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Yoayiiszd1um (Summary)

Classical information technology is the current digital/analog technology era for computing and communications. The
reduction in size of the computing devices has to be limited to individual particle scale where quantum behavior dominates and
classical model of information becomes invalid. Quantum mechanical description of information is therefore needed to describe
the information processing in small scales. Quantum information science is the merging of quantum physics, information theory
and computer science to build up a fruitful multi-disciplinary era. Quantum Information Technology is the applications of
quantum information into computing, communications, metrology and others. Using the properties like quantum superposition,
the quantum states can be used to process several inputs at the same time; this is the ingredient behind the (polynomial-time)
quantum factorization algorithm proposed by Peter Shor in 1994. The discovery of this quantum algorithm for factorization has
threatened the current security based on computation — public-key cryptography. Meanwhile, the unique quantum property:
'entanglement' (or nonlocality) enables entirely new modes of communications: quantum teleportation, quantum dense coding,
and entanglement-assisted quantum cryptography. Quantum teleportation is a scheme to send an exact quantum state through a
classical channel employing previously distributed entanglement. Quantum dense coding is about to transmit 2-bit classical
message while actually sending only single quantum bit (qubit) through communication channel, also, provided entangled states
which are distributed among two parties. Quantum teleportation and dense coding might appear to be far from daily use while
quantum cryptography have been well established and also entering the commercialization stage. Quantum cryptography, to be
more specific, “quantum key distribution” provides an establishment of secret key among two (and more) parties using quantum
states and classical processing. The fragility of quantum states, which will be irreversibly disturbed and turned into another states
whenever measurement is done, guarantees the transmission of states with auto-detection of adversary — one attacking on the
communication channel. The applications of quantum information in the level of few qubits, i.e., quantum key distribution,
quantum communications, and few-quantum-bit computation have been well demonstrated (2010). However, for quantum
computing to show significant improvement against classical computing, it requires large number of qubits to be processed in a
controlled way. The interaction with the environment which causes the loss of quantum information and quantum properties is the
main obstacle. Quantum error correction is then proposed to “protect quantum bit using entanglement”, and fault-tolerant
quantum computation is also proposed to reliably process on quantum states even if the quantum evolution (series of quantum
logic gates for computation) is not perfect (but bounded by a threshold value). Large-scale quantum computation is then
possible, at least, in theory. The studies of quantum control, measurements and creation of multi-particle entanglement have been

continuously developing in tempting to bring quantum information technology to real-life applications.
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For over 30 years since the intuition about applying quantum behavior to information security (Wiesner, 1983 and

Bennett&Brassard, 1984), there have been gradual and also rapid progress in both theoretical and experimental sides. In secret

key distribution application, quantum states guarantee that adversary cannot obtain the information sent while unperturbing the
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states. That is, measuring out the information from quantum states will cause the states to change irreversibly. The change
therefore can be detected by both communicating parties and they can ignore that bit of information. Alice and Bob can safely use
the bits where no perturbation occurs. In later proposal, entangled-pair of particles can also be used to distribute the secret key.
The test for the presence of adversary can be done by traditionally measuring the error rates or by testing the validity of nonlocal
properties using Bell's theorem. Measuring the states cause entanglement (nonlocal) properties to disappear and this can be
conceived by Alice and Bob who can again ignore the bits of communications. However, the fragile nature of quantum states
makes that it is not easy to handle reliably in real experiments. All practical steps: preparing states, protecting information from
the environment and detection of the states are non-trivial subjects which still need further study and improvement. The
attenuated laser pulse with mean photon number much less than one was traditional source for quantum key distribution.
Choosing proper degree of freedom or proper qubit representation to match with communication channel setting is also important.
Phase-encoding is especially preferred in fiber-based quantum communication where the phase relation between input and output
of fiber with the same length are quite fixed. While using polarization-coding in optical fibers meet some difficulties with
polarization dispersion along the fibers, causing unwanted change in polarization. On the other hand, polarization-coding of
photons is preferred in free-space quantum communication because the air mostly preserve the polarization while there may be
fluctuations in phase due to turbulence and the uncertain atmosphere. This makes implementation of phase-coding in free space
not quite feasible. There have been experimental demonstrations over a few hundred kilometers of distribution of quantum
entanglement showing the ability to tolerate longer distance than using faint laser pulses. There are already projects proposed to
demonstrate quantum entanglement and communication from ground to satellites (2010). In theoretical side, the security of each
specific quantum key distribution protocols need to be proved. Theorists are trying to minimize the assumptions on the physical
devices and on eavesdropping strategies. Security proofs are quite well-established in several quantum key distribution protocols
under the tools from classical and quantum information theory. In order to promote and to test quantum key distribution in real
world, the quantum key networking has been demonstrated in many places around the world, including the United States, Europe,
China, Japan, and others. Stability test of the kind of network over several-months time period has been done in Switzerland.
Quantum cryptography has now covered larger area than key distribution, to name a few, quantum authentication, quantum
Vernam cipher, and quantum secret sharing have been proposed. The practicalities and merits of quantum information
technologies, or, in specific, quantum cryptography have been showing more into the scene. It is interesting to keep the eyes on

the progress of this fascinating field.
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Y v 9 o ax A o Y Yo ' P P 4 % o
GluﬂWiLﬁlﬂTﬂfﬂlagﬁﬂ'ﬂﬂiﬁﬁmﬂﬂ31ﬂauﬁ1ﬂ3%ﬁﬂﬂaﬂﬂu13 ﬂiﬂfﬂi"ﬂgﬁ1111iﬂf‘31uéuﬂﬂ3111"lﬂﬂﬁ?)Lﬁﬂflﬂfyllﬂ“?ﬂflﬁﬂvmgﬁ

a

I 9 9y @

A [ 91 = ] v Y o Y
Lﬁﬂﬂuﬂllf]fy!,ﬁ]éll'ﬂﬂ@Z‘T\iﬁWiV‘!ﬂﬂigﬂWi W"IﬂiJW:mliJﬂ53Z‘T\‘lﬂﬂ@]ﬂ\ifﬂiuﬂgiWﬁﬂJﬂﬂ’ﬂll?ﬂlﬂiﬂ“Vﬂllﬂiﬂﬂal”]fﬂﬂllﬁlﬂmﬁﬂllmg

