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Abstract

At any given moment, our brains are bombarded with enormous amounts of information from
the environment. External stimuli from the senses travel through our eyes, nose, or skin, and
mternal reflections and imagery travel from within. All these stimuli are processed in parallel
and compete with each other toward one ultimate goal: becoming the single percept which we

are aware of at this unique present moment.

This work studies the way by which this competition occurs in our brains. The mechanisms
and the methods which allow the brain to overcome this load of information by selecting one

of many thoughts to reach the upper level of our consciousness.

We studied healthy controls in eye-tracking experiments where they viewed sets of images n
different tasks. In the first task, subjects freely viewed images with semantic high-level cues such
as faces and social scenes. Subjects showed a significant tendency to rapidly attend to the faces
m their first fixation. In a second task, subjects viewed similar images in a search task where
they were mstructed to find objects or faces in the scene. Subjects showed the same tendency
to look at faces independent of the task. In a following study, subjects were looking at images
with text and phones as control and were shown to look at text rapidly and early, but not as
much as faces. Phones, as control, showed no increased rapid attentional attraction. In order to
test the magnitude of the effect, we had subjects participate mn a third experiment where they
were nstructed to refrain from looking at these objects, but were not able to do so as easily for

faces as they were for text and phones. This suggests an mnate mechanism that draws our
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attention to faces and social scenes early — even 1n situations where other stimuli compete for
our attention. Faces win the competition for our attention regardless of the task. We used this
striking result to modify an existing computer model for bottom-up attentional allocation to

better predict human’s fixation in 1mages.

The results were tested additionally in two groups of individuals with disorders that manifest
themselves primarily in decreased social attention: autism and agenesis of the corpus callosum
(AgCC; subjects who are missing the bridge between the left and right hemispheres in the
brain). Individuals with these disorders were tested in the same paradigms and indeed showed
decreased attention allocation to faces or social cues in the images. AgCC subjects showed an
even lower level of interest mn social cues. While the results suggested a competition for
attention that has social cues win over alternative cues in healthy controls, the psychiatric
disorder groups show no such effect. In order to test the competition in the brain even further
we tested mdividuals with epilepsy undergoing brain surgery, who were mmplanted with
electrodes to record from single neurons in their medial temporal lobe (MTL). These patients
participated in a task where they were projecting their thoughts of one of various concepts onto
a computer screen, in real-time, using a decoder that interpreted their thoughts and imagery.
Patients performed a task i which they were instructed to think of one of four concepts, and
by accurately doing so were fading into an image representation of that concept on the
computer screen. Multiple 1mages that were shown on the screen simultaneously while the
patient tried to suppress one and maintain an imagery of the other allowed us to directly create
a situation where competition between various external stimuli, and i turn multiple brain
regions, 1s tested. Subjects were able to reach high level of control of their single M'TL. neurons

after very little training. In this direct measure of the competiion between brain regions and
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neurons 1n the brain, we show that attention can be modulated to direct the flow of information
to one or the other area, even though the external stmuli from the environment is identical.
We used the results from the fading experiment to construct a model of the mechanism by
which competition between external stimuli and internal imagery modulates attention in the

brain.

Subjects who were able to reach an even higher threshold of control of a single neuron played
a computer game in which they were controlling an airplane on the screen using their thoughts
alone. These subjects reached a high level of control suggesting an ability to use single neurons

i the MTL for brain-machine interfaces with very high accuracy.

Finally, we report various case studies from experiments involving direct measures of
attentional allocation by individuals with face blindness (Prosopagnosia) who performed poorly
in tasks involving competition between facial and social attention attractors; a subject with no
amygdalae who was unable to direct her attention to fearful entities including images of herself
posing while displaying fearful emotions; identical twins who showed an extremely high
correlation in their attentional allocation metrics — both eye-tracking and individual rating of

mterest in 1images; and a similar high correlation between a mother and her autistic son.

Altogether, these results shed light on the processes and the mechanisms undergoing in our
brain, in the milliseconds between the moment information starts flowing in our brain from the
environment, through the spotlight of attention that selects which of various mputs will be

selected to reach our consclousness.
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Nomenclature

2 AFC. Two-Alternative Forced Choice. The term 1s used in several psychophysical experiments

where the subject has to respond by making a forced decision between two possible alternatives.

EEG. ElectrobEncephaloGraphy. Throughout the text we use the term EEG to refer to the
electrical potentials recorded typically on the scalp, outside the skull, but not mtracramally. This

technique was introduced by Berger in 1929 (Berger, 1929).

