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7C O N C L U S I O N

This thesis has explored several ways in which user interaction may
assist important tasks in image analysis: image segmentation, feature
selection, and image classi�cation.

Our contributions include a new interactive segmentation technique,
a new interactive visualization approach for feature selection and in-
spection of arti�cial neural networks, and a new dimensionality reduc-
tion technique for time-dependent data. These contributions are con-
nected by the application of visual analytics, and by the prevalence of
high-dimensional datasets. In this last chapter, we summarize these and
other contributions (Secs. 7.1-7.4).

Regarding our research question (Sec. 1.5), we successfully showed
how visual analytics can provide actionable insights about the design
and operation of image analysis methods. However, as we discuss in the
next sections, there are plenty of opportunities for future work.

7.1 image segmentation

Image segmentation is a crucial task in many practical applications, and
interactive methods remain indispensable when the objects of interest
resist a rigorous de�nition.

Chapter 3 presents a new interactive segmentation technique based
on superpixels that employs the IFT algorithm. This technique is moti-
vated by the advantages that this algorithm has over other algorithms
that �nd optimum cuts in graphs, such as linear (or linearithmic) time
multi-object segmentation [26]. In comparison to its pixel-based coun-
terpart, our new technique is signi�cantly more (computationally) e�-
cient for interactive segmentation. It also has the potential for explor-
ing feature descriptors based on superpixels. Finding appropriate super-
pixel descriptors remains an open problem, which partially motivates
our work in interactive feature selection.

Chapter 3 also introduces novel robot users, which serve as a testbed
for new interactive segmentation techniques, and attempt to avoid the
costs and biases involved in evaluation by real users. The relationship
between these robots and real users could be studied by future work.

We omitted the description of some implemented ideas that were not
su�ciently evaluated. They include supervoxel-based segmentation of
volumetric images, multiscale oversegmentation, and superpixel-based
di�erential IFT [41], all of which could be further developed.
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conclusion

7.2 image classification and feature selection

In pattern classi�cation, representing objects of interest by observations
(real vectors) is generally a challenging task. In particular, selecting fea-
tures that enable good generalization is arguably harder than choosing
a learning algorithm that performs reasonably well. Feature selection
also a�ects tasks that are typically considered outside the scope of ma-
chine learning, such as image segmentation.

At the same time, dimensionality reduction is considered one of the
most scalable alternatives for high-dimensional data visualization. This
characteristic led us to consider using projections to assist in the di�-
cult task of (image) classi�cation system development.

Chapter 4 shows that projections may be useful for predicting classi�-
cation system behavior. The qualitative visual feedback provided by pro-
jections allows inspecting the presence of outliers, separation between
classes, and distribution of observations in the feature space. Such feed-
back is generally very di�cult to obtain by other (non-visual) means.
Although there is no guarantee that a projection will provide insightful
feedback about a particular dataset, our approach requires only a small
upfront user e�ort investment.

Chapter 4 also shows that such visual feedback may serve as a ba-
sis for a novel interactive system that assists classi�cation system de-
velopment. Our proposed system combines projections of observations
and features with traditional feature selection techniques. In several use
cases, this system allows eliminating a large number of candidate fea-
tures from consideration, which is highly valuable for deciding where
to focus e�ort in feature design.

One possibility for future work is employing projections as a basis to
assist active learning, a process where a learning algorithm iteratively
suggests which observations within a partially labeled dataset should
be labeled to enable e�ective generalization [65, 68]. This process �ts
perfectly into the typical visual analytics work�ow.

7.3 image classification by artificial neural networks

Although arti�cial neural networks recently became able to achieve ex-
cellent raw image classi�cation results [133], bypassing feature engi-
neering and selection, building and training these networks generally
requires signi�cant amounts of time, expertise, and labeled data.

Chapter 5 shows how the visualization approach proposed in Chap-
ter 4 can be adapted to visualize the relationships between learned rep-
resentations of observations and between neurons in arti�cial neural
networks. From another perspective, while Chapter 4 is concerned with
inputs, Chapter 5 is concerned with intermediary computational results.

Chapter 5 shows how our approach supports the identi�cation of con-
fusion zones, outliers, and clusters in the learned representations of ob-

144



7.4 time-dependent data visualization

servations. It also shows how the evolution of learned representations
may be tracked using a compact trail-based visualization.

Additionally, Chapter 5 shows how our approach enables the inspec-
tion of relationships between neurons and classes (specialization), and
similarity between neurons. Concrete examples show that these and the
previous visualizations may prompt improvements along the classi�ca-
tion pipeline, besides providing insight into how a network operates.

A possible direction for future work is visualizing representations
learned by recurrent networks, which currently achieve state-of-the-art
results in many sequence-related tasks [58].

7.4 time-dependent data visualization

Our approach towards visualizing representations of observations
learned by arti�cial neural networks naturally leads to our �nal contri-
bution.

When a traditional dimensionality reduction technique is applied to
visualize a sequence of datasets that represents a time-dependent pro-
cess, the resulting sequence of projections may present variability that
does not re�ect signi�cant changes in the structure of the data. This tem-
poral incoherence a�ects the visualization of temporal trends, leads to
incorrect insights, and will a�ect any traditional dimensionality reduc-
tion technique that is sensitive to relatively small changes to its inputs
[49].

Chapter 6 presents dynamic t-SNE, our proposed solution to temporal
incoherence in t-SNE, a state-of-the-art dimensionality reduction tech-
nique that was widely employed in Chapters 4 and 5. Our approach can
also be easily adapted for other optimization-based techniques.

Dynamic t-SNE enables a trade-o� between temporal coherence (be-
tween successive projections) and spatial coherence (with respect to
high-dimensional neighborhoods). This trade-o� depends on a coher-
ence hyperparameter, which has a simple interpretation, and does not
introduce a signi�cant computational overhead.

Possibilities for future work include studying alternative incoherence
penalty functions, and devising a principled way to choose the coher-
ence hyperparameter.
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