v Hlerarchlcal Graphics Databases in Sort-Flrst coe

ABSTRACT o - - R
Sort-first architectures for parallel rendering use the natural
frame-to-frame coherence of primitives on the screen to.increase
performance by grouping primitives that are close together on the
screen onto the same processor. This technique reduces processor-
to-processor communications overhead. As-primitives move on
the screen, they may also be moved to other processors. This
migration poses many problems for the edttmg and traversa.l 0r
hierarchical graphics databases ( tnuu s) such as PHIGS.

"In this paper we describe the major problems associated with
implementing an HGD on a sort-first system. We discuss_the
basics of HGD’s and how they extend to parallel graphics
systems., We show why bookkeeping for HGD’s is a more

comnlex issue for sort-first than for other Pam"nl architectures.
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We then examine two possible solition branches for this issue and
delve into the design choices and rmplementatxon issues that arise
with either method. The methods differ in the amount of
bookkeepmg that they do versus the ‘amount of primitive cull-
testing that must be performed.
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1. INTRODUCTION .
The hierarchical graphics database (HGD) is a powerful tool for
easily expressing and manipulating comnlex three-dimensional
models [6] It is no surprise that HGD 1mp1ementattons are
available for all of today s real-time graphrcs supercomputers [7
14, 13]. WC I()Cub lIl l-[llb pdpﬂl" on l.[lC IIIIPICIIIUHW.UUH OI ﬂUU S
on highly parallel graphics systems, and in particular, on the class
of architectures known as “sort-first” [9, 11, 3, 12].

We take a moment to note that the HGD is a type of retained-

mode graphics-pipeline API (application-program interface). -

Immediate.made APIg such ac QnenGL are a pnnnlm' alternative
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way of presenting geometry to the graphics plpe, but we note that
each type of API has its uses, and in this paper we focus entrrely

on the retained HUU ) -
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As a matter of mtroductron and also of deﬁmtton of terms, let‘ds
consider the ‘elements of a- basic, generic- -hierarchical graphics
database. Such a database consrsts of one or more structures A
-stricture can contam' R

'+ primitives \mdngu:b, pmygons, rmes, eic.) ).
ssurface parameters or attributes (colors, texture to use, etc.)
etransformation matrices =~
* executes of other structures (cyclic executes areniot allowed)

For various reasons (which may -become evident later),- a
system can deal with structures more easily when the different
kinds of structure content are kept segregated (rather than freely
interspersed). This does. not decrease the generahtv of the
-database.

We define the following operatrons on structures:

. create anew structure, add to'it, close it

sdelete a structure

*posta ctmrtnre (add it to the <m=m=\

A-unpost a structure (remove it from the scene)

~change an element in a structure to a similar element
(l €., cna.nge a mal:ux, COIOI’, CXCCU[C, e[C )

]

Finally, a scene consists of .

_ea viewing matrix (plus other vrewmg parameters)
"edefault surface parameters

+ the list of nosted structures ’

Drawmg the scene then consists of traversmg the posted
structures. The scene can in fact be viewed as a single main, Toot
structure. to which you can only ‘add or remove execute calls. In
this paper, we will use the term “instance” to refer to an instance
of a structure that is being PYP(‘I“’Pd whether due to the ctmrhm:

being posted or due to an execute call by some parent s st.ructure.
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. ~The implementation of an HGD on a uniprocessor system is
. straightforward. However, due to the computational requirements
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of real-time. rendering, today’s high-performance graphics
systems must Be hmhly narallel ‘systems Such systems use

parallehsm for both the transformauon and rastenzatton stages of
the’ graphics pxpelme [6]. There are varjous ways of dtvrdmg the
aren’ctérmg task among the various processors and recombining of
the various processor outputs into a finished scene. According to
[11], the possibilities-fall into the categoties “sort-first”, “sort-
middle”, and “sort-last” (SF, SM; and SL for short).

Both sort-middle and sort-last start with a fixed distribution of
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transformed by several transformation processors and then routed
to several rasterization processors, each assigned to different

. portions of the screen [7, 5]. In sort-last, the transformation and

rasterization processors are paired together such that full-screen
images are produced by each node. -The individual images are
_composrted together in a final sorting step [9, 10].

-~ Sort-first also pau‘s together transformation and rasterization
pl'OCCSbOl'b, Dlll Cd(,[l HUGC lb dSSigﬁﬁO a pr‘uCI‘l UI the screen. 1[
‘relies upon an early screeri-space sort to route primitives to the
correct nodes. Unlike sort-middle and sort-last, the database

distribution is not fixed; the primitives are constantly migrating.



This property takes advarita’gemf frame-to-frame coherence; T}
reducing communication bandwidth requirements for sort—first

However, it is also what makes lmplemcntmg HGD’s on sort- first
particularly difficult.

Sort-first has various issues which affect database design
choices, One issue is that SF rendering is ideally"done ;with at
least two passes over the database: a sorting pass followed by a
-rendering . pass.,; :Another. major; SE: issue . is; load:balancing.
Adaptive screen-space. partitioning_is-a -good load:balancing
solution_for SF,-but it-requires estimating the.primitive work
distribution over the screen [12]. Another initial,pass -over the
database can be added for this purpose. A final SF issue to keep
in mind is the method of dealing with off-scteen prrmmves The
chosen bookkeepmg method should not allow such pnmruves to
accumulate very. unevenly among the graphrcs processors '

2 HGD'S IN SORT—MIDDLE AND SORT-LAST
. ! Sy P I «~.L"s.. )

Wrth erther sort-mrddle or sort-last, the:strategies for dealing’ wrth
HGD's are similar [4, 9].. We.describe:these:first since the basic
ideas apply to all distributed database systems. In later sections
we will see how these ideas are extended to work with sortfirst.

