art. 10        An algorithm is here, and
generally, conceived to be a self- consistent sequence of steps leading to
a desired result. The steps are those requiring physical manipulations of
physical quantities. Usually, though not necessarily, these quantities take
the form of electrical or magnetic signals capable of being stored,
transferred, combined, 15  compared, and otherwise manipulated. It has
proven convenient at times, principally for reasons of common usage, to
refer to these signals as bits, values, elements, symbols, characters,
terms, numbers, or the like. It should be borne in mind, however, that all
of these and similar terms are to be associated with the appropriate
physical quantities and are merely 20  convenient labels applied to these
quantities.   



DESCRIPTION OF THE PREFERRED EMBODIMENT In designing computer systems, it
has become apparent that the display of graphic images substantially slows
the operation of most 5  machines. This occurs because the amount of
information that the computer must deal with for each frame to be presented
on the output display is very large and because the manipulation of that
information in order to present the graphics image requires inordinate use
of the central processing unit (CPU). 10 This is especially true in a
system which utilizes an interface including multiple "windows" for its
output display. In such a system, more than one program at a time is placed
in portions of memory which are available for instant call. The text and
graphics output of each such 15  program is made to appear on the output
display in a particular set of defined boundaries called a window or a clip
window. Each window may overlap other windows with the "front window"
constituting the current work file. Usually, the computer operator
manipulates the program in only one window at a time but may switch rapidly
to a program in another window to 20  work with that program. In general,
windows require substantially more memory and time to manipulate than do
non-window operations. The system of which this invention is a part speeds
the display of computer graphics by handling most of the operations in
hardware so that 25  the information is available instantaneously. In order
to allow the use of hardware to implement the presentation of graphics, the
system breaks the graphics images to be presented on the display into
quadrilaterals all of which may be handled in the same manner by the
hardware. The system takes these quadrilaterals and further breaks them
into line segments which 30  subtend the same scan lines to be presented on
the output display, the scan lines forming, in effect, a trapezoid. The X
and Y coordinates of the two ends of each scan line are then determined by
the circuitry of this invention. The system takes those rectilinear
coordinates and translates them into 



9 serial scan lines which may be stored in a frame buffer and displayed on
an output display. Figure 1 is a representation of a graphical shape
divided into two 5  quadrilaterals 8 and 9 which when individually
displayed on a computer output device provide the complete original shape.
Although the shape shown in Figure 1 is simple, it will be apparent to
those skilled in the art that shapes of essentially infinite complication
may be represented if a sufficiently large number of small individual
quadrilaterals are chosen. In 10  fact, the system of the present invention
has been utilized to represent three dimensional animated shapes of a very
complicated nature. Figure 3 illustrates in block diagram form a graphical
output system 10 constructed in accordance with the invention. 15
The system 10 includes bus interface logic 12 which receives information
regarding the desired graphical shape from the central processing unit of
the computer system (not shown in the figures). The bus interface logic 12
receives information on an address line which designates the particular
portion of the system 10 to which the input is 20  to be transferred. The
bus interface logic 12 receives the actual data such as the color
description on an input data line. The bus interface logic 12 also receives
a control signal designating the manner in which the information is to be
treated on a control line. 25        When constructing graphical
representations from quadrilaterals in accordance with the present
invention, the input information includes the coordinates of the particular
window in which the information is to appear, the coordinates (vertices) of
the quadrilateral, and the color data regarding each quadrilateral. The
color data which is to be presented at the display of 30  the quadrilateral
is stored in a data path and memory interface stage 22. The vertices of the
quadrilateral and the clip window information are stored 



