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Abstract

Tiled displays can provide high resolution and large display area. Cluster-based tiled displays are
cost-effective and scalable. Chromium is a popular software API used to build such displays; Chromium
based tiled displays tend to be network-limited affecting the scalability in the number of nodes and the
ability to handle large environment models. This thesis presents a tiled Display Wall setup based on
a client-server architecture, with the server managing all the aspects leaving the clients with rendering
as their sole responsibility. Our system uses off-the-shelf graphics hardware and standard ethernet net-
work. High-level scene structure and hierarchy of a scene graph (OpenSceneGraph) is used by a central
server to minimize network load. The view-frustums of the rendering nodes are treated hierarchically
as well. A novel algorithm combines the object hierarchy of the scene graph with the hierarchy of
frustums to determine the optimal process of unfolding the hierarchies so as to minimize the number of
computations involved. Visible parts of the scene graph are transmitted and cached by the clients to take
advantage of temporal coherence. The server, following a push-philosophy, is able to exploit the high
degree of overlap in the computation space for each rendering node to avoid concurrent redundant com-
putations. We use a multicast oriented protocol for data-transmission to the clients, making the system
scalable. Geometry push philosophy from the server helps keep the clients in sync with one another and
facilitates the pipelining of the constituent stages. Distributed rendering allows the display wall to be
able to render scenes which are otherwise too bulky for any of the individual rendering nodes. No node,
including the server, needs to render the entire environment, making our system suitable for interactive
rendering of massive models. We show performance measures for the different underlying aspects of
our display wall. The display wall application is implemented as a library-intercept mechanism to seam-
lessly render any OpenSceneGraph-based graphics application to a tiled-display wall without the need
of modification, recompilation or even relinking. This makes our display wall easy to use for several
already existing applications. Our studies show that the server and network loads grow sub-linearly
with the number of tiles. This makes our scheme suitable for the construction of very large-resolution

displays.



Contents

Chapter Page
1 Introduction . . . . . . . . . . e e 1
1.1 Display Wall . . . . . . . . e 1
1.1.1  Focus plus Context Displays . . . . . . . . ... ... .. ... . ....... 1

1.2 Cluster-based Tiled Display Wall . . . . . . . .. ... ... . . . ..., 2

1.3 Contributions of this Thesis . . . . . . . . . . .. ... ... ... ... ... ..... 4

1.4 Experimental Setup Usedinthe Thesis . . . . . . . ... ... ... ... ....... 4

1.5 Overview ofthe Thesis . . . . . . . . . .. o 5

2 Background and Related Work . . . . . . . . ..o Lo 6
2.1 Display Wall Systems . . . . . . . . . . .. 6
2.1.1 Specialized Hardware Setups . . . . . . . . . ... ... ... 6

2.1.2  Cluster-based Displays . . . . . . . . . . . .. .. 6

2.1.3 Master-Slave approach . . . . . . . . ... ... 7

2.1.4 Client-Server approach . . . . . . . . . .. . ... 7

2.1.5 Chromium . . . . . . ... e e e 8

2.2 Visibility Determination . . . . . ... ... L 9
2.3 Scene Graph APIs . . . . . . . . . L 11

3 Geometry-Served Display Wall . . . . . . . . . ... oo 12
3.1 Geometry Server . . . oo oL L o e e e e e e 12
3.2 Geometry-Served Display Wall . . . . . . ... .. ... .. ... .. .. . ... 13
3.2.1 Rendering Pipeline . . . . ... ... ... ... ... .. ... 13

32.1.1 Server'sTasks . . . .. .. .. ... ... 15

32.1.2 Client’'sTasks . . . . . .. .. .. ... . . 15

322 Pipelining . . . . . . .. e e 17

4 Visibility Culling for Tiled Displays . . . . . . . . . . . . . . 19
4.1 Object Hierarchy and Frustum Hierarchy . . . . . . . .. ... ... ... .. ..... 19
4.2 Visibility Culling . . . . . . . .. 20
4.2.1 Preprocessing . . . . . ... ..o 21

4.2.2  Traversal of Object and Frustum Hierarchies . . . ... ... ... ... ... 21

4221 OHwithoutFH . .. ... ... ... ... ... ... ..., 22

4222 FHwithout OH . .. ... ... ... ... ... . . .. ... ... 22

4223 AdaptiveOHandFH . ... ... ... .. ... ......... 23

423 Experimental Results . . . . . . .. ... ... ... ... ... ... ... .. 27

vi



CONTENTS vii

5

6

7

8

Data Transmission, Rendering and Display Synchronization . . . . . . . . .. ... ... .. 32
5.1 Data Transmission . . . . . . . . . L oo e e e e 32

5.1.1 DataHeader: MetaData . . . . ... ... ... ... ... ... ..... 33

5.1.2 Multicast Data . . . . . . . .. L 33

5.1.3  Scene Graph Formation at Clients . . . . . . ... ... ... ... ...... 34
5.2 Rendering and Display Synchronization . . . . . . ... ... ... ... ... .... 35

5.2.1 LoadDistribution . . . . . . .. ... 35

522 Parallax . . . . .. 35

523 Display Tearing . . . . . . . . . . . 36
5.3 Experimental Results . . . . . . ... . ... . 36
Transparent Rendering to a Tiled Display . . . . . . . . . . . ... .. .. .. ... 40
6.1 Transparent Rendering Using GSWall . . . . ... ... .. ... .. ......... 40
6.2 Limitations . . . . . . . ..o e e e e e e e 43
Experiments and Results for the Complete System . . . . . . . . . . ... ... ... .... 45
7.1 Scalability . . . . . .. 45
7.2 CPULoad . . . . . . . e 45
7.3 Cache . . . . . . o 45
7.4 Optimal Cache-Size . . . . . . . . . . . . . 47
7.5 LoadDistribution . . . . . . ... L 49
7.6 High-Performance Rendering Nodes . . . . . . .. ... ... ... .......... 49
7.7 Comparison with Chromium . . . . . . ... .. ... . L 50
Conclusions and Future Work . . . . . . .. .. . .. L oo 52

Bibliography . . . . . . . oL 54



Figure
1.1

2.1
2.2

3.1
32
33
3.4

4.1
4.2
4.3
4.4
4.5
4.6

5.1
5.2
53
54
5.5
5.6

6.1
6.2

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8

List of Figures

A2x3tileddisplay wall . . . ... .. L o

Chromium in tilesort configuration . . . . . . . . .. ... .. Lo L
Chromium rendering Saturn . . . . . . . . . . ... L e

Geometry SeIVer . . . . . . . e e
Server-Client control flow . . . . . . . . . .. .. L oL
GSWall Pipelining . . . . . . . . .
A 4x4 display wall showing UNC’spowerplant . . . . . .. ... ... ........

Frustum Hierarchy . . . . . . . . . . . . . . . .
Object Hierarchy . . . . . . . . . . . .
Adaptive Culling . . . . . . . .. e
Culling performance comparison for various approaches . . . . . .. ... ... ...
Experiment: Culling performance on Fatehpur Sikri . . . . . ... ... ... ... ..
Experiment: Culling performance on powerplant . . . . . . . .. ... ... .....

Objects spanning across tiles . . . . . . . . . . ...
Header packing . . . . . . . . . . .
Parallax due to gap between tiles . . . . . . . . . .. ... L.
Display tearing . . . . . . . . L. e e e
Experiment: Network usage . . . . . . . . . . . . .. ...
Experiment: Scalability with respect to network usage . . . . . ... ... ... ...

Transparent rendering using Chromium vs. GSWall . . . . . .. ... ... ... ...
Control flow for transparent rendering . . . . . . . .. ... ... ... ...

Experiment: Scalability plot . . . . . . . ... ... L
Experiment: CPUusage graph . . . . . . . . . . . ... ... ...
Experiment: 4300-frame walkthrough . . . . . ... ... ... ... ... ...
Experiment: Varying cache sizes . . . . . . . . . . .. ... .
Experiment: Load Distribution . . . . . . . .. ... .. oL o
Experiment: GSWall with Nvidia 6600GT rendering nodes . . . . . .. ... ... ..
Fatehpur Sikrionadx4display . . . . . . . . ... . o
Powerplantona4dx4display . . . . . . . . .. ...

viii



Table

4.1

5.1

6.1

7.1

List of Tables

Page
Visibility Culling performance . . . . . .. . ... ... ... L. 29
Startup tme . . . . . . o e e e e e e e e e e e 38
Operations while intercepting OSG functions . . . . . . .. .. ... ... ...... 43
Chromium vs. GSWall . . . . . . ... 50

X



1
2
3

Preprocessing a scene graph
Hierarchical Frustum culling
Adaptive OH and FH culling

List of Algorithms

algorithm . . . .. ... ... ... ...



Abbreviations

AABB : Axis-Aligned Bounding Box

BSP : Binary Space Partitioning

FH : Frustum Hierarchy

FPS : Frames per Second

GSWall : Geometry-Served Display Wall (Chapter 3)
GLUT : The OpenGL Utility Toolkit

LRU : Least Recently Used

LAN : Local Area Network

MP : Mega Pixels

OBB : Oriented Bounding Box

OH : Object Hierarchy (referring to scene graphs)
OSG : OpenSceneGraph [10]

PC : Personal Computer (referring to commodity workstations)
SDL : Simple DirectMedia Layer

TCP : Transmission Control Protocol

UDP : User Datagram Protocol

X1



Chapter 1

Introduction

1.1 Display Wall

A Display Wall is a large display system for scientific and medical visualization applications and
for public displays. They are also useful for setting up immersive virtual-reality environments where
the four walls and the ceiling are made of giant displays. Graphics accelerators on commodity systems
cannot power such huge displays. A desktop workstation with high-end commodity graphics accelerator
card can power resolutions up to 4 MP in twinview mode. Higher resolutions are either not possible or
come at the cost of impaired refresh rate. This severely limits visualization capabilities for off-the-shelf

workstations.

1.1.1 Focus plus Context Displays

Even though computing resources have been following Moore’s law and graphics accelerators have
been exceeding Moore’s law with product cycles being barely 6 months, the display resolution for per-
sonal computers has grown very modestly over the past two decades. There is a trade off between
resolution and display size on computer displays. Display resolution affects the visible detail and size
affects the visual context. While you can zoom in to view fine details, you lose the bigger picture. If you
zoom out to get the bigger picture, you lose out on the minute details. Many professional computer users
today work with visual documents that are large and detailed to fit on their screen. Examples can be
found in chip design (blueprints of a semiconductor wafer), architecture, graphic design, geographic in-
formation systems, etc [21]. An orthopedic surgeon might want to view the detailed nature of a fracture
while maintaining the contextual view to the body. Users of bioinformatics visualization applications
want to view specific portions of large molecules in detail while preserving the context about how it is
structurally connected to the molecule.

