Hierarchical Graphics Databases in Sort-FirstCarl Mueller, UNC-CH Computer ScienceABSTRACTSort-first architectures for parallel rendering use the naturalframe-to-frame coherence of primitives on the screen to increaseperformance by grouping primitives that are close together on thescreen onto the same processor. This technique reduces processor-to-processor communications overhead. As primitives move onthe screen, they may also be moved to other processors. Thismigration poses many problems for the editing and traversal ofhierarchical graphics databases (HGD�s) such as PHIGS.In this paper we describe the major problems associated withimplementing an HGD on a sort-first system. We discuss thebasics of HGD�s and how they extend to parallel graphicssystems. We show why bookkeeping for HGD�s is a morecomplex issue for sort-first than for other parallel architectures.We then examine two possible solution branches for this issue anddelve into the design choices and implementation issues that arisewith either method. The methods differ in the amount ofbookkeeping that they do versus the amount of primitive cull-testing that must be performed.CR Categories and Subject Descriptors: D.1.3 [ProgrammingTechniques]: Concurrent Programming; I.3.1 [ComputerGraphics]: Hardware Architecture; I.3.6 [Computer Graphics]:Methodology and Techniques.Additional Key Words: computer image generation, parallelcomputing, MIMD, sort-first, hierarchical graphics database.1. INTRODUCTIONThe hierarchical graphics database (HGD) is a powerful tool foreasily expressing and manipulating complex three-dimensionalmodels [6]. It is no surprise that HGD implementations areavailable for all of today�s real-time graphics supercomputers [7,14, 13]. We focus in this paper on the implementation of HGD�son highly parallel graphics systems, and in particular, on the classof 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-mode APIs such as OpenGL are a popular alternativeway of presenting geometry to the graphics pipe, but we note thateach type of API has its uses, and in this paper we focus entirelyon the retained HGD.1.1 HGD BasicsAs a matter of introduction and also of definition of terms, let usconsider the elements of a basic, generic hierarchical graphicsdatabase. Such a database consists of one or more structures. Astructure can contain:¥primitives (triangles, polygons, lines, etc.)¥surface parameters or attributes (colors, texture to use, etc.)¥transformation matrices¥executes of other structures (cyclic executes are not allowed)For various reasons (which may become evident later), asystem can deal with structures more easily when the differentkinds of structure content are kept segregated (rather than freelyinterspersed). This does not decrease the generality of thedatabase.We define the following operations on structures:¥create a new structure, add to it, close it¥delete a structure¥post a structure (add it to the scene)¥unpost a structure (remove it from the scene)¥change an element in a structure to a similar element(i.e., change a matrix, color, execute, etc.)Finally, a scene consists of:¥a viewing matrix (plus other viewing parameters)¥default surface parameters¥the list of posted structuresDrawing the scene then consists of traversing the postedstructures. The scene can in fact be viewed as a single main, rootstructure to which you can only add or remove execute calls. Inthis paper, we will use the term �instance� to refer to an instanceof a structure that is being executed, whether due to the structurebeing posted or due to an execute call by some parent structure.1.2 Parallel Rendering SystemsThe implementation of an HGD on a uniprocessor system isstraightforward. However, due to the computational requirementsof real-time rendering, today�s high-performance graphicssystems must be highly parallel systems. Such systems useparallelism for both the transformation and rasterization stages ofthe graphics pipeline [6]. There are various ways of dividing therendering task among the various processors and recombining ofthe various processor outputs into a finished scene. According to[11], the possibilities fall into the categories �sort-first�, �sort-middle�, and �sort-last� (SF, SM, and SL for short).Both sort-middle and sort-last start with a fixed distribution ofthe graphics database. In sort-middle, the primitives aretransformed by several transformation processors and then routedto several rasterization processors, each assigned to differentportions of the screen [7, 5]. In sort-last, the transformation andrasterization processors are paired together such that full-screenimages are produced by each node. The individual images arecomposited together in a final sorting step [9, 10].Sort-first also pairs together transformation and rasterizationprocessors, but each node is assigned a portion of the screen. Itrelies upon an early screen-space sort to route primitives to thecorrect nodes. Unlike sort-middle and sort-last, the databasedistribution is not fixed; the primitives are constantly migrating.Department of Computer Science, University of North Carolina,Chapel Hill, NC 27599-3175. mueller@cs.unc.edu

