Appl. Math. Inf. Sci. Lett6, No. 3, 107-111 (2018) %N =¥\ 107

Applied Mathematics & Information Sciences Letters
An International Journal

http://dx.doi.org/10.18576/amisl/060302

Solving Deutsch’s Problem using Entanglement
Measurement Algorithm

Mohammed Zidan'#*, Abdel-Haleem Abdel-Aty?, Ahmed S. A. Mohamed®-3, |. El-khayat® and Mahmoud Abdel-Aty®4>

1 University of Science and Technology, Zewail City, Sheildy&d District, 12588, 6th of October City, Giza, Egypt.
2 Physics Department, Faculty of Science, Al-Azhar Univgrsil524 Assiut, Egypt.

3 Department of Engineering Mathematics and Physics, BaotiEEngineering, Cairo University, Giza 12613, Egypt.
4Mathematics and Computer Science Department, Facultyieh8es, Sohag University, Sohag, Egypt.

5> Applied Sciences University, Kingdom of Bahrain.

Received: 1 Feb. 2018, Revised: 1 Apr. 2018, Accepted: 2520118
Published online: 1 Sep. 2018

Abstract: Given a black-box representing an unknown Boolean funcfipdetermining whether the unknown functidrix) has
f(0) = f(1) or not using a single query tb is known as Deutsch’s algorithm. Followingd], in this paper, we propose Deutsch’s
algorithm based on entanglement measurement. The propdgedthm creates entanglement between the independeabhex
represented by the test qubit and an ancilla qubit callesttien qubit, where the entanglement is measured usingic@mce measure
to decide if the considered functidi{x) hasf (0) = f(1) or not.
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1 Introduction qubits or more are interact in a way such that the quantum
state of each qubit cannot be described independently of
Nowadays, the quest to develop quantum computers hake other L3], even when the qubits are separated by a
owing back to the discovery that some algorithms work vast distance. Entanglement is a pivotal issue in quantum
dramatically faster on a quantum computer rather than orinformation and quantum computation theory and it is
a classical one. Harnessing the nature of quantum system#der continuous research415,16,17,18,19,20]. This
captured in superposition and interference, the scientistamazing phenomenon is proved experimentally via a set
proposed using the quantum system to compute in @f experiments 21,22, 23]. Entanglement is an area of
parallel way by proposing a set of amazing quantumextremely hot research by the communities of atomic
algorithms [1,2,3,4,5]. First of these algorithms is called physics and quantum information processi2g][ with
Deutsch’s algorithm proposed by David Deutsdh i crucial utilization in many applications, for instance
1985, followed by a set of algorithms all have speed-upquantum teleportation7[8], satellite-based quantum key
performance compared with classical algorithms thatdistribution 25 26], and quantum Interne2[].
solve the same problems2,B,5]. The attention to In order to solve more problems using quantum
guantum computation incredibly increased when Shor'salgorithms, using entanglement measurements as a
algorithm and Grover’s algorithm are discover8#5]. crucial ingredient step in quantum algorithms have been
In a fast consequence, the researchers have extended theoposed by M. Zidan et al2f]. Following this proposal,
scope to include other branches of computer science suckome researchers applied it to increase the computational
as quantum teleportation6,[7,8], quantum machine speed for testing junta variabl@§. In this paper, we
learning P,10,11], and quantum cryptographif. follow [28 to propose an algorithm based on
Quantum mechanics gains its influences and power fronentanglement measurement to solve Deutsch’s.
two astonishing phenomena which are superposition and’he paper is organized as follows: In Section 2, we briefly
entanglement. Quantum entanglement is a uniqueeview some basic concepts of entangled two qubits and
microscopic physical phenomenon that occurs when tweentanglement measurement. Section 3 presents a full
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description of the proposed algorithm to solve Deutsch’s3 The proposed Algorithm
problem based on entanglement measurement. Section 4
demonstrates the analysis of the proposed algorithm3.1 The Proposed Operator
Finally, section 5 concludes the paper.
Although, M, operator 28], Fig. 1, can be used directly
in this paper but in order to optimize the number of gates,
2 Entangled Two qubits and Entanglement a modified version is proposed according to the following

Measurement definitions.

