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Programmers tend to become attached to familiar approaches, and are inclined to stick
with whatever is currently doing the job adequately well, hut in programming there are
always alternatives, and I've found that they're often worth considering.

Not that I should have needed any reminding, considering the ever-evolving nature
of Quake.

Creative Flux and Hidden Surfaces
Back in Chapter 48,1 described the creative flux that led to John Carmack's decision to
use a precalculated potentially visible set (PVS) of polygons for each possible viewpoint
in Quake, the game we're developing here at id Software. The precalculated PVS meant
that instead of having to spend a lot of time searching through the world database to find
out which polygons were visible from the current viewpoint, we could simply draw all
the polygons in the PVS from back-to-front (getting the ordering courtesy of the world
BSP tree) and get the correct scene drawn with no searching at aH; letting the back-to-
ftont drawing perform the final stage of hidden-surface removal (HSR). This was a ter
rific idea, but it was far ftom the end of the road for Quake's design.

Drawing Moving Objects
For one thing, there was still the question of how to sort and draw moving objects
properly; in fact, this is the single technical question I've been asked most often in
recent months, so I'll take a moment to address it here. The primary problem is that a
moving model can span multiple BSP leaves, with the leaves that are touched varying
as the model moves; that, together with the possibility of multiple models in one leaf
means there's no easy way to use BSP order to draw the models in correctly sorted
order. When I wrote Chapter 48, we were drawing sprites (such as explosions), move-
able BSP models (such as doors), and polygon models (such as monsters) by clipping
each into all the leaves it touched, then drawing the appropriate parts as each BSP leaf
was reached in back-to-front traversal. However, this didn't solve the issue of sorting
multiple moving models in a single leaf gainst each other, and also left some ugly
sorting problems with complex polygon models.

John solved the sorting issue for sprites and polygon models in a stardingly low-tech
way: We now z-buffer them. (That is, before we draw each pixel, we compare its
distance, or z, value with the z value of the pixel currently on the screen, drawing only
if the new pixel is nearer than the current one.) First, we draw the basic world, walls,
ceilings, and the like. No z-buffer testing is involved at this point (the world visible
surface determination is done in a different way, as we'll see soon); however, we Ao fill
the z-buffer with the z values (actually, 1/z values, as discussed below) for all the world
pixels. Z-filling is a much faster process than z-buffering the entire world would be,
because no reads or compares are involved, just writes of z values. Once the drawing
and z-filling of the world is done, we can simply draw the sprites and polygon models
with z-buffering and get perfect sorting all around.
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Performance Impact
Whenever a z-bufFer is involved, the questions inevitably are: What's the memory foot
print and what's the performance impact? Well, the memory footprint at 320x200 is
128K, not trivial but not a big deal for a game that requires 8 MB to run. The perfor
mance impact is about 10% for z-filling the world, and roughly 20% (with lots of varia
tion) for drawing sprites and polygon models. In return, we get a perfectly sorted world,
and also the ability to do additional effects, such as particle explosions and smoke, be
cause the z-buffer lets us flawlessly sort such effects into the world. All in all, the use of
the z-buffer vastly improved the visual quality and flexibility of the Quake engine, and
also simplified the code quite a bit, at an acceptable memory and performance cost.

Leveling and Improving Performance
As I said above, in the Quake architecture, the world itself is drawn first, without z-
buflfer reads or compares, but filling the z-buffer with the world polygons' z values, and
then the moving objects are drawn atop the world, using full z-buffering. Thus far, I've
discussed how to draw moving objects. For the rest of this chapter, I'm going to talk
about the other part of the drawing equation; that is, how to draw the world itself,
where the entire world is stored as a single BSP tree and never moves.

As you may recall from Chapter 48, we're concerned with both raw performance
and level performance. That is, we want the drawing code to run as fast as possible, but
we also want the difference in drawing speed between the average scene and the slow
est-drawing scene to be as small as possible.

It doee little good to average 30 frames per second if 10% of the
scenes draw at 5 fps, because the jerkiness In those scenes will be
extremely obvious ty comparison with the average scene, and highly
objectionable. It would be better to average 15 fps 100% of the time,
even though the average drawing speed is oniy half as much.

The precalculated PVS was an important step toward both faster and more level per
formance, because it eliminated the need to identify visible polygons, a relatively slow
step that tended to be at its worst in the most complex scenes. Nonetheless, in some spots
in real game levels the precalcidated PVS contains five times more polygons than are
actually visible; together with the back-to-front HSR approach, this created hot spots in
which the frame rate bo^ed down visibly as hundreds of polygons are drawn back-to-
front, most of those immediately getting overdrawn by nearer polygons. Raw perfor
mance in general was also reduced by the typical 50% overdraw resulting from drawing
everything in the PVS. So, although drawing the PVS back-to-front as the final HSR
stage worked and was an improvement over previous designs, it was not ideal. Surely,
John thought, there's a better way to leverage the PVS than back-to-front drawing.

And indeed there is.
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Sorted Spans
The ideal final HSR stage for Quake would reject all the polygons in the PVS that are
actually invisible, and draw only the visible pixels of the remaining polygons, with no
overdraw, that is, with every pixel drawn exacdy once, all at no performance cost, of course.
One way to do that (although certainly not at zero cost) would be to draw the polygons
from front-to-back, maintaining a region describing the currendy occluded portions of the
screen and clipping each polygon to that region before drawing it. That soimds promising,
but it is in faa nothing more or less than the beam tree approach I described in Chapter 48,
an approach that we found to have considerable overhead and serious leveling problems.
We can do much better if we move the final HSR stage from the polygon level to the

span level and use a sorted-spans approach. In essence, this approach consists of turn
ing each polygon into a set of spans, as shown in Figure 50.1, and then sorting and
clipping the spans against each other until only the visible portions of visible spans are
left to be drawn, as shown in Figure 50.2. This may sound a lot like z-buffering (which
is simply too slow for use in drawing the world, although it's fine for smaller moving
objects, as described earlier), but there are crucial differences.

By contrast with z-buffering, only visible portions of visible spans are scanned out
pixel by pixel (although all polygon edges must still be rasterized). Better yet, the
sorting that z-buffering does at each pixel becomes a per-span operation with sorted
spans, and because of the coherence implicit in a span list, each edge is sorted only
against some of the spans on the same line and is clipped only to the few spans that it

polygon A spans

1

X = 20, y = 0, count = 0

X = 20, y = 1, count = 1

X = 19, y = 2, count = 2

X = 19, y = 5, count = 2

X = 18>, y = 4, count = 4

X = 13, y = 5, count = 4

X = 17, y = 6, count = 5

X = 22, y = 7, count = 0

Figure 50.1 Span generation.
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polygon A

visible spans

spans

X = 22, y = 0, count = 0 \

X = 22, y = 1, count = 0

I  X = 21, y = 2, count - 1

I  X = 20, y = 5, count - 2

I  X = 19, y = 4, count = 5

X = 19, y = 5, count = 2

X = 19, y = 6, count = 0 |

A and B composited

A: X = 20, y = 0, count = 0 3: X = 22, y = 0, count = 0

A: X = 20, y = 1, count = 1 3: X = 22, y = 1, count = 0

A: X = 19, y = 2, count = 2 3: X = 21, y = 2, count = 1

A: X = 19, y = 3, count = 1 3: X = 20, y = 3, count = 2

A: X = 13, y = 4, count = 1 3: X = 19, y = 4, count = 3

A: X = 13, y = 5, count = 1 3: X = 19, y = 5, count = 2

A: X = 17, y = 6, count = 5 3: X = 19. y = 6, count = 0

A: X = 20, y = 5, count = 1

A: X = 22, y = 7, count = 0

Figure 50.2 Two sets of spans sorted and clipped against one another.
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overlaps horizontally. Although complex scenes still take longer to process than simple
scenes, the worst case isn't as bad as with the beam tree or back-to-front approaches,
because there's no overdraw or scanning of hidden pixels, because complexity is limited
to pixel resolution and because span coherence tends to limit the worst-case sorting in
any one area of the screen. As a bonus, the output of sorted spans is in precisely the
form that a low-level rasterizer needs, a set of span descriptors, each consisting of a start
coordinate and a length.

In short, the sorted spans approach meets our original criteria pretty well; although
it isn't zero-cost, it's not horribly expensive, it completely eliminates both overdraw
and pixel scanning of obscured portions of polygons and it tends to level worst-case
performance. We wouldn't want to rely on sorted spans alone as our hidden-surface
mechanism, but the precalculated PVS reduces the number of polygons to a level that
sorted spans can handle quite nicely.

So we've found the approach we need; now it's just a matter of writing some code
and we're on our way, right? Well, yes and no. Conceptually, the sorted-spans ap
proach is simple, but it's surprisingly difficult to implement, with a couple of major
design choices to be made, a subtle mathematical element, and some tricky gotchas
that I'll have to defer until Chapter 51. Let's look at the design choices first.

Edges Versus Spans
The first design choice is whether to sort spans or edges (both of which fall into the
general category of "sorted spans"). Although the results are the same both ways, a list
of spans to be drawn, with no overdraw, the implementations and performance impli
cations are quite different, because the sorting and clipping are performed using very
different data structures.

With span-sorting, spans are stored in x-sorted, linked list buckets, typically with
one bucket per scan line. Each polygon in turn is rasterized into spans, as shown in
Figure 50.1, and each span is sorted and clipped into the bucket for the scan line the
span is on, as shown in Figure 50.2, so that at any time each bucket contains the
nearest spans encountered thus far, always with no overlap. This approach involves
generating all spans for each polygon in turn, with each span immediately being sorted,
clipped, and added to the appropriate bucket.

With edge-sorting, edges are stored in x-sorted, linked list buckets according to
their start scan line. Each polygon in turn is decomposed into edges, cumulatively
building a list of all the edges in the scene. Once all edges for all polygons in the view
frustum have been added to the edge list, the whole list is scanned out in a single top-
to-bottom, left-to-right pass. An active edge list (AEL) is maintained. With each step
to a new scan line, edges that end on that scan line are removed from the AEL, active
edges are stepped to their new x coordinates, edges starting on th^ew scan line are
added to the AEL, and the edges are sorted by current x coordin^.

