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Abstract
Machine learning algorithms have been successfully applied to learning classi-

fiers in many domains such as computer vision, fraud detection, and brain image
analysis. Typically, classifiers are trained to predict a class value given a set of la-
beled training data that includes all possible class values, and sometimes additional
unlabeled training data.

Little research has been performed where the possible values for the class vari-
able include values that have been omitted from the training examples. This is an
important problem setting, especially in domains where the class value can take on
many values, and the cost of obtaining labeled examples for all values is high.

We show that the key to addressing this problem is not predicting the held-out
classes directly, but rather by recognizing the semantic properties of the classes such
as their physical or functional attributes. We formalize this method as zero-shot
learning and show that by utilizing semantic knowledge mined from large text cor-
pora and crowd-sourced humans, we can discriminate classes without explicitly col-
lecting examples of those classes for a training set.

As a case study, we consider this problem in the context of thought recognition,
where the goal is to classify the pattern of brain activity observed from a non-invasive
neural recording device. Specifically, we train classifiers to predict a specific con-
crete noun that a person is thinking about based on an observed image of that per-
son’s neural activity.

We show that by predicting the semantic properties of the nouns such as “is it
heavy?” and “is it edible?”, we can discriminate concrete nouns that people are
thinking about, even without explicitly collecting examples of those nouns for a
training set. Further, this allows discrimination of certain nouns that are within the
same category with significantly higher accuracies than previous work.

In addition to being an important step forward for neural imaging and brain-
computer-interfaces, we show that the zero-shot learning model has important im-
plications for the broader machine learning community by providing a means for
learning algorithms to extrapolate beyond their explicit training set.
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Chapter 1

Introduction

Imagine being able to control any device simply by sending a command via radio
waves. It’s the future, Watson.

— Sherlock Holmes to Dr. Watson Story by Lionel Wigram

MACHINE learning algorithms have been successfully applied to learning classifiers in many
domains such as computer vision, fraud detection, and brain image analysis. Typically, classifiers
are trained to approximate a target function f : X → Y , given a set of labeled training data that
includes all possible values for Y , and sometimes additional unlabeled training data.

Little research has been performed on zero-shot learning, where the possible values for the
class variable Y include values that have been omitted from the training examples. This is an
important problem setting, especially in domains where Y can take on many values, and the cost
of obtaining labeled examples for all values is high. One obvious example is computer vision,
where there are tens of thousands of objects which we might want a computer to recognize.

Another example is automatic speech recognition, where it is desirable to recognize words
without explicitly including them during classifier training. To achieve vocabulary independence,
speech recognition systems typically employ a phoneme-based recognition strategy. Phonemes
are the component parts which can be combined to construct the words of a language. Speech
recognition systems succeed by leveraging a relatively small set of phoneme recognizers in con-
junction with a large knowledge base representing words as combinations of phonemes.

In the case of speech recognition, phonemes are an obvious way to represent words as nearly
all words can be expressed using a small set of phonemes. Further, all these phonemes can easily
be enumerated by a linguistics or speech expect.

In other domains, it may not be obvious what component parts should be used to describe the
classes. This is certainly true for computer vision, where it is not clear what component parts are
shared between the thousands of objects that might appear in an image.

For such domains, this leads to several general questions: What component parts are shared
between the thousands of possible classes? Where would we obtain such information? Would it
be possible to automatically learn these component parts from large quantities of data? Perhaps
human knowledge of the class properties might help? Given a description of the component
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parts, could we make any guarantees with respect to classifier performance?
In this thesis, we address each of these questions and provide methodologies for zero-shot

learning in domains where it is not obvious what component parts are useful for describing the
classes. As a case study, we consider the domain of thought recognition, a term we use to
describe the collection of work that uses machine learning methodologies to classify patterns of
brain activity observed using neural scanners.

We begin with a brief overview of this field and neural scanning technologies, and then show
how the problem of predicting a concrete noun a person is thinking about can be formulated as a
zero-shot learning problem.

1.1 Overview of Thought Recognition
In the last several years, there has been considerable progress developing methodologies to dis-
criminate patterns of brain activity based on neural images. This progress is the result of two
primary developments. The first is the advancement of functional magnetic resonance imag-
ing (fMRI), a brain scanning technology that can detect brain activity at the millimeter level.
Although still far away from measuring the firing of individual neurons, the technology yields
unprecedented ability to study the relationship between brain activity and cognitive function.

The second development that has enabled thought recognition is advancement in statistical
pattern recognition and machine learning algorithms. In many respects, interpreting speech sig-
nals recorded using a microphone is similar to interpreting brain activity signals recorded using
fMRI. Both signals contain enough structure that statistical methods can be used for analysis and
classification. Novel algorithms specific for fMRI data, along with advancements made in other
types of pattern recognition such has handwriting and speech (Figure 1.1), have benefitted the
field of thought recognition.

Although fMRI is the most popular brain scanner due to its high spatial resolution, advances
in other scanning technologies such as magnetoencephalography (MEG) and electroencephalog-
raphy (EEG) have impacted the field of thought recognition as well (Figure 1.6). Although MEG
and EEG have significantly lower spatial resolution than fMRI, the temporal resolution is signif-
icantly higher than fMRI, allowing brain signals to be recorded at millisecond resolution, nearly
1000 times the temporal resolution of fMRI. Together, these three neural recording devices pro-
vide new ways to study the spatial-temporal patterns of brain activity associated with a given
cognitive state or physiological condition.

Cognitive state is a loosely defined term used in the research literature to describe some prop-
erty of the brain activity observed from a scanner. For example, the cognitive state might refer to
the task a person is performing such as viewing a picture, reading a sentence, or thinking about
a particular category of object. In addition to cognitive state, certain patterns of brain activity
may be the result of a physiological condition or psychological disorder such as schizophrenia
or Alzheimer’s disease.

Understanding these different conditions allows us to give a broad definition of thought
recognition:

Thought recognition is the application of pattern recognition and machine learning methods
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to discriminate patterns of brain activity associated with a particular cognitive state or physio-
logical condition.

Thought recognition has many applications, and in the last five years a large and growing
body of research has emerged across many fields, ranging from psychology and neuroscience to
machine learning and statistics. Although the work is called many different names across these
fields including cognitive state classification, mind reading, thought identification, and neural
activity decoding, all this work relies on statistical pattern recognition and machine learning
methods. As a result, we feel the term thought recognition broadly includes all these works, and
is easily understandable by a non-technical audience, similar to the terms speech recognition or
handwriting recognition.

Much of the work in thought recognition is concerned with analyzing brain function. For
example, a researcher might want to classify from a brain scan if a person is viewing a picture or
listening to an audio clip. A more difficult task might be to discriminate between a picture of a
house or a tool. If a machine learning classifier can be trained to discriminate between cognitive
states, then the trained classifier can provide virtual sensors of the information encoded by neural
activity at specific cortical locations at specific times.

Similarly, thought recognition is used to study pathology of the brain. For example, classifiers
have been trained to diagnose schizophrenia and Alzheimer’s diseases [Caprihan et al., 2008,
Hayasaka et al., 2006]. Interpretation of the learned classifiers has given insight into how various
neural disorders affect the brain.

Another application of thought recognition is brain-computer-interfaces (BCI) [Vaadia and
Birbaumer, 2009, Sajda et al., 2008, Lin et al., 2008]. The goal of BCI is to use the signals
recorded by a brain scanner for control and communication. This application has huge poten-
tial benefits for disabled persons and could greatly enhance quality of life [Schalk, 2008]. For
example, a paralyzed person might be able to control a wheelchair just by thinking of a desired
direction of movement [Choi and Cichocki, 2008].

Thought recognition is also of interest to quantitative machine learning and statistics re-
searchers because the domain pushes the limits of modern classification methods. The datasets
produced by brain scanners such as fMRI and MEG are incredibly high dimensional, often with
hundreds of thousands or even millions of raw features. The data are also noisy, meaning that
if the same experiment is repeated, a different brain image is obtained (sometimes dramatically
different). This “noise” is caused by both the physical sensing process as well as the contextual
influences on the human research subject.

Typically, human subjects are kept in a fMRI scanner between 30-60 minutes to minimize
discomfort as they must remain extremely still. Brain scanning also involves a large financial
cost, as both the scanner and subject’s time must be paid for. In addition, since fMRI measures the
slow hemodynamic (blood) response, a sample is typically collected only once per 10 seconds,
and multiple samples of a given state are typically collected to mitigate the effects of noise. As a
result, the number of collected samples for a given task is usually very small (i.e. approximately
100-300 samples).

With so few samples, it may not be possible to collect training examples for each class (cogni-
tive state) that we may want to discriminate. For example, if we consider the cognitive state to be
thinking about a particular concrete noun, there are potentially thousands of nouns to consider.
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Figure 1.1: Thought recognition is the application of pattern recognition and machine learning
methods to discriminate patterns of brain activity. Like other applications of pattern recognition
like speech and handwriting recognition, neural signals observed using scanners like fMRI con-
tain enough structure that statistical methods can be used for analysis and classification. Image
Credits: character recognition image from Neural Network (OCR) application by Andrew Kir-
illov, handwriting recognition image from the DioPen application by DioTek, speech image from
Dan Jurafsky, Stanford University, and fMRI image from Tom Mitchell.

It would be extremely difficult to collect samples for each of these nouns.
Thus, the main quantitative problem that must be addressed is:

How can we classify large numbers of cognitive states, even when examples for some cogni-
tive states we wish to discriminate are omitted from the training set?

In this thesis, we consider cognitive states induced by thinking about particular concrete nouns.
We will show that the key to answering this question is in utilizing semantic knowledge, specifi-
cally the physical and functional properties of the concrete nouns.

1.2 Thesis Statement and Contributions

The central thesis of this work is that:
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It is possible for a machine learning classifier to discriminate classes that were not explicitly
included in a training set by leveraging semantic knowledge of the classes such as their physi-
cal or functional attributes. Further, it is possible for the classifier to automatically select the
semantic attributes or features that are most useful for a particular task, minimizing the effort
required by a human to precisely define the optimal set of semantic attributes in advance.

When applied to neural imaging data, we found the semantic attributes of specific concrete
nouns are predictable from the brain activity observed while a person is thinking about those
nouns. This makes it possible to train a machine learning classifier to discriminate concrete
nouns that people are thinking about, even without explicitly collecting examples of those nouns
for a training set. Further, this allows discrimination of certain nouns that are within the same
category at much higher accuracies than previous work.

Contributions
This thesis makes contributions to both core machine learning methodology, as well as applied
neuro-imaging and brain-computer-interfaces. The following summarizes the primary contribu-
tions of this thesis:

1. General framework for zero-shot learning with semantic knowledge - We develop a
formalism for classifiers that must discriminate classes that did not explicitly appear in a
training set. The framework uses a knowledge base of semantic information that contains
features (i.e. attributes) of the classes. By learning an intermediate layer of semantic
features rather than the class labels directly, a classifier can extrapolate and discriminate
novel classes that were omitted from a training set. This enables decoding of a much
larger number of classes than were collected during training. We also study this problem
theoretically, and establish certain conditions under which the model can be guaranteed to
predict a novel class.

2. Case study of zero-shot learning for decoding neural activity - We apply the zero-shot
learning framework to the problem of predicting concrete nouns from neural imaging data
collected using fMRI. We also explore different sets of semantic features based on large
corpus statistics as well as human labeling. This allows us to train a machine learning clas-
sifier to discriminate concrete nouns that people are thinking about, even without explicitly
collecting examples of those nouns for a training set. Further, this allows discrimination of
certain nouns that are within the same category with higher accuracy than previous work.

3. Methodology for automatically selecting semantic features for classification using the
zero-shot learning model - We develop a methodology based on support vector ranking
to choose the semantic features that are most useful for classification using the zero-shot
learning model when semantic features are predicted from neural imaging data. This eases
the burden of selecting the most useful semantic features prior to classifier training.

4. Methodology for automatically selecting semantic features for predicting neural ac-
tivity - We also consider the reverse problem of zero-shot classification: to predict neural
activity using semantic features as inputs to the model, rather than using neural activity
to predict semantic features as outputs. Although this model can also be used for classifi-
cation as well by comparing predicted neural images, the primary objective is to obtain a
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Figure 1.2: An image of the fMRI facility located at the Scientific Imaging and Brain Research
Center, Carnegie Mellon University. Image courtesy of SIBRC.

generative model to predict the expected neural image for a particular stimulus. As a result
of the different modeling assumptions, the semantic features necessary for this generative
model might be different that those most useful purely for classification (i.e. when the se-
mantics features are predicted from neural activity). We develop a methodology based on
the multi-task Lasso to automatically select the semantic features for this prediction prob-
lem. Further, we apply this methodology and report the semantic features that are most
useful for predicting neural activity in specific regions of interest (ROIs) in the brain.

5. Case study of concrete noun decoding using MEG/EEG - We explore applications of
the zero-shot learning model to other types of input data. Specifically, we test other neural
scanners that have significantly better temporal, but lower spatial resolution than fMRI.
We explore different time windows of the data to discover when semantic features are
most easily predictable.

6. Methodology to combine data from fMRI and MEG/EEG - We develop a latent variable
model based on CCA to combine data from fMRI and MEG/EEG. We use these latent
factors as a filter to improve signal quality of the lower spatial resolution MEG/EEG data.
By leveraging high-resolution fMRI data at training time, the classifier can improve its
performance decoding lower-resolution MEG/EEG data at test time.

1.3 Overview of Functional Magnetic Resonance Imaging (fMRI)
The majority of the experimental work in this thesis analyzes neural activity data recorded using
functional magnetic resonance imaging (fMRI) (Figure 1.2). We provide here a brief overview
of fMRI and refer the reader to Huettel et al. [2004] for more detail.
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Figure 1.3: A structural or anatomical image of the brain using MRI. Anatomical images display
just the static physical structure of matter, and do not indicate areas of changing neural activity.

Figure 1.4: The plot on the left shows the hemodynamic response curve for fMRI. There is a
4-5 second lag between the stimulus onset when the strongest activation signal is recorded. The
image on the right shows the BOLD response plotted on an anatomical MRI of the brain. Red
colors indicate areas of stronger activity.
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Figure 1.5: A plot of the fMRI timeseries observed for each voxel in the brain. The image here
represents one 2-D slice of the observed 3-D volume of activity. Image courtesy of Tom Mitchell.

The reader is likely already familiar with structural or anatomical MRI as it is commonly used
in clinical medical applications to diagnose injuries and disease. See Figure 1.3. Whereas struc-
tural MRI only detects static physical matter, functional MRI (fMRI) can provide an indication
of the functional neural activity that occurs and changes over time.

Modern fMRI scanners can measure neural activity with millimeter spatial resolution and can
create a 3-D volumetric image of that activity containing over 20,000 voxels (volume-elements).
It takes approximately one second to record an image, which is significantly slower than the
firing rate of neurons, which can be nearly 200 times per second.

The slow recording capability of fMRI is due to the fact that fMRI does not measure neural
activity directly. Rather, fMRI measures changes in the level of oxygen concentration in the
blood. When neurons fire, they consume glucose and blood flow increases in this area to replace
the consumed glucose. This process results in changes to the ratio of oxyhemoglobin and de-
oxyhemoglobin, which can be thought of level of oxygen in the hemoglobin of the blood. This
process is typically called the BOLD (blood-oxygen-level-dependent) or hemodynamic response,
and takes 1-5 seconds to occur. See Figure 1.4 and 1.5.

Although the BOLD response leads to fairly accurate estimations of neural activity, the large
delay makes it difficult to study precise timing of neural firing. As a result, other neural scanners
such as magnetoencephalography (MEG) and electroencephalography (EEG) are more useful for
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Figure 1.6: An image of the actiCap EEG electrode cap from Brain Products GmbH (left) and
a MEG scanner located at the University of Pittsburgh Medical Center (right). While EEG and
MEG have temporal resolution nearly 1000 times that of fMRI, the spatial resolution is signif-
icantly worse, especially for EEG. The form factor and cost of EEG, however, is a small frac-
tion of fMRI or MEG. As a result, EEG remains popular in cognitive neuroscience and brain-
computer-interface research. EEG image courtesy of Brain Products GmbH and MEG image
courtesy of Gus Sudre.

studying the temporal processes of neural activity.

1.4 Overview of Other Brain Scanning Technologies
In this thesis, we also consider several datasets that were collected using magnetoencephalogra-
phy (MEG) and electroencephalography (EEG), two other brain imaging devices that have very
different properties than fMRI. See Figure 1.6.

Unlike fMRI, MEG measures brain activity directly by using extremely sensitive devices
called SQUIDS to measure very tiny changes in magnetic field when neurons fire. Useful
overviews are provided by Hämäläinen et al. [1993], Baillet et al. [2001], Hansen et al. [2010].
Although the spatial resolution of MEG is not as high as fMRI, the temporal resolution is far
superior, with sampling rates up to 1000 Hz, compared to 0.5-2 Hz sampling rates for fMRI.
Further, because MEG observes neural activity directly and is not subject to the hemodynamic
delay, it is possible to detect much more precisely when neural activity occurs in response to a
given stimulus. Although, MEG is also an expensive scanner like fMRI, the form factor is a little
smaller, and more flexible experimental paradigms are possible because it is easier to correct for
extensive head movements [Imada et al., 2006].

EEG is one of the oldest and simplest brain scanning technologies that measures voltage po-
tentials across the scalp when neurons fire. See Swartz and Goldensohn [1998] for a historial
overview. The primary benefit of EEG is its simplicity, form factor, and cost. While a research
quality EEG system may cost $50,000, consumer versions have become recently available for
less than $100. EEG also has a practical form factor, and its electrodes can be easily integrated
into a wearable hat (Figure 1.6). As a result, EEG remains very popular in the cognitive neu-
roscience and brain-computer-interface communities [Guger et al., 2011]. While the temporal
resolution of EEG can be quite high, with sampling rates of 1000 Hz, the spatial resolution is
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very poor compared to fMRI and even MEG, which severely hampers potential applications.

1.5 Related Work

This thesis makes contributions at the intersection of machine learning, neuro-imaging, and
brain-computer-interfaces. Here we provide an overview of the subsets of these fields most
relevant to this thesis.

1.5.1 Thought Recognition and Cognitive State Classification

Machine learning classifiers have made a large impact on the field of cognitive neuroscience by
showing that a person’s cognitive state can be discriminated based on an image of that person’s
neural activity. Much of the early work in this area analyzed patterns of neural activity recorded
using fMRI while human subjects perceived different objects [Cox and Savoy, 2003, Mitchell
et al., 2004, 2003]. Later work showed that other cognitive states such as political affiliation
[Kaplan et al., 2007], drug addition [Zhang et al., 2005], and even truthfulness [Davatzikos et al.,
2005] could be classified. Excellent overviews of this line of research are available in Haynes
and Rees [2006] and Norman et al. [2006].

Classification techniques have also been applied to the study of disease pathology. Stud-
ies have shown that it is possible to discriminate between schizophrenics and healthy controls
[Caprihan et al., 2008, Skelly et al., 2007]. Other work has investigated Alzheimer’s disease
[Hayasaka et al., 2006] as well as stroke recovery [Schmah et al., 2008]. One particularly in-
teresting study classified degrees of cognitive impairment in vegetative patients [Owen et al.,
2006].

There has also been a large body of related work in the field of non-invasive brain computer
interfaces (BCI), where the goal is to use neural signals for control and communication. Most
of this work has focused on electroencephalography (EEG) because of its more practical form
factor. Overviews of this field are available in Vaadia and Birbaumer [2009], Sajda et al. [2008],
Lin et al. [2008]. Studies have also investigated BCI tasks in other neural scanners such as
magnetoencephalography (MEG) [Birbaumer and Cohen, 2007] and even fMRI [Weiskopf et al.,
2004]. Current state-of-the-art results have been recently reported in Guger et al. [2011].

There has been recent work to build generative models of neural activity. Rather than focus
on purely discriminative (i.e classification) tasks, this work tries to build models that can predict
patterns of neural activity in response to novel stimuli. The work of Kay et al. [2008] demon-
strates a model that can predict neural activity in response to novel visual scenes, while the work
of Mitchell et al. [2008] shows that it is possible to predict neural activity for concrete nouns in
English.

Much of the related work to date has focused on problems with moderate amounts of training
data and small numbers of classes (e.g. binary). While a few works have considered classification
with very limited training data [Palatucci and Mitchell, 2007, Palatucci and Carlson, 2008], this
thesis focuses on a more difficult learning scenario: when there are potentially thousands of
classes to discriminate and several of the classes of interest are not included in the training set.
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This is an important problem setting and especially relevant to neural imaging, largely due to the
difficulty of collecting large amounts of labeled training data from neural scanners.

1.5.2 Zero-Shot and Attribute Based Learning
The goal of zero-shot learning is to learn a classifier f : X → Y that must predict novel values of
Y that were omitted from a training set. To our knowledge, one of the first works to identify this
problem setting and its importance to the broader machine learning community was Larochelle
et al. [2008]. In their work, they show the ability to predict novel classes of handwritten digits
that were omitted from a training set. They accomplish this by learning the relationship be-
tween observed handwritten digits and a character font bitmap which is used as an intermediate
class description to describe both the observed classes in the training data and also the unob-
served classes. One limitation of this work, however, is that it does not discuss where to obtain
intermediate class descriptions for non-trivial problems such as object recognition or thought
recognition, where the intermediate class descriptions are non-obvious.

To address the problem of non-obvious class descriptions Mitchell et al. [2008] suggest using
co-occurrence statistics from large text corpora while our own previous work [Palatucci et al.,
2009] considers both co-occurrence statistics as well as crowd-sourcing human semantic knowl-
edge.

In parallel, researchers in the computer vision community have known the importance of
sharing feature representations or class descriptions for some time [Torralba and Murphy, 2007,
Bart and Ullman, 2005]. Important work within this community to describe classes by their se-
mantic or visual attributes was performed by Farhadi et al. [2009] who showed an ability to learn
object classifiers with extremely small numbers of training examples. Another very important
work was that of Lampert et al. [2009] who showed that attributes obtained from human labeling
could be used to perform zero-shot learning of object classes. Since the near simultaneous re-
lease of all these works within one year, zero-shot learning has become an increasing important
topic in computer vision with many recent papers [Farhadi et al., 2010, Wang et al., 2010, Parikh
and Grauman, 2011].

In addition to computer vision, zero-shot learning is an important problem setting for thought
recognition, as well as any domain where it may be impossible to collect training data for all
classes that a classifier must discriminate. At a high level, this problem setting is similar to the
challenges of automatic speech recognition, where it is desirable to recognize words without
explicitly including them during classifier training.

To achieve vocabulary independence, speech recognition systems typically employ a phoneme-
based recognition strategy [Waibel, 1989]. Phonemes are the component parts which can be
combined to construct the words of a language. Speech recognition systems succeed by lever-
aging a relatively small set of phoneme recognizers in conjunction with a large knowledge base
representing words as combinations of phonemes.

To apply a similar approach to thought recognition, we must discover the “phonemes of
thought”. In other words, we must learn how to infer the component parts of a words meaning
from neural activity. While there is no clear consensus as to how the brain encodes seman-
tic information [Plaut, 2002], there are several proposed representations that might serve as a
knowledge base of neural activity.
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In this thesis, we develop a formalism for zero-shot learning, study it theoretically, and pro-
pose an algorithm that uses the proposed representations of neural encoding to build a classifier
that can discriminate concrete nouns from neural images, even when those words are omitted
from a training set.

1.5.3 Feature Selection, Sparsity, and Multi-task Learning
The problem of selecting useful features for prediction is central to machine learning research.
Feature selection is one of the oldest topics of research in this field, and a very comprehensive
survey is available in Guyon and Elisseeff [2003]. One increasingly popular way to select fea-
tures is to use regularized methods that induce sparsity, meaning that only a small number of
available features are used to build a predictive model. This removes the burden of preselecting
the most appropriate features, and allows the model to automatically ignore irrelevant features
and choose the features most useful for the prediction task. The most popular sparse, linear
model is the Lasso [Tibshirani, 1996]. Other models that achieve sparsity through regulariza-
tion include additive non-linear models [Ravikumar et al., 2008] as well as those that perform
structure learning of graphs [Friedman et al., 2007a].

Sparsity constraints have also been used in multi-task learning problems. In a multi-task
learning setting, a learner is required to predict several tasks simultaneously, and large body of
work has shown that learning related tasks together can improve performance over single-task
learning, especially in situations with limited training data [Caruana, 1997, Thrun, 1996a]. In a
similar fashion to single-task learning, sparse methods have been used to select predictive fea-
tures across multiple tasks simultaneously. This question has been addressed in several fields. In
machine learning the problem is known as multi-task feature selection [Ando and Zhang, 2005,
Obozinski et al., 2006, Argyriou et al., 2008, Bradley, 2010], in statistics as the simultaneous or
multi-task Lasso [Turlach et al., 2005], and in signal processing as simultaneous sparse approxi-
mation [Tropp, 2006].

In this thesis, we present the first large-scale case study of the multi-task Lasso and use a
recently developed blockwise coordinate descent algorithm to perform joint feature selection
with thousands of features and tasks. We apply this method to a neural activity prediction task
and show how we can automatically learn which semantic properties, i.e. which physical and
functional attributes are useful for predicting neural activity in a specific region of the brain.

1.5.4 Self-Taught Learning and Latent Variable Models
As mentioned earlier, one of the central problems of machine learning is selecting features from
data that are useful for a predictive task. Often, the problem of feature selection is the most dif-
ficult part of building a prediction algorithm, and much research in fields from natural language
processing to computer vision is dedicated to selecting features or constructing novel features
from raw streams of data (e.g. text corpora or video streams). As a result, one common criti-
cism of machine learning methods is that algorithms are useless without humans investing large
amounts of time constructing useful features.

While this criticism is valid for some domains, it ignores recent progress in automated feature
construction and self-taught learning [Raina et al., 2007]. Self-taught learning is an emerging
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body of research that deals with algorithms than can construct useful, novel features automati-
cally from data (rather than just selecting the most relevant features like the previously described
Lasso). Often learning is performed in a two-stage process, with the first stage dedicated to
constructing novel features in an unsupervised manner, and the second stage dedicated to the
supervised task of learning the relationship between the novel features and some output vari-
able. These methods work particularly well when a large pool of data is available, and results
have shown that useful features can be constructed even when data in the pool is from tasks that
are different from the current learning task. Thus, self-taught learning is one way to transfer
knowledge from previously learned tasks to a new task [Lee et al., 2008, 2009].

A similar idea is that of deep-belief networks which works by stacking models such as the
Restricted Bolzmann Machine (RBM) to construct a hierarchy of novel features from a large
pool of data [Hinton et al., 2006, Bengio et al., 2007]. This is related to components analysis,
which tries to find lower-dimensional representations of data [Bishop, 2006].

The common theme amongst all these methods is that useful features can be automatically
constructed by learning latent, generative models of the data, where the latent factors become
the novel features. A key benefit is that tasks that are weakly statistically related in the raw input
space may share an underlying set of latent features. Thus, data from related tasks can be used
to improve performance of a given learning task, especially when data is limited for the current
task. One example of such a benefit applied to the fMRI domain was given in Rustandi et al.
[2009], which shows how canonical correlation analysis (CCA) can be used to combine data
from multiple participants a fMRI study to improve a neural decoding task.

In this thesis, we extend latent variable models based on CCA to discover latent structure
between fMRI and MEG/EEG. We use these latent factors as a filter to improve signal quality
of the lower spatial resolution MEG/EEG data. By leveraging high-resolution fMRI data at
training time, the classifier can improve its performance decoding lower-resolution MEG/EEG
data at test time. To our knowledge, this is the first demonstration that classification performance
in a particular scanning modality can be improved using another human’s data observed in a
different scanning modality.