in coordinate staging circuitry 14 which includes hardware that provides
comparisons of the incoming information by means well known to the prior
art such as registers and gating circuits. The comparisons made include the
comparison of each X value of 5  each vertex to the X value of each of the
other vertices, the comparison of each Y value of each vertex to the Y
value of each of the other vertices, and the comparison of each of the X
and Y values of the vertices to the X and Y values of the edges of the clip
window in which the information is the be presented. Since this is
accomplished by hardware, the information is 10 immediately available for
use by the system 10 without loss of any system clock time. The information
regarding the vertices of the quadrilateral and the clip window available
at the coordinate staging circuitry 14 is presented to 15  a coordinate
sequencing stage 16 at which the quadrilateral is decomposed into a series
of subportions each of which comprise two line segments of the original
quadrilateral. Each of these subportions is chosen such that the line
segments define an area of the quadrilateral which may be drawn by a series
of parallel horizontal scan lines, each having an X beginning value 20
lying on one of the line segments and an X ending value lying on the other.
In essence, the two line segments subtend a trapezoidal area including as
many Y (horizontal) scan lines as is as possible in view of the shape of
the quadrilateral. When all of the scan lines of all of the subportions are
rendered on the display, the quadrilateral is defined in total. 25 Figure
2(a)-(d) illustrates a single quadrilateral divided into subportions in
accordance with this invention. The quadrilateral which is decomposed is
shown in Figure 2(a), and the subportions thereof are illustrated in
Figures 2(b)-(d). As may be seen in Figure 2, each subportion 30  includes,
when presented on an output display, a series of horizontal scan 



lines which begin at one line segment defining the quadrilateral and end at
another line segment. The scan lines for each subportion of the
quadrilateral represent a trapezoidal portion (or degenerate trapezoidal
portion) of the original quadrilateral. When these horizontal lines of all
of the trapezoidal subportions are scanned to the frame buffer for
presentation on the output display, the entire quadrilateral shape is
reconstituted on the display. Referring again to Figure 3, after the
quadrilaterals have been decomposed into subportions, the individual Y scan
lines have their beginning and ending X values determined at a functional
addressing stage 18. In the preferred embodiment of the invention, this is
accomplished by 10  the use of circuitry which determines the particular
pixels constituting the X values at the beginning and end of each scan line
within the decomposed subportions of the quadrilateral. This functional
addressing stage 18 also accomplishes a portion of the clipping necessary
to fit the particular quadrilaterals to the clip windows, and then
transfers the signals to a mask 15  generation stage 20 which arranges the
information into sixteen bit portions that designate the beginning and end
of each scan line and are used for addressing the data path and memory
interface stage 22. The mask generation signals are also furnished to a
linear address 20  generator 24 which translates the rectilinear addresses
provided by the mask generation stage 20 into signals for linearly
addressing the frame buffer for the output display. At this point, the
color data relating to the quadrilateral to be displayed which has been
held in memory at the stage 22 is transferred to the output display (frame)
buffer. 25    



The invention considered by this specification relates to the apparatus and
method for sorting the end points of the various line segments 20  which
make up the horizontal scan lines in each trapezoidal subportion of the
quadrilateral to determine which are ultimately to be provided to the
output display as scan lines and in what order. Such sorting circuitry is
necessary, first, because the system is able to decompose the
quadrilaterals in any direction in order to speed the presentation of the
25  graphic output; moreover, the circuitry does not put restrictions on
the edges of the trapezoidal areas formed by the pair of line segments in
terms of slope, relationship to each other, or whether they may intersect
one another. Although this invention is described in terms of the graphics
system illustrated in Figure 3, it will be realized by those skilled in the
art 30  that it will have broad application in other systems for providing
graphical output displays for computer systems.    13 The circuitry of this
invention receives address information representing the end points of each
of the scan lines making up each of the trapezoidal areas to be presented
on the output display. When drawing a straight line on an output display
such as a cathode ray tube, the line is defined by a series of pixels on
adjacent scan lines. If the line to be drawn is horizontal, then a single
scan line on the display is sufficient to draw the line if the address of
the starting and ending pixels are furnished. If the line, is vertical,
then a single pixel from each of a number of adjacent scan lines must be
written to the display. Lines between vertical and horizontal vary in the
number of pixels per scan line depending on the slope of the lines. If the
line has a small slope, then a number of adjacent pixels are drawn on each
of a number of adjacent scan lines, continuing until the line is completed.
If the beginning and ending X values of each series of adjacent pixels on
each scan line are known, then the intervening 