L]

' & ' ' 4 ' o = ? o A (o v a o
AN (Gluﬂimuﬁmmﬂﬁi’é‘}umug{uﬂﬂmﬂmﬁ) quﬂa@Qﬂ@ﬂﬁﬂﬁ%@ﬂ?1uﬂa$ﬂiq ﬂuﬂﬁz%ﬂf‘]iylmﬂﬂiﬂi%} VUBDUAIINY

o

9 vy o & a0 A A ) A Y A g v o ) a Yy &
"IJENQ?N %Zvlﬂ"llﬁlﬂ’JWNa‘]JﬁlﬁlﬂiJW %Qﬂimwuumuﬂuﬂuﬂﬁ‘l/liﬁ]ﬁvlﬂﬂ@lﬂﬂm@u (ATM) UAUAIAUAVIUEANITNANUYNADIN

ansanaiduesninla
msthsianuaUBnrianil Ao M3 lenyuIeauuIAT (Asymmetric-key cryptography) faadsuazfsuais 1
Yq ¥ 2 Y 9 @ 3 d o o . Vo doA Yy o 9 d o & '
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sWalagldnauueaunas Gendned1anilan mansvaaenyuaaI515ae (Public-key cryptography)
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(A-D;T->W;C—F;K—N) #Fuilotoanuduilgnaslitdsy Fmnuinyuedemsiaousaus llda
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f f
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2.1.3 ANUHMNYVDINEMITHAAY
a v o = s o o 9 . = A | ' Ao
MeMssdaaurIedImansunanssnyInulasasevetoya (Security) sauduou ludua 1wy msdudu
A9 (Authentication) uazmmmg%ﬁaﬁuaﬁ’aya (integrity) [Bruss 4agAne 2006] IMGINITHAAUBIAIOUAY (Quantum
= s o P o A 9 ) o A &
cryptography) Huefamansvean1sdszgnanamaninlouduionsldauludiuanulasassvesnisdoarsda
ATOUAQNUITOINITNTZINQYUITFIAIDUAN (Quantum key distribution) N1THLNTUANUAUTINAUFIAIOUAY (Quantum
4 q A 4 a o & A & v o A 7 ~
secret sharing) 1tazdue) ua luntziuisesmsnsznenyuadnloudy miziludrududu i swaduiauyssinyyll
3 3 ax % 0w v W A
anuilu 18 Taaiduasms I Idnsanguedmsomsidhswaasgl 2.3
2.1.4 TUABUMITDAITANNAL
2 4 o ' < H o
TuaeuveamsdeasaNua UL Idiluauvuneunane Ao [Stebila azaas 2009]
2.1.4.1 M3ANAINYNISHAAUIINAY (Key agreement)
) ) Y
Adwazdiumsiimsanasiuiie 1 Idndenaunsiaaudmivldlumsduezooasia TaeisauaunelFhda
151131918 (Trusted courier) 1nayua TgAsD nazdnisnils Asldmahsianuunueasisuznsield ldnauosia
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2.1.4.2 M3BUEUAINY (Authentication)
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HUMNITANAINYLITUAAUITITTITULAT [ (Alice) @]ﬂ\illﬂ"liﬂuﬂu’l"lﬂﬂllﬂiﬂﬂmlﬁl"h_]!,ﬂuﬂill (Bob) 173954
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#1317 2.4 4AnTU (Eve) Yasuiludsuiedoarsnuddwazvazidernulasumiludduiodomsiugsunmndeaiiui
A o 1 g , v o Yo v Y v o 4 '
doensaanariilumsaenmuasiady (k, uaz k) wavzlsingngansu ldnguesiaduvesnsaesdhel nazaunsansiw
9 H Y v
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9 (4 Y ad @ Y
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AANTU (Eve)

' I o <3 '
A K Yaewiudsy | aowiludds K 5

U

(Alice) (fake Bob) (fake Alice) (Bob)

“Man-in-the-middle attack”

517 2.4 msyngnaeTsiasumlasiau

L]

519 2.1 Uszianvesmssiadonnu lasisnwsiaveange

% o a Yy a9y Y o v v \
dnuazneye MeBine von-vadnes / M3l ¥ feda
' o 4 ' v A o
AULAT Adaazgsuldnyuesen | 4ed munsnaeandeuiouly | unell (Scytale) AT w13
= @ [ o 4
(Symmetric key) | 1@&2n anuiloeadoauysalla sHeA51UN DES AES

7 4

Yodos ApIIDANAINYUITH A

AUTWNU
DANNIAT Adsnazdsuldnayus|ded 1) $rol¥emisadoarsdio | Diffie-Hellman, RSA [Rivest,
(Asymmetrickey) | Auazaon (Public key 1o | ANvlaoassriuryesdoans Shamir & Adleman 1976),
Private key) s ld Elliptic-Curve cryptography

2) ld9aelun1sanasnaus | [Miller 1986), ElGamal

v w1 o A 9 .
sadusunu o1 111941uns | encryption [ElGamal 1985],
9 v ' .
WhsWanuunyuaauuasae 1 | Rabin cryptosystem

