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framework for structured and collaborative design of such signal
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from sparse modeling, Gaussian Mixture Models, and Principal Component
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Sub Contractors (DD882)

Inventions (DD882)

Scientific Progress

During the full years of this award we have achieved all our initial goals and beyond. This is fully described in the papers we
have submitted, and a few examples include:

* Theoretical foundations of learning;
* Connections between geometry, metric learning, and DNN;

* State-of-the-art computational algorithms for numerous optimization problems, from non-negative matrix factorization to
dictionary learning and sparse modeling;

* State-of-the-art face recognition (technology transfer);

* State-of-the-art video deblurring (technology transfer);

* Technology transfers to DoD, industry, NIH;

* Development of apps for mental and developmental health;

* Development of Coursera on-line class with over 100,000 students;

* Leading algorithms for network inference and matching of multimodal data.

These are just samples of the contributions, each one resulting in numerous papers, technology transfers, and students
traaining.

Technology Transfer
Video and image deblurring (Adobe)

Fast Face Recognition (SmartFacelD)

Subspace learning (ARL)

Face recognition (IR) (ARL)

Video background analysis (NGA)

Fast optimization (NGA, internally awarded best technology transfer of the year)

Subspace methods (NGA)



Sample of Last Year Techical Accomplishments

Guillermo Sapiro
Duke University
January 2017

We describe now a few examples of works from the last year of this
award; additional details are available in the body of the report and in the
published literature.

1 Self-Learning via Progressive Latent Models

In this work, a self-learning approach is proposed towards solving scene-
specific pedestrian detection problem without any human annotation in-
volved. The self-learning approach is deployed as progressive steps of object
discovery, objectenforcement, and label propagation. In the learning proce-
dure, object locations in each frame are treated as latent variables that are
solved with a progressive latent model (PLM). Compared with conventional
latent models, the proposed PLM incorporates a spatial regularization term
to reduce ambiguities in object proposals and to enforce object localization,
and also a graph-based label propagation to discover harder instances in ad-
jacent frames. With the difference of convex (DC) objective functions, PLM
can be efficiently optimized with a concaveconvex programming and thus
guaranteeing the stability of self-learning. Extensive experiments demon-
strate that even without annotation the proposed self-learning approach
outperforms weakly supervised learning approaches, while achieving com-
parable performance with transfer learning and fully supervised approaches.

2 IR Face Recognition

Surveillance cameras today often capture NIR (near infrared) images in low-
light environments. However, most face datasets accessible for training and
verification are only collected in the VIS (visible light) spectrum. It remains
a challenging problem to match NIR to VIS face images due to the differ-
ent light spectrum. Recently, breakthroughs have been made for VIS face
recognition by applying deep learning on a huge amount of labeled VIS face
samples. The same deep learning approach cannot be simply applied to NIR
face recognition for two main reasons: First, much limited NIR face images



are available for training compared to the VIS spectrum. Second, face gal-
leries to be matched are mostly available only in the VIS spectrum. In this
work, we propose an approach to extend the deep learning breakthrough for
VIS face recognition to the NIR spectrum, without retraining the underly-
ing deep models that see only VIS faces. Our approach consists of two core
components, cross-spectral hallucination and low-rank embedding, to opti-
mize respectively input and output of a VIS deep model for cross-spectral
face recognition. Cross-spectral hallucination produces VIS faces from NIR
images through a deep learning approach. Low-rank embedding restores a
lowrank structure for faces deep features across both NIR and VIS spec-
trum. We observe that it is often equally effective to perform hallucination
to input NIR images or low-rank embedding to output deep features for
a VIS deep model for cross-spectral recognition. When hallucination and
lowrank embedding are deployed together, we observe significant further im-
provement; we obtain state-of-the-art accuracy on the CASTA NIR-VIS v2.0
benchmark, without the need at all to re-train the recognition system.
The code has been shared with ARL.

3 Generalization Error of Neural Networks

The generalization error of deep neural networks via their classification mar-
gin is studied in this work. Our approach is based on the Jacobian matrix of
a deep neural network and can be applied to networks with arbitrary non-
linearities and pooling layers, and to networks with different architectures
such as feed forward networks and residual networks. Our analysis leads to
the conclusion that a bounded spectral norm of the networks Jacobian ma-
trix in the neighbourhood of the training samples is crucial for a deep neural
network of arbitrary depth and width to generalize well. This is a significant
improvement over the current bounds in the literature, which imply that the
generalization error grows with either the width or the depth of the network.
Moreover, it shows that the the recently proposed batch normalization and
weight normalization re-parametrizations enjoy good generalization proper-
ties, and leads to a novel network regularizer based on the networks Jacobian
matrix. The analysis is supported with experimental results on the MNIST
and CIFAR-10 datasets.
The work is now being extended to invariant learning.