pixels may be filled on the display and the line completed. It is necessary
to know the position on each scan line of each of the line segments which
define the sides of the trapezoids to be scanned to the display in order to
draw those trapezoids. This is true in order to begin and end each scan
line and to clip the scan lines to fit a clip window. If clipping occurs
across a line segment, a method must be devised for determining the portion
of each line segment which to be drawn. The circuitry of this invention
receives the individual beginnings and endings of the scan lines, selects
among them to determine the appropriate ones for presentation on the
display, applies right and left clip window edges to the lines, and
ultimately determines the specific scan lines to be stored in the frame
buffer for presentation by the output display.    14 Figure 4(a)-(d)
illustrates the operation of the circuit of this invention. The information
which is presented to the circuitry includes the X values of pixels
encountered on a given scan line during the processing of the two
individual line segments. The individual line segments subtend the 5
trapezoidal subportions of the quadrilaterals which are to be provided to
the frame buffer. The pixels encountered for a given line segment may
contain one or more pixels, one or two of which may ultimately define one
or both ends of the scan line to be displayed at the output. The circuitry
of this invention selects from among the clip window boundaries and the
pixels 10  encountered on each scan line which of the individual pixels is
to form each end of the scan line. With two ends determined, the scan line
may be drawn to join the two. This function is accomplished by circuitry of
the mask generation logic 20 of Figure 3. 15        Each of the line
segments to be handled by the circuitry may be increasing or decreasing in
value as the line is to be drawn on the output display as previously
mentioned. The direction in which the shape is to be 



rendered on the output display is shown to the left of each of the shapes
in Figure 4. The circuitry handles the two line segments in four distinct
ways 20  depending on whether both line segments have increasing X values,
both have decreasing X values, the first is increasing and the second
decreasing, or the first is decreasing and the second increasing. In the
case shown in Figure 4(a), the direction in which the shape is 25  being
drawn is from the bottom up. Both the line segments are increasing in X
values. The lower horizontal pixels are thus presented to the circuitry
first. As shown in the figure, line segment A has its pixels described by
circles; line segment B has its pixels described by triangles. In this case
the circuitry is presented the pixels of both line segments with the
leftmost pixel 30  of each line segment being presented first for each
line. The two leftmost pixels of each line segment are received at the same
time, these are compared, and the least (leftmost) is stored as the
leftmost pixel of the scan line. The algorithm proceeds until it is time to
change Y. The last pixel in    both line segments A and B is the rightmost
of each. These are compared and the greatest is stored as the rightmost
boundary. For this scan line, the leftmost pixel, the rightmost pixel, and
the Y values are thus known so the line to be scanned to the frame buffer
is completely defined. 5 The next pixels presented are those at the next Y
value. Again the first pixels received by the circuitry are the leftmost
pixels of line A and line B. These are compared and the leftmost stored as
the leftmost pixel of this scan line. The algorithm continues defining X
values; and, in accordance 10  with the operation of the remainder of the
system, the circuitry generating the line segment values causes the
generation of signals for line B to halt and wait for line A to reach the Y
change stage. When line A reaches this stage, the two rightmost pixels are
compared; and the rightmost pixel of the two is stored as the rightmost
pixel of the scan line. Thus, this scan line is 



15 also completely defined. In the case illustrated in Figure 4(b), the
slope of line A is increasing and of line B is decreasing so that the first
pixel presented on line A is the leftmost, while for line B, the first
pixel is the rightmost. In this case, the first 20  line A pixel is stored
as the leftmost pixel, and the first pixel of the B line is stored as the
rightmost pixel of the scan line. The operation proceeds until the end
pixels of each of lines A and B are encountered. The rightmost pixel of the
A line is compared to the rightmost boundary pixel previously stored; and
the rightmost of these Is stored as the rightmost boundary of the scan 25
line. The leftmost pixel of the B line is compared to the previously stored
leftmost pixel, and the least of these is stored as the leftmost boundary
of the scan line. In the case shown in Figure 4(b), the original values
stored for the leftmost and rightmost pixels remain the values for the scan
line. 30        On the next scan line, the initial pixels for lines A and B
are again stored as the leftmost and rightmost pixels of the scan line,
respectively. Then the algorithm proceeds to define the remaining X
positions of the scan line until the last pixel of each of lines A and B is
encountered. Again, the    last pixel of the A line is compared with the
value stored as the rightmost pixel; and the higher value stored as the
rightmost pixel. In the case shown in Figure 4(b), the A value is greater
and replaces the previously stored rightmost value. At the same time, the
last B line pixel is compared to the 5  value stored as the leftmost pixel
for the scan line; and the least value is stored as the leftmost pixel for
the scan line. The algorithm proceeds in the same manner to complete the
particular trapezoidal shape. In Figure 4(c), the slope of line A is
decreasing and that of line B is 10  increasing so that the first pixel
presented on line A is the rightmost while on - line B it is the leftmost.
In this case, the first line A pixel is stored as the rightmost pixel and
the first pixel of the B line is stored as the leftmost pixel of the scan
line. The algorithm proceeds until the end of the end pixels of each 



