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The scanline principle is a general technique
for efficiently converting any display algo-

rithm that is based on polygon scan con-
version into scanline mode, i.e., the image
is produced in scanline order with required
memory proportional to one scanline. Based
on critical-points scan conversion, the tech-
nique reduces the Z-buffer or its variants to
one scanline. Current scanline depth buffers
are inefficient in both time and space. The
scanline principle can also transform list-

priority methods, such as BSP trees, into

scanline mode. The scanline mode enables

efficient supersampling and averaging, and
low latency in image generation, compres-
sion and transmission.
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1 Introduction

Hidden surface removal is one of the oldest problems
in computer graphics, and the literature abounds with
many solutions (Foley et al. 1990). In choosing an
algorithm for this problem, there are many consid-
erations and probably no “best” method; one usu-
ally chooses the optimal method for a given appli-
cation. Some of the more obvious points to consider
are: time and space efficiency, robustness (ability
to handle numerical inaccuracies after transforma-
tions), object intersections, types of objects that can
be displayed, image quality, transparent objects, and
available hardware.

One useful method for many applications is image
generation usingcanline modewhere the final im-
age is produced one scanline at a time in consecutive
scanline order. Implicit in this definition is the as-
sumption that the space requirement for the image
is proportional to one scanline and not to the en-
tire screen. Scanline mode has many useful applica-
tions such as generating a supersampled image with
a low memory overhead, transmitting the image to
a remote screen in scanline order while it is being
generated, and functioning as input to many image-
compression methods. The last two properties make
scanline mode patrticularly useful for web-based ap-
plications, since they provide a low latency method
for generating, compressing, and transmitting im-
ages over limited bandwidth channels.

In this paper we present an efficient general tech-
nique for convertingany display algorithm based
on the separate scan conversion of every polygon
into an algorithm that operates in scanline mode.
We call this general method tleeanline principle
When applied to the Z-buffer algorithm, this tech-
niqgue produces an algorithm with a depth buffer
of just one scanline, which we call thg-buffer
Scanline depth buffers have been used before, but
their implementations for non-convex polygons, us-
ing the standard scan conversion algorithm (Foley
et al. 1990; Sect. 3.6), are very inefficient in both
time and space. The principle can also be applied to
any of the Z-buffer's variants such as the A-buffer
(Carpenter 1984), or the handling of transparent ob-
jects. The S-buffer is also useful in a client-server
environment, has some virtual reality applications,
and is easily parallelizable (see Sect. 5.6).

Another application of the scanline principle is
the transformation of list-priority algorithms (Fo-
ley et al. 1990; Sect. 15.5) into scanline mode. Two
well-known examples are thaepth sortalgorithm
(Newell et al. 1992) and the display of BSP trees
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(Fuchs et al. 1980). BSP trees encode the geomedion of many polygons so that the image is obtained
ric order of the polygons in a given scene, and theyn scanline order. For polygons with many vertices
are widely used in applications, such as virtual walk-and few critical points, the S-buffer performed better
throughs, where the viewpoint changes frequentlyhan the standard software and hardware on medium-
but the objects in the environment are fixed relativgpowered workstations.

to each other. The scanline principle can be appliedhe paper is organized into seven sections. Section 2
to list-priority algorithms to produce the display in provides some background on scanline algorithms
either the standard back-to-front order, or the morend depth buffers, and places our work in relation
efficient “output-sensitive” front-to-back order (Gor- to previous work. Section 3 presents CP in a form
donand Chen 1991). suitable for use by the scanline principle. Section 4
For some applications, the scanline mode has ondescribes the scanline principle and its application
disadvantage: it requires all the objects to be in memto the Z-buffer and BSP trees, and Sect. 5 discusses
ory while they are being displayed, so it is incompat-several further extensions and applications. The last
ible with image generation in online mode. Bgline  two sections conclude with qualitative and quantita-
modewe mean that an object is displayed as sootive comparisons.

as it becomes available and no further memory is re-

quired for it. This is not a real problem for interactive . .

applications where the objects are usually availablé Relation to previous work

in memory all the time in order to enable object ma-

nipulation or a change of viewpoint. 2.1 Scanline algorithms

The Z-buffer is probably the simplest hidden surface

algorithm and its hardware implementation is now

commonplace. It is naturally robust because objectScanline algorithms use scanline coherence to
may intersect, and it also operates in online modeachieve hidden surface removal. (See (Foley et al.
The Z-buffer's main disadvantages are its size and990; Sect. 15.6), who also write about the history
the fact that the image is not produced in scanlin®f the method and some enhancements. Another
order. The size of a simple Z-buffer is not a largeimportant work is by 8quin and Wensley €juin
problem, because memory is relatively cheap; buand Wensley 1985), who improve on Hamlin and
for supersampling or for some of the variants of theGear's “Cross” algorithm (Hamlin and Gear 1977),
Z-buffer the large memory is a drawback. It is alsoto obtain a scanline object-space algorithm.) These
a problem if the image is viewed on a remote clientscanline algorithms share three common features:
and the server has to handle many clients viewin . .
unrelated scenes. In contrast, the S-buffer works iﬂ' Allthe active edges of all the polygons are held in

: one single list (the AET).
scanline mode and has the robustness of the Z-buff : .
without the large memory. Y In passing from one scanline to the next, the pro-

Our technique for the efficient conversion of any jections of the edges on the screen may intersect.

algorithm (based on polygon scan conversion) into ;:-r?elzs ;ﬁgﬂ‘g?z;g{adsecnenngetshzQ?Zf?\soer\lﬁgyvf;satga
scanline mode relies on the “critical-points” scan ’ '

. - . on sorting the edges of hidden polygons.
conversion technique (Gordon 1983a; Gordon et aé’.. Intersection of the objects in 3D is not allowed.

