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The space of all possible images is huge - there are more than10°%° different 8-bit gray-scale images of size
as small as21 21 pixels - but not all of these images are equally likely to be en countered by an imaging device
such as the eye or a camera in the natural environment. Only a tiny fraction of visual images, loosely tagged as
photographic imagese ect structures in a natural scene. My major research int erest has revolved around devel-
oping statistical models that characterize this non-unifo rm distribution of photographic images on image space.
Such models are important to a variety of applications
in image processing, computer vision and graphics. For
instance, image restoration such as denoising and in-
painting may be viewed as looking for the most likely
photographic image that is “close to” the corrupted im-
age. Image compression is essentially equivalent to as-
signing a larger proportion of available bits to encode
the more likely photographic images. Problems such as
super-resolution and image synthesis involve sampling
“photographic-looking” images from the image space,
subject to some extra constraints. In addition, many im-
age analysis and forensics problems may be solved with
a classi cation of photographic images and images un-
dergone “un-natural” tampering. However, a na've way
of examining a large set of photographic images to deter-
mine how they distribute will not work, as the amount of
data needed grows exponentially with the number of
pixels. This “curse of dimensionality” makes construction and computation of a statistical model for photographic
images very challenging.

Current and Recent Research: My research work spans multiple levels of focus, from a MRF-b ased joint prob-
abilistic model of photographic image wavelet coef cients , to a non-linear image representation with perceptual
relevance, to a concise image feature characterizing photayraphic images in the wavelet domain, all of which

aim to construct effective statistical description of phot ographic images with feasible computation load. | applied

these techniques to solve problems in image processing, andysis and forensics.

Photographic images occupy only a tiny fraction of imageespa

1. Statistical image model with elds of Gaussian scale mixtur  es: Over the past two decades, studies of im-
ages represented with multi-scale multi-orientation deco mpositions (loosely referred to as “wavelets”) have
revealed striking statistical regularities in
photographic images, e.g., highly kurtotic
marginal distributions and strong high order
dependencies across locations, orientations
and scales. An effective statistical model
of photographic images can be constructed
by capturing such regularities in a consis-
tent manner. My work in this direction uti-
lizes Markov random elds (MRF) to model
long range statistical dependency through lo-
cal interactions. We have developed the elds
of Gaussian scale mixturdsoGSM), which is
formed by multiplying two independent
MRFs point-wisely. One MRF is homogeneous and Gaussian, whi ch models the second order dependencies
in the wavelet coef cients. Another part of the model, which is an exponentiated homogeneous Gaussian
MRF, captures higher-order dependencies in wavelet coef ¢ ients. Empirically, the FOGSM model is shown
to be able to represent important statistical regularities in the marginal and joint wavelet statistics of a pho-
tographic image. Yet, the intrinsic relation with homogene ous Gaussian MRF provides it with tremendous
computational advantages. Used as the prior density for pho tographic images, we put FOGSM into practi-
cal use for image denoising, where it achieved signi cant im provement over the state-of-the-art denoising
method.

Removing noise from photographic images with FOGSM model.

2. Non-linear image representation with divisive normalizat  ion: Image analysis often relies heavily on the
choice of representation. Most of the literature is based on linear representations, which, though being well



understood and easy to use, do not completely eliminate high er-order statistical dependencies in photo-
graphic images. We have developed a non-linear image representation based on divisive normalization, in
which each coef cient is divided by a Minkowski combination  of neighboring coef cient magnitudes. This
type of non-linear transform can explain non-linear respon ses of cortical neurons, masking phenomenons
in perception, and has also been empirically shown to reduce statistical dependencies of the original linear
representation. We derived this image representation from a MRF model of wavelet statistics, which account
for basic statistical properties of photographic images. W e show that divisive normalization arises naturally
as a means of simplifying the statistical properties of the | inear coef cients, and developed a simple and
ef cient iterative procedure for inverting this divisive n  ormalization transformation. Preliminary results
indicate that this representation is promising in terms of p erceptual resilience to noise contamination and
locally enhancing contrast of photographic images.

Enhancing overall contrast in photographic images withiglixe normalization non-linear image representation.
The enhancement is achieved without "washing out” alreadi lsontrast regions or introducing visible artifacts.