If the state of a 2-qubit composite system) cannot
always be written in the product form as

[Xi)

X) £ x) @ ), B
then|x) is called entangled state. In other words, If the 2 IXj)
qubits are prepared independently, and maintained
isolated, then each qubit forms a closed system, so the
state can be written in the product form ; then, we say that
the qubItS are Separable qubItS On the Other ha.nd, |f the F|g 1: Quantum circuit for the proposedz Operator.
qubits are allowed to interact, then the closed system
includes both qubits together, and it may not be possible

to write the state in the product form; then, we say thatpefinition 3.1. Consider two arbitrary qubitsandd, such

the qubits are entangled. The maximally entangled stategnat thet qubit is called the test qubit ariqubit is called
of two qubits are called Bell state2430] and are  tne detection qubit.

defined as: 1 Definition 3.2. A measuring device of entanglemei;
|Boo) = ﬁ(|00> +|11)), measures the concurrence between the test and detection
qubits.
1 Definition 3.3. For arbitrary two-qubit system, an
[Boy) = ﬁ(|01> +110)), operatork; is the operator which is applying a black box
1 Us on the test qubit and the detection qubit, according to
|B1o) = —=(]00) —|11)), the following formula:
V2
Byy) = i(|01> 1oy Up:ft,d) — Jt,d® f(t)). )
W2 ' then the deviceD;; measures the entanglement in

Bell states are used in plenty of applications such as aff€tween. The cuircuit model of the propoggdoperator
unknown qubit teleportation and quantum key distribution S Shown in Fig2.

[6]. Entanglement measurement31]32] are used to

reveal if there is an entanglement into quantum system&emark: ,

which are governed by n-dimension Hilbert space such! the oracleUs is represented bZNOT gate thenk,
that n > 1. There are plenty of entanglement Mplies toM;[28].

measurements defined based on different considerations

such as concurrence, negativity, quantum discord, witness

and so on 33,34]. Concurrence measuremel[33] is .

considered one of the most popular measurements of-2 The Proposed algorithm

entanglement quantification of bipartite system, and can . . ,
be defined as follows: In this section, we propose a quantum algorithm that uses

entanglement measure as an essential step for solving
C=[(ploy® ayle")],

where oy, = —i|1)(0] 4+ i|0)(1|, and i = v—1. The i)
concurrence of a normalized state in the form U
al00) + B|11) or al01) + BJ10) is calculated f D
theoretically as follows: |d)
C=2[ap|, @
where 0< C < 1. There are a continues quest to implement . o
entanglement measurement experimentay§6, 37. Fig. 2: Quantum circuit for the proposes}, operator.
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Deutsch’s problem. In other words, the proposed |t) [H] n \!
algorithm shows how to use the proposed operEioio ' Uy Dl
create an entanglement between two separable qubits, ar;rfd> ! !
then use concurrence measurement to solve the proble = - - —— \

at hand. The abstract of Deutsch’s problem is defined as
follows:

Fig. 3: Quantum circuit for the proposed algorithm via

Given: A black-box for computing an unknown function
Entanglement measurement.

f:{0,1} — {0,1}.
Goal: Determine whethef(0) = f(1) or not using a
single query tof.
The given orcale represents a function take one of th oracle is a black boly. : :
following cases: 8n step 2, the proposed algor_lt.hm applies the Hadamard
9 . gate to create equal superposition of st@jeand state1)
£(0) = f(1), on the first qubit as

f(x) = 3) _ 19 +]1)
It) = N
or f(0)# f(1). 2
Classically, there are two queries fomust be conducted Where the state of qubid) keeps unchanged in sta.

to determine iff (0) = f(1) ?. Deutsch showed that his Step 3 of the proposed algorithm pertains appljagThe

algorithm capable of answering this question by makingfunction under scrutiny, through the given black Bdy
only a single query to quantum orcle fér In this paper, take one of two cases depicted in E8). (The effect ofE;
we re-propose another version of this algorithm from ©N[%1) can be viewed as, apply thé gate between the
guantum measurement perspective. Although, the€St qubitt) and the detection qubjt) according to Eq.

proposed algorithm has no more speed up comparing th&?) s follows:

original version but it is more easier to understand. The (i) In this case, iff(0) = f(1) then the state of
algorithm is proposed in the following steps: |td) will not produce a measurable entanglement
between the test and detection qubits because it
1.Register Preparation: initialize the two qubit register is a separable state. So, the concurrence between
[td) by the vacuum state as follows those qubits i€ = 0.
(i) But on the other hand, iff (0) # f(1) then
|Wo) = |td) = [00). the state oftd) will be maxmuim entanglement

2.Apply Hadamard-gate H on the first qubit as: between the test and detection. qL_Jbits. So, the
concurrence between those qubit€is- 1.

