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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 
migmtion’pdies many problems for the editing and ‘traversal of 
hierarchical graphics databases (HGD’s) such as PHIGS. .?A 

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 
complex issue for sort-first than for other parallel ‘architectures. 
We then examine two’possible sdhitiori branches for this issue and 
delve into the design choices and implementation issues that arise 
with either method. The methods differ in the amount of 
bookkeeping that they do versus the amount of primitive cull- 
testing that must be performed. 

CI( Categories and siibject Ihxript&: D.1.3 ~rogmmming 
Tech,niques]: Concurrent Programming; 1.3.1 [Computer 
Graphics]: Hardware Architecture; 1~3.6 [Computer- Graphics]: 
Methodology andTechniques. _ - ?., : 

Additional Key Words:“coinputer image generation, parallel 
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1. INTROtiUCTlON -. ’ .j’ ‘:’ :” 

The hierarchical graphics,database (l&D) $,a powerful tool ior 
easily expressing and manipulating complex three&mensio&l 
models [6]. _ It is no surprise that HGD. implementatipqsl are 
available for all of today’s real-time graph& supercomputers [7, 
14,131. We focus in this paper on the implementation of HGD’s 
on highly parallel graphics systems, and in particular, on the class 
of architectures known as “sort-fFt” [9,11,3, 121. 

We take a moment to note that the HGD is a type of retained- 
mode graphics-pipeline API (application-program interface). - 
Immediate-mode APIs such as OpenGL are a popular alternative 
way of presenting geometry tothe graphics pipe, but we nom-mat 
each type of API has its uses,yand in this paper we focus enbrely 
on the retained HGD. -- I 
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As a matter of introduction and also of definition of terms, let-s 
consider’the ~elements of’s: basic, generic-hierarchical graphics 
database. Such a database consists of one or more structures. A 

-structure caricontain: . . ..: _ ‘, 

l priinitives (triangles;.pqlygons, lines, etc), 
*surface parameters or’attributes (colors, texture to use, eic.) 
*transformation matrices L -, ” 
l executes of other structures (cyclic executes areriot allowed) 

For var?ous’reasons (which’ inay -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 generality of the 

‘database. I. 

. We define the following operations on structures: 
. . 
b create a new structure, add to’it, close it 

‘,’ 

*delete a structure ‘. 
*post a structure (add it to the scene)’ ’ 

7, 

&*unpost-a structure‘(remove it from the scene) 
_ , 

*change an element in a structure to a similar element 
(i.e.,.chahge‘a matrix, color, execute, etc.) . 

,I- Emally;i scene consists 0E _ : . ’ 
: ’ 

. 

,. l a viewing matrix (plus other viewing parameters) 
‘~def&ltSurfaceparameters ’ 
l the list ‘of posted structures 

. . 
Drawing the scene ‘then consists- of traversing the posted 

structures; The scene can in fact. be viewed as a single main, root 
structureto 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 executed, whether due to ‘the’structure 
being posted or due to an-execute call by some parent structure. 

3.2 l?&iiIei Ren&ring-S$e& ’ _’ ’ ’ . 

_ The implementation of an HGD on a uniprocessor system is 
-7 straightforward However, due to the computational requirements 
- of real-time. rendering, today’s high-performance graphics 

systems must be highly parallel systems. Such systems use 
parallelism for both the transformation and rasterization stages of 
the graphics pipeline [6]. There are various ways of dividing the 

~eridering task among the various process&s and recombining of _ _ _ _ _. 
i 

I _ the various processor outputs mto a finisned scene. According to 
[l 13, the possibilities-fall into the categories “sort-first”, “sort- 
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to several rasterization processors, each assigned’ to different 
oortions of the screen r7.51. In sort-last. the transformation and 
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rasterization processors are paired together such that full-screen 
images are produced byeach node. -The individual images are 

! ~composited together in a-final sorting step 19. lo]. 
.- Sort-first also pairs together transformation and rasterization 

( . . ^__ .-’ processors, but each,node is-assigned a portion of the screen. It 
I._ ‘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 fmed; the primitives are constantly migrating. 
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This property takes advar$age=of framT;tp$ame* coheren$r%;f~ 
reducing communication bandwidth requirements for s&first. 
However, it is also what makes implementing HGD’s on sort-first 
particularly difficult. 

_. ..J,. .-lr!~C~irI&u t-.. 