1994). This method, called CP for short, is base s , .

on the preliminary identification and sorting of all In prlnc_lple, mter_seﬁtlons can b(_a handled, but at
vertices of a polygon which are local minima with re- agreatincrease in the computation time.
spect toy (the “critical points”). The critical points The third restriction is a limitation even when ob-
and the original polygon data are used in place ofects are not supposed to intersect, because trans-
the edge table in the usual method (Foley et al. 1990ations and rotations can produce inaccuracies that
Sect. 3.6) which contains an entry for every edgecause an actual intersectionediin and Wensley

At the sweep stage, insertions and deletions into th€Sequin and Wensley 1985), in describing the Berke-
active edge table (AET) are done only at local exdey UNIGRAFIX system, remark that their sys-
trema, as opposed to the standard method which iiem needs prefiltering programs which remove face
serts and eventually deletes every edge. By usingtersections and give their system the necessary
CP, we can efficiently “dovetail” the scan conver-robustness.
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One of the earliest scanline algorithms is due ta scanline depth buffer; however, he notes that his
Watkins (see Watkins 1970 or its description inmethod is inefficient since it does not use coherence
(Newman and Sproull 1973; Sect. 14.4 and Ap-+elationsin the evaluations.
pendix VII)). It can handle intersecting objects andNewman and Sproull (Newman and Sproull 1979,
is designed so that it can also be implemented ifsect. 24.4) describe a scanline depth buffer method
hardware. It is based on subdividing a scanline intavhich is a straightforward application of the regu-
“simple” parts, and also uses scanline coherence fdar scan conversion. The obvious drawback of this
greater efficiency. method is the necessity of using an edge table for
To demonstrate the scanline principle, we will con-every polygon. For the sake of completeness, we de-
sider two methods based on polygon scan convescribe below an adaptation which uses a single edge
sion: the Z-buffer and BSP trees (other list-prioritytable for all the polygons. Compared to using CP,
algorithms are also suitable). Both methods are rothis is still inefficient in both time and space due to
bust and they handle each polygon separately; sihe extra data for all the edges on the edge table as
there is no need to reorder edges provided careell asthe insertion or deletion of every edge into its
is taken in inserting the edges into the AET (segolygon’s AET. The precise differences are detailed
Sect. 3). By applying our technique to the Z-bufferin Sect. 2.3.
or BSP tree algorithms, we obtain the following For a scanline depth buffer using regular scan con-
advantages: version the edges of all the polygons are firstinserted
1. Scanline mode into a smg[e eqlge tat_)le (_ET), W!th_each edge inserted
. Lo . at the beginning of its list. This is done one poly-
2. Robustness — there Is no limitation on ObJeCtgon at a time, resulting in an ET where the entries

Intersections of each polygon are grouped together for every scan-

i' X?kr))i/trsama”(r)rl]en(;(r)\rsy (compared to the Z-buffer) line. Next, for each scanline, the entries are sorted
5' Reorde?/ir? gfged es is not required among themselves using a list-sorting algorithm.
6 simplicity 9 9 q At the sweep stage, every polygon will have its own

separate AET and a list of the currently active poly-
gons is maintained. The following is done for every

2.2 Scanline depth buffers scanline:

1. Old edges are removed from the AET’s of the ac-
Scanline depth buffers are not new. Myers (My- tive polygons.
ers 1975) uses a scanline Z-buffer fmiangles® 2. New edges are added from the ET. Since entries
and G. Elber (personal communication 1994) notes in the ET are grouped by polygons and sorted by
that using a scanline Z-buffer foconvex poly- X, every polygon’s AET is simply merged with
gons is a known practice. Crocker (Crocker 1984) its entries in the ET (the control of this opera-
uses a scanline depth buffer in conjunction with tion is driven by the ET). New polygons may now
a standard scanline algorithm in order to achieve “in-  pecome active. If a polygon’s AET is empty at
visibility coherence” — a concept useful for speeding  this stage, it is removed from the list of active
up the scanline algorithm. However, Crocker’s scan- polygons.
line depth buffer is not directly used for the actual3. The scanline depth buffer is initialized-tax.
hidden surface removal. 4. For every active polygon, pixels are filled in be-
Rogers (Rogers 1985) extends Myers’ method, but tween alternate AET elements and a check made

his method is inefficient since it is based on the reg- against the current depth value for every pixel.
ular scan conversion method and some details of

implementation are unclear when the method is ap- ) ) . )

plied to convoluted polygons. Hill (Hill 1995) con- 2.3 Previous work using critical points

siders the Z-buffer algorithm from a functional pro- _ . " . ,

gramming perspective. Using the concept of u|aZyScan conversion using critical points first appeared

evaluation”, he obtains an algorithm that uses oniy? (Gordon 1983a), and was used in (Gordon et al.
1994) for medical visualization. The technique can

L Foley et al. (Foley et al. 1990, p. 684) mention Myers’ result, D€ used instead of the standard meth_Od ('_:Oley et al.
but do not write that it applies only to triangles. 1990, Sect. 3.6.3) for any application, including
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scanline hidden surface removal with one AET foreither direction can only lead upwards. CR, to-
all the polygons, as in (Foley et al. 1990, Sect. 15.6)gether with the arrayX andY, is used instead of
Local minima were also used by Sechrestand Greerthe standard edge table in the sweep stage. Logi-
berg (Sechrest and Greenberg 1982), independenttally, P’s boundary is made up of monotornsec-

of (Gordon 1983a), to obtain visible surfaces at obiions two sections start at every critical point, and
jectresolution. However, their technique is not a scatwo sections terminate at a local maximum. Note
conversion algorithm, and it requires rather complexhat this step is carried out in object space, so it
data structures. Local minima were also used in comean be done as a device-independent preprocessing
putational geometry (Fournier and Montuno 1984 ;step.

Hertel and Mehlhorn 1985), with results similar to At the sweep stage, the AET is started from the low-
(Hertel and Mehlhorn 1985) obtained independentlyest critical point and advances one scanline at ev-
in (Gordon 1983b). ery stage. Every element of the AET describes the
If n denotes the total number of verticeshe num- intersection of the current scanline wiktis edges,

ber of critical points,h the number of scanlines, and the AET is ordered by increasing valuesxof
andn; the number of edges starting from scanline The key idea behind CP is that the elements of the
the precise differences between CP and the standafET are used for entire monotonic sections along
scan conversion are (Gordon et al. 1994): P’s boundary; i.e., they remain active for as long as
the section they describe continues to rise. (In the
standard approach, all edges are inserted and eventu-
ally deleted from the AET.) At every new scanline,
the following occurs:

1. In addition to the original input, the standard al-
gorithm requireO(n+ h) extra space, while CP
requires onlyO(c).

2. The time required by CP is only Gfdnot count-
ing the time to fill pixels, which is common to 1. From every element on the AET, the monotonic
both methods), while the time for the regular  section is followed upwards until it either meets
method isO(hc+ Y7, (nilogny)). Thec? can the new scanline or tums down before reaching
be reduced talogc, but this requires a more it. In the first case, the information in the element
complex data structure for the AET, and the over-  is updated (it may now describe a different edge
head is unjustified for most applications. along the same section), in the second case, the

elementis deleted from the AET.
2. Ifthe polygonis not simple, i.e., edges may inter-

3 CP: Critical points scan conversion sect, the_nthe AET is reordered. For simple poly-

gons, this step is not necessary.

