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Once the targets where detected, however, they would remain tracked over much longer dis-
tances, mostly at least double the target’s minimum detection distance. 

Another reason for the observed non-permanent tracking is the sensitivity of the camera video 
to motion blur, which occurs if the user moves the iPhone device fast. Consequently, Vuforia is 
not provided a sufficient tracking source for extracting features. As a result, the tracking breaks. 

Moreover, Vuforia sometimes showed severe tracking errors that did not recover, also not if 
another target was tracked. The only solution left was to manually restart the app or reloading 
the level, respectively. 

II)	 Registration quality
II.I)	 ���}�v�•�š���v�š���}�+�•���š�•

From viewing positions close to targets, the composite output showed smaller constant-sized 
registration offsets that could directly be related to geometric discrepancies between the re-
al-world object and their virtual replica model. These offsets can be considered a consequence 
of the digitalisation difficulties mentioned earlier.

II.II)	�����Ç�v���u�]�����}�+�•���š�•��

The MRE shows offsets that increase with the distance from the camera and further increase if 
the camera is moved. These offsets also show jitter and do not reproduce in the same way when 
a target is detected anew (for examples, see enclosed videos B6 – B9).

For better visualisation of this phenomenon, the replica was applied semi-transparent materials 
of different colours, so that the composite output showed the overlapping of the real environ-
ment and its virtual replica.

Fig. 58:	Examples of constant offsets on two of the pillars

Fig. 59:	Room reconstruction with coloured materials Fig. 60:	Composite output
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With the help of this testing visualisation it was established that

a)	 when the camera is hold still, the overlapping shows smaller registration offsets and jitter 
that increase with distance (for examples, see enclosed video B10). As mentioned before, 
jitter indicates erroneous tracking data so that the position and orientation of the virtual 
camera cannot be reproduced accurately. As a result, the cameras show slightly differing 
viewing angles, leading to the observed offset incrementation over distance. It is not pos-
sible to view the output without slight jitter but it can be assumed that the smaller regis-
tration offsets also derive from small imprecisions in the virtual model as it is known that 
a perfect reconstruction was not achieved. It can be excluded, though, that the dynamic 
offsets are a result of strong discrepancies between the virtual and the real model. It can 
also be excluded that the offsets derive from poor camera matching as the offsets are only 
translated but not distorted. The latter would occur if e.g. the fields of view or the lens 
parameters did not match.

b)	 when the camera is panned, the registration offsets increase. Assumably, this results from 
inaccurate tracking data caused by the motion blur of the panning. On basis of the blurred 
video image, Vuforia cannot reproduce camera movement and rotation accurately. This is 
confirmed by the fact that the registration offsets decrease again once the camera panning 
stops (for examples, see enclosed videos B11 – B12).

c)	 the extent of above effects depends on the tracked target. The small, graphic target images 
produced less offsets than the large photography prints. This is due to the fact that the fea-
tures of the photography targets are less well defined than those of the graphical posters 
and hence more difficult to track. Furthermore, the large posters could not be placed fully 
planarly to the walls but always showed at least some bulges.

It can therefore be concluded that the dynamic offsets are mainly caused by the insufficient 
resolution of the iPhone camera’s video and by motion blur. Other factors that add to these 
offsets are imprecisions of the virtual reconstruction model as well as imperfectly installed and 
less trackable targets.

4.3	 Evaluation
The prototype implementation could not achieve a result that meets the MRS’s frame conditions 
mainly due to lack of permanent tracking as well as to insufficient registration quality.

Permanent tracking could mainly not be achieved because the iPhone camera video’s limited 
resolution did not allow to detect and track targets over the required distances which led to 
considerable “gaps” in the tracking volume. As a result, the user cannot freely walk around for 
exploring the MRE but is instead bound to stay very close to targets. The user’s movements are 
further as stronger motion blur needs to be avoided in order not to break the tracking.

Also the insufficient registration quality is mainly related to the insufficient video resolution and 
occurring motion blur causing error-prone tracking data. Other causes to name are imprecisions 
of the virtual reconstruction model as well as imperfectly installed and less trackable targets.

The prototypes results therefore underline the importance of a fully covered tracking volume as 
well as of highly accurate tracking data and room reconstruction.