This property takes advantage of frame-to-frame coherence,reducing communication bandwidth requirements for sort-first.However, it is also what makes implementing HGD�s on sort-firstparticularly difficult.Sort-first has various issues which affect database designchoices. One issue is that SF rendering is ideally done with atleast two passes over the database: a sorting pass followed by arendering pass. Another major SF issue is load-balancing.Adaptive screen-space partitioning is a good load-balancingsolution for SF, but it requires estimating the primitive workdistribution over the screen [12]. Another initial pass over thedatabase can be added for this purpose. A final SF issue to keepin mind is the method of dealing with off-screen primitives. Thechosen bookkeeping method should not allow such primitives toaccumulate very unevenly among the graphics processors.2. HGD’S IN SORT-MIDDLE AND SORT-LASTWith either sort-middle or sort-last, the strategies for dealing withHGD’s are similar [4, 9]. We describe these first since the basicideas apply to all distributed database systems. In later sectionswe will see how these ideas are extended to work with sort-first.The main issue is how to distribute the database, and thecommon solution is as follows: replicate most of the hierarchyexcept for the primitives, which are distributed. The distributionscheme attempts to give each processor a similar work load.Thus each processor has knowledge of the entire hierarchy (andeverything that affects the traversal state), but each has only asubset of the primitives. It is desirable for SM and SL to scatterthe primitives across the processors such that each processor willlikely have a similar number of on-screen primitives to transform.All of the database operations are relatively straightforward.For traversal, each processor simply traverses the hierarchy andprocesses the subset of the primitives which it has. Most of theother operations are performed by broadcasting the command toall of the processors, which change their copies of the databaseappropriately. The only exception is when the command is tocreate or change a given primitive. In this case, the commandshould go to only the relevant processor.Note that with this kind of strategy, only the work related to theprimitives is parallelized, while all other kinds of operations arereplicated. Some optimizations are possible to reduce the extrawork. A common one involves batching primitives togethersomewhat, then removing redundant state changes and anystructures that become completely empty on any given processor[4]. This can be very helpful for applications which either havefrequent state changes or which use a large number of smallstructures. On the negative side, it makes keeping track of thedatabase somewhat more complicated, since all processors will nolonger "see" the same hierarchy.3. HGD’S IN SORT-FIRST3.1 IntroductionIn the following sections, we examine the issues surrounding theimplementation of HGD�s in sort-first. First we consider thequestion of how to distribute the actual database among theprocessors. Next, we start to consider the issues surroundingprimitive migration. We set up an example to help illustrate theproblems and solutions. We divide the solution space into twobranches and examine how each addresses storage, basicoperations, traversal, and migration of primitives.3.1.1 Distribution MethodWith SF, we have the choice of using either the same "distribute-by-primitive" method (Fig. 1) as with the other architectures, orthe alternative "distribute-by-structure" method (Fig. 2) [4]. Inthis method, one tries to chop up and distribute the database alongstructure lines, thus giving each processor only a portion of theoverall hierarchy. Such a distribution scheme would appear tobetter parallelize the traversal load.However, this scheme makes traversal very complicated as aresult of instancing (structure executes). This is because theinherited state (including the matrix transformation) needed for agiven structure depends upon all of its parent structures, but thosestructures may not be present where they are needed (as in Fig. 2,structure C). To eliminate this problem, we can replicate all suchstate information, but this make the method very similar to thedistribute-by-primitive approach.Given that the hierarchy and state information are replicated,we are left with the choice of how to actually distribute theprimitives themselves. Scattering the primitives finely usuallyMainStructure

Prim 1Prim 2Prim 3Prim 4Prim 5Prim 6Prim 7Prim 8Prim 9Prim 10MainStructure

Prim 1Prim 3Prim 5Prim 7Prim 9MainStructure

Prim 2Prim 4Prim 6Prim 8Prim 10

Original DatabaseProcessor 0Processor 1distributebyprimitiveStruc. AStruc. BStruc. CStruc. DStruc. AStruc. BStruc. AStruc. BStruc. CStruc. DStruc. CStruc. DFigure 1. Distribute-by-primitive methodMainStructure

Original DatabaseProcessor 0Processor 1distributebystructureStruc. AStruc. BStruc. AStruc. BStruc. CStruc. DStruc. CStruc. DFigure 2. Distribute-by-structure method guarantees that they will be evenly distributed across theprocessors. Distributing the primitives in large consecutiveclusters or groups provides no guarantee of an even distributionunless one bases the group size on a-priori knowledge about thedatabase size (something most API�s don�t provide for). Usingmedium-size groups is perhaps a better choice.For SM or SL, one should choose a relatively fine primitivescattering since this is a main factor in determining the overallprocessor load-balance. For SF, the initial primitive distributiondetermines the load-balance for the sorting pass over the database,but not for the overall rendering. Thus a fine scattering is goodfor this purpose, but a coarser scattering has the desirablecharacteristic that it may leave some structures empty. Withempty structures, one has the opportunity to skip over them duringdatabase traversal, improving the parallel efficiency of the system.Also with SF, the actual primitive data will tend to clustertogether due to the very nature of the architecture. Whether or notthis provides a window for greater efficiency is determined byvarious bookkeeping decisions which are discussed in sectionsbelow.3.1.2 Primitive Migration IssuesWith SF, unlike SM or SL, we must deal with primitive migration.This means that a processor must end up having the right set ofprimitives to render each frame. This set consists of everyprimitive which has an instance appearing in a screen region forwhich this processor is responsible. Note that we must manageboth the actual primitive and its instances. To migrate primitives,we must find efficient solutions for deciding where the primitivesgo and dealing with them as they arrive. There are manyefficiency criteria: a given processor should not have to store ortransform many more primitives than those which fall in itsregion; the cost of the basic editing and traversal operationsshould be kept minimal (they should not take much longer thanSM or SF require); finally, of course, the amount of bookkeepinginformation and its management should not weigh too heavily.Given that only primitives (with their intrinsic state) will bemigrating, we can see that it is necessary to keep primitivesdistinct from the other types of database contents. However,depending upon the database semantics, some primitive attributesmay be tied into the primitive�s position in the database, and thuswe must be able to efficiently maintain these ties as primitivesmigrate. Such attributes may include the current color or thelatest transformation matrix. Manipulating the database semanticsto limit such ties is one possible solution (for instance, only allowa single current color and matrix per structure), but anotherpossibility is to maintain efficient lookup tables for suchinformation and assign appropriate indices to each primitive.3.1.3 Database Representation IssuesIn order to illustrate various problems associated with databaserepresentation and traversal, we set up an example databasescenario:

Structure A

Structure B

C (cont�d.)

xform 1xformprimitive eexecute Bcolorprimitive fxform 2execute Cprimitive gexecute Bprimitive hxform 3primitive iexecute B

Structure C primitive jxform 4primitive aprimitive kexecute Bprimitive bprimitive lprimitive cprimitive mprimitive dprimitive nFigure 3. Example database contents

IIIIIIIV1234 abcdefghijklmn

Figure 4. Example database sceneThe database consists of three structures: A, B, and C.Structure A is posted. The hierarchical structure of the scene canbe viewed two ways:AA12341234BCBBBBCCCC

Figure 5. Minimal viewFigure 6. Maximal viewFigure 5 shows a minimal view of the database by presenting itas a directed-acyclic graph. This graph is derived directly fromFigure 3, with each structure shown as a node and each executeshown as an arrow. It contains the minimal information we needto traverse the database. Figure 6 shows a maximal view of thedatabase by presenting it as a tree. This time each execute pointsto a separate instance of each structure. This view gives us aclearer picture of how much work this database requires toactually render.Now let us suppose an actual rendering of this scene appears asshown in Figure 4. The screen regions are the quadrants inRoman numerals, while the given instances of C’s primitives arenumbered in Arabic.For this scenario, we notice that the processors for regions I andIII must receive the entire set of primitives, while those forregions II and IV only need to deal with a subset. The problemwe face is to determine for each branch of Figure 6 which set ofprimitives must be rendered by each processor.We attack this problem by considering two main solutionmethods. The methods are based upon which view of thehierarchy is stored and managed:

1.The minimal set (�min-set�) containing only definedinstances of primitives (as in Fig. 5).2.The maximal set (�max-set�) containing all of theinstances of all primitives (Fig. 6).Each method has an interesting set of advantages anddisadvantages.3.2 Common Issues and SolutionsBefore we go into a discussion of either method, we take amoment to examine some more issues that are common to bothmethods.With either method, there is the question of what granularity touse for database migration and bookkeeping. That is, shouldbookkeeping be done for every individual primitive, or should itonly be done at the whole structure level? We propose a solutionthat is somewhere in between, and this is accomplished byclustering primitives into groups or chunks of a given maximumsize. The bookkeeping costs (both computation and storage)would therefore be amortized over the primitives in the chunk,this being at the expense of having some primitives beunnecessarily sent or transformed. Finding the chunk size whichbalances these factors is something we will have to look into,though. An additional benefit of having fixed-size chunks is that itfacilitates efficient memory management.As we mentioned earlier, SF typically performs more than onepass over the database. Also, when a processor receivesprimitives from other processors, it must be able to efficientlystore these primitives into their correct places in the database.Both of these factors suggest that one should build and storeinformation from the first pass over the database to facilitatesubsequent database operations. Such information includes:¥ Combined transformation matrices. Normally, these arediscarded during single-pass traversal. In SF, primitives arrivingfrom other processors will need to be transformed, and thus all thecombined matrices must be kept around in such a way that theycan be quickly found and used.¥ A linear index table of all the structures, with structurenumbers that are consistent across the processors. Such a tablefacilitates the storing of arriving primitives in the correct places.Since all processors have a copy of the hierarchy skeleton, thesynchronized table is easy to build.¥ Information about which primitive chunks actually need to berendered on this processor. While this is pretty obvious, what isless obvious is that such information corresponds to a local max-set view of the database. Thus even if only the min-set is beingkept around from frame to frame, one must build a certain amountof the max-set for use during a given frame.If one also builds a linear table of all max-set structures, thedatabase is essentially �flattened out,� and any subsequenttraversal passes can be performed very easily.3.3 The Min-Set MethodKeeping track of only the minimal set of database information hasa number of advantages. Since this is the same procedure used bySM and SL, it means that both the storage space required and thecost of basic operations will be similar among SF, SM, or SL.However, this method has a significant drawback: for a giventraversed instance of a structure, a processor does not know whichprimitives (if any) it must render.Let us examine the traversal problem by considering Figure 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 fallscompletely outside of this region.The processor for region I must have all of the primitives in Cbecause it will need them to draw instance 1. The processor alsohas the entire hierarchy information and thus it knows about allthe other instances. How will this processor know that it onlyneeds to render instance 1, parts of 2 and 3, and not worry at allabout instance 4?3.3.1 Min-Set ImplementationIn order to efficiently decide which instances of a structure eachprocessor must render, one may implement bounding volumesaround each structure [2]. This allows a given processor toquickly test whether or not an instance of a structure falls in theprocessor’s region (cull-test). This is done by first checkingwhether or not the bounding volume intersects the region and onlyacting on the enclosed primitives if it does.This will help deal with most cases. For this particularexample, the processor for region I can use this information toquickly decide that it need not worry about instance 4 of structureC, since it falls completely outside of its region. It still must dealwith instances 2 and 3, however.There are many different choices for what kind of boundingvolumes to use. These including spheres, axis-aligned boxes,oriented boxes, and multiple slab intersection [1]. These are listedin order of increasing complexity and tightness of fit, whichtogether represent the major tradeoff associated with the choice ofwhich to use. Tighter fitting volumes will help to decrease thenumber of primitives that a given processor must deal with, andthey will also help to decrease the amount of primitivecommunication. However, since bounding-volume tests must beperformed for every instance of every structure for each frame,the tests should be as simple and fast as possible.Given that one has bounding volumes around each structure,one could consider building a hierarchy of bounding volumes andusing various techniques to further speed up the rendering byreducing the amount of traversal [2]. However, this can only bereadily applied to the max-set, not to the min-set.Since structures can have arbitrarily large numbers ofprimitives, it really is necessary to be able to place boundingvolumes around portions of structures. As discussed above, thebounding volumes could be applied to chunks of primitives.Ideally, the primitives in each chunk will be near each other, butthis is difficult to enforce. The grouping of primitives into chunkscan be done in a number of different ways. One can group theprimitives as they are received: every N primitives within thestructure forms a new chunk. Alternatively, it could be left up tothe application program to determine the chunking, or the systemitself could implement one or more of the various existingpartitioning algorithms.Aside from bounding-volume creation, one must also worryabout the effects of editing on bounding volumes. If primitiveswithin a structure are changed, the bounding volume may need togrow or shrink.3.3.2 Primitive Migration / CommunicationWe now examine the problem of determining how primitives willbe handed off from processor to processor. We will continue touse the chunk idea from before; thus rather than keeping track ofand sending primitives around individually, a processor wouldonly 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 assignedto the various processors, and each processor isresponsible for making certain that its chunks are sent tothe right places.