1.6 Chapter Summaries
In Chapter 2, we introduce the zero-shot learning model, present its formalism, and also study
some of its theoretical properties. We apply this model to a fMRI classification task, and show
we can discriminate between concrete nouns even when neither noun appeared in the training set.
Using this model, we also show we can classify words within the same category with accuracies
much higher than previous work. Further, we study classification using semantic feature sets
collected automatically by mining corpus statistics, as well as through crowd sourced human
labeling. We found the human labeled semantic features to be much more useful, and using
these we show the model can classify correctly even when it must make its prediction from a
large set of 1000 candidate words.

In Chapter 3, we study the question of how to select the best semantic features for the zero-
shot learning model from a large set of possible features. We develop an algorithm based on
Support Vector Ranking that can learn useful weightings of the semantic features, thereby de-
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creasing the impact of the irrelevant features in the model. We found this method is useful for
choosing semantic features when the desired feature set is small (i.e. the semantic representa-
tion of a class is less than 50 features. This is useful for minimizing computation needed in the
zero-shot model). Surprisingly, the impact of irrelevant features becomes less important as the
size of the original feature set increases (e.g. more than a few hundred). We investigate one
theoretical argument to explain this phenomenon and show how the error tolerance for semantic
feature predictions grows with added dimension, thereby mitigating the impact of poorly pre-
dicted semantic features. As a case study, we apply this method to fMRI data and report the top
25 and lowest 25 weighted features from our human labeled set.

In Chapter 4, we study the inverse of the zero-shot classification model. Specifically, we
build a model to predict brain activity from the semantic features, instead of predicting semantic
features from brain activity. This model is generative in the sense that given the semantic features
for a novel word, it can often predict the brain activity that would be observed in fMRI images
collected from a human subject thinking about the word. Similar to the zero-shot classification
model, we have the problem of choosing the best semantic features to input into the model.
Although the previous Support Vector Ranking approach does not apply to the generative model,
we show an alternative method that can be used when predicting brain activity from semantic
features. Specifically, we show how to formulate this semantic feature selection problem using
the multi-task Lasso objective function. In collaboration with statisticians working to develop
the first scalable algorithm to solve this objective, we present the first case study of a large scale
multi-task Lasso problem, and show how we can automatically learn a useful set of semantic
features that perform as well or better than the handcrafted set of features reported in Mitchell
et al. [2008]. Further, we apply the multi-task Lasso to different regions of interest (ROIs) of the
brain, and report the set of semantic features that are most useful for predicting activity in that
region.

In Chapter 5, we return to the zero-shot classification model, but now apply the method
to data collected from MEG and EEG. These two scanners have superior temporal resolution
and form factor compared with fMRI, but significantly lower spatial resolution. We test the same
experimental paradigm described in Chapter 2, and although we found classification performance
much lower than fMRI, we found prediction accuracies of the semantic features were sufficient
to discriminate classes that never appeared in the training set. In this chapter we also study a
latent variable model based on CCA to combine data from fMRI and MEG/EEG. We use these
latent factors as a filter to improve signal quality of the lower spatial resolution MEG/EEG data.
Our results show it is possible to leverage high-resolution fMRI data at training time to improve
classification accuracy of lower-resolution MEG/EEG data at test time. This is an important
development for neural engineering and brain-computer-interfaces, as it suggests that the lower
quality signal of a more practical (i.e. lower cost, better form factor) device can be improved by
learning an a priori filter using a less practical but higher resolution device.

In Chapter 6, we present our conclusions and implication for the fields of neural imaging and
machine learning. We also discuss several directions for future research.

In the Appendix, we provide a derivation of the support vector ranking algorithm for selecting
semantic features.
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Chapter 2

Thought Recognition using Zero-Shot
Learning

IN this chapter, we consider the problem of predicting a specific concrete noun that a person
is thinking about from a functional magnetic resonance (fMRI) image of that person’s neural
activity. By introducing a novel machine learning framework called zero-shot learning, we show
that it is possible to predict concrete nouns that people are thinking about, even without explicitly
collecting examples of those nouns for a training set. Further, this allows discrimination of cer-
tain nouns that are within the same category with significantly higher accuracies than previously
possible.

Chapter Notes for Neural Imaging Researchers
For the neural imaging researcher, the experimental results described above will be of greatest
interest. While a basic understanding of the zero-shot learning paradigm is useful, the theoretical
analysis of the model can be safely skipped.

Chapter Notes for Machine Learning Researchers
For the machine learning researcher, the experimental results provide an interesting case study
of the zero-shot learning paradigm. We believe this paradigm has broad impacts across many ap-
plications, as it shows how to combine abstract semantic knowledge with raw high-dimensional
signals, thereby allowing classes that were omitted from the training set to be classified. Similar
models are already appearing in the computer vision community [Lampert et al., 2009, Farhadi
et al., 2009], and we feel this is a very ripe area for additional research. In addition to the model
formalism, we provide first the analysis of the theoretical properties of this model.

2.1 Background

Machine learning classifiers and multi-voxel pattern analysis (MVPA) algorithms have made a
large impact on the field of neural imaging in recent years. While traditional analysis of neural
imaging data focused primarily on functional brain mapping using univariate statistical tech-
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niques, multivariate machine learning classifiers allow for the recognition and discrimination of
subtle patterns of neural activity, even when that activity is distributed across large regions of the
brain.

Consequently, a large and growing literature has emerged showing that it is possible to dis-
criminate a large variety of cognitive states, ranging from disease diagnosis in patients with
schizophrenia or Alzheimer’s diseases [Caprihan et al., 2008, Hayasaka et al., 2006] to detecting
drug addicted patients from controls [Zhang et al., 2005]. Others have shown it is possible to
discriminate concrete objects [Shinkareva et al., 2008], political affiliation [Kaplan et al., 2007],
and even lies from truth [Davatzikos et al., 2005]. Overviews of this line of research can be found
in Haynes and Rees [2006], Norman et al. [2006] and also Pereira et al. [2009].

Most of this prior work focuses on binary classification for tasks with very few classes to
discriminate. Recent work from Chan et al. [2010] makes a step towards a many-class classifier
by using a hierarchical tree of classifiers to discriminate ten classes, but virtually no work has
focused on discriminating among potentially thousands of possible classes.

Building a classifier algorithm for neural imaging tasks with thousands of classes is an ex-
tremely difficult pattern recognition problem as the data are usually very high dimensional (i.e.
104 − 105), and the number of training examples is typically small (i.e. 10 − 102). Further, due
to the expense and time required to gather data from human subjects, merely collecting data for
a large number of classes (i.e. cognitive states) is a difficult challenge. In some tasks, it may not
be possible to collect data for each class that we want to discriminate.

In this chapter, we address these two challenges by posing and answering the following ques-
tion:

How can we classify large numbers of cognitive states, even when examples for some cogni-
tive states we wish to discriminate are omitted from the training set?

We consider this question in the context of concrete noun recognition where the goal is to pre-
dict a specific concrete noun that a person is thinking about from a large set of possible nouns.
We analyze data collected from functional magnetic resonance imaging (fMRI). In subsequent
chapters we consider magnetoencephalography (MEG) and electroencephalography (EEG) as
well. We introduce a novel machine learning methodology called zero-shot learning, which can
classify specific words even when examples for those words are omitted from the training set.
We also show that for fMRI, the classifier can discriminate far above the chance level even when
choosing from nearly 1,000 possible words.

Using the zero-shot learning methodology, classes (e.g. words) are not represented by us-
ing simple class labels, but rather by using an intermediate semantic representation that includes
attributes and features of the underlying classes. For example, words could be represented as a
vector of features that describe the size, shape, weight, or function of the word. This is similar in
spirit to the work of Kay et al. [2008], Mitchell et al. [2008], Just et al. [2010], who utilize seman-
tic representations in a generative fashion to predict neural images for novel stimuli. Like these
works, the success of using an intermediate semantic representation depends largely on the qual-
ity of the features. In this chapter, we evaluate the effectiveness of two semantic representations:
one constructed from a large text corpora and another from human labeling.
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Figure 2.1: The semantic output code classifier (SOCC) is a two stage classifier (shown on
right) compared to a typical single stage classifier (shown on left). The SOCC uses a layer of
intermediate semantic features in between the input features and the class label. These semantic
features represent attributes of the class labels.

2.2 The Zero-Shot Learning Model

2.2.1 Overview
Standard machine learning classifiers such as support vector machines or logistic regression learn
a function h : X → Y , that maps a vector of input featuresX to a class label Y . For example, the
predictive features might be voxel activities from fMRI averaged over a particular time window,
and the class label might be a cognitive state such as whether the human subject is viewing a
picture or a sentence. The classifier is typically trained using a set of examples, each of which
includes values for the features X and their corresponding class labels Y . After training, the
classifier is used to predict the class label for a novel test example.

While this classifier approach works well for many applications, there are several drawbacks
when applied to neural imaging data. A primary concern is that most neural imaging classifica-
tion problems are inherently high dimensional, meaning that there are typically many thousands
of features in the input X to the classifier. In general, the higher the dimensionality of X , the
more training examples are required, but most neural image data sets have only a few hundred
training samples. Without applying feature selection, regularization, or dimensionality reduction
methods (e.g. PCA or LDA), it is very difficult to train a classifier than can perform better than
random chance. Further, the neural data are noisy, meaning that the predictive features for a spe-
cific class label can vary a large amount as examples are collected, making statistical correlation
between predictive features and a given class label very weak.

As a result, classification of neural imaging data with binary or even small numbers of classes
is a difficult problem. The problem scales in difficulty as more classes are considered and there-
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fore, little work has addressed problems on the scale of hundreds or even thousands of classes.
Further, collecting neural imaging data from human subjects is difficult due to the time and ex-
pense involved, making the collection of data containing thousands of classes an impractical
task. This is especially true for the task of concrete noun recognition, as it would be impossible
to collect training examples for the ten of thousands of nouns we may wish to classify.

To address the challenge of classifying many classes with little data, we developed zero-
shot learning, a novel machine learning classification methodology that does not require training
examples for each class that the classifier must discriminate. This is similar to previous work
in one-shot learning [Fei-Fei et al., 2006] that uses very few training examples, although we
describe a more difficult learning scenario in which the classifier much discriminate classes that
do not appear in the training set. Further, by using zero-shot learning the difficult problem of
creating a complex multi-class classifier is ameliorated by splitting the complex task into simpler
subtasks which can be often solved using binary classification or simple regression.

We focus on one particular implementation of a zero-shot learning algorithm known as the
semantic output code classifier which we introduced in Palatucci et al. [2009] and expand upon
in this chapter. Intuitively, our approach is to treat each class as a vector of semantic features
characterizing a large number of possible classes. Our models learn the relationship between in-
put data and the semantic features. This learned relationship is then used in a two step prediction
procedure to recover the class for novel input data (see Figure 2.1). Given new input data, the
models predict a set of semantic features corresponding to that input, and then find the class in
a semantic knowledge base that best matches that set of predicted features. Significantly, this
procedure works even if no input space example is available for the class, as long as a semantic
feature encoding of it exists in a semantic knowledge base.

2.2.2 Additional Related Work
The problem of discriminating classes that were omitted from a training set is similar to the
challenges of automatic speech recognition, where it is desirable to recognize words without ex-
plicitly including them during classifier training. To achieve vocabulary independence, speech
recognition systems typically employ a phoneme-based recognition strategy [Waibel, 1989].
Phonemes are the component parts which can be combined to construct the words of a language.
Speech recognition systems succeed by leveraging a relatively small set of phoneme recognizers
in conjunction with a large knowledge base representing words as combinations of phonemes.

To apply a similar approach to neural activity decoding, we must discover how to infer the
component parts of a words meaning from neural activity. While there is no clear consensus as
to how the brain encodes semantic information [Plaut, 2002], there are several proposed repre-
sentations that might serve as a knowledge base of neural activity, thus enabling a neural decoder
to recognize a large set of possible words, even when those words are omitted from a training
set.

In other domains, where the semantic representation of the classes is not obvious, little work
has been done. Some work by Larochelle et al. [2008] on zero-data learning has shown the ability
to predict novel classes of digits that were omitted from a training set by learning a mapping
between the digits and a canonical font. In computer vision, techniques for sharing features
across object classes have been investigated [Torralba and Murphy, 2007, Bart and Ullman, 2005]
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but relatively little work has focused on recognizing entirely novel classes, with the exception of
Lampert et al. [2009] predicting visual properties of new objects and Farhadi et al. [2009] using
visual property predictions for object recognition. In all of these works, the primary difficulty is
finding a useful intermediate representation that can be shared between all the classes, including
those that were omitted from a training set. In addition, none of these works consider the problem
from a theoretical standpoint to establish conditions for which prediction of a novel class is
possible. For more information and additional references and discussion of this literature, see
Section 1.5.2.

2.2.3 Formalism
We now present a formalism of the zero-shot learning model, and start with a few definitions and
simple examples for clarity.

Definition 1. Semantic Feature Space
A semantic feature space of p dimensions is a metric space in which each of the p dimensions
encodes the value of a semantic property. These properties may be categorical in nature or may
contain real-valued data.

As an example, consider a semantic space for describing high-level properties of animals.
In this example, we will consider a small space with only p = 5 dimensions. Each dimension
encodes a binary feature: is it furry? does it have a tail? can it breathe underwater? is it
carnivorous? is it slow moving? In this semantic feature space, the prototypical concept of dog
might be represented as the point {1, 1, 0, 1, 0}.

Definition 2. Semantic Knowledge Base
A semantic knowledge base K relating a p dimensional semantic feature space F p to a set Y of
M labels is a collection of pairs {f, y}1:M such that f ∈ F p and y ∈ Y . We assume a one-to-one
encoding between class labels and points in the semantic feature space.

A knowledge base of animals would contain the semantic encoding and label for many ani-
mals.

Definition 3. Semantic Output Code Classifier
A semantic output code classifierH : Xd → Y maps points from some d dimensional raw-input
space Xd to a label from a set Y such thatH is the composition of two other functions, S and L,
such that:

H = L(S(·))
S : Xd → F p

L : F p → Y

This model of a zero-shot classifier first maps from a d dimensional raw-input space Xd into
a semantic space of p dimensions F p, and then maps this semantic encoding to a class label. For
example, we may imagine voxel activity features from a neural image collected while a human
subject is thinking of the word dog. These features are first mapped into the semantic encoding
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of a dog described earlier, which is then mapped to the class label dog. As a result, our class
labels can be thought of as a semantic output code, similar in spirit to the error-correcting output
codes in the multi-class classifiers of Dietterich and Bakiri [1995].

As part of its training input, this classifier is given a set of N examples D that consists of
pairs {x, y}1:N such that x ∈ Xd and y ∈ Y . The classifier is also given a knowledge base K
of M examples that is a collection of pairs {f, y}1:M such that f ∈ F p and y ∈ Y . Typically,
M >> N , meaning that data in semantic space is available for many more class labels than in
the raw-input space. Thus,

A semantic output code classifier can be useful when the knowledge base K covers more of
the possible values for Y than are covered by the input data D.

To learn the mapping S, the classifier first builds a new set of N examples {x, f}1:N by
replacing each y with the respective semantic encoding f according to its knowledge base K. In
the simplest case, S is trained as a classifier independently for each semantic feature, and L can
simply be a lookup from the knowledge base K and does not require a separate training step.
More elaborate implementations of S might learn a joint model of the features using a neural
network, and L could also be trained as a classifier to learn a conditional distribution of the class
label Y from the semantic features.

The intuition behind using this two-stage process is that the classifier may be able to learn the
relationship between the raw-input space and the individual dimensions of the semantic feature
space from a relatively small number of training examples in the input space. When a new
example is presented, the classifier will make a prediction about its semantic encoding using the
learned S map. Even when a new example belongs to a class that did not appear in the training
setD, if the prediction produced by the S map is close to the true encoding of that class, then the
L map will have a reasonable chance of recovering the correct label. As a concrete example, if
the model can predict that the object has fur and a tail, it would have a good chance of recovering
the class label dog, even without having seen images of dogs during training. In short:

By leveraging a rich semantic encoding of the classes, the classifier can extrapolate and
recognize novel classes.

2.2.4 Theoretical Analysis
In this section we consider theoretical properties of a semantic output code classifier that de-
termine its ability to recognize instances of novel classes. In other words, we will address the
question:

Under what conditions will the semantic output code classifier recognize examples from
classes omitted from its training set?

In answering this question, our goal is to obtain a PAC-style bound: we want to know how
much error can be tolerated in the prediction of the semantic properties while still recovering the
novel class with high probability. We will then use this error bound to obtain a bound on the
number of examples necessary to achieve that level of error in the first stage of the classifier. The
idea is that if the first stage S(·) of the classifier can predict the semantic properties well, then
the second stage L(·) will have a good chance of recovering the correct label for instances from
novel classes.
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Figure 2.2: This figure shows the relationships between input features Xd, the classes Y , and
the intermediate semantic features F p. For the purposes of this analysis, we assume that we
can observe the output of the deterministic functions H−1(·) and L−1(·) for a given class drawn
from an arbitrary distribution Y . This provides samples from the input distribution X and also
from the semantic feature distribution F . In our PAC-based model, we learn the function H(·)
indirectly through S(·) and L(·). We analyze the performance based on the number of samples
N drawn from the input distribution X and also from the number of examples M drawn from
semantic feature distribution F .

As a first step towards a general theory of zero-shot learning, we will consider one instantia-
tion of a semantic output code classifier. We will assume that semantic features are binary labels,
the first stage S(·) is a collection of PAC-learnable linear classifiers (one classifier per feature),
and the second stage L(·) is a 1-nearest neighbor classifier using the Hamming distance met-
ric. By making these assumptions, we can leverage existing PAC theory for linear classifiers as
well as theory for approximate nearest neighbor search. Much of our nearest-neighbor analysis
parallels the work of Ciaccia and Patella [2000].

In Figure 2.2 we show the relationships between input features Xd, the classes Y , and the
intermediate semantic features F p. For the purposes of our analysis, we assume that we can
observe the output of the deterministic functionsH−1(·) and L−1(·) for a given class drawn from
an arbitrary distributionY . This provides samples from the input distributionX and also from the
semantic feature distribution F . In our PAC-based model, we learn the function H(·) indirectly
through S(·) and L(·). We analyze the performance based on the number of samples N drawn
from the input distribution X and also from the number of examples M drawn from semantic
feature distribution F .

In our analysis, we consider thatM samples are drawn from our semantic feature distribution
F . We call this specific set of samples our knowledge base K. The probabilistic bounds we
compute will be specific to this particular sample set, and will change if another sample set is
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used.
Further, we assume that there exists a point (class) q in this knowledge base that we would like

to predict. Depending on the set of classes in the knowledge base and also the particular choice
of semantic features, it should be obvious that points in semantic space may not be equidistant
from each other. A point might be far from others, which would allow more room for error in the
prediction of semantic features for this point, while maintaining the ability to recover its unique
identity (label). Conversely, a point close to others in semantic space will have lower tolerance
of error. In short, the tolerance for error in prediction of the semantic features F p is relative to a
particular point in relation to other points in semantic space.

Let d(q, q′) be the distance between the class of interest q and some other sample q′ repre-
senting another class in our sampled knowledge base. We define the relative distributionRq,K for
a point q and sampled knowledge base K as the probability that the distance from q to another
point q′ is less than some distance z:

Rq,K(z) = P (d(q, q′) ≤ z) ∀q′ ∈ K, q′ 6= q

This empirical distribution is just the fraction of points in K that are less than some distance z
away from q:

Rq,K(z) = P (d(q, q′) ≤ z) =
#points q′ 6= q in K with distance d(q, q′) <= z

M

Using this distribution, we can also define a distribution on the distance to the nearest neighbor
of q in K, defined as ηq:

Gq,K(z) = P (ηq ≤ z)

which is the probability that at least one point is ≤ z distance from q. This is given in Ciaccia
and Patella [2000] as:

Gq,K(z) = 1− (1−Rq,K(z))
M (2.1)

whereM is the sample size ofK. Now suppose that we define τq to be the distance from the class
q to a semantic feature prediction q̂ generated by applying S(·) to an input example x whose true
class label is q, i.e. H(x) = q.

Intuitively, we would like the nearest neighbor to q̂ in the knowledge base K to be the true
class q. However, we do not know until after training and prediction where exactly q̂ will lie
in the semantic space, and what feature predictions resulted in errors. As a result, we will con-
sider instead the nearest neighbor to the true class q, relative to its neighbors in K in order to
determine how many training examplesN are needed from X to ensure the semantic features are
sufficiently predicted such that q̂ is the nearest neighbor to q. This is a slight subtlety, but if the
distance is sufficiently small, both q and q̂ will be nearest neighbors of each other.

Recall that τq is the distance from our true class q to the prediction q̂. Intuitively, we would
like τq to be less than the distance from q to any other point in K. In other words, we would like
a small probability that the nearest neighbor to q from the other points in K is less than or equal
to τq. We’ll call this probability γ:

P q,K(ηq ≤ τq) ≤ γ
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Note that this is the same probability distribution Gq,K defined in Equation 2.1. Substituting τq
for z:

P q,K(ηq ≤ τq) ≤ γ

Gq,K(τq) ≤ γ

IfGq,K were invertible, we could immediately recover the value τq for a desired γ. But we cannot
guarantee that it will be invertible for all distributions. However, since Gq,K is a distribution
function, it will always monotonically increase from 0 to 1. As a result, we can define a function
G−1
q,K such that:

G−1
q,K(γ) = arg max

τq

[
Gq,K(τq) ≤ γ

]
Therefore, if our prediction error τq ≤ G−1

q,K(γ), then the chance of another point in K being
closer to q is no more than γ. As a result, we also have at least (1− γ) probability the prediction
q̂ is closest to q.

To ensure that we achieve this error bound, we need to make sure the total error of S(·)
is less than or equal to G−1

q,K(γ) which we define as τmaxq . We assume in this analysis that
we have p binary semantic features and a Hamming distance metric, so τmaxq defines the total
number of mistakes we can make predicting the binary features. Note with our assumptions, each
semantic feature is PAC-learnable using a linear classifier from a d dimensional input space Xd.
To simplify the analysis, we will treat each of the p semantic features as independently learned.
By the PAC assumption, the true error (i.e. probability of the classifier making a mistake) of
each of the p learned hypotheses is ε, then the expected number of mistakes over the p semantic
features will be τmaxq if we set ε = τmaxq /p. Further, the probability of making τmaxq mistakes or
fewer is given by the binomial distribution: BinoCDF(τmaxq ; p, τmaxq /p)

We can obtain the desired error rate for each hypothesis by utilizing the standard PAC bound
for VC-dimension1 [Mitchell, 1997]. To obtain a hypothesis with (1 − δ) probability that has
true error at most ε = τmaxq /p = G−1

q,K(γ)/p, then the classifier requires a number of examples
Nq,K,δ to be drawn from the input distribution X :

Nq,K,δ ≥
p

τmaxq

[
4log(2/δ) + 8(d+ 1)log(13p/τmaxq )

]
(2.2)

If each of the p classifiers (feature predictors) is learned with this many examples, then with
probability (1− δ)p, all feature predictors will achieve the desired error rate. But note that this is
only the probability of achieving p hypotheses with the desired true error rate. The binomial CDF
yields the probability of making τmaxq mistakes or fewer, and the (1 − γ) term above specifies
the probability that q̂ is closest to q if a maximum of this many mistakes were made. Therefore,
there are three probabilistic events that determine the probability that the semantic output code
classifier will make a prediction q̂ that is closer to q than all the other points in K. The total
(joint) probability of these events is the product of:

P (there are p feature predictors with true error ≤ τmaxq /p) ·
P (at most τmaxq mistakes made | there are p feature predictors with true error ≤ τmaxq /p ) ·
P ( the prediction q̂ is the nearest neighbor to true class q | at most τmaxq mistakes made)

1The VC dimension of linear classifiers in d dimensions is d+ 1
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and since τmaxq = G−1
q,K(γ), the total probability is given by:

(1− δ)p · BinoCDF(τmaxq ; p, τmaxq /p) · (1− γ) (2.3)

In summary, given desired error parameters (1 − γ) and (1 − δ) for the two classifier stages,
Equation 2.3 provides the total probability that the prediction q̂ will be the nearest neighbor of
q. Given the value for γ we can compute the ε necessary for each feature predictor. We are
guaranteed to obtain the total probability if the feature predictors were trained with Nq,K,δ input
examples sampled from X as specified in Equation 2.2.

To our knowledge, Equations 2.2 and 2.3 specify the first formal guarantee that provides con-
ditions under which a classifier is likely to predict novel classes that were omitted from the input
training set.

To help understanding, we’ll now provide a concrete example of using the above equations
to compute the probability of recovering a novel class using zero-shot learning.

Example 4. Computing the probability of recovering a novel class using zero-shot learning

In this example, we’ll assume there are d = 5 dimensions in the input space X , and also
p = 20 binary semantic features in F . We’ll draw a training set K of M = 10, 000 sam-
ples from our distribution of semantic points F . We obtain samples from this distribution by
sampling y from any arbitrary distribution Y over the classes Y , then applying a determinis-
tic semantic labeling function L−1(·). In this example, we’ll assume this function just assigns
a random point in the semantic space to this class. Specifically, we’ll assume that each point
in the semantic space is generated by using a fair Bernoulli trial for each of the p = 20 di-
mensions. In other words, we would run the Bernoulli trial 20 times to obtain a point such as:
{0,1,1,0,1,1,1,0,0,1,0,1,1,0,0,1,1,1,0,1}. We repeat this process M = 10, 000 times to obtain our
sample set K.

For this example, we assume the true class we want to recover is the point with all zeros, i.e.
q = {0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0}.Given this true class q, we can compute the
Hamming distance d(q, ·) from q to each of the 10,000 points in our sampled set to obtain the
relative distribution:

Rq,K(z) = P (d(q, ·) ≤ z) =
#points in K with Hamming distance <= z from q

10, 000

Obtaining this relative distribution allows us to immediately obtain the nearest neighbor distri-
bution from Equation 2.1 where M = 10, 000:

Gq,K(z) = 1− (1−Rq,K(z))
10,000

We computed Gq,K(z) for all values z = 1 . . . 20. The values for z = 1 . . . 5 are: {0, 0.63214,
0.99988 , 1, 1}. If we set γ = 0.635, then G−1

q,K(γ) = 2. This means with probability γ = 0.635,
the nearest neighbor is less than or equal to distance 2 from q. We’ll return to this point in a
moment.
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Now suppose we want to PAC-learn the first stage S(·) of the zero-shot learner. We assume
that each semantic feature (i.e. dimension) is PAC-learnable from X using a linear classifier.
We’ll draw a training set D of N samples from our distribution of input points X . We’ll obtain
these samples by sampling y from any arbitrary distribution Y over the classes Y , then applying
a deterministic input labeling function H−1(·) to obtain the the input example x ∈ X . For each
x, we also obtain the semantic labeling f ∈ F . This provides the training set to PAC learn a
collection of p = 20 functions, one for each binary semantic feature:

Si : X → {0, 1} i = 1 . . . 20

Now, since we’re assuming each feature is PAC-learnable using a linear classifier of d dimen-
sions, the standard VC bound applies [Mitchell, 1997]:

N ≥ 1

ε

[
4log2(2/δ) + 8(d+ 1)log2(13/ε)

]
(2.4)

If we use at leastN training examples, then with probability (1−δ), we will obtain a classifier
with true error at most ε. If we choose an error rate ε = 0.05 and δ = 0.001, with d = 5 we
obtain N = 8, 579.

Assuming we use N = 8, 579 training examples, we can compute the total probability of
recovering the class by calculating:

1. The hypothesis probability: The probability of obtaining p classifiers, each with error rate
at most ε, is obtained by computing (1−δ)p since we assume each is independently learned.
With δ = 0.001 and p = 20, we obtain 0.98019.

