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Abstract

systems. Instead of looking up drawings and charts in manuals, head-worn displays allow to overlay the real view of a
user with additional information.
Compositing of virtual objects with real views only provides acceptable results if the position and orientation of
the users head is tracked during operations. This tracking
allows to adjust the rendering of the virtual elements such
that they appear to be fixed in the real world. This work
is focused on marker-less vision-based tracking. Todays
available wearable computers do not fullfill the needs for
industrial service applictions. Small lightweight PDAs running several hours on batteries do not have enough computational power for marker-less tracking and rendering with
high framerates, while high-performance systems are less
mobile, become very hot and run on batteries only for a
short period.
The idea to solve this problem is to build a distributed
system which uses a standard PC for tracking the users view
and use a small mobile computer only to connect the camera
and the display. Both systems are connected via WLAN.
A very important additional constraint is the minimisation
of the bandwidth requirements for the connection, to allow
mupltiple systems operate simultanously.
The paper is organised as follows: First a short overview
of related work is given. Then we present the design goals
and requirements. In section 4 the structure of the system
is developed and details of the implementation are given.
Section 6 presents the results wich have been achieved.

For AR applications the 3D position and direction of the
users view have to be determined in real time. At the same
time, the augmentation, one or more 3D objects, have to be
rendered. This article describes a distributed mobile ARSystem designed for industrial service applications. By distributing the different tasks involved in AR, the computational load of the portable system can be minimized such
that a small and lightweight computer can be used. The
portable computer is connected to a backend server via
WLAN. Minimisation of the bandwidth usage of the system
ensures that 20 or more systems can operate on one standard WLAN access point. The main focus of this article is to
minimise the computational load of the mobile system and
the network load simultaneously.

1. Introduction
Augmented Reality (AR) is a technique of adding information to a users visual perception of his environment. This
is typically realised by rendering 3D objects into the users
view. The compositing of the virtual elements with the real
view can be done by using half-transparent displays in front
of the users eyes (See-Through-Augmentation). An alternative way mixes the images of a camera with the rendering
on an opaque standard display (Video-See-Through, VideoAugmentation).
A szenario which AR can be usefull for in the near future, is the support of industrial service applications. Maintaining industrial installations, aircrafts or even modern cars
means to have a very detailed knowledge about the machinery in focus. But todays products become more and more
complex and the variety of different models raises. This implies that service technicians will need some informational
support on-site. Ideally they should not have to flip pages in
manuals or press buttons on laptop computers during their
work because they need their hands free to perform the real
operations. And they need an appealing visualisation of depicted parts, complex tasks and details like torques for srews
or voltage values for calibrations easily accessible. Some
research has been done in the last years to develop such

2. Related work
The field of Augmented Reality involves many different aspects like rendering, tracking, display hardware, computers, sensors, authoring, software architecture and user interface design. A good starting point to classify AR systems
and application is given by Azuma in [1]. He presented
different fields of application, discussed the differences between See-Through- and Video-See-Through augmentation
and analysed several tracking approaches. He identified the
“Registration Problem” as the most challenging problem in
AR. Back in 1997, most real-time tracking systems relied
on special sensors with fixed reference sources. But his ob1