The following description of CP is detailed because>: | there are new critical points between the old

we aimed at self-containment, and because seem- Scanline and the new, the monotonic sections

ingly minor changes in the code are problematic. Starting from them are followed up until they

It aiso differs somewhat from (Gordon et al. 1994) intersect the new scanline, and new elements

due to the required dovetail process. Assume that &€ added to the AET. (It is possible, though,

a polygonP with n vertices in 2D is given by an that a new monotonic section turns down before

array of the coordinates of its vertices in cyclic or-  '¢aching the new scanline; in that case, the sec-

der —(X[0], Y[Q]), ... ,(XIn—1], Y[n—1]) (a bi- tonisabandoned) .

directional cyclic linked list can also be used). In the?- Screen pixels are filled in between alternate pairs

following, all index calculations are carried outmod- ~ ©fthe AET's elements in the usual manner.

ulo n, i.e.,, n=0(modn). The polygon edge con- The algorithm terminates when the AET is empty.

necting(X[i], Y[i]) with (X[i £1], Y[i &=1]) is de-  Figure 1 shows a polygon, its critical points, and the

noted as EDGE, i +1]. structure of the AET at consecutive scanlines.

3.1 Outline of CP 3.2 Determining the critical points
CP first determines the set CR of critical points,The procedure DETCR determines the set CR of crit-

sorted by increasing values gf From every crit- ical points. Care is heeded here because two or more
ical point, moving along the list of vertices in consecutive vertices may have the sagn@alue.
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30
——————————————————————————————————————————————————— y = 4
2
----------------------------------------------- y = 3
p 28
———————————————————————————————————————————————— y = 2
critical point hog
———————————————————————————————————————————————————— y = 1
25
CR - the array of critical points (in order of increasing y): 2520 4 |11 16 |
The AET at consecutive scanlines, showing vertex no. and up direction:
At y=1: [25]-1-(26] +1)
At y=2: (4[-1}-(5[+1-(23]-1)}=(20] +1-(19[-1}-(27]+1)
At y=3: (3[-1)~(12[ +1~(9 [-1}-(6 [+1~{16]-1)}-(16] +1~{18[-1}~(28] +1
At y=4: (2]-1-(29]+1

Fig. 1. A polygon with its critical points, showing the AET at consecutive scanlines

A secondary comparison ondoes not help because 3.3 The AET: Its structure and update
horizontal edges may overlap (either due to unusual

input or because a planar polygon is viewed hori-Throughout the following, we assume that H is
zontally). Our solution is to loop around the polygonthe current scanline, and thidtis a globally known
with a boolean flag, which is s@rue whenevery  variable. Each elemeitt of the AET has the follow-
properly decreases. Wharproperly increases (and ing fields:

the flag isTrue), we have a critical point. It may even K.IND - Index of the highest vertex on the

be necessary to loop almost twice around the poly- section whose y-value is <= H,

gon (in case the the flag ®uewhen we come back i.e., Y[K.IND] <= Hand

around to the first vertex). Pseudocode for DETCR, Y[K.IND + K.DIR] > H.
in Appendix A .DIR - Direction of advance along the arrays X
appearsin App . and Y leading upwards along the

We henceforth assume that CR is an array of the monotonic section; K.DIR = +1 or
indices of the critical points, sorted by, and that K.DIR = -1. This means that

c is the number of critical points. This means that Y[K.IND + K.DIR] > Y[K.IND].

the critical points, in order of increasing, are KXC 'Xt'rf:cs’goggﬁ‘;‘zmthe_'”;e\:;tehci'r?gcogrreme o
the vertices X[CR[1]], Y[CR([1]]), ... , (X[CR(c]], EDGE[K.IND, K.)I/ND + K.DIR]. This field ?
Y[CRIc]]). If c= 0, then the polygon is degenerate must be in floating point.

and there is nothing to scan convert. K.SLP - The inverse of the slope of the current
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edge: (X[K.IND + K.DIR] - X[K.IND]) / Program CP (Critical Points)

(Y[K.IND + K.DIR] - Y[K.INDJ) [FHFHRRRK
This is also a floating point field. P is the polygon to be scan-converted, X and Y
K.NXT - Pointer to the next element of the AET. are its coordinate arays, CR is the array of the

indices of P’s critical points, and c is the

For reasons of efficiency, we assume AET itself isumber of critical points.
also a structure of the same type as above. Thi¥ _
simplifies the coding and makes deletions possit '?*E.fTCR? | f(c :ho) return:
ble in O(1) time without the necessity of a doubly ar:dri]gncg'rtg E;,t en polygon is degenerate
linked list for the AET (the DELETE procedure gets aAgT = empty: / initialize AET to empty */
a pointer to the predecessor of the element to beLs = y-value of lowest scanline in viewport;
deleted). HS = y-value of highest scanline in viewport;
The purpose of the procedure MOVEUP is to ascend H = max(LS, ceiling(Y[CR1]]) )
upwards along a monotonic section from a given ver- {C f_'rslt ;f'i%ae?(tgrcli?ge /

. . . . =1 y CR) of
tex until the section meets a given scanline. If the cyprent crit. pt. */
section turns down before reaching the scanline, ando { POLINE;H =H+1;}
indication is given. Pseudocode for MOVEUP can be until (AETisemptyo ~ rH>HS)

found in Appendix A. }/*end of CP ¥/

Several extensions of CP are possible (see Gordon

3.4 The complete program CP etal. 1994):

1. Self-intersepting polygons: since edges may in-
The complete program CP for a single polygon is tersect, sorting should be added to POLINE (see
presented below. We assume the existence of the fol- commentin POLINE in Appendix A)

lowing procedures: 2. Polygons with holes: the holes should also be in
cyclic order
1. INSERT(J, DI, XX, SL): Creates a new element 3. Scan converting several polygons simultane-

K with K.IND = J, K.DIR = DI, K.XC = XX,
and K.SLP = SL; the procedure inserts

K into the AET so that the AET remains
sorted by XC. In case of equality,

a secondary comparison is done on the
field SL. This eliminates the need

for sorting if there are no edge

ously: the AET holds all the edges, and sorting is
necessary since edges may intersect

4. Hatching in vector graphic$i advances by\AH
# 1 and aminor change is needed in MOVEUP

5. Special requirements, such as might be required
by medical applications (Gordon et al. 1994).

intersections.