2. The max error probability: Making z errors when predicting the semantic features is the
same as a Hamming distance of z because z bits are incorrect. Since each of the p clas-
sifiers has error rate at most ε, the probability of incurring z errors or less is given by the
Binomial CDF, binocdf (z; p, ε). If the max number of errors is z = 2, with p = 20 and
ε = 0.05, we obtain 0.92452.

3. The recovery probability: The probability of the nearest neighbor of q being less than z is
P (ηq ≤ z) = Gq,K(z) ≤ γ. If the error of the prediction q̂ is z, and the nearest neighbor
to q in K is less than z, then the class was most likely not predicted correctly since some
point in K is closer to q than q̂. Since the probability of making this mistake is at most γ,
the probability of q̂ being closest to the true class q is at least (1 − γ). Given our specific
sample of pointsK along with the true class we want to recover q, we can compute z using
G−1
q,K(γ). In our example, we choose γ = 0.635 to obtain z = 2. Therefore, the probability

of q̂ being closest to q given we make at most z = 2 errors is at least (1− 0.635) = 0.365.

To obtain the total (joint) probability, we multiple these three probabilistic events together.
Thus, usingM = 10, 000 samples from our semantic space of p = 20 dimension, andN = 8, 579
samples from our input space of d = 5 dimensions, the total probability of recovering the point
q = {0, . . . , 0} is: 0.33076 using PAC-learnable linear classifiers.

In this particular example the bound is not tight, primarily because of the choice of true
class q, along with the random distribution of points in the semantic space. We believe that
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Figure 2.3: The event related paradigm. Line drawings were presented as white lines on black
background (shown reversed here for clarity).

given a different distribution as well as true class q that is reasonably far from its neighbors, the
bound would be significantly tighter. This is despite the fact that our model follows a worst-case
analysis that is typical in the PAC framework.

2.3 Case Study: Classifying Concrete Nouns using fMRI
In this section we empirically evaluate a semantic output code classifier on a neural decoding
task. The objective is to decode novel concrete nouns a person is thinking about from fMRI
images of the person’s neural activity, without including example fMRI images of those words
during training.

2.3.1 fMRI Imaging Paradigm and Task
The fMRI datasets we used were the same as those in Mitchell et al. [2008]. Participants were
presented with 60 stimuli, each being a picture drawing and corresponding word labeling of a
concrete noun. There were five exemplars from twelve different semantic categories (Table 2.1).
The line drawings were taken from or modeled after those in Snodgrass and Vanderwart [1980].
White lines and white text were shown over a black background.

The following event-related paradigm was used in fMRI: the stimulus was presented for 3s,
followed by 7s of a fixation condition where an X was shown in the center of the screen (Figure
2.3). The set of 60 stimuli were shown six times for fMRI with a random permutation of the set
used for each presentation.

The participants were asked to think about properties of the stimulus words during presenta-
tion. To encourage a repeatable set of imagined properties for each word, the participants were
asked before entering the scanner to create a list of properties for each of the 60 words. Each
participant was allowed to create his/her own set of properties and were not limited to a par-
ticular set. Further, each participant had no knowledge of the properties selected by the other
participants.
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Category Exemplar 1 Exemplar 2 Exemplar 3 Exemplar 4 Exemplar 5
animals bear cat cow dog horse
body parts arm eye foot hand leg
buildings apartment barn church house igloo
building parts arch chimney closet door window
clothing coat dress pants shirt skirt
furniture bed chair desk dresser table
insects ant bee beetle butterfly fly
kitchen utensils bottle cup glass knife spoon
man-made objects bell key refrigerator telephone watch
tools chisel hammer pliers saw screwdriver
vegetables carrot celery corn lettuce tomato
vehicles airplane bicycle car train truck

Table 2.1: The sixty stimulus words with five exemplars from twelve different semantic cate-
gories.

2.3.2 fMRI Data Collection Procedures

Eleven human participants were drawn from the Carnegie Mellon community and gave written
informed consent approved by the University of Pittsburgh and Carnegie Mellon Institutional
Review Boards. Two participants were excluded due to excessive head motion and the remain-
ing nine were right-handed (5 female). The images were collected with a Siemens Allegra 3.0T
scanner using a gradient echo EPI pulse sequence with TR = 1000ms, TE = 30 ms and a 60◦

flip angle. Seventeen 5-mm thick oblique-axial slices were imaged with a gap of 1-mm between
slices, and the acquisition matrix was 64 x 64 with 3.125-mm x 3.125-mm x 5-mm voxels. Raw
images contained approximately 20,000 voxels. The data were processed using the Statistical
Parametric Mapping software (SPM2, Wellcome Department of Cognitive Neurology, London,
UK) for slice timing, motion correction, linear trend, and were also normalized into MNI space.
A percent change relative to a fixation condition was computed at each voxel for each presenta-
tion. A single fMRI mean image was created for each of the 360 item presentations by taking the
mean of the four images collected around the peak hemodynamic response (4s-7s post stimulus
onset).

2.3.3 Computing Cluster

The experiments described in this chapter were performed using the Open Cirrus [Avetisyan
et al., 2010] computing cluster at Intel Labs Pittsburgh. The experiments were implemented using
the Distributed Computing Engine (DCE) and Parallel Computing Toolbox (PCT) of MATLAB
and were performed with 32 processing cores using the virtual machine manager Tashi.
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2.3.4 Acquiring Semantic Knowledge Bases

The success of the zero-shot learning model depends on choosing an appropriate semantic space
for the classes. Specifically, the features need to be reasonably predictable from the raw input
data. Further, they need to be sufficiently different between classes, so even if they are imper-
fectly predicted from the first stage of the classifier, the second stage will still have a chance to
predict the correct class label.

We collected and tested two semantic knowledge bases for 1,000 concrete nouns, including
the 60 stimuli words. In the first semantic knowledge base, corpus5000, each word is rep-
resented as a co-occurrence vector with the 5000 most frequent words from the Google Trillion
Word Corpus, which is a database of statistical co-occurrences of words computed over several
billion webpages 23. Additional parsing and formatting of the co-occurrence statistics were per-
formed by Andy Carlson and the dataset can be downloaded from:
http://www.thoughtrec.com.

The second semantic knowledge base, human218, was created using the Mechanical Turk
human computation service from Amazon.com. Humans were asked 218 questions about the
semantic properties of the 1,000 words. The questions were inspired by the game 20 Questions
and were selected to reflect psychological conjectures about neural activity encoding for concrete
nouns. For example, the questions were related to size, shape, surface properties, and typical
usage. These were selected based on conjectures that neural activity for concrete objects is
correlated to the sensory and motor properties of the objects. Example questions include is it
shiny? and can you hold it?. Users of the Mechanical Turk service answered these questions for
each word on a scale of 1 to 5 (definitely not to definitely yes). At least three humans scored
each question and the median score was used in the final dataset. The dataset was collected by
Dean Pomerleau and can be downloaded from: http://www.thoughtrec.com.

2.3.5 Data Normalization and Preprocessing

After collecting the fMRI and semantic datasets described above, we applied several unsuper-
vised preprocessing steps before applying the model described below. For fMRI, there were six
presentations of each of the 60 stimuli words. We normalized each of the 360 images (i.e. each
row) to zero mean and unit variance, and then averaged the six presentations together to obtain
a single image for each word. The means over each voxel (i.e. column) were then subtracted
to yield zero-mean columns. In the language of the semantic output code classifier, this dataset
represents the collectionD, with 60 raw-input space examples. In this data matrix, the row index
indicates the word, and the column index indicates the voxel.

Also, for both semantic feature sets, the rows were normalized to have unit length. Each row
index indicates the word and the column index indicates the semantic feature. This step is espe-
cially important for the corpus5000 text features, to normalize for the different frequencies
between words.

2Vectors are normalized to unit length and do not include 100 stop words like a, the, is.
3The Google Trillion Word Corpus is available for download at: http://googleresearch.blogspot.com/2006/08/all-

our-n-gram-are-belong-to-you.html
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2.3.6 Regression Model

In our experiments, we use multiple output linear regression to learn the S(·) map of the semantic
output code classifier. Let X ∈ <N∗d be a training set of examples where each row is the image
for a particular word and d is the number of dimensions of the neural activity pattern. During
training for fMRI, we apply the voxel-stability preprocessing step described in Mitchell et al.
[2008] to reduce d from about 20,000 voxels to 500. This is a dimensionality reduction process
which selects the voxels with the most consistent response from trial to trial. Let F ∈ <N∗p be
a matrix of semantic features for those N words (obtained from the knowledge base K) where
p is the number of semantic features for that word (e.g. 218 for the human218 knowledge
base). We learn a matrix of weights Ŵ ∈ <d∗p which maps from neural activity to a set of
semantic features. In this model, each output is treated independently, so we can solve all of
the resulting least squares solutions quickly in one matrix operation (even with thousands of
semantic features):

Ŵ = (XTX + λId)−1XTF (2.5)

where Id is the identity matrix with dimension d ∗ d and λ is a regularization parameter chosen
automatically using the cross-validation scoring function [Hastie et al., 2001, page 216]4. One
disadvantage of Equation (2.5) is that it requires an inversion of a d by dmatrix, which is compu-
tationally slow (or even intractable) for any moderate number of input features. With this form,
it would be impossible to compute the model for fMRI without first reducing the voxels to a
smaller number using some method such as the voxel-stability step described earlier.

However, a simple computational technique can overcome this problem by rewriting Equa-
tion (2.5) in its dual form, also known as its kernel form. Following the procedure described in
[Jordan and Latham, 2004] we obtain:

Ŵ = XT (XXT + λIN)−1F (2.6)

This equation is known as kernel ridge regression and only requires inversion of an N ∗ N
matrix. This is highly useful for neural imaging tasks where N is the number of examples which
is typically small, while the number of features d can be very large. Further, another computa-
tional technique from [Guyon, 2005] shows that with a little pre-computation, it is possible to
obtain the inverse for any additional regularization parameter λ in time O(N), much faster than
the time required for a full inverse O(N3). Combined with the cross-validation scoring func-
tion from Hastie et al. [2001, page 216], the end result is an extremely fast method for solving
the resulting regression even with thousands of input and semantic features, while automatically
selecting the best regularization parameter λ from a large grid of possible parameter choices.
Sample code for this procedure is available at:
http://www.thoughtrec.com

4We compute the cross-validation score for each output (i.e. prediction of a particular semantic feature), and
choose the parameter that minimizes the average loss across all outputs.
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Using this form, it is possible to quickly obtain the weight matrix Ŵ. Then, given a novel
neural image x ∈ <1∗d, we can obtain a prediction f̂ ∈ <1∗p of the semantic features for this
image by multiplying the image by the weights:

f̂ = x · Ŵ (2.7)

For the second stage of the semantic output code classifier, L(·), we simply use a 1-nearest
neighbor classifier. In other words, L(̂f) will take the prediction of features and return the closest
point in a given knowledge base according the specified distance metric. Since our semantic
datasets used real valued numbers, we will use the Euclidean distance (L2) metric.

2.3.7 Experimental Results
Using the model and datasets described above, we now pose and answer several questions.

1. Can we build a classifier to discriminate between two classes, where neither class appeared
in the training set?

To answer this question, we performed a leave-two-out-cross-validation. Specifically, we
trained the model in Equation 2.6 to learn the mapping between 58 fMRI images and the semantic
features for their respective words, leaving out the other two words from the 60 available. For
both held out images, we applied the learned weight matrix Ŵ to obtain a prediction of the
semantic features, and then we used a Euclidean distance metric that equally weights features to
compare the vector of predictions to the true semantic encodings of the two held-out words. The
labels were chosen by computing the sum of the distances in the two labeling configurations (i.e.
the words with their true labels or the reverse labeling) and choosing the labeling that results in
the smallest total distance. For example, if dist() is the Euclidean distance, and p1 and p2 are the
two predictions for the held out words, and s1 and s2 are the true semantic encodings, then the
labeling was correct if:

dist(p1, s1) + dist(p2, s2) < dist(p1, s2) + dist(p2, s1)

This process was repeated for all
(
60
2

)
= 1, 770 possible leave-two-out combinations.

Figure 2.4 shows the results for the two different semantic feature knowledge bases de-
scribed earlier. We see that the human218 semantic features significantly outperformed the
corpus5000 features, with mean accuracies over the nine participants of 88.9% and 76.3%
respectively, while chance accuracy is only 50%.

We believe that the lower performance of the corpus5000 features is due to the overloaded
meaning of individual words that results from using co-occurrence statistics of web corpora. For
example, the word bee (the insect) most frequency occurs with the word gees, obviously because
of the rock band The Bee Gees. As another example, we noticed the word saw has co-occurrences
based on its many uses, both as a noun and verb. Clearly, the context cannot be captured by
using simple co-occurrence statistics. In the human218 features, context is not an issue as it
was specified in advance and given as part of the labeling instructions for a given word.
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Figure 2.4: Percent accuracies for leave-two-out-cross-validation for 9 fMRI participants (la-
beled P1-P9). The values represent classifier percentage accuracy over 1,770 trials when dis-
criminating between two fMRI images, both of which were omitted from the training set. The
chance accuracy level is shown as a solid black line and the significance threshold (at the 5%
level) is shown as the dotted black line.

To determine statistical significance of both accuracies, we estimated the empirical distri-
bution of chance accuracies using simulation. Specifically, we repeated the experiment 1,000
times, replacing the true fMRI data for each subject with random data generated from a normal
distribution. We used the same preprocessing pipeline on the random data. Using the resulting
accuracies of these random experiments, we determined the significance threshold at the 5% level
to be 61%. At this level, eight of nine subjects were found to be significant for the corpus5000
features, and all nine subjects were found to be significant for the human218 features.

For both feature sets, we see that:

For each of the nine participants, it is possible to discriminate between two novel classes,
even though neither appeared in the training set.

This is an important result for neural imaging studies, as it is not absolutely necessary to
collect training data for each class we wish to discriminate. It is only necessary that the training
data share semantic similarities with the held out classes. This is similar in spirit to our previous
results in Mitchell et al. [2008] that shows we can generate fMRI images for a novel word.
However, for the purpose of concrete noun recognition, where the goal is to decode the specific
noun, a model that predicts the semantic features from the fMRI far outperforms a model that
predicts the fMRI image from the semantic features. The increased accuracy is not just from
using a better feature set, as using the same generative model described in Mitchell et al. [2008]
with the human218 features described here yields accuracy of 82%, compared to the accuracy

31



Figure 2.5: Average accuracies when discriminating words in the same category in the leave-
two-out prediction task. Results are averaged by category across nine fMRI participants. This
result shows that using intermediate semantic features often allows words to be discriminated
even when they are in the same category of object.

using the zero-shot learning model of 88.9%.
We conjecture that even using voxel selection, there are only a few relevant voxels useful for

predicting semantic features. For a given semantic feature, we believe most voxels will be irrele-
vant and will be disregarded because of the model regularization if voxels are used as the model’s
input. If voxels are used as outputs, however, we suspect many will not be learnable from the
semantic features. This task is also harder, since the voxels values are real-valued compared to
the more categorial nature of the semantic features, at least in the case of the human218 fea-
tures. As another point, there is significant redundancy in the human218 features as many are
highly correlated. For example is it alive? and is it manmade? are nearly perfectly correlated.
We believe this redundancy leads to more accurate predictions in the second stage of the zero-
shot learner, similar to the effects observed in multi-class classifiers that utilize error-correcting
output codes [Dietterich and Bakiri, 1995].

2. What if the two classes are from the same category?

We also computed the accuracy of the leave-two-out experiment when only considering test
pairs of held-out words that are in the same category. The goal was to determine whether the
classifier could distinguish words at a granularity higher than the category of object. Figure (2.5)
shows that for ten of twelve categories, it is possible to discriminate between words in the that
category above the chance level. When averaged over all nine fMRI subjects and twelve cate-

32



0 1 2 3 4 5 6 7

Tools

Foods

Clothing

Furniture

Buildings

Vehicles

Body Parts

Kitchen Items

Building Parts

Insects

Manmade

Animals

Semantic Feature Distance

Within Category Total Semantic Feature Distance

C
at

eg
or

y

Figure 2.6: Average distances between words in the same category using the human218 seman-
tic features. Features for an individual word were normalized to unit length before comparisons
were made. The categories clothing, foods and tools had the smallest semantic feature distances
on average, and also the lowest within-category predictive accuracy. The categories buildings
and furniture, however, had relatively small semantic feature distances between words, but these
two categories had the highest within-category prediction accuracy, suggesting that features that
discriminate words within these categories can be predicted more accurately than the features
that discriminate other categories such as clothing.

gories, 686 of 1080 possible tests were correct, yielding nearly 64% accuracy. For comparison,
the accuracy when word pairs were not in the same category was 90.7%.

To investigate why certain categories had higher within-category accuracy, we plotted the
average distances between words in the same category using the human218 semantic features in
Figure 2.6. The categories clothing, foods and tools had the smallest semantic feature distances
on average, and also the lowest within-category predictive accuracy. The categories buildings
and furniture, however, had relatively small semantic feature distances between words, but these
two categories had the highest within-category prediction accuracy, suggesting that features that
discriminate words within these categories can be predicted more accurately than the features
that discriminate other categories such as clothing.

We also reproduced an image from the Online Supporting Material of Mitchell et al. [2008]
that shows the cosine similarity between the actual fMRI images for the 60 stimuli words used
in our experiments. The Figure 2.7 was generated using the same dataset used in our work. We
see high similarity for images in the buildings category and also for the tools category. Interest-
ingly, the buildings category had the highest within-category predictive performance using our
human218 semantic features, while tools had the lowest. This is most likely the result of small
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distances between semantic features describing tools as well as higher predictive accuracy of
semantic features that discriminate buildings.

This leads us to conjecture that within-category discrimination is possible when enough se-
mantic features differ between objects in the same category, and these features are also pre-
dictable from the neural activity observed. We explore this conjecture in the next section.

3. How is the classifier able to discriminate between closely related novel classes?

Figure 2.8 shows ten semantic questions (features) from the human218 dataset. The graph
shows the true values along with the predicted feature values for both bear and dog when trained
on the other 58 words. We see the model is able to learn to predict many of the key features
that bears and dogs have in common such as is it an animal? as well as those that differentiate
between the two, such as do you see it daily? and can you hold it? For both of these novel words,
the features predicted from the neural data were closest to the true word.

4. Can we decode the word from a large set of possible words?

Given the success of the semantic output code classifier at discriminating between the brain
images for two novel words, we now consider the much harder problem of discriminating a
novel word from a large set of candidate words. To test this ability, we performed a leave-one-
out-cross-validation, where we trained using Equation 2.6 on images and semantic features for
59 words. We then predicted the features for the held-out image of the 60th word, and then
performed a 1-nearest neighbor classification in a set of candidate words.

We tested two different candidate word sets. The first was mri60 which is the collection of
all 60 concrete nouns for which we collected fMRI data, including the 59 training words and the
single held out word (these were the only words for which we collected fMRI data). The second
set was noun940, a collection of 940 English nouns with high familiarity, concreteness and
imaginability, compiled from Wilson [1988] and Snodgrass and Vanderwart [1980]5. For this set
of words, we added the true held-out word to the set of 940 on each cross-validation iteration.
We performed this experiment using both the corpus5000 and human218 feature sets. The
rank accuracy results (over 60 cross-validation iterations) of the four experiments are shown in
Figure 2.9.

The rank accuracy shown measures the rank or likeliness of the true class against all the other
class predictions. It is useful to gauge classifier performance when the classifier does not rank
the true class as the most likely. For example, if there are 100 possible classes and the true class
was considered more likely than 90 other classes (rank of 10), the rank accuracy would be 0.909
or 90.9%. Rank accuracy can be computed by:

Rank accuracy = 1− Rank of true class rank among predictions− 1

# of classes− 1

Using this rank accuracy measure in Figure 2.9, we see the human218 features again sig-
nificantly outperform corpus5000 on both mean and median rank accuracy measures. While

5The list of words does not include the 60 words for which we collected fMRI data. This list is available online
at: http://www.thoughtrec.com
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Figure 2.7: An image reproduced from the Online Supporting Material of Mitchell et al. [2008]
that shows the cosine similarity between fMRI images for the 60 stimuli words. This is the same
dataset used in our work. We see high similarity for images in the buildings category and also for
the tools category. Interestingly, the buildings category had the highest predictive performance
using our human218 semantic features, while tools had the lowest. This is most likely the
result of small distances between semantic features describing tools as well as higher predictive
accuracy of semantic features that discriminate buildings.
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Figure 2.8: Ten semantic features from the human218 knowledge base for the words bear and
dog. The true encoding is shown along with the predicted encoding when fMRI images for bear
and dog were left out of the training set. The Y-axis represents the value of the semantic features
after scaling normalizations.
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Figure 2.9: The mean and median rank accuracies across nine participants for two different
semantic feature sets. Both the original 60 fMRI words and a set of 940 nouns were considered.

both feature sets perform well above chance, we believe once again that the human218 features
performed much better because they do not suffer the multiple meanings and overloaded context
that are endemic in the corpus5000 features. For example, in one context on the web the
word saw might correspond to the physical tool, but in another context it might represent the past
tense of the verb to see. Further, the human218 features were also collected while humans were
actually thinking about the attributes of the given words, similar to what the human subjects were
asked to do in the neural imaging experiment.

On 12 of 540 total presentations of the mri60 words (60 presentations for each of nine
participants), the human218 features predicted the single held-out word above all 59 other
words in its training set. With 60 possible choices, the chance accuracy is 1.7%. While just a
bit above expected number of chance correct predictions (9 of 540), the fact that the model ever
chooses the held-out word over all the training words is noteworthy since the model is likely to
be biased towards predicting feature values similar to the words on which it was trained. On
the noun940 words, the model predicted the correct word from the set of 941 alternatives a
total of 26 times (4.8%) for the human218 features and 22 times (4.1%) for the corpus5000
features. For the most accurate subject, the model correctly picked the right word from the set
of 941 nearly 12% of the time. With 941 possible choices, the chance accuracy of predicting a
word correctly is only 0.1%, meaning we would expect less than one correct prediction across
all 540 presentations.

As Figure 2.9 shows, the median rank accuracies are often significantly higher than the mean
rank accuracies. Using the human218 features on the noun940 words, the median rank ac-
curacy is above 90% for each participant while the mean is typically about 10% lower. Using
simulation, we determined the accuracy at the 5% statistical significance level to be 63.8%, yield-
ing p-values near zero for all participants for both mean and median results.

We believe the mean to be worse than the median due to the fact that several words are
consistently predicted poorly. The prediction of words in the categories animals, body parts,
foods, tools, and vehicles typically perform well, while the words in the categories furniture,
man-made items, and insects often perform poorly.
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Bear Foot Screwdriver Train Truck Celery House Pants
(1) (1) (1) (1) (2) (5) (6) (21)
bear foot screwdriver train jeep beet supermarket clothing
fox feet pin jet truck artichoke hotel vest
wolf ankle nail jail minivan grape theater t-shirt
yak knee wrench factory bus cabbage school clothes
gorilla face dagger bus sedan celery factory panties

Table 2.2: The top five predicted words for a novel fMRI image taken for the word in bold
(all fMRI images taken from the top performing participant). The number in the parentheses
contains the rank of the correct word selected from 941 concrete nouns in English. Eight words
were selected to show the semantic similarities of the predicted words for both accurate and
inaccurate predictions.

To gain intuition as to how the model is able predict held out words from such a large set,
we selected the word bear and plotted the predicted semantic features for bear along with
the semantic feature vectors for all 60 fMRI stimulus words (from the human218 dataset). To
visualize the classifier performance, we created a 2-D embedding by performing a dimensionality
reduction on the combined data using t-weighted stochastic neighborhood embedding(t-SNE)
[van der Maaten and Hinton, 2008]. Figure 2.10 shows the result. We see the predicted semantic
features for the word bear in red, along with its true encoding shown in black. In both the
original space as well as this lower dimensional space, we can see that the prediction for bear
is closer to its true encoding than any other word. As a result, this prediction was made correctly.

Even when the correct word is not the closest match, however, the words that best match
the predicted features are often very similar to the held-out word. Table 2.2 shows the top five
predicted words for eight different held-out fMRI images for participant P1 (i.e. the 5 closest
words in the set of 941 to the predicted vector of semantic features). For example, while truck
was not the closest word to the model’s prediction, it was second behind jeep, and all five of
the closest words to the prediction were vehicles. These results show that:

By using an intermediate semantic feature representation, it is often possible to discriminate
words that are within the same category, even when choosing from a large possible set of words.

Negative Results

Computational speed was a large factor in choosing the kernel ridge regression model for the first
stage of the classifier. A common question we receive is why not use a more modern method like
Support Vector Machines or Support Vector Regression. Besides being significantly computa-
tionally slower, our tests found no performance advantage of these more complicated algorithms
over the simpler kernel ridge regression model.

Support Vector Regression offered no noticeable advantage and was roughly equivalent in
performance, while Support Vector Machines offered a substantial decrease in performance. We
attribute this to the information loss incurred when modifying the semantic features to binary. It
does appear from our experiments that there is substantial value to having semantic features that

38



bear

Figure 2.10: A 2-D visualization of the semantic feature space for the 60 fMRI stimulus words,
along with the predicted feature vector for the word bear shown in red. The prediction for
the word bear was closer to the true encoding for bear than for any other word. This two-
dimensional plot was generated by applying the dimensionality reduction method t-SNE to the
original semantic space of 218 dimensions. Circles were added to show the category information.

are real valued, or at least have several levels of gradation.
We also experimented with Markov-Random-Field (MRF) models to leverage the geomet-

ric relationships between the voxels. Again, performance was slightly lower than our simpler
heavily regularized linear models.

We also explored Restricted Boltzmann Machines (RBMs) to learn better input features to
the linear model. Although the RBMs learned a layer of features that appeared to be highly
localized neural activity patterns, the performance was not better than the standard regularized
linear model.

Similarly, supervised neural networks offered little to no performance advantage over the
standard regularized linear model.

Regularization did matter significantly, and improper tuning of the lambda penalty could
lead to poor performance. Given the very noisy data, with many irrelevant voxel features, and

39



so few examples, we are not optimistic about the performance potential of more sophisticated
algorithms.

Using the kernelized version of the ridge regression algorithm we explored models that uti-
lized all 20,000 voxels across the entire brain rather than just the 500 selected by the unsupervised
preprocessing voxel-stability method. While the models worked, performance was fairly lower.

In our leave-two-out experiment, we explored numerous methods for selecting better subsets
of semantic features per holdout. Intuitively, we believed we should only focus on the semantic
features that allowed us to most reliably discriminate the held-out pair. While we were convinced
this would lead to better performance, we were unable to generate a method that performed
universally better than just using all the available features. We explore this in more depth in the
following chapter, and report several important, and slightly counter-intuitive discoveries about
the zero-shot learning model.

2.4 Future Work
We found in our zero-shot learning experiments that the largest improvement in classifier ac-
curacy resulted from using the human labeled semantic features (human218) rather than those
generated from corpus statistics (corpus5000). While the human218 semantic feature set
performed reasonably well, additional work should explore what other semantic features could
be classified accurately. The features we considered focused mostly of physical properties such
as size and shape. Other semantic features, such as those related to function or purpose should
be explored as well.

Future work should also explore classifying words that are not concrete nouns, such as ad-
jectives, verbs, and also more abstract nouns like democracy. If different parts of speech can be
classified, an obvious next goal would be to experiment with classifying phrases or short sen-
tences. This challenging goal will require models that fully utilize the temporal dimension of
neural activity, rather than the simpler single time point features described in this chapter. It is
likely that scanners such as MEG and EEG that better measure the temporal dimension of neural
activity will be required.