For each scan line, a z-sorted active polygon list (APL) is mamtained. The x-sorted
AEL is stepped through in order. As each new edge is encouyitered (that is, as each
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polygon starts or ends as we move left to right), the associated polygon is activated and
sorted into the APL, as shown in Figure 50.3, or deactivated and removed from the
APL, as shown in Figure 50.4, for a leading or trailing edge, respectively. If the nearest
polygon has changed (that is, if the new polygon is nearest, or if the nearest polygon
just ended), a span is emitted for the polygon that just stopped being the nearest.

+

Active Edge List

lead edge polygon M; x =18 lead edge polygon N; x =50

Current edge; since it's a
leading edge, sort polygon
M into the active polygon.

polygon M
z at x=18 Is 50

trail edge polygon M; x =100

Active Polygon List

Polygon M has a nearer z at x=18
than any polygon In the APL, so put
polygon M at the top of the APL; it is
the nearest surface at this pixel,
hence visible. Emit a span for
polygon J, starting at x where J
became visible and ending at x=18.
x=18 is the start coordinate for the
span that will be emitted for polygon M
when it ends on this scan line or
becomes occluded.

If polygon M had not been the nearest
polygon at x=18, it would have been
Inserted into the APL at the proper z-
sorted location, and nothing more would
have been done.

head of APL

polygon J
zatx=18 is 100

polygon K
z at x=18 is 125

polygon L
z at x=18 is 500

Figure 50.3 Activating a polygon when a leading edge is encountered in the AEL.
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t
Active Edge List

1

trail edge polygon M; x =100 lead edge polygon R; x =110

Current edge; since it's a
trailing edge, remove polygon
M from the active polygon list.

lead edge polygon S; x =111

Remove polygon M from the APL.
Polygon M Is on top of the APL,
meaning it's currently visible (the
nearest polygon as we reach this
pixel), so we emit a span starting at
the coordinate at which polygon M
became visible (x=18), and ending at
the current coordinate (x=100). Mark
that polygon J became visible at
x=100.

If polygon M had not been on top of
the APL, we wouldn't have done
anything except removing it from
the APL.

Active Polygon List

head of APL

polygon M became
nearest at x=18

polygon J

polygon L

Figure 50.4 Deactivating a poiygon when a trailing edge is encountered in the AEL.
i

starting at the point where the polygon first because nearest and ending at the x coor
dinate of the current edge, and the current x coordinate is recorded in the polygon that
is now the nearest. This saved coordinate later serves as the start of the span emitted
when the new nearest polygon ceases to be in front.

Don't worry if you didn't follow all of that; the above is just a quick overview of
edge-sorting to help make the rest of this chapter a little clearer. My thorough discus
sion of the topic will be in Chapter 51.
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The spans that are generated with edge-sorting are exactly the same spans that ulti
mately emerge from span-sorting; the difference lies in the intermediate data struc
tures that are used to sort the spans in the scene. With edge-sorting, the spans are kept
implicit in the edges until the final set of visible spans is generated, so the sorting,
clipping, and span emission is done as each edge adds or removes a polygon, based on
the span state implied by the edge and the set of active polygons. With span-sorting,
spans are immediately made explicit when each polygon is rasterized, and those inter
mediate spans are then sorted and clipped against other the spans on the scan line to
generate the final spans, so the states of the spans are explicit at all times, and all work
is done directly with spans.

Both span-sorting and edge-sorting work well, and both have been employed suc
cessfully in commercial projects. We've chosen to use edge-sorting in Quake partly
because it seems inherently more efficient, with excellent horizontal coherence that
makes for minimal time spent sorting, in contrast with the potentially costly sorting
into linked lists that span-sorting can involve. A more important reason, though, is
that with edge-sorting we're able to share edges between adjacent polygons, and that
cuts the work involved in sorting, clipping, and rasterizing edges nearly in half, while
also shrinking the world database quite a bit due to the sharing.
One final advantage of edge-sorting is that it makes no distinction between convex

and concave polygons. That's not an important consideration for most graphics en
gines, but in Quake, edge clipping, transformation, projection, and sorting have be
come a major bottleneck, so we're doing everything we can to get the polygon and edge
counts down, and concave polygons help a lot in that regard. While it's possible to
handle concave polygons with span-sorting, that can involve significant performance
penalties.

Nonetheless, there's no cut-and-dried answer as to which approach is better. In the
end, span-sorting and edge-sorting amount to the same functionality, and the choice
between them is a matter of whatever you feel most comfortable with. In Chapter 51,
I'll go into considerable detail about edge-sorting, complete with a full implementa
tion. I'm going the spend the rest of this chapter laying the foundation for Chapter 51
by discussing sorting keys and 1/z calculation. In the process, I'm going to have to
make a few forward references to aspects of edge-sorting that I haven't yet covered in
detail; my apologies, but it's unavoidable, and all should become clear by the end of
Chapter 51.

Edge-Sorting Keys
Now that we know we're going to sort edges, using them to emit spans for the polygons
nearest the viewer, the question becomes: How can we tell which polygons are nearest?
Ideally, we'd just store a sorting key in each polygon, and whenever a new edge came
along, we'd compare its surface's key to the keys of other currently active polygons, and
could easily tell which polygon was nearest.
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That sounds too good to be true, but it is possible. If, for example, your world
database is stored as a BSP tree, with all polygons clipped into the BSP leaves, then
BSP walk order is a valid drawing order. So, for example, if you walk the BSP back-to-
front, assigning each polygon an incrementally higher key as you reach it, polygons
with higher keys are guaranteed to be in front of polygons with lower keys. This is the
approach Quake used for a while, although a different approach is now being used, for
reasons I'll explain shortly.

If you don't happen to have a BSP or similar data structure handy, or if you have lots
of moving polygons (BSPs don't handle moving polygons very efficiently), another
way to accomplish your objectives would be to sort all the polygons against one an
other before drawing the scene, assigning appropriate keys based on their spatial rela
tionships in viewspace. Unfortunately, this is generally an extremely slow task, because
every polygon must be compared to every other polygon. There are techniques to
improve the performance of polygon sorts, but I don't know of anyone who's doing
general polygon sorts of complex scenes in realtime on a PC.
An alternative is to sort by z distance from the viewer in screenspace, an approach

that dovetails nicely with the excellent spatial coherence of edge-sorting. As each new
edge is encountered on a scan line, the corresponding polygon's z distance can be cal
culated and compared to the other polygons' distances, and the polygon can be sorted
into the APL accordingly.

Getting z distances can be tricky, however. Remember that we need to be able to
calculate z at any arbitrary point on a polygon, because an edge may occur and cause
its polygon to be sorted into the APL at any point on the screen. We could calculate
z directly from the screen x and y coordinates and the polygon's plane equation, but
unfortunately this can't be done very quickly, because the z for a plane doesn't vary
linearly in screenspace; however, 1/z doesvsiry linearly, so we'll use that instead. (See
Chris Hecker's 1995 series of columns on texture mapping in Game Developermsigsi'
zine for a discussion of screenspace linearity and gradients for 1/z.) Another advan
tage of using 1/z is that its resolution increases with decreasing distance, meaning
that by using 1/z, we'll have better depth resolution for nearby features, where it
matters most.

The obvious way to get a 1/z value at any arbitrary point on a polygon is to calculate
1/z at the vertices, interpolate it down both edges of the polygon, and interpolate
between the edges to get the value at the point of interest. Unfortunately, that requires
doing a lot of work along each edge, and worse, requires division to calculate the 1/z
step per pixel across each span.
A better solution is to calculate 1/z directly from the plane equation and the screen

X and y of the pixel of interest. The equation is:

1/z = (a/d)x' - (b/d)y' + c/d

where z is the viewspace z coordinate of the point on the plane that projects to screen
coordinate (x',y') (the origin for this calculation is the center of projection, the point
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on the screen straight ahead of the viewpoint), [a b c] is the plane normal in viewspace,
and d is the distance from the viewspace origin to the plane along the normal. Division
is done only once per plane, because a, b, c, and d are per-plane constants.
The fiill 1/z calculation requires two multiplies and two adds, all of which should be

floating-point to avoid range errors. That much floating-point math sounds expensive
but really isnt, especially on a Pentium, where a planes 1/z value at any point can be
calculated in as little as six cycles in assembly language.

Where That 1/Z Equation Comes From
For those who are interested, here's a quick derivation of the 1/z equation. The plane
equation for a plane is:

ax + by + cz - d = 0,

where x and y are viewspace coordinates, and a, b, c, d, and z are defined above. If we
substitute x=x z and y=-y z (from the definition of the perspective projection, with y
inverted because y increases upward in viewspace but downward in screenspace), and
do some rearrangement, we get:

z = d / (ax' - by + c).

Inverting and distributing yields:

1/z = ax'/d - by'/d + c/d.

We'll see 1/z sorting in action in Chapter 51.

Quake and Z-Sorting
I mentioned above that Quake no longer uses BSP order as the sorting key; in fact, it
uses 1/z as the key now. Elegant as the gradients are, calculating 1/z from them is
clearly slower than just doing a compare on a BSP-ordered key, so why have we switched
Quake to 1/z?
The primary reason is to reduce the number of polygons. Drawing in BSP order

means following certain rules, including the rule that polygons must be split if they
cross BSP planes. This splitting increases the numbers of polygons and edges consider
ably. By sorting on 1/z, we're able to leave polygons unsplit but still get correct drawing
order, so we have far fewer edges to process and faster drawing overall, despite the
added cost of 1/z sorting.

Another advantage of 1/z sorting is that it solves the sorting issues I mentioned at
the start involving moving models that are themselves small BSP trees. Sorting in world
BSP order wouldn't work here, because these models are separate BSPs, and there's no
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easy way to work them into the world BSP s sequence order. We don't want to use z-
bufFering for these models because they're often large objects such as doors, and we
don't want to lose the overdraw-reduction benefits that closed doors provide when
drawn through the edge list. With sorted spans, the edges of moving BSP models are
simply placed in the edge list (first clipping polygons so they don't cross any solid
world surfaces, to avoid complications associated with interpenetration), along with all
the world edges, and 1/z sorting takes care of the rest.

Decisions Deferred

There is, without a doubt, an awful lot of information in the preceding pages, and it
may not all connect together yet in your mind. The code and accompanying explana
tion in the next chapter should help; if you want to peek ahead, the code is available on
the CD-ROM as DDJZSORT.ZIP in the directory for Chapter 51. You may also want
to take a look at Foley & van Dam's Computer Graphics or Rogers' Procedural Elements
for Computer Graphics,

As I write this, it's unclear whether Quake will end up sorting edges by BSP order or
1/z. Actually, there's no guarantee that sorted spans in any form will be the final design.
Sometimes it seems like we change graphics engines as often as they play Elvis on the
'50s oldies stations (but, one would hope, with more aesthetically pleasing results!) and
no doubt we'll be considering the alternatives right up until the day we ship.