2.Pull method: a processor will, upon seeing that it needs agiven chunk, request that it be sent from some knownlocation.3.3.2.1 Min-Set Push CommunicationAgain, each method has advantages and disadvantages. For thepush method, we must decide which processors will beresponsible for which chunks. A processor must make sure thatthe chunks for which it is responsible are located on the correct setof processors. This bucket-sorting process is done by checkingthe bounding volumes for each chunk against the screensubdivisions. In order to know which processors must be sent agiven chunk, the sending processor must store for each chunk a bitvector 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 thatchunk, while other processors which have a copy of the chunksolely 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 alltimes: the fixed master set (where the chunks were assigned) andthe dynamic slave set (where the chunks actually appear). If theassignment of mastership is allowed to be dynamic, this can bereduced to a single copy. However, without active load-balancing, the actual distribution of this copy may vary widelyfrom processor to processor. Due to structure instancing, it is notclear that load-balancing the rendered primitives (the max-set)does anything to balance the min-set. Fixed mastership solvesthis problem since the master distribution can be assigned evenlywhile the database is being created. Having a good master loadbalance means that the initial SF pass (or two) over the databasewill be well balanced among the processors.There are other issues between fixed and dynamic mastership.The latter provides greater possibility that on a given processorstructures will become empty, giving the opportunity to skip oversuch structures during traversal (section 3.5). But dynamicmastership exhibits the off-screen primitive problem, wheremaster primitive chunks accumulate at processors rendering thescreen edges and thus require redistribution. Fixed mastershipavoids this problem.During traversal, a processor will treat �master chunks� and�slave chunks� differently. For master chunks, the processor mustexecute the bucket-sorting algorithm: it determines the set ofregions in which the chunk appears based upon bounding-volumeoverlap. The master must then compare this set with the existingset of slaves and finally send the chunk to any new slaves.For the slave chunks, the processor needs only to perform asimple cull test to see whether or not the chunk appears in itsregion and proceeds accordingly. However, slave chunksintroduce a new challenge: one must decide when to delete them.One can only delete them when no instance of the chunk appearsin this processor�s region. Since one cannot know this until aftera complete traversal, one can collect this information during oneframe and decide whether or not to delete the chunk during thenext frame.3.3.2.2 Min-Set Pull CommunicationWith the pull method, the job of making sure that a processorreceives the right set of primitives is left to the receivers (asopposed to the senders). A processor will transform a boundingvolume and see if it must render a given chunk. If it does nothave the chunk, then it will request it from a known location (thechunk�s �master� processor). To establish known locations,however, requires again that there be two distributions ofprimitives: the fixed, known (master) distribution, and thedynamic (slave) distribution.Unlike push communication, the pull method does not requiremaster processors to store and manipulate the bit-vector indicatingwhich slave processors have a copy of a given chunk. A largeradvantage of the pull method is that the processors need onlyperform the simple cull test and not the full bucket-sortingalgorithm for each chunk.The disadvantages of the pull method are two-fold. One is theneed to have request messages. This adds a significant number ofmessages to the rendering process compared to the push method.Using buffering to reduce the number of messages sent will likelyincrease rendering latency. The request messages also requireprocessors to interrupt their normal work in order to respond.Finally, the pull method also requires that all processors transformand test all chunks� bounding volumes for visibility (as opposed toonly testing the present chunks). No portion of the hierarchy canbe skipped over, since all chunks are always potentially presentuntil tested otherwise.Load-balancing considerations are similar to that of the pushmethod, except that the only additional work required of mastersis the processing of request messages and the sending of chunksas a result.Considering the two methods, it appears that the push method isthe better choice. Since it does not involve any primitive requestmessages, it has lower communication bandwidth and latency.The push method has much lower computational requirementsand it also offers more potential for optimizations.3.3.2.3 Bookkeeping for Arriving PrimitivesWith either method, there are some additional problems whichmust be dealt with, both concerning arriving primitives. When aprocessor receives a chunk of primitives, it must be able to storethe primitives efficiently in the correct place in the hierarchy, andit must efficiently transform and render them, using the correctstate information (e.g., transformation matrix).The problem of efficiently storing the arriving primitive chunkshas already been addressed. However, there is still the problem ofrendering the new chunks. Part of the problem is that thereceiving processor must have the correct transformation matricesavailable for ready use. This has also been addressed.What has not been covered is the fact that the receivingprocessor will not necessarily know which max-set instancesshould be rendered for the new min-set chunks. Processors willneed to be able to identify all the max-set transformation statesthat correspond to a given min-set structure. Such lists can beconstructed by linking together corresponding max-setinformation structures. When a primitive chunk is sent, it caninclude information about which was the first instance where thechunk appeared in the destination processor�s region. Thatprocessor can start from this point in the list and then perform culltests for this chunk as it is transformed according to the rest of theinstances in the list.3.4 The Max-Set MethodWith the minimal-set method, a processor must always transformand cull every instance of every chunk it has. With the maximal-set method, we reduce this work by choosing instead to keep trackof each primitive chunk instance separately. This information canbe distributed among the processors rather than requiring each tocompute it for every frame. With the max-set method, boundingvolumes are not a necessary component. However, they can beretained with primitive chunks to provide the advantagesmentioned earlier.