line A and B are encountered. The leftmost pixel of the A line is then 15
compared to the leftmost boundary previously stored; and the leftmost of
these is stored as the leftmost boundary of the scan line. The rightmost
pixel of the B line is compared to the previously stored rightmost pixel
and the least of these is stored as the rightmost boundary of the scan
line. In the case shown in Figure 4(c), the original values stored for the
leftmost and 20  rightmost pixels remain the values for the scan line. On
the next scan line, the initial pixels for lines A and B are stored as the
rightmost and leftmost pixels of the scan line, respectively. Then, the
algorithm proceeds to define the remaining X positions of each line until
the 25  last pixel of each of lines A and B is encountered. Again, the last
pixel of the A line is compared with the value stored as the leftmost pixel
and the least value stored as the leftmost pixel. In the case shown in
Figure 4(c), the previously stored value is greater and remains the
rightmost value. At the same time, the last B line pixel is compared to the
value stored as the 30  rightmost pixel for the scan line, and the greater
value stored as the rightmost pixel for the scan line. The algorithm
proceeds in the same manner to complete the particular trapezoidal shape.
The final case of Figure 4(d) is essentially the reverse of that shown in
Figure  4(a) in that both lines have decreasing slopes. In this case the
circuitry is presented the pixels of both line segments with the rightmost
being presented first for each line. The two rightmost pixels are received
at 5  the same time, these are compared, and the greater (rightmost) is
stored as the rightmost pixel. The algorithm proceeds until it is time to
change Y. The last pixel in both lines A and B is the leftmost of each.
These are compared and the least is stored as the leftmost boundary. For
this scan line, the leftmost pixel, the rightmost pixel, and the Y values
are thus known so the 10  line is completely defined to be scanned to the
frame buffer. The next pixels presented are those at the next Y value.
Again the 



first pixels received by the circuitry are the rightmost pixels of line A
and line B. These are compared and the rightmost stored are the rightmost
pixel of 15  this scan line. On the last pixel of each line, the two
leftmost pixels are compared, and the leftmost pixel of the two stored as
the leftmost pixel of the scan line. Thus, this scan line is also
completely defined. The algorithm continues until the trapezoid is
completely defined. 20        Figure 5 illustrates a preferred embodiment
of a circuit 50 for implementing the invention. The circuit 50 includes
left side comparator circuit 52 and right side comparator circuit 54. The
comparator circuits 52 and 54 process the values for making the comparisons
for the left and right sides of each of the scan lines as described above.
25 The left side circuit 52 receives input signals through a pair of
multiplexers 56 and 58. The multiplexers 56 and 58 receive input signals
representing the X values of the A and B line segments. The multiplexers 56
and 58 also receive input signals representing the X values of the clip 30
window in which the signals are to appear; these are designated ClipXA and
ClipXB and are furnished by a pair of multiplexers 60 and 62 each of which
receives both clip values from a pair of registers 64 and 66.    The
signals provided by the multiplexers 56 and 58 are furnished to a magnitude
comparator 68 which provides output signals to a state machine 70
indicating the results of the comparison. The state machine 70 uses these
results and its other inputs to control a multiplexer 72 to allow the 5
transfer of signals to a register 74 which stores the left boundary value.
The comparator circuit 54 has a similar arrangement including a pair of
multiplexers 76 and 78, a comparator 80, a multiplexer 82, and a boundary
register 84. 10 The circuitry of the invention accomplishes this sorting
even though 