Sort-first has various issues which affect database design 
choices. One issue is that SF rendering is ,ideally’done@h~ at 
least two passes over the database: a sortmg pass followed by a 

,rend.ering .pass~,,~ Another major:,S~:issue is::loa&balaru+g. 
Ad.aptiye. screen-space, partitioning.is- a <good load$@urc?pg 
sol.ution.for SF,-but it:requires estimating the:plrir@i~ve work 
distribution over the screen [12]. Another ini&l,pass:oyer the 
database can be added~for this purpose. A,ftnal SF-issue to keep 
in mind is me.,method of dealing with off-screen pnmitives, The 
chosen bookkee$ig method should &t al$w .such +$mitives to 
a~umula~ very uneveW=w the tigyW~~~yyy~- ’ ! *. J. “. . .fi ‘.*1‘. ._, 

2; HGD’S-IN SORT-MIDDLE AND SORT-LA& I‘ , p: : I,l ,-:, . .. ‘4. ,L’ i L,& 
With either sort-middle or sort-l~~th&%ategies for.dealing&h 
HGD’s are similar [4/ 91.. We. describerthese: fmt since the basic 
ideas apply to all distributed database systems. In later. sections 
we will see how these ideas areextended to work with.sort:first. 

The main issue is how to distribute-the database, and the 
common solution is as followsi. re$idate m&t of &hierarchy 
except for the primitives, which are,listributed The distribution 
scheme attempts to give each pr6cessor a similar work load. 

Thus each processor has knowledge of the entire hierarchy (and 
everything that affects the traversal .&ate), but each.has only a 
subset of the primitives.~It is desirable for SM and SL to scatter 
the primitives across the processors-such.that-each processor wi 
likely have a similar num&r, of on-screen primitives to transform. 

All of the database operations are relatively straightforward. 
For traversal, each processor simply, traverses the hierarchy and 
processes the subset of the primitives which it hasf Most of the 
other operations are performed by broadcasting the command to 
all ‘of the processors, which change their copies of the database 
‘appropriately. The only exception is when&command is- to 
create’ or change ‘a ‘given-primitive.. In”this .&e, the’cominand 
should go topmy the relevant processor.- 

1.. ii _/ ;,.: * > 

Note th’at with this kind of strategy, only ihe work reiated:to’th~ 
primitives is parallehxed, while, all other kinds of pperationsare 
replicated. Some o$imizations are possibIe to reduce the extra 

zwork. AXcommon, one involves batching primitives together 
somewhat, then removing redundant state changes and any 

r 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 complicated, since all processors will no 

Ilonger “s$ the same hierarchy. .. :!, ,I ; ,, , , , 
f”! ’ 
3; lj-~D’$ IN SORT-kIR’Sy, .;; ),;, -., , ” , / 

$11 khoductiqn ,). “’ ’ t.,... ‘,,.I . ;:,-tiel , - 
~‘ii j 

-I$ ,& &h&iig section& we kxam&d’tl!e issues surrounding the 
impleimenfafion: of HGD’s in sort-first.’ ,First ‘we consider the 
,qu$on of -how to -distribute the actual database among the 
processors.. .Next;‘ we start to consider the issues surrounding 
p,ri#ve ,n&atiop~ We ‘set up an example to help illustrate the 
.prqblepls,an~-!solutiofs. We divide the solution space into two 
bra@hes,, and ~examme how *each addresses storage, basic 
operatioris, tra~&;sal, and m&muon of pnmmves. - .“i 

e-9 *, 
‘3:i;l, @W&ion Method ’ a ;.. ,- 
.‘*“‘. I” , : 
Wnh SF, we have the choice of using either the same “disiribute- 
by-primitive” method (Fig. 1) as with the other architectures, or 
the alternative “distribute-by-structure”. method (Fig. 2) [4], In 

~<$ii method, one tries’to chop up and distribute\the database along 
structure-lines, thus’giving. each processor only a portion of the 
&&alIhierarchy. Sudh’a’distribution scheme would appear to 
better parallel& the traversal load. 
: However, this,scheme makes traversal very complicated as a 
result of. in&r&g ~(str&iire executes). This is becnusc tho 
inherited state (including the ma&ix transformation) needed for a 
given structure depends upon all of its parent structures, but those 
structures may not be present where they are needed (as in Fig. 2, 
structure C). To eliminate this problem, we can replicate all such 
‘state information:-but!this make the’method’veji similar to the 
‘distribute-by-primitive approach. : I’ 1 
” Given that thehie&rc.hy and Stateinformation are replicated, 
w’e are left with ‘the choice of-how ‘to ‘actually distribuic the 
~rimitives’iemselves.~~Scatte?ing the p$imitives finely :usually 
,j-, f ,_! I- ‘..- 8. !, 
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._ 2 _ .: I?igirre 2. Distribute-by-structure. method 
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guarantees that they will be evenly distributed -across the 
processors. Distributing the primitives in large consecutive 
clusters or groups provides no guarantee of an even distribution 
unless one bases the group size on a-priori knowledge about the 
database size (something most API’s‘ don’t provide for). Using 
medium-size groups is perhaps a better choice. 