servation was that to register against a given scene, these
systems have to be supported by cameras and computer
vision algorithms. With [3] Azuma updates his survey in
2001.
Most of todays ready-to-run AR systems are using fiducial markers [14, 15] or special devices to track the user
and/or tools [12]. Medical AR systems to support surgery
have been investigated and evolved quickly [8]. They are
installed and used in well controlled small environments
where elaborated tracking devices like [9] can be utilized.
Feiner [7] presented a mobile long range AR system to
help people navigate through unknown terrain or supply
them with location based information. But for our purpose
this system lacks the accuracy and make use of GPS which
restricts them to out-door usage.
A marker-less vision-based approach is used in [5] where
visitors of archeological sites can use a Video-See-Trough
display to view ancient buildings. The tracking in this case
is reduced to image registration, eventually guided by rotation data from the tilt and swivel base.
Focussing the area of industrial augmented reality, special problems and limitations arise. In concrete and
steel buildings, GPS reception is not possible. Adding
enough calibrated fiducials is expensive or often impossible. Outside-in or beacon-based tracking systems are typically limited to a few meters range. Assuming work on
interchangeable objects like cars in a garage, these have to
be registered against any external tracking. So the registration and tracking itself is challenging. In addition, such AR
systems will only be accepted if they are lightweight, do not
restrict the users movements and if they are sufficient robust
for industrial usage.
In the field of distributed Augmented Reality, 2003 some
approaches have been presented. In [16] AR-Toolkit is used
to track fiducials which allows to binarise and RLE compress the images before they are transmitted from a PDA
to a PC. After tracking and rendering, the augmentation as
image stream is coded and transmitted back to the PDA.
Achieved update rates are in the range from 1-2 images per
second.
Beier et. al. [17] used object recognition based on edge
extraction. The compression and load-ballancing between
PDA and PC is not described in detail, but they realised
a frame rate of 6-10 fps. In [15] a massive multiuser AR
system based on fiducials has been set up. Tracking is done
directly on a PDA and wireless communication is used to
interact with other users.
In the ARVIKA project [2] an AR system for industrial
service applications has been developed, but the main focus in that project was the user interface, the authoring of
information and the animated visualisation. The registration problem as well as object identification and tracking
has been solved with fiducials.

In the ARTESAS project [10], one main focus is to develop vision based markerless tracking for industrial service
applications. The user wears a HMD with a small camera
mounted at. By starting with only the CAD modell of an object to repair, the user registers in an unknown environment
against the known object. From then on his head position
and orientation is tracked relative to this initialisation.
Focussing on mobile AR systems the remaining key issues are:
• Head-Mounted Display technology,
• Registration and Tracking,
• powerfull but unobtrusive computer hardware.
This paper addresses the last two topics by presenting a distributed solution for registration and tracking with a small
system.

3. Motivation and Requirements
At least two different tasks are involved in AR: Rendering
and user tracking. Both of them require some good amount
of computational power, which can be easily satisfied with
todays personal computers. But desktop PCs or even powerful Laptops are too heavy and too large to be carried by the
user a workday long. The power supply problem as well as
the dissipation of energy is not completely solved. Small
computers with long battery-powered uptimes like PDAs
lack the power to run marless tracking and AR-application
in real-time. Real-time AR means to update the augmentation according to the users movements 10-20 times per
second.
To solve this problem, solutions have been found which
transmit the video signal of the camera wireless to a standard PC, compute and render the augmentation and transmit
the rendered video back to the user. This works quite well
if only a limited number users operate in the same location.
But the standard equipment for wireless video transmission
is only available in a few frequency bands and the bandwith usage is very high. Typical systems use two complete
channels to transmit PAL or NTSC fields back and forth.
Assuming an industrial building with running electrical engines, electromagnetic disturbances can decreases the image quality rapidly. The equipment to transmit and receive
video signals along with enough batteries to power these
systems have to be carried by the user.
This leads to the following requirements which determine our system developement:
1. minimize the equipment carried by the user (PDAsize),
2. minimize power consumption and heat radiation of the
mobile equipment (PAD equivalent,
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4. System Architecture

3. minimize bandwith usage to allow operation of 20-50
systems in the same location,

Design and architecture of the distributed system is closely
coupled with the architecture of the Tracking-Framework
in ARTESAS . So we will start by having a detailed look
at that design and then proceed by evolving it to the new
system.