the pixels defining the individual line segments are presented from the top
of the screen down or from the bottom of the screen up, whether from left
to right or from right to left 15 In general, the operation of the circuit
50 is as follows. An operation is initiated when the state machine 70
receives a start signal from the external control logic. During the entire
operation, the registers 64 and 66 contain the X values of the clip window
in which the information is to be 20  written. Moreover, the state machine
70 initially receives information from previous portions of the circuitry
regarding the comparisons of the clip window boundaries to the end of the
two line segments A and B and the slopes of the two line segments. The
state machine 70 controls the operation of the multiplexers of the circuit
50 and the timing of operations. 25  The operation of the circuit 50 takes
place on a per scan line basis. Presuming for the following discussion that
the clip window is not a factor, then the first pixels on the scan line for
the A and B lines are presented on the input lines Xa and Xb to the
multiplexers 56, 58, 76, and 30  78. The state machine selects on the Asel
and Bsel lines the signal to be transferred by the particular multiplexer.
Assuming for example that the case illustrated in Figure 4(a) is being
processed, the state machine has inputs indicating that the slopes of both
line segments A and B are    increasing and that the first pixels of each
line segment are to be compared and the least value stored. The state
machine 70, therefore, provides signals transferring the Xa Input signal on
line 0 of multiplexer 58 and the Xb input signal on line 3 of multiplexer
56. These signals are compared by 5  comparator 68, and a signal indicating
which is least is sent to the state machine 70. The machine 70 then enables
the multiplexer 72 to select the least value, that occurring on the line
from multiplexer 58, and transfer the value to the register 74 which stores
the left boundary indication. At this 



point in the process, the right boundary register 84 is un-initialized. 10
When the state machine receives a signal indicating that a change in the
scan line (a change in Y value) is to occur, the multiplexers 76 and 78
receive the last input values Xa and Xb and transfer those values to the
comparator 80 where the determination that Xb is larger than Xa is made 15
and sent to the state machine 70. This causes the state machine 70 to
enable the multiplexer 82 to transfer the greater value to the right
boundary register 84. In this manner, the values necessary to describe the
first scan line of 20  the case of Figure 4(a) are determined. The
remainder of the area to be described between the line segments A and B is
determined in the same manner with the circuit 52 determining and storing
the least X value and the circuit 54 determining and storing the greatest X
value which are necessary to describe the scan line. 25 In the case
illustrated in Figure 4(b), presuming no clipping, the first signal Xa at
terminal 0 of the multiplexer 58 and transferred by the multiplexer 72 to
storage by the left boundary register 74. In like manner, since the line
segment has a decreasing slope,.the first Xb value to be 30  encountered is
the rightmost in the illustration; this is transferred via the multiplexers
76 and 82 to storage in the right boundary register 84. As the last pixel
on the scan line is reached, the Xb value is transferred by the multiplexer
56 and compared to the value stored in the left boundary register    74
(furnished at terminal 2 of the multiplexer 58) in the comparator 68. Since
the value already stored is the lesser, it is retained in the register 74.
The last Xa value is transferred by the multiplexer 76 and compared to the
value stored in the right boundary register 84 (furnished at terminal 2 of
the 5  multiplexer 78) in the comparator 80. Since the value already stored
is 



greater, it is retained in the register 84. On the next scan line, the same
operation takes place. The first Xa value and the first Xb values are
stored in the leftmost and rightmost 10  registers, respectively. When the
end of the scan line is reached and it is time to transfer to the next scan
line, the last Xb value is compared to the value stored in the left
boundary register 74, the Xb value being the lesser is stored as the left
boundary value. The last Xa value is compared to the value in right
boundary register 84 and, being greater, replaces the value in 15  the
right boundary register 84. As the end of each scan line is reached, the
values In the registers 74 and 84 are transferred to the masking circuitry
20 illustrated in Figure 3 for transfer to the frame buffer and display at
the output display. 20 As pointed out above, any operation begins upon a
start signal being received by the state machine 70. At that time, the two
registers 64 and 66 contain the X values of the right and left edges of the
clip window. The state machine 70 keeps track of the appropriate clip
window edges to compare 25  against Xa and Xb to check for visibility and
sends a signal to the multiplexers 60 and 62 to indicate whether the A and
B values should be compared against the left or right side of the clip
window. In the default condition of the state machine 70, that Is. when the
30  machine 70 is not otherwise controlling the operation of the circuit 50
for actual left or right boundary determinations, the default values
appearing on the 0 lines to the multiplexers 56, 58, 76, and 78 are passed
by those multiplexers and compared by the 68 and 80. In this manner, the Xa
value    is compared to the ClipXa clip window value and Xb is compared to
the ClipXb clip window value. This comparison is passed to the state
machine 70 which remembers this for later use. If it is determined that Xa,
for instance, is outside the clip window, then when a boundary
determination 