2. DELETE(K): Deletes an element K from the AET.
This can be done in O(1) time provided
the actual parameter is a pointer to

K’s predecessor. 4 Converting algorithms to scanline
3. FILL: Procedure to fill in between
alternate pairs of AET elements. In order

keeping with standard practice, if K1
and K2 are consecutive AET elements

which delineate a span of pixels o In this section we describe the general scanline prin-

fill, then FILL paints in all ciple and give two important examples of its applica-
pixels(l,H) such that tion: a single scanline depth buffer, and the scanline
K1.XC <=1<K2.XC,where y=Histhe display of BSP trees (which can also work for any
current scanline. The pixels are list-priority algorithm (Foley et al., Sect. 15.5).

painted in provided they are
inside the viewport

The following is the complete critical points pro- 4-1 The general scanline principle

gram. The main work is done by the procedure PO-

LINE, which updates the AET towards a new scaniVe now assume that we have a set of polygons PSET.
line and renders a single scanline of the polygonkFor each polygonP in PSET, we denote by.x
POLINE is detailed in Appendix A. its associated data and procedures, &€gX, P.n,
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P.DETCR, etc.P’s procedures now operate exclu- one list). Also, we maintain an active polygon table
sively on P’s data.P also has any other data rele- (APT), which is a list of all the polygons intersected
vant to the application, such as 3D data and lightby the current scanline. A polygdpis added to the
ing information. In additionP.FILL is modified ac- APT whenthe current scanline reaches its position in
cording to the particular algorithm that is being pro-PT, and deleted from the APT wh&AET becomes
cessed. The general algorithm is specified belonempty. The detailed S-buffer algorithm is presented
The scanline generation of the image is obtained bin Appendix A.

an outer loop on the scanlines and an inner loop on

the polygons which calls of.POLINE for every 4.3 Displaying BSP trees in scanline order
polygonP. P.POLINErenders a single scanline of

polygon P and the algorithm uses it in a dovetail Back-to-front display of BSP trees is simple. Once
fashion on all the polygons. Details of implemen-the viewpoint is determined, we create a list of the
tation will vary with the particular algorithm being polygons in back-to-front order relative to the view-

modified. point — this is the first step in the general algorithm.
Outline of the General Scanline Algorithm This step uses t.he standard method of f[raversmg
N ——— a BSP tree: starting from the root, recursively tra-
{ Determine order in which to display polygons verse the far subtree of the node, then the node itself,
/*if relevant to algorithm */ and then the near subtree. LB, ..., P, denote
for (every polygon P) /* initialize P */ - the sequence of polygons in the back-to-front order.
or é\f’é%ﬂiﬁi’n@'ﬁ? =empty; P.ic =1;} P.FILL is unmodified, i.e., pixels are filled between
/* outer loop on scanlines */ alternate pairs of elements 6MPAET. In this applica-
{initialize the scanline; tion, the inner loop of the general scanline algorithm
/* this depends on the algorithm */ follows the order of the polygons according to the
for (every P intersected by H, back-to-front list.
n thFe, CF’,rgeLr"{g!”"ed by the algorithm) As in the S-buffer, when there are many small poly-
/*inner loop on polygons */ gons, it is more efficient to maintain and use an
} auxiliary data structure of the active polygons (or
} APT) at every scanline. Initially, a PT is set up as in

the S-buffer. At every scanline, the polygons start-

ing at that scanline are inserted into the APT, and
4.2 The S-buffer: a scanline depth buffer when the scanline passes beyond an active poly-

gon, it is removed from the APT. At every scanline,
The application of the principle to the Z-buffer pro- the APT is traversed in back-to-front order, and one
duces an algorithm which requires a depth buffer oscanline of each active polygon is displayed. Thus,
one scanline. We use a 1D arf@whose size is equal it should be possible to traverse the APT in back-
to the number of pixels in a scanline. Initialializing to-front order, i.e., in the same orderBs ... , P,.
a scanline simply means setting all valuessed in-  Note that the additional data structures take up
finity. P.FILL is modified so that a pixel is set only O(n) space.
if its depth value is less than the corresponding valu&Ve present two choices for the APT. One option is
in S(in which caseSis also updated). No particu- to maintain it as a balanced binary search tree, or-
lar order between the polygons is required here, budered by the polygon@dexin the above-mentioned
a rough front-to-back order could be more efficientoack-to-front orderPs, ... , P,. Inorder traversal of
since fewer pixels would have to be set. the tree provides the required back-to-front order,
If the scene contains many small polygons, we caand each insertion or deletion takes ti@¢logm),
improve the algorithm’s efficiency by only working wherem is the number of elements in the APT.
at each scanline with the polygons intersected by thAlternately, the active polygons can be maintained
scanline. We create a polygon table (PT), with a lises a doubly linked list, in the same order as the
for every scanline. Every polygoR is added to the large list. When a new polygo®, has to be in-
list at line ceiling(P.Y[P.CR[1]]) — this is the first serted into the APT, the (large) back-to-front list
scanline at which the polygon becomes active (thés followed from P,’s position until another active
list is not ordered, and each polygon is added to jugbolygon P; is met. P, is then inserted into the APT
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before P;. If there is no active polygon afteP;,
then P, is added at the end of the APT. Other de-
tails of implementation are straightforward. The
time to search for a new element’s position in the
APT takesO(n/m) time on average, whemis the 2.
number of polygons and is the average size of
the APT.

As mentioned, the display of BSP trees can be sped
up considerably by processing thenfiiont-to-back 3.
order relative to the viewpoint. However, this re-
quires a data structure that maintains a linked list for
every scanline which is a run-length encoding of the
pixels that have not been set (see Gordon and Chen
1991 for details). By applying the scanline princi-
ple to this algorithm we obtain scanline order and
save considerable space since only one list is held.
in memory at any given time (instead of all the lists

need a much larger buffer than even the regular
one, or we need to use an accumulation buffer
which adds several subpixel translations of the
viewing matrix together.

Transmission of an imagé&.he scanline mode
enables the transmission of the final image one
scanline at a time over any kind of channel with-
out the need to maintain a fullimage in memory.
Image compressioMost image compression al-
gorithms require only a few scanlines at a time in
memory, for example, run-length encoding, GIF
(based on Lempel-Ziv compression), and JPEG
(requires eight scanlines at a time). Generating
the image in scanline mode is therefore ideal for
this purpose.

