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SUMMARY

The problems of communication and computation are intrinsically intertwined. To compute, one
has to move information around. To communicate reliably, one needs to compute. Information
theory, invented by Claude Shannon in 1948 as the mathematical underpinning of
communication engineering, has therefore developed natural ties with computer science in
general and the theory of computing in particular. Traditionally, though, information theory has
been studied in two distinct communities: the communication engineers (who publish in IEEE
Transactions on Information Theory and attend the International Symposium on Information
Theory, ISIT) and the theoretical computer scientists (who publish in and attend conferences
such as FOCS/STOC/SODA/CCC). One of the principal aims of the Information Theory program
at the Simons Institute was to bring excellent people from both of these communities together in
one place, to facilitate cross-fertilization of ideas, make progress on long-standing open
problems, and formulate new problems of mutual interest and far-reaching potential. Information
theory is an extremely broad field, and to keep the scope manageable and ensure a critical
mass of researchers with common interests, three broad themes were chosen as the focus of
the program: theory and applications of error-correcting codes; information theory in
combinatorics and computer science; and information theory in machine learning and big data.

We believe that the program was a success even beyond our optimistic expectations.
Particularly noteworthy was the formation of new collaborations between groups who would not
have had the chance to work together in a sustained fashion but for the environment of the
Simons Institute. Furthermore, existing collaborations were strengthened and broadened in
scope, and many interesting and timely projects with a focus that cut across the Electrical
Engineering/Computer Science boundary were initiated. The results: decade-old long standing
open problems solved, a best paper award in STOC 2016, a best paper award in FOCS 2015, a
best paper award in NIPS 2015 (one of two awards out of almost 2000 submissions), and a
plenary lecture in ISIT 2015, to name just a few concrete accolades.

STRUCTURE OF THE PROGRAM

A total of 65 senior visitors, 12 Fellows and 20 graduate students attended the program as long-
term visitors; all spent at least one month at the Institute, and many (including all the Fellows)
stayed for the entire semester-long duration of the program. About half of the participants came
from each of the two communities (EE and CS). From the perspective of most visitors, the
constellation of people was sufficiently different from the natural peer group they typically meet
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at conferences that it was possible to get valuable insights into current research in other sub-
communities and the techniques used there.

In order to break down language barriers between the communities and facilitate interactions,
the program kicked off with a week-long Boot Camp with 3-hour mini-courses on topics that are
familiar in one community but less so in the other. The speakers took the requisite time to
gently explain the key ideas and concepts, thus sparking many discussions. During the week
after the Boot Camp, each of the Research Fellows gave a short talk on his/her research
interests to introduce themselves to other Fellows as well as senior visitors.

The program included three Open Lectures, covering the three central themes of the program,
which provided the larger UC Berkeley community with an opportunity to learn about the high-
level scientific content and wide-ranging scope of the program. The first lecture, by program
organizer Alon Orlitsky, reviewed the Good-Turing estimator developed in the quest to crack the
Enigma code in WWII, and discussed recent developments that demonstrate its efficacy in
estimating the likelihood of unlikely or even unseen events. The second lecture, by Toniann
Pitassi, gave a glimpse of the rich theory that has emerged in the last decade generalizing
information theory to the setting where two parties engage in an interactive conversation
(compared to Shannon’s one-way communication setting). This lecture highlighted the
transformative role played by interactive information theory in the subject of communication
complexity (which studies the communication cost of distributed tasks), as well as its
applications to data privacy and distributed computing. The third lecture, delivered by Rudiger
Urbanke, gave a fascinating tour of the rich set of ideas that have gone into coding theory over
several decades, all with the common goal of safeguarding data in the presence of noise with
the least redundancy and complexity possible. The talk described how ideas from such diverse
areas as algebra, number theory, probability, information theory and statistical physics slowly
made it from the blackboard into products, while also outlining some of the exciting challenges
that still lie ahead.

The semester was punctuated by three week-long workshops on topics that spanned the three
major themes of the program:

e Coding Theory: The explosion in communication and storage demands of the modern
era, coupled with many emerging connections of a fundamental nature to computational
complexity, big data, signal processing and machine learning, make this an exciting time
for coding theory. The aim of this workshop was to highlight coding-theoretic problems
emerging in modern applications (such as distributed storage, the upcoming 5G cellular
standard, and sequencing applications in biology, among others). In addition to the
practical motivations, many of these challenges also have a fundamental flavor. Another
goal of the workshop, following the guiding philosophy of the whole program, was to
foster stronger interactions and exchange of ideas between the EE-style and CS-style
developments in coding theory and applications. Both of these are substantial, with
topics such as polar coding and codes for distributed storage drawing the current
attention of both communities.
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Information Theory, Learning and Big Data: This workshop was centered around the
convergence of Information Theory and Machine Learning, driven by the emergence of
Big Data as the most important technological and economic engine these days. This
nexus of topics is natural and timely, given that recently information theorists have used
their toolkit to model and shed light on random phenomena, and machine learning
theorists have tried to better understand the fundamental information-theoretic limits of
learning from data and exploiting its structure. This workshop brought together a very
diverse set of attendees, and had an astonishing 227 registrants.