BOLD. Blood-Oxygen-Level-Dependent

CT. Computerized Tomography

EPSP. Excitatory PostSynaptic Potential

ERP. Event-Related Potential

fMRI. Functional Magnetic Resonance Imaging

IPSP. Inhibitory PostSynaptic Potential

1Q. Intelligence Quotient

ISI. InterSpike Interval. Time difference between successive action potentials
LFP. Local Feld Potential

LTP. Long-Term Potentiation. (Bliss & Lomo, 1973; Kandel, Schwartz, & Jessell, 2000)
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MRI. Magnetic Resonance Imaging

MEG. Magneto-EncephaloGraphy

MUA. Mult-Unit Activity

PCA. Principal Component Analysis

PET. Positron Emission Tomography

r’. Correlation coefficient

RT. Reaction Time

ROC. Recerver Operator Characteristic

SNR. Signal-to-Noise Ratio

SVM. Support Vector Machine

SUA. Single-Unit Activity

SD. Standard Deviation

SEM. Standard Error of the Mean

TMS. Transcranial Magnetic Stmulation (Kamitani & Shimojo, 1999; Pascual-Leone et al.,

1998; Ruohonen, 1998)
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Anatomical abbreviations

ACC. Anterior Cingulate Cortex

Amy. Amygdala. Almond-shaped mass of gray matter in the anterior portion of the temporal

lobe. Also called amygdaloid nucleus. (Latin, almond)

EC. Entorhinal Cortex (from Greek entos, within.) Structure within the rhinal cortex.

Brodmann's area 28
FFA. Fusiform Face Area

FEF. Frontal Eye Fields

Hip. Hippocampus. A ridge in the floor of each lateral ventricle of the brain that consists mainly
of gray matter. (Late Latin, a sea horse with a horse's forelegs and a dolphin's tail (from its shape

n cross section), from Greek hippokampos : hippos, horse. + kampos, sea monster)
IT. Inferior Temporal cortex

LGN. Lateral Genculate Nucle1

LIP. Lateral Intraparietal Area

MTL. Medial Temporal Lobe

mPFC. Medial Prefrontal Cortex

PHC. Parahippocampal Cortex
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PPA. ParaHippocampal Place area

V1. Primary visual cortex, Brodman area 17
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Foreword by Yoram Kaniuk

Every time a friend succeeds, I die a
little.

Gore Vidal
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* ow does our brain give rise to our conscious mind? I know very few
people who would dare to tackle this question as a Ph.D thesis.
Consciousness - a phenomenon that seems so elusive and so out of our
reach, somewhere between science-ficions movies, and Jules Verne’s
novels. A topic that poets and sonnet writers delve upon so regularly, and

yet that remains elusive to us. This 1s the topic of Moran’s work.

If T were to trust one person to be able to formulate the question correctly and offer a path
towards addressing this topic, it would be Moran. This 1s not only because of the clarity of his
mind and his intuitive ability to see the world purely and simply, but because of his ability to see
the story i it. To see the threads of reasoning that connect bits and pieces of information to an
acsthetic view of the world. While Moran 1s a brilliant scientist and in my experience 1s capable
of excelling in everything he touches, the characteristic that impresses me the most about Moran
1s his ability to make everything he does interesting. Purely by being curious about it, and wanting

to know and understand it.

Moran's scientific abilities far exceed my own, and much of his thesis was above my head.
Nevertheless, I read Moran’s thesis cover to cover, drinking i the bits of wisdom and witty
comments within the pages of this marvelous work. Moran’s thesis 1s a unique combination of a
thorough mvestigation and a wonderful story, written like a truly great book. The story of our
brains, our selves, told from various angles and perspectives. A personal tale of a young scientist
exploring the world both within and outside himself. The story of disorders of the brain, as told
by the scientists who study them, the individuals afflicted by them, and by the people who love
those individuals. Throughout this work, Moran never fails to provide us with exciting examples
and ghmpses mto the hves, difficulties, and adventures of these fascinating individuals. Moran
provides us with a deep look into some of the rarest psychological disorders, and in so doing
helps to build an entirely different view of our world. Such are the marvelous stories about the
face-blind subjects, or the woman lacking the region of the brain which allows us to experience

fear.

? Translated from Hebrew by the author.
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This work describes how a series of mechanisms in our brains compete and vote to decide what
will penetrate our attention, our very awareness - what we will know and experience. In a
marvelous work that includes the results of experiments recording directly from the exposed
brains of patients undergoing brain surgery, Moran takes a deep look imside the brain and

uncovers the mystery of our perceptions.

I recommend everyone to read this thesis, not just as the sum of multiple research studies
covering years of rigorous study, but also as a book. Read it as a description of a fascinating facet
of our lives, both from the outside and from within our own brains. I think that as such, it offers a

remarkable view of who we are, why we are, and what drives our attention, intention and minds.