The max-set method has its downside, however. It mustgenerate and store bookkeeping data for all the primitive chunkswithin the max-set. The problem is that the max-set can changesignificantly as the hierarchy is modified, and thus the basicdatabase operations become more complex.Let us consider the max-set method with respect to the exampleshown earlier. Each processor now keeps track of a structuresimilar to Figure 6 (perhaps in addition to the structure in Figure5). However, on a given processor, what is present in thestructure instances marked "C" will vary from instance toinstance. Consider the processor for region I. For instance 1, itwill have data for all of the primitives in the original structure; forinstances 2 and 3, it will have data for only portions of theprimitives; and for instance 4, it will contain no primitives at all.Now consider modifying the original database. If one wants tochange a primitive in structure C, there are four instances whichare affected. If one wants to modify the execute in B (perhaps toexecute some other structure not shown), then all the informationabout the primitives within the four instances in C becomesinvalid. If we imagine that structure A is a substructure itself andif it is executed an additional time, then the entire A-B-C subtreemust be replicated to maintain the maximal set.3.4.1 Max-Set ImplementationTo keep track of all the primitive chunk instances, we couldconsider a simple replication strategy whereby we generate themax-set by simply making copies of the original data for everystructure instance that comes into existence. However, thismethod has major drawbacks. Should any part of a givenstructure change, one must find and change every instanced copy.Thus each edit becomes a linear-time (or worse) operation ratherthan constant. Also, whenever a chunk instance is sent from oneprocessor to another, the entire chunk must always be sent, sincethere is no notion of the primitive data vs. an instance pointer.A much better way of building the max-set would be to firststart with the min-set, then make a tree of pointers thatcorresponds to the max-set. Each max-set instance would containonly pointers to the original data within the min-set. Given themuch greater feasibility of this pointer method over the replicationmethod, the pointer method is the only one we will explorefurther.Thus with the pointer method, we maintain two appearances ofthe database. In the min-set copy we store the exact sameinformation as for the min-set method. For a given processor, thisinformation includes (at least) primitive chunks for which anyinstance appears in that processor�s region. The max-set copy ofthe database contains an entire skeleton of the actual max-set.Within each max-set structure, there will be pointers to only thechunks which appear in this processor�s region for that instance.In addition, each max-set structure will point to its original min-set version. This will allow one to quickly find the non-primitiveinformation for a given structure. Finally, the max-set can also beused to store certain information generated during traversal(namely, combined transformation matrices). One differencebetween the min-set and max-set 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).3.4.2 Max-Set OperationsAll operations are initially performed upon the min-set copy, andthen the system must eventually update the max-set copy. Asbefore, we retain the idea of master and slave processors forprimitive chunks which overlap multiple regions. The masterprocessor is responsible for making sure that the chunk goes to allthe necessary slave processors. To extend this idea to the max-setmethod, we make the master processors responsible for properlydistributing all the chunk instances. Thus the master mustconsider not only which processors have a copy of a given min-setprimitive chunk, but also which processors have a copy of themax-set instance pointers for that chunk.Now let us consider how to perform the basic operations on themax-set database. The creation of new structures isstraightforward; it only affects the min-set. The deletion of astructure is similar: you should only delete non-instancedstructures. 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 deferringthe real work until scene traversal time. Similarly, unposting canbe done by putting the tree in a garbage-collection list, to becleaned up after traversal and rendering. Editing parameters andmatrices within the hierarchy is straightforward. Editingprimitives can also be straightforward assuming one uses the�fixed� master system mentioned earlier (meaning the primitivewill be easy to find). Finally, changing an execute is potentiallycomplex, but again we minimize the work by delaying it.3.4.3 Max-Set TraversalAll of the complex work is delayed until scene traversal time.During the first pass, a processor must simultaneously traverseboth the min-set and the max-set, making sure that the max-setappropriately parallels the min-set. When there are pieces of themin-set that do not exist in the max-set (due to a new post orexecute), the processor creates them on the spot. When theprocessor comes across pieces in the max-set that have becomeobsolete due to database edits, these are added to the garbage-collection.When a new instance of a structure is to be created in the max-set, a processor places within it pointers to all of its master chunksfor that structure. This guarantees a complete yet disjoint initialdistribution for the max-set structure instance.During traversal, a processor considers each chunk pointer inthe max-set structure. If it points to a master chunk, then thisprocessor must see that this chunk instance (and its correspondingmin-set data) is properly distributed to all necessary slaves. If thechunk pointer is directed at a slave chunk, then the processor onlydecides if it still needs to keep the pointer. If it does not need itanymore (due to the associated instance no longer falling in thisprocessor�s region), then it can delete