For SM or SL, one should choose a relatively fine primitive 
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 over 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 opportunity 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 bookkeeping decisions 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 hasan 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 fmd 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 require); finally, of course, the amount of bookkeeping 
information and its management should not weigh too heavily. .,. 

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 
migrate. Such attributes may include the current. color or the 
latest 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 Represczntation Issues 

I, 
In order to illustrate various problems associated with database 
representation and traversal, we set up an example database 
scenario: . . 

Structure A StructureB 
xform 1 ,.- xfom --.. 

executeB color 
xf&m 2 execute.C _ 
execute B 
xfor&3 _- 

executeB . structure. c 
xform 4 ’ .primitivea 
execute B primitive b 

primitivec 
primitive d 

Figure 3. Example database 

C (cont’d.1 
priniitivee . 
primitive f 
primitive g 
primitive h 
priini tive i 
primitive j 
primitive k 

’ primitive 1 
primitive m 
primitive n 

: contents 

Figure 4. Example database scene 

The database consists of three structures: A, B,, and C. ’ 
Structure. A is posted. The hierarchical structure of the scene can 
be viewed two ways: 

1 2A3 4 

2/y B ,- 

C 

Figure 5. Minimal view. * Figure6. Maximal view 

Figure 5 shows a minimal view of the database by presenting it 
as a directed-acyclic graph. This graph is derived directly 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, requires to 
actually render. 

Now let us suppose an actual rendering of this scene appears as 
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 &et&o, we notice that the processors for regions I and 
III must receive -the entire set of primitives, while those for 

-regions II and IV only need to deal. with a subset. The problem 
we face is to determine for each branch of.Figure 6 which 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 
hierarchy~is stored and managed: - 

_. . . ” ,,.,. 
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. 
Before we goI’%to a discu&%n.‘i%‘&ther method, we take a 
moment to &%iink some more’issuei that are common to both 
m&o&. -i _ _ ,J I :, ( CS*~:~“*~ :z ~;~.~,i~YV 

With either method, there is the question of what granularity to 
use for databiise%ii&itioii’ aKd’bookke@iig.~That is, should 
bookkeeping be done for every in’dividual primitive, or should it 
only be done at the’whole structure l&el~. ‘-We-probse a solution 
that is somewhere in~betwedn,,z~d’t& is ‘ac$omplished by 
clustering @nitives into~gro,ups, or:ch&ks%f a grven maximum 
size. The ;bookkeeping- costs’-(both-coml%atimtp;ltatiod and storage) 
would therefore be amortized pver the primitives in the chunk, 
this being; at the e_xeense-~f-fiairid~(:~orne primitives be 
unnecessarily sent or transformer&; Fmdmg!me chunk size which 
balances these factors is something we wrll have to look into, 
though. An additional benefit of having f&&s-& chunks is that it *..-.y--. -.m _-.s. I 
facilitates efficie~tm~~mory management. .- 

As we mentioned earlier;-SF typic%ly~p%&s more than one 
*pass over the database. , Also;- ,when .a,:process?r I receives 
primitives from.other processors, it,must:be.able to ef@i$.ly 
store ihese’p&iti;;ks 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: J 

l Combinedltransformation matrices1 -+Normally, these are 
discarded during single-pass traversal. In SF, primitives arriving 
from-other proc~so~will need to be transformed, and thus all the 
combined~matrices must be kept around in such a-way that they 
canbe, quickly~found’and used 

l -A linear -index -table of all the structures, -with ~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% easy to build., * .- , , : 7 
I - ia Y Information about which primitive chunks actually need tobe 
rendered on this processor. While this is pretty obvious, -what is 
Jess obvious isthat such informationcorresponds to a local max- 
* set view of tbeldatabase. Thus:even~if.only the mi&set.is.being 
, kept around from frame to frame,-.one must build a certain amount 
Iof the max-set-for use during a given frame.- .” 5 -1: ; 53 

- If bne. also builds a linear table of all max~setstrtictures,:the 
database is essentially “flattened out,” and at&subsequent 

I traversal passes c8h be performed very easily. : .t ~1 
. ::,,“,‘,-f“- 

.: 
:;, 1 .:7.r:3jgp 

1 Keeping trackof o.nly the minimal set of database information~has 
; a number of advantages. Since this is the same procedure usedby 
I SM and SL,it means that both t&storage spacelrequired..and the 
2 cost of basic operations. will be- similar among- SF; SM,-or ;SL. 