The main issue is how to drstrrbute _the database, and the
common solution is as follows: replicate most of the hierarchy
except for the prrmmves, which are distributed. The distribution
scheme attempts to give each processor a sumlar work load. :'

Thus each processor has knowledge of the entire hrerarchy (and
everything that affects the traversal state), but each has only a
subset of the primitives. Tt is desirable for SM and SL to scatter
the primitives across the processors such that-each processor will
likely have a similar number of on-screen primitives to transform.

All of the database opérations are relatively straightforward.
For traversal, each processor simply-traverses the hierarchy and
processes the subset of the primitives which it has. Most of the
other operations are performed by broadcastmg the command to
all ‘of the processors, which change their copies of the database
"approprrately The only exception is when the ‘commard is to
créate or change a given-primitive. In this case, the command
should goto only the relevant processor.

Note that with this kind of strategy, only the work related to'the
primitivés is parallelized, while,all other kinds of operations,are
replicated. Some optimizations are possible to reduce the extra

neu J(

{J zwork. A" common one involves batching primitives together

somewhat then removing redundant state changes and any

-, ~structures that become completely empty on any given processor

[4]. This can be very helpful for applications which either have
frequent state changes or which use a large number of small
structures. On the negative side, it makes keeping track of the
database somewhat more comphcated since all processors will no
slonger "see” the same hierarchy. - . .

t
‘

3/HGD'SINSORT-FIRST ., ... =

3.1 Introductron o j\,,,g‘,s-’,:‘ ,

—In the followmg sectrons, we examme the issues surroundmg the
rmplementatron of HGD’s in sort-first. -First we consider the
(Question of ‘how to distribute the actual database among the
. PIOCESSOIS. , Next we start to consider the issues surrounding
primitive rmgratron We: set up an example to help illustrate the
problems and, solutrons 'We divide the solution space into two
branches and eéxamine how each addresses storage, bnsrc
operauons, traversal and rrugratron of pmmuves.

3. 1.1 Dlstrlbutron Method

Wrth SF we have the choice of usmg either the same "distribute-
by-primitive” method (Fig. 1) as with the other architectures, or
the alternative "dlstnbute-by-structure" method (Fig. 2) [4]. In
_this method, one tries'to chop up and distribute the database along
structure-lmes, thus' grvrng each processor. only a portion of the
‘ovérall hierarchy. Such'a'distribution scheme would appear to
better parallelize the traversal load.

. However, this scheme makes traversal very complrcatcd as a
result of mstancmg (structure executes) This is because the
inherited state (mcludmg the matrix transformation) needed for a
given structure depends upon all of its parent structures, but thosc
structures may not be present where they are needed (as in Fig, 2,
structure C). To eliminate this problem, we can rephcate all such
“state information;-but’ this make the ‘method” very similar to the
drstrrbute-by-prrmrtrve approach. o

Given that the hiefarchy and state information are replicnted
we are left with the choice of how ‘to’ actually distribute the
primitives’ themselves Scattermg the prrmrtrves fi nely usually
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guarantees that they will be evenly distributed -across the
processors. Distributing the puuuuvco in large comsecutive
clusters or groups provides no guarantee of an even distribution
unless one bases the group size on a-priori knowledge about the
database size (somethmg most API’s don’t provide for). Usmg

medium-size groups is perhaps a better choice.
For SM or SL. one should choaose a relativelv fine primitive
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scattering since this is a main factor.in determining the overall
processor load-balance. For SF, the initial primitive distribution
determines the load-balance for the sorting pass ovér the database,
- but not for the overall rendering. Thus a fine scattering is good
- for this purpose, but a coarser scattering has the desirable
characteristic that it may leave some structures empty.” With
empty structures, one has the opportumty to skip over them during
database traversal, improving the parallel efficiency of the system.
Also with SF, the actual primitive data-will tend to cluster
together due to the very nature of the architecture. Whether or not
this provides a window for greater efficiency is determined by
various bookkeepmg declsxons which are discussed in sections
below. .

3.1.2 Primitive Migration Issues

With SF, unlike SM or SL, we must deal with primitive migration.
This means that a processor must end up having the right set of
primitives to render each frame. This set consists of every
primitive which has'an instance appearing in a screen region for
which this processor is responsible. Note that we must manage
both the actual primitive and its instances. To migrate primitives,
we must find efficient solutions for deciding where the primitives
go and dealing with them as they arrive. There are many
efficiency criteria: a given processor should not have to store or
transform many more primitives than those which fall in its
region; the cost of the basic editing and traversal operations
should be kept minimal (they should not take much longer than

SM or SF reauire): Fna"v of conrse, the amount of hookkeening
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information and its management should not weigh too heavﬂy
Given that only primitives (with their intrinsic state) will be
migrating, we can see that it is necessary to keep primitives
distinct from the other types of database contents. However,
depending upon the database semantics, some primitive attributes
may be tied into the primitive’s position in the database, and thus
we must be able to efficiently maintain these ties as primitives