it and possibly also theassociated slave chunk data. To know about this possibility,reference counts can be used to keep track of how many max-setinstances are pointing to the min-set data.The bookkeeping just discussed is greatly simplified if fixedmasters are used. If dynamic mastership is used, then one must becareful to migrate all the information associated with a givenprimitive chunk: which processors have copies of the actualchunk, and which processors have a copy of each instance. Nottransferring this information together leads to greatercomplications.3.4.4 Max-Set Primitive MigrationWe now turn some additional attention to the problem oftransmitting primitives, since new complications arise due to thefact that we have to worry about both min-set primitive chunksand their max-set instances.When a processor sees that it must send a chunk instance, itwill go ahead and place a message regarding that instance into theappropriate outgoing buffers. The processor must also then check to see if the receiving processor has a copy of the original chunkdata. If not, this is also queued to be sent.The difficulty in this process is finding an efficient way for themaster processor to pass along the instance pointer information.The pointer must refer to the original chunk by an ID (sincememory pointers are not valid across processors). The receivermust have a quick way of looking up the ID to see where in itsmemory the chunk is found. One solution is to place the chunkIDs in a hash table. Keeping a chunk index table for each min-setstructure may also be practical.Thus when a processor receives a chunk of primitive data, itjust places it in the appropriate structure in the min-set. When aprocessor receives a chunk pointer, it places the pointer in theappropriate max-set structure and links it to its min-set data. Itthen (or eventually) renders that max-set chunk.3.5 Improving EfficiencyFor various reasons, one may find in a distributed graphicsdatabase structures which contain no primitives. One reason iswhen the number of primitives in that structure is smaller than thenumber of processors times the number of primitives per chunk.Applications often have large numbers of small structures (inaddition to smaller numbers of larger structures), and thus locallyempty structures are likely. In addition, with dynamic mastership,SF allows the possibility of primitives to migrate out fromstructures and leave them locally empty on some processors.Given the presence of many empty structures, it pays tooptimize traversal by not traversing into empty portions of thehierarchy. Bounding volume hierarchies (see section 3.2.1),applicable to the max-set method, provide this possibility forlocally off-screen portions of the hierarchy. It does not help withempty on-screen structures.A more general method is to simply keep a flag for eachstructure to indicate the presence of any primitives. For the min-set, this is about all you can do. During traversal, one can skipempty 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, indicatingthe presence of primitives within entire branches of the structurehierarchy. One difficulty with this method is that any primitivechunks which arrive in previously �empty� portions of thehierarchy require backtracking to compute the relevanttransformations to use. Another small problem is the fact that ifall the processors are not performing the same traversal, it is notas easy to generate synchronized structure indices. One canovercome this problem either by always doing light traversal (tocompute structure numbers), or by keeping track of the number ofsub-structures under any given structure.4. EXPERIMENTAL STUDYIn order to evaluate the effect of chunk-based primitivebookkeeping and to help us understand performance differencesbetween the min-set and max-set bookkeeping strategies, we haveconducted some experiments. These experiments are based uponstatistics gathered from a software-based sort-firstimplementation. We will describe the implementation, the inputdata, and the test cases run. In section 4.2 we discuss the results.4.1 Experimental SetupWe have written a parallel sort-first software-basedimplementation. PVM is used to provide multiprocessingcapability [8]. A host process spawns processes for each graphicsprocessor plus a framebuffer. The system is capable of usingeither the min-set or the max-set method of database bookkeeping.One can vary the maximum number of primitives per chunk inaddition to several other parameters.The system places a 3D bounding box around each primitivechunk. During database traversal, these bounding boxes aretransformed into screen space, and their bounding rectangles arecomputed. These data are used to perform both view-frustumculling and bucket-sorting of the primitive chunks.The test database is a model of a Ford Bronco. The Broncoconsists of 466 structures and 74,647 triangles. For the test runs,the Bronco was instanced three times, with the instancesdistributed around a circle. In the animation, the camera revolvesaround the circle while viewing approximately one half of thecircle�s area. The color plate section shows representative framesfrom the animation.Test runs were made using various parameters. The number ofprimitives per chunk included: 1, 5, 12, 26. The number ofprocessors 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 theprimitive chunks formed, different strategies for forming theprimitive chunks were tried before selecting one. The firststrategy (called �unsorted�) was to take every N primitives andmake them a chunk, where N is the selected chunk size. Thesecond strategy (�partially sorted�) was to presort the primitivesin the input file by performing an octree-based sort over eachstructure�s primitives, then proceed as with the first strategy. Thethird strategy (�sorted�) was to read in the primitives in eachstructure and form the chunks by performing a relatively simple3D spatial-subdivision algorithm. Chart 1 details the results ofthese different strategies.