4 Foundations of Multi-Image Alignment

The performance of multi-image alignment, bringing different images into
one coordinate system, is critical in many applications with varied signal-to-
noise ratio (SNR) conditions. A great amount of effort is being invested into
developing methods to solve this problem. Several important questions thus
arise, including: Which are the fundamental limits in multi-image alignment
performance? Does having access to more images improve the alignment?
Theoretical bounds provide a fundamental benchmark to compare methods
and can help establish whether improvements can be made. In this work,
we tackle the problem of finding the performance limits in image registra-
tion when multiple shifted and noisy observations are available. We derive
and analyze the Cramer-Rao and Ziv-Zakai lower bounds under different
statistical models for the underlying image. We show the existence of dif-
ferent behavior zones depending on the difficulty level of the problem, given
by the SNR conditions of the input images. The analysis we present here
brings further insight into the fundamental limitations of the multi-image
alignment problem.

5 A Universal Perspective on Deep Learning

Three important properties of a classification machinery are: (i) the system
preserves the core information of the input data; (ii) the training exam-
ples convey information about unseen data; and (iii) the system is able to
treat differently points from different classes. In this work we show that
these fundamental properties are satisfied by the architecture of deep neural
networks. We formally prove that these networks with random Gaussian
weights perform a distance-preserving embedding of the data, with a special
treatment for in-class and out-of-class data. Similar points at the input of
the network are likely to have a similar output. The theoretical analysis of
deep networks here presented exploits tools used in the compressed sens-
ing and dictionary learning literature, thereby making a formal connection
between these important topics. The derived results allow drawing conclu-
sions on the metric learning properties of the network and their relation to
its structure, as well as providing bounds on the required size of the train-
ing set such that the training examples would represent faithfully the unseen
data. The results are validated with state-of-the-art trained networks.



6 Large Scale Nonnegative Matrix Factorization

Nonnegative matrix factorization (NMF) has an established reputation as
a useful data analysis technique in numerous applications. However, its
usage in practical situations is undergoing challenges in recent years. The
fundamental factor to this is the increasingly growing size of the datasets
available and needed in the information sciences. To address this, in this
work we propose to use structured random compression, that is, random
projections that exploit the data structure, for two NMF variants: classi-
cal and separable. In separable NMF (SNMF) the left factors are a subset
of the columns of the input matrix. We present suitable formulations for
each problem, dealing with different representative algorithms within each
one. We show that the resulting compressed techniques are faster than their
uncompressed variants, vastly reduce memory demands, and do not encom-
pass any significant deterioration in performance. The proposed structured
random projections for SNMF allow to deal with arbitrarily shaped large
matrices, beyond the standard limit of tall-and-skinny matrices, granting
access to very efficient computations in this general setting. We accompany
the algorithmic presentation with theoretical foundations and numerous and
diverse examples, showing the suitability of the proposed approaches. The
software was released to the community.

7 Sparse Subset Selection

Finding an informative subset of a large collection of data points or models is
at the center of many problems in computer vision, recommender systems,
bio/health informatics as well as image and natural language processing.
Given pairwise dissimilarities between the elements of a source set and a
target set, we consider the problem of finding a subset of the source set,
called representatives or exemplars, that can efficiently describe the target
set. We formulate the problem as a row-sparsity regularized trace minimiza-
tion problem. Since the proposed formulation is, in general, NP-hard, we
consider a convex relaxation. The solution of our optimization finds rep-
resentatives and the assignment of each element of the target set to each
representative, hence, obtaining a clustering. We analyze the solution of
our proposed optimization as a function of the regularization parameter.
We show that when the two sets jointly partition into multiple groups, our
algorithm finds representatives from all groups and reveals clustering of the



sets. In addition, we show that the proposed framework can effectively deal
with outliers. Our algorithm works with arbitrary dissimilarities, which can
be asymmetric or violate the triangle inequality. To efficiently implement
our algorithm, we consider an Alternating Direction Method of Multipliers
(ADMM) framework, which results in quadratic complexity in the prob-
lem size. We show that the ADMM implementation allows to parallelize
the algorithm, hence further reducing the computational time. Finally, by
experiments on real-world datasets, we show that our proposed algorithm
improves the state of the art on the two problems of scene categorization us-
ing representative images and time-series modeling and segmentation using
representative models.