Mineada ok atteihntas maw innlisda tha anrrant anlae e tha
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Iatest transformation matrix. Manipulating the database semantics
to limit such ties is one possible solution (for instance, only allow
a single current color and -matrix per structure), but-another
possibility is to maintain efficient lookup tables for such
information and assign appropriate indices to each primitive. -

3.1.3 Database Repres:entation Issues

In order to illustrate various problems associated with database
rcprcsentauon and traversal, we set up an example database
scenario:
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Structure A Structure B C (cont’d.
xform 1 - xform . priniitive e
execute B . color R primitive f
xform 2 execute C primitive g
execute B primitive h
xform 3 . - priitive i
execute R - Stmintura (O nrimifiva ¥
xecute B Structure C primitive j
xform 4 primitive a . primitive k.
execute B primitive b primitive 1
primitive ¢ primitive m
primitive n
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Figure 4. Example database scene
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Structure A is posted. The hierarchical structure of the scene can
be viewed two ways: :
A A
i 2 3 4 2 3

1 4
% % % é
Figure 6. Maximal view

Flgure 5. Minimal view

Fxgure 5 shows a minimal view of the database by presenting it
as a d:rected-arw-lm aranh This oranh is derived {hrertlv from

Figure 3, with each structure shown as a node and each execute

- shown.as an arrow. It contains the minimal information we need
“to traverse the database. Figure 6 shows a maximal view of the

database by presenting it as a tree. This time each execute points
to a separate instance of each structure. This view gives us a
clearer picture -of how much work this database’ requlres to
actually render.
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shown in Figure 4. The screen regions are the quadrants in
Roman numerals, while the given instances of C's primitives are
numbered in Arabic.

" For this scenario, we notice that the processors for regions I and
I must receive -the entire set of primitives, while those for

ti1al randarine af thic coana annaare ae
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~regions IT and IV-only need to deal with a subset. The problem

we face is to determine for each branch of Figure 6 whlch set of
primitives must be rendered by each processor.

We attack this problem by considering two main solution
methods. The methods are based upon which view of ‘the

hlerarchy is stored and managed



1. The minimal set (“fin-set”):containingsonly.:defined

instances,of primitives (as in Fig. 5). i rm:»:

2. The maxrmal set (“max-set”) contamr‘n "all“of the

mstances $'of all primitives (Fig: 6). . 5‘) TR
... ! - r ik N

Each method l}as an interesting set of advantages and
drsadvantages. g o dnoeg? Ry

3.2 Common., Issues and §glutions . 717"
Before we go 1nto a drscussron of erther method, we take a
moment to éXamine some moreé ‘issues that are common to both
methods. el ey o R

With either method there is the question of what granulanty to
use for database migration’ and "bookkeeping. - That is, should
bookkeeping be done for every individual pnmm\{e or should it
only be dorie at the whole struc}ure level" We. propose a solution
that is somewhere in, -between,- .and’ thrs is accomplrshed by
clustenng pnmmves into. groups of chunks of a glven maximum
size. The bookkeeprng costs-(both- computauon and storage)
would therefore be amortized 'over the prlmrtlves in the chunk,
this being; at the expense of«havmg ‘Some pmmtlves be
unnecessarily sent or transformed.» Finding the chunk size which
balances these factors i is somethmg we wrll have to look into,

though. An addmonal benefit of t of having fixed-sme chunks is that it .

facilitates efﬁc1ent memory management. R
As we mentioned earlier, SF typrcally performs more than one
+pass over the database. . Also; when .a, processor, receives
, primitives from other processors, it. must be able to efficrently
store these pnmmves into their correct places in the database
Both of these factors suggest that one should build and store
information-from the first pass over the database-to-facilitate
subsequent database operations. Such information includes: +
* Combined-transformation matrices. -Normally, these are
discarded dunng single-pass traversal. In SF, primitives arriving
from other processors will need to be transformed, and thus all the
combined matrices ‘must be kept around in such a-way that they
canbe qurckly found-and used.
oA linear index -table of all the structures, wrth structure
numbers that are consistent across the processors. Such a table
facilitates the ‘storing of arriving primitives in the correct places.
Since all processors have a copy of the hierarchy skeleton, the
“'synchronized table’is easy to build. :
-~ v« Information about which pnmrtrve chunks actually need tobe
.rendered on this processor. While this is pretty obvious, what is
«less obvious is.that such information corresponds to a local max-
- set view of the database. - Thus:even-if only thé min-set.is.being
. kept around from frame to frame;.one must build a certain amotint
.of the max-set for use during a given frame.- -~ 25 4
- If one. also builds a linear table of all max-set:striictures,:the
database is essentially “flattened out,” and any:subsequent
traversal passes cah be performed very easrly oo b
3 3 The Mm-Set Method B
. ) THIT
: Keeping track of only the minimal set of database mformatron’has
- a number of advantages. Since this is the same procedure used by
.SM and SL, it means that both the storage space:required and the
-cost of basic operations will be-similar among_SF, SM,_ or -SL.
However, this method has-a significant drawback: for a‘given
-traversed instance of a structure, a- processor does not know which
primitives (if any) it must render. , ~ ¢ Lowat
Let us examine the traversal problem by consrdermglFlgure 4.
We see that instance 1 of structure C falls completely in region I.
Instances 2 and 3 fall partially in this region, while instance 4 falls
completely outside of this region.