Primitives Per Chunk

Average Bounding Box Volume0.0000000.0100000.0200000.0300000.0400000.0500000.0600000.070000

1

2

5

12

26unsortedpartially sorted sorted

Chart 1. Chunking strategy resultsThe sorted method was chosen for use with the test runs. Asthe sorting is only done at database load time, this is a reasonablechoice for a model with static structures.In the tests, for each frame drawn, various statistics concerningthe number of operations done on each processor are written to anumber of trace files. For a given set of test conditions, thestatistics across the processors and across the frames in theanimation are averaged together. This method provides a broadview of each test case.4.2 Experimental ResultsFirst we examine some of the results concerning the chunkingstrategy. Chart 2 shows us the relationship between the chunksize and the amount of communication that SF performs. Thechunk size has a moderate effect upon the amount ofcommunication. The number of processors has a much greater impact upon this statistic than the chunk size, though as thenumber of processors increases, chunk size has greater impact.In Chart 3, we show the average chunk overlap factor for thedifferent test cases. The chunk overlap is the average number ofregions each chunk overlaps. Similar to the primitive overlapfactor (see [11]), this value has a significant impact upon theparallel efficiency of the system. This is because whenever achunk�s bounding rectangle overlaps multiple regions, all theprimitives in the chunk must be transformed for each region. Thissource of inefficiency increases as the regions become smaller andas the chunks become larger. Note that this chunk overlapinefficiency affects only a part of the graphics pipeline: theunnecessarily transformed primitives are culled from furtherprocessing. Chart 3 shows us the fairly direct relationship betweenthe chunk overlap factor and the ratio of the chunk bounding boxsize vs. the average region size. As this ratio increases, chunkoverlap steadily becomes a source of inefficiency we mustcontend with.In order to compare the min-set and max-set bookkeepingmethods, we examine the total number of transformations thatoccur in each. This includes transformations of the masterchunks, the slave chunks (including newly received ones), and ofall the primitives in the chunks which overlapped any processor�sregion. We count one transformation for each chunk or primitive.These numbers are shown for the min-set method in chart 4, andfor the max-set method in chart 5. We have omitted the numbersfor the chunk size of one since it is not practical to place abounding volume around a single primitive (the numbers aredisproportionately large).The total number of transformation has an interestingrelationship to chunk size. Larger chunks mean that there arefewer of them to transform. However, as mentioned before, largerchunks increase the overlap inefficiency. Comparing the resultson charts 4 and 5 show us that the max-set method has much lesstransformation work to do than the min-set method. The source ofthis difference comes from the number of slave chunk boundingboxes that are transformed. This figure is three times higher forthe min-set method, which is what we expect, given that there arethree instances of the Bronco being executed.5. CONCLUSIONIt should be evident that devising a distributed hierarchicalgraphic database for sort-first is much more difficult than for sort-middle or sort-last. The complications arise due to structureinstancing and primitive migration. A pair of solutions have beenproposed to address these problems. Each solution branch has itsset of tradeoffs in addition to a variety of smaller issues to decide.For the min-set solution, we keep track of only the originalprimitive data. This simplifies the bookkeeping, but the problemof knowing which primitives to render for a given instance arises.We have dealt with this problem through the use of boundingvolumes around primitive chunks.With the max-set solution, we keep track of both primitive dataand all primitive instances. This reduces the number of primitivechunks that are cull-tested against the local viewing frustums, butat the expense of more complex bookkeeping.Which of these methods is a better choice depends to a largeextent upon how much applications make use of structureinstancing. The additional overhead of the max-set method doesnot appear to be very significant, and this method is the betterchoice for applications with moderate or large amounts ofinstancing. For applications that make little or no use of structureinstancing, the min-set method is the obvious choice.Further exploration of different primitive bookkeeping methodsis worthwhile. The question of static versus dynamic mastershipalso remains open, with the latter offering opportunities fortraversal optimization while introducing new complexities. Inaddition, we are interested in examining various optimizations toreduce the inefficiency caused by the chunk overlap factor.Exploration is currently continuing into these issues. Inaddition, a more detailed analysis of the overhead from thevarious bookkeeping strategies is being conducted. Finally, weare examining how these bookkeeping issues interact with othersystem issues, especially SF load-balancing. It is hoped that fromthis research a real-time implementation will be written to run onhardware such as the upcoming PixelFlow machine from HewlettPackard and UNC [10, see also http://www.cs.unc.edu/~pxfl/arpa4_95].6. ACKNOWLEDGMENTSI would like to thank Anselmo Lastra and Jonathan Cohen forhelping me with this paper. Thanks go to Division and Viewpointfor providing the Bronco model, and to Jonathan for helping toconvert it. This research was supported in part by the DefenseAdvanced Research Projects Agency, ISTO Order No. A410, andthe National Science Foundation, Grant No. MIP-9306208.REFERENCES[1]Arvo, James and David Kirk, �A Survey of Ray TracingAcceleration Techniques,� Chapter 6 in An Introduction toCommunication vs. Chunk SizeChunk Overlap FactorMin-Set TransformationsMax-Set Transformations