Web-based applicationg.he scanline mode is
ideal for graphics over the internet. Besides the

for all the scanlines). The following details should be
added to the general technique:

small memory requirement, it provides a low-
latency input into an image-compression algo-
rithm, from which the compressed image can then

e Create a list of the polygons in front-to-back o tn hemitted efficiently over narrow bandwidth

order.

e Initializing a scanline requires the setting of the5 Era]\?;ene;(')tters These may have as many as
unset pixel list to empty (only one list is required 10° x 10° pixels.

for the current scanline).

e P.FILL is modified to operate as in the original
front-to-back algorithm: a merge-type operation
is performed betweeR.AET and the list of un-
set pixels; this operation fills the visible partshf
and updates the list.

e An APT, as described above, can also be used.

5.2 Scanline A-buffer and transparency

The A-buffer (Carpenter 1984) is an antialiasing
technique that extends the Z-buffer by adding a bit-
mask to every pixel. The S-buffer can be extended
in the same way, but in this case the bit-masks are
added only to the pixels of one scanline. Other than
that, the scanline A-buffer would work in the same

This section describes some applications of the scalfiy as the original full-size A-buffer. Note that the

line mode in general, as well as various extensions (ﬁit-masks are initialized to zero at each new scanline.
the S-buffer ' n (Carpenter 1984), Carpenter also proposed hand-

ling transparent objects by using a sorted list of
semi-transparent surface fragments for each pixel.
However, the memory requirements for this could
be extensive. Fournier and Fussell (Fournier and
1. Antialiasing by supersampling and averagiBy. Fussell 1988) show how a two-pass frame buffer
generating a few (2 3) lines of a supersampled can render total transparencies. (See also (Foley
image, we can do an averaging operation teet al. 1990, Sect. 16.5).) However, these meth-
a obtain an antialiased image one scanline atds do not operate in scanline mode, and some of
a time. The memory required by a scanline althem require the polygons to be given in a certain
gorithm is proportional to one scanline of theorder.
supersampled image. Clearly, at any given timeJransparency is solved easily by extending the S-
only a few lines of the supersampled image needbuffer in a manner similar to Carpenter's sugges-
to be kept in memory. Note that in order to get sution (Carpenter 1984), but carried out in scanline
persampling with an ordinary Z-buffer, we eithermode. For every pixel in the current scanline, we

5 Extensions and applications

5.1 Applications of the scanline mode
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keep a linked list of all the polygons that are transparA related situation occurs when several users wish
ent and not blocked by an opaque polygon. The lagb view the same scene, but they may have screens
elementin the list is the closest opaque polygon. Thef different resolutions. A simple solution is for
list is ordered by increasingvalues. Updating the the server to generate the scene at the highest re-
listis done in an obvious manner and we omit detailsquired resolution and do a separate averaging oper-
The S-buffer is initialized by putting a “background” ation for each of the different resolutions (similarly
element on the list with the properties “opaque” ando antialiasing). Alternatively, if a user has a device
z-valuecc. with some processing power, the averaging operation

can be done locally. Resampling at different resolu-

tions is a common technique, but the scanline prin-

ciple allows us to do it in scanline mode with a low
h?verhead.

5.3 Shadow polygons

Clearly, the S-buffer can be used to generate lig
buffers which are used for rendering shadows (Foley rtual reali
et al. 1990, Sect. 16.4). Another approach to han2-2 Virtual reality

dling shadows (Appel 1968; Bouknight and Kelly The S-buffer can be very useful in a multi-user in-

1970) is to create shadow polygons. For every poly; : . . .
gon P, we create a list of all its shadow polygonsteractlve virtual reality environment. Assume that

. veral rs wish hare th me virtual envi-
— these are polygons in the same planePasb- several users wish to share the same virtual e

tained as shadows of other polygons in the scerfi B BSPCT ICT EIEEy SRR SR
(provided they are likely to intersedP). These '

_situation is best handled by a single server which
shadow polygons can be processed together W'tPnaintains the modifiable database and the virtual po-

the regular polygons in scanline order. The S-buffer_... . .
tions of the users in the environment. The S-buffer
can be extended to handle the shadow polygons b?gorithm is suitable for this situation. All the poly-

considering all the shadow polygons of a polygon ons’ vertices are common data for all the users,

gdé%%eg}eg,swgﬂaz(fx ;%?;;6¢]‘5Twﬁévn n:glnuddeerisn g and for each separate user the server needs to hold

P, we know for every pixel exactly which shadow the sorted lists of critical points (which may depend

. L on the viewpoint), and maintain one S-buffer and
polygons cover the pixel (by maintaining the usual ) .
in/out bit vector for every polygon). With this in- AET's for the observable polygons. Each user will

formation, the pixel can be rendered correctly. NOterr:]aa\t/iﬁtgignfcroerrﬁ?ézfgvtgﬁg%’rnki:tjﬂ;g:)%isng?egeo?‘?rfg
that sorting is now necessary in POLINE since

, . scene’s vertices; instead, the user’s matrix can be ap-
some of P’s shadow polygons may interseBt or plied to each vertex of the common data whenever
each other. :

required.
For certain applications, it may be possible to pre-
5.4 Server environment compute the critical points of some of the poly-

gons and use them for all users. Consider a virtual
Assume that the user is visualizing a scene omuseum in which the user is restricted so that he
a remote screen that obtains its image from a servertannot tilt his head. Then for some of the vertical
In such a situation, one would want to minimize thepolygons, the critical points will always belong to
memory requirements from the server, so a softwarsome restricted set. For example, for walls and pic-
Z-buffer is undesirable. A hardware Z-buffer, if ture frames, the critical points will always be along
available on the server, could be used, but there coulithe bottom edge. Due to changing perspectives, the
be competing demands for it from other clients, aschoice of which points to use from the restricted set
suming they are all viewing unrelated scenes. Ass view-dependent, so it has to be determined at run
mentioned above, the scanline mode is another destime.
able property, so the S-buffer is particularly suitableNe should note also that BSP trees are widely used
for this situation. Recent practice with graphics oveffor certain virtual reality applications. The scanline
the internet calls for more reliance on software techrendering of BSP trees enables the servers to gen-
niques (e.g., by using Java applets) and less use efate, compress, and transmit images with a low
hardware-based features. overhead.
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5.6 Parallel rendering try “prohibitive” indicates that while the possibility
exists, it is only at a great expense in terms of space
The S-buffer is suitable for an image-driven paral-Oor time (see Sects. 2.1, 5.1, and 5.2). Note that with
lel processing environment, where each processor fg¢gard to object types, the standard scanline method
responsible for a span of consecutive scanlines. Ddas been extended to quadrics by Pavlidis (Pavlidis
termining the critical points of all the polygons is 1985). The S-buffer can probably be extended in
clearly parallelizable, since each polygon is handled@ similar manner, though we have not pursued this
separately. At the sweep stage, each processor hapessibility. With regard to hardware implementation,
dles only those polygons that intersect its span ofcan is not the hardware-oriented Watkins algorithm
scanlines. The processor sets the variahl&sand mentionedin Sect. 2.1.
HS (see Appendix A) to the limits of its span, and
then executes the S-buffer algorithm. 6.2 Time and space comparisons