I have known Moran for over fifteen years now. I have known him as a student, a caregiver, a
companion, an actor, a singer, a writer, and as a friend. Many things have changed in both of our
lives since we first met m the halls of a high-school in Tel-Aviv. There we met when I started a
writing workshop where I led high school students in writing short stories. Moran and I shared
stories and adventures in this workshop for two years. And kept exchanging manuscript ever
since. For nearly thirteen years now. Moran and I met recently in California where we both
attended the premiere of a movie based on a book of mie. We traveled in a convertible to
places we both experienced in America - 60 years apart. That’s when he asked me to write the
foreword for his thesis that I then learned was dedicated to me. Israelis usually dedicate things to
the dead, honoring their lives. In the U.S. people honor you while you're still alive. When I met
Moran last I was somewhere in between, just recovering from a near-death experience which was
the subject of a book of mine that came out at the time. I am often times implicated n a genre of
writing known as a stream of consciousness. My experience with Moran, and the fact that
devoted his graduate studies to mvestigating that consciousness, make me be proud to be part of
that genre. The fifteen years of knowing Moran brought many adventures to us two, many

experiences and various conversations and mteractions. Many times in my life I dreamt of being
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a scientist. But through the eyes of the grandson I never had I get to vicariously live the life of a
scientist. I am thankful to Moran for including me in his life endeavors and for choosing me as a
friend and a companion in his life journey. I am confident that the story of Moran has yet to
bring many more stories and answer to many others, and I only wish to be here, conscious, long

enough to be a witness to them all.

Yoram Kaniuk

Tel-Aviv, 2009
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Prelude

To: ‘Moran
Ca
Subject: Earn a University Degree based on your professional experience.

want the degree but can't find the time?

WHAT A GREAT IDEA!

we provide a concept that will allow anyone with sufficient work experience to obtain a fully verifiable University Degree.
Bachelors, Masters or even a Doctorate.

Think of it, within four to six weeks, you toc could be a cocllege graduate.

Many people share the same frustration, they are all doing the work of the person that has the degree and the perscn that has
the degree is getting all the money.

pon't you think that it is time you were paid fair compensaticn for the level of work you are already deing?

This is your chance to finally make the right move and receive ycur due benefits.

If you are like most people, you are more than qualified with your experience, but are lacking that prestigious piece of
paper known as a diploma that is often the passport to success.

CALL US TODAY AND GIVE YOUR WORK EXPERIENCE THE CHANCE TO EARN YOU THE HIGHER COMPENSATION YOU DESERVE!

+1(630)225-5047

1>

4|
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fter 4 years of research at Caltech, which 1s by far the best place I have
spent 4 years in my entire life, and after 4 years which are likely candidates
to have been the best years of my life, I am reaching the end of one
particular road. A small file, approximately 900kb 1n size, a font, a style, a
couple of funny or witty quotes in the beginning of each chapter, a theme, a few
spelling/grammar mistakes and some typos, a couple of brilliant ideas hidden within repetitions

of things said by others in nicer words. My thesis 1s complete.

After 4 years of research, for the first time i my life I am not tempted by junk emails cluttering
my mailbox offering me a Ph.D. within 8 days at the University of Phoenix for the small
amount of $1499. I know now that my chances of getting a Ph.D. from Caltech, for a much
cheaper price are higher, and could well happen within a shorter time. The end of a road that
started — not 4 years ago when I first set foot at the doors of Christof’s office, coming for a
rotation in his lab, only to realize from his secretary Shannon that he had forgotten about my

arrival — but a journey that started 10 years ago. When I was turning 21.

It was a rainy winter day i Tel Aviv. I was grounded to my military base for having too long
hair 3 times 1 a row. Stood before a military judge and pleaded guilty. Was convicted and
sentenced to 10 days of being grounded to the military base. It wasn’t my first trial in the army,
and would not be my last before I ended my army duty. I had 10 more months until I finished
my service. By then I would be 21. This looked like a very serious age. A grown up. In Israel
you are eligible to run for office in the parhament by that age. When I was 4 years old I got this
Bazooka Joe chewing gum that had a fortune in it — common in Israel. It told me then that by

