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1. Introduction

This report summarizes our investigation of a new conaepthke interface of a head mounted display
(HMD) to the host workstation. Rather than connect thraotlghvideo control electronics via high-
bandwidth cabling, and use additional wires for motionkirey and/or audio, we would like to explore
the use of a high-speed digital network interface to alrgata to the user via a standard Ethernet cable.
With Gigabit Ethernet now standard on many PC-based warkstathe hardware is readily available to
enable a streaming digital interface over a closed nktidris technology will differ from conventional
streaming video applications in that there would be no boffesf the packets and potentially no delay.
We believe this would be possible over a small LAN with f8ghed Ethernet. Eventually an untethered
connection should be possible over a wireless link.

The key component of this design would be the real time \8decer. This hardware would accept high-
resolution video in real time, pack it up for network transénd send it out over a Gigabit connection.
The user would be wearing a battery-powered belt pack regh time client software/hardware to

reconstruct the video, audio, and data.

We believe this radical new interface can open up éntirew categories of applications. Consider the
following benefits/features:

» Light weight, single cable with extended range.

»  Access to network resources, including the Internet.
e Scalable to multi-user environments.

»  Scalable to emerging wireless LAN technologies.

We believe the requirements for a state-of-the-art meadnted display go beyond field-of-view and
image quality. A new HMD must allow users to roam moeelfr and eventually, untethered. A digital
interface is the first step towards realizing thatl.goa

2. Approach

In this feasibility study we are investigating the displansmission to an HMD via an Internet Protocol
(IP) based digital connection in two stages:

1. System Architecture
We identify the various components required to packetigeileo and render it back on the remote
system. We studied various techniques that can be usieel iystem at different stages and analyze
their performance using some standard applications. Thensystdesigned such that it is
independent of the transmission interface.
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2.  Transmission Interface
We analyze the various wired and wireless interfduaisatre commercially available, and make
some projections with those that are at the researgé. sta

2.1 System Architecture

A digital transmission channel over an IP-based network dmtwan HMD and the corresponding
workstation requires the following components:

1. A video acquisition module (AM). This component acquires the individual video frames from the
application that is running on the workstation. There axersl options to implement the AM. It
could be implemented in hardware with an analog g@aliconverter that plugs externally into the
workstations VGA graphics output connector. If the graph&si provides a digital DVI output,
then no analog to digital conversion is necessary. A seconanogtito implement the AM as a
software module that is — for example — an extensioneoftaphics card driver. In this case, video
information is directly captured from the display drivad&ent over to the remote side.

2. A video compression module (CM).This component may or may not be required. As we will
elaborate in more details below, the bandwidth requiretidly-resolution video can easily exceed
the bandwidth supported by current generation networking eqatpMepending on the networking
technology used (for example wired Gigabit Ethernet versusgreless link), little or extensive
compression is required. It should be noted that compresdgorithms require computations that
will cause a delay in the video transmission. Therefdre,type of compression used needs to be
carefully selected.

3. A video encoding module (EM).The raw video data must be encoded into a suitable fdonat
transmission. Usually this means that the data nemdi® tpacketized and possibly packet header
information added to each packet. For a point-to-point agifmic (workstation to HMD) packet
headers can be kept minimal. However, if it is desiredtti@idata should be compatible with the
general Internet (for farther distance connections tlzdtide routers) then standard RTP/UDP (real
time protocol [1] and user datagram protocol) must be uBleel.EM also generally needs to add
frame start codes such that the decoding software cahreyiiee to the frame boundaries.

4. IP Stack — network transmission hardware — IP StackThe IP stack is the software that converts
packets to a format suitable for the networking hardwareseedversa. It is required at each end of
the transmission channel. High performance IP stacks\aiable for most networking hardware
technologies (wired and wireless).

5. A video decoding module (DM).The DM module undoes the encoding performed at module 3 by
the EM.

6. A video decompression module (DCM).The decompression module reverses the compression
performed at module 2 and its output is the raw video data.

7. A video rendering module (RM). The raw video data needs to be converted into a formatbtaii
for the actual display hardware in the HMD.

All components from 1 to 7 are inter-dependent and must b&ulbatealanced to achieve good overall
performance. Therefore, we will partition our further d&sion into avred and awireless approach and
discuss the relevant issues there.