« .. The processor for'region:I must have all.of the primitives in C
= because it.will need themifo draw instance 1.. The processor also
i as the:€ntire hierarchy:information and thus it knows about all
<.the:other. instances. :-How. will this processor know that it only
- neéds to render instance. A parts of 2 and 3, and not worry at all

about instance 47 .coizduch L.
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3.3.1:Min-Set' Implementatlon s .
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,In:order-to, efﬁclently decide: whrch instances of a structure each

t processor must render, one'may implement boundmg volumes
_-around-each structure [2].; ‘This allows a given processor to

i quickly;test whether, or not. an instance. of a structure falls.in the
processors region®.(cull-test): - This ‘is-done. by first, checking
rwhether or not-the bounding volume intersects the region and only

actmg on the enclosed primitives if itdoes. .. . * 4. . .

;- ‘This:will help deal with';most: cases. . For this particular
~example,: the processor:for region I-can use this information to
qurckly decide that'it need not worry about instance 4 of structure
C, since it falls completely outside of its region. It still must deal
with instances 2 and 3, however.
There are many different choices for what kind of bounding
volumes to use. These mcludmg spheres, axis-aligned boxes,
-oriented boxes, and multiple slab intersection [1]. These are listed
. in-order-ofincreasing complexity and tightness:of fit, which
together represent the major tradeoff associated with the choice of
- which to use.: Tighter fitting volumes will help to decrease. the
« number of primitives that a given:processor must deal with, and
. théyswill.-also ihelp. to- decrease the ‘amount of primitive
.communication. Howéver, since bounding-volume tests must be
;performed. for every instance’ of every:stritcture for each frame,
- the tests should be:as simple and fast as possible. *
.*1 Given that one. has’bounding volumes around each structure,
zone could ¢onsider building a hierarchy of bounding volumes and
~using - varioits techniques ‘to further speed up the rendering by
_reducing the amount:of traversal [2]. However, this can only be
readily.applied to the max-set, not to the min-set.’

" 'Since ! structures 'can.: hdve arbxtranly large numbers of
upnmrtrves,gt really” is:inecessary: to.be ‘able: to place bounding
volumes around portions of structures: ~As discussed.above, the
; bounding .volumes could be applied to.chunks of priiitives,

Ideally, the primitives in each chunk will be near each other, but
this is difficult to enforce. The groutping of primitives into chunks
can be done in a number ofdifferent ways;+Oné can group the
primitives as they are recéived: ‘‘every.N.primitives within the
.striictire forms a new chunk.. Alternatively, it could'be left up to
the application program to determine the cliunking, or the system
- itself: could implement one: or:'more- of the vanous existing
partitioning algorithms. .." <27 o omae T w g
Aside from boundmg-volume creatron, one must also worry
about the effects of editing on bounding volumes. - If primitives
within a structure are changed the bounding volume may need to
’groworshnnk' S Y ':j' vadnd ol T, o Ty
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3 3.2 Primitive Migration / Communication

‘We now examine the problem of determining how primitives will
be handed off from processor to processor. We will continue to
use the chunk idea from before; thus rather than keeping track of
and sending primitives around individually, a processor would
only worry about managing and sending whole chunks.

There are two solution methods for the problem at hand:

1. Push method: the chunks from the database are assigned
to the various processors, and each processor is
responsible for making certain that its chunks are sent to
the right places.



. 2. Pull method: a processor will, upon seeing that it needs a
given chunk, request that it be sent from some known
ol locanon

Ao

3.3.2.1 Min-Set Push Communication .

Again, each method has advantages and disadvantages. For the
push method, we must decide which processors will be

responsible for which chunks. A processor must make siire that |

the chunks for which it is responsible are located on the correct set
of processors. This bucket-sorting process is done by checking
the bounding volumes for each chunk against the screen
subdivisions. In order to know which processors must be sent a
given chunk, the sending processor must store for each chunk a bit
vector indicating which processors have a copy.- . '

We will use the terminology of calling a processor a “master”
of a given chunk if it is responsible for the distribution of that
chunk, while other processors which have a copy of the chunk
solely for rendering purposes are referred to as “slaves”.

Assuming that the assignment of chunks to masters-is fixed,
there will typically be two copies of the primitives present at all
times: the fixed master set (where the chunks were assigned) and
the dynamic slave set (where the chunks actually appear). If the
assignment of mastership is allowed to be dynamic, this can be
reduced to a single copy. However,-without activé load-
balancing, the actual distribution of this copy may vary widely
from processor to processor. Due to structure instancing, it is not
clear that load-balancing the rendered primitives (the max-set)
does anything to balance the min-set. Fixed mastership solves
this problem since the master distribution can be assigned evenly
while the database is being created. Having a good master load
balance means that the initial SF pass (or two) over the database
will be well balanced among the processors.