Implementing Independent Span Sorting for
Rendering without Overdraw

In Chapter 50, we dove headlong into the intricacies of hidden surface removal by way
of z-sorted (actually, 1/z-sorted) spans. At the end of that chapter, I noted that we were
currently using 1/z-sorted spans in Quake, but it was unclear whether wed switch back
to BSP order. Well, some time after that writing, it's become clear: We're hack to
sorting spans by BSP order.

In Robert A. Heinlein's wonderful story "The Man Who Sold the Moon," the chief
engineer of the Moon rocket project tries to figure out how to get a payload of three
astronauts to the Moon and back. He starts out with a four-stage rocket design, but
finds that it won't do the job, so he adds a fifth stage. The fifth stage helps, but not
quite enough, "Because," he explains, "I've had to add in too much deadweight, that's
why." (The dead weight is the control and safety equipment that goes with the fifth
stage.) He then tries adding yet another stage, only to find that the sixth stage actually
results in a net slowdown. In the end, he has to give up on the three-person design and
build a one-person spacecraft instead.

1/z-sorted spans in Quake turned out pretty much the same way, as we'll see in a
moment. First, though, I'd like to note up front that this chapter is very technical and
builds heavily on material I covered earlier in this section of the book; if you haven't
already read the other chapters in Part X (Chapters 44 through 50) you really should.
Make no mistake about it, this is commercial-quality stuff; in fact, the code in this
chapter uses the same sorting technique as the test version of Quake, QTESTl.ZIP,
that id Software placed on the Internet in early March 1996. The material in Part X is
the Real McCoy, true reports from the leading edge, and I trust that you'll be patient if
careful rereading and some occasional catch-up reading of earlier chapters are required
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to absorb everything contained herein. Besides, the ultimate reference for any design is
working code, which you'll find, in part, in Listing 51.1, and in its entirety in the file
DDJZSORT.ZIP on the CD-ROM.

Quake and Sorted Spans
As you 11 recall from Chapter 50, Quake uses sorted spans to get zero overdraw while
rendering the world, thereby both improving overall performance and leveling frame
rates by speeding up scenes that would otherwise experience heavy overdraw. Our original
design used spans sorted by BSP order; because we traverse the world BSP tree from
front-to-back relative to the viewpoint, the order in which BSP nodes are visited is a
guaranteed front-to-back sorting order. We simply gave each node an increasing BSP
sequence number as it was visited, set each polygons sort key to the BSP sequence
number of the node (BSP splitting plane) it lay on, and used those sort keys when
generating spans.

(In a change from earlier designs, polygons now are stored on nodes, rather than
leaves, which are the convex subspaces carved out by the BSP tree. Visits to potentially
visible leaves are used only to mark that the polygons that touch those leaves are visible
and need to be drawn, and each marked-visible polygon is then drawn after everything
in front of its node has been drawn. This results in less BSP splitting of polygons,
which is A Good Thing, as explained below.)

This worked flawlessly for the world, but had a couple of downsides. First, it didn t
address the issue of sorting small, moving BSP models such as doors; those models
could be clipped into the world BSP tree s leaves and assigned sort keys corresponding
to the leaves into which they fell, but there was still the question of how to sort mul
tiple BSP models in the same world leaf against each other. Second, strict BSP order
requires that polygons be split so that every polygon falls entirely within a single leaf.
This can be stretched by putting polygons on nodes, allowing for larger polygons on
average, but even then, polygons still need to be split so that every polygon falls within
the bounding volume for the node on which it lies. The end result, in either case, is
more and smaller polygons than if BSP order weren't used—and that, in turn, means
lower performance, because more polygons must be clipped, transformed, and pro
jected, more sorting must be done, and more spans must be drawn.
We figured that if only we could avoid those BSP splits. Quake would get a lot

faster. Accordingly, we switched from sorting on BSP order to sorting on 1/z, and left
our polygons unsplit. Things did get faster at first, but not as much as we had expected,
for two reasons.

First, as the world BSP tree is descended, we clip each node's bounding box in turn
to see if it's inside or outside each plane of the view frustum. The clipping results can be
remembered, and often allow the avoidance of some or all clipping for the node's poly
gons. For example, all polygons in a node that has a trivially accepted bounding box
are likewise guaranteed to be undipped and in the frustum, since they all lie within the



Sorted Spans in Action ^ 807

nodes volume and need no further clipping. This efficient clipping mechanism van
ished as soon as we stepped out of BSP order, because a polygon was no longer neces
sarily confined to its node's volume.

Second, sorting on 1/z isn't as cheap as sorting on BSP order, because floating-point
calculations and comparisons are involved, rather than integer compares. So Quake
got faster but, like Heinlein's fifth rocket stage, there was clear evidence of diminishing
returns.

That wasn't the bad part; after all, even a small speed increase is A Good Thing. The
real problem was that our initial 1/z sorting proved to be unreliable. We first ran into
problems when two forward-facing polygons started at a common edge, because it was
hard to tell which one was really in front (as discussed below), and we had to do
additional floating-point calculations to resolve these cases. This fixed the problems
for a while, but then odd cases started popping up where just the right combination of
polygon alignments caused new sorting errors. We tinkered with those too, adding
more code and incurring additional slowdowns in the process. Finally, we had every
thing working smoothly again, although by this point Quake was back to pretty much
the same speed it had been with BSP sorting.
And then yet another crop of sorting errors popped up.
We could have fixed those errors too; we'll take a quick look at how to deal with

such cases shordy. However, like the sixth rocket stage, the fixes would have made
Quake slower thijx it had been with BSP sorting. So we gave up and went back to BSP
order, and now the code is simpler and sorting works reliably. It's too bad our experi
ment didn't work out, but it wasn't wasted time because in trying what we did we
learned quite a bit. In particular, we learned that the information provided by a simple,
reliable world ordering mechanism, such as a BSP tree, can do more good than is
immediately apparent, in terms of both performance and solid code.

Nonetheless, sorting on 1/z can be a valuable tool, used in the right context; draw
ing a Quake world just doesn't happen to be such a case. In fact, sorting on 1/z is how
we're now handling the sorting of multiple BSP models that lie within the same world
leaf in Quake. In this case, we don't have the option of using BSP order (because we're
drawing multiple independent trees), so we've set restrictions on the BSP models to
avoid running into the types of 1/z sorting errors we encountered drawing the Quake
world. Below, we'll look at another application in which sorting on 1/z is quite usefiil,
one where objects move freely through space. As is so often the case in 3-D, there is no
one "right" technique, but rather a great many different techniques, each one handy in
the right situations. Often, a combination of techniques is beneficial; for example, the
combination in Quake of BSP sorting for the world and 1/z sorting for BSP models in
the same world leaf.

For the remainder of this chapter, I'm going to look at the three main types of 1/z
span sorting, then discuss a sample 3-D app built around 1/z span sorting.
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Types of Mi Span Sorting
As a quick refresher: With 1/z span sorting, all the polygons in a scene are treated as
sets of screenspace pixel spans, and 1/z (where z is distance from the viewpoint in
viewspace, as measured along the viewplane normal) is used to sort the spans so that
the nearest span overlapping each pixel is drawn. As I discussed in Chapter 50, in the
sample program we're actually going to do all our sorting with polygon edges, which
represent spans in an implicit form.

There are three types of 1/z span sorting, each requiring a different implementation.
In order of increasing speed and decreasing complexity, they are: intersecting, abut
ting, and independent. (These are names of my own devising; I haven't come across
any standard nomenclature in the literature.)

Intersecting Span Sorting
Intersecting span sorting occurs when polygons can interpenetrate. Thus, two spans
may cross such that part of each span is visible, in which case the spans have to be split
and drawn appropriately, as shown in Figure 51.1.

Intersecting is the slowest and most complicated type of span sorting, because it is
necessary to compare 1/z values at two points in order to detect interpenetration, and
additional work must be done to split the spans as necessary. Thus, although intersect
ing span sorting certainly works, it's not the first choice for performance.

invisible portion
of polygon 3

visible portion
of polygon A

invisible portion
of polygon A

span split point

XX

visibie portion
of polygon 3

viewpoint

Note: Polygons A and 3 are viewed from above.

Figure 51.1 Intersecting span sorting.
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Abutting Span Sorting
Abutting span sorting occurs when polygons that are not part of a continuous surface
can butt up against one another, but dont interpenetrate, as shown in Figure 51.2.
This is the sorting used in Quake, where objects like doors often abut walls and floors,
and turns out to be more complicated than you might think. The problem is that when
an abutting polygon starts on a given scan line, as with polygon B in Figure 51.2, it
starts at exactly the same 1/z value as the polygon it abuts, in this case, polygon A, so
additional sorting is needed when these ties happen. Of course, the two-point sorting
used for intersecting polygons would work, but we'd like to find something faster.

As it turns out, the additional sorting for abutting polygons is actually quite simple;
whichever polygon has a greater 1/z gradient with respect to screen x (that is, which
ever polygon is heading fastest toward the viewer along the scan line) is the front one.
The hard part is identifying when ties—that is, abutting polygons—occur; due to float
ing-point imprecision, as well as fixed-point edge-stepping imprecision that can move
an edge slightly on the screen, calculations of 1/z from the combination of screen
coordinates and 1/z gradients (as discussed last time) can be slightly off, so most tie
cases will show up as near matches, not exact matches. This imprecision makes it nec
essary to perform two comparisons, one with an adjust-up by a small epsilon and one
with an adjust-down, creating a range in which near-matches are considered matches.
Fine-tuning this epsilon to catch all ties, without falsely reporting close-but-not-abut-
ting edges as ties, proved to be troublesome in Quake, and the epsilon calculations and
extra comparisons slowed things down.

visible portion
of polygon A

invisible portion
of polygon A

Poly^one 3 starts here,
abutting polygon A.
At this location, both polygons
have the same 1/z value.

visible portion
of polygon 3

X/
viewpoint

Note: Polygons A and 3 are viewed from above.