Another interesting direction would be to combine the methodologies described here with
other brain-computer-interface techniques like P300 [Donchin et al., 2000]. P300 is a very con-
sistent pattern of neural activation that occurs 300 milliseconds after a thought or perception and
is commonly used as a triggering signal in brain-computer-interfaces [Guger et al., 2011]. To
combine with P300, the zero-shot learning model could be used to narrow word selections down
to a small set of semantically similar choices, while the P300 signal could be used to accurately
make a selection from the small set. We believe the combination of these two techniques may
eventually lead to non-invasive vocal prosthetics. While it may not be possible to decode full
sentences, recognition of even small vocabularies combined with speech synthesis capabilities
may lead to useful applications for the disabled.

Other researchers have explored vocal prosthetics using invasive techniques that measure
firings of small numbers of neurons directly [Brumberg et al., 2010]. Rather than considering
word semantics, these researchers focus on predicting specific phonemes of the desired words.
To our knowledge, exploring invasive techniques for classification of word semantics have not

40



been explored, and we believe this would be an interesting area for further research. However,
in our own work and also that of Mitchell et al. [2008], we’ve found the neural activity patterns
of semantic processing to be highly distributed, making it difficult to study invasively using the
tiny microarrays commonly used in invasive neural prosthetics [Schwartz, 2004].

For more machine learning oriented researchers, the zero-shot learning paradigm is a rich
area for further study. We believe there are many applications of this model including computer
vision and analogy solving. For example, in computer vision, it has recently been shown that it is
possible to classify certain attributes of objects from images [Lampert et al., 2009, Farhadi et al.,
2009]. Similar to our own work, these papers show that it is possible to classify objects with far
fewer training examples.

With regards to analogy solving, we believe one way to solve analogies, such as those used
in standardized tests like the SAT, is to model the relationships between words using crowd-
sourcing tools like Mechanical Turk to generate a semantic feature space that contains both
physical and functional attributes of words. Solving an analogy might be reduced to computing
distances within this semantic space. Similar work using semantic features based on corpus
statistics is described in Turney [2006, 2008], Veale [2004].

We also feel there are interesting theoretical challenges related to the zero-shot learning
model, from proving performance guarantees under different modeling assumptions, to choosing
optimal coding of semantic information. The choice of optimal semantic code is closely related
to the problem of active learning, which seeks to choose the most useful training examples for
the learning algorithm. This is particularly useful when training examples are difficult to acquire,
which is certainly the case when collecting neural data from fMRI.

Given a particular semantic code, an active learning algorithm could minimize the number
of training examples necessary to predict a particular set of classes. It could also be used to
automatically explore different semantic codes by choosing examples to determine predictability
of certain semantic features.

2.5 Conclusion
In this chapter, we presented a formalism for a zero-shot learning algorithm known as the se-
mantic output code classifier. This classifier can predict novel classes that were omitted from a
training set by leveraging a semantic knowledge base that encodes features common to both the
novel classes and the training set. We studied this model in a PAC framework and proved the first
formal guarantee that shows conditions under which this classifier will predict novel classes.

We applied this framework to the task of concrete noun recognition and demonstrated that
we can discriminate concrete nouns that people are thinking about far above the chance level
without any training examples of those nouns. This is an important result for the neural imaging
community as it shows that using a small amount of training data, it is possible to discriminate a
much larger set of cognitive states, thereby saving significant time and expense when collecting
data from human subjects.

When applied to fMRI data, we showed that the model can discriminate certain nouns that
are within the same category with significantly higher accuracy than previously possible. These
results advance the state-of-the-art in neural decoding and are a promising step towards a large
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vocabulary brain-computer interface.

2.6 Additional Chapter Remarks
Sample Code

We provide the fMRI datasets used in this chapter as well as sample code for the described
methodologies. The code and data can be downloaded from: http://www.thoughtrec.com
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Chapter 3

Semantic Feature Selection using Support
Vector Ranking

IN the previous chapter we found that performance of the zero-shot learning model varied
greatly depending on the semantic features used. While we considered several different semantic
feature sets independently, our models used all the available semantic features during training,
without considering that several of the features may be irrelevant, meaning they are unpredictable
from the input data and potentially harmful to task performance.

In this chapter, we present a method based on support vector ranking [Herbrich et al., 1999]
and structured prediction [Ratliff et al., 2007] that can select the most useful semantic features
during training time. This allows the model to automatically disregard the least useful features,
easing the burden of creating a semantic feature set by eliminating the need to identify the most
useful features a priori. The interpreted model can yield insights as to what semantic features
are not only predictable, but also useful for discriminating the classes from one another.

While we found the support vector ranking method can identify useful subsets of semantic
features, the performance benefit was most substantial when the final semantic feature sets used
in the model were small. Surprisingly, the benefit of selecting subsets of semantic features de-
creased as the number of features used in the model increased. Consequently, the zero-shot learn-
ing model appears quite robust to irrelevant features, meaning it is far more important to make
sure useful features are included in the model, rather than prevent irrelevant features from be-
ing excluded. Further, we report initial theoretical results that appear to predict this phenomenon.

Chapter Notes for Neural Imaging Researchers
For the neural imaging researcher, we report the semantic features that were most useful when
applying zero-shot learning to a neural imaging task. These include several related to density
and internal structure as well as shelter qualities of the object. It is important to note that these
semantic features are not only predictable, but also useful for separating the classes. Some fea-
tures that are commonly known to be predictable above chance, such as whether an object is
manmade, were not found useful for discriminating individual classes very precisely, and were
given low weight by the support vector ranking method.
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Chapter Notes for Machine Learning Researchers
For the machine learning researcher, the primary result of this chapter is the robustness of the
zero-shot learning model to irrelevant features given sufficient size of the semantic feature set.
Also interesting, is the theoretical analysis that may explain this behavior, as well as a conjecture
as to the number of semantic features to use. Specifically, our theoretical results suggest the
number should be greater than fifty, but it also shows there might be little benefit to using more
than a few hundred.

3.1 Background
In the previous chapter, we presented a zero-shot learning algorithm called the semantic output
code classifier that uses a collection of intermediate semantic features in a 2-stage process to
make class predictions. Recall the formulation:

Semantic Output Code Classifier
A semantic output code classifierH : Xd → Y maps points from some d dimensional raw-input
space Xd to a label from a set Y such thatH is the composition of two other functions, S and L,
such that:

H = L(S(·))
S : Xd → F p

L : F p → Y

One obvious question regarding this model is how to choose the best set of intermediate
semantic features F p for the given task. While it is possible to test many different sets manually,
we would like to generate an algorithm that can automatically choose a useful subset of semantic
features from a potentially much larger set, ignoring the features that are irrelevant to the current
task.

Recall from the previous chapter that the implementation of this model uses a simple Eu-
clidean distance metric (L2) in its second stage L(·), to compute the nearest class in the semantic
knowledge base. This metric weights each feature equally when computing the distance between
the predicted features and the classes in the knowledge base. Ideally, we could find a metric that
would weight the features differently, according to their usefulness. For example, a feature like
“does it have feathers?” is so specific that it may not be accurately predictable, and therefore
would provide little information to discriminate words. We would like such less relevant features
to have a lower weight when we compute the distance metric.

One way to compute such a metric is to use support vector ranking, a technique similar in
spirit to traditional distance metric learning, but computationally much simpler to implement.
Intuitively, the algorithm looks for features that are predicted well that also help discriminate the
classes from each other, and weights these features higher in the metric. The algorithm achieves
this by finding the smallest weight vector w, such that the weighted sum of squared-errors (a.k.a
the distance) between the predicted features and true semantic encoding for a given word is less
than that for any other word in the semantic knowledge base.
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This is not simply choosing the features that are best predicted, however, as the feature
weights are computed relative to the semantic encodings of the other classes. Even if a cer-
tain feature is predicted well, it may not provide much information to help discriminate between
classes in the knowledge base, and so will be given a low weight in the new metric. Thus, this
method tries to balance the selection of features to choose those that are predicted well, but also
those that create the best separating margin between the different classes.

3.2 Support Vector Ranking

3.2.1 Model Formalism
We now present the formalism for this method based on the structured prediction work of Ratliff
et al. [2007]. Suppose we have a knowledge base of semantic features for N words K = {s∗i }1:N

where s∗i is the “true” semantic vector for word i. Suppose we have trained our zero-shot learning
model and get a prediction ŝi for word i from our first stage S(·).

Let f̂ ∗i = (ŝi − s∗i )
2 be the vector whose pth element is the square of the pth element of

(ŝi−s∗i ), the vector of differences between the prediction and the true encoding in the knowledge
base for word i. Similarly, let f̂ ji = (ŝi − s∗j)

2 be the vector of squared distances when the
prediction for i is compared with the true encoding for word j.

We learn a vector of weights w that we’ll use to compute a weighted sum of prediction errors.
To do this, we perform sub-gradient descent [Shor, 1985, Ratliff et al., 2007] using the following
update rule with learning rate η and regularization parameter λ:

j = argmink 6=i[w
T f̂ki ]

w ← w −
η
[
w +

[
(wT f̂ ∗i − wT f̂

j
i < −1) ? 0 : λ(f̂ ∗i − f̂

j
i )
]]

where “?” is the ternary operator and the notation (condition) ? A : B means if (condition) then
A else B.

While the derivation is slightly non-trivial (see section A), the update rule is easy to imple-
ment. After learning the regression coefficients in Equation (2.6), we apply this update rule to
each example in our training set, and continue to cycle through the examples until the change in
w is below some threshold. As is typical in gradient descent methods, the learning rate η must be
sufficiently small to assure convergence. We initialize w to a vector of 1’s, weighting all feature
prediction errors equally. We also initialize our learning rate to 1, although we decrease it after
each round through the training data as is common in gradient descent [Bishop, 2006]:

η ← η

Current round #
We also initialize our regularization parameter λ to 1. We found, however, that performance
is very robust to changes in this parameter. When evaluating a test example, we apply our
coefficients from Equation (2.6) as usual, but then in the 2nd stage of the classifier, L(·), we
weight our squared errors of the semantic features by the learned vectorw, to compute the nearest
match in our knowledge base.
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Highest Weighted Semantic Features Least Weighted Semantic Features
IS IT DENSE? IS IT A MAMMAL?
IS IT PART OF SOMETHING LARGER? IS IT A BODY PART?
DOES IT OPEN? IS IT A PERSON?
DOES IT LIVE ABOVE GROUND? IS IT A VEGETABLE / PLANT?
DOES IT HAVE A HARD INSIDE? IS IT AN INSECT?
DOES IT CAST A SHADOW? IS IT AN ANIMAL?
DOES IT HAVE AT LEAST ONE HOLE? IS IT MANMADE?
CAN YOU SIT ON IT? DOES IT LAY EGGS?
DOES IT CONTAIN SOMETHING ELSE? IS IT ALIVE?
IS IT POINTED / SHARP? DOES IT HAVE FEATHERS?
CAN IT BREAK? DOES IT HAVE SEEDS?
DOES IT HAVE INTERNAL STRUCTURE? DOES IT LIVE IN WATER?
WOULD YOU FIND IT IN A RESTAURANT? CAN IT BITE OR STING?
CAN YOU WALK ON IT? DOES IT HAVE A HARD NOSE/BEAK?
IS IT YELLOW? CAN IT JUMP?
CAN YOU BUY IT? IS IT TASTY?
DOES IT COME IN A BUNCH/PACK? IS IT MANUFACTURED?
DO YOU USE IT DAILY? DOES IT HAVE ROOTS?
WOULD YOU FIND IT ON A FARM? DOES IT GROW?
IS IT ALWAYS THE SAME COLOR(S)? DOES IT HAVE A BACKBONE?
DO YOU SEE IT DAILY? IS IT A VEHICLE?
DO YOU LOVE IT? IS IT MORE THAN ONE COLOR?
DOES IT PROVIDE PROTECTION? DOES IT HAVE WHEELS?
CAN IT KEEP YOU DRY? DOES IT HAVE SOME SORT OF NOSE?
DO YOU INTERACT WITH IT? IS IT WARM BLOODED?

Table 3.1: The 25 highest weighted features (highest to lowest) and the 25 lowest weighted
features (lowest to highest) as discovered by the Support Vector Ranking algorithm when applied
to Subject 1.

3.3 Experimental Results

What are the best semantic features and how do we choose them?

We applied the support vector ranking method to learn a ranking of semantic features for the
leave-one-out prediction task described in the previous chapter. On each iteration of the cross-
validation for our most accurate subject, we computed a new weight vector using the method,
and summed the total weight for each feature across all iterations. Using this total we ranked the
features of the human218 feature set. The top 25 and bottom 25 ranked features are shown in
Table (3.1).

We then ran an experiment using the standard kernel ridge regression (Equation 2.6) model
from the previous chapter using just the top N ranked semantic features and compared this
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Figure 3.1: Rank accuracies for the top N weighted semantic features (solid line) and bottom N
weighted semantic features (dashed line). The red lines are for the median rank accuracy while
the blue lines are for the mean rank accuracy. Note that eventually the sets contain the same
features which is why the solid and dashed red lines converge, and also why the solid and dashed
blue lines converge. The semantic features were learned using support vector ranking on our
most accurate fMRI subject. The accuracy results reported are then averaged over the remaining
8 fMRI subjects.

against the same model using the bottom N ranked semantic features. We repeated this ex-
periment for all values of N , from 1 to 218 using the human218 feature set and averaged the
results for the remaining 8 fMRI subjects. The results are shown in Figure (3.1). Note that as N
grows larger, the two sets converge to using the same semantic features.

From this graph, we see that the choice of semantic features can make a dramatic impact on
performance, particularly when small numbers of features are used. However, the importance of
choosing the best features decreases as the size of the feature set increases. This is an important
consequence for the zero-shot learning model. While the peak accuracy used slightly more than
half the features, the performance decrease was minimal as we added additional poorly ranked
features. Therefore:

When selecting semantic feature sets for the semantic output code classifier using nearest
neighbor, it is far more important to make sure useful features are included in the model, rather
than prevent irrelevant features from being excluded.

This result is surprising, but useful from a practical standpoint. Unless semantic feature
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analysis is desired, or absolute best performance is required, using a larger feature set without
paying particular attention to importance or ranking of features may yield sufficient results.

We also ran an experiment in which we learned a vector of semantic feature weights during
each cross-validation and applied these weights in the second stage of the classifier. When all
semantic features were used, we found little improvement of the weighted method over the results
in Figure (2.9). Consistent with our previous result, weighting semantic features seems to make
an important impact only when the size of the semantic feature set is small.

As a result, the primary usefulness of this method is when there is a non-trivial cost to ob-
taining semantic features, such as when human labeling is required. A large number of semantic
features could be collected for a small number of words then evaluated using this method. Only
the most useful features selected from this set should then be collected for a much larger set of
words.

3.4 Relationship to Other Feature Selection Methods
While the method we just described is useful in certain circumstances, the methodology is fairly
different than other classical feature selection techniques such as mutual information or explained
variance. For an excellent overview of these and other feature selection methods, see Guyon and
Elisseeff [2003].

In certain scenarios, mutual information might be applied in a zero-shot learning framework,
but this relies on reliably computing conditional probabilities of the semantic features given the
class values. In our datasets, each class label had only one example in semantic feature space.
As a result, it is not obvious how to obtain conditional probability distributions for a given class.
If more examples of semantic features were collected for a given class, then it would be possible
to estimate this distribution.

Another challenge of using mutual information is that our data is real-valued, and during
our preprocessing step described in Chapter 2, the vector of semantic features for a given class
is normalized to unit length. This normalization step is likely to lead to very non-Gaussian
distributions for both the marginal and conditional probabilities of the semantic features. In
our case it is non-obvious how to obtain these distributions. Note that this is a limitation of
our particular datasets and normalization process, and is not a limitation of general zero-shot
learning. In other datasets and learning scenarios, mutual information may select useful semantic
features.

Other techniques for dealing with real-valued data can be used such as explained variance
Guyon and Elisseeff [2003]. Selecting accurately predicted features, however, happens entirely
in the first stage of our zero-shot learner and ignores the relative distribution of the semantic
features. There is no guarantee that semantic features selected using explained variance will
be useful for discriminating a particular set of classes. This is in contrast to the support vector
ranking [Herbrich et al., 1999] method we described that relies on structured prediction [Ratliff
et al., 2007] to select features for the task we really care about, which is predicting the class
label. We suspect that any advantage of support vector ranking over explained variance would
be most useful when feature sets are small, however, more experiments are required to confirm
this conjecture.
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3.5 Theoretical Considerations
We were surprised by the robustness of the model to irrelevant and less useful features, especially
as the size of the semantic feature set increased. We asked ourselves if there might be a theoretical
explanation for this behavior, and what insights theory might offer as to the number of semantic
features to use in a semantic feature set.

In the implementation of our zero-shot learning algorithm, we used 1-nearest neighbor as the
second stage, L(·), to look up the nearest class in the semantic feature set given a prediction of
the features from the first stage S(·). While other methods could be used for the second stage
L(·), we felt nearest neighbor was one of the simplest to implement, and therefore useful for an
initial implementation of a zero-shot learner.

We now conjecture that the robustness we see to irrelevant features is a consequence of using
the nearest neighbor algorithm for this second stage. As supporting evidence for this claim, we
will once again consider similar analysis to that used in approximate nearest neighbor search
from Ciaccia and Patella [2000].

Intuitively, points (classes) that are farther away from others in the semantic feature space
are more tolerant to error. If points are densely packed together, then the nearest neighbor to a
particular point is less likely to be the predicted point if there is any error in the prediction of the
semantic features. See Figure 3.2. Thus, the tolerance to error depends on a specific point, and
where that point lies relative to all the other points in the semantic space.

Recall in Section 2.2.4 we assumed the points in the semantic space were distributed accord-
ing to a distribution F . We we able to obtain samples from this distribution for a knowledge base
K, by sampling a class from an arbitrary distribution Y over classes and observing the output
of semantic labeling function L−1(·). See Figure 2.2. Using these samples, we were able to
compute the relative distribution with respect to a particular point q and knowledge base K.

If we let d(q, q′) be the distance between the point of interest q and some other sample q′

representing another class in our sampled knowledge base, we can define the relative distribution
Rq,K for a point q and sampled knowledge base K as the probability that the distance from q to
another point q′ is less than some distance z:

Rq,K(z) = P (d(q, q′) ≤ z) ∀q′ ∈ K, q′ 6= q

This empirical distribution is just the fraction of points in K that are less than some distance z
away from q:

Rq,K(z) = P (d(q, q′) ≤ z) =
#points q′ 6= q in K with distance d(q, q′) <= z

M

Without knowing the distribution of points F precisely we need to sample to obtain estimates
for the relative distribution Rq,K. However, if the distribution F is known, then under certain
circumstances it may be possible to derive the relative distribution with respect to a point q for
any arbitrary additional sample q′ from F :

Rq(z) = P (d(q, q′) ≤ z)

We can also define a distribution on the distance to the nearest neighbor of q, defined as ηq:

Gq(z) = P (ηq ≤ z)
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Figure 3.2: A visualization of a simple semantic space. Points (representing classes) that are
densely packed together require greater accuracy when predicting individual semantic features,
particularly when the nearest neighbor algorithm is used to recover the true class from the pre-
dicted semantic features.

We can estimate this distribution empirically using a sample of M points from F to form a
knowledge base K. This estimate is given in Ciaccia and Patella [2000] as:

γ = Gq,K(z) = 1− (1−Rq(z))
M (3.1)

This equation basically gives the probability γ that at least one point from the M samples, the
nearest neighbor, falls within distance z of the point q. Using the inverse,

z = G−1
q,K(γ)

we can guarantee that with probability γ, the nearest neighbor from K will be no farther than
z distance away from the point q. Recall that the point q represents the true class, and q̂ is the
prediction of the semantic features for that class. Intuitively, z represents our error tolerance for
q, since a large z will allow the prediction q̂ to be closer than the nearest neighbor to q inK. Since
Gq,K(·) is a distribution function it monotonically increases from 0 to 1. However, there is no
guarantee that a unique closed form inverse G−1

q,K(·) exists. However, under certain assumptions
it is straightforward to compute such an inverse, and we will analyze one scenario as a means to
study how the error tolerance changes depending on the number of semantic features used.

To simplify our analysis, we will assume that points lie in a semantic space that consists of
the unit hypercube of p dimensions, with each point q ∈ [0, 1]p. The points are distributed in the
semantic space according to a uniform distribution F and the distance metric d(q, q′) is `∞:

`∞(q, q′) = max
k=1...p

(
|qk − q′k|

)
which returns the max absolute distance for any particular dimension. Besides simplifying our
analysis, this metric is useful when dimensions are not easily numerically comparable (e.g. dif-
ferent scales). Further, this metric is very general, as theoretical results show many nearest
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Figure 3.3: A visualization of Equation 3.2 that shows the effect on error tolerance as a function
of the number of dimensions used in nearest neighbor classifier. The gamma bounds guarantees
with the specified probability that the nearest neighbor is no farther than the indicated distance.
As the number of dimensions increases, the error tolerance increases quickly and then the rate
of increase declines quickly as more than 50 dimensions are used. In this equation, we use
M = 1000, and show two probability bounds, γ = 0.95 and also γ = 0.05. We also assume the
semantic feature points lie in a unit-hypercube with uniform distribution.

neighbor problems for various metrics can be transformed into a nearest neighbor problem with
a `∞ metric [Andoni et al., 2008].

We also assume the point q is at the center of the hypercube: qcen ∈ (0.5, 0.5, . . . , 0.5). For
this point, the relative distribution can be computed directly:

Rqcen(z) = (2z)p

This is straightforward to see because the relative distribution is just the fraction of points (from
a very large sample) that are no more than z distance from the center. Because of the `∞ metric,
this means that all points no more than z distance away lie in the hypercube centered on q
with each side of the hypercube being length 2z. The volume of this smaller hypercube is just
(2z)p since there are p dimensions. Given that points are distributed according to the uniform
distribution, the relative distribution can be computed as the ratio of this volume to that of the
overall hypercube volume which is just 1 because the we have assumed a unit hypercube:

Rqcen(z) =
(2z)p

1

Substituting into Equation 3.1, we obtain the nearest neighbor distribution Gqcen,K for a sample
of M points:

γ = Gqcen,K(z) = 1− (1− (2z)p)M
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which we will rearrange to obtain the inverse G−1
qcen,K(γ):

γ = 1− (1− (2z)p)M

(1− (2z)p)M = 1− γ
(1− (2z)p) = (1− γ)1/M

1− (1− γ)1/M = (2z)p

(1− (1− γ)1/M)1/p = (2z)
1

2
(1− (1− γ)1/M)1/p = z = G−1

qcen,K(γ) (3.2)

The key insight from Equation 3.2 is that the inner term of the left-hand-side (1−(1−γ)1/M)
will always be less than one for γ > 0. As a result, as the dimension p increases, the 1/p exponent
causes the distance/error tolerance z to increase. To visualize this effect, in Figure 3.3 we plot
Equation 3.2 as a function of dimension for p = 1 . . . 250, where M = 1000, γ = 0.05 and also
γ = 0.95.

We see that as the number of dimensions increases, the distance from the nearest neighbor
to the point q increases for the same probability bound. Intuitively, this means that the nearest
neighbor can be farther away, while still guaranteeing with high probability that it is within this
distance. Since this distance can be thought of as our error tolerance, we see that our tolerance
increases very quickly as p approaches 50 dimensions, and then the rate of increase declines
as more dimensions are added. Note that this increase in tolerance does not depend on the
predictability of the individual semantic features (i.e. dimensions), but is merely a consequence
of using additional dimensions (i.e. semantic features) in the zero-shot framework with nearest
neighbor as the second stage L(·) of the model.

In summary, if there are few semantic features, then the first stage S(·) of our zero-shot
learner must be very accurate in order to recover the true class since our error tolerance is very
low. As the number of features (dimensions) increases, the tolerance to error increases as well,
with the largest gains occurring when there are few dimensions used. Of course, adding a dimen-
sion may also increase the total error if the first stage of the zero-shot learner S(·) is imperfect.
Depending on the accuracy of S(·), the error may grow faster or slower than the error tolerance
allowed given the dimensionality. When a small number of dimensions are considered, the in-
crease of error tolerance is largest. As a result, if a few very accurately predictable features are
added, it is more likely that the tolerance to error will increase faster than the total error by the
first stage S(·), thereby resulting in an overall performance gain of the zero-shot leaner.

Even if an added feature is not predicted perfectly and additional error is accumulated, the
error tolerance still increases as well. This increase in error tolerance mitigates the additional
accumulated error, resulting in robustness to poorly predicted features. Eventually, the benefit
of adding additional dimensions decreases, suggesting that the accumulated error will eventually
grow faster than the error tolerance, resulting in an overall decrease in performance.

This suggests that for some error rate in the semantic feature predictions, adding features
will initially lead to an increase in performance since error tolerance would increase faster than
total error. This is then followed by little to no change in performance as the increase in total
error is offset by the increase in error tolerance. Eventually we would expect to see a decrease in
performance as error accumulates faster than the increase in error tolerance.
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Figure 3.4: This figure shows the average `∞ distance between the 60 stimuli words and their
nearest neighbor as a function of the number of dimensions used in the the semantic feature set.
We computed this for sets ranging from 1 to 218 dimensions using the human218 dataset. The
plot shows the results averaged by repeating the experiment 25 times using random permutations
of the features to eliminate any artifacts due to a specific feature ordering. Even using real
data, we see the plot follows the same progression that is predicted by the theory in Figure 3.3.
Specifically, we see the average distance increases quickly as dimensions are added, and then
tapers off as more than 50 dimensions are used.

Interestingly, this expected behavior is very consistent with the observed performance of the
zero-shot learner plotted in Figure 3.1). To test this conjecture further, we plotted the average
error tolerance, i.e. the average distance to the nearest neighbor for the 60 stimuli words from
the human218 semantic feature dataset. We plotted this distance as a function of the number
of dimensions used in the the semantic feature set, ranging from 1 to 218 dimensions. The plot
shows the results averaged by repeating the experiment 25 times using random permutations
of the features to eliminate any artifacts due to a specific feature ordering. Even using real
data, we see the plot follows the same progression that is predicted by the theory in Figure 3.3.
Specifically, we see the average distance increases quickly as dimensions are added, and then
tapers off as more than 50 dimensions are used. This suggests that the number of semantic
features used should not be small (e.g. less than 50), but it also suggests the number does not
need to be very large either (e.g. more than a few hundred).

Although this theoretical model uses a distribution assumption and metric that are different
from our empirical tests, the observed behavior is fairly consistent with what the theoretical
analysis would expect. Although these distribution and metric differences prevent the analysis
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from being entirely conclusive, we believe this analysis provides a likely explanation for the
observed behavior. It may also serve as a useful framework for additional work in understanding
the behavior of the zero-shot learning model that uses nearest neighbor.

3.6 Future Work
While we presented one method for selecting semantic features based on support vector ranking,
there are potentially many other metrics that may be useful for the zero-shot learning framework.
The algorithm we presented chooses features that are both predictable, but also useful for dis-
criminating between the various classes. While certainly useful for increasing performance when
using small semantic feature sets, one negative aspect of this method is that it makes model in-
terpretation more difficult because semantic features that may be predictable might not be useful
for discriminating between classes.

As a result, when features are left out of the model, it is not immediately clear whether
it is because they are not predictable, or whether they are just not useful for discriminating
between the classes. It would be interesting to know whether other methods that rely solely on
choosing the most predictable semantic features would perform as well. We suspect that unless
the algorithm uses a small number of semantic features (e.g. less than 50), including all features
that are predicted well may lead to sufficient performance.