However, this methodhas -a significant drawback: for a!given 
traversed instance of a$.ructure, aLprocessor doesnot know-which 
primitives (if any) it mustrender. J-; . / :.. ‘>,>I 

Let us examine the traversal problem by co&ering Figure?& 
We see that instance 1 of structure C falls completely id region I. 
Instances 2 and 3 fall partially in this region, while instance 4 falls 
completely outside of this region. 

h a: The processor for?egiond must have’ all-of the primitives in C 
‘5 because itwill need themifo.draw instance I.% The processor also 
i:lias the&tire hierrirchy~information aird&ms it knows about all 
r.the:other. iinifances. How. will this processor !know that it only 
cn’&ds to render instr6md.l: partsof 2 and B.-and not worry.at all 

. . 
about instance 41 .rsii;;a3 XI :I 5 :, ).‘L t:: 7: t J t k~ i ’ t 

_ ,iLi-qkq :Ta ',i,:* 'Aipc? i; 0: '$Y., F~lf!. ,. ! rc I ,-I. : " ! 

i13.3.1 :Min~S~t.lmpleinent~tion: r, 7. I’ ‘8 
6;&L’;‘, ,‘, _, ;‘I;. r-c J .r,< i ;.!p ,~YJ .-,c; ,‘,y&., ’ q / 
I In-prderto, efficienily.decide:which instances .of a structure each 
F. prgcessor must redder, one’ may implement bounding v.olumes 
:aro.und.each strucgure~ [2].: This allows. a giv~en processor to 

c;quickly:test whether, or, not an instance..of .a structure fallsin the 
tproc.esso>s. region!.(cull-test);. This.is:done, by first; checking 
-r-whether or notthebounding volume intersects the region and only 
;Lacting on.& enclosed primitives if it does. c : ’ 
::a This.:will,~help,:deal.with;most~ cases. ” For ‘tiid particular 
~;,example,:me pro,c.essoa:for .region I-can use this information to 
;-quickly decide..mat:it need not worry about instance 4 of structure 

C, since it falls completely outside of its region. It still mustdeal 
with instances 2 and 3, however. 

There are many diffemnt choices,foT v&at kind of bounding 
volumes to use. These including spheres, axis-aligned boxes, 

-oriented boxes;and multiple slab intersection’ [l]. These are listed 
. in:order:ofL’increasing cbmplexity and tightness :of fit, which 
together represent the major tradeoff associated with the choice of 

- .which_to use.? Tighter fitting volumes .wihhilp to dccrcase. the 
‘. number of primitives that a,given:processor must deal with, and 
L thdy~+%:also~i help, to: decrease the :amount of primitive 
~.:corimmnication. However, since boun’ding+olume tests must be 
;performed.for~everyinstance’ of every.%rttcture .for each frame, 
: the tests should beassimple and fast as possible. ; ’ 
<I .Given that ‘one. haS’bounding volumes around each structure, 

zone could consider building a hierarchy of bounding volumes and 
~:usingvariobs 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 mm-set. I 
: ISince: structures :ctin: have-arbitrarily large numbers of 

‘: prirhitives,~it~really is:inecessaryi toJ.be :able. to place bounding 
:volumes around portions’ of structures: *-As discussed-above, the 
,-bounding .volumes could be applied ‘to .bhuhks of primhives, 
Ideally, the primitivesin each chunk will be near each other, but 
this is difficult to enforce. The grouping-of primitives into chunks 
can .be .done in a number ofdifferent ..ways;%On& can group the 
primitives as they are- received: “every.N.primitives within the 

, structure forms a new chuhlc. Ahematively; it couldbe left up to 
the applicationprogram to,determine the-cliunking, or the system 

. itself: could implement one:&?-more’ of the various 1 existing 
pa&ioing dgofih. . -’ , I-F -r, , ,~;*-,t;: I 3s .iiyt ,I 

Aside from bounding-volume creation, one must also WOW 
about the effects pf editing on.bounding~vdlumes~ : If primitives 
within a structure are changed, the bounding volume may need to 

:grow.ors&&. 
.‘.. I’ 

‘-J.: e-Z -,al::J 9:: ’ “I** s ~ : “i 
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3.3.2 Primitive Migration / bommunic~doh ‘. 

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 arc sent to 
the right places. 