the age of 21 I would reach the moon. I still had 10 more months to do so....
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It was around January of that year and I was sweeping the floor of the dusty and dirty room
where I was to spend the next 9 days of semi-punishment, when I got a phone call from my
father. I knew he wouldn’t be happy with my telling him about the results of the trial. Yet,
again, his son was convicted for rebelling against the army. I think he liked it on one hand, but
hoped for a calmer, less “exciting” army service — or for that matter, life — from his older son.
I picked up the phone and was surprised to learn that the subject was in fact far from what I
had mmagined. “Tomorrow is the last day to apply to the university if you want to start studying
next year”, my dad said. I was to end my army duty on the 22nd of October 1998. The school
year in Israel was to begin October 25th. 3 days later. A long weekend. In my wildest
nightmares had I not imagimed I would go to the university straight from the army. In Israel 1t’s
common to take some time off after being reduced to a military number for over 3 years and
told when to bathe, sleep, or pee day and night. A 3 month vacation i India, backpacking in
Guatemala, trekking coast to coast in the U.S., all seemed a lot more appealing to me at the
time. I was quick to tell my father that I had no intentions of applying to the university straight
after the army. 3 days after it, to be exact. We had a vivid over-the-phone debate. My father
pressed the 1dea that I should go there, or at least have a clear idea what it was that I wanted to
“do with my life when I grew up”. “If you think that backpacking will make you happy, I will
support you in doing so. But as long as you’re not SURE what it 1s that you want to do — I
suggest applying to the university. Just apply. If you realize later on that you don’t want that —
you can always not go”. I didn’t have a good counter argument at the time. Mostly - I had 9
days to do something with myself, and spending them prepping for the Israeli-SATs didn’t

seem like a terrible 1dea....
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In Israel, applying to the university consists of 2 components: your high-school grades, and an
SAT-like test titled the “Psychometric exam” that grants you a score ranging from 200-800.
The two components are combined in a complex formula to give a number. The numbers are
ranked and are the only thing that 1s used to determine if you will or will not be accepted to a
program in the university. If many people in that year are eager to study computer science and
there are only 150 seats in that year, the 150 people that applied for CS with the highest score
will be accepted — the rest will have to take some other major. Yes, i Israel one picks his
major right away — before starting college. The Bachelor degree takes 3 years and is very
mtense and focused. From day one you take classes in the field you chose as your major.
Almost no elective classes, and very condensed program. You can’t choose your classes, or
their order, or time. You basically continue your army service for 3 more years, only this time
it’s called “first degree”. Similar to the doing time for murder, only with no parole after a third

of the time for good behavior.

My dad showed up that evening with the application book. A 251 page book with the list of all
possible majors and details about the likelihood of getting accepted into each as well as
description of all the classes and programs entailed in each major. I was fascinated. So many
exciting things that I could thoroughly learn. Yet... such a committed decision. Based on a
short 5 page description I should choose a career. A path. Something that will determine my

next 3 years possibly. How could I do that?
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The application

I saved my application letter from January 11th 1997. Written i a very old version of
Microsoft Word, on a laptop the size of a huge modern server. Saved to a 5%” floppy disk,
and submitted 2 hours after the deadline (a phenomenon that would stay with me for years
later), under the “rule of 80” (see box on right; later - during my work with Chrisotf, I learned
from him a more concise wording for the rule, which he sometimes used: “Don’t let the
perfect be the enemy of the good”). The application letter. Based partially on Albert Einstein’s
immortal words: “I want to know God’s thoughts — the rest are details”, I ambitiously set forth

m eliefs and non-beliefs 1n
y b d b The 80 percent rule

academia — based on absolutely no - , . .
The 80 percent rule originally came about when I was in my first year of
studies. I took dozens of courses back then... many of which I had to submit an

knowledge of the system or the ssay at the end of. I obviously started working on those around midnight the

ight before. Given that imeframe I had no chance of doing the good job I was
willing to do, but I had to do something.

ways by which it works. In an
At first I had those common conflicts: maybe I should cancel the class... afterall
I came to learn and not to just pass the exam... maybe it is better to wait for

arrogant fashion 1 started by next year... I will have a lot of time then, and I will do a better job... maybe I
should postpone the submission, and do it thoroughly...

explajning what university was for Obviously these were all lies. I would not make a greater effort in the future.
Everything would be just the same... That’s when I thought about the 80
percent law. A law that came to remind me that I came to take classes and learn
me, and what 1 thought C()uld b€ and should spend most of my time doing reading and learning

writing and providing replicas of words that were already said by others.

1mproved 1n 1t — not havmg set fOOt A grade of 80 is better for that. It saves time, but still forces you to work. That’s

that. I have no need for a better grade. I will write whatever I can as long as it
. meets the minimal standards. No itelligent remarks, no deep reflections.
In one ever before — and went on Nothing. The minimum... it will get me 80, and I will move on. Fine by me.