In addition, we suspect our current algorithm may not work as well if semantic features
are very highly correlated. This is because the learned weights may be spread across highly
correlated features, and simply ranking the features by learned weight is likely not appropriate.
We performed additional experiments to address this concern by including sparsity constraints
during learning, but we measured no improvement over the method we described. While this
was not problematic for our particular dataset, if may be necessary to adjust the algorithm for
datasets with highly correlated features.

Further, we showed that our zero-shot learning model based on nearest neighbor demon-
strated significant robustness to irrelevant features. We presented a theoretical argument that
claimed that this robustness was a consequence of nearest neighbor being used in the second
stage of the zero-shot learning algorithm. While our analysis only considered uniform distribu-
tions of semantic features under the `∞ metric, it would also be useful to study this robustness
property based on additional metrics and distributions. It would be also useful to know if other
implementations of a zero-shot learner that do not use nearest neighbor also have this robustness
property.

3.7 Conclusion
In this chapter, we presented a method based on support vector ranking that is useful for selecting
semantic features for a zero-shot learning algorithm. This lowers the burden of determining the
most useful semantic features a priori, and allows the algorithm to learn the most useful features
from a much larger set. When applied to our neural imaging dataset, we found features related
to density and internal structure as well as shelter qualities of the objects we considered.
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Surprisingly, the importance of selecting semantic features decreased as the size of the orig-
inal semantic set increased. Further, our empirical results suggest that a zero-shot learning al-
gorithm that utilizes nearest neighbor is very robust to potentially irrelevant features. Thus, we
found it is far more important to make sure useful features are included in the model, rather than
prevent irrelevant features from being excluded.

We presented an initial theoretical analysis of using nearest neighbor in the zero-shot learning
algorithm. This analysis showed under certain distribution and metric assumptions, the tolerance
for error in the semantic features predictions can grow with the number of features. Our theory
suggests that there is a benefit to using a semantic feature set that is sufficiently large (i.e. more
than fifty semantic features), however we also found there may not be much benefit to using a
semantic feature set that consists of more than few hundred semantic features.

3.8 Additional Chapter Remarks
Sample Code

An implementation of the SVR method described in this chapter can be downloaded from:
http://www.thoughtrec.com
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Chapter 4

Predicting Neural Activity using
Multi-Task Learning

IN the previous chapters, we described the zero-shot learning model as a means to classify
images of neural activity. Given a novel neural image, this model predicts an intermediate set of
semantic features, which are then used to classify the most likely concrete noun for that image.

In this chapter, we consider the inverse problem: given the semantic features for a novel
concrete noun, we want a model that can make a prediction of the neural image. This model is
generative in the sense that it produces the image we would expect to see if a person thought
about a particular concrete noun. This problem was originally described in Mitchell et al. [2008]
who use as semantic features a set of co-occurrence statistics from twenty-five sensory action
verbs.

In a similar fashion to the previous chapter, an open question remains as to the best set
of semantic features to use in the model. While the previous work of Mitchell et al. [2008]
used twenty-five hand-selected features based on cognitive neuroscience assumptions, we would
like an algorithm that can automatically choose the best semantic features from a much larger
set. Although similar to the problem we addressed in the previous chapter using support vector
ranking, we cannot use the same approach in this model because the semantic features are used
as inputs to the model rather than outputs from the model.

However, we show in this chapter that regularized models that induce sparsity can be used
to automatically select semantic features most useful to the model. In particular, we show that
the problem of predicting a neural image from a large possible set of semantic features can be
formulated as a multi-task Lasso problem that uses `1,∞ regularization constraints. This allows
the algorithm to choose the set of semantic features that are most useful for predicting a neural
image which represents the observed neural activity at hundreds of locations.

In collaboration with statisticians working to develop the first scalable algorithm to solve this
objective, we presented the first case study of a large scale multi-task Lasso problem, and showed
how we can automatically learn a useful set of semantic features that perform as well or better
than the handcrafted set of features reported in Mitchell et al. [2008]. This allows selection of
useful semantic features without requiring specific domain knowledge of cognitive neuroscience.
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Chapter Notes for Neural Imaging Researchers
For the neural imaging researcher, the primary result is that multi-task learning models make
useful tools for evaluating theories of neural representation. These tools have feature select-
ing qualities that assist in model interpretation and allow researchers to test models with fewer
assumptions.

Whereas previous work suspected that semantic features based on co-occurrences statistics
with verbs yielded the best semantic features [Mitchell et al., 2008], we formulated the problem
using multi-task learning and allowed the model to select semantic features from co-occurrence
statistics from thousands of words with different parts of speech. We found a set of semantic
features that did not include any verbs, yet performed as well and often better than the verbs used
in previous work. Other recent work has also confirmed than non-verbs (i.e. nouns) are useful as
semantic features as well [Rustandi et al., 2009]. Further, we evaluated the model on specific re-
gions of interest (ROIs), and show which semantic features are most useful for predicting neural
activity in different brain regions.

Chapter Notes for Machine Learning Researchers
For the machine learning researcher, the algorithm for solving the multi-task Lasso will be of
most interest. We refer the reader to an ICML paper that we co-authored with our statistician
collaborators [Liu et al., 2009a] who derived the descent technique. The main technical result
of this ICML paper (that we utilized in this chapter) is that it is possible to develop a cycli-
cal blockwise coordinate descent algorithm for the multi-task Lasso (`1,∞ regularization norm)
that efficiently solves problems with thousands of features and tasks. Specifically, the paper
showed that a closed-form Winsorization operator can be obtained for the sup-norm penalized
least squares regression. This allows the algorithm to find solutions to very large-scale multi-
task feature learning problems. This result complements the pioneering work of Friedman et al.
[2007b] for the single-task Lasso as well as other recently developed techniques for multi-task
feature learning that use online learning [Bradley, 2010] as well as a greedy approach [Tropp
et al., 2006, Kolar and Xing, 2010]. These recent techniques do not solve the multi-task Lasso
objective `1,∞, but do provide alternative approaches to feature selection that are also highly
scalable.

4.1 Introduction to the Neural Activity Prediction Problem
In this chapter, we present a case study of the multi-task Lasso by applying it to a problem
in cognitive neuroscience. Specifically, we consider the task of predicting a person’s neural
activity in response to an arbitrary concrete noun in English as described in Mitchell et al. [2008].
Their approach is to predict the neural image that would be recorded using functional magnetic
resonance imaging (fMRI) when a person thinks about a given word. In their work, the semantic
meaning of a word is encoded by co-occurrence statistics with other words in a very large text
corpus. They use a small number of training words to learn a linear model that maps these co-
occurrence statistics to images of neural activity recorded while a person is thinking about those
words. Their model can then predict images for new words that were not included in the training
set and shows that the predicted images are similar to the observed images for those words. See
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Figure 4.1: This image describes the neural prediction problem from Mitchell et al. [2008].
Words are represented as a vector of statistical co-occurrences with 25 sensory-action verbs such
as eat and ride in a large text corpora. A model is trained to predict a neural image given
the co-occurrence statistics for a given word. The image is the expected neural activity while a
human is thinking about the particular word.

Figure 4.1.
In their initial model each word is encoded by a vector of co-occurrences with 25 sensory-

action verbs (e.g. eat, ride, wear). For example, words related to foods such as “apples” and
“oranges” would have frequent co-occurrences with the word “eat” but few co-occurrences with
the word “wear”. Conversely, words related to clothes such as “shirt” or “dress” would co-occur
frequently with the word “wear” but not the word “eat”. Thus “eat” and “wear” are example
basis words used to encode relationships of a broad set of other words. These 25 sensory-motor
verbs (shown in Table 4.1) were hand-crafted based on domain knowledge from the cognitive
neuroscience literature and are considered a semantic feature basis of latent word meaning. A
natural question is:

What is the optimal basis of words to represent semantic meaning across many concepts?

Rather than relying on models that require manual selection of a set of words, this work tries
to build models that will perform automatic variable selection to learn a semantic basis of word
meaning. In this way, we not only want to predict neural activity well, but also give insights into
how the brain represents the meaning of different concepts. The hope is that learning directly
from data will allow the researcher to test theories of cognition with fewer initial assumptions.
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Figure 4.2: We formulate the neural image prediction problem as a multi-task learning problem.
In this image, each voxel of neural activity is regressed onto a large set of possible semantic
features for the word apple. The multi-task learning model learns all tasks simultaneously, and
selects a common subset of features that are useful as a basis for all the tasks. Note that each task
will weight each feature as necessary to predict its output, and tasks may have different weights
on the same feature.

One popular approach to variable selection is to use models such as the Lasso that rely on
`1 regularization constraints [Tibshirani, 1996]. Given a large number of inputs, the Lasso is
able to select only the most relevant variables useful for predicting the output. We could apply
such a model to the problem of neural activity prediction, but neural images contain hundreds
and often thousands of voxels. Therefore, we must train many separate models, one for each
specific voxel of neural activity in the image, leading to potentially very different sets of selected
variables. This makes model interpretation more difficult, and may make the selected features
highly variable to the number of training examples in the model [Turlach et al., 2005].

One approach to this problem is to use multi-task learning, which attempts to predict many
outputs (tasks) simultaneously [Ando and Zhang, 2005, Tropp et al., 2006, Zhang, 2006, Obozin-
ski et al., 2006, Argyriou et al., 2008, Bradley, 2010]. For the neural prediction problem, we
want an algorithm that can select a single set of semantic features that are useful for predicting
the neural activity for hundreds and potentially thousands of voxels simultaneously. See Figure
4.2.

One such model is the multi-task Lasso [Zhang, 2006] which generalizes the single-task `1
regularization constraint to the multi-task constraint based on the `1,∞ matrix norm. Like the
single-task Lasso, the multi-task Lasso constraint encourages sparsity in the model. However,
it attempts to learn a solution that is row-sparse, meaning that it picks a small number of input
variables that are useful for predicting all the tasks. See Figure 4.3.
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See Eat Run Say Enter
Hear Touch Push Fear Drive
Listen Rub Fill Open Wear
Taste Approach Move Lift Break
Smell Manipulate Ride Near Clean

Table 4.1: The semantic basis used in Mitchell et al. (2008)

Prior to the work of our statistician collaborators [Liu et al., 2009a] in 2008, there was no
scalable method that could solve the multi-task Lasso `1,∞ for hundreds or thousands of variables
and tasks. However, recent work on coordinate descent methods for the single-task Lasso have
proved useful for the multi-task case as well. Our work complements other highly scalable
methods for multi-task feature learning that do not utilize the multi-task Lasso `1,∞ norm [Kolar
and Xing, 2010, Bradley, 2010]. The work of Kolar and Xing [2010] uses a greedy approach
based on SOMP [Tropp et al., 2006], while Bradley [2010] uses an online gradient descent
technique that can be used for many different matrix norms. However, their technique cannot
solve the multi-task Lasso directly using the `1,∞ norm, but only an approximate version, (e.g
`1.2,5). Other recent work from Quattoni et al. [2009] addresses the `1,∞ norm using a projected
gradient method.

To solve the multi-task Lasso which utilizes the `1,∞ norm, we’ll use a blockwise coordinate
descent method. The next three sections provide the technical background on coordinate descent
and its application to the multi-task Lasso solution.

4.2 Background on Coordinate Descent Optimization

The cyclical coordinate descent algorithm was proposed to solve the `1-regularized least squares
regression (i.e. the Lasso) almost ten years ago [Fu, 1998], but not until recently was this tech-
nique’s power fully appreciated [Friedman et al., 2007b, Wu and Lange, 2008]. In particular,
Friedman et al. [2007b] show that the coordinate descent method, if implemented with certain
computation techniques, can be used to evaluate the entire regularization path of the Lasso re-
markably faster than almost all of the existing state-of-the-art methods. The main reasons for
such a surprising performance of the coordinate descent algorithm can be summarized as: (i) Dur-
ing each iteration, the coordinate-wise update can be written as a closed-form soft-thresholding
operator, thus an inner loop is avoided; (ii) If the underlying feature vector is very sparse, the
soft-thresholding operator can very efficiently detect the zeros by a simple check, thus only a
small number of updates are needed. (iii) Many computational techniques, like the covariance
update or warm start, can be easily incorporated into the coordinate descent procedure for a
significant speedup [Friedman et al., 2008].

In this chapter, we describe an algorithm for solving of the multi-task Lasso [Zhang, 2006],
which generalizes the Lasso to the multi-task setting by replacing the `1-norm regularization with
the sum of sup-norm `1,∞ regularization. The approach to solving the multi-task Lasso parallels
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the ideas in Friedman et al. [2007b] and results in a scalable, cyclical blockwise coordinate
descent algorithm that can evaluate the entire regularization path efficiently. The key to solving
the multi-task Lasso using coordinate descent is that the main sub-problem within each descent
iteration can be very efficiently solved by a Winsorization operator1, i.e. a proportion of the
extreme values of the given vector are truncated while the others remain unchanged. This extends
the results of Friedman et al. [2007b] to the multi-task setting. This extension as described in
[Liu et al., 2009a] was non-trivial, since the results in Friedman et al. [2007b] utilize the fact
that the `1-norm decouples into a sum of individual absolute values which are easy to handle. In
contrast, the sup-norm couples the whole vector together and the non-differentiability conditions
become more complicated.

4.3 The Multi-task Lasso
In this section, we introduce the multi-task Lasso and some related work. We start by describing
some notation. Consider a K-task linear regression, for k = 1, . . . , K

Y (k) =

p∑
j=1

β
(k)
j X

(k)
j + ε(k) where Y (k), X

(k)
j , ε(k) ∈ Rnk

where the superscript k indexes the tasks, p is the number of features, and nk is the number of
instances within the k-th task. We assume the data is standardized so the constant terms can be
dropped, i.e. X(k)

j and Y (k) have mean 0 and ‖X(k)
j ‖2 = 1 where ‖ · ‖2 is the `2-Euclidean norm.

Let

βj ≡ (β
(1)
j , . . . , β

(K)
j )T (4.1)

be the vector of all coefficients for the jth feature across different tasks, the multi-task Lasso
estimate is formulated as the solution to the optimization problem

min
β

{
1

2

K∑
k=1

‖Y (k)−
p∑
j=1

β
(k)
j X

(k)
j ‖22+λ

p∑
j=1

‖βj‖∞
}
, (4.2)

where ‖βj‖∞ ≡ maxk |β(k)
j | is the sup-norm in the Euclidean space. This sum of sup-norm

regularization has the effect of “grouping” the elements in βj such that they can achieve zeros
simultaneously. If all the tasks share a common design matrix, the multi-task regression reduces
to a multivariate-response regression. In this case, Turlach et al. [2005] proposes the same sum
of sup-norm regularization and names the resulting objective in (4.2) as the simultaneous Lasso.
It is obvious that any solver for the multi-task Lasso can also solve the simultaneous Lasso.
Existing methods to solve (4.2) from the machine learning and statistics communities include the
double coordinate descent method from Zhang [2006], the interior-point method from Turlach
et al. [2005], and the geometric solution path method from Zhao et al. [2009]. These methods,
however, have difficulty scaling to thousands of features and tasks. It is worth noting the online

1After Charles P. Winsor, [Mallows, 1990]
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Figure 4.3: (Top) The regularization constraint penalty for the single-task Lasso and its effect on
the solution vector. Only the most relevant variables have non-zero coefficients in the solution
vector. (Bottom) The regularization constraint penalty for the multi-task Lasso and its effect on
the solution matrix. Like the single-task Lasso, the multi-task Lasso encourages sparsity in the
model. However, it attempts to learn a solution that is row-sparse, meaning that it picks a small
number of input variables that are useful for predicting all the tasks.

gradient descent technique from Bradley [2010] can efficiently an approximation to the `1,∞
norm such as `1.2,5 although it cannot solve the exact `1,∞ norm because of a differentiability
requirement of their current algorithm. They suggest that a sub-gradient approach [Shor, 1985]
might address this problem.

4.4 Blockwise Coordinate Descent
For a fixed regularization parameter λ, the blockwise coordinate descent algorithm for the multi-
task Lasso problem in Equation (4.2) is given in Figure 4.4 where 〈·, ·〉 denotes the inner product
operator of two vectors. Recall that βj in (4.1) represents the coefficient vector of the j-th feature
across all the K tasks. We call βj a feature block. The algorithm consists of simultaneously
updating the coefficients within each feature block while holding all the others fixed, then cycling
through this process. Therefore, if the current estimates are β̂`, ` = 1, . . . , p, then βj is updated
by the following sub-problem:

β̂j=arg min
βj

{
1

2

K∑
k=1

∥∥∥R(k)
j −β

(k)
j X

(k)
j

∥∥∥2

2
+λ‖βj‖∞

}
(4.3)
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BLOCKWISE COORDINATE DESCENT ALGORITHM

Input: Data (X(k)
1 , . . . , X

(k)
p , Y (k)), k = 1, . . . ,K and the regularization parameter λ;

Iterate over k ∈ {1, . . . ,K} and j ∈ {1, . . . , p}

(1) c(k)j ← 〈Y (k), X
(k)
j 〉;

(2) β(k)
j ← initial values (either 0 or β̂(k)

j for the previous λ if doing a warm-start);

(3) For each i ∈ {1, . . . , p}: d(k)
ij ← 〈X

(k)
i , X

(k)
j 〉;

End;

Iterate until convergence (Main Loop):

For each feature j ∈ {1, . . . , p}:

(1) ∀ tasks k ∈ {1, . . . ,K}, α(k)
j ← c

(k)
j −

∑
i 6=j

β
(k)
i d

(k)
ij ;

(2) If
∑K

k=1 |α
(k)
j | ≤ λ Then βj ← 0 Else

(a) Sort the indices according to |α(k1)
j | ≥ |α(k2)

j | ≥ . . . ≥ |α(kK)
j |;

(b) m∗← arg max1≤m≤K

(∑m
i=1 |α

(ki)
j |−λ

)
/m;

(c) For each i ∈ {1, . . . ,K}

If i > m∗ Then β(ki)
j ← α

(ki)
j Else

β
(ki)
j ←

sign(α(ki)
j )

m∗

[
m∗∑
`=1

|α(k`)
j | − λ

]
;

End;

Output: β̂(k)
j ← β

(k)
j for j = 1, . . . , p and k = 1, . . . ,K;

Figure 4.4: The algorithm for the multi-task Lasso.
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where R(k)
j ≡ Y (k) −

∑
6̀=j β̂

(k)
` X

(k)
` denotes the partial residual vector. If the regularization

parameter λ = 0, the problem in (4.3) decouples and the tasks become independent of each other,
allowing the updates for the coefficients of a given task to be solved independently of the other
tasks. We denote α(k)

j as the unpenalized least squares coefficient for feature j and task k after
the update:

α
(k)
j = 〈R(k)

j , X
(k)
j 〉, for ∀j, k. (4.4)

In fact, since

〈R(k)
j , X

(k)
j 〉 = 〈Y (k), X

(k)
j 〉 −

∑
`6=j

β
(k)
` 〈X

(k)
` , X

(k)
j 〉,

we can pre-calculate the quantities c(k)j = 〈Y (k), X
(k)
j 〉 and d(k)

ij = 〈X(k)
i , X

(k)
j 〉. This is the same

covariance update idea as in Friedman et al. [2008] and corresponds to the first double loop
in the algorithm described in Figure 4.4. If we have a decreasing sequence of the regularization
parameters λ’s, the initial values of β(k)

j for each fixed λ comes from the solutions β̂(k)
j calculated

from the previous λ value. This is the same warm start technique as in Friedman et al. [2008]
and can significantly speedup the algorithm’s performance when evaluating the entire solution
path. Since the quantities c(k)j and d(k)

ij do not depend on the regularization parameter λ, they
only need to be calculated once and serve for the whole pathwise evaluation.

For λ > 0, (4.3) becomes a sup-norm penalized least squares regression. If we use Newton’s
method or a coordinate descent procedure to solve it [Zhang, 2006], an inner loop will be needed.
This is not scalable if the number of tasks K is very large. Fortunately, Theorem 1 below shows
that the solution to (4.3) is equivalent to a closed-form Winsorization operation applied on the
previously calculated unpenalized least squares results α(k)

j ’s. This corresponds to the main loop
of the algorithm in Figure 4.4.

Theorem 1. Let α(k)
j be defined as in (4.4) and order the indices according to |α(k1)

j | ≥ |α
(k2)
j | ≥

. . . ≥ |α(kK)
j |. Then the solution to (4.3) is

β̂
(ki)
j =

sign(α
(ki)
j )

m∗

[
m∗∑
i′=1

|α(ki′ )
j |−λ

]
+

·1{i≤m∗}+α(ki)
j ·1{i>m∗}

where m∗ = arg max
m

1

m

(
m∑
i′=1

|α(ki′ )
j | − λ

)
, 1{·} is the indicator function, and [·]+ denotes the

positive part.
In Appendix B, we provide Han Liu’s proof of this theorem, along with convergence guaran-

tees and complexity analysis of the algorithm.

4.5 Case Study: Neural Activity Prediction

4.5.1 Datasets
For our empirical study of neural activity prediction, we utilize the two datasets described in
Mitchell et al. [2008]. The first dataset was collected using fMRI. Nine participants were pre-
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sented with 60 different words and were asked to think about each word for several seconds
while their neural activities were recorded. The 60 words are composed of nouns from 12 cate-
gories with 5 exemplars per category. For example, a bodypart category includes Arm, Eye,
Foot, Hand, Leg, a tools category includes the words Chisel, Hammer, Pliers,
Saw, Screwdriver, and a furniture category includes Bed, Chair, Dresser, Desk,
Table, etc.

The second dataset is a symmetric matrix of text co-occurrences between the 50,000 most
frequent words in English. These co-occurrences are derived from the Google Trillion Word
Corpus2. The goal is to use these co-occurrences to construct a feature vector that represents
word meaning. The hope is that two words that cause similar neural activites would also have
high inner product between their co-occurrence vectors. One simple representation of each word
is to use the raw 50,000 dimensional feature vector of co-occurrences (normalized to unit length
row norm). Typically a much smaller representation is desired such as the hand-crafted 25-word
basis described above.

For each participant, there are altogether n = 60 fMRI images taken3, each one corresponds
to one stimulus word. A typical fMRI image contains over K = 20, 000 different neural re-
sponses. Each neural response is the activity in a voxel (volume-element) in the brain. Each
voxel represents a 3x3x6 mm3 volume in the brain and is the basic spatial unit of measurement
in this fMRI data. Here we show the problem of learning a semantic basis can be formulated into
a multi-task Lasso as in (4.2). Since the goal of learning a semantic basis is to find a common
set of predictor variables that will predict the neural response well across multiple voxels, where
each predictor variable is the text co-occurrences with a particular word from the Google Trillion
Word Corpus. Therefore, for each participant, we have roughlyK = 20, 000 tasks, all these tasks
share the common design columns {Xj}pj=1 ∈ Rn, representing the co-occurrences of n = 60
training words with p = 50, 000 other English words in the Google Corpus. The response vector
Y (k) for each task contains the neural activations for a single voxel (volume-element) across the
n = 60 fMRI images. Therefore, this is a multi-task learning problem with a very large number
of tasks K = 20, 000 and a very large number of features p = 50, 000. While the algorithm we
develop can solve a problem of this scale in only a few minutes, our primary results use a smaller
dataset where p = 5, 000 and K = 500, so that our experiments are directly comparable with
other published results. We also provide additional results where K = 4500.

4.5.2 Experimental Results

To evaluate our methods and compare them to existing results, we use exactly the same exper-
imental protocols described in Mitchell et al. [2008]. As a small additional step we use the
multi-task Lasso to perform a variable selection. Note that the multi-task Lasso is used in this
context only to learn which variables should be input into the final model. Specifically, the leave-
two-out-cross-validation procedure is as follows:

We repeat this experiment for each of the nine different participants in the fMRI study and use
the same method in Mitchell et al. [2008] to ensure consistency while testing various semantic

2http://googleresearch.blogspot.com/2006/08/all-our-n-gram-are-belong-to-you.html
3 Each image is actually the average of 6 different recordings of each word.
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a Create a 60 × 5, 000 design matrix of semantic features using co-occurrences of the 60
experimental stimuli with the 5,000 most frequent words in English (minus 100 stop words).
A stop word is a high frequency common word like “the”.

b Select 2 stimuli out of 60 for testing and use the other 58 stimuli for training. Using (4.2),
learn the coefficients β by setting each Xj to be the 58 × 1 vector of co-occurences for
each of the 5000 basis words and each Y (k) to be the 58 × 1 column vector for each of
the top K = 500 voxel responses selected using the stability criterion score described in
Mitchell et al. [2008] . In the language of multi-task Lasso, this problem corresponds to the
scale n = 58, p = 5000,K = 500. The regularization parameter here can be set to choose
the desired number of non-zero coefficients. We set this parameter to yield basis sets with
25, 140, and 350 elements.

c Create a new matrix of semantic features that is 58× d, where d is the number of selected
feature blocks in β. In our case d will be either 25, 140, or 350. Each non-zero block
should correspond to a word selected from the original set of 5,000. This word shall now
become a semantic feature in the new basis.

d Train a linear model using ridge regularization to predict each of the 500 voxels from the
semantic feature basis. The solution can be obtained using the standard normal equations
for ridge regression. Note that we only use the multi-task Lasso to select features as
we want to compare the automatically selected features directly against the handcrafted
features from Mitchell et al. [2008]. We want to know the performance of the Mitchell et al.
[2008] model using these automatically semantic features.

e For each of the two test examples, predict the neural response of the 500 selected voxels.
Compute the cosine similarity of each prediction with each of the held out images. Based
on the combined similarity scores, choose which prediction goes with each held out image.
Test if the joint labeling was correct. This leads to an output of 0 or 1. For more details,
see Mitchell et al. [2008].

f Repeat steps b-e for all
(
60
2

)
possible pairs of words (1,770 total). Count the number of

incorrect labelings in step e to determine the accuracy of the basis set.

Figure 4.5: The leave-two-out-cross-validation protocols
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Figure 4.6: Accuracies for 9 fMRI Participants. Features were selected per-subject. The chance
accuracy level is shown as a solid black line and the significant threshold (at the 5% level) is
shown as the dotted black line. This significance threshold is computed in Mitchell et al. [2008]
by computing the empirical distribution of accuracies by randomly choosing semantic features
from the 500-5000 most frequent words and applying the same leave-two-out train and test pro-
cedure.
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Figure 4.7: Accuracies for 9 fMRI Participants. Features were selected from combined partici-
pant data. The chance accuracy level is shown as a solid black line and the significant threshold
(at the 5% level) is shown as the dotted black line. This significance threshold is computed in
Mitchell et al. [2008] by computing the empirical distribution of accuracies by randomly choos-
ing semantic features from the 500-5000 most frequent words and applying the same leave-two-
out train and test procedure.
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features. The regularization parameter for the ridge regression in step d is chosen automatically
using the cross-validation error score described in Hastie et al. [2001, Page 216].

We performed several experiments using the above protocols to compare the performance of
the semantic feature sets learned using the multi-task Lasso with the hand-crafted features de-
scribed earlier. Using these results we now pose and answer several questions:

1. Can we automatically learn a semantic basis?

As in Figure 4.5, we use the multi-task Lasso to learn a semantic basis from the 5,000 most
frequent words in English and adjust the regularization parameter to obtain different basis sizes.
We denote MTL25, MTL140, MTL350 as models that have 25,140, and 350 words respectively
in their basis sets each time they were trained. Note that we train the models on each iteration
of the cross-validation and keep the regularization parameter the same between iterations. As
a result, there can be a slight variation, typically 1-3 features, in the actual number of features
selected on each iteration.