There are other issues between fixed and dynamrc mastershlp
The latter provides greater possibility that on a given processor
structures will become empty, giving the opportunity to skip over
such structures during traversal (section-3.5)." But dynamic
mastership exhibits the off-screen primitive problem, where
master primitive chunks accumulate at processors rendering the
screen edges and thus require redrstnbutron Fixed mastershlp
avoids this problem. - -

During traversal, a processor wrll treat “master chunks” and
“slave chunks” differently. For master chunks, the processor must
execute the bucket-sorting algorithm: it determines the set of
regions in which the chunk appears based upon bounding-volume
overlap., The master must then compare this set with the- existing
set of slaves and finally send the chunk to any new slaves.

For the slave chunks, the processor needs only to perform a

simple cull tést to see whether or not the chunk appears in its
region  and proceeds accordingly. However, slave chunks
introduce a new challenge: one must decide when to delete them:
One can only delete them when no instance of the chunk appears
in this processor’s region. Since one cannot know this until after
a complete traversal, one can collect this information during one
frame and decide whether or not to delete the chunk during the
next frame.

3.3.2.2 Min-Set Pull Commumcatlon )

With the pull method, the job of makmg sure that a processor
receives the right set of primitives is left to the receivers (as
opposed to the senders). A processor will transform a bounding
volume and see if it must render a given chunk. If it does not
have the chunk, then it will request it from a known location (the
chunk’s “master” processor). To establish. known locations,
however, requires again that there be two distributions of
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pnmmves the fixed, known (master) drstnbutron, and the
dynamrc (slave) distribution. -

Unlike push communication, the pull method does not require
master processors to store'and manipulate the bit-vector indicating
which slave processors-have a copy of a given chunk. ' A larger

advantage of the pull method is that the processors need only
perform the simple cull test and not the full bucket-sortmg
algorithm for each chunk. -

“The disadvantages of the pull method are two-fold. One is the
need to have request messages. This adds a significant number, of
messages 'to the rendering process compared to the push method.
Usmg buffering to reduce the nimber of messages sent will hkely
increase rendering latency. The request messages also require
processors to interrupt their normal work in order to réspond.
Finally, the pull method also requires that all processors transform
and test all chunks’ bounding volumes for visibility (as opposed to
only testing the present chunks). No portion of the hierarchy can
be skipped over, since all chunks are always potentially present
until tested otherwise.

“Load-balancing considerations are similar to that of the push
method, except that the only'additional work required of masters
is the processing of request messages and the sending of chunks
as aresult.

Considering the two methods, it appears that the push method is
the better choice. Since it does not involve any primitive request
messages, it has lower communication bandwidth and latency.
The push method has much lower' computatlonal requirements
and it also offers more potenttal for optrmrzanons

33.23 B_ookkeepmg f_or Arrlvmg Prlmtttves“ ‘

With either method, there are some additional problems which
must be dealt with, both concerning arriving primitives. When a
processor receives a chunk of ‘primitives, it must be able to store
the primitives efficiently in the correct place in the hierarchy, and
it must efficiently transform and render them, usmg the correct
state information (e.g., transformation matnx)

"Thé problem of efficiently storing the arriving primitive chunks’
has already been addressed. However, there is still the problem of
rendermg the new chunks. ' Part of the problem is that the
receiving processor must have the correct transformation matrices
available for ready use. This has also been addressed.

.-What has ‘not been covered is- the fact that the receiving
processor will not necessarily know which max-set instances
should be réndered for the new min-set chunks. Processors will
need to be able to 1dent1fy all the max-set transformation states
that correspond to a given min-set structure. Such lists can-be
constructed by linking - together correspondmg max-set
information structures. When a primitive chunk is sent, it can
include information about whrch was the first instance where the
chunk appeared in the destination processor’s region. That
processor can start from this point in the list and then perform cull
tests for this chunk as it is transformed accordmg to the rest of the
mstances in the list. -~

3 4 The Max-Set Method "

With the mrmmal-set method a processor must always transform
and cull every instance of every chunk it has. With the maximal-
set method, we reduce this work by choosing instead to keep track
of each prrmmve chunk instance separately. This information can
be distributed among the processors rather than requiring each to’
compute it for every frame. With' the max-set method, bounding
volumes are-not a necessary component. However, they can be
retained with primitive chunks to provrde the advantages
mentioned earlier. .



The max-set method has its downside, however. It must

the'necessary slave processors. To extend this idea to the max-set

eenerate and store Hnnblrnnr“nn data ﬁ'\r all the nnmtfnns chunks
gendrac €eping aal

within the max-set. The problem is that the max-set can change
significantly as the hierarchy is modified, and thus’ the, basic
database operations become more complex. . .. ¢

Let us consider the max-set method with respect to the example
shown. earlier. Each Drocessor now keens track of a Structure
similar to Figure 6 (perhaps in addition to the structure in Frgure
5).. However, on a grven processor;’; ‘what is, present in the
structure ’lnbldﬂbcb lIldI'KCU ) \, Wlll Var”y' lIUILl lllbld.llbﬂ I.U
instance. Consider the processor, for reglon I. For instance 1, it
will have data for all of the primitives in the original structure; for
instances 2 and 3, it will have data for only portions of - the
primitives; : and for i instance 4, it will contain no primitives at all.-

Now consider modifvine the oricinal database. If one wants fe

. Now consider modifying the original database. If one wants ¢
change a primitive in structure C, there are four instances whrch
are affected. If one wants to.modify the execute in B (perhaps to
execute some other structure not shown), then ail the information
about the prrrmtlves within the four 1nstances in C becomes
invalid. If we imagine that structure A is a substructure 1tself and
if it is executed an addmonal trme, then the entire A-B-C subtree
must be replicated to maintain the maximal set. -~ - ..