One of the main concerns with a HMD application such astaal reality environment (VRE) is how
quickly the display can be updated when a user turns hdr tidhe lag is too extensive the user may
perceive the VRE as unstable. The lag depends mostly ordmponents: the head tracker and the
display update. Head trackers are now sufficiently fasttthey do not pose a problem. Current research
suggests that a lag of approximately 40 milliseconds isatake4]. Consequently, this leaves very little
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time for video processing and transmission and any encedmgfession algorithm must be sufficiently
fast.

3. Experiments

As part of this feasibility study we have conducted experiméo explore how applicable current
technology is to our goal of sending data to an HMD viaRabbdsed transmission channel. We will

discuss some of the practical aspects of such a systengnahde some of the technologies that are
available.

We consider an architecture based onHlost Workstation, which runs the software that generates the

video stream, and Risplay Client which is a small, wearable device that is connected t®HRigure 1
illustrates this setup.

TCP/IP

Host workstation . ]
Display Client + HMD

Compact, Wearable

Host Workstation Display Client
AM + CM + EM DM + DCM + RM

VGA

\ 4
\ 4

Figure 1: The Host Workstatic serializes the video ta and transfers it to the Display Client, wh
render it on the HMD

We distinguish three different approaches to drive thpl&ysClient:

1. Transfer the actual video buffer to the Display Client (i.e., rendering takes place on the host

wor kstation).

This method reads the video buffer on the workstation grapbized and transmits it to the display
client. It is a very general solution for remote display aequires not very complex hardware and
software on the client side. It is also highly compatibith many applications and is not dependent
on special capabilities of the underlying graphics hardwéine. client software can be lightweight
and be incorporated in an embedded system. The disadeant the method is that it requires
simple, but very fast transmission and rendering capasilitcvery pixel of the host frame buffer
must be transmitted many times per second to the HMDRhé&ranore, it fails to utilize features like
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hardware acceleration that are provided by newer displals.ctany high performance graphics
applications make extensive use of hardware display aceefetatachieve good performance.

2. Transfer rendering commands and execute them on the Display Client (rendering takes place at the
Display Client).
This method captures the rendering commands that are passeel display card, for example
OpenGL commands, and transmits them to the display @leng with the standard display buffer.
This approach has a major performance benefit over istenfiethod as the applications can take
advantage of hardware rendering. Since it does not hakensniit the entire frame buffer, there is a
large reduction in the network traffic.

3. Usehardware devices to capture the VGA/DVI output and transfer it to the Display Client.
This method uses specialized hardware devices that carrcther®VI output from the display card
to a network data stream, which is then decoded by theagispént. It has an advantage over the
above methods in that it is completely application and epenating system independent. However
such hardware devices are not available commercially.

We have analyzed the software based methods 1. and 2. usingdelp used programs, VNC and X
Windows.

3.1 Virtual Network Computing (VNC)

VNC utilizes the Remote Frame Buffer (RFB) protocol [I6ptovide remote access to a graphical user
interface. It requires a special client that can conte the VNC server, decode the RFB stream and
display it. The VNC client (VNC Viewer) works at theaine buffer level and has minimal hardware
requirements. It is also available on a wide range dfgpitas, including Linux, Windows and OS X. It
has a very small footprint and can be incorporatednirembedded system. Figure 2 illustrates the
software components of such a setup in a Linux environment.

Host Workstation

X Serve -
+ Client
OpenGL| Video | VNC VNC HMD
Renderenl Buffer | Server > Viewer >
(Software

Figure 2: The VNC Server reads the video buffer from the X-Windowgesecompresses it and sends it
to the VNC Viewer over a network.

VNC compresses the stream before transmitting it. dtehaluggable architecture and supports multiple
algorithms to perform this compression. In its default madeses Hextile Encoding [16] to compress

the data stream and works best for window-based GUIs.riéiikod splits a given frame into tiles of a

predetermined size and then performs compression on eablsef tiles using a suitable compression
method.