Primitives per Chunk

Primitives Sent Per Frame0.05000.010000.015000.020000.025000.030000.035000.040000.045000.050000.0151226

Primitives per Chunk

Chunk Overlap Factor0.0000.2000.4000.6000.8001.0001.2001.4001.6001.800151226

Primitives per Chunk

Number of Transformations (thousands)0.050.0100.0150.0200.0250.0300.0151226

Primitives per Chunk

Number of Transformations (thousands)0.050.0100.0150.0200.0250.0300.01512264 Proc8 Proc

12 Proc

16 Proc

20 Proc

Chart 2.Chart 3.Chart 4.Chart 5.

Ray Tracing, edited by Andrew S. Glassner, AcademicPress, New York, 1989.[2]Clark, James. �Hierarchical Geometric Models for VisibleSurface Algorithms,� Communications of the ACM 19, 10(October 1976), pp. 547-554.[3]Cox, Michael. Algorithms for Parallel Rendering, Ph.D.dissertation, Princeton University, 1995.[4]Ellsworth, David, Howard Good, and Brice Tebbs.�Distributing Display Lists on a Multicomputer,�Proceedings of the 1990 Symposium on Interactive 3DGraphics (Snowbird, Utah, March 25-28, 1990), specialissue of Computer Graphics, ACM SIGGRAPH, NewYork, 1990, pp. 147-155.[5]Ellsworth, David. �A Multicomputer Polygon RenderingAlgorithm for Interactive Applications,� Proceedings of the1993 Parallel Rendering Symposium (San Jose, California,October 25-26, 1993), special issue of Computer Graphics,ACM SIGGRAPH, New York, 1993, pp. 43-48.[6]Foley, James, Andries van Dam, Steven Feiner, and JohnHughes. Computer Graphics: Principles and Practice, 2ndEd., Addison-Wesley, Reading, Mass., 1990.[7]Fuchs, Henry, John Poulton, John Eyles, Trey Greer, JackGoldfeather, David Ellsworth, Steven Molnar, Greg Turk,Brice Tebbs, Laura Israel. Pixel-Planes 5: A HeterogeneousMultiprocessor Graphics System Using Processor-Enhanced Memories. Proceedings of SIGGRAPH �89(Boston, Massachusetts, July 31-August 4, 1989). InComputer Graphics 23, 3 (1989), pp. 79-88.[8]Geist, Al, Adam Beguelin, Jack Dongarra, RobertMancheck, Weicheng Jiang, and Vaidy Sunderam. PVM: AUsers� Guide and Tutorial for Networked ParallelComputing, MIT Press, Cambridge, Mass., 1994 (alsohttp://www.netlib.org/pvm3/book/pvm-book.html).[9]Molnar, Steven. Image-Composition Architectures for Real-Time Image Generation. Ph.D. dissertation, TR-91-046,University of North Carolina at Chapel Hill, 1991.[10]Molnar, Steven, John Eyles, and John Poulton. PixelFlow:High-Speed Rendering Using Image Composition.Proceedings of SIGGRAPH �92 (Chicago, Illinois, July 26-31, 1992) In Computer Graphics 26, 2 (1992), pp. 231-240.[11]Molnar, Steven, Michael Cox, David Ellsworth, and HenryFuchs. A Sorting Classification of Parallel Rendering. IEEEComputer Graphics & Applications 14, 4 (July 1994), pp.23-32.[12]Mueller, Carl. �The Sort-First Architecture for High-Performance Graphics,� Proceedings of the 1995Symposium on Interactive 3D Graphics (Monterey,California, April 9-12, 1995), special issue of ComputerGraphics, ACM SIGGRAPH, New York, 1995, pp. 75-84.[13]Rohlf, John and James Helman. IRIS Performer: A HighPerformance Multiprocessing Toolkit for Real-Time 3DGraphics. Proceedings of SIGGRAPH �94 (Orlando,Florida, July 24-29, 1994). In Computer GraphicsProceedings, Annual Conference Series, 1994, ACMSIGGRAPH, New York, 1994, pp. 381-394.[14]Strauss, Paul and Rikk Carey. An Object-Oriented 3DGraphics Toolkit. Proceedings of SIGGRAPH �92(Chicago, Illinois, July 26-31, 1992). In Computer GraphicsProceedings, Annual Conference Series, 1992, ACMSIGGRAPH, New York, 1992, pp. 341-350.