Figure 51.2 Abutting span sorting.
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I do think that abutting 1/z span sorting could have been made reliable enough for
production use in Quake, were it not that we share edges between adjacent polygons in
Quake, so that the world is a large polygon mesh. When a polygon ends and is followed
by an adjacent polygon that shares the edge that just ended, we simply assume that the
adjacent polygon sorts relative to other active polygons in the same place as the one
that ended (because the mesh is continuous and there's no interpenetration), rather
than doing a 1/z sort from scratch. This speeds things up by saving a lot of sorting, but
it means that if there is a sorting error, a whole string of adjacent polygons can be
sorted incorrectly, pulled in by the one missorted polygon. Missorting is a very real
hazard when a polygon is very nearly perpendicular to the screen, so that the 1/z calcu
lations push the limits of numeric precision, especially in single-precision floating point.
Many caching schemes are possible with abutting span sorting, because any given

pair of polygons, being noninterpenetrating, will sort in the same order throughout a
scene. However, in Quake at least, the benefits of caching sort results were outweighed
by the additional overhead of maintaining the caching information, and every caching
variant we tried actually slowed Quake down.

Independent Span Sorting
Finally, we come to independent span sorting, the simplest and fastest of the three, and
the type the sample code in Listing 51.1 uses. Here, polygons never intersect or touch
any other polygons except adjacent polygons with which they form a continuous mesh.
This means that when a polygon starts on a scan line, a single 1/z comparison between
that polygon and the polygons it overlaps on the screen is guaranteed to produce cor
rect sorting, with no extra calculations or tricky cases to worry about.

Independent span sorting is ideal for scenes with lots of moving objects that never
actually touch each other, such as a space battle. Next, we'll look at an implementation
of independent 1/z span sorting.

1/z Span Sorting In Action
Listing 51.1 is a portion of a program that demonstrates independent 1/z span sorting.
This program is based on the sample 3-D clipping program from Chapter 49; how
ever, the earlier program did hidden surface removal (HSR) by simply z-sorting whole
objects and drawing them back-to-front, while Listing 51.1 draws ail polygons byway
of a 1/z-sorted edge list. Consequently, where the earlier program worked only so long
as object centers correctly described sorting order. Listing 51.1 works properly for all
combinations of non-intersecting and non-abutting polygons. In particular. Listing
51.1 correctly handles concave polyhedra; a new L-shaped object (the data for which is
not included in Listing 51.1) has been added to the sample program to illustrate this
capability. The ability to handle complex shapes makes Listing 51.1 vastly more useful
for real-world applications than the 3-D clipping demo from Chapter 49.
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Listing 51.1 L51_1.C
// Part of Win32 program to demonstrate z-sorted spans. Whitespace
// removed for space reasons. Full source code, with whitespace,
// available from ftp.idsoftware.com/mikeab/ddjzsort.zip.

y/define MAX_SPANS 10000
#define MAX_SURFS 1000
#define MAX_EDGES 5000

typedef struct surf_s {
struct surf_s *pnext, *pprev;
int color, visxstart, state;
double zinvOO, zinvstepx, zinvstepy;

}  surf_t;

typedef struct edge_s {
int X, xstep, leading;
surf_t *psurf;
struct edge_s *pnext. *pprev, *pnextremove;

}  edge_t;

// Span, edge, and surface lists
span_t spans[MAX_SPANS];
edge_t edges[MAX_EDGES];
surf_t surfs[MAX_SURFS];

// Bucket list of new edges to add on each scan line
edge_t newedges[MAX_SCREEN_HEIGHT];

// Bucket list of edges to remove on each scan line
edge_t *removeedges[MAX_SCREEN_HEIGHT];

// Head and tail for the active edge list
edge_t edgehead, edgetail;

// Edge used as sentinel of new edge lists
edge_t maxedge = {0x7FFFFFFF};

// Head/tail/sentinel/background surface of active surface stack
surf_t surfstack;

// pointers to next available surface and edge
surf_t *pavailsurf;
edge_t *pavailedge;

// Returns true if polygon faces the viewpoint, assuming a clockwise
// winding of vertices as seen from the front,
int PolyFacesViewer(polygon_t *ppoly, plane_t *pplane)
{

int i;

point_t viewvec;

for (i=0 ; i<3 ; i++)
viewvec.v[i] = ppoly->verts[0].v[i] - currentpos.v[i];

// Use an epsilon here so we don't get polygons tilted so
// sharply that the gradients are unusable or invalid
if (DotProduct (&viewvec, &pplane->normal) < -0.01)

return 1;

return 0;
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II Add the polygon's edges to the global edge table.
void AddPolygonEdges (plane_t *plane. polygon2D_t *screenpoly)

double distinv, deltax, deltay, slope;
int 1, nextvert, numverts, temp, topy, bottomy, height;
edge_t *pedge;

numverts = screenpoly->numverts;

// Clamp the polygon's vertices just in case some very near
// points have wandered out of range due to floating-point
// imprecision
for (i=0 ; Knumverts ; i++) {

if (screenpoly->verts[i].X < -0.5)
screenpoly->verts[i].X = -0.5;

if (screenpoly->verts[i].x > ((double)DIBWidth - 0.5))
screenpoly->verts[i].X = (double)DIBWidth - 0.5;

if (screenpoly->verts[i].y < -0.5)
screenpoly->verts[i].y = -0.5;

if (screenpoly->verts[i].y > ((double)DIBHeight - 0.5))
screenpoly->verts[i].y - (double)DIBHeight - 0.5;

}

// Add each edge in turn
for (i=0 ; Knumverts ; i++) {

nextvert = i + 1;

if (nextvert >= numverts)

nextvert = 0;

topy = (int)cei1(screenpoly->verts[i].y);
bottomy = (int)ceil(screenpoly->verts[nextvert].y);
height = bottomy - topy;
if (height == 0)

continue; // doesn't cross any scan lines
if (height < 0) {

// Leading edge
temp =" topy;
topy = bottomy;

bottomy = temp;
pavailedge->leading = 1;
deltax = screenpoly->verts[i].X -

screenpoly->vertsCnextvert].x;
deltay = screenpoly->verts[i].y -

screenpoly->verts[nextvert].y;
slope = deltax / deltay;
// Edge coordinates are in 16.16 fixed point
pavailedge->xstep = (int)(slope * (float)OxlOOOO);
pavai1edge->x = (int)((screenpoly->verts[nextvert].x +

((float)topy - screenpoly->verts[nextvert].y) *
slope) * (float)OxlOOOO);

} else {

// Trailing edge
pavai1edge->leading = 0;
deltax = screenpoly->verts[nextvert].X -

screenpoly->verts[i].x;
deltay = screenpoly->verts[nextvert].y -

screenpoly->verts[i].y;
slope = deltax / deltay;
// Edge coordinates are in 16.16 fixed point
pavailedge->xstep - (int)(slope * (f1 oat)OxlOOOO);
pavailedge->x = (int)((screenpoly->verts[i].x +

((float)topy - screenpoly->verts[i].y) * slope) *
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(float)OxlOOOO):

}

11 Put the edge on the list to be added on top scan
pedge = &newedges[topy];
while (pedge->pnext->x < pavai1edge->x)

pedge = pedge->pnext;
pavai1edge->pnext - pedge->pnext;
pedge->pnext = pavailedge;

// Put the edge on the list to be removed after final scan
pavailedge->pnextremove = removeedgesCbottomy - 1];
removeedges[bottomy - 1] = pavailedge;

// Associate the edge with the surface we'll create for
// this polygon
pavai1edge->psurf = pavailsurf;

// Make sure we don't overflow the edge array
if (pavailedge < &edges[MAX_EDGES])

pavai 1 edge-H-;

}

}

// Create the surface, so we'll know how to sort and draw from
// the edges
pavai1surf->state = 0;
pavailsurf->color = currentcolor;

// Set up the 1/z gradients from the polygon, calculating the
// base value at screen coordinate 0,0 so we can use screen
// coordinates directly when calculating 1/z from the gradients
distinv = 1.0 / piane->distance;
pavai1 surf->zinvstepx == piane->normal.v[0] * distinv *

maxscreenscaleinv * (fieldofview / 2.0);
pavai1surf->zinvstepy = -piane->normal.v[l] * distinv *

maxscreenscaleinv * (fieldofview / 2.0);

pavailsurf->zinvOO - piane->normal.v[2] * distinv -
xcenter * pavai1surf->zinvstepx -
ycenter * pavailsurf->zinvstepy;

// Make sure we don't overflow the surface array
if (pavailsurf < &surfs[MAX_SURFS])

pavai1surf++;

// Scan all the edges in the global edge table into spans,
void ScanEdges (void)

{
int X, y;

double fx, fy, zinv, zinv2;
edge_t *pedge, *pedge2, *ptemp;
span_t *pspan;
surf_t *psurf, *psurf2;

pspan = spans;

// Set up the active edge list as initially empty, containing
// only the sentinels (which are also the background fill). Most
// of these fields could be set up just once at start-up
edgehead.pnext ̂  &edgetail;
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edgehead.pprev = NULL;
edgehead.x = -OxFFFF; // left edge of screen
edgehead.leading = 1;
edgehead.psurf = &surfstack;
edgetail.pnext = NULL; // mark edge of list
edgetai 1 .pprev =« &edgehead;
edgetail.X = DIBWidth << 16; // right edge of screen
edgetail.leading = 0;
edgetai1.psurf = &surfstack;

// The background surface is the entire stack initially, and
// is infinitely far away, so everything sorts in front of it.
// This could be set just once at start-up
surfstack.pnext = surfstack.pprev = &surfstack;
surfstack.color =■ 0;
surfstack.zinvOO = -999999.0;
surfstack.zinvstepx = surfstack.zinvstepy = 0.0;
for (y=0 ; y<DIBHeight ; y-H-) {

fy = (double)y;
// Sort in any edges that start on this scan
pedge = newedgesLy].pnext;
pedge2 = &edgehead;
while (pedge != &maxedge) {

while (pedge->x > pedge2->pnext->x)
pedge2 = pedge2->pnext;

ptemp => pedge->pnext;
pedge->pnext = pedge2->pnext;
pedge->pprev = pedge2;
pedge2->pnext->pprev = pedge;
pedge2->pnext = pedge;
pedge2 - pedge;
pedge = ptemp;