4. reuse existing software for rendering, initialisation and
tracking.
The first and second goal can only be achieved by offloading computational tasks to server computers, while exactly this requires a wireless connection which leads to the
third requirement. The first naive approach is, to use image compression or even video compression to reduce the
bandwith required for video transmission. But a closer look
at the state-of-the-art compression techniques reveal, that
these require modern high-performance CPUs to compress
image sequences in real time and still have high bandwith
requirements.
Dividing the problem into the tracking- and the
rendering-task allows to use different techniques for each of
them. The rendering part of AR-applications requires a lot
less power then the tracking part. Rendering small augmentations with few textures and only some thousand polygons
is not as challenging as the 3D-rendering modern computer
games perform. Using the widely spread hardware acceleration for 3D rendering, this can be realised even on less
powerfull mobile systems without drawbacks.
Having the renderer running on the mobile system and
the tracking-algorithm running on the backend, the only information to be transmitted from backend to frontend is the
result of the tracking: the 3D position and 3D orientation
(pose) of the camera for the current image.
Due to the fact that the main tracking algorithm in use
starts with 2D feature tracking, it is possible to let the
mobile system perform the 2D image processing and only
transmit the feature positions in each image. This burdens
the mobile computer with some load, but the main load of
computing the pose from features robustly and triangulating
3D landmarks is handled by the backend PC.
In contrast to video-compression, single-image compression algorithm do not have to estimate interframe motion
and therefore uses far less CPU time. It is feasible to use
some standard image compression and transmit compressed
frames. This will not lead to the compression rate of modern video codecs, but it also costs significant less CPU time.
In direct comparison, both techniques have contrary
properties: Feature tracking is more expensive then image
compression, but feature transmission generates only 1/10th
of the bandwith of the image-stream, as shown later.
The fourth goal of the above list means that the software architecture developed in the ARTESAS project has
to be used. This allows to combine different tracking algorithms, reuse configurations, models and task-flows from
the project and the wireless distributed solution can be realised as plug-ins.

4.1. Basic Architecture
The AR-application in ARTESAS is split into the ARBrowser which displays the output and interacts with the
user and the TrackingFramework which is responsible for
pose computation. This perfectly reflects the split into the
rendering- and tracking-task. The AR-Browser has been developed by one of the partners in a former project and will
not be discussed here.

Figure 1: The basic architecture of the system. The ArBrowser displays the content based on the results from the
Tracking-Manager.
The Tracking-Framework is designed to combine different tracking algorithms to fullfill different tasks like initialisation, tracking, re-registration, latency compensation and
pose fusion. Internally, the Tracking-Manager acts as a state
machine with three different states: Init, ReInit, Track. The
states and transitions are shown in figure 2. Tracking always
starts in the Init-state, which means that absolute position
and orientation of the user has to be registered in an known
environment once. If this succeeded, the Tracking-Manager
changes its state to Track, which means that the pose is only
tracked relative to a given start pose (the initialisation). If
this tracking fails (motion blur, corrupted images), the state
is set to ReInit and a different algorithm has to reregister
again, find an absolute pose to switch back to tracking.
Each algorithm is implemented as a “component” with a
well defined interface, such that it can be replaced by a different implementation easily. The Tracking-Manager itself
consists of the state machine and several “hooks” (pointers)
to attach components to. Depending on the current state and
the last transition, one or more components are triggered to
work. The image source is also realised as a component and
3

from frame to frame (component PointTracker). These 2D3D correspondences allow the computation of the desired
camera pose efficently. Robustness is achieved by pyramidbased tracking and a RANSAC algorithm for pose estimation can handle features on moving objects gracefully. In
addtion to model-based tracking, 2D feature tracks without
know correspondencs can be used to establish 3D points
outside the model. This can stabilise the tracking if corresppondences on the object are lost.
ReInit The ReInit state is similar to the Init state but in
contrast to the Init, no user interaction is required. The basic algorithm used for re-registration is a feature matcher using SIFT descriptors (component ReInitSIFT). This ReInit
module is triggered to “learn” a pose and features during
tracking. Before initialisation, the SIFT matcher is not able
to compute a pose. Immediatly after initialisation, the absolute pose and the corresponding camera image is used to
generate a first set of reference keys and 2D-3D correspondences. If tracking is interrupted, the ReInit algorithm is
called with the next image, trying to find 2D-2D correspondences to one of the reference views, and then calculates the
absolute pose from the new 2D-3D correspondences.