Information Theory in Combinatorics and Complexity Theory: The focus of this
workshop was on the wide-ranging applicability of information-theoretic concepts,
intuitions and techniques to the analysis of combinatorial problems arising in
computation. Many facets of applications of information theory in complexity theory were
represented in the workshop. Central among these was the remarkable progress made
recently in understanding information compression in interactive communication
protocols, and its application to direct sum theorems and other fundamental results in
communication complexity. The workshop featured talks that settled decades-long open
questions on deterministic communication complexity (stated, for example, in Chapter 2
of the classical Kushilevitz-Nisan textbook on communication complexity). The role of
information theory in parallel repetition (both classical and quantum), extended linear
programming formulations and streaming computation were also featured. Applications
of information-theoretic ideas to fundamental bounds in combinatorics, especially in
additive number theory, boolean function complexity, hypercontractivity, coding theory
and geometry were explored in several well-received talks.

Many exciting results from the program, covering all the above themes, were recounted in the
reunion workshop in June 2016.

Besides these structured events, the day-to-day routine at the Simons Institute was abuzz with
scientific activity. In the non-workshop weeks, participants gathered twice to listen to white-
board talks, which sustained the momentum of the program and orchestrated further synergy
between the two communities. The whiteboard format was excellent for engaging the audience;
there was typically lots of discussion both during the talk and at the coffee break right after it.
Spurred by one of these discussions about Reed-Muller codes early in the program, it was
decided in an impromptu manner to start an Open Problem Board (see figure below). The first
problem listed was whether Reed-Muller codes achieve the channel capacity for all rates. As we
will report later, this problem was solved (for the case of erasures) in spectacular fashion during
the program.
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There were extensive collaborations continually taking place in the numerous excellent open
spaces and offices of Calvin Lab. Often these meetings ran for hours on end, with a tremendous
focus. On a personal note, the organizers recall many days when they were in research
meetings from morning through evening; it was exciting to experience the joys (and happy
fatigue) of spending days immersed in research without distractions. Lunch at the many dining
choices a short walk from the Institute provided another informal forum to engage in discussions
with a wider set of participants, and gain some broader perspective on the hot questions and
directions in the various themes as well as the state of the field and its future.

RESEARCH HIGHLIGHTS

In the remainder of this report we present a small sample of the important directions in which
notable progress was made during the Information Theory program.

Reed-Muller Codes Achieve Capacity: There is an old adage in information theory: “Almost
all codes are good, except the ones we know of.” Some of the oldest codes we know of are the
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Reed-Muller (RM) codes, invented in 1954. A long-standing problem is whether they achieve
Shannon capacity. This problem was recently revitalized with the breakthrough invention of
polar codes by Erdal Arikan, which have strong connections to RM codes. Motivated by one of
the tutorials in the Boot Camp on Polar Codes by Arikan himself, and a result by another long
term participant Emmanuel Abbe (with Shpilka and Widgerson) showing that RM codes achieve
capacity for the erasure channel at rates asymptotically approaching either 0 or 1, the open
problem of whether RM codes achieve capacity at all rates generated lot of enthusiasm, and
was featured prominently as the first problem on the Open Problem Board.

By the end of the program, two groups involving senior visitors and research fellows (Kumar and
Pfister, and Kudekar, Mondelli, Sasoglu and Urbanke) had solved the problem for the important
special case of the erasure channel [87][88]. Their joint paper won the best paper award at
STOC 2016, and was also featured in a plenary talk at /S/T 2015. The solution of such a
classical problem in a matter of months is already a very exciting outcome for the program.
What is perhaps even more inspiring is the nature of the solution, which beautifully combines
deep ideas from the two communities, very much in the spirit of the program. From theoretical
computer science, it draws on the deep result of Friedgut and Kalai that symmetric monotone
boolean functions have sharp thresholds. From the communications engineering literature, it
applies the elegant area theorem for extrinsic information transfer functions. Moreover, the
result is applicable to a much broader class of codes beyond RM codes, and thus is expected to
have very broad impact. The Simons Institute provides the perfect collaborative environment
that makes this kind of breakthrough possible.

