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6 Conclusion

View-based mapping is a straightforward and relatively easy approach to building a map

of an environment. Nevertheless, to build a view-based map of an inhabited home en-

vironment in real time, requires both low computational cost and high robustness. In

the preceding chapters we have investigated methods that try to meet these requirements.

This resulted in new solutions for the problems faced in view-based mapping. We evalu-

ated these by comparing them with existing methods. In this final chapter we summarize

our main contributions and experimental results. We are then able to answer the research

questions which were formulated in Chapter 1. We conclude this chapter with possible

directions for future work.

6.1 Contributions

We began, in Chapter 2, by giving an overview of existing work in the field of view-

based mapping. We identified that image similarity measures for view-based mapping

are commonly based on the ability to estimate a relative camera pose. Sometimes this is

done explicitly by combining photogrammetric techniques with the RANSAC algorithm.

However, in a lot of cases it is performed implicitly, and perhaps unintentionally, using

less well-founded heuristics. In addition, it is often assumed that the motion of the camera

is restricted, because the robot is driving over a planar surface. We showed that this

restriction is usually implemented in a rather ad hoc manner.

In Chapter 3, we investigated how the planar motion assumption can be used to esti-

mate the relative pose given two images. We proposed two new methods that perform

such an estimation.

First, we derived the closed form Planar Two-point algorithm that can compute the

relative pose using only two point correspondences. In previous studies on this topic,

it was assumed that the relative planar pose can always be determined from two point

correspondences. We discovered that this is not true and show that, actually, in 50% of

the cases there are two possible poses. In these cases, the Planar Two-point algorithm

returns them both. The Planar Two-point algorithm has to be combined with RANSAC

to effectively cope with noisy correspondences and mismatches. However, experiments

showed that, in practice, the combination of RANSAC with the existing Planar Three-

point algorithm is more accurate.

Second, we developed an alternative approach to cope with noisy correspondences and

mismatches, based on lookup tables (LUT) and a discretization of the solution space. It

was shown that this approach was up to 100 times more efficient while being up to 20%

more accurate than the RANSAC-based approaches. The accuracy improvement was

most apparent in environments with difficult lighting conditions.

What sets our LUT-based method apart from other methods, is that it directly learns a
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mapping from local image features seen in the environment to the space of possible planar

relative robot poses. This leads to the advantage that it does not require an explicit model

of the used camera system, the pose of the camera on the robot, or specific characteristics

of the environment, including moving objects and persons. As a result the method is

easy to implement and use in different environments. Because the learned model is

represented as a 3D lookup table (LUT), the estimation process is reduced to simple

lookups, resulting in low computation times.

Furthermore, we investigated if the proposed methods, based on planar motion, are

more accurate and efficient than existing unrestricted pose estimation techniques. Eval-

uation on the home environment datasets showed that this was indeed the case. The

combination of RANSAC with an unrestricted pose estimation method had a median ro-

tation and heading error of more than .9 radians for each of the datasets. The methods

based on planar motion had median error around .4 radians for rotation and around .6

radians for heading. In addition, the used computation time for the proposed methods is

3 to a 100 times less than the unrestricted pose estimation.

In Chapter 4, we investigated how the uncertainty of the estimated relative pose can

be measured. The LUT-based method outputs a full discretized density estimate of the

relative pose instead of just the maximum likelihood solution as estimated by RANSAC-

based methods. By applying Bayes’ rule it is possible to estimate the uncertainty of the

estimated relative pose. We used this uncertainty as a new image similarity measure for

the view-based mapping application.

The question was if this uncertainty measure provides an efficient and robust image

similarity measure for the view-based mapping application. Applying this measure on

the home environment datasets resulted in a view-based map with more links than other

popular similarity measures. Depending on the size of the LUT, 3.5% to 14% more

correct links were found than with a RANSAC-based measure. Moreover, the proposed

method is up to 10 times more efficient.

Regardless of the efficiency of the image similarity measure, the computational com-

plexity of view-based mapping increases linearly with the amount of images in the map.

