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1 Project objectives for the period

The high-level objective of the QALGO project is coming up with new quantum algorithms and quantum
communication protocols. This is one of the most important research topics in the theory of quantum
information. New quantum algorithms and communication protocols will provide new applications for
quantum computers (when they are built) and quantum communication devices (which already exist).

Developing new quantum algorithms is also among the most difficult problems in quantum infor-
mation. The number of known methods for designing new quantum algorithms is relatively small, and
coming up with new ideas requires broad and deep knowledge of both computer science and physics.

The QALGO project aims to address these important scientific challenges. More specifically, the
objectives of QALGO are:

• To design new quantum algorithms by exploring novel approaches and for new application areas.

• To achieve a better understanding of the fundamental questions regarding the role of various
resources in quantum algorithms and the role of structure in quantum speedups.

• To design new quantum communication protocols that are more efficient than the best classical
protocols.

• To apply ideas from quantum algorithms and quantum complexity theory to study physical prob-
lems, such as quantum non-locality and the complexity of physical systems.

• To apply methods from quantum information to solve purely classical problems in computer science.

A key feature of our project is its interdisciplinary nature. While focusing on the computer science
side of quantum information, our project involves both computer scientists and physicists, ensuring that
each research question gets considered from both computer science and physics perspectives. We expect
that this interdisciplinary approach will lead to the discovery of new connections between the two fields.

2 The main results of the project during the 3rd year

Our research has been published in leading Physics journals, including Proceedings of the National
Academy of Sciences, Physical Review Letters, Physical Review A, and New Journal of Physics, and
in leading conferences and journals for Theoretical Computer Science, including Journal of the ACM,
SIAM Journal on Computing, ACM Symposium on the Theory of Computing (STOC), International
Conference on Automata, Languages, and Programming (ICALP), Computational Complexity Confer-
ence (CCC).

We now provide some highlights for each of the research directions of the project.

2.1 New Ideas for Quantum Algorithms

We have made progress in various areas of quantum algorithms, including quantum-walk based algo-
rithms, quantum algorithms for property testing, and quantum algorithms for hidden subgroup problems.
Here are some of our most important contributions:

1. Spatial search by quantum walk is optimal for almost all graphs. Random walks (or
Markov chains) are a powerful technique to design classical algorithms. In particular, they can
be used to solve various search problems by walking randomly on a graph until a marked vertex,
encoding a solution to the problem, is found. Similarly, quantum walks proved to be a fruitful
technique to design new quantum algorithms, and have been shown to provide quantum speedups
for various search problems.

In one of our recent contributions, we have shown that search by a quantum walk gives a substantial
speedup over classical search for a wide range of structures [1]. Namely, O(

√
T ) steps suffice

for searching almost any graph with T vertices (in the Erdős-Rényi model of random graphs).
This shows that a quantum advantage for search on graphs is very generic. The result also has
applications to quantum communication: it can be used to design a protocol for quantum state
transfer on a network with the corresponding interconnection graph.
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2. Efficient quantum algorithms for (gapped) group testing and junta testing. The com-
plexity of quantum algorithms in the query model can be characterized in terms of a semidefinite
program (SDP), the Adversary SDP. Solving this SDP gives a quantum lower bound, and the dual
of this SDP can also be used to obtain a quantum algorithm with a complexity that matches the
best lower bound up to a constant factor.

The first SDP-based quantum algorithms were designed using the framework of learning graphs,
which allows one to design solutions to the dual adversary SDP in an intuitive way. The next step
is to use the solutions of the Adversary SDP directly, without any simplifying framework.

In a joint work between the LU and CWI groups [2], we have used this approach to design a
quantum algorithm for the junta testing problem, by first designing a set of matrices that constitute
a solution to the Adversary SDP and then translating it into an efficient quantum algorithm. Our
quantum algorithm quadratically improves over the query complexity of the previous best quantum
junta tester, and is based on a new quantum algorithm for a gapped version of the combinatorial
group testing problem, with a quartic improvement over the query complexity of the best classical
algorithm.

This contribution links together two tasks of our project: finding new uses for the learning
graph/adversary bound method and finding new quantum algorithms in the area of property testing.

2.2 General Properties of Quantum Algorithms

The properties of quantum algorithms are richly diverse, and determining them includes characterizing
the possibilities and limitations of particular quantum features that yield computational advantages.
Such understanding can, further down the line, illuminate the design of new quantum algorithms and
even inform methods for implementing quantum computing. Over the course of the project, we have
contributed a number of important new results, and from our final year, we mention the following two.

1. Quantum computing in low-dimensional spin chains. Local spin chains are sequences of
quantum systems in which each one interacts only with its immediate neighbours (so-called local
Hamiltonian interactions). They form an important bridge between quantum many-body physics
and quantum computing, especially via their ground state energy properties.

In [3], we have developed a new approach to encoding quantum computation in such spin chains
by introducing a novel hybrid classical-quantum model of computation—a so-called quantum Thue
system, inspired by classical string rewriting systems. It allows quantum computation to be repre-
sented in a spin chain with translationally-invariant interactions, and of unprecedentedly low local
dimension, improving in this regard on the previous best result by several orders of magnitude.
Despite their consequent simplicity, such systems are also shown to retain a remarkable complexity
feature, viz., estimating their ground state energy is hard for the class QMA-EXP (a quantum ana-
logue of NP), strengthening a dramatic connection between computational hardness and physical
properties of almost practicably implementable systems.