3.4.1 Max-Set lmplementatlon
To Keep traclc ot all the pnmmve cnunk instances, we could
consider’ a simple replication. strategy whereby we generate the
max-set by simply making copies of the ongmal data for everv
structure instance that comes into existence. However, this
method has major drawbacks. - Should any part of a given

qtriiatiuea shanoa Aana miat find and’ »Imnnn avary inctannad saany
U UWLULY \-uausu, VL LUIUSL LU allu vua.usv UVUI] oAVl \v\lyle

Thus each edit becomes a linear-time (or worse) operatron rather
than constant.~ Also, whenever-a chunk instance js-sent from one
processor to another the entire chunk must always be sent, since
there is no notion of the primitive ¢ data vs. an instance pointer. . 1;
A much better way of building the max-set would be to ﬁrst
start with the min-set, then make a tree-of pointers, that
corresponds to the max-set. -Each max-set instance would contain
only pointers to the ongmd data within the min-set. Given the
much greater feasibility of this pomter method over the rephcatron
method, the pointer method is the only one we- wrll explore:
further. N 4 T e LT
Thus with, the pointer method we mamtatn two appearances of
the database. -In- the. mm-set copy_we store the exact same
mformatron as for the min-set method For a given processor, this,
information includes (at least) pnmrtrve chunks for which any
instance appears in that processor’s region. The max-set copy of
the database contains an entire skeleton of. the actual max-set.
Within each max-set structure, there will be pointers to only the
chunks which appear in this processor’s region. for that instance.

In addmon, each max-set structure, will point to its original min-
set vercmn_ ,Thlc will’ allnw one fn mm‘klv find the nnn-nnmlt!vp

- . ] [N

1nformat10n for a given structure. Fmally, the max-set can also be
used to store certain information generated during traversal
(namely, combined transformation matrices). One difference
between the min-set and max-sct skeletons in that the min-set uses
“soft-links” for its execute calls (the calls are by structure ID),
whereas the max-set would use “hard-links” (memory pointers).,

N Y X .- . -

RS & Riive et o
-,. :A-u. PN H .
FTatvii 34 LW PRGN

Teme, sy g

:

. - .
All operatlons are mrtrally performed upon the mm-set copy, and

then the system must eventualiy;update the max-set copy. As
before, we: retain the idea- of master and slave-processors for
prmutrve chunks which overlap multiple regions. The master
processor is ‘Tresponsible for making sure that the chunk goes to all
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mpﬂnnﬂ we make the master nrocessors rasponsible f or nrnnnrhl
T PIOCESS0IS ISSpONSIS. 101, pIoplty

dlstnbutmg all the chunk .instances. Thus the master must
consider not only which processors have a copy of a given min-set
primitive chunk, but also which processors have'a copy of the
max-set instance pointers for that chunk.
5-Now let us consider how to perform the basic operations on the
max-set .database.; - The' creation. of new structures is
straightforward; it only affects the min-set.- The deletion of a
structure -is similar;. you should only delete non-instanced
structures. -Posting a structure requires the construction of a max-;
set tree, while unposting a structure requires deletion of the same.
The expense of posting structures can be minimized by dcferring
the real work uritil scene traversal time.  Similarly, unposting can

be done lnv r\“fhna the tree in a oarbace-callection lict. to ha
gone puing.ie iree in a garoage-coueclion iist, 10 oe

cleaned up after traversal -and rendering. . Editing parameters”and
matrices within the" hierarchy-is straightforward, Editing
primitives can aiso be. straightforward assuming one uses.the
“fixed” master system:mentioned, earlier (meaping the primitive
will be easy to find). Finally, changing an execute.is potentially
complex, but agam,we rmmrmze the work by delaying 1t. e
et Trav "sal AT (J -

NN
ravei
edpr et

a0 1Y
All of the complex work is delayed untll scene traversal ume.
During the-first pass,.a processor must simultancously traverse,
both the min-set and the max-set, making sure that the max-set
appropriately Darallels the,xmn-set. When there are pieces of the
min-set that do not exist in the max-set (due to a new post or
execute), the processor creates them on the spot., When the

Aracacenr cnmas anreas nianas in the mav.cat that hava hasama
PIUCAO0UT CUMNICS atiss pitdis it wiC IMIdA=oCL uide 1ave UCTUINY,

obsolete due to database. edits, these are added to the garbage<
collection. e . oy
—,When a new instance of : a structure isto be created in the max-
set, a processor places w1thm it pointers to all of its master chunks
for that structure.- | This guarantees a complete yvet-disjoint initial
distribution for the max-set structure instance, . P
Durmg traversal, a processor consrders ceach chunk pointer in
the max-set structure., Ifiit points to a master chunk, then this
processor must see that this chunk instance (and its corresponding
rhin-set data) is properly distributed to all necessary slaves, If the
chunk pointer is directed at a slave chunk; then'the processor only
decides if it still needs to keep the pointer. If jt does not need it
anymore (due to the a.ssocrated instance no lgnger falling in this
processor’s region), then-it can delete it and possibly also tho
associated -slave chunk. data. To know about this possibility,
reference counts can Dc used to keep track of how many max-set
instances are pomtmg to the min-set data. .
The bookkeepmg just discussed is greatly simplified 1f fixed
masters are,used. I dynamic mastership is used, then one must be

careful. to migrate all:the information associated with a given
nnmlhvp chunk: swhmh processors hm,mépnmpq of: the actual
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chunk, and whrch processors_have a copy of each instance. Not.
transfemng -this . information together leads to greater
complications. ... - . G R