In this Section we present the results of time and
6 Evaluation of the S-buffer space comparisons between the various algorithms.
The analysis is straightforward, and the analysis of
There are various ways to compare different algoCP can be found in (Gordon et al. 1994). For the
rithms. Qualitative comparisons are concerned wit-buffer, we assume that CP is used for scan conver-
the different properties (e.g., scanline mode). Quansion. We use the following notations:
titative comparisons are concerned with time and® — polygoni
space comparisons — both theoretical and actual ruryy = number of polygons
times. We compare the following three methodsi; — number of vertices of polygdn
regular Z-buffer, scanline S-buffer, and the stanp = Y"P | n; = total number of vertices
dard scanline coherence algorithm (Foley et al.¢; — number of critical points oP,
Sect. 15.6), which we refer to as Scan. We alsg =Y _P , ¢ =total number of critical points
made run-time comparisons between the S-buffep, — area (number of pixels) covered By
and state-of-the-art tools on typical workstations. A  — area covered by all polygons (every pixel
counted just once)
6.1 Qualitative comparisons r = horizontal (and vertical) resolution (number of
pixels in scanline)

Table 1 summarizes the qualitative differences be-S = total time to sort all edges in Scan

tween the Z-buffer, the S-buffer, and Scan. PositivGable 2 summarizes the time and space require-
entries in the table are emphasized by italics. The emments of the three algorithms. As can be seen, the

time differences between the depth methods and
Table 1. Qualitative differences between the Z-buffer, S-buffer, the Scan algorithm depend on many factors, and
and Scan there are situations where depth methods are faster
and some where Scan is faster. For a detailed study

Property Z-buffer _ S-buffer _ Scan of the actual differences in run-time between the
Depth buffer Large Small None Z-buffer and Scan, see (Slater et al. 1992). Note,
Scanline mode No Yes Yes however, that theirimplementation of the scanline al-
Intersecting objectsYes Yes Prohibitive gorithm uses the standard scan conversion, whereas
No edge sorting  Yes Yes No
Supersampling Prohibitive Yes Yes Table 2. Time and space requirements of the Z-buffer, S-buffer,
Transparency Prohibitive Yes Yes and Scan
Online mode Yes No No

Z-buffer ~ S-buffer Scan
Hardware
implementation  Yes Possible No Space requirement 6(n+r2)  6(n+r) 6(n)
Object types All Polygons Polygons and

(extensions?) extensions Time requirement  6(n+ Zip:l(ci2 +A)) 6n+cE+A+S
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the time of6(n+c®>+ A+ S assumes the use of on two different machines: a low-end Indy work-
CP. As noted earlier, all occurrencesadfcould be  station with32 MB memory and 4600PC processor
replaced byclogc, but this would be impractical running at100 Mhz (without a hardware Z-buffer),
for most applications, since the inherent overheadnd an Indigo2 High-Impact witb4 MB memory,

of the more complex data structures (particularlyhardware Z-buffer, and R4400 processor running
for small c) would increase the actual executionat250 Mhz

times. Experiments were run on three different types of
polygons: convex, non-convex with few-15) criti-
6.3 Implementation and run-time results cal points, and non-convex with many critical points

(c=n/2 — the worst possible case for CP). Each
From a user’s point of view, if the qualitative differ- data set contained 1000 polygons, with the number
ences between the various algorithms are not impopf vertices () varying from 100 to 1000. Such alarge
tant, it makes sense to compare the S-buffer (or angumber of vertices appear in applications where the
other algorithm) with the standard tools available orpolygons are approximations to smooth contours,
his workstation. With this in mind, we implemented obtained, for example, by CAD outputs of curved
the S-buffer on Silicon Graphics workstations andcontours or by freehand drawings.
compared it with the OpenGL routines for hiddenWe refer to the OpenGL implementation on Silicon
surface removal, using the GLU library tools for the Graphics workstations as SGI. The run-times of the
non-convex polygons. The methods were comparetivo methods are presented in Table 3 and Table 4

Table 3. S-buffer and SGI run-times (in seconds) for 1000 polygons (Indy)

No. of Convex Non-convex Non-convex
vertices polygons witle = 1-5 withc=n/2
S-buffer SGlI S-buffer SGI S-buffer SGI
100 1655 1634 1737 1517 7398 4Q75
200 1703 2747 1817 2661 13377 6815
300 1790 3617 1811 3754 18291 8474
400 1843 4590 1868 4835 26624 10917
500 1877 5276 1937 5771 33997 12629
600 1801 5905 1946 6957 41495 15672
700 1843 6623 1924 7783 54943 17641
800 1906 7383 2018 8924 65513 20886
900 1877 8116 1968 9401 78577 22491
1000 2058 8903 2034 10821 91432 24329

Table 4. S-buffer and SGI run-times (in seconds) for 1000 polygons (Indigo2)

No. of Convex Non-convex Non-convex
vertices polygons witle=1-5 withc=n/2
S-buffer SGI S-buffer SGI S-buffer SGl
100 462 058 506 592 2525 7.95
200 510 099 570 1171 5097 17.89
300 538 136 571 1872 7593 2999
400 603 177 597 2385 11747 4455
500 595 215 629 2982 15555 8289
600 565 248 624 3670 19049 7860
700 587 287 640 4219 23924 10515
800 629 325 664 4829 28488 12987
900 604 364 658 5445 32289 15027
1000 646 404 659 6118 36302 19681
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Table 5. Run-time ratios of the S-buffer over SGI standard methodS@) forn = 100-1000