4
14

Yy v o & '
Yones nulaoanuaiogyy
AVUATIUVOIANUFUFOUNI

a J o
AUAAITATIUASNINYINTNIG

e lulsyasda

2.1.4.3 Mmsl¥naualumsiiinazaeasia (Key usage)

H Aa A9 Yo ¥ Ay Y ' o D) o A o A

Guaputinemsndawazgiu 1dnguai ldanasiumlumsdwazoeasialugduunimngausumsdodis

& < 1 & A v o o @ ?,’/ v w1 1% 1 [ 9
nile wagmanunauaaunil Bl¥lumstuduiaudmiviuaoumsanasnauasiaduisunulugiunaidalidae
2.1.5 Yszpnveamsaea1snNNEY
A o ' @ A o ) o F
M3A0A1ANUAY (Cryptography) ttivszianamdnsuznauamimn 1y ldawlszinnudng 1dun uuungue

auas nuaadauanas uag lildnaue™ daansei 2.1

24 934TanF e (Hash function) 1u3nemssWaduazaannmad1siady (Encryption/Decryption) Wanduuasdi Tomaazihimsdadoniu
Tdsanderdiu Fualaddunesiiguaniadoundylild YeanuidmddduneyTaon 1S on31 message digest (Yonuiigndos)

o @ @ @
Uszgnd 19 1un138uduAIAY (Authentication) azn3duguANNYNABIVBITDYA (Integrity)
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2.2 ‘ﬂq‘ﬂ{]ﬂ15ﬁu!'ﬂﬂ!‘”ﬂﬂ?@uﬂ“!!ﬁE’Jﬂjnlﬂﬁf’)ﬂﬂﬂsllf’)ﬂsllﬂyﬁ
msinunnulasasevestoyadimiumsaeds laona lusgdima TuTagneduasaumana liiesuses
o 1an o 1wyt Ao o= oY 7 At &2 A Ao o
anwlasate ualismsasnands iaunsodudutsnnulasansldedieauysal Wmsnilanamnsatuduanulasans
#ldwasdnauysainemahmgeiarsaumadnteuduunlduswiuinemssiady Fanszuiumsnnsantenny
9
Yavasovesdoyaiisail
[ < [ v 4
2.2.1 anwilasaselasanysal anlaeanuediahisiteuly nazainnlaeasmFamsaiuan
[ d
22.1.1 mmﬂaaﬂnﬂiﬂﬂauyim (Perfect security)
@ o 0 o = I Aa Ao T @
§1m 319157 a (Encryption) 11 3¥ @ (Cyphertext: ©) Hanuidludaszaintonnuinda luds e (Message: M)

A 1 e o ¥ oa o o £ 9 g Yo &
vdenWaa Uty Uanwilaeadvauysal (Perfect secrecy) [Shannon 1949] Faasailuaums laaatl

p(|\/||C)=p(|\/|) ........................... 2.1
I @ [} ' < Y o & = 1 I 9 A
Tas Muay ¢ Wludnnlsgu vazanuminziuumudie p doiu pc) mneds anninziuvesdennuaziisn m
4 o o A " W 1 1 o o < 1o [ ] O 1o
Wemsdaliauminiy ¢ nanfensalsinemsia () 0l 1a1d38edon1u () ueed1ala wWude i 1dsmsuanuag

] I A X 4 [ d @ ' a
RRRITIRDETI LY (Probability distribution) "’UEN%}E]?‘I'JHJLWIJGIAJ‘H ﬁau"lmmmﬂaaﬂnﬂauyﬁmmﬂmﬂumamamqygmnmﬁ

Ao MsaumATINAY (Mutual information) FLMINTBAN M) azmsvid (C) ﬁJug{u&T[Maurer, 1993]
[ (M;C)=0 22)

Tag I(X:Y) = H(X) — HX)Y) AomsaumaAsIunussnat X uag ¥ 3 3uu1ene Auawnsongial X 9inmsiaives v
Py a1 Vo P ' 9 1A ' R ] = a
M 1Y) Baumnuguaninennunmsin ¥ lulinaaemsinves xuasgila (U0 2.5 uaasnmsdanuansaume

s uaz wuInsil A Ae USunannu hiniueuvesdulsgu X Hewlae

Z p(x)logp(x) 223)

Hx) Saumnuiuiuiantesnganldlumsesuedulsgu x maumsihsWauvasiuiia “Shannon's source coding
theorem” [Cover & Thomas 19911) Waz H(X|Y) vi3o10u In51/39ou 19 (Conditional entropy) fio A1 Lo uvesdls

qu X iefmua ¥ Iawiueunmils dewlag

H(XIY)=E,H(Xly)==2 p(x,ylogp(xly) (2.4)
X,y

Y ] 1]
UDININU A.F. 1949 (W.A. 2492) Tnaa wyuvou (Claude Shannon) ET@"lﬁwgﬂﬁﬁau'lwﬁwﬂuﬁm%"ummmmﬂaaﬂﬁ'ﬂiﬂﬂ

auyssl nanfenquesHadudesinnueednieaminuanuevestonnuidesmas

H(K)=H(m) 2.5)
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H(M H(C)

T

(M:C) = 0
Q) (v)
51 2.5 (n) avwduiussznnaeu Instl (#) uTnsiliidou'ly Hx v wazansaumas iy ()

° a [ 4 (=) 1
() unumeiuteanulasaseauysal I(M:C)=0 msjieyaves C lilinanensivoya M