In Chapter 5, we investigated how we could limit the number of image comparisons nec-

essary for view-based mapping. We proposed a hierarchical data association scheme

which exploits the topological structure of the map, limiting the number of necessary

image comparisons. The main contribution is the use of the graph theoretic Connected

Dominating Set (CDS) to pick a minimal subset of images to represent the complete set

of previously taken images. This is used to roughly but efficiently determine the location

in the view-based map. For the real home environments this mapping method proved to

be more than 7 times faster than exhaustively comparing with the complete set of images.

The last research question was what effect comparing with only a subset of images has

on the resulting map. For the real home environments, the method finds 97% of the links

found by the exhaustive scheme, resulting in approximately the same view-based map.

Overall, the proposed methods achieve a level of robustness and efficiency that allow

for a mobile robot to map a real inhabited home environment in real time. Appendix B

shows how a robot can use such a map to perform goal directed navigation, while humans

walk in close proximity. Here the CDS technique is used for view-based localization. In

Appendix C, a more complete robot system is shown which is guided by a human while

exploring a home environment. Using the efficient techniques described in this thesis, the
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robot can build a map of this environment in real time, allowing it to resolve ambiguities

by interacting with the guide. These results make it clear that the achieved efficiency

and robustness of the proposed methods are not merely quantitative improvements, but

essential to make new robot applications possible.

6.2 Discussion and future work

The methods proposed in thesis, could contribute in two different ways to major break-

throughs in the field of robotic mapping.

The first one is rather pragmatic. We have shown in different experiments that our

newly developed methods are quantitatively more accurate and more efficient than es-

tablished view-based approaches. Moreover, most of those approaches have existed for

quite some time and have been fine-tuned for various scenarios and applications. For the

methods proposed in this thesis, this is not the case. We think that with little effort, the

results as reported in this thesis can be further improved upon.

At the end of each chapter we have already mentioned several possible improvements.

We think that the largest gain in efficiency can be achieved by more carefully dealing

with the memory management of the LUT-based algorithm. It should be implemented in

such a way, that the minimal amount of data has to be copied from the memory to the

cpu and vice versa.

This gain in efficiency and robustness makes it possible to create bigger view-based

maps and map environments under more challenging circumstances than existing sys-

tems.

The second opportunity has a more qualitative nature. The developed image similarity

measure and the relative planar pose estimation method from which it was derived, both

have a strong probabilistic foundation. The ability to efficiently estimate a full density

estimate over all possible relative poses is unique. Because of this property it is relatively

straightforward to combine it with existing probabilistic methods.

A perhaps obvious example, which was already mentioned in Section 3.8, is the inte-

gration of the relative pose estimator with existing geometric mapping systems. These

systems often have a strong probabilistic nature and require as input not only estimates

of the relative poses, but also estimates of the uncertainties of those poses. These un-

certainties are usually modeled as covariance matrices, which are kept fixed for each

pose, or are estimated by using first order error propagation techniques. Using our pose

estimation method a much more realistic uncertainty can be obtained as input for the ge-

ometric mapping system. If needed a covariance can be estimated by fitting a Gaussian

on the discretized density estimate in the neighborhood of the maximum likelihood so-

lution. This would improve both the accuracy and the consistency of the geometric map.

In combination with the image similarity measure it would lead to the ability to build

geometric view-based maps of real home environments.

Another example is the straightforward manner of incorporating prior knowledge of

the relative pose into the pose estimation method and the image similarity measure using

prior probability distributions. A more challenging task would be to integrate the pro-

posed methods with popular probabilistic bag of words-based image similarity measures,

111



6 Conclusion

such as FABMAP. This would be a big improvement over the ad hoc geometric check

that is now being applied.

The view-based data association scheme, based on the CDS algorithm, did not benefit

from the probabilistic nature of the image similarity value. It is a purely graph-based

algorithm, and picks key frames only on the basis of image matches, which were obtained

by thresholding the similarity values. It would be interesting to try to define a similar

data association scheme that uses the similarity values themselves. This would give the

ability to make a trade off between the number of performed image comparisons and the

probability of missing a certain link between two images.
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