Figure 2: States and transitions of the Tracking-Manager.
The transitions correspond to the result of the previously
executed algorithm.
can be exchanged by implementations for different cameras.
The modular structure runnning on a single computer is depicted in figure 3.

4.3. Latency Compensation
For Video-See-Through augmentation, the time used between image capture and rendering only determines the
frames per second which can be processed. The accuracy of
the augmentation is not affected by this latency because the
computed pose belongs exactly to one image. This changes
if real See-Through augmentation [4] is used. Assuming,
the user moves his head, his view changes over time. After
finishing the computation of the pose, the virtual 3D objects
are rendered for this pose, which belongs to an image from
some time in the past. But due to the users movements, the
rendering does not match his current view. In fact, the lag
or latency is determined by three times:

Figure 3: Structure of the Tracking-Framework running on
a single computer.

4.2. Tracking Algorithms
In the ARTESAS project three different algorithms are used
in the three different states. Each is selected for its special
abilities.
Init The initialisation is done based only on 3Dmodels (CAD-models) of the users workspace (component
EdgeInit). By comparing edges and lines, this model gives
an absolute reference, all augmentation is done in the coordinate frame of this model. The robustness and speed of
this algorithm currently does not suffice to use it for direct
tracking. Because some limited user interaction is required,
this algorihm is also not well suited to restart tracking after
interruptions. This tracking algorithm has been published in
[11]. It is only available as binary plug-in for the TrackingFramework and has to be executed on the backend PC for
performance reasons.

tlag = timage + tprocessing + trendering .
timage is the image read time from capture until access in
memory. This amount of time is nearly constant over time
and can be measured beforehand. tprocessing is the time required to compute the pose. It can vary from frame to frame
but it can be determined exactly. trendering is the time for rendering and displaying. It can vary depending on the content
to be rendered, it can be measured coarsely but for typical
AR trendering << timage + tprocessing can be assumed. Changing from a single-computer application to a distributed system it is expected to increases tprocessing heavily, leading to
an unacceptable lag.
To reduce the visible latency, the following assumptions
and instrumentation can help. The quickest move to change

Track Tracking is done by finding features (corners) in
the camera image, establishing 2D-3D correspondences using the underlying 3D model, and tracking the 2D feature
4

the view a human can do is to turn his/her head. This can
easily exceed a rate-of-turn up to 720◦ /s. Compared to
these dynamics, lateral movements are slow, the change in
view is small and these movements can be predicted better. Adding an inertial sensor with a high measurement frequency and a short latency allows to update the rotational
component of the computed pose right before rendering.
The non-rotational components of the computed pose can
be updated by a motion model.
Following the ideas of [13], all pose updates are realised
using an Extended Kalman Filter and the implementation is
encapsulated as a component Fusion such that it can be
plugged into the Tracking-Manager, if requested. In figure
3 the Fusion is shown.

ing result directly from the components it called. Therefore
these components have to receive the results them selves.
Because this is the same for InitViaNet, ReInitViaNet and
Tracking, a shared network communication layer is introduced as shown in figure 5.

4.4. Distribution
Computing the pose on a backend PC and rendering on the
mobile computer means that one instance of the TrackingFramework has to run on each system. By attaching specialised components, network connections between both instances can be established. Figure 4 show the new situation.

Figure 5: Architecture with network communication layer.
As discussed in the introduction, transmission of compressed images does not reduce bandwidth usage sufficently. For further savings, the Point-Tracker component is
split into 2D image processing (feature extraction) part and
the robust pose estimation part. In figure 5 the 2D-Tracker
consumes the images, send the feature positions over the
network and waits for the results. The 3D pose estimator waits for feature lists, tries to compute the pose from
the correspondences and transmits the result back to the 2D
tracker.

Figure 4: Structure of the Tracking-Framework running distributed on two computers.