Solutions to above imperfections are, for one, to use a camera providing higher resolution video. 
With the fast advance of mobile technology, the solution to this problem is a matter of time. The 
reliable retrieval of the virtual replica could be achieved by employing sophisticated 3D scanning 
methods. 
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Regarding the target quality, this factor is given by the conditions of the sites. It has already been 
stated in the analysis that sites might not provide a sufficient target density. It has now been 
established that potential targets additionally need to be of superior quality. Consequently, the 
probability that visual tracking can be successfully used for implementing the MRS in a site is 
therefore even lower. IrMoCap systems would hence provide a better solution, although also 
these might not applicable for any sites. Concluding, no universal tracking solution for the MRS 
could be found.

The prototype’s performance, however, achieved stable real-time results and therefore meets 
the stated requirements. Although the MRE was equipped with abundant virtual objects and 
rich interactive behaviours, the computational latency remained at maximum 12.9 ms or 1.9 
ms for rendering, respectively, which is only a fraction of the 40 ms (for 25 fps) maximum limit 
stated in the frame conditions. This result shows that the MRS could even successfully deliver 
scenarios of a far higher vertice count, finer textures and shaders and more complex interactive 
behaviours.
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5	Final conclusion

The goal of this thesis was to present a novel type of virtual heritage medium that immerses 
and engages users into the (re)-staging of events and situations related to the historical back-
ground of a site of cultural heritage. It was suggested to realise this by developing a mixed reality 
authoring framework based on Unity and an iPhone 5 that facilitates interactive and environ-
ment-related storytelling.

In order to present an effective and efficient solution approach, the technical requirements to 
this goal were analysed and the resources’ technical constraints were assessed. Based on these 
analyses, a catalogue was presented that states the technical frame conditions necessary for 
achieving the targeted result. It was also assessed that the iPhone can only partly deliver the 
desired user experience for providing only a small display that does not allow the user to fully 
immerse into the MRE.

The catalogue of frame conditions formed the basis for the development process. A range of 
possibilities for designing the MRE and implementing the phone tracking was evaluated. It has 
been shown that Unity offers sufficient tools for creating MRE scenarios with time-linear or in-
teractive storytelling elements. Regarding tracking solutions, infrared motion capture systems 
and natural feature based visual tracking were evaluated as most suitable. It has been stated, 
though, that the feasibility of either solution entirely depends on the conditions of the site: 

Motion capture systems would deliver the required tracking quality but can only be used in 
sites that allow the installation of external set-ups. This solution therefore meets case B of the 
success classification scheme. Case A, an in-phone implemented tracking system, can only be 
implemented if a site provides a sufficient density of high-quality targets.

The visual tracking based prototype proved, though, that the necessary target density and qual-
ity for achieving permanent and stable tracking is unrealistic for any site. This is due to the lim-
ited iPhone camera resolution as well as its sensitivity to motion blur. With the given resources, 
visual tracking is hence not a feasible solution.

However, the prototype testing with a richly equipped example scenario also showed that the 
system could not only deliver permanent real time update rates but that even way more com-
plex scenarios would be possible.

Concluding, it has been shown that the MRS can be implemented with the computing capacities 
of an iPhone 5 but can only in combination with a IrMoCap system. Therefore, case B applies: 
The system works but requires external set-ups. If visual tracking is to be employed, other hard-
ware possibilties for providing sufficient camera resolutions should be taken into consideration.
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6	Appendix A                                   
Stills from the prototype  
test run

Fig. A-1:	 View of the MRE 1

Fig. A-2:	 View of the MRE 2
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Fig. A-3:	 View of the MRE 3

Fig. A-4:	 Characters walking
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Fig. A-5:	 Character interaction 1

Fig. A-6:	 Character interaction 2
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Fig. A-7:	 Characters working

7	Appendix B – Enclosures

This thesis is enclosed a DVD-ROM containing

•	 a PDF version of this thesis

•	 the prototype project files (Unity Pro 4.3.2f1)

•	 a demo video (Quick time) of the prototype character behaviour in the Unity scene (file B0)

•	 videos of iPhone screen captures from the prototype test run (QuickTime, files B1 - B12). 
Please note: The videos occasionally show freeze frames which did not occur during the test 
run but are recording errors of the screen capture software.

•	 photographs of the test site (files B13 - 15)

•	 full-resolution screenshots from the prototype test run (B16 - B37)
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