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

: ‘*! location. : i., 
.+i 

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 sure 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”. I’ 

Assuming that the assignment of, chunks to mastersis fixed, 

@nit&es: the fixed, known (master) ,distribution, and the 
dynamic(sl&e) distribution. - I 

Unlike-push communication, the pull method does not require 
master processors to stom’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 
perfo-rm the simple cull test and not the full bucket;sorting 
algorithmforeachchunk. ‘. ‘,-. .’ 

The disadvantages of the pull method are two-fold. One is the 
need to have request plessages. This adds a significant number of 
messagesto the~rendering~process~compamd to the push method. 
Using bnffering to reduce thenumber of messages sent will likely 
increase rendering latency. The ‘request messages also require 
processors to interrupt their normal work in order to respond. 
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. ’ 

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 active load- 
balancing, the actual distribution of this copy “ay vary widely 
from processor to processor. Due to structure instancing, it is not 
clear that load-balancing the rendered primitives (the maxiset) 
does anything to balance the m&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 dynamic mastership. 

Toad-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 a result. 

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 nmch lower ‘computational requirements’ 
and it also offers mom potential for optiinixations. ’ -, - 

3.3.F.3 Bbokkeeping f$’ Arriving Primitives’ ’ 
~- _. . . 

The latter provides greater possibility that on a given processor 
structures will become empty, giving the opportnnity 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 redistribution. Fixed -mastership 
avoids this problem. ‘ 

. I ~, .I,_ 

During traversal, a processor will treat “master ch+s” and 

With eithei’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 efftciently transform a&render them, using’the correct 
state inform&ion (e.g., transformation matrix). 

The problem of efficiently storing the arriving primitive chunks 

“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 test to see whether or not the chunk appears in its 
region’ and’ proceeds accordingty. However, slave chunks 
introduce a new challenge: one must decide when to delete them; 
One can only delete them when no instancebf 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’fhe 
next frame. 

3.3.2.2 Min-Set Pull Communication, , 

With the pull method, the job of making 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 Xf 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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has already been addressed However, there is still thi’problem of 
rendering-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 ma.%& instances 
should be rendered forthe new mitt-set chunks. Processors will 
need to bi” able to -identify all the max-set transformation states 
that correspond to a given mitt-set structure. Such li’sts can-be 
constructed by linking . together-- corresponding max-set 
information structures. When a’primitive chunk is sent, it can 
include information about ‘which was the fmt 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 according to the rest of the 
instan&sinthelist. --’ _ -* -8 

; 

314 Tie Max-Set M&h& x - I \ , s.‘. 
With the minimal-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 primitive chunk instance separately. This information can 
be distributed-aniong 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 provide the advantages 
mentioned earlier. . 

. 



The max-set method has its downside, however. It must 
generate and store bookkeeping data for all the primitive chunks 
within the max-set. The problem is that the max-set c,an change 
significantly as the hierarchy is modified, and thusLthe, basic 
database operations.become more complex. 

Let us consider-the max-set method with n$ect to &e kxa;nf;le 
shown. earlier. Each processor now ,keeps Ir$ck of- a s~tructure 
sin&r to Figure 6 (perhaps-m addition to the structure in Figure 
5)~ However, ,oq,a given. processor;;what is, present in the 
structure-,instances marked ,1’C” &ll vary from instance to 
instance. Consider the processpr for region I. For instance 1, it 
will have data for all of the pri@t&es in the originalstructure; for 
instances 2, and 3, it will have data for only portions of-the 
primitives; -@for instance 4, it.will contain no primitives at all.. : 
I Now consider modifying the original database. If one wants to 
change a primitive in structure C, there are four instances which . I .-. 
are affected. If one wants tozmodify the execute m,B (perhaps-to 
execpte’some other structure not shown), then-all the iuformatio_!! 
about the prhnitives- within the four instances in C. -becomes _ ..I, 
invalid.: If we, imagine that structure A is a substructure itself-and 
if it is executed au additional time, then the entire A-B-C,subtree 
mustberepli&edtomaintainthemaxim+set.~ :“-- _. -/- :, _, 1: 

3.4.1 MaqSet Implemytation __ . -, . . ,.< 
,_ :. . 

io ,kee@ &ck of all the priri&ive‘&mk‘in&nces, ‘we cot&l 
corisider’a simple replicationstrategy whereby we generate the 
max-set by shnply making &pies of the original data for every 
structure instance that’comes into existence. ‘ However, this” 
method has major drawbacks. S,hould any part of, a given 
structure change, one must find and-change every instanced copy: 
Thus each edit becomes a linear-time. (or worse) operatioqrather 
than constang. Also, whenever-a chunk.ipstan~,sse?ent from one -. -.---- 
processor to another, the entire chunk must always be ser$ smce 
there is no notion of the primitive-data vs. an~instance.po~&er~ - &{ 