The most basic approach is zooming and panning [22]. Another approach, overview plus detail [46],
uses two windows, i.e. one showing the entire view while the other showing the specific portion in de-
tail. However, users must visually switch between windows and reorient themselves every time they
do. Fisheye views [37] avoid using a second windows, but introduce distortion, which interferes with
any task that requires judgment about scale, distance, or alignment. Baudisch et al. embedded high-



resolution portions in the screen while displaying low resolutions for the rest [20] in an effort to achieve
focus plus context. Want et al. proposed a focus+context framework to magnify the features of inter-
est [59]. These methods assume that the viewer concentrates at a small region on the screen whereas
people tend to move about and change viewpoints in a large display environment [26]. Large displays
with high resolution are required to convey a feeling of being immersed in an environment in Virtual
Reality applications.

Visual impact has a big role in the film industry. Cinemascope and VistaVision widened the 35mm
film, multi-projector systems such as Cinerama and the IMAX format provide even wider presentations.
The quest is for a large display that also has very high resolution. Multi-projector displays driven by a
cluster of computers are attracting attention in recent times, driven by recent color-balance and seamless
tiling technologies [26,43,44].

High-performance specialized rendering workstations are commercially available. They can power
displays of resolutions much higher than commodity PCs. However, they are very expensive with the
cost sometimes running into millions of dollars. Besides, they generally come marked for a particular
upper resolution limit. Hence, they have severe scalability issues with respect to the display wall size.
Upgrading the size of the wall generally means purchasing more specialized rendering workstations,
which may not always be feasible. Alternatives to using dedicated high-performance rendering systems

has been a hot area of research in visualization.

1.2 Cluster-based Tiled Display Wall

General purpose systems with off-the-shelf graphics accelerators can be used in a cluster to provide a
cost-effective and scalable alternative for setting up large tiled display walls. A tiled display (Figure 1.1)
consists of a number of displays arranged together in a rectangular grid. Each display is called a tile. In
such a tiled-display wall setup, each tile is powered by a node in the cluster, called a rendering node, also
referred to as a client. One node acts as a server and it controls the other rendering nodes. The server
may act as a rendering node as well. The viewer’s view-frustum, referred to as primary view-frustum,
is disintegrated into a rectangular grid of possibly non-symmetric sub-frustums, one for each tile in the
display wall.

Network throughput and latency has always been the bottleneck in all cluster-based rendering sys-
tems. Chromium [40], a popular software API has been commonly used by most existing display wall
setups [2,3,5,7,52]. These setups utilize a number of rendering nodes in a graphics cluster arranged
in a rectangular grid to form the display wall. Myrinet, a low-latency high-throughput protocol requir-
ing special hardware is used as the interconnect. However, Chromium is too wasteful of the network
resources owing to its design. It deals with very low-level primitives due to which it cannot take advan-
tage of higher level coherence in the graphics stream. Preprocessing load shoots up and graphics data
has to be transmitted to the rendering nodes every frame even when there’s no real visual change. Due

to these factors, Chromium is practically ineffective in interactive visualization of scenes involving a



Figure 1.1 A 2 x 3 cluster-based tiled display wall

lot of heavy data, very common to walkthrough applications. especially with commodity interconnect
technology. An advantage of Chromium is that any OpenGL-based graphics application can be used to
render to a display wall. The application need not be aware of the wall. In fact, the application does not

need recompilation or even relinking.

Our tiled display wall uses a client-server architecture. The server loads up the scene and controls
most aspects of the geometry rendering pipeline using a geometry-push philosophy. In a sense, the
server acts as a geometry server, a repository of large models. The server determines the visible portions
of the scene for each of the rendering nodes and transmits only these portions. The rendering nodes
cache the objects that are received once so that they need not be transmitted from the server. Once
all the clients are finished with rendering the scene that is present in their view-frustums, The server
coordinates the synchronization of the displays of all the rendering node so as to produce a coherent
display. The viewpoint for all the rendering nodes is the same, that of the viewer. The rendering load
is distributed across the rendering nodes. No individual node, including the server, needs to render the
complete scene. Upgrading the display wall is as easy as adding more nodes in the cluster. Our display
wall system can provide tiled display facility to any application built using the OpenSceneGraph (OSG)
API automatically and transparently. The application does not need to modified, compiled or even
relinked. This gives our display wall the ease of use of Chromium while improving on the performance

at the same time.

The switch to a cluster based display wall as opposed to a dedicated high-performance rendering
system comes at the cost of a few trade-offs. For instance, the tiles might have gaps between each
other, especially if the display is to monitors or to LCD screens. Even with projectors, certain portions
at the edge of the tiles is generally overlapped and needs to be treated specially. Besides, efficient
network management algorithms are required to make optimal use of the network. This entails fast and



conservative visibility determination algorithms to be run at the server. Also, the displays need to be

synchronized to each other to avoid display tearing.

1.3 Contributions of this Thesis

This thesis presents the design of a cluster-based tiled display wall that is built using commodity PCs
and LAN. The fundamental difference with solutions like Chromium [40] is that the geometry is cached
at the client nodes and coordinated by the server to exploit temporal and spatial coherence. This has been
possible by working with high-level scene representation rather than primitives like lines and triangles
as in Chromium. Our system is able to provide high-quality tiled display facility to any environment
represented using the Open Scene Graph [10] API. Network load is minimized by client-side caching
and multi-casting of objects. This makes our system scalable to a large number of tiles unlike existing
solutions that get constrained by network bandwidth. A new algorithm for adaptively determining the
visibility of objects to individual rendering nodes involves merging the hierarchies corresponding to the
scene graph and the hierarchy of view frustums of rendering nodes. The implementation also includes
an interceptor which can intercept library calls from any application written using the OpenSceneGraph
API to render on a display wall. Not only is there no special coding required, the application need not
even be recompiled or relinked, thereby making the implementation useful for a lot of already existing
applications written using OpenSceneGraph.

1.4 Experimental Setup Used in the Thesis

We tested our system for scalability with respect to several metrics for up to 4 x 4 nodes. The sub-
linear growth of the network and computation requirements indicates that the system can be used to
set-up gigantic display walls from a cluster of low-end systems. Our test setup consists of 15 low-end
systems with AMD Athlon64 3000+ systems with 512MB memory and an on-board ATI Radeon Xpress
200 graphics. The GPU uses 64MB of the system memory as the video memory. These machines act
as rendering nodes in the cluster. The server is an AMD Athlon 64 3200+ system with 3GB RAM
and an Nvidia 6600GT graphics accelerator. The server machine also hosts one rendering node. The
performance gain achieved by using better rendering nodes would also translate naturally to our system
as well. The 16 systems are connected using a separate 100Mbps ethernet switch. Some experiments
were performed with higher or lower speed networks, as mentioned. We present results of tests for
scalability with various tile-configurations (2x 2, 2x 3, 2x4, 3x3, 3x4, 4x4). We currently use a
tiled arrangement of monitors with no special attention paid to their alignment for the display. Using
monitors causes visual distraction due to the gaps between the adjacent tiles: straight lines don’t appear
straight anymore due to the parallax. We corrected this by adjusting the view frustum for each tile. The
view frustum of each tile is clipped a little along the edges. Figure 3.4 shows the Powerplant model on
our 4 x4 display wall with the parallax error compensated.



1.5 Overview of the Thesis

Chapter 2 reviews the background literature on display walls and the underlying issues, the fore-
most being visibility determination. This chapter also describes the existing display wall techniques,
especially Chromium. The design of our display wall setup is presented in Chapter 3 along with all the
underlying speedup techniques utilized. The visibility determination stage of the display wall pipeline
is described in great detail in Chapter 4. Chapter 5 discusses the issues relating to data transmission over
the network and how we manage to keep the network load virtually independent of the display wall size
along with the rendering and synchronization aspects of the system. Chapter 6 discusses the design of
the transparent tiled rendering using the OpenSceneGraph API. Experimental results are also included
along with individual descriptions wherever necessary. Results for the overall system are dealt with in
Chapter 7. Some conclusions and future work are presented in Chapter 8.



Chapter 2

Background and Related Work

This chapter reviews the background literature used for setting up display walls especially using a
cluster of workstations. Existing display wall setups are also described. We also review the issue of

visibility determination that is necessary for the interactive performance of such setups.

2.1 Display Wall Systems

We present a critical review of the literature related to the construction of large displays divided into

those using specialized hardware and those using PC clusters.

2.1.1 Specialized Hardware Setups

Large graphics display systems have been built using specialized hardware by companies like Silicon
Graphics. High-end computer systems like the Onyx2, with multiple graphics pipelines and channels
with each driving a projector, are often used for creating large displays for applications [11]. Such
solutions are expensive and non-scalable. They are also difficult to construct and require expert-level
maintainers. Typically, these setups come marked for a particular resolution. Upgrading entails purchas-
ing replacing the setup of purchasing additional components which are costly and may not be feasible

always.

2.1.2 Cluster-based Displays

Cluster-based solutions for creating large displays have gained a lot of interest recently [28,40]. Such
displays are constructed using a number of commodity PCs interconnected on a LAN or a low-latency
network like Myrinet, as in [11,12,40]. Cluster-based displays are economical, scalable in performance
and resolution and easy to maintain; the cluster can also be used for computational purposes. Li et
al. reported techniques, software tools and applications that make high-resolution tiled displays scalable
and easy to use, for the Princeton Scalable Display Wall project [42].

Two approaches are popular in cluster-based display setups: master-slave and client-server [28].
They are discussed below.



2.1.3 Master-Slave approach

The dataset is mirrored across all the nodes in a master-slave setup and multiple instances of a pro-
gram are run, one on each node, and the execution is synchronized. Each node renders the entire scene
but displays only a certain portion. The master-slave model is sub-classified as system-level program
synchronized (SSE) or application-level program synchronized (APE). SSE attempts to synchronize
transparently without requiring modification or even relinking of the source code. In Hypervisor [25],
Bressoud et al. proposed a method that treats an actual software system as running on a virtual machine,
which is close to the actual microprocessor architecture, resulting in severe slow down. With APE, the
responsibility of synchronizing lies with the application. This approach has low network bandwidth
requirements. However, since each node runs an instance of the application, there is a gain in display
resolution only and no gain in performance. VR Juggler, a framework for virtual reality applications,
falls under this category [23]. Net Juggler [17] is an open source library that turns a commodity com-
ponent cluster running the VR Juggler [23] into a single VR Juggler image cluster. The master-slave
approach assumes that each node in the cluster would be able to render the entire environment in its
entirety. This runs counter to the motivation of load-balancing that is critical to cluster-based displays.
It is also difficult to handle dynamic environments since the data is replicated. It is difficult to access

real time data stream from a single external network source even if the data source is centralized.