A R A 3 a " v
NANMDNNNUIAD M Uy C wWudaszaonu

@ v v @ J [ - o Aa v o 4 [
“I/iiﬂﬂﬁ\if]@]ﬁﬂﬁﬁ%}%iQilJuLl‘ﬂiﬂﬁﬁ’Uﬁ’JiJﬂué’ljﬂﬂﬂ1ﬂﬂ31ﬁ§ﬂlﬂ1ﬂﬂﬂ@lﬁ1ﬂ1iﬂWLuﬂ"ﬁ}ﬂﬂ’ﬂi\l Iﬂﬂiﬂﬁ'aﬂmﬂﬁlmuﬁl%}f}ﬂguﬁ]QIJ
2 "oy 2 g wa Y w A o 0o QY o o s ~ o o
SFIUAITNINUNTINUUDAY ‘ﬁﬂlﬂuﬂmﬁi\m@]ﬁ@ﬂﬂﬁ’E'Nﬂ‘UNE]uUl"’UﬂQﬂﬁTJ 1/11611’75ﬂﬁ'aUL’JE]iLLuiJiJﬂ’JHJﬂaﬁlﬂﬂﬂiﬂﬂﬁiJ‘Uuitl!

[Dusek 1agne 2006)

2.2.1.2 anulasasuedalaifiten ]y uazanulaeadeBImImuI (Unconditional security and

computational security)
Y 4 9 = 2 o @ ° 1 ] ° Aan
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AI9UAN (Quantum part) 1AL MIAOESUVUALAN (Classical part)” [Renner, Gisin & Kraus 2005)

2.3.1.1 M5O IULADUAN (Quantum key transmission/ raw key exchange)
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«  mslnaindsnnuAana1AveYeLa (Information reconciliation)
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19 Taeld Ins Taneamumsilasumle (Differential-phase shift) 73809131137 1.3 Mbps [Zhang sagame 2009] Uaguuy

A01ULa N (Decoy-state) [Dixon dagame 2008]

Y o w £ % % =
2.5 Jedifanazanuimemumalulag
na MR IaUeA UL T Z UMM TR AT LTI UANAULLILLT NAeTz oz N lums Toa1s 30 au. nguiin
Av o 9 [ o Ao A A a A % U Y 4’! 3‘/ as o A [
o Tan laudstunuiannauiseiomnlszdnsnmvesszuuainann gy nadsmsduiia Trlaou msdaTvaou
[ F
MIA3191 Ieou FamsnaAInaniseazdeadall
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2.5.3 dansramilneuden (single-photon detectors)
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Quantum communications enabled many communication schemes those are not available in any classical (digital &
analog) communication techniques. The nonlocal correlation between two distant quantum systems or “entanglement” can be

used as a fruitful resource for quantum communications. First, already mentioned in quantum cryptography, entangled photons
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can be used to generate secret random information to be used as secret key for encryption. Second, entanglement can be
employed to reliably send exact quantum information through classical channel or without sending the particle carrying the
information. The quantum information appears at the destination by reconstruction of states (one of the entangled pair) according
to the received classical message and, at the same time, being destroyed at the sender. The communication scheme is called
“quantum teleportation” and has been experimentally demonstrated since 1997. Third, provided entangled pair are distributed,
one of two parties can digitally 'modulate’ the received entangled particle and send it to the receiver holding another part of
entangled-pair who can recover the two-bit message tried to send. This gives availability of sending two bits of information in
single quantum bit -- “superdense coding” which has been demonstrated since 1996 in Innsbruck, Austria. Moreover, teleporting
one of entangled pair result in “entanglement swapping” or creation of entanglement between two particles that never interacts.
This gives a beautiful solution to implementation of long-distance quantum communications. To give one example, quantum key
distribution can be done in multiple larger distance using this technique. The trade-offs between practical value and perfection of
quantum communication scheme have been worldwide under investigation. It is believed that the next generation of 'quantum'’

communication could be resulted from viewing “entanglement” as an “information resource”.
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51 3.7 jupumanasesiiaue 1luumanuusnvesmsdswaaumuuiugudinleudy
Tag M, uag M, UNUAMEAGWES (beam splitter) P, unudndeuladmsulTuanue
voelpou Buaz ¢ ¢, unudndewadmivlSuaoiuzveslvaou A wag D

4 4 4 9 ) o o X o o
simvasudady (uazdavn) ununszuaumamlasiuasaziladiuau gwdaau

gﬂﬁ"ﬂuﬂmmﬂ [Bennett & Wiesner 1992]

uvesnuiia o
LR A N S 4 &

gﬂﬁ 3.8 MssagUnsaliesBamaisianmmutingadaousy SeanusiniudIna lsdveaua
Tug1l “BoB™™* ¥mthiinadoanuaiiaansia 416 uduMinsnauaeAn ( A/2 waz A/4
UNUAIR UM NOT 1a Phase-flip) BS 1N N52IAUONE U (Beam splitter) i1 50 11)osidud
PBS L!.‘VI‘L!ﬂﬁz%ﬂuﬂﬂﬁmﬁil%iiwmqﬂ? (Polarizing beam splitter)
A uwnugunsaidmiudsuszezmaiie 1 Tae e adumanis Bs wiouiu
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sUdauaInn [Manle uaznme 1996]
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: - , . N 2 . o o o
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o v & 4 o a o Ao o 2 ' o &
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Aroual Tasnmuauianloudn AvnsnudemFimunisazguanianiudIunsoniua lagapdell Seon
ATZUIUNITAING1291 Decoherence' 1o Uil a.¢1. 1993 1a73A ADEF (David Deutsch) 1@uo it 1K Toyaduann
(Recoherence)”” [Brooks 1999] Tasms Idaausareududnuazmiousudoun funaredada ileunudoyaidoasulu
ANHULTAVNINT (Symmetry) Tauiflonnuiawaaifaiy winlinwaunasaainangude ) nazawisoasiany 1dTae
m3asdeudnuzateuiudIui lifadeRanan

