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1. Statement of the Problems Studied

The goal of the project is to discover new quantum algorithms; develop novel paradigms
for constructing quantum algorithms; develop complexity-theoretic results that relate to
quantum algorithms; and develop theoretical approaches for the implementation of
quantum algorithms.

2. Summary of the Most Important Results

e We have contributed to the development of fast quantum algorithms for evaluating
AND-OR trees (a.k.a. NAND trees), which are relevant in the context of evaluating
optimal strategies in interactive settings (including various games). In particular, we
showed how to obtain efficiency O(N*?* ) for any & > 0 in the discrete query setting,
as well as how to generalize from balanced AND-OR trees to arbitrary AND-OR
trees in the discrete query setting.

e We have extended the AND-OR results to algorithms for evaluating MIN-MAX
trees.

e We have discovered an efficient quantum algorithm for searching among N items
when the costs of querying the individual items are different. The algorithm runs in
time O(NT), where T is the sum of the squares of the query times.

e In the area of lower bounds for algorithms, we have developed a new and more
powerful variant of the adversary lower bound method, to handle negative weights.

o Finally, we have discovered a new efficient procedure for generating t-designs
(which, roughly speaking, can be thought of as t" order pseudorandom quantum
states).

e We have shown that every quantum algorithm can be simulated by a continuous-
time quantum walk of a simple form, and the methodology (using “widgets”) may
lead to other applications in quantum algorithm design.

e We have clarified some notions about the “hitting times” for quantum walks (the
time that it takes to get from one vertex to another), showing a quadratic speedup
in the quantum case for a broad class of graphs.

e We have derived some improved quantum algorithms for simulating
Hamiltonians that were previously known only for the sparse case.

¢ In the continuous-time query algorithmic paradigm (which is the paradigm where
last year’s breakthrough result about NAND trees was first discovered), we have a
general method for simulating a time T algorithm by a discrete quantum algorithm
in time O(T log T). Previously, efficient simulations were known for some
specific continuous-time algorithms; it was an open question whether this is
always possible (a paper is forthcoming).

e Progress was made on an ongoing project concerning a quantum algorithm for the
ferromagnetic Ising model (a paper is forthcoming).

e Regarding algorithms pertaining to quantum computing problems, we have
further investigated the hardness of determining whether a bipartite quantum state
(specified as a density matrix) is separable or entangled. This problem has long
been known to be NP-hard—and thus likely hard even for quantum computers.
However, the previous NP-hardness actually showed the problem is NP-hard in
the case where exponential precision is required. This means that even entangled



states that are exponentially close to the separable region must be identified as
entangled (even though their entanglement is exponentially small). We have
shown that the problem remains NP-hard even if the precision is relaxed so as to
be polynomial (as opposed to exponential). What this means is that it is unlikely
that there is an efficient algorithm even for the problem of distinguishing
separable states from those whose entanglement is significant (inverse polynomial
in size).

e Finally, we have discovered a distributed computing problem that requires infinite
entanglement to accomplish perfectly (and arbitrarily large entanglement to
accomplish with arbitrary precision). This helps to explain why several
complexity theoretic questions about multi-prover interactive proof systems have
been very difficult to resolve: the underlying space of possible entangled states is
not compact, and hence difficult to characterize in simple mathematical terms.

3. Bibliography

D. Aharonov, D. Gottesman, S. Irani, and J. Kempe, “The power of quantum systems on
a line,” Proc. 48th IEEE Symposium on the Foundations of Computer Science (FOCS),
pp. 373-383 (2007).

A. Ambainis, “Quantum search with variable times”, manuscript at guant-ph/0609168.

A. Ambainis, A. M. Childs, B. W. Reichardt, R. Spalek, and S. Zhang, “Any AND-OR
formula of size N can be evaluated in time N*?*°® on a quantum computer”, Proc. 48th
IEEE Symposium on Foundations of Computer Science, pp. 363-372 (2007).

A. Ambainis and J. Emerson. “Quantum t-designs: t-wise independence in the quantum
world”. Proceedings of Complexity '07, pages 129-140.

G. M. D'Ariano, W. van Dam, E. Ekert, C. Macchiavello, and M. Mosca, “Optimal phase
estimation in quantum networks”, Journal of Physics A: Math. Theor. 40 (2007).