2.14 Client-Server approach

The client-server models store the dataset at one central server. The data distribution can follow
the sort-first strategy or the sort-last strategy [49, 50]. The required network bandwidth can be high
when sending primitives to the appropriate rendering node. Samanta et al. investigated methods to
improve load balancing by changing the tiling dynamically [51]. The server might use a distributed data
management framework as followed by Gao et al. [38]. The server distributes appropriate data to each
client node and performs the synchronization among the render nodes. One way to distribute the data
transparently is to intercept function calls at the Graphics API level as in Chromium [40] or at the display
manager level as with DMX [1]. However, since the system is not able to exploit high-level scene
structure, the network requirements are tremendous, often ineffective for rendering scenes with large
amounts of geometry. The latter can provide tiled display including all windowing features including
menus, toolbars and decorations. The former provides large display facility to any application using the
OpenGL API, such as the Hyperwall [52], Viswall [12], LionEyes Display Wall [5] and many others.
Chromium can clusterize any application built over OpenGL transparently. It fails however to capture
coherence of data across frames as each frame is treated independently. The network requirements are
thus very high even when the scene is unchanged. It is also not able to take advantage of the high-level
objects structure encoded in scene graphs due to its low-level focus.

Data can also be distributed at the 3D object level and not the primitive level. This allows the

system to exploit the hierarchical structure, if any, in the dataset and take more informed decisions.



This is the approach followed by Syzygy [53] and OpenSG [58] for display wall rendering. The Syzygy
software library [53] consists of tools for programming VR applications on PC clusters. Syzygy includes
two application frameworks: a distributed scene graph framework for rendering a single application’s
graphics database on multiple rendering clients and a master-slave framework for applications with
multiple synchronized instances.

The rendering nodes in the cluster need to be synchronized to avoid display tearing effects during
rendering. All nodes need to fulfill three requirements for locking: Genlock, Swap-lock and Data-
lock. Genlock provides coherency to the display signals across all the nodes. Pure hardware solutions
like Lightning2 [55] and Matrox’s ASM [6] or software/hardware solutions like SoftGenLock [16] or
WinSGL [60] are used for this purpose. Swap-Lock compensates for the differential rendering times in
different nodes. Data-Lock refers to application-level coherency in the scene to be rendered.

Our approach of geometry management for display walls is closest to Syzygy’s distributed scene
graph approach. Our approach is more specific for scalable display walls and not necessarily for general
VR environments. We exploit the coherence in computations required for each rendering node, rather
than treating them individually. Consequently, we do not assume that each rendering node is powerful
enough to manage the entire environment. We cache objects at the render nodes and evict objects out of
the cache to avoid overflows. This results in better utilization of the network and memory resources for

improved scalability.

2.1.5 Chromium

Chromium [40] is a software API used in most existing cluster-based display walls and therefore it
needs special attention. Chromium is a system for interactive rendering on clusters of graphics work-
stations. Various parallel rendering techniques such as sort-first and sort-last may be implemented with
Chromium. Furthermore, Chromium allows filtering and manipulation of OpenGL command streams
for non-invasive rendering algorithms.

Among Chromium’s features are

o Sort-first (tiled) rendering - the frame buffer is subdivided into rectangular tiles which may be

rendered in parallel by the hosts of a rendering cluster.

e Sort-last (Z-compositing) rendering - the 3D dataset is broken into N parts which are rendered
in parallel by N processors. The resulting images are composited together according to their Z

buffers to form the final image.

e Hybrid parallel rendering - sort-first and sort-last rendering may be combined into a hybrid con-

figuration.

e OpenGL command stream filtering - OpenGL command streams may be intercepted and modified
by a stream processing unit (SPU) to implement non-photorealistic rendering (NPR) effects, etc.



Chromium Server

| Render
Chromium Server
Hender
Application = -
Tilesort .

Chromium Server
Render

Chromium Server
Hender

Figure 2.1 Chromium in tilesort configuration for rendering to a tiled display. Courtesy [40]
e Many OpenGL programs can be used with Chromium without modification.

Conceptually, for display wall rendering, Chromium is a stream processor which performs sorting
of the graphics primitives to a tiled-display as shown in Figure 2.1. A significant positive aspect of
Chromium is that it does not require a graphics application to be modified or even recompiled for ren-
dering to a display wall (Figure 2.2). However, Chromium has several weaknesses in its use for display
wall rendering. First, since it works on very low-level primitives (lines, points, triangles) by intercepting
function calls from an OpenGL graphics stream, it cannot exploit higher-level scene structure out of the
sense; no relation between the stream elements can be figured out. Therefore, Chromium has to send
all graphics data to the rendering nodes every frame; it cannot figure out whether there has been a real
visual change or not. This puts a tremendous load on the network, so much so that Chromium becomes
inefficient for interactive display wall rendering of moderately-heavy scene. Several hacks have been

attempted to perform stream caching but no comprehensive solution has been worked out.

2.2 Visibility Determination

Visibility determination has been a fundamental problem in computer graphics [56] since the scene is
typically much larger than the graphics rendering capabilities. Cl4audio et al. [30] and Durand et al. [34]
have presented comprehensive visibility surveys. View-frustum culling algorithms avoid rendering ge-
ometry that is outside the viewing frustum. Hierarchical techniques have been developed [29], as well as
other optimizations [19,41]. Funkhouser et al. [36] described a system that could support models larger
than main memory, based on the from-region visibility algorithm of Teller and Sequin [57]. Aliaga et



Figure 2.2 Chromium rendering a low-geometry model of Saturn over a 4 x 4 tiled display wall.

al. [15] described MMR, the first system to handle models with tens of millions of polygons at interac-
tive frame rates, although it did require an expensive high-end multi-processor graphics workstation.

Assarsson et al. [19] presented several optimizations for fast view frustum culling, using different
kinds of bounding boxes and bounding sphere. For their octant test, they split the view frustum in half
along each axes, resulting in eight parts, like the first subdivision of an octree. Using bounding sphere for
objects, it is sufficient to test for culling against the outer three planes of the octant in which the center of
the bounding sphere lies. This can be extended to general bounding volumes as well [18]. Our frustum
hierarchy approach is inspired by this idea of subdividing the view-frustum into octants. However,
Assarsson et al. divide the view-frustum only once, whereas we complete this procedure to construct a
full frustum hierarchy. Bittner et al. [24] used hardware occlusion query techniques to exploit temporal
coherence and reduce CPU-GPU stalls for occlusion culling. Since the occlusion culling information
holds good for all frustums for our specific case of tiled display walls, separate occlusion culling for
each frustum is not necessary.

Another way to look at occlusion relationships is to use the fact that a viewer cannot see the oc-
cludee if it is inside the shadow generated by the occluder. Hudson et al. [39] proposed an approach
based on dynamically choosing a set of occluders, and computing their shadow frustums, which is used
for culling the bounding boxes of a hierarchy of objects. Bittner et al. [61] improved this method by
combining the shadow frustums of the occluders into an occlusion tree. This method has an advantage
over Hudson et al. as the comparison in the latter is done on a single tree as opposed to each of the m
frustums individually, hence improving the time complexity from O(m) to O(log m). Our approach of
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constructing a tree of view frustums resembles this technique of handling frustums. We go even further

to combine the frustum hierarchy with object hierarchy.

2.3 Scene Graph APIs

A scene graph is a general data structure commonly used in games. It is an object-oriented structure
that arranges the logical and often (but not necessarily) spatial representation of a graphical scene They
provide higher level functions for managing the representation of the scene as well as for interacting with
the graphics hardware. Scene graphs are ideal for modern games using 3D graphics and increasingly
large worlds or levels. In such applications, nodes in a scene-graph (generally) represent entities or
objects in the scene. For instance, a game might define a logical relationship between a knight and a
horse so that the knight is considered an extension to the horse. The scene graph would have a ’horse’
node with a ’knight’ node attached to it. As well as describing the logical relationship, the scene-graph
may also describe the spatial relationship of the various entities: the knight moves through 3D space
as the horse moves. Commonly used scene graphs include OpenGL Performer [48], Open Inventor [9],
Nvidia Scene Graph [8] and OpenSceneGraph (OSG) [10,27].

OpenSceneGraph is an open source implementation of a scene graph. It provides an object oriented
framework on top of OpenGL freeing the developer from implementing and optimizing low level graph-
ics calls, and provides many additional utilities for rapid development of graphics applications. Like any
other scene graph, OpenSceneGraph maintains a spatial bounding-volume arrangement of a scene. All
geometry resides at the terminal nodes, known as Geodes, while the internal nodes, known as Groups,
maintain the spatial hierarchy. The bounding volume, computed for each node when the scene is loaded,
is such that the bounding volume of any internal node completely contains the bounding volumes of all
its children. We chose the OpenSceneGraph API for our experiments since it is Open-source, cross

platform, free and in wide use by a large number of graphics and visualization developers.
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Chapter 3

Geometry-Served Display Wall

The architecture of our tiled-display wall (GSWall) utilizes a Geometry Server. This chapter first
describes the geometry server in general and then the adaptations of the geometry server for the specific

application of the display wall.

3.1 Geometry Server

Our Display Wall effort is an extension of an earlier work from our group [33] on a geometry server.
A geometry server is a high-performance, centralized storehouse for massive geometric data. The server
has a scene graph based representation of the virtual environment with multiple levels of detail. Gen-
erally, the server has sufficient amount of memory to be able to accommodate the entire model. Alter-
natively, the server might store just a skeleton of the scene in the memory, thereby fetching data from
a secondary storage when required. In fact, it’s common to have a hybrid of both. This allows the
geometry server to handle massive models which are larger than its memory, or perhaps models which
have procedural data.

The geometry server can simultaneously serve a number of heterogeneous clients adaptively, rang-
ing from a graphics workstation on the LAN to a PDA connected over a wireless network (Figure 3.1).
Each client gets a visibility-limited portion of the model that is compatible with its rendering capabil-

! Low End c“‘mt

Streaming Server | Bueloofh (S

High End Client
- Workstation

Figure 3.1 Geometry Server catering to a variety of clients. Client applications can access the model
from the server transparently. Figure courtesy [33]
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ities, computational resources and network characteristics, with an objective of providing consistent,
interactive frame rates. Client caches parts of the scene graph it encounters during its walk-through and
employs a cache management policy that is based on potential visibility of cached objects. Dynamic
objects are handled consistently using a server-push for information and lazy-download for the geome-
try data. The system can optimally serve models loadable onto an Open Scene Graph system on a wide
range of clients and finds ready applications in battlefield simulation, terrain visualization, etc. From
the client’s point of view, the remotely served geometry is yet another node in its scene graph and can
be modified like a local model. A client module facilitates this transparency of use. Note that the model
operates in a pull-philosophy. The clients initiate view-point change and hence effect potential data

transmission. Salient features of the system include:
o Visibility based representation: Only visible portions of the scene are transmitted by the server

o Compression of transmitted data: Data is compressed before transmission. Clients uncompress

while unpacking the data
o Client-side prediction of motion: Client module predicts viewpoint-motion so as to pre-fetch data.

e Caching by clients; Clients cache data locally for subsequent reuse. Cache size is limited. An

LRU scheme is used to evict objects from the cache when it’s full.