As VNC works by reading the frame buffer from the X-Wind®esver, it is necessary for the buffer to
contain all the display data. However, in the newer aismlards, which support hardware based
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rendering, this is not always the case. For exampleOpBnGL based display components are not
rendered by the X-Windows server but are rendered directly bylipday card graphics processor.
Therefore, VNC cannot forward the parts of the scrleah ¢ontain hardware rendered OpenGL objects
and consequently those parts appear “black” on the clisptagi A workaround for this is to enable
software rendering for all OpenGL commands. However,willsaffect the performance of the system
and it will not be able to take advantage of the feajure@gided by fast display cards.

A possible extension for VNC would be to enable it tpteee the OpenGL commands from the X-
Windows server and transfer them along with the pixel ddtase commands would need to be decoded
on the client side. This approach would make the VNC ¥iemore complex as it will now need a fast
display card to render OpenGL commands. This method Hagehdoeen implemented in the VNC
software.

3.2 The X-Windows System

Based on the X Protocol [18], X-Windows is the most common afdgrwarding a display to a remote
machine in Unix based computing environments. The server machmeamuk-Windows server which

forwards the display to the client, which in turn drivke HMD. The X client is lightweight and can be
incorporated in an embedded, wearable system.

Server Client
Videc X Client
Buffer + HMD
X Server + OpenGL
OpenGL Renderer d
Comman® (Hardware)

Figure 3: The X Protocol forwards the OpenGL commands to tien€Cleliminating the need for
software rendering at the server end.

Similar to VNC, the X-Windows system forwards the cohteihthe video buffer to the client, which
means that areas with hardware rendering are not vigibilee client. However, an “Indirect Rendering”
mode for OpenGL is provided, in which the X-Windows server captiDpenGL commands and
forwards them along with other display contents. The comsarelthen rendered by the client system,
which must have a video card supporting hardware OpenGL regddhis method provides multiple
advantages over the standard method of forwarding the videgr looffitents. First, it allows any graphics
application to utilize the power of hardware acceleratarit§ rendering needs. Second, techniques such
as display scaling can be utilized to obtain a higherutsno client display without increasing the CPU
utilization or the required transmission bandwidth. Openf@Gtwarding is readily available in X-
Windows, and thus can be employed without further developmignireM4 shows an experiment where
we forwarded the display of an 3D OpenGL based gamedcei rendering machine and Figure 6
illustrates a second, high resolution OpenGL application. dibelay appears smooth and with low
latency (performance numbers are described later or)u¥ed a standard PC for the client system.
However, we believe that custom hardware could be built theémecessary capabilities. Specifically, a
fast network interface (possibly Gigabit Ethernet) andBD capable graphics processor would be
necessary.

http://dmrl.usc.edu
-5- March 18, 2005




el

Figure 4: An OpenGL based 3D game [25]. The game is being run asetler (right) with the display exported to
the client (left) using OpenGL forwarding.

OpenGL forwarding via the X Protocol substantially low#re transmission bandwidth requirements.
However it produces an uncompressed stream of data wmehages enough traffic so that it cannot be
transmitted on a wireless link (depending on the applicatiba)reduce the bandwidth, there is an
extension to X-Windows server available calldgiX (Low Bandwidth X) [21], which compresses this
stream.

3.3 X-Windows Server + LBX

LBX [21] acts as a proxy to the X-Windows server and compseig®e command and data stream before
it is transmitted. In our experiments it produced vgopd compression results and kept the bandwidth
below 30 Mb/s. This may be low enough to be usable over a 802itElesw link. However, LBX adds a
substantial delay to the stream transmission, which mékesost likely unsuitable for real time
interactive applications.

Server Client
Videc X Client
Buffer & HMD
X Server + LBX OpenGL
OpenGL Renderer "
Commang (Hardware)

Figure 5: LBX compresses the command and data stream beforeahgmitted.

LBX uses real time software compression techniques, duehtoh its working is limited by the
processing power of the host workstation. If the applicatiorigees a raw stream of data above a certain
bandwidth, LBX will not be able to handle it and will skipnse updates which results in a “jerky”
display.
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Figure 6: A high resolution OpenGL application [24].

3.4 Comparison between Video Buffer Forwarding and OpenGL &rwarding

Table 1 shows a comparison between Video Buffer ForwardidgopenGL Forwarding.