FudluanuAanaiaBinloudy (Quantum Error Correction) Idgminaus ludndiamans latilines ¥of (Peter
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a a s 9 R a A 9 a a 1 a a a a a a a { a 3 @
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AIDUAN (Quantum key distribution) ﬁ'lll']ﬁi‘l“lei]uLLﬁz@‘ﬁ‘U1ﬂvlﬁ}ﬁlﬁﬂﬂ1ﬁ1’]NTL!"IJENi“I’iﬁ'!.lfs]}ulglm'ﬂllNﬂWﬁ']ﬂL"]f\iﬂ'Jﬂu@]iJ [Shor

& Preskill 2000]
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3% Juqmuduuun “Rank Prize Funds Mini-Symposium on Quantum Communication and Cryptography” q Broadway Uszineo. INQY [Brooks 1999]
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Classical computers has been technologically developed by miniaturizing the size of logical operations devices, from
large-size relays, vacuum tubes, and transistors to smaller and smaller transistors. However, there is a fundamental limit on
physically miniaturizing the transistor size on single atom or electron where the quantum mechanical properties dominate and the
fundamental units of information also need to be changed. Classical information -- bits, where information can be either “0” or
“1” and can always be copied are invalid to be modeled in quantum systems, where information is in superposition of many states
and cannot be copied. The art of processing quantum information in meaningful ways is the topic of quantum computation
science. Superposition property of quantum states can be applied to give more information in single processing and result in
exponential speed-up in some problems such as determining global characteristic of a function (Deutsch-Jozsa algorithm),
factorization of integers (Shor's algorithm) and quadratic speed-up in searching (Grover's algorithm). In quantum computing,
information is encoded in quantum states, computation is represented by reversible evolution of the states and readout is done by
measuring on the quantum states. Like classical computation, every complex quantum computation is composed of only simple
set of operations. Single-qubit reversible transformation and a two-qubit controlled-NOT (CNOT) gate are proved to be
fundamental operations for universal quantum computation. Therefore, being able to physically realize single-qubit and CNOT
gate in a scalable means result in arbitrary quantum computation. However, one important obstacles of large-scale quantum
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computing is the sensitivity of the states to the environments; every quantum system has its own “age” to be able to express full
quantum information or quantum coherence. The process destroying meaningful quantum information by interaction with the
environments is called “decoherence”. It is proved that there exist the way to reliably protect quantum information from
decoherence, by encoding qubit message into larger number of qubits and let them sent into a noisy quantum channel, in the
decoding or error-recovering the qubits can be measured to get the error syndrome and the errors can be made to occur at the
auxiliary qubits and then be discarded; thus leaving the main qubit containing the information sent. Moreover, even if the
quantum gates used to implement quantum error correcting codes themselves are in errors, quantum computation can still be done
reliably given that the error in each gates does not exceed a threshold. These tolerance against error in quantum logic operations
and the existence of codes protecting quantum information bring about the hope in realization of quantum computers in a large,
meaningful scale. The experimental realization in quantum logic gates and quantum algorithms at few number of qubits has been
demonstrated in various systems, such as nuclear magnetic resonance (NMR), linear optics, quantum dots, trapped ions and

others. The “winning” quantum system to be used as quantum computers is still the question to be explored.
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12.9. Quantum logic. We now investigate the algebraic framework of
quantum logic. We start with the following analogous situation.

We now consider the language of quantum mechanics, oriented on
describing a system §. We shall exclude the time aspect by fixing a
moment of time to which all statements about the state of the system refer.
Then the “state of the system™ will be the only variable in the language. It
takes values in the set of lines in the Hilbert space H{s. The only questions
to which we can give a yes or no answer are those of the form: “Does the
state of the system belong to a given closed subspace of 3(s7". It is the
closed subspaces of (s which form the analogy of the Boolean algebra B.
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M99 4.2 Wieuieuszrnadaazaliia

a

ua

a A
AIUA

1u1994971: binary digit — 'bit
fiiaunld¥aunsn: 101U 1Me$nd (John Tukey) (il A.¢1. 1947)
#1919049T08 Taaa uyuuou (G a.#. 1948) : bit ¥1ATIA

Psyaarsaume

Nu1ve9r: quantum binary digit — 'qubit'
o a @ 4
At ldauusn: twuviiiu gaiamnes @ aa. 1995)1u

UNAIN “Quantum coding” Phys. Rev. A, vol. 51,2738
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1 bit unuaesan vy uash laifiosgniuzifed a an
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9y a 4
UNURAIYLUNTNDY

“0” UNUAIY “1” UNUAIY

1 bit luFasnadiaunuldaeyaaoaga yanilamuay

“0” BNYA UNUAY “17

ANUHIEY/AUANIA
Tumndiaenans
. g a 9 =
1 qubit tYumasInFUduveIdosdoiIus lagl
@ a £g o A v ' = ' I A
duilseansuduseaseu vsvendenNuUzitluneg
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Sa'ldaouziu
unudIodaydnyel Dirac Bra-Ket
_ o2 2_
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ly) unude [2]
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A o o 1 ] I ~ [ ?,',
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(Funagili 4.12161T% «=coso )
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YU Illlilﬂi%LLﬁWTl«l HIguUaguINNINY “0”

Hnszua Ivlpiy «1”