B _|00)+10)
) = (H®N)I00) =——5—,

where | is the 22 indentity operator.
3.Apply Ez on|yn)

5 Perspective

In this paper, we propose an algorithm to use

) = Ef| ) entanglement measurement, concretely concurrence, as a
. AT crucial ingredient step to decide if a functidnunder
(i) If C=0then investigation hag (0) = f(1) or not.
f(0) = f(1).
(i) If C=1then
£0) 4 1(1). Acknowledgement

The authors are grateful to the anonymous referee for a
The cuircuit model of the proposed algorithm based oncareful checking of the details and for helpful comments
entanglement measuremelt, is shown in Fig3. that improved this paper.

4 Analysis of the Proposed Algorithm References

In this section, we discuss the proposed algorithm with[1] D. Deutsch, Quantum theory, the Church-Turing prineipl
the suggested operator introduced in section 3. We and the universal quantum computer, Proc. R. Soc. of Lond.
analyze the proposed algorithm assuming that the given A. 400, 97 (1985).

(@© 2018 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

110 NS 2 M. Zidan et al.: Solving Deutsch’s Problem using Entangleme

[2] D. Deutsch and R. Jozsa, Rapid solution of problems by[22] A. Aspect, P. Grangier, and G. Roger, Experimental Sebt

guantum computation, Proc. R. Soc. of Lond. 489 553 Realistic Local Theories via Bell's Theorem, Phys. RevtLet
(1992). 47, 460 (1981).
[3] L. K. Grover, Quantum Mechanics Helps in Searching for a [23] A. Aspect, P. Grangier, and G. Roger, Experimental
Needle in a Haystack, Phys. Rev. L&®(2), 325 (1997). Realization of Einstein-Podolsky-Rosen-Bohm
[4] L. Grover, A fast quantum mechanical algorithm for datsd Gedankenexperiment: A New Violation of Bell's Inequalitje
search, Proceedings of the 28th Annual ACM Symposium on  Phys. Rev. Lett49, 938 (1982).
Theory of ComputingSTOC '96, 212 (1996). [24] M. A. Nielsen and I. L. Chuang, Quantum Computation
[5] P. Shor, Polynomial-Time Algorithms for Prime Factaiion and Quantum Information (Cambridge University Press,
and Discrete Logarithms on a Quantum Computer, SIAM J. Cambridge, England, 2000).
Comput.26(5) 1484 (1997). [25] S.-K. Liao, W.-Q. Cai, W.-Y. Liu, L. Zhang, Y. Li, J.-G.
[6] C.H. Bennett, G. Brassard, C. Crpeau, R. Jozsa, A. Panes, Ren, J. Yin, Q. Shen, Y. Cao, Z.-P. Li, F.-Z. Li, X.-W. Chen,

W. K. Wootters, Teleporting an Unknown Quantum State via | 4. Sun, J.-J. Jia, J.-C. Wu, X.-J. Jiang, J.-F. Wang, Y.-M
Dual Classical and Einstein-Podolsky-Rosen Channelss.Phy  Hyang, Q. Wang, Y.-L. Zhou, L. Deng, T. Xi, L. Ma, T. Hu, Q.
Rev. Lett.70, 1895 (1993). . Zhang, Y.-A. Chen, N.-L. Liu, X.-B. Wang, Z.-C. Zhu, C.-Y.

[7] S. Bose, P. L.. Knight, M. B. .Plenlo, and V. \(edral, Proposa Lu, R. Shu, C.-Z. Peng, J.-Y. Wang, and, J.-W. Pan, Satellite
for Teleportation of an Atomic State via Cavity Decay, Phys. to-ground quantum key distribution, Natus49, 43 (2017).