A much:better way of buildhrg the m-ax-set would be to fiit 
start with the mm-set, then make a tree. of pointers, that. ._. 
~orrespo& to the max-set. .Each max-set instance would contain 
only pointers to the-o&&al data within the &in-set. G$en the 
much greater feasibility of this pointer method over the replica’tiop~ 
method, the pointer method is: the only one we,:wilLexplorei 
further. - 

Thus with’& poiter mekod 
-1 Is. - 

we’&&tam two &&r&es of 
the database.’ .In. the .min:set’copy we store the exact same . .I 
information as for the m&-set .method.” For a given p&&&or, th&: 
information includes (at least) pri&ive chu&s.for. which any 
instance appears in that processor% regioi. . The. max-set copy of, 
the database contains ,au.%entire skejeton of. the .actual max-set, 
Within each max-set structure, there,wrlI be pomters to only, the 
chunks which appear in this processor’s retion. for that instance. 
In addition, e,ach max-set structtn-e~ wgil point to its .original min: 
set version: This. waallow one ,to,quickly,fmd the non-primitive 
information. for a given structu&X&lly, the&x-set can,alSo be __.. _ _ 
used to store certain information generated during traversal 
(namely, combined transformation matrices). One difference 
between the mm-set and max-set skeletons m that the min-set uses; 2. A”** 
“soft-links” for its execute calls (the calls are by structure ID), 
whereasthe maxzset,.wgd.rj use “hard$uks” (memory pointers):, 

‘+“r;l? - -,,. ,,+?I 

All ope’mtmns &e &i”aUy-p&-f&meduponthe mm-set copy, and . ..A.. . I .i__ 
then the system. must .eventuahyLupdate *tie max-set c,opy. As 
before, we:,retarn the idea-of master and slave.processors for 
primitive chunks which overlap-,multiple~regions. The master 
processor is responsible for making sure that the chunk goes to aJ1 

t&~ecessary slave p,mces_som. To extend this idea tgthe max-set 
metfipd, we make the master processors responsible for. properly 
distributing all the chunk .instances. Thus the master must 
consider not only which processors have a copy of a given mm-set 
primitive chunk, but. also- wh$h processors have’! copy ,of the -1.J *I, .d ,/ j..JL 
max-set instauce pointers for that chunk. 
c:,Now let us consider howto perform the basic operationson the 
max-set database.1 lbThe’ 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. -Post&a structure requires theconstruction .of a ma.+; 
set tree, while unposting a structure requires deletion of the saine. 
The expense pf posting structures can be minimized by deferring 
the,reaLwork until scene traversal time.!, Similarly,‘unposting can 
be done by putting:the.tree in ,a garbagercollection list, to be 
cleaned up after traversal-and rendering. /Editing parameters-and 
matrices within the ‘hierarchy: is straightforward. Editing 
primitives can. also~be..straightfo&ud assuming one .uses the 
“fixed” master system,mentioned, earlier (meaning the primitive 
will be easy to fmd). Finally, changing-an execute,is potentially 
complex, but again;we minimize the work by delaymg it. L ,., “1 

; 1 / -1% ’ -7 ;‘. 1 ,* .,. ‘I -, 
3;4;3 Maxlset Trav&& ‘, : ‘,,’ :1’.1 . --’ 

* *, 
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d of the c&plex work is delayed uhbl scene traversal time.- 
D@ing the&st pas&a’&cessor must simultaneously traverse, 
both the min-set aud,tpermax-set, making sure that the max+ct 
appropriately paralle~sthemin+t. When there are pieces of the 
m&set that do not e& in the max-set (due to a new post of 
execute),: the processor creates them on. -tie spot:,, When the 
processor comes across pieces in the max-set that, have bccomc, 
obsolete due tq database,edi&s; these are added to the garbage< --- -7 I._ ., _, . 
collectron. ._ jr .” .*/ 
.q;When a new inst,an~~of+a~s&u;k is to be created in the m-ax- 
sc$aprocessor places w@in it pointers to ah~ofi.ts,mastcr chunks 
for ,t+at structures. This guarantees a complete yet djsjoint. initial 
@nbu$on fqr themax-set structure instance, i ^ “__. - 
.- ~During traversal,*a.processor considers ,each chunk pointer In 
the max+~structum.+ If& 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,aslave chunki then’the processor only 
decides if it still peedst-okeep the pointer. If jt does not need it 
anymore (due to the assoc@ed\nstance no longer falling in this 
processor’s region),. then-it can delete it and possibly also tho 
assoc.iated$ave chunkdata. To know about this possibility, 
reference counts can beused to keep track of how many max-set 
instances. ” phtjng te the m&set data. 