Adaptations for GSWall: Our display wall system optimizes the philosophy of the geometry server
for a large cluster-based display systems. The geometry server just maintains independent contexts for
each rendering node, essentially to keep track of the status of each rendering node and the contents of
their cache. In a display wall, the viewpoints of the rendering nodes are tied together, which allows con-
current computations to be applied as a whole rather than individually. Local caching of the geometry
by the clients provides a way to exploit temporal coherency of the environment. There’s a shift in phi-
losophy from client-pull in geometry server to server-push in GSWall; this allows for further pipelining
of individual stages of our display wall and also enables the server to perform synchronization of all

displays.

3.2 Geometry-Served Display Wall

The design of our Geometry-Served Display Wall system [45], known as GSWall, is presented in
this section.
3.2.1 Rendering Pipeline

Our Display Wall system follows a client-server architecture, as opposed to a master-slave one.
The server loads the whole virtual environment as a scene graph in its memory and performs some
preprocessing. This preprocessing includes the computations for obtaining the bounding boxes for all
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Figure 3.2 Server-Client control flow

the internal as well as terminal nodes in the scene graph so that later visibility computations can use
it. A master node controls the viewpoint typically in response to keyboard/mouse inputs. It notifies the
server of a viewpoint change. Any of the rendering nodes or even the server can act as the master node
too. The server performs visibility culling to determine the objects that are visible to each of the tiles.
If these objects are not present already, they are transmitted. The clients cache these objects so as to be
reused subsequently. If a client’s cache is full, an LRU-scheme is used to evict old objects. Once the
clients receive data, they start rendering but don’t swap buffers until the server allows it. They instead
inform the server about their readiness to swap. When the server determines that all rendering nodes
are done with rendering and are ready to swap, it orders a swap for all the clients, at which point all the

rendering nodes swap their buffers. This produces a coherent display.

Out-of-core rendering techniques can be used at the server if the environment model demands it.
Each tile is controlled by a client node that is connected to the server over a standard 10/100/1000 Mbps
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LAN. The server is a medium-to-high-end machine but the clients are standard low-to-medium-end

machines.

3.2.1.1 Server’s Tasks

The server determines objects in the scene that are visible to the sub-frustum of each rendering
node at each time instant. Conservative visibility using frustum culling of bounding boxes is preferred
over real visibility as occluded objects may become visible in subsequent frames, deriving benefit from
client-side caching. The server knows which objects are already with the client and determines the new
objects to be sent to each client node per frame. The server first sends the results of culling to each
node and the list of new objects. Then it sends the new objects to the clients using a multicast mode.
Multicasting optimizes the use of network bandwidth — which is a critical resource in such clusters
— as several objects might be needed by multiple clients at the same time. The server also ensures
synchronized rendering for simultaneous update of each display. Figure 3.2 shows these steps in a flow

diagram.

3.2.1.2 Client’s Tasks

Clients receive lists of objects from server for each frame. These are the objects that are expected to
be transmitted. Each client listens on a multicast port and picks all objects it needs for the next frame.
Client places the objects in a local cache to exploit temporal coherence of objects to reduce network
bandwidth. Note that this has been possible by treating the scene in terms of higher-level objects instead
of low-level primitives. It then renders all visible objects and informs the server about its readiness to
swap the buffers. The buffer is swapped on getting a go ahead from the server.

A distinguishing feature of our system is neither the server nor any of the clients has to render
the whole model. It computes the per tile visibility based on the object’s bounding boxes using a
novel algorithm described later. Client-side caching reduces network bandwidth by exploiting temporal
coherence. Additionally, multicasting the actual objects minimizes the network load and increases the
scalability in terms of the number of tiles. The system also achieves better frame rates on bulky models
by effective use of parallel rendering.

The rendering pipeline of our Display Wall can be broken into three stages:
1. Visibility Determination

2. Data transmission

3. Rendering and Synchronization

These are the critical operations that directly determine the overall performance. These three stages
are therefore discussed in detail in later chapters.
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Figure 3.3 Inter-frame pipelining of the 3 stages of Display Wall rendering. Vis denotes the Visibility
Determination Stage, Tx the geometry transmission stage, Rx the geometry reception stage and R the
rendering stage. The effective FPS of the system gets increased due to this interleaving.
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3.2.2 Pipelining

The three stages mentioned above can also be pipelined. For instance, while the server is waiting
for ordering the swap because some clients haven’t finished rendering, it can carry out the visibility
determination or transmission for subsequent frames. The client, on the other hand, can receive data
for subsequent frames, while rendering one. This essentially means that the framerate for rendering
that wall would be determined by the slowest stage of the sequentially ordered 3 stage pipeline rather
than the sum of the times of individual stages. Figure 3.3 illustrates this pipelining between the various
stages for the server and one rendering node. Interleaving of the stages for consecutive frames allows
the visibility determination of frame 7 + 1 to start just after the visibility determination for the 7** frame
has completed, without waiting for it to be transmitted and rendered. The clients signal back to the
server when they are ready to render. Meanwhile, they start rendering the next frame. The server orders
a swap of buffers for all rendering nodes when it receives I’'m Ready from all of them. All the rendering
nodes synchronize their display at this point. This same process is carried out for all the frames (the
figure shows this only for frame 7). Pipelining may increase the latency but the gain in framerate more
than compensates for it. Pipelining is especially useful if the systems have multiple CPUs so that while
a CPU is waiting for I/O, another thread can be working.

The clients also cache the objects received from the server. The cache enables our system to exploit
inter-frame coherence in data. Each client has a fixed cache and uses an LRU algorithm to remove
objects from it when cache gets full. Note that the rendering nodes will able to render environments of
sizes well beyond their capability due to the cache replacement strategy. This has been possible as a
result of maintaining higher-level object information with the help of scenegraphs at the server. This is
an improvement over systems that store the entire scene on each client. The push philosophy adopted
by the server frees the clients of much load and hence even low-end clients can be used. The server

manages most aspects of the system, leaving the clients free for data reception and rendering.
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Figure 3.4 A 4x4 display wall rendering of UNC’s Powerplant. The combined resolution is 12 MPixels.
Efficient rendering to a display wall requires fast visibility culling of the scene to all the frustums.
Adaptive culling by merging of the object and frustum hierarchies makes this possible for even bigger
tile configurations

18



Chapter 4

Visibility Culling for Tiled Displays

Visibility culling of a scene is central to any interactive graphics application. The idea is to limit
the geometry sent down the rendering pipeline to only the geometry with a fair chance of eventually
becoming visible and appearing on the display. It is important for the culling stage to be fast for it to be
effective; otherwise the performance gain achieved will be overshadowed. Hierarchical scene structures
are commonly used to speed up the process. Hierarchical culling of bounding boxes to a view frustum
is fast and sufficient in most applications. Assarsson et al. [19] described several optimizations for view
frustum culling. Bittner et al. [24] exploited temporal coherence to minimize the number of occlusion
queries for occlusion culling to a view frustum.

Fast frustum culling is particularly crucial for rendering to multiple frustums simultaneously. (1)
CAVE [32] is a multi-display virtual-reality environment which requires visibility culling to multiple
frustums. (2) Another application using multiple frustums involves occlusion culling of a scene by
eliminating objects in the frustum shadows formed by all principal occluders, as proposed by Hudson
et al. [39]. (3) Cluster-based tiled displays require fast culling to multiple frustums corresponding to
each tile in the display (Figure 3.4). (4) Multi-projector display systems [47] use several overlapping
frustums corresponding to each of the projectors. (5) Multiple frustums are also required to compute

visibility for architectural environments [13, 14, 57].

4.1 Object Hierarchy and Frustum Hierarchy

We work with two hierarchies in our culling technique. The first is the spatial hierarchy of the scene,
represented using a scene graph (OpenGL Performer [48], Open Scene Graph [27]). In the Object
Hierarchy (OH), each node has a bounding volume such that the bounding volume of an internal node
entirely encloses the bounding volumes of all its children. Only leaf nodes contain actual geometry. A
well-formed scene graph would have compact geometry nodes so that bounding volumes can be used to
provide accurate visibility tests.

The second hierarchy we deal with is that of view frustums (Figure 4.1). Our Frustum Hierarchy
(FH) is analogous to a BSP-like division. In the most general scenario, a number of independent view
frustums in 3D are grouped together hierarchically. Every internal node’s bounding volume encloses
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Figure 4.1 Frustum Hierarchy (FH). White boxes represent view frustums. Their hierarchical grouping
for 3 levels is shown on the right. The bisection plane at each internal node is also shown. Note that
near and far planes are not shown

that of its children. A plane bisects each internal node’s volume into half-spaces containing its children.
The leaf nodes in the hierarchy correspond to individual view frustums. Each rendering node corre-
sponds to one view-frustum for a tiled display wall application. The root node in the frustum hierarchy
corresponds to the primary view-frustum (shown in Figure 4.1). The case of overlapping view frustums,
commonly used for multi-projector displays, is easily handled by treating the overlapping regions as
additional independent frustums.

4.2 Visibility Culling

In this section, we use a hierarchical representations of scene structure and that of view frustums.
We discuss various alternatives that we experimented with and then lead the discussion to our method
which adaptively merges the two hierarchies — the scene hierarchy and the frustum hierarchy — for
visibility culling. To this end, we present an algorithm which determines which hierarchy to traverse
down and when. To our knowledge, this is the first work which considers this decision to be important
and effective for coherent culling to multiple frustums. Here, we address the specific problem of culling
an object hierarchy to a frustum hierarchy for a tiled display wall (Figure 3.4). Our tiled display wall
system uses a number of commodity systems in a cluster, each powering a tile. The system uses a scene
graph (OpenSceneGraph representation of a massive scene. The network resources limit the amount of
data that can be transmitted, thereby making efficient visibility culling an important requirement. The
individual frustums in the display wall have a fixed arrangement with respect to each other and have a
common viewpoint. Such a tight arrangement of frustums motivates our visibility culling algorithm to

perform coherent computations which are both fast and scalable. We are able to bring down the culling

20



time for a hierarchical version of UNC’s power plant model for a 4 x 4 tiled display from about 14 ms
using the traditional approach to about 5 ms using our adaptive algorithm.

Our visibility culling approach performs from-point visibility as opposed to from-region visibility
performed by several other culling techniques [15,35]. As discussed by Correa et al. [31], from-point
visibility has several advantages over from-region visibility. First, from-region methods typically require
long preprocessing times (tens of hours), while our from-point method requires little preprocessing.
Second, the set of nodes visible from a single point is typically much smaller than the set of nodes visible
from any point in a region. Third, some from-region methods require that cells coincide with axis-
aligned polygons in the model. Our from-point method imposes no restriction on the model’s geometry.
Finally, the nodes visible from a cell may be very different from from the nodes visible from a neighbor
of that cell. Thus, a from-region method may cause bursts of disk activity when the user crosses cell
boundaries, while a from-point method can better exploit frame-to-frame coherence. Thus, choosing
to perform from-point visibility enables handling of dynamic scenes. Besides, our culling approach is
conservative, as opposed to other probabilistic or approximate culling techniques [31, 41, 54], which
can lead to serious rendering artifacts. This is critical for the kind of applications in which the multiple
frustums come into use. For a cluster-based tiled display wall, for instance, the load on the network
needs to be minimized and the interactivity needs to be preserved. Culling determines the geometry that
will be cached on the rendering nodes. Approximate culling techniques lead to probabilistic prefetching,
often leading to freezes during rendering.