5. Realisation

The EdgeInit module should run on the backend machine, therefore it has to be replaced on the mobile system by a component which sends the current image over
the network and waits for the answer to hand it back to
its Tracking-Manager. On the backend side, the EdgeInit
component expects to receive images from a component on
the Image-Source hook. Implementing an Image-Source
component which receives compressed images over the network solves this problem without modifying the EdgeInit
component. Poses and result codes have to be send from
the backend to the mobile system in any state and for every frame. For this purpose, the Tracking-Manager is extended by a new post process hook. A Poses-Sender component can than be attached to communicate tracking results to the client. The Tracking-Manager expects the track-

The described system has been realised using a Sony Vaio
VGN-U70 (figure 6) with Pentium M1.0 GHz as mobile
platform.
Cameras can be connected via USB or IEEE1394 bus,
the HMD can be connected to the standard VGA port. The
software components have been realised as modules conforming to the specifications of the ARTESAS TrackingFramework. The WLAN communication has been used to
establish TCP connections to the backend PC, a Athlon64
2.8GHz PC. An USB2.0 camera uEye with an adapted housing together with a micro-lens of 4mm focallength has been
used.
Special care has been taken to ensure that the operating system does not delay the transmission of TCP pack5

has to align the visualised object with the real object in view
and experiments showed that 10 FPS suffice.
In the TRACK state only lists of features are sent to the
backend. Each feature is described by its 2D position in
the original image, a covariance describing the uncertainty
of the 2D-tracker, and a luminance value. The 2D-tracker
works with subpixel accuracy, therefore 2D positions are
saved in float variables. For each frame processed, a list
containing a constant amount of features is prepared and
sent. If a feature can not be tracked into the next frame, it
is replaced by a new one, and the corresponding list entry
is marked with a flag. To reduce the size to be transmitted, each feature is coded more efficiently. The 2D position
is encoded into two 16bit numbers with accuracy of 1/100
pixel, the color is coded as 7 bit, using the remaining bit
of a Byte as “new”-flag. The 2-by-2 covariance is modeled
by scaled identity, the scale representing the uncertainty as
32bit float. The transmitted data of one feature is 9 Byte,
for 50 features used, the feature list uses 450 Byte per frame.

Figure 6: Sony Vaio VGN-U70,Pentium M 1.0 GHz, Dimensions: 16.8 x 10.8 x 2.8 cm3 , Weight: 550g. It displays
the application tracking the front of a car. The green augmentation shows where to mount a certain part.

ages even if they are small. Traditionally, the TCP implementations in current operating systems accumulate small
packages for more efficent transmission, but in this case, no
additional delay is acceptable. So it is neccessary to disable the so called NAGLE algorithm and reduce the TCP
transmission- and receive-buffers to match the size of packets to transmit.
Image compression has been realised using libjpeg,
which is a free implementation of the JPEG standard. The
performance of this JPEG compressor is comparable to
other implementations.
To speed up the processing in the TRACK state where
2D-tracking is performed on the mobile system, the 2D image processing works interleaved to the 3D pose estimation. In transition from INIT or REINIT to TRACK, the
first frame is processed by the corner detector and these corners are transmitted to the backend. The 2D feature tracking
starts immediately afterwards, while the 3D pose estimator
now starts by using the received feature list and the initial
pose from the INIT or REINIT state. After processing the
second image and sending the associated feature list, the
2D-tracker waits to receive the pose for the first image. The
3D pose estimator sends the pose and starts to work an the
features of the second image, while the 2D-tracker starts
processing the 3rd frame. This scheme ensures that both
systems work in strict synchronisation while keeping both
busy, increasing throughput and reducing latency.
The mean network load over time is a mixture between
INIT mode and TRACK mode. When assuming a real
world scenario with several systems working at once, every
now an than one system will be in INIT or REINIT state
requiring more bandwidth than in TRACK state. To reduce
the required bandwidth, the frame rate with which the system works in INIT is reduced to 10 FPS. In INIT the user