5  cycle occurs, the value of ClipXa is passed through the appropriate
multiplexer (56, 58, 76, or 78) instead of Xa whenever Xa is logically
required to be passed. The same substitution takes place for Xb using
ClipXb when appropriate. 10      It should be noted that the manner in
which clipping is applied by the circuitry of this invention is adapted to
conserve clock cycles. For example, since the default condition is a
comparison of the clip window X values to the Xa and Xb values, this will
usually occur during a cycle in which no other comparisons are being made
so that no time is lost to the 15  comparison. For example, in Figure 4(a)
nothing is happening during the clock time in which the second pixel from
the left on the lowest scan line for line segment A occurs; consequently, a
clip window check at this time causes no delay to the circuitry. 20
Although the present invention has been described in terms of a preferred
embodiment, it will be appreciated that various modifications and
alterations might be made by those skilled in the art without departing
from the spirit and scope of the invention. The invention should therefore
be measured in terms of the claims which follow.    - 22 - CLAIMS
*    C   L   M    S    * 1.      A sorting circuit for a graphics output
system comprising: means for presenting information regarding the position
of a pixel of a first line segment on a scan line; means for presenting
information regarding the position of a pixel of a second line segment on
said scan line, means for selecting from said scan line one 



pixel from each of the first and second line segments; means for comparing
the positions of selected pixels to determine which pixel is further to one
extreme on said scan line that the other; and means for comparing a pixel
found to have an extreme position with a pixel found in an earlier
comparison to have an extreme position to determine which pixel has the
more extreme position. 2.      A sorting circuit for a graphics output
system as claimed in claim 1 further comprising means for disabling a
comparison of pixels until a pixel lies within a selected window. 3.      A
sorting circuit for a graphics output systems as claimed in claim 1 further
comprising means for substituting a clip window value for a pixel from a
line segment. 4.      A sorting circuit for a graphics output system as
claimed in claim 1 further comprising means for selecting the order in
which pixels are selected from scan lines. 5.      A sorting circuit for a
graphics output systems as claimed in claim 4 in which the order depends on
the slope of each of the line segments.    - 23  -        *     C    L    M
S     * 6.      A sorting circuit for a graphics output system as claimed
in claim 4 in which the means for selecting the order in which pixels are
selected from scan lines further comprises means for determining when
pixels from a next scan line are to be compared. 7.      A circuit  in a
computer graphics system in which 



information defining graphic images is presented on an output display, said
information comprising a pair of line segments subtending a portion of an
image to be presented, the information including the slope of each line
segment and the X positions of both line segments on a scan line, each scan
line having a first end and a second end, said circuit comprising: a first
and second comparator subportion, each of the comparator subportions
adapted to process information regarding one of said line segments
subtending a portion of the image to be presented; wherein   said   first
comparator   subportion comprises, means for receiving first signals
representing first X positions of both said line segments to be processed
for one scan line; means for comparing, said first signals to determine the
relative positions to each other of said first X positions on the scan
line; means for selecting the X position of the first end of the scan line
based on the determination of said relative positions of said first X
positions and the slope of each line segment; wherein   said   second
comparator   subportion comprises, means for receiving second signals
representing second X positions of both line segments to be processed for
the same scan line; means for comparing said second signals to determine
the relative positions to each other of said second X positions on the scan
line;  