The bookkeeping just discussed‘& greatly simplified if fixed 
masters amused. If dynamic mastership is used, then one must be 
carefulto migrate alLthe. information associated. with a given 
prim$ive chunlg: 1 whtch-processors have,copjes of: the actual 
chunk, and which processors have a copy of each instance. Not, 
transfer&g tJhis mformation together ) leads I to, greater 
cpmplications.. .,: : :, ‘i ! ‘0 :> 

3.4.4 Max-Set Primitive Migration 
.1 , r’ 

We now turn som?‘additidnal attention, to’ the problem of 
transmitting primitives, since newcomplications arise due to the 
fact that we have to w&y about bo@;m&set primitive chunks 
audtheirmax;s.etiustances. d’ ‘-,. ;: .“* ‘I ( 11, 1 

When a processor;sees that it must send a, chunk instance, it 
will go ahead and place a message regarding that instance into the _. ._ 
appropfiate outgoing buffers. The processor must. also then cheek 
/ i ;: ‘,-,. ‘:r,-” .; :J 1 ; !! pi” r’ 
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to see if the receiving processor has a copy of the original chunk- either the m&set or the max-set method of database bookkeeping. 
data. If not, this is also queued to be sent. . 

The difficulty in this process is finding an efficient way for the ’ 
One can vary the maximum number of primitives per chunk in 
addition to several other parameters. 

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 minGset 
structure may also be practical. 

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

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 various parameters. The number of 
primitivesper chunk included: 1, 5, 12, 26. The number of 
processorsincluded: 4,8,12,16,20. Both the min-set and max- 
set bookkeeping methods were tested. 

3.5 Improving Efficiency 

For various reasons, one may find in a distributed graphics 
database structures which contain no primitives. One reason is 
when the number of primitives 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. J.n 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 portions 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 with 
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 tree1 

For the max-set, the flags can be made hierarchical, indicating 
the presence of primitives within entire branches of the structure 
hierarchy. One difficulty 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-base’d 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 e . : 

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 graphics 
processor plus a framebuffer. The system is capable of using 

Due to concerns about the bounding box volume of the 
primitive chunks formed, different suategies for forming the 
primitive chunks were tried before selecting one. The first 
strategy (called “unsorted”) was to ‘take every N primitives and 
xix&e 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 fust strategy. The 
third strategy (“sorted”) was to read in the primitives in each 
structure and form the chunks by performing a relatively simple 
3D spat&subdivision algorithm. Chart 1 details the results of 

. thesedifferent strategies.~ - 

n uIlsortd 

rl 0 partially sorted 

l sorted 
/ 

The sorted method was chosen for use with the. test runs, As 
the sorting is only.done at -database load time, this is a reasonable 
choice for a modelwith 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. I For a given set bf 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 

Fiit we examine some of the results concerning the chunking 
strategy. Chart 2 shows us the relationship between’ the! chunk 
.&e 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 mu&greater 
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impact upon .&is &tistic than the chunk- size,!l+ough.as the 
t%mber,qf p&&&s incr&~~ &mk {i’has greater imp%.>~“_; 
i,i In Chart 3; wq’showthe $$erag@hur& overlap f&or fo: the , _..a._, 
different test cases; -Tb> chunk overlap is the averag~n@$<~~ ._-, 
regions each: chunk overlaps.. &milar to the prhnrhve, overlap i.-?. .L- _- 
factori (see, [l l]), thrs value has a srgnific,ant impact upon .the 
parallel efficiency of the system. This~is because whenever. a 
chunk’s boundiig,rectangle overlaps muIgpIe regions, all@:5 
primi&es’in-the $iu&mus’t~+ transformed for eacbregioh. Th$ 
sowFb of inefficienq increases as the regions become smaller- and 
as the &u&s become -larger. Note- that .&is- $umk overlap, 
inefficiency affects only a part of the graijhics pipeline: ‘the 
unnecessarily transformed .primitives are culled from further 
processing. Chart 3 shows usthe fairly direct relationship between 
the chunk overlapp’factor and the ratio of tbe chunk bounding box 
size vs. the-average region size. As this ratio .mcreases, chunk 
overlap steadily becomes a sobrce--df-inefficlehc~ we must 
contend with. 