. . . The rule of 80 says that if you are a person that looks for superficial vast
to describe my life and mterests, amount of knowledge rather than specialization then then you can allow
yourself to aim towards the 80 in whatever you do, as long as you get an 80 in

only to end with the “bottom line”:

I felt that science deals with many questions — which I was sure are interesting to people and
are 1mportant and beneficial to the world. But as far as I was concerned there are only 3

questions that I though SHOULD be mteresting to a science that I would be part of, and I
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would let YOU accept me into your program if I would be allowed to study one of these 3.

And then I set forth to list the 3 questions that I felt really were important for science:
Understanding the beginning of life.

Figuring out whether there are alien life forms outside of Earth.

Understanding the way by which consciousness works.

... the rest were details.

Consciousness

Consciousness seemed like the most tangible scientific question to me. An uncharted land with
a sense of everything. Studying consciousness would allow me to be a physicist, a physician, a

biologist, a psychologist, computer scientist. Everything. I didn’t need to make a choice.

Two years mto college I focused on Physics as my major for my bachelors and ended up
getting a B.Sc in Physics. I wasn’t an excellent student, but I was definitely faster and more
efficient, having finished my studies a year earlier than my peers. The remaining two years were
dedicated to going in a different direction, studying the “Philosophy of Science”, focusing my
Masters research question on the “ability of science to study notions such as consciousness”,
tithng my Master’s thesis: “On the mind-body problem. Without the mind”, and claiming that
humans are merely bodies, and that consciousness and all the phenomenological effects that
are assoclated with 1t are purely neuronal processes that will be explamed in due time. My
advisor, Prof. Itzhak Ben-Israel, didn’t support this theme fully, but was kind enough not to

care much about my work in general, as he was running for office in the Israel parliament (and
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mdeed achieved his goals of becoming a member of the Knesset). My Master’s thesis was a
unique opportunity for me to read Kant, Descartes, Hume, Frege, Wittgenstein, as well as
Einstemn and Elitzur — and their viewpoints on consciousness. What became clear to me during
these 2 years was that philosophy can only scratch the epidermis of such a question. If you
want to actually dive into thinking about consciousness and — potentially — offer a tiny step

towards understanding it, one ought to study the brain. And so I decided to do so.

ICNC

nd

Towards the end of my 2" year in the Philosophy of Science department in the Tel-Aviv
university I jommed hands with a person who shaped my academic career forever. Prof.
Avshalom Elitzur from the Bar-Ilan University — who 1s the worst academic I have ever
encountered in my short academic career, yet one of the most passionate scholars I have ever
heard of (and I include in this account most of the ancient philosophers I only read about in
books) — together with a small group of young academics that he had gathered from all over
Israel and the world would meet weekly and secretly at my high-tech company’s main office at
night, after all the employees were gone, to discuss consciousness and ways to tackle it. We had
a few philosophers there, 2 mathematicians, 1 biologist (who also was the only female in the
group), 1 physicist, Avshalom (who 1s nothing but everything), and myself - who served as a
computer scientists — although I never took a single class in CS, my army background in
cryptanalysis proved to be immensely useful when codes and math were encountered and
allowed me to serve as equal member m our “olympia academy”. We used to sit for hours a

week, usually on Wednesdays, with some snacks and good spirit, film the sessions, have one or

two of the members present in an informal journal-club fashion a paper that they read recently
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that had to do with consciousness, and just talk. Occasionally Avshalom would bring guests to
join us for these meetings — I never figured out how he afforded their visits — some of which
were unknown to any of us, but required us to shift to broken English, and some of which were
amazingly famous and known among the “consciousness” society that I was humbled to be
hosting in our tiny office. They came because of his ability to attract people and stayed with us.
Later on — having visited the Tucson consciousness conference, and the ASSC conference 1
encountered those people again, and to this date am unclear how Avshalom was able to make
people from all over the world come attend our gatherings. I do know that I am forever
grateful to Avshalom, who did the noblest thing an advisor can do to his protégée when he felt
I needed it — kick me in the butt away from him. Although I was offered a very completing and
attractive option to be a Ph.D. student under his mentorship at the Bar-Ilan University, in the
(at the time not fully established) brain mstitute to be founded by Moshe Abeles (who at the
time was the Israeli Guru of neuroscience who just left the Hebrew University with lots of
money to found this institute at Bar-Ilan); and while I was offered a full, 4 year presidential
scholarship (in Israel, Ph.D. students commonly pay full tuition for their Ph.D. work, and
finish their work within 5-8 years, while I was offered the chance to do so in 4 years, and get
PAID to do so!); and while it seemed that my life would be very easy having chosen Bar-Ilan
and Avshalom — he was noble and kind enough to tell me, as his final advice as my mentor,
that I should pack my bags and apply to the Hebrew University Interdisciplinary (a recurring
motive in my life) Center for Neural Computation (ICNC). This, he said, was the “only place
that will make a neuroscientist out of you and allow you to actually study what you’re interested
m. You need to go through a neuroscience boot camp in order to start research in the right

way, and I can’t provide that for you”. After having everything easily in my hands, or in the
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words of Tyler Durden being “close to being complete” 1 started over. Applied to a new

university and went through an acceptance committee once again.