Most Informative Function Conjecture: The second question on the Open Problems Board
was an appealing conjecture published by Thomas Courtade (long term participant) and
Gautham Kumar in 2014, called the ""most informative Boolean function conjecture," which
asserts that Boolean functions maximizing the mutual information between a binary input vector
and the function's value on a noisy version of the input are dictator functions. As a tantalizing
conjecture bridging information theory and the analysis of Boolean functions, it was only natural
that this piqued the interest of both communities attending the Simons program. While the
conjecture remains unresolved, there has been much activity around it, and several groups at
the Simons Institute were involved in collaborations surrounding this problem. One such group
included theoretical computer scientists T.S.Jayram and Amit Chakrabarti and information
theorist Chandra Nair, and proved that a full resolution of the conjecture would improve a
fundamental inequality, due to Bobkov, on isoperimetry in the Hamming cube. Program co-
organizers Venkatesan Guruswami and Jaikumar Radhakrishnan worked on the amount of
communication needed to distill perfect shared randomness based on noisy versions of a
random string[68]. A corollary of the protocol they developed in this context implied that the
Courtade-Kumar conjecture does not hold when the range of the function is large. The
communication lower bounds in this work relied on the notion of hypercontractivity. For the
erasure channel, the necessary hypercontractive inequality was not known despite being a very
natural question, and it did not seem to yield to mimicking the calculations for the error channel
case. Fortunately, program participant Chandra Nair had developed an equivalent
characterization of hypercontractivity parameters using information-theoretic measures [100].
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Using this, he was able to prove the requisite hypercontractive inequalities for the erasure
channel. This interaction exemplifies the rich variety of intellectual resources and partnerships
that the Simons Institute is able to bring to bear on important research problems.

Gaussian Interference Channel Capacity and Transportation Inequalities: Shannon's
original information theory pertains to communication from a single sender to a single receiver.
Subsequently, the theory has been generalized to some networks, where multiple senders
simultaneously want to communicate with multiple receivers. However, the problem of
determining the network capacity region, i.e., the maximal rates of information that can be
simultaneously transferred between the senders and the receivers, is open for most networks.
One of the most canonical networks is the two-user interference channel, where Sender 1 wants
to communicate with Receiver 1, and Sender 2 wants to communicate with Receiver 2, each
over a noisy channel but causing interference to each other. What is the capacity region of this
channel? This problem was formulated in the 1970’s and remains open to this date.

In 1985, Costa claimed to have solved this problem in the Gaussian setting for a particular point
on the boundary of the capacity region, but it turned out that his proof was flawed. The problem
then remained open for a further 30 years. Chandra Nair pointed out this problem to Yury
Polyanskiy and Yihong Wu, who were both Fellows in the program, and explained, based on his
work [101], that if they could prove a missing technical lemma in Costa's 1985 paper in 1985
then the problem could be solved. During the program, Polyanskiy and Wu were finally able to
solve the problem [118]. Their approach was to first apply the transportation-information
inequality of Talagrand to reduce the problem to studying continuity of entropy with respect to
the so-called Wasserstein distance from optimal transportation. A particularly interesting feature
of the proof is that it does not follow the standard strategy of "“single-letterizing" Fano's
inequality (a technique responsible for virtually all known tight impossibility bounds in
information theory). Their approach is already stimulating follow-up works.

Coding for Distributed Storage: One of the biggest impacts coding theory has had in recent
years is in distributed storage. Today, massive amounts of data are stored on the cloud spread
across several servers. This data needs to be protected by codes so that the data will be safe
even if some number of servers fail. This basic problem can be solved by traditional erasure
correcting codes, in particular MDS codes that achieve the optimal trade-off between
redundancy and number of erasures corrected. However, in these codes, to repair a single node
that may have failed or become temporarily unavailable (a frequent occurrence in deployed
systems), one needs to download a lot of data from several servers. A simple code that
replicates data a few times is very good in this regard; however, it incurs very large redundancy.
Two lines of work have emerged in recent years to achieve both good erasure resilience and
efficient repair of a failed node: locally repairable codes and regenerating codes. The former
optimize locality (the number of nodes contacted), and the latter the repair bandwidth (the total
data downloaded) when repairing a failed node. During the boot camp, detailed tutorials on both
these topics were given by Parikshit Gopalan (a theoretical computer scientist) and Alex
Dimakis (an information theorist), who did some of the early pioneering work in this area.
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Intrigued and directly inspired by one of the open questions mentioned in Dimakis’ tutorials, on
whether the ubiquitous Reed-Solomon codes can be repaired with non-trivial bandwidth,
program organizer Guruswami and long term visitor Mary Wootters started working on this topic.
They showed that, contrary to popular belief, it is possible to recover an erased value in Reed-
Solomon codes by downloading much less information from other symbols compared to the
traditional recovery method using polynomial interpolation [70]. They developed a general
framework for bandwidth-efficient repair schemes, and used it to show an improved recovery
scheme for the specific code used in the Facebook Analytics Hadoop cluster.