2. New developments on quantum and classical query complexity. The query model of
computation and the associated notion of query complexity has played a fundamental role in the
development of quantum algorithms from the very first quantum algorithm of Deutsch et al. (for
distinguishing balanced vs. constant functions), which was framed in this model. This model
remains very important, and its study has been a significant mainstay throughout the course of
our project.

In the past year, we have obtained a series of important new results for both quantum and classical
query complexity: in [4] we have studied the quantum query complexity of total (rather than
partial) functions, i.e., functions defined on all possible inputs. We have given the first example
of a total function with a super-quadratic gap between its quantum and its classical deterministic
query complexities. The same function is used to also refute a long-standing conjecture of Saks and
Wigderson (from 1986) on classical query complexities. Further, we have given the first example
of a separation between zero-error randomized query complexity and bounded-error randomized
query complexity.

2.3 Algorithms in Quantum Communication

We present two highlights about algorithms in quantum communication.
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1. Separations in communication complexity using cheat sheets and information com-
plexity. In [5], Belovs (CWI/Latvia), Santha (Paris), and others gave the first super-quadratic
separation between quantum and randomized communication complexity for a total function, giving
an example exhibiting a power-2.5 gap. Their results are communication analogues of separations
in query complexity proved using the recent cheat sheet framework of Aaronson, Ben-David, and
Kothari (STOC 2016). The main technical results are randomized communication and information
complexity lower bounds for a family of functions, called lookup functions, that generalize and port
the cheat-sheet framework to communication complexity.

2. Communication complexity and Bell inequalities. Buhrman et al. [6] and Laplante et al. [7]
presented new methods to construct Bell violations given gaps between classical and quantum com-
munication complexity. This includes the first general construction for any function that exhibits
a more than quadratic gap between quantum and classical communication. Furthermore, we stud-
ied inefficiency-resistant Bell inequalities, meaning the Bell value must not exceed 1 for any local
distribution, including those that can abort. We show that, in this setting, even exponential Bell
violations (in the size of the inputs) can be achieved. We also studied resistance to noise for these
Bell inequalities.

2.4 Quantum Information in Computer Science and Physical Systems

In recent years, it has been discovered that the ideas of quantum information can be applied to other
fields, often in unexpected ways. We highlight two such results from our project, one with links to
mathematics, and one with links to physics.

1. Quantum algorithms in expectation. Making a connection with questions in classical combi-
natiorial optimization, de Wolf (CWI) and others [8, 9] introduce and study quantum algorithms
that compute or approximate a function f : {0, 1}n → R+ “in expectation.” This means that for
every input x, the expected value of the algorithm’s output equals or approximates f(x). They
exactly characterize the optimal quantum query complexity of such algorithms by an algebraic
notion, namely the sum-of-squares degree of f . This is an unusual model of computation, which
is interesting in its own right, but that is also justified by connections with various questions in
mathematics and optimization. In particular, it sheds new light on combinatorial optimization by
means of semidefinite programs (the Lasserre hierarchy as well as more general SDP extensions of
polytopes) and on so-called Positivstellensatz proof systems.

2. Universal computation using time-independent Hamiltonian on a 2D grid. Lloyd and
Terhal (AACHEN) [10] show how to perform universal Hamiltonian and adiabatic computation
using a time-independent Hamiltonian on a 2D grid describing a system of hopping particles, which
string together and interact to perform the computation. In this construction, the movement of one
particle is controlled by the presence or absence of other particles, which allows the construction
of controlled-NOT and controlled-rotation gates. The construction translates into a model for
universal quantum computation with time-independent two-qubit ZZ and XX+YY interactions on
an (almost) planar grid. The dynamics and spectral properties of the effective Hamiltonian can
be fully determined, as it corresponds to a particular realization of a mapping between a quantum
circuit and a Hamiltonian, called the spacetime circuit-to-Hamiltonian construction. Because of the
simple interactions required, and because no higher-order perturbation gadgets are employed, the
construction is potentially realizable using superconducting or other solid-state qubits. Electrons
(and holes) with spin moving over a 2D grid could form a direct fermionic realization of the model.

3 Expected final results

To realize the potential of quantum information science, it is crucial to provide a sustained support for
theoretical research that will generate more applications for future quantum technologies and study the
interdisciplinary connections between quantum information science, quantum mechanics, and computer
science.

In the QALGO project we address a major scientific challenge: search for new algorithms and pro-
tocols. We expect that our project will have the following impacts:

• New quantum algorithms which would enhance the future impact of quantum computers.
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• Better understanding of fundamental questions about quantum algorithms which will help to design
new quantum algorithms.

• New protocols for quantum communication achieving more efficient quantum communication.

• Applications of ideas from quantum information to both classical computer science and to the
study of physical systems.

Our project will also create new collaborations between physicists and computer scientists, with the
potential of bringing new insights to both fields.
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