We see in Figure 4.6 the results of the 4 models. The result for the 25 features hand-crafted
by cognitive neuroscientists is also reported. Chance accuracy for this prediction task is 0.5 and
statistically significant accuracy at the 5% level is 0.621. This is computed in Mitchell et al.
[2008] by computing the empirical distribution of accuracies by randomly choosing semantic
features from the 500-5000 most frequent words and applying the same leave-two-out train and
test procedure. We see that in 8 of 9 subjects, all three multi-task Lasso models learn a semantic
basis that leads to statistically significant accuracies. This suggests that we can indeed learn a
semantic basis directly from data.

The MTL140 and MTL350 models achieve higher accuracies than the hand-crafted features
in 6 of 9 participants. It is exciting that the model can often meet or exceed the performance
of the hand-crafted features using far fewer assumptions about neuroscience. It is also useful
that our learned basis is different than the handcrafted features, which suggests potential benefits
from a model averaging approach. For the MTL25 model, we report accuracies higher than the
hand-crafted features in 4 of 9 participants. We also see that two larger basis sets outperform the
MTL25 set, suggesting that more than 25 features are necessary to capture the variance of the
data.

An interesting observation comes from participant 4. On this participant all three learned
models performed worse than the hand-crafted model. The very abnormal behavior of the learned
models on this participant versus the other participants suggests that this particular participant
might be an outlier or a very noisy observation (as is common in fMRI studies). However, the
hand-crafted feature does not suffer from this case. More investigation is suggested to study this.

2. Is there any advantage to learning the basis across multiple subjects simultaneously?

An interesting question is whether we could ameliorate this problem by learning the basis
simultaneously across all subjects at once. Figure 4.7 shows the results of learning the basis by
combining the fMRI data for all participants (thereby yielding a 58 x 4500) target matrix. This
corresponds to a multi-task Lasso where K = 4500. On average, we found a slight advantage
on the MTL140 and MTL350 models of about 1%, and slight disadvantage for the MT25 model
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(also around 1%). Although encouraging, this is hardly conclusive evidence, and we feel this is
an interesting direction for future work. In particular, it would be worth studying the impact of
noisy data by removing an outlier such as participant 4.

3. What is the learned semantic basis?

Table 4.2 shows one example of 25 basis words learned using the MTL25. It is easy to see
relationships between many of the words in the basis set and the 60 stimulus words described
before. For example, the model learned Tools as a basis word, which is interesting because 5
different instances of tools were shown (e.g. Screwdriver, Hammer, etc.). The basis word
Bedroom clearly refers to words in the furniture category (Bed, Dresser, etc.) and Arms
is related to body parts (Leg, Hand, etc.).

Tools Car Dog Wine Pottery
Model Station Bedroom Breakfast Cup
Mad Rentals Fishing Cake Tip
Arms Walk Cleaning Cheese Gay
Right White Front Contents Result

Table 4.2: An example of 25 learned semantic basis words.

For a given basis word, we can train a simple linear model to predict neural activations
across all 20,000 voxels in the brain from this single basis word. Note that this is a multiple
output regression and each learned coefficient corresponds to a physical location in the brain.
By plotting the coefficients, we can discover how different basis words activate different regions
of the brain. Figure 4.8 shows a 3D map of these coefficients for the basis word Tools. We
see strong activation (red) in the superior temporal sulcus which is believed to be associated
with the perception of biological motion [Vaina et al., 2001]. We also see strong activation in
the postcentral gyrus which is believed to be associated with premotor planning [Pelphrey et al.,
2005].

4.6 Visualizing Semantic Features for Individual Regions of
Interest (ROIs)

In the previous section, we studied the ability of the multi-task Lasso to select semantic features
from a large text corpus. We compared our results to those in Mitchell et al. [2008], who only
considered semantic features that were sensory-action verbs. It was not previously known if non-
verbs could also yield useful semantic features, but our work showed that the multi-task Lasso
could automatically select non-verb semantic features that often performed as well or better.

Regardless, we believe that semantic features based on co-occurrence statistics collected from
web corpora are difficult to interpret, primarily because of the overloaded meaning of individual
words. For example, the word bee (the insect) most frequency occurs with the word gees, ob-
viously because of the rock band The Bee Gees. As another example, we found the word gay
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appeared in our semantic feature set MTL25 described in the previous section. We found this
surprising, until we realized that the word gay has extremely high co-occurrence with the word
bear, which was one of our fMRI stimulus words. Clearly, context matters, and there are many
unintended consequences of using co-occurrence statistics based on world-wide-web data.

This limitation of co-occurrence data was the primary motivation for collecting the crowd-
sourced dataset human218 described in Chapter 2 from Mechanical Turk. When collecting
this dataset, we explicitly specified the context of words with multiple meanings, and selected
attributes that were more easily interpretable such as is it made of metal? and is it manmade?.

Using this cleaner dataset of semantic features, we trained the multi-task Lasso model to
predict neural activities across individual regions of interest (ROIs). These ROIs represent geo-
graphic locations in the brain often tied to a particular function. Often, observed neural activity
is very similar within an individual region. This suggests that predicting neural activity for a
particular region involves modeling several related tasks, where each task is the prediction of the
activity for a particular voxel.

This allowed us to train the multi-task Lasso model and ask what semantic features, selected
from the human218 feature set, were most useful for predicting the neural activity in a particular
region. To do this, we first isolated the voxels in a particular region, and then trained the model
using all available examples. We then ranked the semantic features based on the magnitude of
their learned weights.

To visualize the results, we created a graphical interface tool (MTL-GUI) which plots the
ROI voxels in 3D, along with the ten highest weighted features for a model trained on that
region. Figures 4.9-4.14 show resultant plots for 6 regions of interest that include front, sides,
and rear portions of the brain. The MTL-GUI tool, along with plots for all twenty-nine regions
of interest are available at: http://www.thoughtrec.com.

In several regions, we see semantic features that appear consistent with commonly known
neural theories. For example, we found several of the selected features near the motor cortex
Left-Post-Central (Figure 4.10) are related to manipulation: can you hold it? can you pick it
up? is it a tool?. In the region Right-Medial-Frontal (Figure 4.9), we found features relating to
danger assessment, can it cause you pain? is it pointed/sharp? is it dangerous?.

However, in both these and other regions, it is often unclear why certain semantic features
were selected. It is not known if this is the result of unknown confounding variables, a limitation
of the model, or perhaps it provides evidence towards a new neural theory. As a result, we doubt
the primary use of such a tool would be to generate novel theories of neural function. However,
we feel this model would be useful for evaluating competing theories, using its feature selecting
qualities of to make predictions with fewer initial assumptions, thereby limiting the potential for
implicit overfitting.

4.7 Discussion and Future Work
From a cognitive neuroscience perspective, we believe that learning methods that include sparsity
constraints provide useful tools for neuroscientists to test and evaluate theories of cognition. By
using fewer assumptions a priori and allowing the models to choose the most useful features
automatically, sparse learning methods reduce the risk of implicit overfitting, and may lead to
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more believable results. For certain problems, we believe the joint task constraints will lead to
more interpretable models than those that do not combine tasks, but more work needs to be done
to compare models learned from single task data to those that combine data from multiple tasks.
The recent work of Kolar and Xing [2010] is one step in this direction.

From a machine learning perspective, more multi-task learning methods should be evaluated.
Since the original publication of our results in 2009, several other procedures have been pub-
lished relating to multi-task learning using multi-task Lasso `1,∞ regularization norms [Quattoni
et al., 2009] as well as `1,2 norms [Vogt and Roth, 2010]. The work from [Bradley, 2010] pro-
vides a general technique for efficient optimization of different matrix norms in an online setting,
however their approach can only approximately solve problems using the `1,∞ norm because of
differentiability requirements of their current technique.

Little explicit comparison has been done between the different norms, except for Vogt and
Roth [2010] and Bradley [2010] who empirically found that norms close to `1,2 led to better
predictors on several datasets. The work from Bradley [2010] goes further, and also includes
a theoretical regret analysis for the online setting and claims that it is undesirable to use `1,p
norms with p > 2 because of high regret, particularly when tasks are not highly related and
feature weights vary across tasks. The benefit and risk of `1,∞ has also been analyzed recently
by Negahban and Wainwright [2011], which confirms the benefit of this norm requires high
relatedness of tasks.

Despite these works, it is not entirely clear from the literature under what conditions each
norm should be used. In the single-task case, there are subtleties that depend on correlation of
features, as well as whether true sparsity is required [Wainwright, 2009]. For example, many of
these theoretical results guaranteeing recovery of the support set (i.e. the true model features)
are possible using the Lasso `1 norm, but not the ridge regression `2 norm.

We also expect similar subtleties in the multi-task case, and expect that correlation of features,
the number of examples, sparsity rates, as well as task relatedness will affect the appropriate
choice of multi-task norm. From a computational standpoint, the `1,2 regularization norm appears
easier to solve at large scale given the current literature, and existing empirical and theoretical
work supports using the `1,2 as the first approach method as well, especially if all the tasks are
not highly related as is likely in an empirical context. Consistent with the results of Bradley
[2010], Negahban and Wainwright [2011], we believe that the `1,2 norm will be more robust to
violations of the task-relatedness assumption. In fact, in our own work we noticed that the `1,∞
norm tended to squash the learned coefficients between tasks to similar values. This might be a
benefit if the tasks are truly similar. However, we suspect that the `1,2 norm would allow more
variation of a particular feature’s coefficients across tasks, a useful benefit when the tasks are not
very similar. Alternatively, `1,∞ norm might be used only for feature selection, while another
model with less constraints could use the selected features to make the final prediction. In fact,
this is the procedure we used in our experimental section where we used the multi-task Lasso to
select the features, and a ridge regression to learn the final predictive weights. We suspect this
approach would lead to better performance than a strict `1,∞ model. However, additional work,
both theoretical and empirical, would be very useful to confirm this conjecture and also to fully
understand the subtle effects of multi-task norms.
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4.8 Conclusion
In this chapter, we studied the inverse of the zero-shot learning model. Specifically, we built a
model to predict brain activity from the semantic features, instead of predicting semantic features
from brain activity. This model is generative in the sense that given the semantic features for
a novel word, it can often predict the brain activity that would be observed in fMRI images
collected from a human subject thinking about the word.

Similar to the zero-shot learning model, we had the problem of choosing the best seman-
tic features to input into the model. Although the previous Support Vector Ranking approach
described in Chapter 3 does not apply to the generative model, we demonstrated an alternative
method that can be used when predicting brain activity from semantic features. Specifically, we
showed how to formulate this semantic feature selection problem using the multi-task Lasso ob-
jective function. In collaboration with statisticians working to develop the first scalable algorithm
to solve this objective, we presented the first case study of a large scale multi-task Lasso prob-
lem, and showed how we can automatically learn a useful set of semantic features that perform
as well or better than the handcrafted set of features reported in Mitchell et al. [2008]. Further,
we applied the multi-task Lasso to different regions of interest (ROIs) of the brain, and reported
the set of semantic features that are most useful for predicting activity in that region.

We believe that learning methods that include sparsity constraints provide useful tools for
neuroscientists to test and evaluate theories of cognition. By using fewer assumptions a pri-
ori and allowing the models to choose the most useful features automatically, sparse learning
methods reduce the risk of implicit overfitting, and may lead to more believable results.

4.9 Additional Chapter Remarks
Sample Code

We provide a MATLAB implementation of the blockwise descent procedure for solving the
multi-task Lasso, as well the graphical user interface tool (MTL-GUI) for studying regions of
interest at:
http://www.thoughtrec.com
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Figure 4.8: Regression weights to each voxel for word Tools. We see strong activation (red) in
the superior temporal sulcus which is believed to be associated with the perception of biological
motion [Vaina et al., 2001]. We also see strong activation in the postcentral gyrus which is
believed to be associated with premotor planning [Pelphrey et al., 2005].
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Figure 4.9: The 10 most highly weighted semantic features for the brain region Right-Medial-
Frontal.

Figure 4.10: The 10 most highly weighted semantic features for the brain region Left-Post-
Central.
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Figure 4.11: The 10 most highly weighted semantic features for the brain region Right-Post-
Central.

Figure 4.12: The 10 most highly weighted semantic features for the brain region Left-
Triangularis.
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Figure 4.13: The 10 most highly weighted semantic features for the brain region Right-Inferior-
Extrastriate.

Figure 4.14: The 10 most highly weighted semantic features for the brain region Calcarine-
Sulcus.
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Chapter 5

Combining Data from Multiple Scanning
Modalities

IN previous chapters, we applied the zero-shot learning model to data collected from functional
magnetic resonance imaging (fMRI). In this chapter, we apply the zero-shot learning model to
data collected from lower resolution but more practical neural scanners including magnetoen-
cephalography (MEG) and electroencephalography (EEG). While we found it difficult to predict
words with the same granularity and accuracy as with fMRI, we found it is possible to discrim-
inate pairs of words far above the chance level in these imaging modalities as well, even when
examples of those words were omitted from the training set. We also found that it is possible
to improve the prediction accuracy of the MEG/EEG data by learning latent neural factors com-
mon to fMRI and MEG/EEG using kernel canonical correlation analysis (kCCA), and then using
these factors as a filter to improve signal quality of the lower spatial resolution MEG/EEG data.
This result shows it is possible to leverage data from other human subjects at training time to
improve prediction accuracy for an individual subject at test time, even when data from other
subjects were recorded using a different scanning modality. This is an important development
for neural engineering and brain-computer-interfaces, as it suggests that the lower quality signal
of a more practical (i.e. lower cost, better form factor) device can be improved by learning an a
priori filter using a less practical but higher resolution device.

Chapter Notes for Neural Imaging Researchers
For the cognitive neuroscientist or brain-computer-interface researcher, the most interesting re-
sult is how data from multiple scanning modalities can be combined to improve classification
performance in a neural imaging task. It is worth noting that the method we propose is similar
in spirit to the multimodal techniques that utilize fMRI to augment the timeseries produced by
MEG or EEG [Dale et al., 2000, Liu et al., 2009b] for the purposes of studying neural function.
By comparison, the method we propose focuses on classification and does not require the same
human subjects, structural scans, or explicit registration between modalities.

Chapter Notes for Machine Learning Researchers
For the machine learning researcher, the most interesting result is how performance of one task
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can be improved by leveraging data from a related task, even when the related task has signif-
icantly different dimensionality and coordinate system. Explicit registration between variables
of the two tasks is not required, as a linear transformation is automatically learned as part of the
canonical correlation analysis (CCA) model. This is an important consequence, as CCA learns
latent variables that are invariant to linear transformations, allowing easier transfer of knowledge
between datasets from seemingly different domains.

5.1 Introduction
The zero-shot learning methodology described in earlier chapters was designed for application
to an individual subject’s data. A common question in neural classification studies, however,
is whether performance on a particular classification task can be improved by combining or
pooling data from multiple human subjects. Since most imaging studies are unable to collect
large numbers of samples, the hope is that data from multiple subjects could be combined to
improve classification performance for an individual subject.

Although neural activity patterns are often correlated across subjects for a particular exper-
imental paradigm, structural and functional registration remain difficult challenges [Rustandi,
2010]. No clear consensus has emerged in the literature as to the best methodologies to use.

There has been recent progress from Rustandi et al. [2009], however, that shows it is possible
to improve performance in a fMRI classification task by combining data from multiple human
subjects using a latent variable model called canonical correlation analysis. In their work, they
showed that prediction accuracy for a single fMRI subject can be improved by utilizing fMRI
data from the other subjects.

The ability to combine data from multiple subjects would be particularly useful for neural
studies performed with magnetoencephalography (MEG) and electroencephalography (EEG),
which generally have much lower spatial resolution signals than fMRI, leading to generally lower
performance on neural classification tasks. This is because for many classification tasks, the spa-
tial dimension is far more important for robust performance as the discriminating neural activity
can be highly localized.

Despite this lower resolution, both the cost and form of these scanners are significantly better
than fMRI. This is especially true for EEG, which is the most commonly used neural activity
recording device in most state-of-the-art (non-invasive) brain computer interfaces [Guger et al.,
2011].

Although the work of [Rustandi et al., 2009] focused on fMRI, we feel similar methods would
apply to MEG and EEG as well. While it might be useful to combine lower resolution data from
multiple subjects together, in this chapter we consider a slightly different question:

Can training with data from higher resolution fMRI subjects be useful for improving test
classification performance of data collected from lower resolution MEG and EEG subjects?

In other words, we investigate the question of combining data from multiple subjects, but
we propose a method that can improve performance in a classification task for a subject col-
lected from one scanning modality, by combining with another subject’s data from a different,
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higher resolution scanning modality. Specifically, we’ll show how this method can improve per-
formance of MEG and EEG classification tasks by leveraging other subjects’ data collected for
the same experimental paradigm, but using fMRI data during the training phase. No additional
fMRI data is needed at testing time.

The goal is to leverage the higher resolution fMRI data as a constraint during the training
phase to transform the original MEG or EEG features from a single subject into a new feature
representation that performs better with respect to the model than the original features. As shown
in Figure 5.1, both MEG/EEG and fMRI data are fed into the CCA algorithm to learn a filter for
the MEG/EEG data. This filter is later used during the testing phase to transform the MEG/EEG
features into the new feature representation. These new features are then input into the zero-
shot learning model described in Chapter 2. Similar to Rustandi et al. [2009], we use canonical
correlation analysis (CCA) to learn latent variables that can transform the original features into
this new representation. We will now describe CCA and then demonstrate how we use it to learn
better features for our model.

5.2 Canonical Correlation Analysis (CCA)
Suppose we have two datasets U ∈ <N∗du and V ∈ <N∗dv that represent two different “views” of
some underlying object. Both views have N training examples, and du and dv are the respective
dimensionalities of the views. For example, a row of U might represent the neural activity image
recorded with MEG in response to a particular stimulus (i.e. the MEG view), while the same row
of V might be the neural activity image recorded with fMRI for the same stimulus (i.e. the fMRI
view).

Formally, CCA finds two vectors zu ∈ <du∗1 and zv ∈ <dv∗1, such that the vectors produced
by au = Uzu and av = Vzv are maximally correlated:

max
zu,zv

corr(Uzu,Vzv) (5.1)

The vectors au and av are called the first canonical variates, while the solution zu and zv are
called the loadings for the first canonical component. The data matrices can be deflated using
the canonical variates, and the process can be repeated to find additional canonical variates. The
solution to Equation (5.1) can be written as a generalized eigenvalue problem, the solution of
which provides all canonical variates and loadings in an efficient manner. See Hardoon et al.
[2004], Hotelling [1936] for details.

Intuitively, CCA can be thought of as a dimensionality reduction method similar to PCA,
but CCA uses a different objective function when learning its lower dimensional representation.
Whereas PCA finds directions that maximize variance of the data, CCA finds correlation between
two variables, U and V, after projecting the variables onto a common coordinate system. The
advantage is that linear relationships can be discovered even if the two variables use different
coordinate systems. Without such projection, two variables may appear uncorrelated even if
one variable is a direct linear map of the other, assuming the original coordinate systems are
sufficiently different. This is an important point, as it allows large flexibility when learning
common factors of the two views.
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Figure 5.1: The standard zero-shot learning classifier shown on left, compared to the model
augmented with intermediate kCCA features. The features were generated by finding the kCCA
loadings that maximize the correlation between projections of the MEG view and fMRI view of
the data. After training, the MEG or EEG data can be transformed in the kCCA feature space
using its corresponding loading. The features can then be used as normal in the zero-shot learning
classifier. Note that fMRI data is not needed when applying the classifier at test time.

For the purpose of neural imaging, we conjecture that there are common factors that represent
the underlying pattern of neural firing in response to a stimulus, although this pattern is observed
differently across scanning modalities and may even be distributed across different regions of the
brain. The flexibility of CCA can help us find these common neural factors without requiring us
to align the coordinate systems between the different scanners.

The basic CCA formulation above can be extended into kernel form and can include regular-
ization constraints on the loadings to prevent overfitting. This allows the model to train quickly
with many thousands of features, even if the number of training examples is small. In our work,
we use the kernel canonical correlation analysis (kCCA) derived by Hardoon et al. [2004] and
implemented by Rustandi et al. [2009].

We extend our regression model described earlier according to Figure (5.1). Formally, let the
matrices U ∈ <N∗du be a collection of N examples from MEG (or EEG) and V ∈ <N∗dv be
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a collection of examples from fMRI. Each row of the matrix corresponds to the same stimulus
example.

During our training phase, we apply kCCA on U and V to learn a matrix of loadings Zu ∈
<N∗k in kernel space for MEG (or EEG), and Zv ∈ <N∗k for fMRI, where k is the number of
components used. We transform these loadings into their primal form, Lu, which we can use to
transform our training and test examples into the new feature space:

Lu = UTZu

Applied to the training data, we obtain the MEG/EEG examples X in the new feature space that
we created using the combined MEG and fMRI training data:

X = ULu = UUTZu

The matrix X can then be used directly in our regression model in Equation 2.6. Similarly, a new
test example t can be converted into the new feature space by applying the primal loading:

x = tLu

which can then be used to obtain a prediction of semantic features as in Equation 2.7. Note that
after training, we discard the fMRI loadings Zv as they are only used as a constraint to learn
the MEG/EEG loadings and are not necessary for testing. We could in theory use them during
testing if we had fMRI test examples, but our goal is to test whether adding fMRI data during
training time can improve classification test performance of MEG/EEG. The goal is to show that
classification performance is improved by adding a small amount of high-quality fMRI data to
the training data.

The implementation from Rustandi et al. [2009] requires the choice of both a regularization
parameter and number of components. For our MEG+fMRI experiments we use the same pa-
rameters as recommended by Rustandi, namely 10 components and a regularization parameter
of 0.5. Note that this regularization parameter ranges from 0 to 1. The choice of 0.5 balances
the magnitude of the projection weights against the correlation of the projected vectors. Since
EEG has only 19 raw features (vs. 306 for MEG), we used 5 components for EEG. At the risk of
overfitting, we explored various regularization parameters and found the results to be highly ro-
bust to this choice. However, the results reported below used the recommended value of 0.5. The
performance was much more affected by the choice of number of components, and we found the
best performance around 5-15 components, and decreased smoothly as additional components
were added. We believe the appropriate choice of components is likely related to number of input
dimensions used in the model.

Further, as a requirement for the kCCA experiments, we further normalize each training
example (row) of the data matrices input to kCCA to unit length and recompute zero-mean
columns per training iteration as recommended by Rustandi et al. [2009]. For fair comparisons,
we report the MEG/EEG baseline results using these normalizations as well. We did find these
additional normalizations may occasionally decrease performance when compared to the same
model that does not use them.
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Figure 5.2: The event related paradigm. Line drawings were presented as white lines on black
background (shown reversed here for clarity).

5.3 Case Study: Combining Data from fMRI and MEG/EEG

We now apply the above kCCA model to the fMRI data described in Chapter 2, along with new
data collected from MEG and EEG.

5.3.1 Paradigm and Task

We used the same experimental paradigm as described in Chapter 2. Recall that participants
were presented with 60 stimuli, each being a picture drawing and corresponding word labeling
of a concrete noun. There were five exemplars from twelve different semantic categories (Table
2.1). The line drawings were taken from or modeled after those in Snodgrass and Vanderwart
[1980]. White lines and white text were shown over a black background.

The following event-related paradigm was used in fMRI: the stimulus was presented for 3s,
followed by 7s of a fixation condition where an X was shown in the center of the screen (Figure
5.2). The set of 60 stimuli were shown six times for fMRI with a random permutation of the set
used for each presentation.

A similar sequence was used in our MEG and EEG experiments, but different timings were
used since MEG and EEG are not subject to the hemodynamic delay: 500ms fixation, 2s stimu-
lus, and 1s blank screen. There were at least six (and up to ten) presentations of each stimuli for
each MEG/EEG participant.

The participants were asked to think about properties of the stimulus words during presenta-
tion. To encourage a repeatable set of imagined properties for each word, the participants were
asked before entering the scanner to create a list of properties for each of the 60 words. Each
participant was allowed to create his/her own set of properties and were not limited to a par-
ticular set. Further, each participant had no knowledge of the properties selected by the other
participants.
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5.3.2 MEG/EEG Data Collection Procedures

Nine right-handed human participants were scanned using an Elekta Neuromag R© scanner. All
subjects gave their written informed consent approved by the University of Pittsburgh (protocol
PRO09030355) and Carnegie Mellon (protocol HS09-343) Institutional Review Boards. The
MEG scanner has a total of 306 channels, of which 102 are magnetometers and the other 204
are planar gradiometers. The channels are distributed in 102 sensor triplets, each of them con-
taining one magnetometer and two gradiometers that measure the differential magnetic field in
orthogonal directions. The data were acquired at 1Khz, high-pass filtered at 0.1Hz and low-
pass filtered at 330Hz. Eye movements (EOG) were also monitored by recording differential
activity of muscles above, below, and lateral to the eyes. These signals captured horizontal
and vertical eye movements, as well as eye blinks. Additionally, four head position indicator
(HPI) coils were placed on the subject’s scalp to record the position of the head with rela-
tion to the MEG helmet at the beginning of each session. These coils, along with three car-
dinal points (nasal, left and right pre-auricular), were digitized into the system and were later
used for source localization. For three subjects, EEG data were acquired simultaneously with
the MEG data acquisition. Nineteen EEG electrodes were placed on the subject’s scalp using
the traditional 10-20 system [Niedermeyer and da Silva, 2004]. The Signal Space Separation
method [Taulu et al., 2004] was used to remove noise in the MEG data that originated outside
of a sphere containing the subject’s head. The data were then band-pass filtered between 1-
8Hz and down-sampled to 40Hz. Finally, Freesurfer software (http://surfer.nmr.mgh.
harvard.edu/) was used to construct the 3D model of the brain from the structural MRIs,
and the Minimum Norm Estimates method [Hämäläinen and Ilmoniemi, 1994] was used to ob-
tain source localized estimates of brain activity from raw MEG data (MNE software, http:
//www.nmr.mgh.harvard.edu/martinos/userInfo/data/sofMNE.php). Both
sensor and source space data were used in the experiments.

5.3.3 Data Norm and Preprocessing

For MEG/EEG, we used the same process that was described in Section 2.3.5 for fMRI data,
but first removed the time dimension by averaging the samples taken from the window between
350-450ms after stimulus onset. We chose this time window based on previous MEG work
that studied neural activity timings for language processing tasks [Salmelin, 2007]. While we
primarily consider this time window, one of the experiments described in our results section
explicitly tests model performance for different time windows.

In the experiments below that combine data between fMRI and MEG, we use the same pre-
processed fMRI that was used in Chapter 2.

5.3.4 Model

We used the same kernel ridge regression model as described in Section 2.3.6. For our baseline
experiments described below, the MEG/EEG features are input directly into the model. In the
kCCA experiments, the kCCA features are input into the model.
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Figure 5.3: Percent accuracies of the 9 MEG participants for the leave-two-out task using both
source and sensor data. The chance accuracy is shown as a solid black line, the mean accuracy for
all participants (sensor) is shown as a solid blue line, and the mean accuracy for all participants
(source) is shown as a solid red line. We also show the 5% significance level (i.e. the threshold
for which the p-value would be found significant if p = 0.05) for individual participant accuracy
as a dashed “-” line, and the 5% significance level for the mean accuracy shown as a dash-dot
“- .” line. We found accuracies of sensor data to be significantly better than source data, with
eight of nine participants significant at the 5% level. Both sensor and source means were found
significant at the 5% level as well. We computed these significance values by computing the
empirical distribution of accuracies using random data in place of the real MEG/EEG data and
repeating the experiment over a thousand times.

5.4 Experimental Results

5.4.1 MEG and EEG Baseline Experiments
We now pose and answer several questions regarding the performance of MEG/EEG in same
leave-one-out and leave-two-out experiments described in Section 2.3.7. We perform these ex-
periments to obtain baseline accuracies for MEG/EEG before applying the kCCA model de-
scribed above.