FLUVNNMIMWALNY 'qubit’
. = o A Y
1 qubit HUYDY szuuaeuaNNIzNBUAIITD NS A0

a01UL (Two-level quantum systems)

Bit sequence (ﬁﬁlﬂﬂ’ﬂl@%ﬁla)

....0100011010111010........ (931/7 4.13)

Qubit sequence (TOANUAIDUAN)

( en |W1>|W2>|Ws>|(l/4>|(l/5> ﬂéﬂﬁ4-13)
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0—=>7an1 = 0 (100%)
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o[ +|B[*=1
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(Photon path) a JUUUL} AAAAAAAAAAAAAAAAAA
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0 FOAULAN AONUENIZGU
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ANuEadnds1999
| a b c
< a C 0 0 1
T 5 b 0 1 1
Y 1 0 1
Py
1 1 0
) () @)

‘l.lﬁ 4.15 10 NAND: (D) N%i'i/lﬁu‘b”dm@i (V) f;‘fﬂlaﬂ‘kltl! (M) ATNANTIN

— D= DD D

(M) 1nA NOT Na$1991n1nA NAND (V) 1nA AND N1a$1991010@ NAND () 1AA OR N2 19910109 NAND

51 4.16 M3 191na NAND a3191n@ NOT 1n@ AND tazina OR

|00y —|00)

? [01) —[01)

[10) —|11)
|11y —>|10)

CNOT gate

umﬂ1Uﬂu
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317 4.17 100 Control-NOT dwsufalia [21m1/5u1/39910 Morsch 2008]
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4.2 399 1¥9AIDUAN (Quantum Circuits)
° 1 a £ o o ° ° A S
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18 ite I arm ity iy <07 wazdaznszduumy <1” (0 s <17 uaz 1 wdewdu <0” §renmsihanding)
ApuANReN AR NuUUTmesgiatouu laun

1) HUDIADINITIHFIAIDUAN (Quantum Circuit Model)

2) UUVINADY MIMUIUFINIOUANLVVDLIALIAN (Adiabatic-control quantum computing)

3) Lmuﬁmmmiﬁmam@qmauﬁmmummumﬁ"im (Global-control quantum computing)

4) LUVTIQDIMIMUIDUTIAIDUAVLULUN ALY (One-way quantum computing) [Perez-Delgado & Kok 2009]
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HIWINY (Dis-entangling) i
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4.2.4.1 MIMUIMTINWDUANUVUM AL (One-way quantum computation)
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A fast quantum mechanical algorithm for database search

Lov K. Grover
3C-404A. Bell Labs
W)

Summary

Imagine a phone directory containing N names
arranged in completely random order. In order to find

; irs 217l
someone's phone number with a probability of =, any

2

classical algorithm (whether deterministic or probabilis-
tic) will need to look at a minimum 0f¥ names. Quan-

tum mechanical syvstems can be in a superposition of
states and simultaneously examine multiple names. By
properly adjusting the phases of various operations, suc-
cessful computations reinforce each other while others
interfere randomly. As a result, the desired phone num-

ber can be obtained in only G(ﬁ] steps. The algo-

rithm is within a small constant factor of the fastest )
possible quantum mechanical algorithm.
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Algorithms for Quantum Computation:
Discrete Logarithms and Factoring

Peter W. Shor
AT&T Bell Labs
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Abstract
“...This paper gives Las Vegas algorithms for finding discrete
logarithms and factoring

... that take a number of steps which is polynomial in the input size...

(We thus give the first examples of quantum cryptanalysis.)”
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voagiJsz81un (Summary)

Any two-level quantum systems can represent qubits, ability to initialize and manipulate the states is the ability to
perform quantum computation process. Quantum measurement represents readout mechanism where information is transferred
back to classical world. In 1995, David DiVincenzo suggested five requirements for a physical system to be able to perform
quantum computing. Up to the beginning of 2010, there is no real winners for quantum computing devices; each physical systems
has merits and caveats. Experimental investigation still need to prove the robustness and scalability of quantum computing
realized in each systems. Nuclear magnetic resonance (NMR) has been successfully demonstrated as the first quantum computing
machine. It has been shown of working up to seven-qubit Shor's algorithm implementation and higher. Unfortunately, it lacks of
scalability. Solid-state NMR has been proposed to solve the scalability problem in NMR since 1998; experiments and theoretical
improvement have been on progress. Trapped-ion quantum computers, based on electromagnetic force to trap the ions in a
limited region (traditionally in linear) provides a good addressability. Ionic spins have small coupling to the environments and
therefore give long coherence time. However, since the ions have charge which is affected by electrical forces, decoherence may
also occur from the interaction with external force. Moreover, coulomb repulsive forces prohibit ions to be put arbitrarily close to
each other. Trapped neutral atoms has been proposed to solve decoherence due to external electric field and the limit of spacing
due to Coulomb repulsion as in ions. In neutral atom traps, standing wave of crossed laser beams provides electromagnetic
potential which is patterned periodically and results in trapping structure for atoms. Both neutral atoms and ions need to be cooled
before being trapped, doppler cooling where photons with appropriate wavelengths are used to strike atoms or ions to gradually
decrease their velocity until approaching lowest limit. Neutral atoms trapped in optical lattices have been shown to represent a
large amount of qubits, which, when entangling them together, can be a good resource for measurement-based quantum
computing or one-way quantum computing -- another paradigm apart from quantum circuit model. Quantum dots refer to three-
dimentional structures of semiconductor which can confine an electron in each dot region. Electrons confined in quantum dots
has quantized energy level being able to represent quantum logic. Charge or spin degree of freedoms are traditional representative
for qubit states. Where new approaches suggest to use exciting states -- states of electron and hole pairs which act like negative
and positive (virtual) particle bounding to each others. Light or photons seem to be a good candidate for qubits in quantum
computation because of its long coherence time and almost no interaction to the environments in a certain period. Photonic qubits
are traditionally represented by polarizations and spatial mode states. Single qubit rotations in photons can be directly
implemented by three waveplates corresponding to a unitary rotation of a vector in Poincare sphere. Two-qubit gate was firstly
proposed to be implemented by light passing through a nonlinear crytal called Kerr media where light in the second mode is