Convex Non-convex Non-convex

polygons withc=1-5 withc=n/2
Indy 101-0.23 114-0.18 181-3.75
Indigo2 810-1.59 085-0.10 317-184

for the Indy and the Indigo2, respectively. The re-7 Conclusions

sults are summarized in Table 5, which shows the

ratios of the S-buffer run-times over the SGI run-We have presented a simple method for the effi-
times (denoted B5GI). The left value in each col- cient conversion of any hidden surface algorithm
umn is §SGI for n =100, and the right value is into scanline mode, provided the algorithm is based
for n = 1000. As expected, in some cases the Sen polygon scan conversion. Scanline mode is
buffer did worse than SGI and in some cases ia property with many useful applications, such
did better, even on the Indigo2 with the hardwareas supersampling and averaging with a low over-
Z-buffer. head and remote visualization over the web, since
Sincec=n/2 is the worst case for CP, the third it enables the efficient generation, compression,
column provides an upper limit on the performanceand transmission of rendered images. The scanline
of the S-buffer relative to SGI. For convex poly- principle is based on the “critical points” method
gons, the S-buffer fares better than SGI on the Indyf polygon scan conversion, and therefore pro-
but worse than SGI on the Indigo2. This is dueduces more efficient scanline algorithms than those
to the hardware Z-buffer of the Indigo2. For non-that would be obtained by using the standard scan
convex polygons, however, the SGI methods firstonversion.

triangulate the polygons using the auxiliary libraryWhen applied to the Z-buffer algorithm, the scan-
routines of the GLU. This computational step, forline principle converts it into the S-buffer, which has
non-convex polygons with few critical points, re- the robustness of the Z-buffer but not its memory
sults in a better performance of the S-buffer overequirement. This property makes it extremely at-
the SGI. As can be seen from Table 3 and Table 4active in situations where space is at a premium.
there is only a negligble difference between the SExtensions of the S-buffer include efficient render-
buffer’s performance on convex and on non-convexng of transparent objects, and using the A-buffer in
polygons with few critical points. However, the a scanline mode. Furthermore, since the algorithm is
SGI methods perform better in the S-buffer’'s worstbased on critical-points scan conversion, it performs
case¢=n/2). particularly well on polygons with many vertices
Generally, the results indicate that the S-buffer per{but without too many critical points), even outdo-
forms best whem is large, and can even beat theing expensive hardware. Such an application occurs
expensive hardware. Large valuesricare typically when the polygons are approximations to smooth
obtained when the polygon is an approximation taccontours. Other extensions include parallel render-
a smooth contoum increases with the accuracy of ing — a useful property as multi-processor worksta-
the approximation, but the number of critical pointstions become commonplace. The S-buffer is also
remains fixed, since they depend only on the smootbuitable for interactive multiple-user virtual reality
contour. It can also be seen from Table 3 and Taenvironments due to the low memory overhead per
ble 4 that the run-times of the S-buffer increase veryser.

slowly with n when the number of critical points is Another important application of the scanline princi-
small. ple is the conversion of list-priority algorithms, such
In practice, the scanline principle has proved to bas the display of BSP trees, into scanline mode, in
simple and robust. The S-buffer was implemented ireither the usual back-to-front order, or the more ef-
an undergraduate first course on graphics, and tHeient front-to-back order. This application is useful
scanline display of BSP trees was used for supersamten BSP trees are used for scene representation, as
pling and antialiasing in undergraduate projects.  in virtual walkthroughs and similar setups.
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Procedure DETCR
/**************
CAND is a boolean flag that indicates whether the current vertex
is a candidate for a critical point. CAND is set True whenevery
decreases but is unchanged when the y-values are equal. Whenever
y increases and CAND is True, we have a critical point.
*/
{ CAND = False; set CR to empty;

for(i=0ton-1)

{if (Y[i] > Y[i+1] ) CAND = True; /* i+1 is a candidate */
else if ( Y[i] < Y[i+1] and CAND ) /*iis a critical pt. */
{addito CR; CAND = False; }

if (CAND = True) /* vertex with index 0 is a candidate */
for(i=0ton-2)
if (Y[i] > Y[i+1] ) break; /* no crit. pt. - exit from loop */
elseif ( Y[i] < Y[i+1]) /*iis a crit. pt. */
{addito CR; break; }
Sort CR by increasing values of y;
}/*end of DETCR */

Procedure MOVEUP(J, DI, XX, SL)
/
J is the current index from which to start the search. J will (possibly)
change to become the index of the highest vertex with y <= H .y=His
assumed to be the globally known current scanline. If the polygon section
turns down before reaching H, Jis setto -1. DI = +1 or -1 and indicates
the direction of advance on the polygon arrays X and Y. XX and SL are re-
spectively the x-coordinate of the intersection with y = H and the inverse
slope of EDGE[J, J+DI]. SL is used to compute the intersection efficiently
by adding SL to XX, but if the edge changes, or if this is the first call to
MOVEUP with a new monotonic section (in which case SL is initially set to 0),
then XX and SL are computed in the usual manner. MOVEUP assumes Y[J] <= H.
*/
{JOLD = J; /* save original index */
J1=J+DI/* index of nextvertex in direction DI */
while (Y[J1]<=H)
{if (Y[J1] < Y[J]) /* polygon section turns down */
{J=-1; return;}
else{J=J1;J1=J+Dl;}/* moveup */
/* note that MOVEUP continues along horizontal edges until the polygon
section either rises and meets y=H, or turns down. Any changes in
the inequalities in the code will produce unexpected results.

*/
} /* end of while reached - intersection found; compute new
intersection and (possibly) new slope */
if(SL=0orJ!= JOLD ) /* new vertex */
{SL = (X[3+DI] - X[3]) / (Y[3+DI] - Y[J]); /* new slope */
XX = X[J] + SL*(H - Y[J]); /* new intersection */

else XX = XX + SL; /* same edge - calculate XX more efficiently */
return;
} /* end of MOVEUP */
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Procedure POLINE
/***************
y = H is the globally-known current scanline. POLINE updates the AET
to "meet" the current scanline and calls FILL to fill the pixels.
Variable ic is initialized in the main program and updated in POLINE.
*/
{/* update or delete current elements on the AET: */
for(each element K on the AET)
{ MOVEUP(K.IND, K.DIR, K.XC, K.SLP);
if (K.IND =-1) DELETE(K);

}
* if there are intersecting edges, sort AET here */
/* add new elements to AET from the critical points: */
while (ic <= c and Y[CR][ic]] <=H)
{ /* follow both directions from the crit. pt.: */
for(Dl = -1 to DI = +1 step 2)
{J =CRic]; SL =0.0;
MOVEUP(J, DI, XX, SL);
if (J>-1) INSERT(J, DI, XX, SL);

ic = ic + 1; /* advance to next crit. pt. */

}
FILL; /*fill in pixels between alternate pairs of AET elements
} /* end of POLINE */

Procedure S-buffer
/*****************
PT is an array of lists (of polygons) whose size is equal
to the number of scanlines. APT is a list of polygons.
*/
{/* initialization stage: */
LS = y-value of lowest scanline in viewport;
HS = y-value of highest scanline in viewport;
[* initialize PT: */
for (line = LS to HS)) initialize PT[line] to empty;
for(every polygon P in PSET)
{ P.DETCR,; /* determine P’s crit. pts. */
if (P.c =0) continue;
[*if P is degenerate, eliminate it from further consideration */
line = ceiling( P.Y[P.CR[1]] );
if (line > HS ) continue; /* P is above viewport, ignore it */
if (line <LS)
if ( P is completely below LS ) continue;
/* P is below viewport, ignore it */
else line = LS;
add P to PT[line];
P.AET = empty;
P.ic = 1; /* index of P’s first crit. pt. */

/* if the polygons are expected to occupy just a restricted
number of scanlines, LS and HS can be modified according
to the lowest and highest y-values of the polygons.