We repeated these experiments using data from nine MEG participants and three EEG partic-
ipants separately. Given the significantly better performance of the human218 semantic feature
set on the fMRI data, we only used this set for the MEG and EEG experiments described below.
The nine participants were different from those used for fMRI. The EEG data was collected si-
multaneously with the MEG data for only three of the participants.
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Figure 5.4: Percent rank accuracies of the 9 MEG participants for the harder leave-one-out task
using both source and sensor data. The chance accuracy is shown as a solid black line, the mean
accuracy for all participants (sensor) is shown as a solid blue line, and the mean accuracy for
all participants (source) is shown as a solid red line. We also show the 5% significance level for
individual participant accuracy as a dashed “-” line, and the 5% significance level for the mean
accuracy shown as a dash-dot “- .” line. We found accuracies of sensor data to be significantly
better than source data in this experiment as well. In this harder task, few participants were
found significant at the 5% level, although the mean of sensor data was found significant at the
5% level, and the source mean just under the 5% level.
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Figure 5.5: Percent accuracies of the 3 available EEG participants (P1-P2-P4) for the leave-two-
out task using sensor data. The chance accuracy is shown as a solid black line, the mean accuracy
for the three participants is shown as a solid blue line. We also show the 5% significance level
for individual subject accuracy as a dashed “-” line, and the 5% significance level for the mean
accuracy shown as a dash-dot “- .” line. We found two of three participants significant at the 5%
level, and mean was found significant at the 5% level as well.
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Figure 5.6: Percent rank accuracies of the 3 available EEG participants (P1-P2-P4) for the harder
leave-one-out task using sensor data. The chance accuracy is shown as a solid black line, the
mean accuracy for the three participants is shown as a solid blue line. We also show the 5%
significance level for individual subject accuracy as a dashed “-” line, and the 5% significance
level for the mean accuracy shown as a dash-dot “- .” line. This is the hardest task, with the
noisiest data, and neither the individual subject accuracies nor mean were found significant at
the 5% level. The mean accuracy was found significant at the 10% level (shown just under the
dotted “...” line).
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How well can we predict words using MEG and EEG?

We found that both MEG and EEG could classify above the chance level for the easier leave-
two-out experiment, with eight of nine MEG participants and two of three EEG participants
significant at the 5% level. The mean accuracies across all participants was found to be significant
at the 5% level as well with 68% for MEG sensor, 59.2% for MEG source, and 62.4% for EEG.
See Figures 5.3 and 5.5. This shows that using the zero-shot learning model, both MEG and EEG
can perform well even when the test classes were omitted from the training set.

For the harder leave-one-out experiment, where the task is to discriminate from a set of
nearly 1,000 words, both MEG and EEG performed far below the performance of fMRI, and
while slightly above the chance level, only two participants were significant at the 5% level, al-
though the mean accuracy across participants was significant at the 5% level. See Figures 5.4 and
5.6. It is possible these results could be improved by using different input features, rather than
the temporally averaged features used here. It is also possible that different semantic feature sets
may be better predicted than those used in the human218 set. However, we conjecture that for
the human218 semantic features, spatial resolution is far more important than temporal resolu-
tion for predicting the semantic properties of the stimuli. Noise characteristics of each scanner
and the differences in what is sensed may also explain the performance gap.

Is MEG performance higher using sensor data or source localized data?

The raw data collected using the MEG scanner has 306 different sensors. For many MEG
experiments described in the literature, the MEG data are source localized using structural MRI
scans to register the neural activity to specific regions of the brain. While it is not possible to
find a definite solution to the inverse problem in MEG source localization [Baillet et al., 2001],
different methods can be used to estimate the sources of magnetic field in the cortex. This work
used the popular minimum norm estimate (MNE) method [Hämäläinen and Ilmoniemi, 1994].

Although useful for interpreting the neural scans, it is unclear the effect of source localization
on neural classification tasks. The impact seems to be task specific, and no clear answer has
emerged in the literature as to whether better performance should be expected in classification
studies using source localized vs. the minimally processed sensor data.

We compared our results using both sensor and source data1 in Figures 5.3 and 5.4. We found
that in both experiments, the sensor data performed better than the source localized data, par-
ticularly for the leave-two-out experiment. While this might be attributable to parameter settings
for the MNE localization, we found no setting that yielded better results than the sensor data.
Given the number of steps required in the preprocessing of the data, is it difficult to make any
conclusive claim as whether source vs. sensor data are better for classification tasks, and more
work needs to be done in the community to establish a standard preprocessing pipeline. Further,
it would be useful to know what neural classification tasks would likely perform better using
source data, and what tasks would likely perform better using sensor data.

What is the best time window for prediction?

1Low-pass filtering and down sampling were applied to the raw data.
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Figure 5.7: MEG accuracies using sensor data for the leave-two-out task averaged over all nine
human subjects. Results are reported for each possible time window between 100-1900ms using
100ms increments. The Y-axis indicates the start time of the window in seconds after stimulus
onset. The X-axis indicates the end time of the window in seconds after stimulus onset.

The MEG and EEG results reported earlier were based on features computed by averaging
the time series data from 350-450ms after stimulus offset. This time window was chosen based
on prior results reported in the literature [Salmelin, 2007] regarding semantic processing. An
interesting question is whether this is the optimal time window to use, or if other windows might
yield superior results2.

We performed the leave-two-out experiment on the MEG sensor data for 171 different time
windows. These include all the time windows using 100ms increments up to 1900ms after stim-
ulus offset (e.g. 100-200ms, 100-300ms, 100-400ms, ..., 200-300ms, 200-400ms, ..., 1800-
1900ms). The results are shown in Figure (5.7). We see the peak accuracies occur in time
windows that begin between 300-500ms and lasting until 600-800ms. Although the time win-
dow we chose based on prior literature was not the absolute peak accuracy, the performance was
very similar. This provides additional evidence that the best time window for predicting semantic
features occurs around 400ms.

2There are many other ways to compute features from the raw time series data, including frequency-based
features. In this work, however, we only consider features based on averaging signal amplitude over different time
windows.
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Figure 5.8: Average effect over nine human subjects on MEG and EEG test performance by
training the kCCA model using fMRI data. Both leave-one-out and leave-two-out experiments
were performed. Results are also reported when the model was trained using random Gaussian
data instead of real fMRI data. Jackknife 95% confidence intervals are reported for the mean
estimator.

5.4.2 kCCA Experiments with MEG/EEG and fMRI

Can we improve performance by leveraging data from another subject in a different imaging
modality?

We trained the kernel canonical correlation analysis model to test whether we can improve
MEG and EEG classification performance by leveraging higher spatial resolution fMRI data from
another human subject during classifier training. Figure (5.8) shows the results of the leave-one-
out and leave-two-out tasks for both MEG and EEG. In each experiment, we see that training
with data from the subject increased the performance of the classifier.

We also tested the same kCCA model using random Gaussian data as replacement for real
fMRI data. The goal was to test whether the improvement was really due to the fMRI data, or
some other consequence of the model. We see in Figure (5.8) that using random data rather than
the real fMRI data substantially decreased performance in each of the four experiments.

Figure (5.9) shows the MEG performance for each subject in the leave-one-out task for both
the kCCA and baseline models. We see that kCCA helped performance in almost all subjects,
and only one subject had a notable decrease. In some subjects, the performance increase was
dramatic, and Subject 2 had more than 15 percentage point improvement.

These results provide evidence that classifier performance using lower spatial resolution
MEG or EEG scanners can be improved by training with another human subject’s data col-
lected from the high resolution fMRI scanner.
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Figure 5.9: Comparison of the MEG leave-one-out task using the standard regression model, and
the kCCA model that includes fMRI data during training. Shown are percent rank accuracies of
the 9 MEG participants for the harder leave-one-out task. The chance accuracy is shown as a
solid black line, the mean accuracy for all participants (standard regression model) is shown as
a solid blue line, and the mean accuracy for the kCCA model that includes fMRI data is shown
as a solid red line. We also show the 5% significance level for individual participant accuracy
as a dashed “-” line, and the 5% significance level for the mean accuracy shown as a dash-dot
“- .” line. We found that kCCA only decreased accuracy in one participant, while occasionally
causing an increase of 8-15%. While most subjects were not individually significant at the 5%
level, both means were found significant at the 5% level.

To our knowledge this is the first result that makes this claim. We believe this could be
an important consequence for brain-computer-interface problems, as it shows the lower quality
signal of a more practical (i.e. lower cost, better form factor) device like EEG can be improved
by learning an a priori filter using a less practical but higher resolution device such as fMRI.

As a practical advantage, it should be noted that no explicit registration of the time series or
structural data is required. Although this is an exciting result, it is worth noting that the choice
of semantic features, time windows, and preprocessing can have a larger effect on performance
than kCCA. If maximum performance is desired, these other experimental factors should be
optimized first before attempting to leverage data from fMRI to increase performance.

The results described here leveraged data from our best performing fMRI subject. Using a
generalized version of kCCA that extends to more than two views of the data, we tested a similar
model that combined the MEG/EEG data with data from all available fMRI subjects simultane-
ously. We found, however, the accuracy of this model to be quite similar to one that utilized only
the best fMRI subject’s data, despite being significantly computationally slower. Although more
experiments should be performed, we have not found any advantage of using data from multiple
subjects instead of just the best performing one.
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Figure 5.10: Plots of the four most dominant kCCA loadings when plotted onto anatomical
brains using MNE software. These plots show neural activities measured in fMRI and MEG for
similar neural concepts. Although kCCA does not consider geometry in its learning algorithm,
several spatial correlations can be seen. Several activities, however, only appear in one scanning
modality.

How are similar neural concepts represented in fMRI and MEG?

The kCCA algorithm learns loadings that project the fMRI and MEG data to a lower di-
mensional representation such that the two projections are maximally correlated. These learned
loadings have a physical interpretation and can be mapped onto the geometry of the brain. Vi-
sualizing this mapping can yield insights into how neural activity appears in fMRI and MEG for
similar neural concepts.

In order to visualize the loadings, we ran kCCA using the full brain fMRI data and the source
localized MEG data. We utilized all available examples since no cross-validation is required
and plotted the loading weights onto a 3D brain model using the MNE software. The four most
dominant loadings were considered in Figure (5.10).
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We found that several of the first four learned loadings exhibit spatial correlations in the
temporal and frontal lobes, especially in the first and second loadings. This is an interesting result
because kCCA does not consider the geometry of the brain or encourage spatial smoothness when
learning the loadings. Although fMRI and MEG measure very different physical processes, we
do see that both can observe similar activity.

There are also several differences in observed activities between the two modalities. In the
third and fourth fMRI loadings, we see activities in the occipital lobe that do not appear in MEG.
This is likely due to the time window used in the MEG data. We considered the window of
350-450ms post stimulus onset which is typically associated with semantic processing and not
sensory input. In the temporal lobe, we also see activities in the second and third fMRI loadings
that do not appear in the MEG loadings, as well as activities in first and fourth MEG loadings
that do not appear in the fMRI loadings.

5.5 Future Work
From a neural imaging and brain-computer-interface perspective, we believe that augmenting
data from lower resolution scanners with data from high resolution scanners is an interesting
direction for future work. Most of the work in this chapter only focused on features created
by averaging a small interval of the time series data from 350-450ms for MEG/EEG, but other
intervals should be considered as well. The kernelized ridge regression model presented in this
chapter should easily accommodate significantly larger feature sets and it may be possible to
test all time intervals simultaneously, allowing model regularization to automatically choose the
most useful time points.

Although we showed CCA as a potentially useful latent variable model, there may be other
latent variable models that are more effective at transferring knowledge between the different
scanning modalities. One particular idea would be a CCA-like model that includes full time se-
ries data in one view (rather than just temporally averaged features), and non-time series data in
another view. This would create a latent variable model that could potentially transfer informa-
tion more effectively between two datasets, even when they have little temporal relationship.

From a machine learning perspective, we feel that CCA is an important model for transferring
knowledge between learning tasks. Unlike other dimensionality reduction techniques like PCA,
the CCA objective function learns latent variables that are invariant to linear transformations,
allowing a great deal of flexibility when transferring knowledge between tasks. Although linear
transformations are only one particular function class, we believe there may exist other, similar
models to CCA that learn latent variables that are invariant to other transformations. Research
in this direction may lead to a powerful class of models that can learn different types invariant
features, leading to greater abstraction and transfer of knowledge between tasks.

5.6 Conclusion
We experimented with different neuro-imaging datasets and found that it is possible to apply the
zero-shot learning paradigm to lower resolution MEG and EEG data, allowing classification of
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novel concrete words that were omitted from a training set. Although performance was signif-
icantly less accurate than fMRI, it was possible to discriminate between pairs of novel concrete
nouns far above chance, while the harder task of classifying from a set of a thousand words was
only slightly above chance. We also explicitly tested different time windows of the data, and
found that the best performance occurred when the window 300-600 milliseconds (post stimulus
onset) was used. This appears consistent with previous work in semantic priming that observed
activation at 400 milliseconds (post stimulus onset) [Salmelin, 2007]. This activation is often
referred to as the N400 [Kutas and Federmeier, 2011].

While performance using MEG and EEG data was less accurate than fMRI, we found that it
is possible to utilize higher resolution fMRI data from another human subject in order to increase
classification performance of the MEG and EEG data at test time, without additional fMRI ex-
amples. To our knowledge, this is the first time that data from a human subject in one scanner
modality was used to increase classification performance on another human’s data taken from
another scanning modality. This has an important consequence for brain-computer interfaces,
as it shows that a high-resolution, but less practical scanning modality like fMRI can be used to
improve performance of a low-resolution but better form factor scanner like EEG.

5.7 Additional Chapter Remarks
Sample Code

We provide a MATLAB implementation of the kCCA procedure at:
http://www.thoughtrec.com
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Chapter 6

Conclusion

IN this thesis we showed that it is possible for a machine learning classifier to discriminate
classes that were not explicitly included in a training set by leveraging semantic knowledge of
the classes such as their physical or functional attributes. Further, we found it is possible for
the classifier to automatically select the semantic attributes or features that are most useful for a
particular task, minimizing the effort required by a human to precisely define the optimal set of
semantic attributes in advance.

Using this technique, we showed that the semantic properties of concrete nouns are pre-
dictable from the brain activity observed while a person is thinking about those nouns. This
makes it possible to train a machine learning classifier to discriminate concrete nouns that peo-
ple are thinking about, even without explicitly collecting examples of those nouns for a training
set. Further, this allows discrimination of certain nouns that are within the same category with
significantly higher accuracies than previously possible.

While this thesis focused primarily on classification of neural imaging data, many of the
methodologies developed apply more broadly to the field of machine learning and we believe
are very relevant to other application areas. Below we summarize the main conclusions, discuss
their broader impacts, and suggest avenues for future work.

6.1 Summary of Contributions

6.1.1 Thought Recognition using Zero-Shot Learning

We first presented a formalism for a zero-shot learning algorithm known as the semantic output
code classifier. This classifier can predict novel classes that were omitted from a training set by
leveraging a semantic knowledge base that encodes features common to both the novel classes
and the training set. We studied this model in a PAC framework and proved the first formal
guarantee that shows conditions under which this classifier will predict novel classes.

We applied this framework to the task of concrete noun recognition and demonstrated that
we can discriminate concrete nouns that people are thinking about far above the chance level
without any training examples of those nouns. This is an important result for the neural imaging
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community as it shows that using a small amount of training data, it is possible to discriminate a
much larger set of cognitive states, thereby saving significant time and expense when collecting
data from human subjects.

When applied to fMRI data, we showed that the model can discriminate certain nouns that
are within the same category with significantly higher accuracy than previously possible. These
results advance the state-of-the-art in neural decoding and are a promising step towards a large
vocabulary brain-computer interface.

6.1.2 Semantic Feature Selection using Support Vector Ranking
To improve on the usefulness of the zero-shot learning algorithm, we presented a method based
on support vector ranking that is useful for selecting semantic features for a zero-shot learning
algorithm. This lowers the burden of determining the most useful semantic features a priori, and
allows the algorithm to select the most useful features from a much larger set. When applied to
our neural imaging dataset, we selected features related to density and internal structure as well
as shelter qualities of the objects we considered.

Surprisingly, the importance of selecting semantic features decreased as the size of the orig-
inal semantic set increased. Further, our empirical results suggest that a zero-shot learning al-
gorithm that utilizes nearest neighbor is very robust to potentially irrelevant features. Thus, we
found it is far more important to make sure useful features are included in the model, rather than
prevent irrelevant features from being excluded.

We presented an initial theoretical analysis of using nearest neighbor in the zero-shot learning
algorithm. This analysis showed under certain distribution and metric assumptions, the tolerance
for error in the semantic features predictions can grow with the number of features. Our theory
suggests that there is a benefit to using a semantic feature set that is sufficiently large (i.e. more
than fifty semantic features), however we also found there may not be much benefit to using a
semantic feature set that consists of more than few hundred semantic features.

6.1.3 Predicting Neural Activity using Multi-Task Learning
We also studied the inverse of the zero-shot learning model. Specifically, we built a model to
predict brain activity from the semantic features, instead of predicting semantic features from
brain activity. This model is generative in the sense that given the semantic features for a novel
word, it can often predict the brain activity that would be observed in fMRI images collected
from a human subject thinking about the word.

Similar to the zero-shot learning model, we had the problem of choosing the best semantic
features to input into the model. Although the previous Support Vector Ranking approach does
not apply to the generative model, we demonstrated an alternative method that can be used when
predicting brain activity from semantic features. Specifically, we showed how to formulate this
semantic feature selection problem using the multi-task Lasso objective function. In collabora-
tion with statisticians working to develop the first scalable algorithm to solve this objective, we
presented the first case study of a large scale multi-task Lasso problem with thousands of fea-
tures and tasks, and showed how we can automatically learn a useful set of semantic features that
perform as well or better than the handcrafted set of features reported in Mitchell et al. [2008].
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Further, we applied the multi-task Lasso to different regions of interest (ROIs) of the brain, and
reported the set of semantic features that are most useful for predicting activity in that region.

We believe that learning methods that include sparsity constraints provide useful tools for
neuroscientists to test and evaluate theories of cognition. By using fewer assumptions a pri-
ori and allowing the models to choose the most useful features automatically, sparse learning
methods reduce the risk of implicit overfitting, and may lead to more believable results.

6.1.4 Combining Data from Multiple Scanning Modalities

We experimented with different neuro-imaging datasets and found that it is possible to apply the
zero-shot learning paradigm to lower resolution MEG and EEG data, allowing classification of
novel concrete words that were omitted from a training set. Although performance was signif-
icantly less accurate than fMRI, it was possible to discriminate between pairs of novel concrete
nouns far above chance, while the harder task of classifying from a set of a thousand words was
only slightly above chance. We also explicitly tested different time windows of the data, and
found that the best performance occurred when the window 300-600 milliseconds (post stimulus
onset) was used. This appears consistent with previous work in semantic priming that observed
activation at 400 milliseconds (post stimulus onset) [Salmelin, 2007]. This activation is often
referred to as the N400 [Kutas and Federmeier, 2011].

While performance using MEG and EEG data was less accurate than fMRI, we found that it
is possible to utilize higher resolution fMRI data from another human subject in order to increase
classification performance of the MEG and EEG data at test time, without additional fMRI ex-
amples. To our knowledge, this is the first time that data from a human subject in one scanner
modality was used to increase classification performance on another human’s data taken from
another scanning modality. This has an important consequence for brain-computer interfaces,
as it shows that a high-resolution, but less practical scanning modality like fMRI can be used to
improve performance of a low-resolution but better form factor scanner like EEG.

6.2 Software Contributions

We provide sample code for all the methodologies described in this thesis including kernel ridge
regression with efficient cross-validation, support vector ranking, multi-task Lasso, MTL-GUI,
and kernel canonical correlation analysis.
The code can be downloaded from: http://www.thoughtrec.com

6.3 Future Work

We now summarize avenues for future work in both machine learning and also neuro-imaging.
In machine learning, we suggest additional ways to extend the zero-shot learning model and
also describe other domains where the model is useful. In neuro-imaging, we suggest additional
experiments to classify different parts of speech, and ways to classify data across modalities.
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6.3.1 Thought Recognition using Zero-Shot Learning

We found in our zero-shot learning experiments in Chapter 2 that the largest improvement in
classifier accuracy resulted from using the human labeled semantic features (human218) rather
than those generated from corpus statistics (corpus5000). While the human218 semantic
feature set performed reasonably well, additional work should explore what other semantic fea-
tures could be classified accurately. For example, features related more to function or purpose
should be explored in greater depth.

Future work should also explore classifying words that are not concrete nouns, such as ad-
jectives, verbs, and also more abstract nouns like democracy. If different parts of speech can be
classified, an obvious next goal would be to experiment with classifying phrases or short sen-
tences. This challenging goal will require models that fully utilize the temporal dimension of
neural activity, rather than the simpler single time point features described in this thesis. It is
likely that scanners such as MEG and EEG that better measure the temporal dimension of neural
activity will be required.

Another interesting direction would be to combine the methodologies described here with
other brain-computer-interface techniques like P300 [Donchin et al., 2000]. P300 is a very con-
sistent pattern of neural activation that occurs 300 milliseconds after a thought or perception and
is commonly used as a triggering signal in brain-computer-interfaces [Guger et al., 2011]. To
combine with P300, the zero-shot learning model could be used to narrow word selections down
to a small set of semantically similar choices, while the P300 signal could be used to accurately
make a selection from the small set. We believe the combination of these two techniques may
eventually lead to non-invasive vocal prosthetics. While it may not be possible to decode full
sentences, recognition of even small vocabularies combined with speech synthesis capabilities
may lead to useful applications for the disabled.

Other researchers have explored vocal prosthetics using invasive techniques that measure
firings of small numbers of neurons directly [Brumberg et al., 2010]. Rather than considering
word semantics, these researchers focus on predicting specific phonemes of the desired words.
To our knowledge, exploring invasive techniques for classification of word semantics have not
been explored, and we believe this would be an interesting area for further research. However,
in our own work and also that of Mitchell et al. [2008], we’ve found the neural activity patterns
of semantic processing to be highly distributed, making it difficult to study invasively using the
tiny microarrays commonly used in invasive neural prosthetics [Schwartz, 2004].

For more machine learning oriented researchers, the zero-shot learning paradigm is a rich
area for further study. We believe there are many applications of this model including computer
vision and analogy solving. For example, in computer vision, it has recently been shown that it is
possible to classify certain attributes of objects from images [Lampert et al., 2009, Farhadi et al.,
2009]. Similar to our own work, these papers show that it is possible to classify objects with far
fewer training examples, with Lampert et al. [2009] demonstrating the same zero-shot capability
described in this thesis but in the vision domain.

With regards to analogy solving, we believe one way to solve analogies, such as those used
in standardized tests like the SAT, is to model the relationships between words using crowd-
sourcing tools like Mechanical Turk to generate a semantic feature space that contains both
physical and functional attributes of words. Solving an analogy might be reduced to computing
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distances within this semantic space. Similar work using semantic features based on corpus
statistics is described in Turney [2006, 2008], Veale [2004].

We also feel there are interesting theoretical challenges related to the zero-shot learning
model, from proving performance guarantees under different modeling assumptions, to choosing
optimal coding of semantic information. The choice of optimal semantic code is closely related
to the problem of active learning, which seeks to choose the most useful training examples for
the learning algorithm. This is particularly useful when training examples are difficult to acquire,
which is certainly the case when collecting neural data from fMRI.

Given a particular semantic code, an active learning algorithm could minimize the number
of training examples necessary to predict a particular set of classes. It could also be used to
automatically explore different semantic codes by choosing examples to determine predictability
of certain semantic features.

6.3.2 Semantic Feature Selection using Support Vector Ranking

While we presented one method for selecting semantic features based on support vector ranking,
there are potentially many other metrics that may be useful for the zero-shot learning framework.
The algorithm we presented chooses features that are both predictable, but also useful for dis-
criminating between the various classes. While certainly useful for increasing performance when
using small semantic feature sets, one negative aspect of this method is that it makes model in-
terpretation more difficult because semantic features that may be predictable might not be useful
for discriminating between classes.

As a result, when features are left out of the model, it is not immediately clear whether
it is because they are not predictable, or whether they are just not useful for discriminating
between the classes. It would be interesting to know whether other methods that rely solely on
choosing the most predictable semantic features would perform as well. We suspect that unless
the algorithm uses a small number of semantic features (e.g. less than 50), including all features
that are predicted well may lead to sufficient performance.

In addition, we suspect our current algorithm may not work as well if semantic features
are very highly correlated. This is because the learned weights may be spread across highly
correlated features, and simply ranking the features by learned weight is likely not appropriate.
We performed additional experiments to address this concern by including sparsity constraints
during learning, but we measured no improvement over the method we described. While this
was not problematic for our particular dataset, if may be necessary to adjust the algorithm for
datasets with highly correlated features.

Further, we showed that our zero-shot learning model based on nearest neighbor demon-
strated significant robustness to irrelevant features. We presented a theoretical argument that
claimed that this robustness was a consequence of nearest neighbor being used in the second
stage of the zero-shot learning algorithm. While our analysis only considered uniform distribu-
tions of semantic features under the `∞ metric, it would also be useful to study this robustness
property based on additional metrics and distributions. It would be also useful to know if other
implementations of a zero-shot learner that do not use nearest neighbor also have this robustness
property.
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6.3.3 Predicting Neural Activity using Multi-Task Learning

From a cognitive neuroscience perspective, we believe that learning methods that include sparsity
constraints provide useful tools for neuroscientists to test and evaluate theories of cognition. By
using fewer assumptions a priori and allowing the models to choose the most useful features
automatically, sparse learning methods reduce the risk of implicit overfitting, and may lead to
more believable results. For certain problems, we believe the joint task constraints will lead to
more interpretable models than those that do not combine tasks, but more work needs to be done
to compare models learned from single task data to those that combine data from multiple tasks.
The recent work of Kolar and Xing [2010] is one step in this direction.

From a machine learning perspective, more multi-task learning methods should be evaluated.
Since the original publication of our results in 2009, several other procedures have been pub-
lished relating to multi-task learning using multi-task Lasso `1,∞ regularization norms [Quattoni
et al., 2009] as well as `1,2 norms [Vogt and Roth, 2010]. The work from [Bradley, 2010] pro-
vides a general technique for efficient optimization of different matrix norms in an online setting,
however their approach can only approximately solve problems using the `1,∞ norm because of
differentiability requirements of their current technique.

Little explicit comparison has been done between the different norms, except for Vogt and
Roth [2010] and Bradley [2010] who empirically found that norms close to `1,2 led to better
predictors on several datasets. The work from Bradley [2010] goes further, and also includes
a theoretical regret analysis for the online setting and claims that it is undesirable to use `1,p
norms with p > 2 because of high regret, particularly when tasks are not highly related and
feature weights vary across tasks. The benefit and risk of `1,∞ has also been analyzed recently
by Negahban and Wainwright [2011], which confirms the benefit of this norm requires high
relatedness of tasks.

Despite these works, it is not entirely clear from the literature under what conditions each
norm should be used. In the single-task case, there are subtleties that depend on correlation of
features, as well as whether true sparsity is required [Wainwright, 2009]. For example, many of
these theoretical results guaranteeing recovery of the support set (i.e. the true model features)
are possible using the Lasso `1 norm, but not the ridge regression `2 norm.