4.2.1 Preprocessing

Oriented bounding boxes (OBB) give a compact approximation of an object’s geometry and orien-
tation in space. It is desirable that culling be performed to OBBs as opposed to the whole geometry
since it is fast and conservative. During the preprocessing stage, the scene graph is loaded into the main
memory. For a set of 3D points, their eigenvectors represent their orientation. Therefore, at the leaf
nodes of OH, the eigenvectors of the geometry points provide oriented bounding boxes. However, at the
internal nodes, we compute the eigenvectors using just the children’s bounding box vertices. This is a
fast approximation of an oriented bounding box for the internal node.

A Frustum Hierarchy FH is constructed, with each internal node having a bisection plane. Beginning
at the root node, root in OH, call Algorithm 1 as preprocess (root). Preprocessing takes place in
a bottom-up fashion. The bounding box information thereby computed is stored with each of the nodes

in the scene graph.

4.2.2 Traversal of Object and Frustum Hierarchies

Ideal traversal through OH and FH is crucial for optimal performance. Our culling procedure for
determining scene visibility for a tiled display wall involves a first level culling to the primary view
frustum so as to eliminate objects completely outside the view. The next step involves classifying these
n objects to m view frustums. A naive approach involves testing each of these objects with all the
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Algorithm 1 preprocess(OH_Node)
G o
if not leaf(OH_Node) then
for all child c of OH_Node do
preprocess(c)
G < G+ bounding box vertices of ¢
end for
else
G <= G+ OH_Node.getGeometry()
end if
e < compute eigenvectors of G
: BBOX <= compute OBB from e
: OH_Node.save_bbox(BBOX)

R A A S > s

—_ = =

view frustums. The expected time complexity for this approach is O(mn). We now discuss several
hierarchical variations to this approach, followed by our adaptive algorithm.

4.2.2.1 OH without FH

This is a commonly used approach, wherein the scene graph is culled to all the view frustums one
by one. Bounding volume at each node in the object hierarchy is intersected with the view-frustum to
determine visibility. The bounding volumes could be axis-aligned or object-oriented or even bounding
spheres. This method does not take advantage of the high-level arrangement of view frustums, and
therefore performs poorly in applications with large number of view frustums. This approach has a
average time complexity of O(m logn). A typical graphics application that uses multiple view frustums
typically has a high-level arrangement of view frustums. This must be exploited to perform coherent

calculations for efficiency.

4.2.2.2 FH without OH

It is very common to deal with scenes which do not have any spatial hierarchy. In this section, we
describe how we perform their visibility determination.

First, the visibility of different objects in the scene with respect to the primary view frustum is
determined to eliminate objects that are totally non-visible. Subsequently, we use a hierarchical frustum
culling approach to determine visibility of each object with respect to the frustums of each rendering
node or tile. This second step uses an approach similar to quad-tree decomposition using frustum
planes. The combined view frustum for the display wall consists of an M x N arrangement of identical
frustums consisting of (M+1) horizontal planes and (N+1) vertical planes. Each plane partitions the
frustum into two half-spaces. If an object is found to be entirely on one side of a plane, it cannot be on
the other side. Hence, the visibility tests for all frustums on the other side can be safely eliminated. If
an object intersects the plane, the process needs to repeated for both the half-spaces. Algorithm 2 gives
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the pseudo-code of the hierarchical frustum culling algorithm. Later, we describe an improvement over
this algorithm which adaptively determines the visibility by combining the scene’s object hierarchy and
the frustum hierarchy of the scene.

With N x N tiles where N = 2%, the horizontal planes are hg, hy ... hy and the vertical planes are

Vg, V1 ... UN. The hierarchical culling can be performed using the following steps.

1. Eliminate objects outside the outer frustum.
2. For each object O, mark it to be visible in all frustums.

3. Call FHonly_Cull(0, N, 0, N, O, true)

After this procedure, an object O needs to be transmitted only to the rendering nodes corresponding to
the frustums that are still marked as visible.

This two-stage visibility algorithm is fast and efficient. We can cull a power plant scene of 1185
objects to a 4x4 configuration at 827 times per second using the above algorithm. We also experimented
with hardware occlusion queries [4] on the server’s GPU. The same scene could be culled only 670
times per second using this approach, primarily due to the CPU wait and GPU stalls introduced by
the occlusion queries. Occlusion query can free the CPU for other tasks and therefore might actually
be preferred in situations where the data-generation process is CPU-limited or where the CPU wait
time can be further utilized to narrow down the search space [24]. We show results without hardware
occlusion queries (Table 4.1), since the amount of useful work that can be interleaved during CPU-wait
is subjective to an application,.

The hierarchy of frustums used in Algorithm 2 exploits the high degree of overlap in the computa-
tion space of visibility determination for all the rendering nodes. Algorithm 2 can further be optimized
to take advantage of object hierarchy, if present. It can also extend to potentially infinite environ-
ments where objects are generated on discovery. Also note that the algorithm needs to perform object-
intersection-test with only one plane (line: 5 or 21) for each invocation of FHonly _Cull(), in contrast
with naive view-frustum collision algorithms where all the 6 planes need to be considered.

Since the frustum hierarchy only is utilized, each object has to be tested against it, beginning from
the root. For every internal node in the FH, if an object is present entirely on one side of its bisection
plane, its visibility can be safely eliminated from all frustums lying in the other half-space. Therefore,
we can potentially eliminate half the number of frustums at each node in the hierarchy. Hence, the

average case time complexity is O(n logm).

4.2.2.3 Adaptive OH and FH

In both the above cases, the two hierarchies (OH and FH) are used independent of each other,
i.e. when the OH is traversed, frustums are treated non-hierarchically and when FH is traversed, ob-
jects are treated non-hierarchically. Hence, adaptive merging of the two hierarchies leads to substantial
reduction in computations. Consider the different cases:
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Algorithm 2 FHonly _Cull(z, j, m, n, O, flag)

1: if Frustum cannot be subdivided then

2:  return

3: end if

4: if flag then

5. Intersect O with vy, where k = (i + j)/2
6:  if O on left of v then

7: Eliminate all frustums to right of vk

8: if any frustum remaining then

9: call FHonly_Cull(Z, k, m, n, O, false)
10: end if

11:  else if O on right then

12: Eliminate all frustums to left of vy,

13: if any frustum remaining then

14: call FHonly_Cull(k, j, m, n, O, false)
15: end if

16:  else

17: call FHonly_Cull(z, k, m, n, O, false)
18: call FHonly_Cull(k, j, m, n, O, false)
19:  end if
20: else

21:  Intersect O with hy, where k = (m + n)/2
22:  if O on top of hy then

23: Eliminate all frustums below Ay,

24: if any frustum remaining then

25: call FHonly_Cull(4, j, m, k, O, true)
26: end if

27:  else if O on bottom then

28: Eliminate all frustums above A,

29: if any frustum remaining then

30: call FHonly_Cull(s, j, k, n, O, true)
31: end if

32:  else

33: call FHonly_Cull(z, j, m, k, O, true)
34: call FHonly_Cull(z, j, k, n, O, true)
35:  end if

36: end if
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e At leaf nodes in OH, only FH traversal remains.
e At leaf nodes in FH, only OH traversal remains.
o At all internal nodes, decide whether to further traverse FH or OH.

The precomputed data stored during the preprocessing stage (Section 4.2.1) is utilized to arrive at the
above decision. If an OH-node is not intersected by an FH-node’s bisection plane, the frustum hierarchy
should be unfolded further, keeping the OH intact. Unfolding OH here leads to a large number of OH-
nodes to deal with in the next iteration. If the bisection plane of an FH-node intersects the bounding
box of an OH-node, OH should be unfolded, thereby breaking the object to its constituents. We classify
the children into three groups (L=Left, C=Cuts, R=Right) depending on their position with respect to
the FH-node’s bisection plane. The group L contains all the children lying completely in negative half-

space, R contains those lying in the positive and C contains the rest (the objects that cut the plane).

Algorithm 3 adaptive_OHandFH_Cull(OH _Node, FH Node)

1: if leaf(FH_Node) then

2:  Mark OH_Node as visible to FH_Node

3:  return

4: end if

5: [L,C, R] < ClassiftyLCR(OH _Node, FH_Node.plane)
6

7

8

9

: for all cin set C' do
adaptive_OHandFH _Cull(c, FH_Node.neg)
adaptive_OHandFH _Cull(c, FH Node.pos)
: end for
10: for all [ in set L do
11:  adaptive_.OHandFH_Cull(/, FH_Node.neg)
12: end for
13: for all 7 in set R do
14:  adaptive_OHandFH_Cull(r, FH_Node.pos)
15: end for

A call to adaptive_OHandFH_Cull (OH_Node, FH_root) (Algorithm 3) is performed for
each node OH_Node determined to be visible in the primary frustum, where FH_root is the FH root.
ClassifyLCR() is an accessory function which categorizes OH_Node’s children into the sets L, C
and R according to their position with respect to an FH node’s current bisection plane. The algorithm
recurses for the members in L and R to the corresponding child-frustum (Algorithm 3: lines 11, 14)
while the members of C is recursed for both the child-frustums (Algorithm 3: lines 7-8). When the
FH is exhausted, the remaining objects are marked to be visible in the corresponding view frustum.
The objects in set C need to be checked with both the half-spaces. However, the number of frustums
under consideration get reduced by half for objects in set L and R, thereby potentially halving the
computations. The number of children to deal with might increase because classifyLCR( ) breaks
up an OH node into its children. At this stage, there are two options. We can carry on with each

25



F3

F2 F4

Figure 4.2 Hierarchy of objects as visible to a 2 x 2 tiled arrangement of view frustums. The grouping
of objects is shown. F1, F2, F3 and F4 represent view frustums. Their adaptive culling is shown in
Figure 4.3

object independently or can regroup the objects in sets L and R into pseudo-groups. This involves
recomputing the bounding box for the pseudo-group. Pseudo-groups do not really exist in the scene
graph but can reduce the computations required for further stages. Our experiments show that this
regrouping is advantageous only for scene graphs with very high branching factor. Otherwise, the
overhead of forming the pseudo-group overshadow the gain achieved. Note that pseudo regrouping is
not shown in Algorithm 3.