3.4.4 Max-Set Pr|m|t|ve Mmratlon

T LTI -

We now turn some “additional attentron to the’ problem of

francmrfhna nnmﬂ“'lnc unmﬂ new nnmnlmnhnnc arice due to the
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fact that we have to worry about both min-set prmuttve chunks
and their max-set instances. - - . ; "I oot

When a processor;sees that it must send a chunk instance, it
will go ahead and place a message regarding that instance into the
appropriate outgoing buffers. The processor must also then check

A
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to see if the receivmg processor has a copy of the original chunk -

data. If not, this is also queued to be sent.

The difficulty in this process is finding an efficient way for the V!

master processor to pass along the instance pointer information.

The pointer must refer to the original chunk by an ID (since
memory pointers are not valid across processors). The receiver
must have a quick way of looking up the ID to see where in its
memory the chunk is found. One solution is to place the chunk
IDs in a hash table. Keeping a chunk index table for each min-set
structure may also be practical.

Thus when a processor receives a chunk of pnmmve data, it
just places it in the appropriate structure in the min-set. When a
processor receives a chunk pointer, it places the pointer in the
appropriate max-set structure and links it to its min-set data. It
then (or eventually) renders that max-set chunk.

3.5 Improving Efficiency

For various reasons, one may find in a distributed graphics
database structures which contain no pnmmves One reason is
when the number of pmmnves in that structure is smaller than the
number of processors times the number of primitives per chunk.
Applications often have large numbers of small structures (in
addition to smaller numbers of larger structures), and thus locally
empty structures are likely. In addition, with dynamic mastership,
. SF allows the possibility of primitives to migrate out from
structures and leave them locally empty on some processors.

Given the presence of many empty structures, it pays to
optimize traversal by not traversing into empty pomons of the
hierarchy. Bounding volume hierarchies (see section 3.2.1),
applicable to the max-set method, provide this possibility for
locally off-screen portions of the hierarchy. It does not help wrth
empty on-screen structures,

A more general method is to simply keep a flag for each
structure to indicate the presence of any primitives. For the min-
set, this is about all you can do. During traversal, one can skip
empty structures, though backtracking may be required if non-
empty structures are found further down the tree.

For the max-set, the flags can be made hierarchical, indicating
the presence of primitives within entire branches of the structure
hierarchy. One dlfficulty with this method is that any primitive
chunks which arrive in previously “empty” portions of the
hierarchy require backtracking to compute the relevant
transformations to use. Another small problem is the fact that if
all the processors are not performing the same traversal, it is not
as easy to generate synchronized structure indices. One can
overcome this problem either by always doing light traversal (to
compute structure numbers), or by keeping track of the number of
sub-structures under any given structure.

4. EXPERIMENTAL STUDY

In order to evaluate the effect of chunk-based primitive
. bookkeeping and to help us understand performance differences
between the min-set and max-set bookkeeping strategies, we have
conducted some experiments. These experiments are based upon
statistics gathered from a software-based sort-first
implementation. We will describe the implementation, the input
data, and the test cases run. In section 4.2 we discuss the results

4.1 Experimental Setup

We have written a parallel sort-first software-based
implementation. PVM is used to provide multiprocessing
capability [8]. A host process spawns processes for each graphlcs
processor plus a framebuffer. The system is capable of using
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either the min-set or the max-set method of database bookkeeping.
One can vary the maximum number of primitives per chunk in
addition to several other parameters.

The system places a 3D bounding box around each primitive
chunk. During database traversal, these bounding boxes are
transformed into screen space, and their bounding rectangles are
computed. These data are used to perform both view-frustum
culling and bucket-sorting of the primitive chunks.

The test database is a model of a Ford Bronco. The Bronco
consists of 466 structures and 74,647 triangles. For the test runs,
the Bronco was instanced three times, with the instances
distributed around a circle. In the animation, the camera revolves
around the circle while viewing approximately one half of the
circle’s area. The color plate section shows representative frames
from the animation. -

Test runs were made using vanous parameters The number of
primitives per chunk included: 1, 5, 12, 26. The number of
processors included: 4, 8, 12, 16, 20. Both the min-set and max-
set bookkeeping methods were tested.

Due to concerns about the bounding box volume of the
primitive chunks formed, different strategies for forming the
primitive chunks were tried before selecting one. ' The first
strategy (called *“unsorted”) was to take every N primitives and
make them-a chunk, where N is the selected chunk size.. The
second strategy (“partially sorted””) was to presort the primitives
in the input file by performing an octree-based sort over each
structure’s primitives, then proceed as with the first strategy. The
third. strategy (“sorted”) was to read in the primitives in each
structure and form the chunks by performing a relatively simple
3D spanal-subdwrsmn algorithm. Chart 1 details the results of

" these dxfferent strategies.’