[Naf]Tali Tishby and Eilon Va’adia were not highly impressed with me at the interview. They
asked me a direct question: “Are you a marathon runner, or a 100 meter runner?”, because we
don’t need “geniuses” here — we need people to spend a lifetime digging into boring questions
m order to advance science step by step”. I couldn’t lie. I was not a marathon runner. I cared
about the answers, not about the process. I told them that if I had known the answers to my 3
mmmortal questions — I would not have set foot in their office for an interview. That was all I
cared about. I really don’t care about the folding of the C60, or the ability of Drosophila to
mutate. I couldn’t lie. But somehow — it worked. Despite my not being a marathon runner at
heart, Tali Tishby liked my passion and decided to give me a shot. I was accepted at the
ICNC. “We can make him into a marathon runner.” Boy did they know what they were talking

about....

Marathon

Nothing in my prior 4 years of physics, biology, medicine, law, film, literature, psychology,
engineering, political science, and philosophy compared to my 2 years at the ICNC. In the
words of David Baltimore at the commencement ceremony for Caltech: “Most of you are used
to being the first in your classes. Well, I have bad news for you guys. From now on half of you
are going to be below average.” And boy I was. Accompanied by 11 other brilliant students,
chosen carefully from all over the country (as at that year the ICNC was at its peak and had
hundreds if not thousands of applicants), I had to adhere to higher standards. Neuroscience

became a very sexy topic in Israel in 2004. Institutes were opening, and my dad, who at first
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didn’t see the point of me attending that “unknown shelter at the Hebrew University”, and
going for a Ph.D. in a field that has no clear profession at the end, started seeing hope in this
choice of mine. “Well - he could always resort to computer science”, he told my mom, seeing
the word “computation” at the end of the ICNC title.
The classes were extremely intense and hard. Having taken my studies while working a full-
time job m a hacking company in Tel-Aviv, having to drive 3 mornings a week to take classes,
and m between fly across the globe to perform penetration tests on banks whose security
systems were flawed made my life unbearable. Luckily, I had 3 things that made a difference.
First and foremost — for the first ime in my life I felt I had found something I was totally
mmmersed in. I no longer cared about not being an archeologist (although upon writing these
lines I do feel a tiny shiver thinking that I might end up not digging and running away from a
huge rolling stone with a whip in my hand). I loved learning about the bram. Second — my
classmate Jonathan Rubin made it possible for me to partake in all my activities while being a
Ph.D. student by sitting long hours with me after class and explaining to me in simple words
the complex 1deas behind what I had just missed by having spent time breaking into Bank of
America instead of listening to Chaim Sompolinsky’s Neural Network class. The 3" important
anchor i making me a neuroscientist was a combination of two people: my beloved girlfriend
at the time — Galit, who chose to break up with me just in time when I had to choose an
advisor. I was miserable at the time, having lost my girlfriend and “love of my life” at the time,

and I could not cope with the loss. I had to get as far as possible from Israel was all I knew.

That’s when I started focusing on finding an advisor. I knew what characteristics my advisor
should have, and I knew what types of research 1 was fascinated by. But finding and advisor

that matches those did not seem trivial at all.
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There was, however, one lab... but... that probably would be impossible... it’s not even in
Israel... no... 1t’s defimtely impossible... well... if T could do whatever I wanted, I would
definitely go work at Christof Koch’s lab at Caltech. I remembered having read his book, and
the recent papers, and I thought it was something I could find fascmating, I told this to Idan
Segev, who was on the ICNC council at the time. “Well... you know what? It’s your lucky day.
First, Christof 1s in fact coming here in 2 weeks as my guest to give a talk about consciousness.
And second, the ICNC and Caltech have this “sister programs” fellowship. You could take
your classes and qualifying exam from here and use those to apply to Caltech. With my
recommendation and a clear research project under Christof - I am sure it will be possible. 1
wasn’t as sure as Idan. But a final push from the girlfriend break-up, along with the compelling
visit of Christof to the ICNC made it clear to me — I am willing to risk everything to give it a
shot. But it was a very risky one. Why didn’t I go to Christof’s lab for a few months, take a
leave of absence from my full-ime job, and see if I even like it there. If he even likes me. I
became greedy. From being sure that if Christof took me I would surely go work in his lab, I
started mterviewing him for the job of my advisor in my mind. “We’ll see how he 1s....” The
terms were easily negotiated upon Christof’s visit: I will come January 1st, 2005, for a few

months rotation, where I would take a project. Afterwards we would see how things evolved.