Video Buffer Forwarding

OpenGL Forwarding

System Requirements

Requires more processing at
server end but will work with a
less powerful client.

Requires lower processing at the
workstation end, but needs a faste
client with hardware rendering
support.

Implementation

Easier to implement as only the

video buffer has to be taken care complicated as they have to hand

of, and also because it can be
independent of the underlying
hardware.

Both server and client are more

OpenGL requests along with the
standard requests.

Resolution

Resolution is dependent on the
workstation video buffer, and
cannot be scaled without affectin
video quality.

Scaling can be easily done on the

client end in order to render objects
cat higher resolutions.

Bandwidth Requirements

If uncompressed, this method
very high bandwidth
requirements.

higequires a lower bandwidth as it

does not transfer the complete
video buffer.

Application Compatibility

This method only works on the
video buffer, and hence it is
compatible with most of the

applications.

The OpenGL commands are
dependent on underlying hardwar
which makes this approach less
compatible.

Table 1: Comparison between Video Buffer Forwarding and OpenGL Fding

1%

=
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3.5 Comparison between VNC, X and X+LBX

We compared the various methods by running actual applicalibescomparison parameters are highly
dependent on the application. X-Windows with OpenGL forwargiragluced the best quality display

with minimal latency.

VNC

X-Windows-OpenGL

X-Windows-OpenGL
with LBX

System
Requirements

Low client requirements
(Software rendering on
Server)

High client requirements
(Fast graphics card for
OpenGL rendering)

High client requirements
(Fast graphics card for
OpenGL rendering)

Resolution 1024x768 Any Any
Bandwidth 1-50 Mb/s 1-350 Mb/s 1-30 Mb/s
Latency 5-50 ms 0-30 ms 1-2 sec

Table 2: VNC, X and X+LBX comparison.

VNC X-Windows X-Windows + LBX
Web browsing 1 Mbl/s 5 Mb/s 700 Kb/s
Video 45 Mb/s 70 Mb/s 20 Mb/s
Interactive 2-D Game 10 Mb/s 30 Mb/s 5 Mb/s
Interactive 3-D Game - 25 Mb/s 8 Mb/s
High Quality 3-D - 300 Mb/s 25 Mb/s
Graphics Application

Table 3: Bandwidth requirements for different applications.

3.6 Video-based Applications

A high end HMD may provide display resolutions of 1280x1024 pixels 2Mtibits/pixel color depth.
Assuming a refresh rate of 30 frames per second (fps)attaetchnsfer rate will be approximately 950
Mb/s. For a stereo capable display, twice this bandwidthbeihecessary. 950 Mb/s is approaching or
exceeding the maximum transfer rate of commercial Gidathiernet. Hence, we investigated various
methods for reducing the bandwidth, such as Hextile encodindoyséNC or OpenGL forwarding.

These methods work well with rendered graphics objeats) as 2D or 3D models. If the stream needs to
be handled as raw video then both the methods perform etyr@morly. One of our primary concerns
while investigating the different approaches was to keepatkady to a minimum. As we need to keep
the latencies below 40 milliseconds [4], there is very litttee for video processing and transmission and
any compression/decompression algorithm must be sufficieagty $ome compression methods that we
considered are:

1. Lossless video compression (2:1 ratio, 475 Mb/s)
2. MPEG-2 compression (20:1 to 50:1 ratio, 50 to 20 Mb/s)
3. MPEG-4 compression (50:1 to 100:1 ratio, 20 to 10 Mb/s)

The MPEG compression algorithms provide very high compressias,rathich are achieved with
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temporal inter-frame compression. This requires maltfphmes to be buffered and causes a latency in
the stream (VCV latency, [10]). Present systems catisiecka of 200 to 250 milliseconds while encoding
a high-definition MPEG-2 video stream [5, 6, 7]. For HMD &ilons the delay is most likely too long.
The professional HDTV MPEG-2 encoders require speciaffates as input (HD-SDI, serial digital
interface). The video data may not be in accordante thvose interfaces [7]. MPEG-4 encoder hardware
that can support HDTV quality encoding is still not coneialy available. Even the lossless
compression algorithms like Huffyuv [3] need some bufferinghim ¢tream in order to achieve good
compression ratios.