Our algorithm follows an O(m 1n'°%» ¢ 4 (p — ¢) log m) time complexity, on a quick analysis, where
p is the average branching factor of OH and q is the average number of nodes in set C'. Exact analysis
is difficult as it depends on the goodness of the branching and the spatial separation of child nodes at
each level. Hence, p and ¢ depend heavily on the scene structure, the view frustums arrangement and
the viewpoint. The average case time complexity follows a sub-linear pattern. In the worst case, the
complexity becomes O(m n) when ¢ = p, when all OH leaves fall in all FH leaves, and the hierarchy
is inconsequential. In the best cast, the complexity is O(logm) when ¢ = 0. This is the situation
when only one FH leaf contains the entire OH. In practice, the algorithm is able to adapt to variations in
complexity of the visible scene, which is very common during interactive walkthroughs.

Line 2 of Algorithm 3 marks OH_node as visible to the FH_node. Line 5 performs the classifica-
tion of the object node to L, C and R. Lines 7, 8 recurses for every child in C, the set of objects cut by
the plane. Lines 11 and 14 recurse to the next stage of FH.

The algorithm can easily deal with dynamic scenes as well, since the preprocessing stage involves
cheap eigenvector calculations only. The visibility determination remains unchanged. Besides, very
little extra data is stored for the algorithm execution. Note that bisection using a plane is possible in
Algorithm 3 for an application such as tiled display walls because the tile sizes are uniform and the
frustum space ultimately divides to form the individual tile frustums. This might not be true for non-
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Figure 4.3 Adaptive culling of the scene structure in Figure 4.2. The object and frustum hierarchies are
shown along with already determined visibility list. Working nodes are shown as light-gray. Dark gray
objects are the ones that need to be recursed further. (a) OH root is classified as per the bisection plane
of the FH root. L, C, R classification is shown. (b) Continuing culling for set C. (c) Continuing culling
for set L. (d) Continuing culling for set R

uniform frustums. However, a hierarchy of frustums can still be built. Only, in such a case, the terminal
frustum in line 2 of Algorithm 3 will further involve a check for visibility before marking an object as

visible.

4.2.3 Experimental Results

We present experimental results from our visibility culling algorithm for the Fatehpur Sikri model
and UNC’s Power plant model. We have focused only on fast culling to multiple frustums, and have
therefore not discussed the later stages in the rendering pipeline. We compare the results with different
variants for culling to multiple frustums. We also investigate the performance of our culling technique
for a dynamic scene, when many objects change position. This involves additional overheads in updating
the bounding boxes at many nodes before the culling can be performed.

Table 4.1 shows the time taken to perform the Visibility Determination using Algorithm 2 on UNC'’s
Powerplant model with 483M of geometry in 1185 objects.

We then perform several walkthrough experiments on models of different scene complexities to test
the performance of the adaptive algorithm. We used a hierarchical model of Fatehpur Sikri, which has
1.6 million triangles spread over 770 nodes (288 internal + 482 leaf), with an average branching factor
of 2.67. We also used a hierarchical model of UNC’s power plant, which has geometry spread over 5037
nodes (1118 internal + 3919 leaf), with an average branching factor of 4.5.

Figure 4.4(a) shows a logarithmic plot of culling time taken by various algorithms discussed in
Section 4.2.2 for a 4000 frame walkthrough on the Fatehpur model. The walkthrough is such that the
entire scene is visible. This is a worst-case situation; typical walkthroughs perform better. Our adaptive
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(b) Walkthrough on the power plant model

Figure 4.4 Culling performance for various approaches. The lower the time, the better. Our adaptive
algorithm outperforms others almost throughout the walkthrough
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Config | Time taken (ms)
2x2 2.99
2x3 2.83
2x4 2.90
3x3 2.77
3x4 3.44
4x4 3.81

Table 4.1 Time taken for visibility culling using FH without OH (Algorithm 2) on UNC’s Powerplant
model with 1185 objects without a hierarchy.

algorithm (Algorithm 3) takes the least time almost throughout the walkthrough. This is followed by
the FH without OH approach. The OH without FH approach performs worse than both these two.

Figure 4.4(b) shows the culling time for a walkthrough on the power plant model. The plots for
OH without FH and FH without OH approaches coincide, as opposed to lagging performance by OH
without FH approach in Figure 4.4(a). This is because the high branching factor in OH makes the OH
without FH approach more significant. However, the adaptive algorithm performs significantly better
than all the other approaches.

We conducted scalability tests with respect to the tile size for different configurations of tiled dis-
plays. Figure 4.5 shows the plots for our adaptive algorithm for an 11000 frame walkthrough of the
Fatehpur Sikri model. The algorithm takes about 11 ms, on an average, for culling to an 8 X8 configura-
tion, thereby making the culling applicable for setting up display walls of such configuration. Otherwise
culling time limits the overall frame rate achievable on a server-managed display wall such as ours (Fig-
ure 3.4), where the rendering is done by client machines and data-transmission can be performed in
parallel with the culling of the next frame.

Figure 4.6 shows the performance of our adaptive algorithm for a dynamic scene. Different percent-
ages of the scene is changed prior to every update. Dynamic scenes have objects moving in space. The
bounding boxes of these objects and their parents till the OH root need to be recomputed. Fast OBB
computations (Section 4.2.1) permit dynamic scenes to be culled at interactive frame rates. Although
speed can be further increased with axis-aligned bounding boxes (AABB), it comes at the cost of poor
visibility culling. In an optimal situation, a hybrid of both OBBs and AABBs should be used. It is
beneficial to compute AABBs for dynamic portions of the scene. Note that the percentage of dynamic
objects shown in Figure 4.6 are extreme case situations. In practice, the scenes are less dynamic and so

the adaptive algorithm performs even better.
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(a) Culling scalability plot for a 11000 frame walkthrough
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Figure 4.5 Culling scalability performance on the Fatehpur Sikri model
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Figure 4.6 Culling performance on the power plant scene for different percentages of dynamic objects.
The model has a total of 5037 objects. The performance with AABB is better than with OBB but at the
cost of over-conservative visibility culling
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Chapter 5

Data Transmission, Rendering and Display Synchronization

The visibility culling stage of the display wall provides the server with information about which
objects are present in which tile’s view-frustum and are hence visible to it. These objects need to be
transmitted to them, if they are not present in their cache. This chapter discusses the issues pertaining
to transmission. Later, rendering and synchronization to produce the final tiled display wall is discussed

along with the issues involved.

5.1 Data Transmission

This stage involves the transmission of objects to the rendering nodes. The network transmission
is very often the limiting factor in all cluster-based rendering systems. As the viewpoint changes,
new objects become visible and they need to be transmitted. The objects that are visible but are not
freshly visible need not be retransmitted if they are still in the clients’ cache. The performance of this
transmission stage is determined by the network bandwidth and latency. The amount of objects to be
transmitted varies from scene to scene, being very huge for dense scenes. Dense scenes involve a lot of
data transmission with each update of the viewpoint, leading to freezes. The situation is similar when
the viewpoint has moved a lot since there are then a lot of new objects. This is in contrast to typical
walkthrough applications in which the viewpoint changes gradually and so new objects become visible
gradually rather than in large bursts.

After the visibility determination stage computes the objects that need to be transmitted to each
client, a approach would unicast data to each over TCP. However, it is commonly observed that an
object doesn’t fall completely inside a tile, but might span across several tiles, and, in extreme cases,
all the tiles (Figure 5.1). The number of objects spanning across multiple tiles is significant in typical
scenes. The unicast approach certainly becomes a limiting factor even with tile-configurations as small
as 2 x 2, since it transmits data serially.

The server maintains 3 channels for interacting with each client. The first is a control connection
(control-channel) maintained over TCP. The second is UDP connection for data transmission (data-
channel). The third is a TCP connection for clients to acknowledge the receipt of multicasted packets
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Figure 5.1 Scene objects spanning across several tiles in a 4 x 4 tiled-display. These objects need to be
transmitted to all these tiles

(ack-channel). Even though the control-channel and the ack-channel could have been merged into one,
they have been kept separate to facilitate pipelining of operations.

5.1.1 Data Header: Meta Data

To begin with, the server packs all visible objects that needs to be sent to at least one of the clients, to
a transmission list. This involves serialization of nodes in the visible OSG tree of the geometry server.
The OSG API provides a function which serializes an OSG tree to a file. Thereafter, header data is
prepared which contains information about the count of these objects, their size and position identifier
of each of these objects in the scene graph so that the client can place it at the correct location in its
scene graph. Intermediate nodes corresponding to a node’s parents might also need to be transmitted if
they don’t exist already in a client’s OSG tree. In Figure 5.2, the shaded nodes are the ones that need to
be transmitted but their parents will also be packed since they are required to to build an identical scene

graph at the client. The header data is transmitted to each of the clients over the control-channel.

5.1.2 Multicast Data

Multicasting offloads the task of sending data to the clients to the ethernet switch, rather than being
managed actively by the server as in the case of unicast. Nodes to be transmitted are packed into data-
grams and assigned a sequence identifier before being multicasted over the data-channel. For purposes
of efficiency, multiple small nodes might be clubbed together to form one larger datagram packet. The
clients collect all objects that are destined for them and acknowledge to the server over the ack-channel.
Acknowledgment is necessary because UDP being an unreliable protocol, transmission is not guaran-
teed. On controlled LAN environments, however, we have experimentally observed that most datagrams
are received without the need for retransmission; there’s no significant loss of datagrams. The clients,
on receiving data, unpack the datagrams into objects and put them into the cache. This might involve
evicting objects out of the cache if it tends to overflow. The client then informs the server about the
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Nodes

Figure 5.2 Showing header packing. The scene graph at the server is shown. The colored nodes are
the ones that need to be transmitted (2, 3, 4). However, their parents (0, 1) will also be packed for
transmission since they will be required by the client to form an identical scene graph

objects that it needs to evict. We use LRU eviction to free space for new objects. The server keeps track
of the objects in the cache of the clients in order to avoid retransmission. The datagrams for which the
server doesn’t receive an acknowledgment from the client are re-sent after a pause, the pause duration
being scaled every time. Multicasting ensures that the network requirements do not scale linearly with
the number of nodes in the cluster. In fact, the network requirements remain practically constant for
variations in the number of nodes as will be demonstrated by the experiments reported at the end of this

chapter.

In a slightly modified approach, the server can compress data before transmission. Correspondingly,
the clients will need to uncompress it during the unpacking step. The need for this should be experimen-
tally justified as it might vary from situation to situation. For instance, if the server is heavily loaded

while the network is relatively free, it is better to send the data without any compression.

Multicasting of objects and caching by the clients has been made possible by the use of higher-level
primitives in the scene, rather than lines and points as in Chromium. Besides, multicast suitably tackles
the problem of an object spanning across a number of tiles — there’s virtually no overhead. The clients

might be carrying out other operations in a pipelined fashion while waiting for data from the server.

5.1.3 Scene Graph Formation at Clients

As more and more nodes are transmitted from the server to the clients, the scene graph at the clients
keeps getting formed. This scene graph is a subset of the one at the server. During eviction from the
cache, only the geodes (terminal nodes) are thrown; the internal nodes, and therefore the skeleton, is
preserved. Eventually therefore, the client’s scene graph will start resembling the scene graph at the
server, except that it will have fewer geodes.
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This scheme of partial and on-demand formation of scene graph at the client ensures that scene’s
data is distributed optimally across the cluster. Therefore, no rendering node needs to keep the entire
scene graph at any time. This facilitates load distribution for rendering of huge models.

