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Figure 7: Comparison of environment maps between previous ver-
sion of Envisor and the proposed system (a) reference (at a low
speed) (b) without recovery (c) with recovery

(a) (b)

Figure 8: Comparison of environment maps of an outdoor scene
between the previous version of Envisor and the proposed system
(a) without recovery (b) with recovery

faster and non-uniform camera rotation. As shown in Figure 7(b),
without recovery capability, this results in displeasing errors within
the highlighted rectangles. In addition, we can observe that in this
case the camera was not able to be tracked to the correct final po-
sition. However, in Figure 7(c) we can see that recovery works
well and the fast trace-over leaves an environment that is kept in-
tact. There remain small errors due to tracking being temporarily
lost but soon recovered, as well as recorded motion blur.

It is worthwhile to compare environment maps of an outdoor scene
as shown in Figure 8. In this case, we did not use an image sequence
for generating virtual keyframes, but instead generated them in a
live fashion while moving a hand-held camera around the scene.
On purpose, we moved our camera very fast five times to make
tracking fail. Figure 8(a) and Figure 8(b) show tracking results
without and with the relocalization capability. Whereas there are
many misalignments in Figure 8(a), Figure 8(b) exhibits only small
errors thanks to virtual keyframe recovery.
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5.2 Performance

While our camera runs at 30 fps, Envisor runs at approximately 10
to 15 fps on our system (Dell XPS M1210, 2.0G Hz CPU), which is
similar to the timing information reported in [DiVerdi et al. 2008].
On the other hand, we need to consider the processing time required
to find the best-match keyframe according to the number of vir-
tual keyframes. As shown in Table 1, the processing time increases
almost linearly. Since we use 2,000 virtual keyframes, we spend
about 7 ms on recovery which is not a big overhead for our system.

Table 1: Processing time required to find the best-match keyframe
according to the number of virtual keyframes.

Number of virtual keyframes  Processing Time (ms)

400 1.6141
800 3.0532
1,200 4.3975
1,600 5.8999
2,000 7.2472
2,400 8.4199

5.3 Analysis and Discussion

In summary, we offer an improvement to the existing Envisor sys-
tem by allowing it to recover from tracking errors through the use
of virtual keyframes. The environment map provides a useful data
structure for creating and arranging the virtual keyframes.

In order to construct a useful environment map for keyframe match-
ing, camera distortion such as vignetting will always need to be cor-
rected. Currently, we also require that camera exposure be locked.
However, it can be difficult to maintain tracking in an outdoor envi-
ronment with these restrictions. Fortunately, this restriction can be
overcome if the exposure settings of the camera are known and can
be compensated for when creating the environment map.

One drawback of our system is that, in order to use the keyframe
recovery the user must first construct a partial environment map in
the area. However, this is made easier by the fact that recovery
works even during this initial step. During the construction the user
is able to quickly move back over any previously covered regions to
regain tracking in case of tracking loss and can now more carefully
cover the area where tracking failed.

Our system needs sufficient texture information in surrounding
scenes since it relies on detected features. Thus, textureless areas,
e.g., homogeneous walls and skies, can make tracking fail. An-
other difficulty is motion blur due to fast camera motions, making
feature detection difficult. However, since we use a relocalization
approach based on the proposed virtual keyframes, a user can con-
tinue to generate an environment map even after tracking failure
occurs if he/she moves the camera back to a valid environment map
area.

The current system can be used only for generating a continuous
panorama with orientation tracking only. However, if we can as-
sume that the scene is sufficiently far from a user, then we could
generate a panoramic scene while moving the camera. We are also
working on speed improvements for our system in order to further
raise the level of the tolerated speed and arbitrariness of camera
motion and thereby the convenience and robustness of generating
environment maps. One alternative is to employ a FAST detector
instead of Shi and Tomasi’s feature operator, and to replace SURF
descriptors with image patch descriptors.

In addition, the pose recovery is vulnerable to varying lighting con-
ditions. If different areas of a single virtual keyframe are acquired at



different lighting conditions, pose recovery will not work well. This
is because the virtual keyframe will be compared to the current im-
age which is acquired at a single lighting condition. However, if the
change of lighting conditions has an effect on the whole image, the
recovery will still work. The reason is that a zero-mean, blurred im-
age is saved as a virtual keyframe’s descriptor, and used to calculate
the sum-squared-difference with an incoming video frame.

6 Conclusion

A robust tracking recovery method is necessary for real-time
surround-view panorama acquisition to prevent the need for a sys-
tem restart. We presented a relocalization method using virtual
keyframes for online environment map construction. We first dis-
cussed how to arrive at a suitable number of virtual keyframes and
how to distribute them to get good performance of orientation re-
covery. We then enabled the system to generate virtual keyframes
on the fly while constructing the environment map using a frag-
ment shader. Our results demonstrate that a user can create an en-
vironment map on the fly by rotating his/her camera and recover
the camera orientation with enough accuracy to continue generat-
ing a panoramic map. There are still several remaining challenges.
Currently, we distribute the locations of the virtual keyframes stat-
ically at the start of the environment map construction. While this
works very well if the user intends to build a full model of the envi-
ronment, an augmented reality user may be interested in only con-
structing a small section of the scene, or may not be interested in
capturing the ground or sky. One possibility for future work would
be to dynamically distribute the locations of the virtual keyframes.
This would provide a higher density of keyframes and therefore
better recovery at the start of the environment map construction. In
addition, even if we deal with orientation tracking to construct an
environment map using a stationary camera, we cannot guarantee
that the optical center of the camera is kept at an exactly constant
location. We will consider this translational component to enable
robust tracking even in presence of considerable position devia-
tions. Furthermore, we are experimenting with several alternatives
to Surf-based feature descriptors in order to speed up the system.
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