Michael Luby, a program co-organizer, initiated a fundamental new line of research during the
program, in which he formulated a new model for distributed storage [94]. The standard model
used in distributed storage coding is a static one, focusing on a single time-shot: when a single
node fails, the system needs to repair that node using the data from the other nodes. The model
Luby considered is a dynamic model with failures occurring over time, and the system need not
repair every single node when it fails but needs only to maintain decodability of the overall data
at all times. Luby presented his results in the reunion workshop, with the stunning message that,
in his model, standard erasure codes are optimal, and specially designed regenerating codes
are not needed. While it is too early to assess the impact of this intriguing result, we are sure
that it will lead to lots of debate in the field.

Learning large-alphabet distributions is a problem that has received a significant amount of
attention across statistics, information theory and CS theory in the past decade. One of the
world’s top experts on this problem, Alon Orlitsky, was a program co-organizer and his presence
drove several new research collaborations in this area, including work on the polynomial
approximation technique with research fellow Yihong, and on connecting large-alphabet
distribution learning with large-scale hypothesis testing with program co-organizer David Tse.
(This latter collaboration led to a $1.2M NSF grant.) Moreover, a paper by Alon Orlitsky and his
group won the best paper award at N/IPS 2016 (one of only two awards out of around 2,000
submissions!)

Biological applications were yet another thrust of the program. A good example of that work is
the collaboration between long-term participant Tom Courtade, program co-organizer David Tse
and research fellow llan Shomorony on applying information theory to the design of algorithms
for DNA assembly from short reads. A central feature of this work is that, although the assembly
problem is NP-hard in general, information theory can be used as a lens to focus on those
problem instances where the DNA is uniquely reconstructible from the short reads, and these
also happen to be instances on which an efficient algorithm exists. This theory has led to a new
assembler for third-generation sequencing technologies, and the paper has now been accepted
for review by Nature Methods.

List decoding. One further example of a collaboration across the EE-CS boundary, and
between people who had not worked together before, was the work by long term participant
Marco Dalai and program co-organizers Guruswami and Radhakrishnan on improved bounds
on zero error list decoding capacity (or equivalently, the size of perfect hash families), which
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improved upon the previous best bounds due to Arikan (1994) in some cases, and may renew
interest in these fundamental questions.

There were several other noteworthy outcomes that do not fall strictly within the scope of the
program but had connections with it. Research fellows Ben Rossman and Li-Yang Tan proved
(with Rocco Servedio) an average-case depth hierarchy theorem for Boolean circuits, which
implied hat the polynomial hierarchy is infinite relative to a random oracle, solving a
longstanding open problem in computational complexity theory that was posed in 1986. The
resulting paper was submitted to FOCS 2015 during the program, and received the Best Paper
Award at the conference.

In Summer 2015, immediately following the program, long-term participant David Zuckerman
and his student Eshan Chattopadhyay gave a breakthrough construction of two-source
extractors. This solved a major decades-old open problem in pseudorandomness and
combinatorics, for which they won the STOC 2016 best paper award. One of the crucial
ingredients used in this construction was a non-malleable code, an exciting recent
cryptographically inspired concept that gives a way to code data and protect its integrity in
settings where traditional error-detection/correction are impossible. Non-malleable coding was
one of the topics discussed intensively during the program, for instance in the detailed seminar
given by research fellow Mahdi Cheraghchi on his works with Guruswami on capacity and
constructions of non-malleable codes.

Finally, program organizer Guruswami collaborated with Zuckerman on a fundamental and
surprisingly overlooked problem: fitting a low-degree polynomial to data when there are outliers
(i.e., points whose values are far off from the true value). Traditional least squares fit is very
sensitive to outliers, and it was not known how to handle even a tiny fraction of outliers
efficiently. In this work, which was initiated during the program and later submitted and accepted
to FOCS 2016, they adapted ideas from the classical Welch-Berlekamp Reed-Solomon
decoding algorithm to correct a reasonable fraction of outliers. Subsequently, Eric Price has
managed to give an efficient solution to this fundamental problem even when the fraction of
outliers approaches ., which is clearly the maximum allowable.

CONCLUSIONS

Four years ago, when we conceived the program, our main goal was to bring together the EE
and CS communities interested in Information Theory in order that they could learn from each
other and potentially obtain major advances in the subject. We believe we have succeeded
beyond our most ambitious expectations, as exemplified by the sequence of breakthrough
results discussed above, which emerged during the program or as a direct consequence of it. A
secondary goal was to build a stronger connection between theory and practice. We believe
this goal was also met, notably by advances in the areas of distributed storage and genome
sequencing.
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