- 24 - *    C   L   M    S    * means for selecting the X position of the
second end of the scan line based on the determination of said relative
positions of said second X positions and the slope of each line segment;
means for receiving signals indicative of the X positions of a clip window
in which the portion of the image is to appear; and means for comparing
said signals indicative of the X positions of a clip window to said first
signals and said second signals. 8.      A circuit as claimed in claim 7
wherein the means for receiving said first signals and said second signals
further   comprises   means   for   receiving   signals representing clip
window edges. 9.      A circuit as claimed in   claim 7 or claim 8, wherein
the means for receiving said fist signals and said second signals comprises
multiplexer circuitry. 10.     A circuit as claimed in claim 9, wherein
each of the comparator subportions further comprises means for substituting
said signals indicative of the X positions of a clip window for said first
signals and said second signals. 11.     A circuit as claimed in claim 7,
wherein each of the comparator subportions further comprises means for
selecting the order in which said first signals and said second signals are
selected from scan lines. 12.     A circuit as claimed in claim 11, wherein
the order selected by the means for selecting the order in 



which said first signals and said second signals are selected from scan
lines depends on the slope of each of the line segments. 13.     A circuit
as claimed in claim 11, wherein the    25-       *    C    L    M     S
* means for selecting the order in which said first signals and second
signals are selected from scan lines further comprises means for
determining when first signals and second signals from a scan line are to
be compared. 14.     A circuit  in a computer graphics system in which
information defining graphic images to be presented on an output display is
available on a scan line basis for a pair of line segments subtending a
portion of an image to be presented, the information including the slope of
each line segment and the X positions of both line segments on each scan
line, each scan line having a first end and a second end, said circuit
comprising: a first and second comparator subportion, each of the
comparator subportions adapted to process information regarding one of said
line segments subtending a portion of the image to be presented; wherein
said  first  comparator       subportion comprises, means for receiving
first signals representing first X positions of both of said line segments
to be processed for one scan line; means for comparing said first signals
to determine the relative positions to each other of said first X positions
on the scan line; 



first storage means for storing each of said first signals based on said
relative positions of said first X positions and the slope of each line
segment: wherein   said   second   comparator   subportion comprises, means
for   receiving   said   second   signals representing second X positions
of both of the line segments to be processed for the same scan line; means
for comparing said second signals to determine the relative positions to
each other of said second X positions on the scan line; second storage
means for storing each of said second signals based on the determination of
said    - 26 -                *   C    L    M    S     * relative positions
of said second X positions and the slope of each line segment; means for
comparing said second -signals and the stored one of said first signals to
select an X position for said first end of said scan line; means for
comparing said first signals and the stored one of said second signals to
select an X position for  said  second  end  of  said  scan  line; means
for receiving signals indicitave of the X positions of a clip window in
which the portion of the image is to appear; and means for comparing said
signals indicative of the X positions of a clip window to said first
signals and said second signals. 15.     A circuit as claimed in Claim 14,
wherein the 



means for receiving said first signals and said second signals comprises
multiplexer circuitry. 16.     A circuit as claimed in Claim 14, wherein
the means for receiving said first signals and said second signals further
comprises means for receiving signals representing clip window edges. 17.
A circuit as claimed in Claim 16, wherein the means for receiving said
first signals and said second signals comprises multiplexer circuitry. 18.
A circuit as claimed in Claim 14, wherein each of the comparator
subporitions further comprises means for substituting said signals
indicative of the X positions of a clip window for said first signals and
said second signals. 19.     A circuit as claimed in Claim 14 wherein each
of the comparator subporitons further comprises means for selecting the
order in which said first signals and said second signals are selected from
scan lines.    - 27   - *   C    L    M    S    * 20.    A circuit as
claimed in Claim 19, wherein the order selected by the means for selecting
the order in which said first signals and said second signals are selected
from scan lines depends on the slope of each of the line segments. 21.
A circuit as claimed in Claim 19, wherein the means for selecting the order
in which said first signals and said second signals are selected from scan
lines further comprises means for determining when first 



signals and said second signals from a next scan line are to be compared.
22.     A  circuit  for  a  graphics  output  system, substantially as
hereinbefore described with reference to the accompanying drawings.    