Rev. Lett.83, 5158 (1999). _ _ [26]D. Stucki, N. Gisin, O. Guinnard, G. Ribordy and H.
[8] G. Gordon and G. Rigolin, Generalized teleportation Zbinden, Quantum key distribution over 67 km with a

protocol, Phys. Rev. A3, 042309 (2006). ;
. plug&play system, New Journal of Physi4s41 (2002).
[S]M. Zidan, A. Abdel-Aty, A. El-Sadek, E. A. Zanaty, and [27] H. J. Kimble, The quantum internet, Natu#b3 1023
M. Abdel-Aty, Low-Cost Autonomous Perceptron Neural (2008)

NetworklnspiredbyQuantumComputation,AIPConference[28]M Zidan, A. Abdel-Aty, A. Younes, E. A. Zanaty

Proceeding4905 020005 (2017). ) i .
[10] A. Sagheer and M. Zidan, Autonomous quantum perceptron |. EFkhayat, M. Abdel-Aty, A Novel Algor!thm based
on Entanglement Measurement for Improving Speed of

neural network, arXiv:1312.4149, 1 (2013). . . ; .
- Quantum Algorithms, Applied Mathematics & Information
[11] M. Zidan, A. Sagheer and N. Metwally, An Autonomous Sciences, v. 12, no. 1, pp:265-269 (2018).

Competitive Learning Algorithm using Quantum Hamming [29] K. El-Wazan, A. Younes and S. B. Doma, A Quantum
¢ . , A . B. )

Neural Networks, Proceedings of the International Join Algorithm for Testing Junta Variables and Learning Boolean

Conference on Neural Networks (IWCNN, Killarney, Ireland, Functions via Entanglement Measure, arXiv:1710.10495, 1
2015), IEEE 1 (2015). (2017)

12] A. K. Ekert, antum cryptography based on Bell's . .
[ ]theorem Phys. S(:V_ Lgﬁ7 Ggf(ngB.y [30] D. Sych and G. Leuchs, A complete basis of generalized

[13] A. Einstein, B. Podolsky, and N. Rosen, Can quantum- Bell states, New Journal of Physit$, 1 (2009). _
mechanical description of physical reality be considered[31]S. Hill and W. K. Wootters, Entanglement of a Pair of
complete?, Phys. Re¢7(10) 777 (1935). Quantum Bits, Phys. Rev. Left8(26) 5022 (1997).

[14] C.-Y. Lu, X.-Q. Zhou, O. Gilhne, W.-B. Gao, J. Zhang, Z.- [32] L. Zhou and Y. B. Sheng, Concurrence Measurement for
S. Yuan, A. Goebel, T. Yang, and J.-W. Pan, Experimental the Two-Qubit Optical and Atomic States, Entropy, 4293
entanglement of six photons in graph states, Nat. P3(, (2015). . .

91 (2007). [33] W. K. Wootters, Entanglement of Formation of an Arhijra

[15] M. Abdel-Aty, Delayed sudden birth and sudden death  State of Two Qubits, Phys. Rev LeB0, 2245 (1998).
of entanglement in Josephson-charge qubits, Laser Physic4] G.Vidal and R. F. Werner, Computable measure of
19(2), 511 (2009). entanglement, Phys. Rev.@5, 032314 (2002).

[16] M. Abdel-Aty, J. Larson, H. Eleuch and A.-S. F. Obada, [35] S. P. Walborn, P. H. souto Ribeior, L. Davidovich, F.
Multi-particle entanglement of charge qubits coupled to a  Mintert and A. I_3uch|e_|tner, Experimental determination of
nanoresonator, Physica E: Low-Dimensional Systems and entanglement with a single measurement, Naddi@ 1022 (

Nanostructured3, 1625 (2011). 2006).

[17] M. Li, M. J. Zhao, S. M. Fei, and Z. X. Wang, Experimental [36] W. Hong-Fu and Zhang Shou, Application of quantum
detection of quantum entanglement, Front. Pig(g), 357 algorithms to direct measurement of concurrence of a two-
(2013). qubit pure state, Chinese Physicd&7), 2642 (2009).

[18] L. H. Zhang, M. Yang, and Z. L. Cao, Direct measurement [37] R. Islam, R. Ma, Ph. M. Preiss, M. Eric Tai, A. Lukin, M.
of the concurrence for two-photon polarization entangled  Rispoli and Markus Greine, Measuring entanglement entropy
pure states by parity-check measurements, Phys. L&T.7A in a quantum many-body system, Nat&8 48 (2015).

(2013).

[19] B. Regula and G. Adesso, Entanglement Quantification
Made Easy: Polynomial Measures Invariant under Convex
Decomposition, Phys. Rev. Left167(7) 1 (2016).