cal.0ljan

On January 1st, 2005, I entered Shannon’s office. Christof came outside to shake my hand and
also asked me who I was and what I wanted. I reminded him. Shannon and Phillipe were
assigned to get me started. A computer and a username were the first on the list. Having gotten

a place m the old Beckman basement lab, I was asked by Philippe the I'T" guy to choose a
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password for my Klab account. “Something with letters, numbers, and different cases.” I chose
“calLlOljan”. It stood for California, January 1st. This was when I formally started my 4 years
time at the best place i the world I have ever spent time . The fastest-passing 4 years, and

the most exciting marathon I have ever run.

Kelrof

Over the course of 4 years at Caltech, Christof made me figuratively and literally run
marathons numerous times. From the wrecked “kid” who had started school 10 years ago, I
learned that folding proteins and studying the movements of C. elegance 1s not necessarily a
bad way to know God’s thoughts, and mostly I learned that within me lies the capacity to fully
dedicate myself to one question, one notion, one riddle — giving up many others, and still

being fascinated by it to the fullest. Day after day. 4 years in a row.

Dreams from my Father

My father was the one who pushed me first into academia. I can’t remember who it was that
pushed me to be curious when I was a little boy, who made me want to read at younger age, be
fasciated by Geometry, spend hours with an English dictionary trying to make King Graham
“Open Door” or “Kill Monster” in King’s Quests I to III which were my introduction to
English, or to learn how to break assembly codes on my XT' computer in the later 80s. I do
remember how the notion of a father was the most important thing for me when choosing to
go back to Israel after 5 months at Caltech, pack all my belongings, “fully” break up with my
girlfriend, quit my job at a company which I was one of the founders of, and leave for the

unknown.
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It was a simple, seemingly meaningless sentence that Christof used the day before I went back
to Israel to decide about my faith, as he offered me the chance to come back to his lab, this
time formally as his and Caltech’s student, for fullime research. He said that, aside from all the
hard work we were going to do together, aside from his being impressed with my speedy
learning curve and that we already had a good lead for a research study based on my 4 months
work at his lab — aside from all those, he saw that we actually got along very well. And this, to
him, was a very important factor. Because, as he said, “you know, in Germany, where I did my
Ph.D., they don’t call the advisor ‘advisor’ or ‘mentor’. They actually use the term ‘Doctor-
father’, and that 1s how I see the relationship between me and my students.” This was when I
knew that if I chose to leave my family and friends behind to go take a leap to the unknown,
where I would be away from the safe haven I carefully established in Israel over 27 years —
away from Jonathan Rubin, who can help me remember the role of the Basal Gangha 5
minutes before I am to talk about it in a Journal club, or remind me that there are only 4 “C”
vertebra in the spinal cord; away from my artistic friends who did not care about my work or
research even a tiny bit, and who thus forced me to learn how to explain things i layman’s
words and make a very marathon-like study mto a 100m fascinating explanation; away from
everything that was familiar and safe — if I chose to take this step, I had better do it knowing

that I had some sort of a replacement family, and a “doctor-father” sounded just right.

Kelsey

Since my arrival at the U.S., 4 years ago I had found a family. Thanks to my research, and
thanks to the world that was uncovered for me m sunny Los Angeles, I learned a lot about

consciousness. A lot about the brain. A lot about the world. About science. About people. But
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mostly — I learned about myself. These pages are not your typical Ph.D. thesis. Embedded in
the coming lines are not just numerical results, but a competing story about the mind and its
works. In the following chapters I will outline my story: The story of science the way I learned
to see it. The story of a scientist the way I learned to see it. But mostly, these lines are a love
story. A story of a person falling in love with research, with an advisor, with a country, a city,
with riddles and questions, and with some answers and — like every good Los Angeles story —

with a girl.
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Introduction: Setting the Stage

Do you suppose I could buy back my
introduction to you?”