We also expect similar subtleties in the multi-task case, and expect that correlation of features,
the number of examples, sparsity rates, as well as task relatedness will affect the appropriate
choice of multi-task norm. From a computational standpoint, the `1,2 regularization norm appears
easier to solve at large scale given the current literature, and existing empirical and theoretical
work supports using the `1,2 as the first approach method as well, especially if all the tasks are
not highly related as is likely in an empirical context. Consistent with the results of Bradley
[2010], Negahban and Wainwright [2011], we believe that the `1,2 norm will be more robust to
violations of the task-relatedness assumption. In fact, in our own work we noticed that the `1,∞
norm tended to squash the learned coefficients between tasks to similar values. This might be a
benefit if the tasks are truly similar. However, we suspect that the `1,2 norm would allow more
variation of a particular feature’s coefficients across tasks, a useful benefit when the tasks are not
very similar. Alternatively, `1,∞ norm might be used only for feature selection, while another
model with less constraints could use the selected features to make the final prediction. In fact,
this is the procedure we used in our experimental section where we used the multi-task Lasso to
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select the features, and a ridge regression to learn the final predictive weights. We suspect this
approach would lead to better performance than a strict `1,∞ model. However, additional work,
both theoretical and empirical, would be very useful to confirm this conjecture and also to fully
understand the subtle effects of multi-task norms.

6.3.4 Combining Data from Multiple Scanning Modalities
From a neural imaging and brain-computer-interface perspective, we believe that augmenting
data from lower resolution scanners with data from high resolution scanners is an interesting
direction for future work. Most of the work in this chapter only focused on features created
by averaging a small interval of the time series data from 350-450ms for MEG/EEG, but other
intervals should be considered as well. The kernelized ridge regression model presented in this
chapter should easily accommodate significantly larger feature sets and it may be possible to
test all time intervals simultaneously, allowing model regularization to automatically choose the
most useful time points.

Although we showed CCA as a potentially useful latent variable model, there may be other
latent variable models that are more effective at transferring knowledge between the different
scanning modalities. One particular idea would be a CCA-like model that includes full time se-
ries data in one view (rather than just temporally averaged features), and non-time series data in
another view. This would create a latent variable model that could potentially transfer informa-
tion more effectively between two datasets, even when they have little temporal relationship.

From a machine learning perspective, we feel that CCA is an important model for transferring
knowledge between learning tasks. Unlike other dimensionality reduction techniques like PCA,
the CCA objective function learns latent variables that are invariant to linear transformations,
allowing a great deal of flexibility when transferring knowledge between tasks. Although linear
transformations are only one particular function class, we believe there may exist other, similar
models to CCA that learn latent variables that are invariant to other transformations. Research
in this direction may lead to a powerful class of models that can learn different types invariant
features, leading to greater abstraction and transfer of knowledge between tasks.
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Appendix A

Derivation of Update Rule for Support
Vector Ranking

We now present the derivation of the support vector ranking update rule presented in Chapter 3.
Our technique mirrors the procedures described in Ratliff et al. [2007] for structured prediction
problems.

Suppose we have a knowledge base of semantic features for N words K = {s∗i }1:N where
s∗i is the “true” semantic vector for word i. Suppose we’ve trained our zero-shot learning model
and get a prediction ŝi for word i from our first stage S(·).

Let f̂ ∗i = (ŝi − s∗i )
2 be the vector whose pth element is the square of the pth element of

(ŝi−s∗i ), the vector of differences between the prediction and the true encoding in the knowledge
base for word i. Similarly, let f̂ ji = (ŝi − s∗j)

2 be the vector of squared distances when the
prediction for i is compared with the true encoding for word j.

We can formulate our learning algorithm as a constrained optimization problem. We learn a
vector of weights w that we’ll use to compute a weighted sum of prediction errors:

Objective:

arg min
w

1

2
||w||2

Subject to:

wT f̂ ∗i ≤ minj 6=i[w
T f̂ ji ]− 1

... repeat for each word i in training set

Intuitively, the idea behind this formulation is that we want the smallest weight vector w,
such that the weighted sum of squared-errors (a.k.a the distance) between the predicted features
and true semantic encoding for a given word, wT f̂ ∗i , is less than that for any other word in the
knowledge base of N examples, minj 6=i[wT f̂

j
i ]. However, we want there to be some margin as

well, so we subtract an arbitrary number (the number 1 is commonly chosen in the support vector
machine literature as it only affects the relative magnitude of the weight vector). We repeat this
set of constraints for every word in the training set. Further, we do not require this to be a hard
constraint, so we add a slackness term ξi that must be greater than or equal to zero, to make it
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easier to find a solution:

Objective:

arg min
w

1

2
||w||2 + λ

N∑
i=1

ξi

Subject to:

wT f̂ ∗i ≤ minj 6=i[w
T f̂ ji ]− 1 + ξi

... repeat for each word i in training set
ξi ≥ 0 ∀i, 1..N

where λ ≥ 0 controls our tolerance to margin violations through the slackness variables. Note
that for each constraint:

wT f̂ ∗i −minj 6=i[wT f̂
j
i ] + 1 ≤ ξi

Since ξi ≥ 0, the constraints are tight, meaning that if wT f̂ ∗i −minj 6=i[wT f̂
j
i ] + 1 ≥ 0, then at

the optimal weight w:
wT f̂ ∗i −minj 6=i[wT f̂

j
i ] + 1 = ξi

This is true because increasing ξi beyond wT f̂ ∗i − minj 6=i[w
T f̂ ji ] + 1 would only increase the

objective. Similarly, if wT f̂ ∗i − minj 6=i[wT f̂
j
i ] + 1 < 0 then ξi = 0 as no slackness is needed

because the margin is not violated. As a result, minimizing the constrained problem above is
equivalent to minimizing the unconstrained problem:

arg min
w

1

2
||w||2 + λ

N∑
i=1

max
[
0, wT f̂ ∗i −minj 6=i[wT f̂

j
i ] + 1

]
(A.1)

To see this, note that if the margin is not violated, we can’t make the objective smaller through
ξi since it is already 0. In this case, we can only make it smaller by shrinking the weight vector
w. If the margin is violated, then we have a tight constraint for the reasons stated above, and
minimizing ξi with respect to w is the same as minimizing

[
wT f̂ ∗i − minj 6=i[w

T f̂ ji ] + 1
]

with
respect to w.

We account for these scenarios using the max operator. Similar to the structure prediction
problem described in Ratliff et al. [2007], we’ll use stochastic sub-gradient descent to optimize
(A.1) for w. The sub-gradient method deals with the discontinuity of the max operator, while the
stochastic form uses one example at a time, rather than summing all examples at once. See Shor
[1985], Ratliff et al. [2007] for a discussion of this optimization technique.

We will now compute the sub-gradient of (A.1) to determine the online update rule for w.
We use the ternary operator “?” where [(condition) ? A : B] means [if (condition) then A else
B], to represent the conditions of the sub-gradient:

∇
[1
2
||w||2 + λ ·max

[
0, wT f̂ ∗i −minj 6=i[wT f̂

j
i ] + 1

]]
= w +[

(wT f̂ ∗i −minj 6=i[wT f̂
j
i ] < −1) ? 0 : λ(f̂ ∗i −minj 6=i[f̂

j
i ])
]
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Which then leads to the update rule with learning rate η and regularization parameter λ:

j = argmink 6=i[w
T f̂ki ]

w ← w −
η
[
w +

[
(wT f̂ ∗i − wT f̂

j
i < −1) ? 0 : λ(f̂ ∗i − f̂

j
i )
]]
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Appendix B

Correctness Proof of the Blockwise
Coordinate Descent Algorithm for Solving
the Multi-task Lasso

The correctness of the blockwise descent algorithm presented in Chapter 4 (Figure 4.4) was
proved by Han Liu in our ICML paper [Liu et al., 2009a]. Although the proof is highly technical,
we include it here for completeness.

Theorem 2. Let α(k)
j as defined in (4.4) and order the indices according to |α(k1)

j | ≥ |α
(k2)
j | ≥

. . . ≥ |α(kK)
j |. Then the solution to (4.3) is

β̂
(ki)
j =

sign(α
(ki)
j )

m∗

[
m∗∑
i′=1

|α(ki′ )
j |−λ

]
+

·1{i≤m∗}+α(ki)
j ·1{i>m∗}

where m∗ = arg max
m

1

m

(
m∑
i′=1

|α(ki′ )
j | − λ

)
, 1{·} is the indicator function, and [·]+ denotes the

positive part.
Proof: The proof proceeds by discussing several cases separately: (i) All the elements in the

sup-norm are zeros; (ii) One unique element in the sup-norm achieves the maximum; (iii) At least
two elements in the sup-norm achieve the maximum. These cases correspond to Propositions 7,
8, and 10 respectively. Given these key points, the technical details can be safely ignored without
affecting the flow. We put the whole technical details here to ease the review.

Since the given objective function in (4.3) is convex, its solution can be characterized by the
Karush-Kuhn-Tucker conditions as the following(

R
(k)
j − β̂

(k)
j X

(k)
j

)T
X

(k)
j = ληk ∀k ∈ {1, . . . , K}, (B.1)

where {ηk}Kk=1 satisfy η ≡ (η1, . . . , ηK)T ∈ ∂‖ · ‖∞
∣∣
βj

. Here, ∂‖ · ‖∞
∣∣
βj

denotes the subdiffer-
ential of the convex functional ‖ · ‖∞ evaluated at βj , it lies in a K-dimensional Euclidean space.
Next, the following proposition from Rockafellar and Wets [1998] can be used to characterize
the subdifferential of sup-norms.
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Lemma 5. The subdifferential of ‖ · ‖∞ in RK is

∂‖ · ‖∞
∣∣
x
=

{
{η : ‖η‖1 ≤ 1} x = 0

conv{sign(xi)ei : |xi| = ‖x‖∞} o.w.
(B.2)

where conv(A) denotes the convex hull, and ei is the i-th canonical unit vector in RK .

Proposition 6. Consider the solutions β̂(k)
j to (4.3) and the corresponding α

(k)
j as defined in

Theorem 2, if β̂(k)
j 6= 0, then sign(β̂

(k)
j ) = sign(α

(k)
j ).

Proof to Proposition 6: Since β̂(k)
j 6= 0, the result trivially follows from the convexity and

continuity of the objective function in (4.3). �
Firstly, we consider the case that

∑K
k=1 |α

(k)
j | ≤ λ and show that 0 must be a solution.

Proposition 7. β̂j = 0 if and only if
K∑
k=1

|α(k)
j | ≤ λ.

Proof to Proposition 7: From (B.1), we know that β̂j = 0 if and only if ∃η1, . . . , ηK such that∑K
k=1 |ηk| ≤ 1 and

ηk =
R

(k)
j

T
X

(k)
j

λ
=
α

(k)
j

λ
. (B.3)

If
∑K

k=1 |α
(k)
j | ≤ λ, choosing ηk as in (B.3) would guarantee that

∑K
k=1 |ηk| ≤ 1, therefore

β̂j = 0.
On the other hand, If β̂j = 0, from (B.3), we know that ληk = α

(k)
j , k = 1, . . . , K and∑K

k=1 |ηk| ≤ 1. This implies that
∑K

k=1 |α
(k)
j | ≤ λ. �

Next, we consider the case that
∑K

k=1 |α
(k)
j | > λ and |α(k1)

j |−λ > |α
(k2)
j |. Here we show that

β̂
(k)
j = α

(k)
j for ∀k 6= k1, while β̂(k1)

j = sign
(
α

(k1)
j

) [
|α(k1)
j | − λ

]
.

Proposition 8. |β̂(k1)
j | > |β̂

(k)
j | for ∀k 6= k1 if and only if |α(k1)

j | − λ > |α
(k2)
j |.

Proof to Proposition 8: If |β̂(k1)
j | > |β̂

(k)
j | for ∀k 6= k1, this implies that ∂‖ · ‖∞

∣∣
βj

= ek1 ,
where ek1 is the k1-th canonical vector. Therefore, from (B.1),(

R
(k)
j − β̂

(k)
j X

(k)
j

)T
X

(k)
j =

{
λsign(β̂

(k1)
j ) if k = k1

0 o.w.

From the above we know β̂
(k1)
j = α

(k1)
j − λsign(β̂

(k1)
j ) and β̂(k)

j = α
(k)
j for ∀k 6= k1. Combined

with the fact |β̂(k1)
j | > |β̂

(k)
j | for ∀k 6= k1 , we get

|α(k1)
j − λsign(β̂

(k1)
j )| > |α(k)

j | for ∀k 6= k1.

From Proposition 6, we have sign(α
(k1)
j ) = sign(β̂

(k1)
j ). Further, if β̂(k1)

j > 0, then |α(k1)
j | > λ,

we have |α(k1)
j − λsign(α

(k1)
j )| = |α(k1)

j | − λ. Therefore, |α(k1)
j | − λ > |α

(k2)
j |. This is also true

for β̂(k1)
j < 0.
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On the other hand, assuming |α(k1)
j | − λ > |α

(k2)
j | but for some n > 1, there exist

|β̂(k1)
j | = . . . = |β̂(kn)

j | = ‖β̂j‖∞. (B.4)

Then, by (B.2), there must exist two nonnegative numbers a1, a2 ∈ [0, 1] and a1 + a2 ≤ 1. From
(B.1), we have (

R
(k1)
j − β̂(k1)

j X
(k1)
j

)T
X

(k1)
j = λa1sign(β̂

(k1)
j )(

R
(k2)
j − β̂(k2)

j X
(k2)
j

)T
X

(k2)
j = λa2sign(β̂

(k2)
j ).

From these two equations and (B.4), we get

|α(k1)
j − λa1sign(β̂

(k1)
j )| = |α(k2)

j − λa2sign(β̂
(k2)
j )|

By Proposition 6 and |α(k1)
j |>λa1, we have |α(k1)

j − λa1sign(β̂
(k1)
j )| = |α(k1)

j | − λa1. If |α(k2)
j | >

λa2, we get |α(k1)
j | − λ

(
sign(a1β̂

(k1)
j ) + a2sign(β̂

(k2)
j )

)
= |α(k2)

j |. Since a1 + a2 ≤ 1, this

obviously contradicts with the assumption that |α(k1)
j | − λ > |α

(k2)
j |. The same result also hold

for the case |α(k2)
j | ≤ λa2. �

Lastly, for the case
∑K

k=1 |α
(k)
j | > λ and |α(k1)

j | − λ ≤ |α(k2)
j |. We start with an auxiliary

proposition.

Proposition 9. For m > 1, if there are precisely m entries |β̂(k1)
j |, . . . , |β̂

(km)
j | achieve ‖β̂j‖∞ >

0, then

β̂
(ki)
j =

sign(α
(ki)
j )

m

[
m∑
`=1

|α(k`)
j | − λ

]
∀i = 1, . . . ,m.

Proof to Proposition 9: Since exactly m entries |β̂(k1)
j |, . . . , |β̂

(km)
j | achieve ‖β̂j‖∞ > 0 , by

(B.2), there must exist m nonnegative numbers a1, . . . , am, such that
∑m

`=1 a` = 1 and for each
` ∈ {1, . . . ,m} (

R
(k`)
j − β̂(k`)

j X
(k`)
j

)T
X

(k`)
j = λa`sign(β̂

(k`)
j ).

Which can be re-written as

α
(k`)
j = λa`sign(β̂

(k`)
j ) + β̂

(k`)
j ∀` ∈ {1, . . . ,m}. (B.5)

Using the fact that |β̂(k1)
j | = . . . = |β̂(km)

j |, summing over the absolute value of both sides
of all the equations in (B.5), we obtain

∑m
`=1 |α

(k`)
j | =

∑m
`=1 |λa`sign(β̂

(k`)
j ) + β̂

(k`)
j |. Since

|λa`sign(β̂
(k`)
j ) + β̂

(k`)
j | = λa` + |β̂(k`)

j | and
∑m

`=1 a` = 1, we have

|β̂(ki)
j | =

1

m

[
m∑
`=1

|α(ki)
j | − λ

]
. ∀i ∈ {1, . . . ,m}. (B.6)
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Finally, by Proposition 6, we know that sign(α
(ki)
j ) = sign(β̂

(ki)
j ) for i = 1, . . . ,m, therefore

β̂
(ki)
j =

sign(α
(ki)
j )

m

[
m∑
`=1

|α(k`)
j | − λ

]
i = 1, . . . ,m. �

To finish the proof of Theorem 2, we still need to describe the exact conditions that there are
exactly m > 1 elements that achieve the sup-norm. This is given in the following Proposition
10. A similar result was also given in Fornasier and Rauhut [2008] under a more general linear
inverse problem framework.

Proposition 10. For m > 1, there exist precisely m entries |β̂(k1)
j |, . . . , |β̂

(km)
j | that achieve

‖β̂j‖∞ > 0 if and only if |α(k1)
j | − λ ≤ |α(k2)

j | and |α(km)
j | ≥ 1

m−1

(∑m−1
`=1 |α

(k`)
j | − λ

)
and

|α(km+1)
j | < 1

m

(∑m
`=1 |α

(k`)
j | − λ

)
.

Proof to Proposition 10: Assume exactly m > 1 entries |β̂(k1)
j |, . . . , |β̂

(km)
j | achieve ‖β̂j‖∞ >

0, from Proposition 9, we know that for i = 1, . . . ,m,

β̂
(ki)
j =

sign(α
(ki)
j )

m

[
m∑
`=1

|α(k`)
j | − λ

]
. (B.7)

By (B.5) and Proposition 6, we have

a` =
α

(k`)
j − β̂(k`)

j

λsign(β̂
(k`)
j )

=
|α(k`)
j | − |β̂

(k`)
j |

λ
` ∈ {1, . . . ,m}.

Plugging (B.7) into am, since am ≥ 0, we get

|α(km)
j | ≥ 1

m− 1

(
m−1∑
`=1

|α(k`)
j | − λ

)
. (B.8)

Further, since |β̂(km)
j | > |β̂(km+1)

j |, the necessity follows from |α(km+1)
j | = |β̂(km+1)

j | <
|β̂(km)
j | = 1

m

[∑m
`=1 |α

(k`)
j | − λ

]
.

For the sufficiency, we assume that precisely n 6= m entries |β̂(k1)
j |, . . . , |β̂

(kn)
j | achieve

‖β̂j‖∞ > 0, then follow exactly the same argument as the necessity part to obtain a contra-
diction. �

To prove Theorem 2, we know from Proposition 10 there are precisely m∗ entries in β̂j that

achieve ‖β̂j‖∞ > 0 if and only if m∗ = arg maxm
1
m

(∑m
`=1 |α

(k`)
j | − λ

)
. The result follows by

combining Propositions 7 and 8.

Remark 11. We conducted experiments to quantitatively compare the performance of the block-
wise coordinate descent algorithm with the Log-barrier interior-point method in a similar setting
as in Friedman et al. [2007b]. Although we do not report the simulation details here, we found
the blockwise coordinate descent algorithm to be significantly faster.
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The complexity analysis of the algorithm is straightforward. Within the main loop, the most
expensive step is sorting the K elements, which can be done in O(K logK). This makes the
algorithm scalable to very large number of tasks. From the Winsorization operator, we do not
need to update a block if

∑K
k=1 |α

(k)
j | ≤ λ, which happens frequently if the problem is sparse.

This makes the algorithm scalable to very large number of features. Furthermore, since many
quantities can be pre-calculated, the algorithm can be also applied to large sample datasets. The
numerical convergence of this algorithm is summarized in the following theorem.

Theorem 3. The solution sequence generated by the blockwise coordinate descent algorithm in
Figure 4.4 is bounded and every cluster point is a solution of the multi-task Lasso defined in
(4.2).

Proof The optimization objective function in (4.2) is continuous on a compact level set, and
is convex (but not strictly convex) and nondifferentiable. Furthermore, notice that the nondif-
ferentiable part λ

∑p
j=1 ‖βj‖∞ is separable, i.e. it can be decomposed into a sum of individual

functions, one for each block of variables. By Theorem 4.1 in Tseng [2001] we obtain the
claimed results. �
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Appendix C

The Human218 Semantic Features

IS IT AN ANIMAL? IS IT A BODY PART?
IS IT A BUILDING? IS IT A BUILDING PART?
IS IT CLOTHING? IS IT FURNITURE?
IS IT AN INSECT? IS IT A KITCHEN ITEM?
IS IT MANMADE? IS ONE MORE THAN ONE COLORED?
CAN YOU EAT IT? IS IT A VEHICLE?
IS IT A PERSON? IS IT A VEGETABLE / PLANT?
IS IT MADE OF METAL? IS IT A FRUIT?
IS IT MADE OF PLASTIC? IS PART OF IT MADE OF GLASS?
IS IT MADE OF WOOD? IS IT SHINY?
CAN YOU SEE THROUGH IT? IS IT COLORFUL?
DOES IT CHANGE COLOR? IS IT A TOOL?
IS IT ALWAYS THE SAME COLOR(S)? IS IT WHITE?
IS IT RED? IS IT ORANGE?
IS IT FLESH-COLORED? IS IT YELLOW?
IS IT GREEN? IS IT BLUE?
IS IT SILVER? IS IT BROWN?
IS IT BLACK? IS IT CURVED?
IS IT STRAIGHT? DOES IT HAVE A FRONT AND A BACK?
IS IT FLAT? DOES IT HAVE A FLAT / STRAIGHT TOP?
IS IT LONG? DOES IT HAVE FLAT / STRAIGHT SIDES?
IS TALLER THAN IT IS WIDE/LONG? IS IT TAPERED?
IS IT POINTED / SHARP? IS IT ROUND?
DOES IT HAVE CORNERS? IS IT SYMMETRICAL?
IS IT HAIRY? IS IT FUZZY?
IS IT CLEAR? IS IT SMOOTH?

...
...
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IS IT SLIPPERY? CAN IT CHANGE SHAPE?
IS IT DENSE? CAN IT STRETCH?
DOES IT HAVE MOVING PARTS? IS IT FRAGILE?
DOES IT HAVE PARTS? CAN IT BREAK?
DOES IT COME IN PAIRS? DOES IT OPEN?
DOES IT COME IN A BUNCH/PACK? IS IT ALIVE?
DOES IT LIVE IN GROUPS? IS IT HOLLOW?
IS IT PART OF SOMETHING LARGER? IS IT SOFT?
DOES IT CONTAIN SOMETHING ELSE? IS IT HEAVY?
DOES IT HAVE INTERNAL STRUCTURE? CAN IT BEND?
DOES IT HAVE A HARD INSIDE? IS IT LIGHTWEIGHT?
DOES IT HAVE A HARD OUTER SHELL? DOES IT GROW?
DOES IT HAVE AT LEAST ONE HOLE? WAS IT EVER ALIVE?
IS IT A SPECIFIC GENDER? IS IT MANUFACTURED?
IS IT SMALLER THAN A GOLFBALL? WAS IT AROUND 100 YEARS AGO?
ARE THERE MANY VARIETIES OF IT? DOES IT COME IN DIFFERENT SIZES?
WAS IT INVENTED? IS IT BIGGER THAN A LOAF OF BREAD?
IS IT BIGGER THAN A MICROWAVE OVEN? IS IT BIGGER THAN A BED?
IS IT BIGGER THAN A CAR? IS IT BIGGER THAN A HOUSE?
IS IT TALLER THAN A PERSON? DOES IT HAVE A TAIL?
DOES IT HAVE LEGS? DOES IT HAVE FOUR LEGS?
DOES IT HAVE FEET? DOES IT HAVE PAWS?
DOES IT HAVE CLAWS? DOES IT HAVE HORNS / SPIKES?
DOES IT HAVE HOOVES? DOES IT HAVE A FACE?
DOES IT HAVE A BACKBONE? DOES IT HAVE WINGS?
DOES IT HAVE EARS? DOES IT HAVE ROOTS?
DOES IT HAVE SEEDS? DOES IT HAVE LEAVES?
DOES IT COME FROM A PLANT? DOES IT HAVE FEATHERS?
DOES IT HAVE SOME SORT OF NOSE? DOES IT HAVE A HARD NOSE/BEAK?
DOES IT CONTAIN LIQUID? DOES IT HAVE WIRES OR A CORD?
DOES IT HAVE WRITING ON IT? DOES IT HAVE WHEELS?
DOES IT MAKE A SOUND? DOES IT MAKE A NICE SOUND?
DOES IT MAKE SOUND CONTINUOUSLY? CAN IT RUN?
DOES IT ROLL? IS ITS JOB TO MAKE SOUNDS?
IS IT FAST? CAN IT FLY?
CAN IT JUMP? CAN IT FLOAT?
CAN IT SWIM? CAN IT DIG?
CAN IT CLIMB TREES? CAN IT CAUSE YOU PAIN?
CAN IT BITE OR STING? DOES IT STAND ON TWO LEGS?
IS IT WILD? IS IT A HERBIVORE?
IS IT A PREDATOR? IS IT WARM BLOODED?

...
...
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IS IT A MAMMAL? IS IT NOCTURNAL?
DOES IT LAY EGGS? IS IT CONSCIOUS?
DOES IT HAVE FEELINGS? IS IT SMART?
IS IT MECHANICAL? IS IT ELECTRONIC?
DOES IT USE ELECTRICITY? CAN IT KEEP YOU DRY?
DOES IT PROVIDE PROTECTION? DOES IT PROVIDE SHADE?
DOES IT CAST A SHADOW? DO YOU SEE IT DAILY?
IS IT HELPFUL? DO YOU INTERACT WITH IT?
CAN YOU TOUCH IT? WOULD YOU AVOID TOUCHING IT?
CAN YOU HOLD IT? CAN YOU HOLD IT IN ONE HAND?
DO YOU HOLD IT TO USE IT? CAN YOU PLAY IT?
CAN YOU PLAY WITH IT? CAN YOU PET IT?
CAN YOU USE IT? DO YOU USE IT DAILY?
CAN YOU USE IT UP? DO YOU USE IT WHEN COOKING?
IS IT USED TO CARRY THINGS? CAN YOU PICK IT UP?
CAN YOU CONTROL IT? CAN YOU SIT ON IT?
CAN YOU RIDE ON/IN IT? IS IT USED FOR TRANSPORTATION?
COULD YOU FIT INSIDE IT? IS IT USED IN SPORTS?
DO YOU WEAR IT? CAN IT BE WASHED?
IS IT COLD? IS IT COOL?
IS IT WARM? IS IT HOT?
IS IT UNHEALTHY? IS IT HARD TO CATCH?
CAN YOU PEEL IT? CAN YOU WALK ON IT?
CAN YOU SWITCH IT ON AND OFF? CAN IT BE EASILY MOVED?
DO YOU DRINK FROM IT? DOES IT GO IN YOUR MOUTH?
IS IT TASTY? IS IT USED DURING MEALS?
DOES IT HAVE A STRONG SMELL? DOES IT SMELL GOOD?
WOULD YOU FIND IT IN A LANDFILL? IS IT RARE?
IS IT USUALLY OUTSIDE? WOULD YOU FIND IT ON A FARM?
WOULD YOU FIND IT IN A SCHOOL? WOULD YOU FIND IT IN A ZOO?
WOULD YOU FIND IT IN AN OFFICE? WOULD YOU FIND IT IN A RESTAURANT?
WOULD YOU FIND IN THE BATHROOM? WOULD YOU FIND IT IN A HOUSE?
WOULD YOU FIND IT NEAR A ROAD? DOES IT SMELL BAD?
WOULD YOU FIND IT IN THE FOREST? WOULD YOU FIND IT IN A GARDEN?
WOULD YOU FIND IT IN THE SKY? DO YOU FIND IT IN SPACE?
DOES IT LIVE ABOVE GROUND? DOES IT GET WET?
DOES IT LIVE IN WATER? CAN IT LIVE OUT OF WATER?
DO YOU TAKE CARE OF IT? DOES IT MAKE YOU HAPPY?
DO YOU LOVE IT? WOULD YOU MISS IT IF IT WERE GONE?
IS IT SCARY? IS IT DANGEROUS?
IS IT FRIENDLY? IS IT USUALLY INSIDE?
CAN YOU BUY IT? IS IT VALUABLE?
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