*/

[* sweep stage: */

forf(H=LSto HS)

{ /* outer loop on the scanlines */
initialize S (the scanline S-buffer) to infinity;
set all pixels in scanline to background color;
add PT[H] to APT; /* add new active polygons */
for(every P in APT)
{/* inner loop on the polygons */
P.POLINE;
if (P.AET is empty ) remove P from APT,;
} /* end of polygon loop */
} /* end of scanline loop */
} /* end of S-buffer */
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Appendix A.

detailed algorithms

Note that all index calculations are carried out mod-

ulo n, wheren is the number of vertices of the
polygon.

20.

References

10.

11.

12.

13.

21.

Appel A (1968) Some techniques for shading machine ren
derings of solids. In: Proceedings of the Spring Joint Com-

puter Conference, Annual Conference. Thompson Book)q

Co., Washington, DC, pp 37-45

Bouknight WJ, Kelly KC (1970) An algorithm for produc- o
ing half-tone computer graphics presentations with shadows
and movable light sources. In: Proceedings of the Spring
Joint Computer Conference, AFIPS Press, Montvale, NJ,

pp1-10 25. Watkins GS (1970) A real-time visible surface algorithm.

Carpenter L (1984) The A-buffer, an antialiased hidden
surface method. Comput Graph (Proc. ACM SIGGRAPH
Conf.) 18:103-108

Crocker GA (1984) Invisibility coherence for faster scan-
line hidden surface algorithms. Comput Graph (Proc. ACM
SIGGRAPH Conf.) 18:95-102

Foley JD, van Dam A, Feiner SK, Hughes J (1990) Com-
puter graphics: principles and practice. Addison-Wesley,
Reading, Mass.,™ edition

Fournier A, Fussell D (1988) On the power of the frame
buffer. ACM Trans Graph 7:103—-128

Fournier A, Montuno DY (1984) Triangulating simple
polygons and equivalent problems. ACM Trans Graph
3:153-174

Fuchs H, Kedem ZM, Naylor BF (1980) On visible surface
determination by a priori tree structures. Comput Graph
(Proc. ACM SIGGRAPH Conf.) 14:124-133

G Hamlin Jr, Gear CW (1977) Raster-scan hidden surface
algorithm techniques. Comput Graph (Proc. ACM SIG-
GRAPH Conf.) 11:206-213

Gordon D (1983a) The critical points method in computa-
tional geometry. Technical report, Department of Computer
Studies, University of Haifa, Haifa, Israel

Gordon D (1983b) Scan conversion based on a concept of
critical points. Technical Report CSD83-1, Department of
Computer Studies, University of Haifa, Haifa, Israel

Gordon D, Chen S (1991) Front-to-back display of BSP
trees. IEEE Comput Graph Appl 11:79-85

Gordon D, Peterson MA, Reynolds RA (1994) Fast polygon
scan conversion with medical applications. IEEE Comput
Graph Appl 14:20-27

17.

19.

Hertel S, Mehlhorn K (1985) Fast triangulation of the plane
with respect to simple polygons. Information and Control
64:52-76

. Hill S (1995) The lazy z-buffer. Information Processing Lett

55:65-70

. Myers AJ (1975) An efficient visible surface program (re-

port to the National Science Foundation). Technical Report
DCR 74-00768 A01, Computer Graphics Research Group,
Ohio State University, Columbus, Ohio

Newell ME, Newell RG, Sancha TL (1972) A solution
to the hidden surface problem. In: ACM National Confer-
ence Proceedings, Annual Conference. ACM, New York,
pp 236—243

18. Newman WM, Sproull RF (1973) Principles of Interactive

Computer Graphics (1st edn). McGraw-Hill, New York
Newman WM, Sproull RF (1979) Principles of Interactive
Computer Graphics (2nd edn). McGraw-Hill, New York
Pavlidis T (1985) Scan conversion of regions bounded by
parabolic splines. IEEE Comput Graph Appl 5:47-53
Rogers DF (1985) Procedural Elements for Computer
Graphics. McGraw-Hill, New York

22. Sechrest S, Greenberg DP (1982) A visible polygon recon-

struction algorithm. ACM Trans Graph 1:25-42

. Sequin CH, Wensley P (1985) Visible feature return at ob-

ject resolution. IEEE Comput Graph Appl 5:37-50

4. Slater M, Drake K, Davison A, Kordakis E, Billyard A,

Miranda E (1992) A statistical comparison of two hidden
surface techniques: the scan-line and Z-buffer algorithms.
Comput Graph Forum 11:131-138

PhD thesis, Technical Report UTEC-CSc-70-101, NTIS

AD-762 004, Computer Science Department, University of
Utah, Salt Lake City, Utah

263



opment within the image processing group of the multimedia

department.

264

ELLA BARKAN received
B.A. and M.A. degrees in Math-
ematics with Computer Science
from the University of Haifa in
1994 and 1998, respectively. Her
research and professional inter-
ests include computer graph-
ics, computer vision, and im-

age processing. Since 1997, she _Z.-"- {3
has been a research staff mem- |

ber of the IBM Haifa Research
Laboratory, which is affiliated
with the IBM Research Divi-
sion. Currently, she is engaged
in advanced research and devel-

DAN GORDONreceived B.Sc.
and M.Sc. degrees in mathemat-
ics from the Hebrew University
of Jerusalem, and the D.Sc. de-
gree in mathematics from the
Technion — Israel Institute of
Technology. He is a senior lec-
turer of computer science at the
University of Haifa, currently
on sabbatical at the Technion.
His research interests include
computer graphics, as well as
parallel techniques in medical
image reconstruction and recon-
figurable processor arrays. Dan
Gordon is a member of the ACM
and ACM-SIGGRAPH.