Groucho Marx
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n the course of my research I used various paradigms and experimental methods as

well as various techniques and algorithms for my work. The studies described

hereafter were conducted over the course of four years and included very many

subjects from very many types of populations. In chapter Four I will detail the
question that I pursued in this thesis, and the theory that guided my thought. In chapter Five I
will describe in short the background and the general relevant details pertaining to the subjects
I had the fortune to work with. These include patients with epilepsy undergoing brain surgery,
subjects with autism syndrome disorder, subjects with Agenesis of the Corpus Callosum,
subjects with face prosopagnosia, a unique subject with no amygdala, and very many controls
from Caltech, the greater Los Angeles area, and some of my friends and family. In chapter Six
I will discuss the background and review the prior work done on attention and its general 1deas
of modeling through competition. In chapter Seven I will elaborate on the relevant prior
studies of face processing and detection in general and particularly on the brain mechanisms
which are mvolved in those as an mtroduction to the main stimuli I used in many of my
studies, as faces are a very special type of attention-attracting entity that I studied extensively in
the course of my research. In chapter Eight I will introduce the three major methods I used for
my work: single neuron recordings from the brains of the epilepsy patients; eye-tracking as well
as other psychophysical methods with the remaining populations; and computational modeling
of brain interactions using either neuron network representation of the mechanisms behind the
working of my epilepsy patients’ attention allocation methods, or a saliency model which 1s
used to model the eye-tracking attention allocation. In chapter Nine I will describe a
psychophysical study done with subjects at Caltech showing that people looking at images and

asked to rate how interesting they are turn out to be very consistent in their judgment metrics —
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both with themselves and also with other independent viewers. This turns out to be true even if
the 1mages contain very little meaningful content, are presented very briefly, or if the same
subject’s answers are compared a year apart. In chapter Ten I will describe an experiment
showing that, when presented with faces, subjects tend to be very similar in their attentional
allocation — they basically look at the faces quickly, and spend most of their time doing so. In
chapter Eleven I will present a study where we extended the prior work on faces, to another
entity which we found relevant and important - text. Again, we show that high-level entity wins
the competition for subjects” attention regardless of task and. This leads to the final study in
that series where we - in chapter Twelve - show that when subjects try to avoid looking at either
a face or text, they fail to do so in many ways because those are so good in winning our
attention. In this study we suggest that human attraction to faces — face attractiveness — 1s an
mnate mechanism rather than an acquired one. In chapter Thirteen I will discuss a different
novel approach we had to looking at the innate mechanisms in our brain that lead to our
choosing what to look at. A closer look at the competition as it 1s reflected by the early saccades
our eyes make to objects in the scene, and the interplay between bottom-up and top-down
mechanisms 1 guiding the gaze. Based on these studies, I present in chapter Fourteen an
extensive model of attention with an additional face component that better predicts the
fixations of subjects based on the prior studies. This model predicts the data from our previous
studies with a high degree of accuracy. This 1s especially true during the early stages of viewing,
suggesting that an algorithm based on features and content of an image could predict the
brain’s allocation of attention to a natural scene. In chapter Fifteen I will expand the model to
now include multiple high-level entities, and show that altogether these typically show an

mcreased accuracy in predicting observers’ gaze. Additionally, in chapter Sixteen I will show a
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novel way to test the ability of a model to accurately predict what people see. A model which
takes the scanpaths of various subjects and uses that to try to identify the image they were
looking at. In chapter Seventeen I will detail a study performed with subjects with autism.
Given the high attractiveness of social cues among our subjects in the previous studies, we
wanted to test the hypothesis that individuals with less interest in social scenes — such as people
with autism — would show different behavior under similar conditions. The study described in
chapter Seventeen even suggests that there are differences in viewing patterns between autistic
mdividuals and controls. In chapter Fighteen I will briefly mention various populations of
subjects I tested using the same paradigms in order to identify population differences. These
are subjects with agenesis of the corpus callosum, amygdala-lesion subjects, subjects with face
blindness (prosopagnosia), and various anecdotal cases of outliers with mteresting results, such
as two 1dentical twin sisters with almost 1dentical ratings in a task they performed separately,
and a similar pairing between a an autistic child and his mother. Chapter Nineteen will take
the study to the realms of its applications and the actual uses of such models of attention. I will
describe a suggested usage of our works to the fields of business and marketing, and the
relevance of neuroscience to fields which to date are not benefiting from it enough. In chapter
Twenty I will first discuss the study of attention and competition between brain regions using
single neuron recordings with epilepsy patients. In this study we projected the thoughts of
subjects on a computer screen in real-ime. As a paradigm we had subjects try to move an
mmage on the screen with their thoughts alone. As a competition metric we had them move
away from one image and closer to another one, while both were on the screen, and were
governed by competing brain regions. In chapter Twenty One I will describe a computer

model based on neural network representation of the neurons involved n the task described in



23 Introduction: Setting the Stage

chapter Nineteen. The model suggests an explanation and a quantitative measu