5.2 Rendering and Display Synchronization

Rendering of the scene is performed by the clients. They (clients) start rendering the scene as soon
as all objects, if any, for the frame are received. The client does not need to perform any culling since
this has already been performed for it by the server. Thus, the server also transmits information about
the object that are actually visible. The clients render only these objects from its cache. The time taken
for rendering is proportional to the amount of visible geometry within the view frustum. This geometry
is only a small fraction of the entire scene and varies from client to client. An object which span across
several tiles are rendered by all the rendering nodes to which it is visible, even though it might be visible
only partly — this is an overhead inherent of tiled-display systems.

Once the rendering nodes are done with rendering, they intimate to the server with an ”Ready-to-
Swap” message indicating their readiness to swap. When the server receives this message from all the
rendering nodes, it orders a swap. Thus all displays are synchronized together. Network latency is
crucial for the server to be able perform this synchronization. Our experiments show that a standard
ethernet network is sufficient for synchronization at interactive frame-rates.

Since the server can initiate synchronization only when all the clients are done rendering, the time
taken to render one frame is determined by the slowest performing client. That is, if one of the tiles has
heavy geometry, other tiles will have to wait until it completes its rendering before the server can issue

the go-ahead signal for swapping buffers.

5.2.1 Load Distribution

A positive aspect of using a cluster-based display wall system is to distribute load amongst the
systems in the cluster. The greater the number of nodes in the cluster, the lesser the amount that each
node has to render. In practice, there is some overhead involved too, but the general load distribution
phenomenon speeds up the rendering performance. Due to this, even if one does not crave for high
resolutions, one might use a cluster-based renderer just so as to be able to distribute the load, especially
when the model size is enormous. The server does not need to perform any rendering but it should still
be able to hold the model in memory for fast transmission to the clients.

5.2.2 Parallax

A display parallax artifact is observed when rendering to tiled-displays which have intervening gaps
between the tiles in the rectangular grid. Straight lines do not appear straight any more due to the
parallax effect, as illustrated in Figure 5.3. Fortunately, this artifact is easily cured by clipping the
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Figure 5.3 Parallax error due to gap between tiles. Straight lines don’t appear straight anymore on the
display

view-frustums appropriately while rendering. The amount of clipping is proportional to the gap-size.
In a display, therefore, even though some objects might get clipped off, but the parallax effect is not
observed. The display looks more realistic with parallax removed. Figure 3.4 shows a 4x4 tiled-display

of UNC’s power plant model with the parallax effect cured.

5.2.3 Display Tearing

It is noteworthy that a rendering node can physically swap buffers only at the next vertical refresh
of the display even though it might have received the go-ahead from the server much earlier. Even if
all the displays have identical vertical refresh frequency, they might be out of sync, which can lead
to perceptible but reasonable lags between displays on tiles (referred to as tearing). In Figure 5.4, two
displays have the same vertical refresh frequency (60 Hz) but they are out of sync. Even when the server
orders "Swap” at the same time to both the displays, they end up actually refreshing at different times,
leading to display tearing. Hardware solutions like Genlock [16, 60] overcome this by synchronizing

the vertical refresh signal for all the displays.

5.3 Experimental Results

The server has to read and initialize large amounts of data and send some of it to the clients to start
the wall. Table 5.1 compares the startup time when using TCP vs. UDP multicast for the Powerplant
model. The startup time is virtually independent of the tile-configuration when using multicast over
UDP but increases linearly with TCP based network transmission.

Caching at the clients eliminates the dependence of the performance on network bandwidth. Fig-
ure 5.5 shows the nature of the network utilization for a 600-frame walkthrough through a scene with
5.5 million vertices in 100 objects scattered around with an average object size of 2.03 MB. The initial
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Figure 5.4 Display tearing takes place due to out of sync vertical refresh signals for the different displays

low network utilization corresponds to the server starting up. This is followed by a high-utilization
phase when the server is sending all the startup data to the clients.

In Figure 5.6, we show the above walkthrough but with the network bandwidth capped to 10Mbps.
The performance is not degraded at all with the reduced bandwidth due to geometry caching and the use
of multicasting. The freeze times of the display due to the transmission of new objects are longer due to

the lower network bandwidth.
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Figure 5.5 Network usage vs. time for a 600-frames walkthrough. The walkthrough is such that objects
appear in multiple tiles at once. Multicast mitigates this effect. Due to caching of objects by the client,
the network is used only when fresh objects are to fetched.

Tile Time taken (seconds)
Configuration with unicast with multicast
2x2 26.44 26.00
2x3 32.02 27.29
2x4 40.54 27.60
3x3 44.03 27.71
3x4 56.38 27.72
4x4 72.10 27.74

Table 5.1 Time taken to start a 4 x4 display wall. This involves sending of the initial data to the clients.
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Figure 5.6 Showing system scalability with respect to the number of nodes with network bandwidth
capped at 10 Mbps. Due to caching, the network requirement doesn’t degrade the performance except
at times of data-fetch.
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Chapter 6

Transparent Rendering to a Tiled Display

A central issue concerning tiled display wall systems is their universal applicability. Does the large
display application have to be written specially for a setup? This will severely restrict the applicability of
such a system. Can any application developed using a standard graphics/visualization API be rendered
automatically and transparently on the display wall? This will boost the utility of the display wall system
greatly.

One positive aspect of Chromium is that it can transparently render any OpenGL application to a
tiled display. The application need not be aware of the cluster. In fact, there’s no need of modifying,
compiling or even relinking the application. In a general case, Chromium is a stream processor. It
intercepts the OpenGL stream containing all OpenGL primitives (vertices, lines, triangles, etc), textures,
material properties, etc., and can perform operations on them. Tilesort is one stream processing unit
which is used to render to a tiled display. The stream processor places OpenGL primitives into small
bins for sorting to the correct tile. When the bin gets filled, the bounding box of the primitives in the
bin is used to determine the tiles to which it needs to be transmitted. No higher level object structure
can be derived from the primitives in the bin. Hence, tilesort needs to perform these calculations for
each frame. Besides, these primitives need to be transmitted to each tile every frame, irrespective of
whether or not the display has really undergone a visual change. Due to these reasons, tilesort is not
only computationally expensive, it causes severe load on the network, making it an ineffective choice
for rendering large scenes to a tiled display.

Since the basic philosophy of our system is to transmit and cache objects at the rendering nodes,
we designed our system to automatically and transparently clusterize any application developed using a
standard scene graph API.

6.1 Transparent Rendering Using GSWall
We chose the OSG API to provide transparency features are provided by our display wall system.

Transparency is provided by intercepting function calls to the OSG APIL. Whereas Chromium intercepts
all calls to the OpenGL API, GSWall intercepts only selected calls only (see Figure 6.1). The application
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need not be aware that it is being rendered to a display wall. All features of our display wall as discussed

in earlier chapters are inherited along with this flexibility of seamless rendering.

Application Application

OpenGL 0SG 3
Lines/triangles tables/chairs/rooms %

3

Chromium GSwall =1

=

Render to cluster Render to cluster

\/

Figure 6.1 Comparison between transparent rendering using Chromium and that using our GSWall.
Since Chromium works at a very low level (lines/triangles) while GSWall works with objects (ta-
bles/chairs)

Figure 6.1 shows the comparison between transparent rendering to a display wall using Chromium
and that using our display wall system. Since Chromium intercepts low-level OpenGL calls, it has to
deal with a huge volume of data. Moreover it cannot perform any caching. These issues are solved with
GSWall since it works on higher-level objects.

Any scene graph based graphics application performs three function calls in an unending loop. These

are:

e App: This includes the keyboard/mouse event-handling, scene graph manipulation, animations,
transformations, etc. User-defined operations on scene graphs can also be carried out in this
stage. As a result of this stage, several nodes in the scene graph might be marked dirty so that

their bounding boxes is recalculated before being used.

e Cull: This stage performs visibility culling on the scene graph to prepare a smaller scene graph for
rendering. Optionally, sometimes optimization and state-sorting is performed as well. The output
of this stage is a scene graph (called Render Graph in OSG) which is ready for being rendered.

e Draw: This stage involves the actual drawing of primitives by issuing the actual OpenGL calls

corresponding to rendering each node.

A scene graph API generally implements these three stages in different threads or processes with
shared memory segments (for pipelining). In either case, our interception mechanism traps the calls to
these three stages and embeds GSWall operations. The actual steps carried out while intercepting these
functions are shown in Table 6.1. These three stages are followed by a Swap stage where the actually

swapping of the display buffers takes place thereby putting things to the display.
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Figure 6.2 Control-flow for intercepting calls to the OpenSceneGraph API for transparent rendering
to a display wall. The line-loop on the left shows the normal control-flow for an OpenSceneGraph
application going through the calls to App, Cull and Draw followed by the call to Swap of display
buffers. With GSWall, calls to Cull, Draw and Swap are intercepted to perform corresponding functions
as indicated by the line-loop on the right. Note that call to OSG’s App is not intercepted (or intercepted to
perform the same operation). Also note that OSG’s Cull, Draw and Swap are not called by the intercept
procedures (shown on right). The OSG application is unaware of being rendered to a tiled display wall.
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‘ OSG function call ‘ Actual job performed

App() — Call original App (OSG’s App())
Cull() — Save view-point for this frame
— Perform GSWall visibility culling
Draw() - Be.gin data transmission in a separate thread .
— Clients start rendering (after data has been received)
Swap buffers — Wait fSr all c,l,ients to i.nform ”Ready-to-Swap”
—Issue "Swap” to all clients

Table 6.1 OSG function calls are intercepted to embed calls to GSWall operations. The actual jobs
carried out in each step is shown. Swap Buffers is not really an OSG operation but is included here for
the sake of completeness.

OSG’s App stage is either not intercepted at all or is intercepted but ends up just calling back the
original function from the OSG library. OSG’s call to Cull is intercepted to replace it with the adaptive
culling algorithm, as already discussed earlier in Section 4.2.2.3. This results in the marking of the
nodes as per visibility to all the tiles. The original operations in the OSG’s Cull function is ignored.
The Draw function call is intercepted to perform data transmission, as discussed in detail in Chapter 5.
This includes sending the header to the clients followed by multicasting the packed geometry data. As
soon as the clients have received all geometry, they start rendering. This stage generally is carried out
in a separate thread. Again, the original operations in the OSG library are ignored. The Swap call
is intercepted to perform display synchronization in GSWall, as discussed in Chapter 5 earlier. The
server waits to until all the clients are done with rendering the scene in their view-frustums. Thereafter,
the server issues a "Swap” order to all the clients at which time all of them swap their buffers. The
operations in the original Swap call are bypassed. Figure 6.2 shows the control flow for transparent
rendering of an OSG application. The line-loop on the left shows the control flow for a typical, non-
intercepted run of the application. The App, Cull, Draw and Sync stages are called in an unending loop.
The line-loop on the right shows how the interception mechanism embeds GSWall operations into the
normal flow.