In order to compare the n&set and max%&‘&okkeeping 
methods, we examine the total number of-transf~nnations 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 numbem are shown for the min-set method in,~ba.rt 4, and 
for the max-set method in chart 5; We have omitted the numbers 
for the chunk size of one s$e.it is not .practical to place a 
bounding volume around~a~rngle primitive (the numbers are 
&spropo&n&lyl~g&):).L - .*LI..: ,. _.. 

The total number, of transformation ,has , @r interesting 
relationship to chunk size. ;Larger chunksmean that there are.. 
fewer of them to transform. _ However, h mentioned befo+igei: 
chunks increase ,the overlap’ineffrciency. Comparing the results’ 
on charts 4 and 5 show”us that the m-ax-set method hasrim~h”lkss 
transformation work to do &&t&e m&set &thOa: tie sourceYof 
this difference Earn&from the number of slave cburik bour&g 
boxes ‘that are &&forined..?bis figure is th& tin& hi&e? f&r 
the mhr-set method, which’is &hat we expect; g&en&t?liem~~ 
threeinstances of*eBroncobemgexecuted.“---"; ~J “,:‘i ;‘-;” 

5m CONCL”S,()N :,‘Z ::,:,-.; :-::- 1:’ - “..;l 

It shot&be evident that!de~sle~‘g~d’,st~b~t~d hiera&&al 
graphic database for sort-fiit is’buch more diffi~ulttban fo;‘so% 
middle. or sort-last. ‘. The’~~omplic$ions -arise ‘due to stru$rre 
iiista&ing and prhnitive,migration:’ A.$& ofsolu&n&have be&, 

_’ ,, * . ! 1 _ .I 2L.r _ _ :‘.,i,‘ _ 

1 5 12 26 1 5 12 26 r ,: I . ! p-? r7(., .“I 
! / 

, \ 

Ecnitives per chunk 
,,,// 

P&iti&~~ChW 
4 ,,>b_ ~ . 

‘:= Chad4; -T-J . ..I i.1~1 :“-Cha&S. -I ’ (. ‘_I I ( 
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propsed to add&%ese problems. Eachsolution branch haslts 
set of $-adeoffs*in additio%~~o~a variety of%&ller issues to decide. _.a -_ 

; For-the minzset solution,: we keep~track of only, the original 
primitive data.. This simplifies the bdokkeeping,*but the, problem 
$f knowing which pri&ives*to render for a giv,en~~instance. && 
We-have dealt with this, problem tbrough,the use ,of bounding 
volumes around prim&chunks.“.: I ‘7 .c -‘:: i _ .--. _,* -<.-,d 
-.jwith the max-set solutton,,we keep track of.both pri&~c da% 
a@ all primitiv.e.&ar&s:~ Thisreduces the number of primitive 
Cpunks that a&cbR$$t& agr$st$@local viewing frustums; but 
at the-expense of morecomplex bookkeeping. , - 
:: ,Which of these, memods is, a better, choice depends to /a-large 
extent upon how much applications make,,use of structure, _ “., 
ips-@r&g; <The additional overbead of themax-set method dots 
not appear::+ be very sig&ican_t, and,this,method is the bettor 
choice for applications rwith m,oder$ or .large amounts of 
ins-@cing: For applications that make lhttle or no use of %.t$ture: 
instancing, the min-set method is the obvious choice. 
,- ,-Furtber~exploration of~differ&@imiii;e’ bookkeeping methods 
is-worthwhile. ,Theiue&on of static ,ve$.us dynamic mast&ship -- -. -‘- .:- 
a&o remams open,, with &latter offering opportunities’ for 
traversal o~tiplization-~~~le,introduc~ngcn_e~ complexities; In 
addit@n,. we-are interested @ examining vi@ous~op&iza~ons to 
reduce the inefficiency caused by $re,$umk overlap factor, _” “__A -4. . _ _ . . 
; Exploratmn is, cmreqily contrnumng into- these issues. If: 
addition; a more detailed .analysis of, the overhead from the> ~ _A 
various-bookkeeping strategies&being conducted.. yinally, wo, 
a&~xa&iinipg~ how these bookkeeping .&es interact ,with other: 
system issues, especially SF loa&balai$trg.-(It is hoped that from 
this research a real-time implementation will be-written to run on 
hardware such as the upcomingPixelF@w maChine;from Hewlett 
Packard and UNC [lo, see also hitj;:iiwww.cs:und.edu/ 
-LpxfI/arpa4195]..?-: :. :3 ;,.d ::-, : ,I .vr; I *. j h 
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