G. M. D'Ariano, W. van Dam, E. Ekert, C. Macchiavello, and M. Mosca, “General
optimized schemes for phase estimation”. Physical Review Letters, VVol. 98, No. 9,
Article 090501 (2007).

D. Berry, G. Ahokas, R. Cleve, and B. Sanders, “Efficient quantum algorithms for
simulating sparse Hamiltonians”, Communications in Mathematical Physics 270(2): 359-
371 (2007).

C. M. Chandrashekar, R. Srikanth, and R. Laflamme. “Optimizing the discrete time
guantum walk using a SU(2) coin”, Phys. Rev. A 77, 032326 (2008).

A. M. Childs. “Universal computation by quantum walk”, arXiv:0806.1972.



A. M. Childs, R. Cleve, S. P. Jordan, and D. L. Yeung, “Discrete-query quantum
algorithm for NAND trees”, arXiv:quant-ph/0702160.

A. M. Childs and T. Lee. “Optimal quantum adversary lower bounds for ordered search”,
Proc. 35th International Colloquium on Automata, Languages and Programming, Lecture
Notes in Computer Science 5125, pp. 869-880 (2008).

R. Cleve, D. Gavinsky, and R. Jain, “Entanglement-Resistant Two-Prover Interactive
Proof Systems and Non-Adaptive Private Information Retrieval Systems”,
arXiv:0707.1729.

R. Cleve, D. Gavinsky, and D. L. Yeung, “Quantum Algorithms for Evaluating MIN-
MAX Trees”, arXiv:0710.5794.

R. Cleve, W. Slofstra, F. Unger, and S. Upadhyay, “Perfect Parallel Repetition Theorem
for Quantum XOR Proof Systems”, In Proceedings of the 22nd IEEE Conference on
Computational Complexity (CCC), pages 109-114, 2007.

S. Gharibian, “On the Hardness of the Quantum Separability Problem and the Global
Power of Locally Invariant Unitary Operations”, Master’s thesis, University of Waterloo,
2008.

W. van Dam, F. Magniez, M. Mosca, and M. Santha, “Self-testing of universal and fault-
tolerant sets of quantum gates”, SIAM Journal on Computing, Vol. 37, No. 2, 611-629
(2007).

G. Gutoski and J. Watrous. “Toward a general theory of quantum games”. In
Proceedings of the 39th ACM Symposium on Theory of Computing (STOC'07), pages
565-574, 2007.

A. Harrow and D. Leung. “An exponential separation between the entanglement and
communication capacities of a bipartite unitary interaction”, arXiv:0803.3066.

P. Hayer, T. Lee, and R. Spalek. “Negative weights make adversaries stronger”,
Proceedings of the 39th ACM Symposium on Theory of Computing (STOC'07), pages
526-535, 2007.

R. Jain, H. Klauck, and A. Nayak. “Direct Product Theorems for Communication
Complexity via Subdistribution Bounds.” Manuscript submitted to ECCC, June 2007.

R. Jain, A. Nayak, and Yi Su. “A separation between divergence and Holevo
information for ensembles”, arXiv: 0712.3867.

P. Kaye, R. Laflamme, and M. Mosca, An Introduction to Quantum Computation,
Oxford University Press, (ISBN: 0198570007).



D. Leung, B. Toner, and J. Watrous. “Coherent state exchange in multi-prover quantum
interactive proof systems”, arXiv: 0804.4118.

F. Magniez and A. Nayak. “Quantum Complexity of Testing Group Commutativity.”
Algorithmica, 48(3), pages 221-232, 2007.

D. Maslov, S. M. Falconer, and M. Mosca. “Quantum Circuit Placement: Optimizing
Qubit-to-qubit Interactions through Mapping Quantum Circuits into a Physical
Experiment”. Proceedings of ACM/IEEE Design Automation Conference (DAC), San
Diego, CA, (2007).

A. Nayak. “Checking Matrix Identities”, Encyclopedia of Algorithms. To appear.
A. Nayak and P. Sen. “Invertible Quantum Operations and Perfect Encryption of
Quantum States.” Quantum Information and Computation, 7(1), pages 103-110, January

2007.

J. Watrous. “Quantum computational complexity”, arXiv: 0804.3401. To appear in
Encyclopedia of Complexity and System Science, Springer, 2008.

J. Watrous. “Distinguishing quantum operations with few Kraus operators”, arXiv:
0710.0902. To appear in Quantum Information and Computation.