}

// Scan out the active edges into spans
// Start out with the left background edge already inserted,
// and the surface stack containing only the background
surfstack.state = 1;
surfstack.visxstart = 0;
for (pedge=edgehead.pnext ; pedge ; pedge=pedge->pnext) {

psurf = pedge->psurf;
if (pedge->leading) {

// It's a leading edge. Figure out where it is
// relative to the current surfaces and insert in
// the surface stack; if it's on top, emit the span
// for the current top.
// First, make sure the edges don't cross
if (++psurf->state = 1) {

fx •= (double)pedge->x * (1.0 / (double)OxlOOOO);
// Calculate the surface's 1/z value at this pixel
zinv = psurf->zinvOO + psurf->zinvstepx * fx +

psurf->zinvstepy * fy;
// See if that makes it a new top surface
psurf2 = surfstack.pnext;
zinv2 = psurf2->zinv00 + psurf2->zinvstepx * fx +

psurf2->zinvstepy * fy;
if (zinv >= zinv2) {

// It's a new top surface
// emit the span for the current top
X = (pedge->x + OxFFFF) >> 16;
pspan->count = x - psurf2->visxstart;
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if (pspan->count > 0) {
pspan->y = y;
pspan->x = psurf2->visxstart;
pspan->color = psurf2->color;
// Make sure we don't overflow
// the span array

if (pspan < &spans[MAX_SPANS])
pspan++;

}
psurf->visxstart = x;
// Add the edge to the stack
psurf->pnext = psurf2;
psurf2->pprev = psurf;
surfstack.pnext = psurf;
psurf->pprev = &surfstack;

} else {
// Not a new top; sort into the surface stack.
// Guaranteed to terminate due to sentinel
// background surface
do {

psurf2 = psurf2->pnext;
zinv2 = psurf2->zinv00 +

psurf2->zinvstepx * fx +
psurf2->zinvstepy * fy;

} while (zinv < zinv2);
// Insert the surface into the stack
psurf->pnext = psurf2;
psurf->pprev = psurf2->pprev;
psurf2->pprev->pnext = psurf;
psurf2->pprev = psurf;

}

}

} else {

// It's a trailing edge; if this was the top surface.
// emit the span and remove it.
// First, make sure the edges didn't cross
if (-psurf->state == 0) {

if (surfstack.pnext == psurf) {
// It's on top, emit the span
X = ((pedge->x + OxFFFF) >> 16);
pspan->count = x - psurf->visxstart;
if (pspan->count > 0) {

pspan->y = y;
pspan->x = psurf->visxstart;
pspan->color = psurf->color;
// Make sure we don't overflow
// the span array
if (pspan < &spans[MAX_SPANS])

pspan++;

}
psurf->pnext->visxstart = x;

}

// Remove the surface from the stack
psurf->pnext->pprev = psurf->pprev;
psurf->pprev->pnext = psurf->pnext;

}

}

}

// Remove edges that are done
pedge = removeedgesCy];
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}

while (pedge) {

pedge->pprev->pnext = pedge->pnext;
pedge->pnext->pprev ■= pedge->pprev;
pedge = pedge->pnextremove;

}

// Step the remaining edges one scan line, and re-sort
for (pedge=edgehead.pnext ; pedge != &edgeta11 ; ) {

ptemp = pedge->pnext;
// Step the edge
pedge->x += pedge->xstep;
// Move the edge back to the proper sorted location.
// If necessary
while (pedge->x < pedge->pprev->x) {

pedge2 =■ pedge->pprev;
pedge2->pnext = pedge->pnext;
pedge->pnext->pprev = pedge2;
pedge2->pprev->pnext = pedge;
pedge->pprev = pedge2->pprev;
pedge->pnext = pedge2;
pedge2->pprev = pedge;

}
pedge = ptemp;

}
}
pspan->x = -1; // mark the end of the list

// Draw all the spans that were scanned out.
void DrawSpans (void)
{

span_t *pspan;
for (pspan=spans ; pspan->x != -1 ; pspan++)

memset (pDIB + (DIBPItch * pspan->y) + pspan->x,
pspan->color,
pspan->count);

}

// Clear the lists of edges to add and remove on each scan line,
void ClearEdgeLlsts(vold)
{

Int 1 ;
for (1=0 ; KDIBHelght ; 1++) {

newedgesCI].pnext = &maxedge;
removeedgesCI] = NULL;

}
}

// Render the current state of the world to the screen,
void UpdateWorldO
{

HPALETTE holdpal;
HDC hdcScreen, hdcDIBSectlon;
HBITMAP holdbltmap;
polygon2D_t screenpoly;
polygon_t *ppoly, tpolyO, tpolyl, tpoly2;
convexobject_t *pobject;
1nt 1, j, k;
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plane_t plane;
point_t tnormal;

UpdateVi ewPos();
SetUpFrustumC);
C1earEdgeLi sts();
pavailsurf = surfs;
pavailedge = edges;

// Draw all visible faces in all objects
pobject = objecthead.pnext;
while (pobject !- Sobjecthead) {

ppoly = pobject->ppoly;
for (i=0 ; i<pobject->numpolys ; i++) {

// Move the polygon relative to the object center
tpolyO.numverts = ppoly[i].numverts;
for (j=0 ; j<tpolyO.numverts ; j++) {

for (k=0 ; k<3 ; k-H-)
tpoly0.verts[j].v[k] = ppoly[i].verts[j].v[k] +

pobject->center.v[k];

if (PolyFacesViewerC&tpolyO, &ppoly[i].piane)) {
if (ClipToFrustum(&tpolyO, &tpolyl)) {

currentcolor = ppoly[i].col or;
TransformPolygon (&tpolyl, &tpoly2);
ProjectPolygon (&tpoly2. &screenpoly);

// Move the polygon's plane into viewspace
// First move it into worldspace (object relative)
tnormal = ppolyCi].piane.normal;
plane.distance = ppoly[i].piane.distance +

DotProduct (&pobject->center, Stnormal);

// Now transform it into viewspace
// Determine the distance from the viewpont
piane.distance -=

DotProduct (&currentpos, &tnormal);

// Rotate the normal into view orientation
piane.normal.v[0] =

DotProduct (&tnormal, &vright);

piane.normal.v[l] =
DotProduct (&tnormal, &vup);

plane.normal.v[2] =
DotProduct (&tnormal, &vpn);

AddPolygonEdges (&plane, &screenpoly);

}

}

}
pobject = pobject->pnext;

}
ScanEdges ();
DrawSpans ();

// We've drawn the frame; copy it to the screen
hdcScreen = GetDC(hwndOutput);
holdpal = SelectPalette(hdcScreen, hpalDIB, FALSE);
RealizePalette(hdcScreen);

hdcDIBSection = CreateCompatibleDC(hdcScreen);
holdbitmap = SelectObject(hdcDIBSection, hDIBSection);
BitBlt(hdcScreen, 0. 0. DIBWidth. DIBHeight. hdcDIBSection.
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0, 0, SRCCOPY):

SelectPalette(hdcScreen, holdpal, FALSE);
ReleaseDC(hwndOutput, hdcScreen);
SelectObjectChdcDIBSection, holdbitmap);
DeleteDC(hdcDIBSection);

}

By the same token, Listing 51.1 is quite a bit more complicated than the earlier code.
The earlier code's HSR consisted of a z-sort of objects, followed by the drawing of the
objects in back-to-front order, one polygon at a time. Apart from the simple object
sorter, all that was needed was backface culling and a polygon rasterizer.

Listing 51.1 replaces this simple pipeline with a three-stage HSR process. After
backface culling, the edges of each of the polygons in the scene are added to the global
edge list, byway of AddPolygonEdgesQ. After all edges have been added, the edges are
turned into spans by ScanEdgesf), with each pixel on the screen being covered by one
and only one span (that is, there's no overdraw). Once all the spans have been gener
ated, they're drawn by DrawSpansQ, and rasterization is complete.

There s nothing tricky about AddPolygonEdgesQ, and DrawSpansf), as implemented
in Listing 51.1, is very straightforward as well. In an implementation that supported
texture mapping, however, all the spans wouldn't be put on one global span list and
drawn at once, as is done in Listing 51.1, because that would result in drawing spans
from all the surfaces in no particular order. (A surface is a drawing object that's origi
nally described by a polygon, but in ScanEdgesQ there is no polygon in the classic
sense of a set of vertices bounding an area, but rather just a set of edges and a surface
that describes bow to draw the spans oudined by those edges.) That would mean
constantly skipping from one texture to another, which in turn would hurt processor
cache coherency a great deal, and would also incur considerable overhead in setting up
gradient and perspective calculations each time a surface was drawn. In Quake, we
have a linked list of spans banging off each surface, and draw all the spans for one
surface before moving on to the next surface.
The core of Listing 51.1, and the most complex aspect of 1/z-sorted spans, is

ScanEdgesQ, where the global edge list is converted into a set of spans describing the
nearest surface at each pixel. This process is actually pretty simple, though, if you think
of it as follows:

For each scan line, there is a set of active edges, which are those edges that intersect
the scan line. A good part of ScanEdgesQ is dedicated to adding any edges that first
appear on the current scan line (scan lines are processed from the top scan line on the
screen to the bottom), removing edges that reach their bottom on the current scan line,
and x-sorting the active edges so that the active edges for the next scan can be processed
from left to right. All this is per-scan-line maintenance, and is basically just linked list
insertion, deletion, and sorting.
The heart of the action is the loop in ScanEdgesQ that processes the edges on the

current scan line from left to right, generating spans as needed. The best way to think
of this loop is as a surface event processor, where each edge is an event with an associ-
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ated surface. Each leading edge is an event marking the start of its surface on that scan
line; if the surface is nearer than the current nearest surface, then a span ends for the
nearest surface, and a span starts for the new surface. Each trailing edge is an event
marking the end of its surface; if its surface is currently nearest, then a span ends for
that surface, and a span starts for the next-nearest surface (the surface with the next-
largest 1/z at the coordinate where the edge intersects the scan line). One handy aspect
of this event-oriented processing is that leading and trailing edges do not need to be
explicitly paired, because they are implicitly paired by pointing to the same surface.
This saves the memory and time that would otherwise be needed to track edge pairs.
One more element is required in order for ScanEdgesQ to work efficiently. Each

time a leading or trailing edge occurs, it must be determined whether its surface is
nearest (at a larger 1/z value than any currently active surface). In addition, for leading
edges, the currently topmost surface must be known, and for trailing edges, it may be
necessary to know the currently next-to-topmost surface. The easiest way to accom
plish this is with a surface stack, that is, a linked list of all currently active surfaces,
starting with the nearest surface and progressing toward the farthest surface, which, as
described below, is always the bacl^round surface. (The operation of this sort of edge
event-based stack was described and illustrated in Chapter 50.) Each leading edge
causes its surface to be 1/z-sorted into the surface stack, with a span emitted if neces
sary. Each trailing edge causes its surface to be removed from the surface stack, again with
a span emitted if necessary. As you can see from Listing 51.1, it takes a fair bit of code to
implement this, but all that's really going on is a surface stack driven by edge events.