© 0.070000 ——————3

0.050000 1
) W unsorted

i
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0. 030000 1

® sorted
0020000 - -

- R a -
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. - N n g \g
PrumtxvesPerChunk

‘Chart 1. Chunking strategy results

The sorted method was chosen for use with the-test runs, As
the sorting is only.done at database load time, this i isa reasonable
choice for 2 model with static structures.

In the tests, for each frame drawn, various statistics concerning
the number of operations done on each processor are written to a
number of trace files.- For a given set of test conditions, the
statistics across the processors and across the frames in the
animation are averaged together. This method provides a  broad
view of each test case.

4.2 Experimental Results

First we examine some of the results concerning the chunking
strategy Chart 2 shows us the relationship between’ the' chunk
sizé and the amount of communication that SF performs. The
chunk “size has a moderate effect upon the amount of
communication. The number of processors has a miich greater
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1mpact upon thls statrstrc than thc chunk srze,a though as _the proposed to address these problems Each ¢ solutron brunch has rts

number of processors mcreases, chunk srze has greater 1mpact.“ .
pIn Chart 3, we show the average ‘chunk overlap factor for. the
dtfferent test cases- The chunk overlap is the average, number of
regrons “each; chunk overlaps -Similar to the primitive overlap
factorn (see [11]), ‘this value has a srgmﬁcant impact upon the
parallel efficiency of the system. This is because whenever. a
chunk’s boundmg rectangle overlaps multrple regrons, all the
pnmmves in the chunk must be transformed for each’ regron. Thrs
source of mefﬁcrency increases as the regions become smaller and
as the chunks become larger. Note that. this chunk overlap
inefficiency affects only a part of the graphics pipeline: the
unnecessarily transformed .primitives are culled from further
processing. Chart 3 shows us the fairly direct relationship between
the chunk overlap factor and the ratio of the chunk bounding box
size vs. the average region size. As this ratio increases, chunk
overlap steadrly becomes a source of mefﬁcrency we must
contendwith. =~

In order to compare the min-set and max-set bookkeeprng
methods, we examine the total number of transformations that
occur in each. This includes transformations of the master
chunks, the slave chunks (including newly received.ones), and of
all the primitives in the chunks which overlapped any processor’s
region. We count one transformation for each chunk or primitive.
These numbers are shown for the min-set method in chart 4, and
for the max-set method in chart 5 We have omitted the numbers
for the chunk size of one since it is not practical to place a
bounding volume around a srngle pnmrtrve (the numbers are
disproportionately large). T

The total number of transformation has an mterestmg
relatronshrp to chunk size. :Larger chunks mean that there are
fewer of them to transform.” However, as mentioned before, larger
chunks increase the overlap inefficiency. Conipanng the results
on charts 4 and 5 show us that the max-set ‘method has much less
transformation work todo than the mm-set method. The source. ot'
this difference ¢ comes ‘from the number of slave chunk boundmg
boxes 'that are transformed.. Thxs figure i is three trmes hxgher for
the min-set method, which'is what we expect, ngen that there are
three instances of the Bronco being executed. ™ " *<- © i
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5. CONCLUSION

It should be evidént that devrsmg ‘a drstnbuted hrerarchrcal
graphic database for sort-first is ‘much more dtfficult than for sort-
middle or sort-last. The comphcattons arise 'diie to structure
mstancmg and pnmmve rrugratron A P31§L of' solutlons have been
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set of tradeoffs in addmon to a variety of-smaller issues to dccrde.
.-; For-the min:set solutxon, we keep track of only the original
primitive data. This srmphﬁes the bookkeepmg,«but the, problcm
of knowing which primitives to render for a given instance ariscs,,
We _have dealt with this, problem through thé use of boundmg
volumes around pnmmve chunks.”.
-; With the max-set solutron, we keep track of. both prlmxttvc data
and all primitive:, instances.: . This’ reduces the number of primitive
chunks that are cull-tested against ‘the, local viewing frustums. but
at the expense of more complex bookkeepmg .
- Which of these methods is a better choice depends toa large
extent upon how much’ apphcatrons make -use of structure
instancing. . The additional overhead of the max-set mcthoq does
not appear to be very srgmﬁcant and tlus method is the better
chorce for apphcatrons with moderate or. large amounts of
instancing, For applications that make 1ittle or no use of structure
instancing, the min-set method is the obvrous chorce o
» -Futher, exploratton of . different: pnrmtrve bookkeeping methods
is worthwhile, . The question of static versus dynamic mastcrship
a]so remains open,, with the ]atter offenng opportunities’ for
t_raversal optimization-while- mtro'ducmg, new complexities. In
addition, we are interested in examining various optimizations to
reduce the mefﬁcrency caused | by the | chunk overlap factor, ¥
Exploratron is, currently continuing into these issues. In
addmon, a ;more detailed analysrs of, the overhead from the
various- bookkeepmg strategies.is betng conducted “Finally, we,
are, examrmng how these bookkeepmg issues interact with other\
system issues, especially SF load- -balancing. It is hopcd that from
this research a real-time mplementauon will be written to run on
hardware such as the upcoming PixelFlow inachine from Hewlett
Packard and UNC [10 see also http Nwww.cs. unc edu/
~pxﬂ/atpa4_95] :
e
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