Another issue with using these compression methods is thatatieeextremely slow, especially in
handling high resolution streams. There are just now new chgmirey available with low enough
power consumption to be usable for battery-powered devicegxgample, the Super ENC-III from NTT
is capable of doing either encoding or decoding of 1280x720, 30 fps at <«atts5[6}. These chips are
now being used for a new generation of low-cost portable hifjhitten camcorders. There are no
commercial chips currently available that produce HD quBsiPEG-4 stream in real time.

At present time, custom hardware would need to be bupetéorm the compression / decompression.
Whether this can be done with a battery-powered device esqgfurther investigation. As mentioned
earlier, a major issue with MPEG based encoding/decaslitige additional latency that the compression
introduces. As latency is a major concern in HMDsséhmethods do not work very well for interactive
applications.

4. Transmission Channel

Our system is designed to work on a standard IP basednkeinterface. So, we can select any
transmission method according to application bandwidth rexpeints and the complexity of display
client. We studied the various wired and wireless chartoalse as our communication interface.

4.1 Wired Transmission Channel

Current commercial wired networking technology realizes calgealing rates of up to 1 Gigabit per
second (Gigabit Ethernet or GigE) with very affordabledivare components. There are currently two
transmission technologies widely used: fiber-optic and cogpenections. Fiber-optic cables allow
longer cable lengths without regenerating the digital signal,thithardware components are more
expensive than for copper based transmissions, whiclstasdard Category 5 networking cables. The
throughput performance of both technologies is similar.udable data bandwidth on GigE can approach
900 or more Mb/s [2] when careful provisions are observed. Fonmra the maximal transfer unit
(MTU) should be set to 9000 bytes per Ethernet frame vérs08 bytes for standard frames (the larger
frames are often callgdmbo frames).

For applications with lower bandwidth requirements, wealaa use the standard 100 Mb/s Ethernet, or
the IEEE-1394 [23] Firewire interface. We tested the 1394fade performance between two machines
by using IP over 1394 [20] modules, and got a throughput of 135. Mb/sver Firewire is still in the
early development stages, and is currently not vergieffi. Using this interface, we can theoretically
achieve a throughput of 350 Mb/s [22, 23].
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4.2 Wireless Transmission Channel

The ultimate goal for HMD applications is an untethereideless video connection. Wireless interfaces
have only recently been commercialized. Current wiselegerface based on IEEE 802.11a/802.11g
provides a maximum bandwidth of 54 Mb/s (30 Mb/s in practice).

However, wireless digital transmissions are the focusumfhmesearch these days and future technologies
like Firewireless (100 Mb/s or 400 Mb/s) [9] and 13 GHz digitakless transmission system for VGA
signals [8] are emerging.

As current wireless interfaces have very low bandwidth coedpaith wired interfaces, we need to lower
down bandwidth requirements of our application using techniliked BX. Using LBX with OpenGL
forwarding allows us to produce high resolution display useny low bandwidth. Latency is again an
issue here, as LBX buffers a large part of the streaordebmpressing and transmitting it.

Figure 7: Application using an 802.11b wireless connection.

4.3 Transmission Channel Comparison

Table 4 shows the actual bandwidth utilized by a typical apjaic§24] with some of the interfaces that
are currently available.

Interface Actual Bandwidth Achieved
100 Mb/s Ethernet 94 Mbl/s
Gigabit Ethernet > 350 Mb/s
Wireless 802.11b 3.5 Mb/s
IP over Firewire 130 Mb/s

Table 4: Transmission channel comparison.
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5. Conclusions

In this report we have identified the different componenés heed to be carefully designed for an IP-
based (e.g., Ethernet) digital video transmission fromoikstation to a HMD. We have also presented
some of the challenges that would need to be overcome (femclg compression) and proposed some
solutions for them. We evaluated several different technaldgrethe system architecture and identified
possible issues with them. It appears that an X-Windowsdbapproach with OpenGL command
forwarding can provide high resolution and low latency. &oactual implementation a wearable, battery
powered client device would need to be built with a higled{&igabit Ethernet) network interface and a
graphics processor with OpenGL rendering capabilitiefight of the capabilities of current generation
laptop computers, this seems doable. However, this solutiofdweurestricted to OpenGL compatible
applications.
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