Implementation Notes
Finally, a few notes on Listing 51.1. First, you'll notice that although we clip all poly
gons to the view frustum in worldspace, we nonetheless later clamp them to valid
screen coordinates before adding them to the edge list. This catches any cases where
arithmetic imprecision results in clipped polygon vertices that are a bit outside the
frustum. I've only found such imprecision to be significant at very small z distances, so
clamping would probably be unnecessary if there were a near clip plane, and might not
even be needed in Listing 51.1, because of the slight nudge inward that we give the
frustum planes, as described in Chapter 49. However, my experience has consistently
been that relying on worldspace or viewspace clipping to produce valid screen coordi
nates 100 percent of the time leads to sporadic and hard-to-debug errors.

There is no separate routine to clear the background in Listing 51.1. Instead, a
special background surface at an effectively infinite distance is added, so whenever no
polygons are active the background color is drawn. If desired, it's a simple matter to
flag the bacl^round surface and draw the background specially. For example, the back
ground could be drawn as a starfield or a cloudy sky.
The edge-processing code in Listing 51.1 is frilly capable of handling concave poly

gons as easily as convex polygons, and can handle an arbitrary number of vertices per
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polygon, as weU. One change is needed for the latter case: Storage for the maximum
number of vertices per polygon must be allocated in the polygon structures. In a fully
polished implementation, vertices would be linked together or pointed to, and would
be dynamically allocated from a vertex pool, so each polygon wouldn't have to contain
enough space for the maximum possible number of vertices.

Each surface has a field named state, which is incremented when a leading edge for
that surface is encountered, and decremented when a trailing edge is reached. A surface
is activated by a leading edge only if state increments to 1, and is deactivated by a
trailing edge only if state decrements to 0. This is another guard against arithmetic
problems, in this case quantization during the conversion of vertex coordinates from
floating point to fbced point. Due to this conversion, it is possible, although rare, for a
polygon that is viewed nearly edge-on to have a trailing edge that occurs slighdy he/ore
the corresponding leading edge, and the span-generadon code will behave badly if it
tnes to emit a span for a surface that hasn't yet started. It would help performance if
this sort of fix-up could be eliminated by careful arithmetic, but I haven't yet found a
way to do so for 1/z-sorted spans.

Lasdy, as discussed in Chapter 50, Listing 51.1 uses the gradients for 1/z with re
spect to changes in screen x and y to calculate 1/z for active surfaces each time a leading
edge needs to be sorted into the surface stack. The natural origin for gradient calcula
tions is the center of the screen, which is (x,y) coordinate (0,0) in viewspace. However,
when the gradients are calculated in AddPolygonEdgesf), the origin value is calculated
at the upper left corner of the screen. This is done so that screen x and y coordinates
can be used directly to calculate 1/z, with no need to adjust the coordinates to be
relative to the center of the screen. Also, the screen gradients grow more extreme as a
polygon is viewed closer to edge-on. In order to keep the gradient calculations from
becoming meaningless or generating errors, a small epsUon is applied to backface cull
ing, so that polygons that are very nearly edge-on are culled. This calculation would be
more accurate if it were based directly on the viewing angle, rather than on the dot
product of a viewing ray to the polygon with the polygon normal, but that would
require a square root, and in my experience the epsilon used in Listing 51.1 works fine.



Afterword

If you've followed me this far, you might agree that we've come through some rough
country. Still, I'm of the opinion that hard-won knowledge is the best knowledge, not
only because it sticks to you better, but also because winning a hard race makes it easier
to win the next one.

This is an unusual book in that sense: In addition to being a compilation of much of
what I know about fast computer graphics, it is a journal recording some of the process
by which I discovered and refined that knowledge. I didn't just sit down one day to
write this book—I wrote it over a period of years and published its component parts in
many places. It is a journal of my successes and frustrations, with side glances of my life
as it happened along the way.
And there is yet another remarkable thing about this book: You, the reader, helped

me write it. Perhaps not you personally, but many people who have read my articles
and columns over the years sent me notes asking me questions, suggesting improve
ments (occasionally by daring me to beat them at the code performance game!) or
sometimes just dumping remarkable code into my lap. Where it seemed appropriate, I
dropped in the code and sometimes even the words of my correspondents, and the
book is much the richer for it.

Here and there, I learned things that had nothing at all to do with fast graphics.
For example: I'm not a doomsayer who thinks American education lags hopelessly

behind the rest of the Western world, but now and then something happens that makes
me wonder. Some time back, I received a letter from one Melvyn J. Lafitte requesting
that I spend some time in my columns describing fast 3-D animation techniques.
Melvyn hoped that I would be so kind as to discuss, among other things, hidden
surface removal and perspective projection, performed in real time, of course, and
preferably in Mode X. Sound familiar?

Melvyn shared with me a hidden surface approach that he had developed. His tech
nique involved defining polygon vertices in clockwise order, as viewed from the visible
side. Then, he explained, one can use the cross-product equations found in any math
book to determine which way the perpendicular to the polygon is pointing. Better yet,
he pointed out, it's necessary to calculate only the Z component of the perpendicular,
and only the sign of the Z component need actually be tested.
What Melvyn described is, of course, backface removal, a key hidden-surface tech

nique that I used heavily in X-Sharp. In general, other hidden surface techniques must
be used in conjunction with backface removal, but backface removal is nonetheless
important and highly efficient. Simply put, Melvyn had devised for himself one of the
fundamental techniques of 3-D drawing.
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Melvyn lives in Moens, France. At the time he wrote me, Melvyn was 17 years old.
Try to imagine any American 17-year-old of your acquaintance inventing backface
removal. Try to imagine any teenager you know even using the phrase "the cross-prod
uct equations found in any math book. Not to mention that Melvyn was able to write
a highly technical letter in English; and if Melvyns English was something less than
flawless, it was perfectly understandable, and, in my experience, vastly better than an
average, or even well-educated, Americans French. Please understand, I believe we
Americans excel in a wide variety of ways, but I worry that when it comes to math and
foreign languages, we are becoming a nation of tetes depomme de terre.

Maybe I worry too much. If the glass is half empty, well, it's also half full. Plainly,
something I wrote inspired Melvyn to do something that is wonderfid, whether he
realizes it or not. And it has been tremendously gratifying to sense in the letters I have
received the same feeling of remarkably smart people going out there and doing amaz
ing things just for the sheer unadulterated fun of it.

I dont think Im exaggerating too much (well, maybe a little) when I say that this
sort of fun is what I live for. I'm glad to see that so many of you share that same passion.

Good luck. Thank you for your input, your code, and all your kind words. Don't be
afraid to attempt the impossible. Simply knowing what is impossible is useful knowl
edge—and you may well find, in the wake of some unexpected success, that not half of
the things we call impossible have any right at all to wear the label.

—Michael Abrash



Further Reading

Perhaps the single most important book anyone interested in graphics should have is
the second edition of Foley and van Dams classic Fundamentals of Interactive Computer
Graphics, the inspiration and primary reference for much of the nonmachine-specific
material I've presented in this book. The almost entirely rewritten new version, retitled
Computer Graphics: Principles and Practice (Addison-Wesley, 1990), nearly doubles the
size of the first tome, to a total of 1,174 pages. You'll wish it were longer, too, because
computer graphics has become such a broad field that even this massive book often
merely touches on an area, providing the fundamental concepts, equations, and algo
rithms, and moves on. Still, just about everything you could want to know (or at least
a reference to point you in the right direction) is in there somewhere. Truly a book to
lose yourself in, and highly recommended.

Also, check out The RenderMan Companion, by Steve Upstill (Addison-Wesley, 1990).
RenderMan is a comprehensive programming interface specification for 3-D graphics;
implementations of the RenderMan interface have been the basis for stunning
photorealistic imaging and special effects. (For bacl^round information on RenderMan,
see Upstill's article "Photorealism in Computer Graphics," in DDJ, November 1988.)
Companion takes you on a wide-ranging tour of the RenderMan interface, with plenty
of sample code and output; even if you never program RenderMan directly, this book
provides worthwhile insight into the nature of 3-D rendering. At the very least, read
the foreword, a brief history of computer graphics and the development of RenderMan;
it provides a sense of the dizzying pace of progress in computer graphics, and of the
people behind the wonders.

Lord knows, I'm keenly interested in 3-D graphics, and Programming in 3 Dimen
sions: 3-D Graphics, Ray Tracing, and Animation by Christopher D. Watkins and Larry
Sharp (M&T Books, 1992) is good stuff. There's a fair amount of theory, and lots of 3-
D implementation, from modeling and scenes to ray tracing and finally, animation.
The animation is the precomputed, playback kind, of the Autodesk Ariimator sort,
and while it lacks the on-the-fly flexibility of the real-time animation we've discussed
in this book, my oh my, it does look good. If you buy the book, I strongly suggest you
get the disk as well; in which case, run ANIMATE.EXE, with BOUNCE as the input
file, and marvel that you now have, in source form, all the software needed to imple
ment that animation. Ten years ago, I'll bet you couldn't have produced this level of
fully rendered, real-time playback animation for less than $50,000 in hardware and
software; now, a couple of thousand will easily do the trick. What a great time this is to
be a programmer! Recommended.
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My primary reason for beginning to write about EGA and VGA graphics so long
ago was the near-total absence back then of useful reference material on graphics adapters.
That situation was eased in 1987 by the appearance of Richard Wiltons excellent book.
Programmer's Guide to PC and PS/2 Video Systems, from Microsoft Press. The PS/2 has faded
into the shadows in the intervening years, and the second edition of Wiltons book is
now available, as Programmers Guide to PC Video Systems, again from Microsoft Press.
The chapters I have read are accurate, readable, and come with large quantities of sample

code. The book covers all current graphics standards, including CGA, EGA, VGA, and
Hercules, and does a good job of it. Simply put. Programmer's Guide to PC Video Systems,
Second Edition, is the best general PC graphics hardware reference I've seen to date.