Although App, Cull and Draw functions are part of the OSG API, the Swap operation is not. It
is provided by the windowing API (like GLUT, OSG Producer, SDL). GSWall provides interception
mechanism for Swap buffers by intercepting corresponding calls to the windowing APL.

6.2 Limitations

The transparent rendering system cannot be 100% fool-proof and hence it might not work in certain
special situations. This is because our system works at OSG API level and relies on the assumption
that the application to be run will not perform direct operations to the scene graph. For instance, since
our GSWall stores its required data in OSG nodes itself using the SetUserData OSG operation, if
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an OSG application uses this function, GSWall’s data will be lost. Additionally, OSG provides several
special-purpose nodes to specify multiple cameras, fancy animations, particle-effects, etc. Handling
them transparently is not trivial. Efforts to tackle this limitation would involve tracking a lot of objects
at a much lower level thereby losing the performance advantages of moving to a higher level.

Our serialization mechanism relies on an OSG function writeNodeFile which writes an OSG
tree to a file. However, when the serialization is performed to a binary format, it embeds the texture data,
material information, shaders, etc. Incremental updates to the client’s scene graph can lead to multiple
instances of this data being loaded rather than just a single one.

Since the function call for swapping the display buffers is strictly not part of the scene graph API
but that of the windowing API (OSG Producer, GLUT, SDL, etc), the intercepting mechanism needs to
a provide a collection of functions, one for each windowing API, though only one will be used in an

application.
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Chapter 7

Experiments and Results for the Complete System

We present several experimental results to demonstrate the various aspects of our complete display
wall system. Some experiments are designed such that critical resources such as network bandwidth,
computation load, etc are strained so as to better demonstrate the effectiveness of our system. Experi-

mental results for some individual stages of the system have already been presented earlier.

7.1 Scalability

In Figure 7.1, we show the variation of the frame rate in FPS for different tile-configurations during a
walkthrough. The scene consists of 5.5 million vertices in 100 objects scattered around with an average
object size of 2.03M. We steer the walkthrough in such a way that fresh objects become visible to all
the tiles at once, bringing high network loads at the same time. Note that there’s almost no variation
in FPS with different tile-configurations of the wall. The sharp trenches are seen when fresh objects
become visible to all the tiles at once, where the display freezes for an instant. The FPS reduces to
about 12 due to the visibility of more objects until some are culled out. The FPS then reaches near 20.
The pattern of the walkthrough is repetitive and so is the FPS variation, demonstrating the efficiency of

cache management.

7.2 CPU Load

Figure 7.2 shows the CPU utilization of the server and a client. The initial high utilization for the
server is due to the preprocessing. For the rest of the walkthrough, however, the CPU remains only

moderately loaded and is available for other computations.

7.3 Cache

In another series of experiments, we perform a 4300-frames long walkthrough in a scene containing
205 objects totaling to 416MB where each object has an average size of 2MB. Figure 7.3 shows the
walkthrough for various tile-configurations of the wall. The clients need to fetch a lot of data in the initial
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Figure 7.1 Showing system scalability with respect to the number of nodes. The scene consists of 5.5
million vertices scattered over 100 objects. Note that the performance of the system remains almost
unchanged for different tile-configurations

100 T T
— A Rendering Node
90} — Geometry Server |-
80 b
70F b

60

CPU utilization (%)
[¢)]
o

40t 1
30f 1
20t 1
10+ 1
% 10 20 3 40 50 6 70 8 9

Time (s)

Figure 7.2 CPU Usage by the Geometry Server and a Rendering Node during a 600 frame walkthrough.
The scene consists of 5.5 million vertices scattered over 100 objects
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Figure 7.3 A 4300-frames walkthrough in a jungle of 416 MB scene spread over 205 objects.

phases of the traversal as they discover new objects causing the huge variation in FPS shown in the figure
during the initial stages (till 80s). The walkthrough almost retraces its path for the next 70 seconds, in
which case the graph shows a sustained frame-rate for all tile-configurations. The walkthrough starts
discovering new objects (for about 30 seconds) near the 150 seconds mark. After this point, a lot
of the scene has been cached. FPS persists at 23 FPS. Also note that the plots corresponding to the
various tile-configurations are closely similar. This shows the low dependence of the system on the

tile-configuration, hence improved scalability.

7.4 Optimal Cache-Size

Figure 7.4 shows the performance of the 4x4 configuration with 3 different cache sizes. The correct
cache size depends on the density of objects in an environment and varies from scene to scene. In this
experiment, a 100MB cache size is too large and remains underutilized while a 30MB cache is too small
and causes frequent re-fetches resulting in the large disturbance of framerate. The 60MB cache size
seems optimal.

It should be noted that the above experiments were carried out on worst-case scenes where a lot
of objects are introduced at the same time. In real-life situations, the viewpoint changes slowly and
the inter-frame coherence of geometry at every client is high. The geometry management strategy will
give consistent and high performance in such situations as was our experience with normal scenes and

interactive walkthroughs.
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Figure 7.4 The performance of our 4 x 4 system with varying cache sizes in a jungle of 416 MB spread
over 205 objects.
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Figure 7.5 The rendering capability of our display wall increases with increase in the number of nodes
in the cluster. More number of nodes distribute the load in the visible frustum.
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Figure 7.6 The performance of our 2 x 2 system with Nvidia 6600 GT on each rendering node. The
network is still the bottleneck at times of huge data fetch.

7.5 Load Distribution

Further, to demonstrate the load distribution capabilities of our display wall rendering cluster, we
chose an environment with a lot of small-in-size but heavy-on-rendering objects. In Figure 7.5, the 4 x4
configuration outperformed both 3x3 and 2x2. The rendering load is heavy with fewer number of nodes
in the cluster but better distributed with more nodes as in 4z4. With less number of nodes in the cluster,

the rendering load is heavy, but with more nodes, the load is better distributed, as in 4 x 4.

7.6 High-Performance Rendering Nodes

Even though we have shown the above results on rendering nodes with low-end graphics, our system
scales well to perform load distribution and high-performance rendering on systems with good graphics
as well. Figure 7.6 shows the performance of our system on a cluster of 4 systems with the same
configuration as our server. They have an Nvidia 6600GT graphics accelerator each. We perform the
above walkthrough on the Powerplant model from UNC, with 13 million triangles spread over 1185
objects. A 2x2 cluster renders it at 23 FPS. The trench observed at near 160s is due to huge data fetches
as new parts of the scene is being discovered, at which time the network is still the bottleneck. The
FPS stabilizes back to 23 FPS thereafter. There is a natural startup-time lag due to the network factor.
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‘ Characteristic H Display Wall using Chromium ‘ GSWall ‘

Caching? No caching Rendering nodes cache locally
Working Works on low-level OpenGL Works on high-level
primitives (lines, triangles) objects (tables, chairs)
Hierarchy No hierarchy Both frustum and scene
treated hierarchically
Network Uses TCP unicast Uses UDP multicast
Data Transmission Done every frame Done incrementally and
only when necessary
Performance for 0.5 FPS 23 FPS
powerplant model (13 mn triangles) (1185 objects)
on a 2x2 wall

Table 7.1 Comparison between Tiled-Display Wall using Chromium and that using GSWall

The powerplant model runs at 1.5 FPS on our 4 x 4 cluster where the poor rendering capability of our

rendering nodes is the limiting factor.

7.7 Comparison with Chromium

Chromium is very network-intensive and sends the OpenGL primitives for each frame independently.
Use of display lists with Chromium has issues. The full Powerplant model runs at about 0.5 FPS
on the server machine (with Nvidia 6600GT and 3GB of RAM). Sending it to the display wall using
Chromium further slows down the rendering. The application node experiences bursts of high CPU
activity, followed by high network transmission, for every frame. The performance with Chromium
worsens as the number of tiles in the cluster increases. With our geometry management techniques, we
achieve a frame rate of 23 on a 2x2 cluster (each with Nvidia 6600 GT). The powerplant performs at 1.5
FPS on our 4 x4 display wall, which is due to the poor rendering capability of the rendering nodes used.
The load distribution over 16 rendering nodes however makes this configuration perform even better
than a single system with Nvidia 6600 GT, as reported above. Table 7.7 summarizes the comparison

between tiled-display wall using Chromium and that using GSWall.
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Figure 7.8 Power plant on a 4 x 4 tiled display wall.
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Chapter 8

Conclusions and Future Work

In this thesis, we presented a geometry-managed, tiled-display system that uses commodity com-
puters. The system uses a client-server architecture that works with modest clients. Local caching of
scene’s geometry (represented using OpenSceneGraph) and the multicast mode of transmission keeps
the network requirements moderate and provide excellent scalability compared to prior work. For the
first time, results for display walls using rendering nodes with moderate rendering power is shown. Our

system scales well to perform rendering for massive models such as UNC’s power plant model as well.

We also presented a conservative, from-point visibility culling approach for culling a large scene
to a hierarchy of view-frustums using a novel adaptive algorithm which determines the optimal path,
merging object and frustum hierarchies. The algorithm performs logarithmically in practice. Due to
this, it can scale well for large number of frustums which is critical for the application scenario of a tiled
display wall. The performance gain by our algorithm is shown on several walkthrough experiments.
The algorithm makes culling for very large tile display setups feasible. Huge models can be handled at
interactive frame rates. We also showed that the adaptive algorithm is applicable for dynamic scenes as

well.

Though we showed the performance of our adaptive visibility algorithm on a two-dimensional, tight-
fit array of frustums, the results can be extended to other hierarchies of frustums. We are currently
extending it to other typical situations like a 2D array of frustums with small overlap used in multi-
projector displays. We are also working on culling to general frustum hierarchies needed for applications
like shadow volume computations. A BSP-tree like partitioning of the frustums, very similar to our

current approach, will be needed in such cases.

We showed a thorough analysis and experimental results of the underlying system as well as the sys-
tem as a whole. The experimental results assert the scalability of our system and indicate that exploiting
high-level scene structures is the way to setup extremely large but cost-effective display walls, as is used

in our system, aiming towards giga pixels.

A mechanism to automatically and transparently render any OpenSceneGraph application without
modifying the source code or even recompiling it, provides huge applicability advantages for our work.
For the first time, a mechanism for interactively rendering huge scenes to display walls is possible.
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We are currently working on combining the the display wall with an out-of-core rendering system
to render extremely large resolutions. Viewpoints can be predicted at the server in such systems and
data can be sent to the clients speculatively. Swap-lock and gen-lock of the display is an important area
that needs further research. Since the use of commodity graphics cards is a design goal of our system,
hardware gen-lock is not an option. We are working on a camera based scheme to bring the displays
into perfect synchronization. This is similar to the camera-based approaches for color-balancing and
geometry correction followed by multi-projector display systems.
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