8 Data Representation and the Weyl Transform

The Weyl transform is introduced as a rich framework for data representa-
tion. Transform coefficients are connected to the WalshHadamard transform
of multiscale autocorrelations, and different forms of dyadic periodicity in
a signal are shown to appear as different features in its Weyl coeflicients.
The Weyl transform has a high degree of symmetry with respect to a large
group of multiscale transformations, which allows compact yet discrimina-
tive representations to be obtained by pooling coefficients. The effectiveness
of the Weyl transform is demonstrated through the example of textured
image classification.

9 On Graph Matching

Graph matchingaligning a pair of graphs to minimize their edge disagree-
mentshas received wide-spread attention from both theoretical and applied
communities over the past several decades, including combinatorics, com-
puter vision, and connectomics. Its attention can be partially attributed to
its computational difficulty. Although many heuristics have previously been
proposed in the literature to approximately solve graph matching, very few
have any theoretical support for their performance. A common technique
is to relax the discrete problem to a continuous problem, therefore enabling
practitioners to bring gradient-descent-type algorithms to bear. We prove
that an indefinite relaxation (when solved exactly) almost always discovers
the optimal permutation, while a common convex relaxation almost always
fails to discover the optimal permutation. These theoretical results suggest



that initializing the indefinite algorithm with the convex optimum might
yield improved practical performance. Indeed, experimental results illumi-
nate and corroborate these theoretical findings, demonstrating that excellent
results are achieved in both benchmark and real data problems by amalga-
mating the two approaches.

10 Estimating Dynamic Graphs

The interest in problems related to graph inference has been increasing sig-
nificantly during the last decade. However, the vast majority of the problems
addressed are either static, or systems where changes in one node are im-
mediately reflected in other nodes. In this work we address the problem of
mobility graph estimation, when the available dataset has an asynchronous
and time-variant nature. We present a formulation for this problem consist-
ing on an optimization of a cost function having a fitting term to explain
the observations with the dynamics of the system, and a sparsity promoting
penalty term, in order to select the paths actually used. The formulation is
tested on two publicly available real datasets on US aviation and NY taxi
traffic, showing the importance of the problem and the applicability of the
proposed framework.

11 Fourier on Graphs

The short-time Fourier transform (STFT) is widely used to analyze the spec-
tra of temporal signals that vary through time. Signals defined over graphs,
due to their intrinsic complexity, exhibit large variations in their patterns.
In this work we propose a new formulation for an STFT for signals defined
over graphs. This formulation draws on recent ideas from spectral graph
theory, using personalized PageRank vectors as its fundamental building
block. Furthermore, this work establishes and explores the connection be-
tween local spectral graph theory and localized spectral analysis of graph
signals. We accompany the presentation with synthetic and real-world ex-
amples, showing the suitability of the proposed approach.

12 Synthesis Based (Gaze Analysis

Gaze analysis has gained much popularity over the years due to its relevance
in a wide array of applications, including human-computer interaction, fa-



tigue detection, and clinical mental health diagnosis. However, accurate
gaze estimation from low resolution images outside of the lab (in the wild)
still proves to be a challenging task. The new Intel low-cost RealSense 3D
camera, capable of acquiring sub-millimeter resolution depth information,
is currently available in laptops, and such technology is expected to become
ubiquitous in other portable devices. In this work, we focus on low-cost,
scalable and real time analysis of human gaze using this RealSense camera.
We exploit the direct measurement of eye surface geometry captured by the
RGB-D camera, and perform gaze estimation through novel synthesis-based
training and testing. Furthermore, we synthesize diferent eye movement
appearances using a linear approach. From each 3D eye training sample
captured by the RealSense camera, we synthesize multiple novel 2D views
by varying the view angle to simulate head motions expected at testing.
We then learn from the synthesized 2D eye images a gaze regression model
using regression forests. At testing, for each captured RGB-D eye image, we
first repeat the same synthesis process. For each synthesized image, we esti-
mate the gaze from our gaze regression model, and factor-out the associated
camera/head motion. In this way, we obtain multiple gaze estimations for
each RGB-D eye image, and the consensus is adopted. We show that this
synthesis-based training and testing significantly improves the precision in
gaze estimation, opening the door to true low-cost solutions.
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