If you want a broad understanding of the math that underlies computer graphics, I
highly recommend Mathematical Elements for Computer Graphics, Second Edition, by
David F. Rogers and J. Alan Adams (McGraw-Hill, 1990). Unlike Foley and van Dam's
Computer Graphics: Priciples and Practice, this is not an encyclopedic graphics reference, nor
does it mean to be; rather, it pulls together the mathematical theory behind several
fundamental areas of computer graphics. After the traditional and largely pointiess
first chapter on graphics hardware, the book covers two-dimensional transformations,
three-dimensional transformations, plane curves, space curves, and surface description
and generation, all in a straightforward and thorou^ fashion. This is not light reading,
although I found it easier going than Foley and van Dam; the tone is that of a textbook
(albeit without exercises for the reader), and an amazing volume of information is
dispensed, in the form of clear, concise explanations and examples, over the course of
about 500 pages. Particularly noteworthy are the 130 pages on space curves, including
Beziers and B-splines, and the 100 pages on surfaces. In short, this book is an excellent
and serious overview of the fundamental mathematics of computer graphics.

Andrew Glassner s Graphics Gems (Academic Press, 1990) is an oddly enjoyable book.
Odd, because there's no overall coherency to the book; it's a collection of more than
100 largely unrelated contributions by various authors on a hodgepodge of graphics
subjects. Enjoyable, because its that rarest sort of graphics programming book: One
that you can open at random and start reading for fun. A good example of the nature
of Graphics Gems is a chapter on mapping RGB colors into a 4-bit color space; this
chapter features somewhat arcane theory, an interesting perspective on color space,
and a fast technique for RGB mapping in l6-color modes. On balance, the chapter is
a httle uneven, but usefid, informative, and interesting—a description that would serve
well for Graphics Gems as a whole, as well.
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1/z equation, 802-804, 807-819

2-D BSP trees, 705-718

2-D sprites, 704

3-D animation

a nearly complete, yet general, package,
595-608

attaining awesome performance, 611-612
backface removal, 582-584

clipping, 777-784
code for clipping, 785
color modeling, 179-190
creating, 565-566
described, 563-579

engine, 771
ideas. 111

in Mode X, 563-570

increasing speed with lookup tables, 619
incremental transformation, 591

math, 733-745

negative numbers, 594
projection, 567
references listed, 564

rotation, 568-569

rounding, 622-623
sample program, 569, 571, 578-579
selecting a color model, 648-650
shading, 625-646
supporting older processors, 625-626
texture mapping, 660-663, 675-676, 678, 684
topping out performance, 609-610
toughest challenge, 764
transforms, 733

translation, 567

view space, 582
working with hidden surfaces, 619-621
X-Sharp framework, 608

A
Abutting span sorting, 809
Access times

described, 482-484

illustrated, 483

Active edge list. See AEL
Active edge table, 361
Active polygon list. See APL
Active surfaces, 819

Adapters,
general, 2
VGA, 2

AEL, 798

Aliasing, 392
ALUs

bit mask, 36-38

defined, 25-27

latches, 26-27

sample program, 27, 32-34
Ambient shading

applying, 641
defined, 640

Animation

3-D, 563-579

bit-plane, 441-459
color animation in Mode X, 513-529

dirty-rectangle, 484, 486, 500
drawing text, 474-475
faster masked copying, 550-551
internal, 510

knowing when to flip pages, 477-478
masked copying, 547-548, 550-551
page flipping, 475-476
page flipping limitations, 484-486
Serge Mathieus page-flipping approach,
496-497

shearing, 458
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within Mode X, 556-557
write mode 3, 473-475

Antialiasing
256-color, 392-393

described, 391-403
notes on implementation, 420
tracing and intensity rolled into one, 426-427
unweighted, 403, 415-420
with polygons, 391
Wus technique, 424-425

defined, 424

sample program, 430
APL, 798

"Assume nothing," 748
Attribute Controller, 3

B
Backface removal

culling and testing, 771, 818
defined, 582

discussed, 582-584

dot product, 740-741
sample program, 585

Barrel shifter, 35-36

Beam tree, 769-771

Binary Space Partitioning. See BSP
Bit mask

additional uses, 41-43
Bit Mask register, 37
described, 36-38

determining source bytes, 36-38
sample program, 38

Bit-plane animation
defined, 442

described, 441-459

limitations, 456-458

palette RAM settings, 446
sample program, 446-447
stacking the palette registers, 444-446

Bounding box, 806
Bresenham's line drawing algorithm

defined, 221-223

described, 219-242

drawing each line, 232
drawing each pixel, 233-234
EVGALine function, 229-231
line orientations displayed, 230
sample program in Assembly, 235
sample program in C, 225

strengths and weaknesses, 224
Bresenham's run-length slice line drawing algorithm

defined, 245

drawing faster lines, 245-246
implementation in Assembly, 258
implementation in C, 250
implementing, 247-250

Broken raster, 409

BSP

BSP-based rendering, 704, 748-762
compiler, 724-729
renderer notes, 761

sequence number, 806
sorting, 807
splitting plane, 806

BSP trees

back-to-front traversal, 709-710
building, 705-711
compiling, 719-731
described, 702-705

front-to-back sorting order, 806
front-to-back traversal, 710
inorder walks, 711-717

limitations, 704-705
optimizing, 729-731
Quake levels, 765-766

Carmack, John, 702, 720
Circles

creating faster circles in C, 281
described, 267-277

drawing basics, 269-271
error term variable, 273

Hardenburgh's circle algorithm,
267-277

integer threshold variable, 273
optimizing through integer arithmetic, 273
sample drawing program, 271
supporting write mode 3, 295-296

Clipped walls, 758
Clipping basics, 778-782, 790
Clipping parametric lines, 723
Code, commercial quality, 805
Code problem hints, 714, 717
Cohen-Sutherland outcode test, 790
Color

color compare operations, 98-99
controlling, 44
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setting ail planes to a single color, 45-46
Color compare mode, 95
Color cycling

DAC loading complications, 206-207
defined, 206

described, 205-218

loading the DAC directly, 208-209
sample program, 210

Color generation
described, 179-190

setting the DAC, 184-185
setting the palette RAM, 183-184
understanding the DAC, 180-182
understanding the palette RAM, 180

Color mapping
described, 650

dithering, 653
setting up the palette, 652-653

Color modeling
described, 179-190

intensity, 649
RGB color model advantage,
648-650

selecting a general purpose model, 648
Color paging

changing the contents of non-displayed
pages, 203
DAC locations, 193

defined, 193

described, 182-183, 193-203

enabling through the BIOS, 196-197
obtaining the color paging state, 197
sample program, 198
selecting a color, 196-197

Color planes
described, 19-20

manipulating, 19-20
Map Mask register, 19-20

Commander Keen^ 719

Compilers
described, 191

upgrading to break code, 191-193
Concave polyhedra, 811
Constructive Solid Geometry. See CSG
Creative Flux, 794

Cross products, 737-740
CRT Controller, 3

CSG, 703

Culling, 740, 766-768

DAC

described, 180-182

loading complications, 206-207
loading direcdy, 208
loading via the BIOS, 207-208
masking incoming information, 217
reading directly, 217-218
setting directly, 185-186
setting through the BIOS, 184-185

Data flow

ALUs, 25-27

barrel shifter, 35-36

bit mask, 36-38

described, 25-36

set/reset, 43-51

Data recursion inorder walk function, 712

Data rotation

barrel shifter, 35

described, 35-36

sample program, 38
DDJZSORT.ZIP, 806
Detecting collinear surfaces, 710
Diffuse shading

applying, 641-642
defined, 640

Dirty-rectangle animation
defined, 484

described, 486

down and dirty description, 500
drawing order, 511
managing rectangle overlap, 510-511
maximizing performance, 510-511
sample program, 486

Dithering, 653
DOOM, 702

Dot product
described, 735-737

of unit vectors, 736

projection, 742-745
sign, 740-741

Draw-buffer, 771

Drawing moving objects, 794

Edge-sorting, 798-804
Edges, active, 819
Edges, compared to spans, 798
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Edsun Continuous Edge Graphics
defined, 389

history, 389-390
EGA

color mapping, 110-113
described, 103-104

panning a split screen, 134-135
panning a split screen demo, 135
saving 16-color screens, 103-104
splitting screens, 123-145

Ellipses
defined, 298

described, 267-277, 297-311
drawing, 299-301
drawing performance comparison, 315
fastest drawing routine (listed), 320
optimizing tips, 329
using the incremental, int^r-only algorithm, 305

EVGALine function, 229-231

F
FIFO, 763

Flipping pages
graphics to text, 82-84
text to graphics, 82-87

Floating point arithmetic, 790
Frustrum

clipping to, 784
planes, 790

Gamma correction, 391,416
Global edge table, 362-363
Gradient calculation, 820
Graphics Controller, 3

H
Hardenburghs circle algorithm

described, 267-277

optimizing the main loop code, 280
separating calculations from drawing, 281

Hecker, Chris, 702

Heinlein, Robert, 805

Hicolor DAC

defined, 390

disadvantages, 391
locating, 406-407
non-antialiased Hicolor drawing,
410-415

programming, 408-410
working with, 406

Hidden surface removal. See HSR

Hidden surfaces, 794-796

HSR, 779, 794,810,818

I
id Software, 720

"Ideas are a dime a dozen," 111

Independent span sorting, 810
Inorder walk, 710

Internal animation, 510

Internal indexing, 3-5
Interpenetration, 808
Intersecting a line segment with a plane, 779
Intersecting span sorting, 808