[20] O. Giuhne and G. Toth, Entanglement detection, Plgs.R
474, 1 (2009).

[21] S. J. Freedman and J. F. Clauser, Experimental Tests of
Realistic Local Theories via Bell's Theorem, Phys. RevtLet
28,938 (1972).

(@© 2018 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci. Lett6, No. 3, 107-111 (2018)www.naturalspublishing.com/Journals.asp NS = 111

Mohammed A. Zidan is and yield optimization techniques, fractional calculus,
a PhD. candidate. He received quantum computing and quantum entanglement.

his B.Sc. and M.Sc. from
Egypt. He is a Researcher
Assistant and  Teaching
Assistant at Zewail City
of Science and Technology.
His PhD proposal about using
entanglement measurement
as a crucial ingredient step for
developing novel quantum algorithms and protocols that

Isa Ahmed Al Khayat
received his PhD in Applied
Mathematics  from the
University of Manchester
Institute for Science
and Technology in the United
Kingdom, in 1989. He served

as Academic Advisor and
Associate Professor for the
Royal Academy of Police in
the Kingdom of Bahrain, and evaluator for academic
qualifications. In 2001, he was appointed the first Dean of
Admission and Registration at the University of Bahrain.
He served as a Member of the Advisory Committee for
Census in the Kingdom of Bahrain, a Member of the
Board of Directors, Awan Cultural Magazine etc.

outperform many other quantum and classical algorithms.

Abdel-Aty  received his
B.Sc. and M.Sc. degrees
in Physics from Al-Azhar
. : University, Egypt, in 2004
and 2008, respectively, and
the Ph.D. degree in Computer

'r |
tu:.‘r;- and Information Science Mahmoud  Abdel-Aty

from Universiti Teknologi . . .
. . is currently the vice-president
PETRONAS, Malaysia, in of Affican Academy

2014. He is currently an Assistant Professor at Al-Azhar of Sciences and Dean
niversit nd his r rch interests incl th L

'télecirin{un?c;tion,s ir?fso??n;tion etrtlaesosry, Cquudaentume graﬁﬁlairemgctu dlz\i)ssse;r?pp%gg

pap P J He completed his doctorate in

conferences. guantum optics at Max-Plank
Institute of Quantum Optics,

Ahmed S. A. Munch, Germany in 1999. After his analytical study of

Mohamed received the quantum phenomena in Flensburg University, Germany,

B.Sc. degree in electronics 2001-2003, as a post doctorate visitor, he joined the

and communications Quantum Information Group in Egypt. He received the D.

engineering (honors) and the Sc. (Doctor of Science), in 2007. His current research

M.Sc. degree in engineering interests include quantum resources, optical and atomic

mathematics from Faculty implementations of quantum information tasks and

of Engineering, Cairo protocols. He has published more than 198 papers

University, Egypt, in1995 and in international refereed journals, 5 book chapters

2000, respectively, and the and 2 books. Abdel-Aty?s research has been widely

Ph.D. degree from McMaster University, Hamilton, ON, recognized and he has received several local and

Canada,in 2005. He spent one year as a post-doctorahternational awards. He obtained the Amin Lotfy Award

fellow with the Simulation Optimization Systems (SOS) in Mathematics in 2003, the Mathematics State Award for

Research Laboratory, McMaster University. He hasEncouragement in 2003, the Shoman Award for Arab

been with the Engineering Mathematics and PhysicsPhysicists in 2005, the Third World Academy of Sciences

department, Faculty of Engineering, Cairo University, Award in Physics in 2005, Fayza Al-Khorafy award in

Egypt since 2007 as an assistant professor and then as @006, the State Award for Excellence in Basic Science in

associate professor since 2017. . In 2014, Dr. ahme@009 etc.

joined Zewail City of Science and Technology, Egypt as

an adjunct professor with the Applied Mathematics and

Information Science department and he becomes a

full-time faculty member since 2016 till now.. He has

been a technical reviewer for engineering-based and

optimization Journals. He has published several papers in

refereed journals and international conferences. His

research interests include EM-based optimization

methods, RF and microwave CAD tools, design centering

1 Abdel-Haleem

(@© 2018 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

	Introduction
	Entangled Two qubits and Entanglement Measurement
	The proposed Algorithm
	Analysis of the Proposed Algorithm
	Perspective