6. Results
The system has been tested by tracking an industrial object
for which the exact geometry is known.
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Figure 7: Results of the JPEG image compression for one
particular image (320x240 8bit per pixel).
After starting the application including visualisation on
both machines, the TCP connections are established. After
a few seconds the system runs in INIT mode, transmitting
compressed images and performing edge tracking to find
an initial pose. The image size used was 320x240 pixels
(monochrome, 8 bits per pixel) resulting in a size of a raw
frame of 76800 Byte. At 10 FPS this would require 6Mbit/s
bandwidth, roughly. The JPEG compression at a quality
level of 60% reduces the size of the images to approximatly
7000-8000 Byte. The solid line in figure 7 shows the relationship between quality level and resulting image size for
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the given raw image. The value of 60% was the minimum
threshold which performed well, further image compression
resulted in tracking failures of the edge tracker due to compression artefacts. The dashed line in figure 7 shows the relationship between quality level and CPU utilisation. Both
graphs are approximatly linear in the quality range between
10 and 60%. Above 60% the compression time along with
the resulting size increases more than linear. In this state,
the workload of the mobile computer is at 30-35% at 10
FPS, including visualisation. The resulting bandwith utilisation is about 1000 kBits/s. Figure 8 shows the bandwith
usage as line graph and the CPU load as dots. From second 0 to 88 and from 160 to 240 the system is in state INIT,
denoted by crosses.
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TRACK state lists of features are sent from the 2D-tracker
to the 3D pose estimator. Typically 50 features are used
for tracking and pose estimation, the transmitted data is
450 Byte per frame. The frame rate wich can be achieved
is approximatly 40 FPS, resulting in a network load of
330kBits/s. The limitation for the frame rate is the CPU
of the mobile system which is saturated as shown in figure
8 from second 88 to 160 denoted by dots.
Computational load and network load can be further reduced by limiting the frame rate to 20 FPS. The CPU load
of the mobile PC then decreases to 60-70% including visualisation. This leaves room for extra software like speech
recoginition or for optimization of power usage and CPU
scaling of the mobile system.
The required network bandwidth at 20 FPS is 160kBit/s.
Assuming a total network capacity of 20MBit/s per WLAN
channel and assuming that 1/4 of all systems in use are currently in INIT or REINIT mode and the others 3/4 are in
TRACK, the theoretical maximum number of systems to
run on one access point is 54. In practice it will not be possible to reach this number. Due to the shared media access
of WLAN, together with the number of stations the number
of collisions increase rapidly. So our conservative approximation of systems to use in an electromagneticcal uncontaminated environment will be around 20 for each WLAN
channel.
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Figure 10: Round-trip time (latency) of 2D feature tracking
and pose estimation.

20

200

60

20

80

1200

CPU load [%]

Bandwidth usage [kBit/s]

1600

Latency [ms]

Figure 8: Network load (incl. TCP overhead) and CPU load
of the mobile system at nearly 40fps

0

The latency of the system was discussed in section 4.3.
The image transmission time timage has been estimated to
be 80ms and the rendering delay trendering is assumed to be
negligible. The processing time is shown in figure 10, it
is 40ms most of the time. Tests without network transmission showed that the real tracking algorithms running concurrently use 25ms, therefore the delay introduced by the
transmission is 15ms. It has to be mentioned that the processing time of the tracking algorithms executed sequentiell

CPU load (Init)
(Track)

Figure 9: Network load (incl. TCP overhead) and CPU load
of the mobile system limited to 20fps.
When the initialisation succeeds, the system switches
its state to TRACK and stops transmitting images. In the
7

on one single CPU exceed 25ms by far. On a 2GHz Pentium
M CPU it needs approximatly 40ms. Thus, the load distribution and interleaved processing compensates the network
transmission latency.
Figure 10 shows the observed round trip latency with a
few peaks every 200-300 frames, which can only be observed using WLAN, for a wired network connection these
peaks are missing. We assume that these recurring constant
delays are caused by administrative work executed by the
WLAN hardware.
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