Latches

bit mask, 36-38

copying pixel blocks within display
memory, 539

defined, 26-27

reading VGA memory, 94
using Mode X with, 513-529

Leaves, 806

Linear planes, 5-6
Linear time, 704

Lines

antialiased, 243-255

Bresenhams run-length slice line drawing
algorithm implementation in C, 250

described, 243-255

drawing faster lines with Bresenhams run-
length slice line drawing algorithm, 243-244

optimization options, 265-266
optimizing run-length slice line drawing,
257-258

run-length slice line drawing implementation
in Assembly, 258

using Bresenhams line drawing algorithm,
219-242
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M
Manipulating linear planes, 6
Masked copying

defined, 547-548

making fast copies, 550-551
sample program, 548

Masked images, 509
Math in 3-D graphics, 733-745
Memory

allocating in Mode X, 537-538
copying pixel blocks within display
memory, 539

Mode 13H, 81-82

ModeX

3-D animation, 563-570

allocating memory, 537-538
defined, 514-515

described, 513-529

designing from a Mode X perspective,
521-525

benefits explained, 526
hardware-assisted versus software-assisted

masked copying, 556
masked copying, 547-548
masked copying made faster, 550-551
read pixel routine, 520-521
rectangle fill routine (fast), 527-529
rectangle fill routine (medium),
523-525

rectangle fill routine (slow), 521-523
sample animation program, 556-557
selecting, 515-518
using latches, 513-529
using the VGA's hardware-assist features,
526-527

write pixel routine, 519-520
Moving the viewer, 757

N
Negative numbers, 594
Nodes, compared to leaves, 806

Objectspace, 735
Optimization, 716, 730
Overdraw, 768

Overscan

Attribute Controller register, 117-118
defined, 117-118

Page flipping
animation demo, 462

creating smooth-flowing animation, 475-476
defined, 20

described, 20-22

high-resolution VGA, 491-495
knowing when to flip, 477-478
limitations in animation, 484-486

Serge Mathieu approach, 496-497
speed, 747
using Windows NT, 21-22
versus color paging, 203
with bit-plane animation, 458

Pagesplitting, 461
Painter's algorithm, 703
Palette RAM

described, 18, 180

setting directly, 185-186
setting through the BIOS, 183-184
settings for bit-plane animation, 446
stacking the palette registers for animation,
444-446

Panning
creating a smooth effect, 16-18
Horizontal Pel Panning register, 18
palette RAM, 18

Parallel processing with the VGA, 25-34
Parametric lines, 721-724

Per-pixel z-buffer, 704
Performance, 795

Perspective-corrected screenspace, 710
Perspective projection, 735
Pitch angles, 790
Planes, distance to inside endpoint, 781
Polygons

active edge table, 361
active edges, 360-361, 371-373
antialiasing, 391-403
clipping, 779, 782-789, 790
complex

described, 331-344

displayed, 332
implementing, 368-371

concave, 820
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described, 345-360

displayed, 332
drawing fast, 347
edge processing, 820
fast edge tracing, 350
filling fast, 346-347

creating 3-D animation, 565-566
creating lightning-fast graphics with Assembly,
353-358

described, 331-343, 345-359, 375-387

DrawHorizontalLineList, 335
facing away from the viewer, 738
fill performance, 348
FillConvexPolygon, 335
filled, 332

filling finding intersecting edges, 361
filling non-convex polygons, 373-374
filling non-overlapping convex polygons,
335-342

fitting together, 334-335
global edge table, 362-363
interpenetrating, 808
maximizing REP STOS, 355
minimizing splits, 730
monotone vertical

defined, 376-377

detection, 376-377

nomenclature, 375-387

non-convex

described, 332, 360

displayed, 332
filling, 373-374

normals, 737-740

rasterization, 332-333

REP STOS, 347

scan conversion, 332-333

using floating-point calculations, 350
using standard line-drawing algorithms,
333-334

Portals, 772

Potentially visible set. See PVS
Projection, 567, 735, 760
PVS, 773, 794

Pythagorean theorem, 735

Raycast subdividing, 771
Read mode 0

defined, 89

described, 89-94

sample program, 90
selecting, 89-90

Read mode 1

defined, 95

described, 94-95

sample program, 95
Reading memory

described, 89-101

latches, 94

Registers
addressing, 3-5
Color Select register, 182
internal indexing, 3-5
linear addressing, 6
modifying VGA registers, 120-121
preserving bits, 66
reading when panning a split screen, 142-144
setting when panning a split screen, 142-144
split-screen related, 132-133

Rendering, 748-762
REP STOS, 347

Resolution

320x400 256-color mode defined, 148-149

320x400 256-color mode display memory
organization, 149-151

360x480 256-color mode, 166
accessing display memory in 360x480 256-
color mode, 176-178

attaining higher resolution on the VGA,
147-163

using two 256-color pages in 320x400 256-
color mode, 158-159

working with 360x480 256-color mode, 175
Roll angles, 790
Rotation, 568-569, 744-745

Rounding
defined, 622-623

negative numbers, 594

Quake, 747, 763-775, 803, 806-807

S
Screens

blanking, 118-120
restoring, 107-109
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saving l6-color graphics screens, 103-107
split, 478-479
splitting screens for the EGA and VGA, 123-145

Screenspace, 735, 760
Sequence Controller, 3
Set/reset

defined, 43-44

described, 43-51

manipulating planes individually,
48-50

setting all planes to a single color, 45-46
versus write mode 2, 81

Shading
3-D animated objects, 625-646
ambient, 640

applying ambient shading, 641
applying diffuse shading, 641-642
defined, 640

described, 625-646

diffuse shading, 640
implementation details, 645-646
in action, 642

specular reflection, 641
Shearing, 458
Simplify your approach, 773
Slope-intercept form, 721
Sorted spans, 796-801, 805-820
Sorting keys, 801
Sorting multiple moving models, 794
Span-based drawing, 772
Spans, illustrated, 796-797
Specular reflection, 641
Split screen, 478-479
Splitter, 721, 723
Splitting screens

described, 123-145

EGA problems, 133-134
panning, 134-135
procedure, 123-125
registers, 132-133
sample program, 126
working in different modes, 144

Sprites, 509
Stephenson, Neal, 778
Structures for points, polygons, and planes,
779-780

Subtrees, 713, 717

Surface stack, 819

Texture mapping
cutting cycles out, 692-695, 697
DDA approach, 664-665
defined, 660

drawing vertical scanlines, 690
how-to guide, 660-663
orienting the polygons independently, 676
perspective texture mapping, 664-665
reducing bottlenecks, 678, 684
sample program, 665-666
speeding up, 685
why fixed-point arithmetic often doesn't work,
675-676

Transformation, 735

Translation

defined, 567

projection, 567
Traversing a set of line segments or polygons, 703

U
Unit vector, 736

Vector, 734

Vertex-free surfaces, 771

VGA

320x400 256-color mode defined, 148-149
320x400 256-color mode display memory
organization, 149-151

360x480 256-color mode defined, 166

access times

described, 482-484

illustrated, 483

accessing display memory in 360x480 256-
color mode, 176-178

adapter, 2
ALUs defined, 25-27

attaining higher resolution on the VGA,
147-163

Attribute Controller, 3

BIOS, 6

Bit Mask register, 3-5
bit-plane animation, 441-459
color cycling, 205-218
color generation, 179-190



832 ^ Index

color paging, 193-203
CRT Controller, 3

Data register, 3-5
defined, 2

drawing pixels in 320x400 256-color
mode, 151

drawing text quickly in any 16-color VGA
mode, 653-655

Edsun Continuous Edge Graphics, 389-390
Graphics Controller, 3
Hicolor DAC, 390

Index register, 3-5
mode 13H, 81-82

Mode X, 513-529
page splitting, 461-462
panning a split screen, 134-135
panning a split screen (demo), 135
panning the display, 16-18
parallel processing, 25-34
programming for, 3
programming hazards with clones,
22-23

read mode 0, 89-94

read mode 1, 94-95

reading memory, 89-101
sample program, 7
saving 16-color screens, 103-104
Sequence Controller, 3
split screen, 478-479
splitting screens, 123-145
true VGA modes, 6

understanding linear planes, 5-6
using write mode 2 to copy images, 70-71
write mode 1, 20

write mode 2, 67-87

write mode 3, 53-66, 99, 473-475, 654-655
View frustrum, 767, 779, 806
Viewspace, 582, 735, 758, 791
Visibility determination, 703-704, 763-775
Visibility ordering, 708-711
VRAM, 22-23

VSD. See Visibility determination

W
Walls

BSP representation, 749
viewing examples, 706-708

Wilson, Tom, 763

WinG, 689

Wireframe rendering, 782
Worldspace, 735, 790, 819
Write mode 0 versus write mode 2, 68
Write mode 1, 20

Write mode 2

converting images from chunky to planar
format, 71-75

copying images to the VGA, 70-71
defined, 67-68

described, 67-87

drawing color-patterned lines, 75-81
tracking a byte's progress, 68-70
versus set/reset, 81

versus write mode 0, 68

Write mode 3

creating animation, 473-475
defined, 53-54

described, 53-66

drawing text fast in any 16-color VGA mode,
653-655

high-speed text drawing program, 60
sample program, 54
supporting circle drawing, 295-296
versus write mode 0, 53

working with read mode 1, 99
Wu,Xiaolin antialiasing, 424

Y
Yaw angles, 790

Zelsnack, Billy, 744
Zero overdraw, 806
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What's on This CD

The bound-in CD contains all the source code listings and demo programs discussed
in this book, including Michael Abrash's texture-mapped 3-D animation library, X-
Sharp, in its most recent version.
The listings have been tested immediately prior to publication. The compiler/as

sembler pair used for testing was Borland C++ 4.02, and Turbo Assembler 4.0. The C
and ASM style used is very standard and non-fancy, so the code should also compile
and assemble with Microsoft tools. We cannot guarantee that, however.
The X-Sharp library exists in several implementations of gradually increasing so

phistication. Each of these libraries is also present as a self-extracting archive. There is
an UNPAK.BAT in each directory containing an X-Sharp archive that will execute the
archive with that very important -d switch.
The most recent version, X-Sharp 22, is stored in the subdirectory XSHARP22.

Use X-Sharp 22 for all new work; the others are stored in the chapter subdirectories
where they are discussed, and should be used for explanatory purposes in conjunction
with the chapter text only.
We have also included the complete text to Michaels book, Zen of Assembly Lan

guage. The text is in RTF and Word Perfect format.

By opening this package, you are agreeing to be bound by the following agreement. This
software Is copyrighted, and all rights are resen/ed by the publisher and the author. You may
copy and/or modify the software as needed to facilitate your use of It. The Corlolls Group makes
no warranty of any kind, either expressed or Implied, with respect to this software. Its quality,
performance, merchantability, or fitness for a particular purpose. In no event will Coriolls Group
Books, Its distributors, or dealers be liable for direct. Indirect, special. Incidental, or consequential
damages arising out of the use or Inability to use the software. Since the exclusion of Implied
warranties Is not permitted In some states, the above exclusion may not apply to you.
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