3. Descriptive image features using wavelet statistics:  In many image analysis and forensics applications, we
are facing problems that require differentiation of authen tic photographic images from images undergone
“unnatural” tampering. Instances include:

Photographic or photorealistic: Sophisticated computer graphics softwares can generate highly photo-
graph-like, or “photorealistic” images. Differentiating such photorealistic images with real photo-
graphic images is an important task to ensure the authentici ty and integrity of photographs.

CG or photo? Classi er based on our descriptive image feasuable to differentiate them.

Detecting image steganography: Image steganography hides messages in a digital image in a non-
intrusive way that is hard to detect visually. The task of det ecting image steganography is of a great
interest to national security, anti-terrorism, and counte r-intelligence agencies.

Live or rebroadcast: Image-based biometric (e.g., face, iris or ngerprint) aut hentication and identi -
cation systems are vulnerable to the “rebroadcast” attack. An example is to break a face recognition
system with a high-resolution photograph of a human face. An effective protection against such attack
is to differentiate a “live” (captured in real time by a camer a) image and a rebroadcast one.

These problems can be solved with a classi cation system taking features that characterize photographic
images. Based on regularities in the wavelet statistics of photographic images, we have developed image



features consisting of marginal statistics of wavelet coef cients and higher-order statistics from a linear pre-
dictor of coef cient magnitudes. The former capture the non -Gaussian distributions of wavelet coef cients,
the latter capture the intra- and inter-subband correlatio ns. Coupled with linear or non-linear classi ca-
tion techniques, this image statistical features are shown to be effective in solving the image classi cation
problems.

4. Digital technique for art authentication and forgery detec  tion: Most existing art authentication and forgery

detection approaches rely on physical means (e.g., X-rays
or surface analysis) or contextual information.Based on
my work in image forensics, | am also interested in de-
tecting art forgeries and investigating the “problem of
many hands” in the digital domain. With an extended
version of our statistical image feature, we have shown
that stylistic differences between different paintings or
drawings can be captured. A preliminary analysis of
thirteen drawings that have at various times been at-
tributed to Pieter Bruegel the Elder, con rm the results of
physical analysis . We have also applied this technique
to the problem of determining the number of artists that
may have contributed to a painting attributed to Perug-
ino and again achieve an analysis agreeing with expert How many hands involved in this painting

opinion. attributed to Perugino?

5. Machine learning: The high dimensionality of images implies that most computa tion is beyond the ability
of manual processing. Such computational challenges call for powerful machine learning techniques. Most
of my work on image modeling has strong projection in machine learning. Besides, | am also interested and
have developed machine learning techniques applicable to other problems in computer vision and pattern
recognition, including object recognition, character cla ssi cation, image orientation determination and face
detection.

Future Research: My future research plans focus on deepening and extending my current work in building sta-
tistically descriptive and computationally ef cient mode Is for photographic images. The innate complexity of
photographic images makes this a rich topic with many possib le avenues of investigation. My agenda includes:

1. Hierarchalimage models: The richness of structures in photographic images is beyond any simple one level
model, and it has long been speculated that an effective statistical model of photographic images must be
hierarchal in nature. | am interested in constructing compl ex image models from simple components (e.g.,
homogeneous Gaussian MRF), which are easier for analysis ard synthesis.

2. Modeling phase correlation: My current work focus on capturing regularities in local ene rgy, represented
by the magnitudes of wavelet coef cients. One important asp ect that is missing is correlations in local
phases, loosely represented by the signs of the coef cients. For instance, salient structures in images are
results of strong coherence of local phases. | am interestedin incorporating such local phases correlations
into an MRF based image statistical model.

| anticipate that the applications of this research will be n umerous and diverse, for that a more accurate statisti-
cal model for photographic images has immediate relevance t 0 many problems in image processing, computer
vision and graphics. In the long run, | am also interested in i nvestigating the complex interaction of image statis-
tics and biological vision systems. As widely accepted, bio logical vision systems are evolved to adapt to the
statistical properties of natural environments. | believe that such a study will signi cantly deepen our current
understanding of photographic image statistics, and poten tially lead to better statistical models. Such a task relies
on knowledge from a wide range of areas including image proce ssing, computer vision, machine learning and
neural science, which | see as a great opportunity, if not necessity, for various research collaborations.