conditionally phase shifted when light is presented in the other mode. However, experimental realization of Kerr nonlinear is
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non-trivial. Second approach to two-qubit gates uses entangled pair as a mediator to create a herald (conditioned on specific
detection of photons to success) two-qubit gates. An innovative approache to implementing two-qubit gates has been proposed in
2001 to use only linear optical elements to realize quantum computing machine. It has been shown that beam splitters, phase
shifters, single-photon sources and detectors are sufficient to reliably implement quantum computers. Later, optical quantum
computing in a photonic chip -- doped by "silica-on-silicon" has been implemented . Silicon and silica have been used to act as
'core' and 'cladding' respectively, in order to guide photons similar to optical fibers. This brings an attention to miniaturizing

optical quantum computers.
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5.2.2 msnnaBeneuandlgloseudignin (Trapped ions)
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as (2

H v '
E]‘ﬁ‘ll183ﬁﬂ1§ﬁ11ﬁ£ﬂﬂ@]’3ﬁ1muﬂﬁ Controlled-NOT uu“laaau‘ngﬂﬂﬂuu [Cirac & Zoller 1995] FalTMIA

Zhe

5.2.2.1 msnnleautazmsunuAItn
@ A o a (J d | @ = <
sdunuumsnnleseuilslunumurandntoududunylao Taanis wea (Wolfgang Paul) 1ud) a.a. 1950 (¥
mldin18suseia luwaani@ndudl o 4. 1989 [Nobel NET]) ayniniititszylan liannsogninlulsgliawiia dre
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v 4
51 5.9 (n) Teveunignindrsanu Iihassegluusnadina IWaouzalluiiadu unu <0” Hrawmu <1~
uazldwaduaslumsdSuang 18 [Morsch 2008] (v) T5dagilnsaiminnloseudivituesneoa (Paul trap)
osuenszua liiidesgunsdian Insalugi n. Tae d.c. vaneda Iihnszuanse uaz r.f vuedaluih

NIZUAAAUANNDING (Radio Frequency) 1aaualasain [Kielpinski uagnm 2002]
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5.2.2.3 AnuEselumsnsnaEnlinn e U T sn Ui

o A s A v ¥ o d AA o a a '
fﬂﬁﬁ%)'Nﬂ'JE]‘L!@mﬂE]NW'JW]E]ﬁ@gl)'lﬂvlﬂﬂﬂu‘ﬂﬂﬂﬂﬂuuﬂﬁgﬁﬂﬂﬂn\lﬁuﬁﬂtluﬂ'liﬁ%)N@"i}u!LUUWﬁﬁnu’)uﬂ?U@]vlllN1ﬂ

1 < @ a o~ v Aa a o Qc!d’l g’/ a =)
ag lsnaumndesmsai ualeuduaeuiunei NawsnsesiuAlaT wIMMINA T HazlseauyiuFanguiuay
a oa & F4 [ ' A F) o Aa <3 Y = A ' 7
YRR nitalunuamamsud luflamdinanaeaivszuumsmuiaiivnamaniale) szun 1dRufounoszULIMa Y

Y 4 a (3 Y [
AN TOATTIAIDUANINUMIAS 152U NI ZUVIRG) [Kielpinski uaznaig 2002]
Y1 aad v wa o ¢a o ' ' Yy 1du Yt q ya
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uagaM 2002)
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s 5.16 (0 Taseadrumannleeoududululasadeenuiia () Tnssadrvesmsinleesunuszun
o any X o o 4 I A 9 [
sudaLLaIn [Seidelin uagaaie 2006] (A) FBmsReasneanivieaiwiusldmsuinlooou
JUeaaulas9n [Leibrand: nazaaiz 2009]
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5.2.2.8 MIMANNWIUAITAIUMIMMIT IR UANMIBae U losaunianin

msmuaiinleudualsnsnn leseudeslasumsiauaiudagaemslsuanmsin lessuluieinaans

[ 1 @ 9 a & L) . . @ A [ 9 a o 1 a [
vnalng TlgmsnnlosoudaeBilarsnedanii (Semiconductor chip) As317 5.16 msnn TosoudleItainanaisa lasnqu
aw a v aa @ a o a a 4
AWeINUHIINGId8TFUNY (University of Michigan) Uszinaanigewini i Tasuau d@n (Dan Stick) wazasd laos
w015 (Christopher Monroe) [Stick agAnie 2006] NQUATLINADNIULIATFIUUAZINA 11 TadI1I 1A (National Institute of

@ a o

Standards and Technology: NIST) Uszinaaviigonin 1hTasdnil lasiadu (Signe Seidelin) taziada 1217uaud (David

1 Av LY =) o
wineland) [Seidelin tiag e 2006] LL’d%ﬂ’q&n%EJi]WﬂﬁﬂTUuL‘t’IﬂIuIﬁEJLm’dﬁmﬁylﬁﬁﬂﬁ (Massachusetts Institute of Technology:

MIT) ﬂizmﬁ’dﬁgﬂm‘%m i lasnuUs Ui13ﬁ(Kenneth Brown) [Brown tiagame 2007]
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5.2.3 Msmanianteuindsezaneniilunais
nndeidevesnsnnlesouluauinlihdedsingmsgardeniueiug tinavinau Iinrsuemdal
=~ o a ' a A ' = I Y A g ' ~ o
mieniwazlnadoaniuzvesaatialu leoou uamnnlasuninms1dleesuiiumsldezaennilunarses hignmiieni
' 4 Y 1 g an Aa 4 Y A g '
aoau lvih uadeslisoulumsnneynia (ruauuiman) Tasasmshiimaauerie lvnnezasuiilunaisldun
« m3ylFuanimBaag
¥ 1 v Y
ienauaeIyas L luveUIUATINAIZIAATIVBINTUNTNADALLUIET WIAZLDLRA NTINAT IV
A A o A l = 4 =2 yal ¥ A y s A a o 9y A
aawdemmuaitou lvveuua (sumenasgnase linlarensaeq) aaulununivezivsnaasunazdng e
o £ A 1A [ a o = 7 = o @ = @ 4 J 4 a
husashimuRernuidenas ignaziansemenasngnaa exdenanmsifernuilondauames e anaoui
@ a & A ] 3 Y 2 a v Y & 1 [ Y a” 1 ~
aunusginasvesnaumiman oS naasuaginds Fawansznuvesaummiman Tilfhildeezaeui
< R < X X o o a ° Ao o
Wunaramalifhezmilouinilutiodnd (Potential well) iHuunaaaiuiuiiuruianiavesdiasidanu 1w
v d aa o a A o o
doamadaiuLAY (niaiR) muasdudasuiusziy (@esdd) ezaouzgnin I lunsnaiidndluiheh

Aa

galuunazuaniy mﬁﬂ'n 5.17 Tulpsesadaaosla Nanvazadie <5190 [Morsch 2008]

s ﬂmwm -

w@'\EI%I?.Iﬂ\‘iLLﬂﬁ“I.’IE’Iﬂ‘VI']GtﬁLEIu

31 517 msfnezaoufiilunarsdronaninFue Tulaseadhe (n) il uag () ol
sUaauilasain [Bloch 2008]
Yo 7R o A a .
o m3lgduarreiaagnInie (Laser-focused beam) HIOUNULIFAUIA (Optical tweezers)
v Y 9
urunFanaslusnuasdagn Tnalumsnneynin msnnezaendleisiidsedludungug [Grier
a 9 < < ' A A a v a s A
20031 TawinAudreyMAvIAENIINT (18NNIIANNEIATUYDILETI) agNIadIsuaIrziialsIngmsainGen
v Y % (:;‘ a X =~ o a ' Y 3
199 1N (Electric dipole) #11)51ngmssitinavuainmsmiloniaun Iihanues madagi luihgi g
Y @ A A 49! A o o E4 2 9 A
auw i lunun Tdavesuaslinnnniu waﬂﬂﬂmwummﬂumﬂmJTW\I@ﬂmwﬂﬂwﬂummummﬁmwgn
[ % I o oA [ o axAA
Tlagufudumisiideansineynia n13fneyniadaeTaiitusiidfedaeanss Asusuiieaninuaanin
I 2 A @ 4 Ty 2
s SaussniluRannanusuiiosnnmsuisideannineymasuiiieanninmasom Tumuduan Tlaou
. 4 e - ¢y o : o o d v a2
Tildsoyma msheynnvzgnin Iiunsailosnnuaaames Ap A NINNIIANUAUSULBINIINMITUHTIT B9
Tumanguaunsohldnnmsuendwaseonsingalinea (Focal) 19 lame fagili 5.18
9 1 < a J . .
o M lFEMINLNIandDng (Static magnetic field)
) v g a e v rod ' A roog A 9 S
s ldauuimanddadez Idauuimanaesdiu Asauinuimaniouseunuanszud lWih i
v I

A 9 " 3 a9 &2 A o 9 ~ R R = P
3\1ﬂﬁ3~|5@ﬂ1’]ﬁﬂ§$uﬁqu1) LA T UL ANLBILTU %anﬂﬁjuﬂullaji}$nﬂﬂﬂ wu\i"lf\?ﬁu']lllllllwaﬂaWﬁLﬂuﬂuﬂ

o q ¥ 2 a3 g o v Yy d gy . o 4
1/]"Ish’iﬂuﬂWﬂ“ﬂQﬂJﬂJ]ﬂ"I\‘llllll‘ﬁﬁﬂ@ﬂﬂﬁﬂuﬁgﬂﬂhl? RURTCR uu"lﬂ [Reichel iagne 1999] @NE‘]J“V] 5.19
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4 s 1 @
M 917181593 (Gradient force) HAININNIIAIINAUIIN
/ T A [ Y o T
3 AN EUE i /“' ‘ NISLKN IS (Radiation pressure) %%ﬂﬂﬁﬁluﬂmgﬂﬂﬂﬂg
= v 1 a [ 4 v Y o
lignann vinugaldiald lunwasadudin vinanuauan
MIuAsdtiamInn azhlneymagnuanrgavInga
i gUdauilasain [Grier 2003]
o d
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y o A d "3 oA
ﬁﬂﬁ 5.19 mﬁﬂﬂamamanuﬂmwN“M%’lﬁaﬂﬁmmmwaﬂﬁﬂm mwqummu

b1}

V3 o R oA A < ¢ o X
Z‘THHJLHJLWQﬂaWﬁ“NiJi]ﬂWﬁuﬁli’JllLﬂuﬂuEJ gﬂﬂﬂuﬂa\ﬁﬂﬂ [Reichel taznae 1999]
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wiasenasnulurinueaasgaundanuas @i luiave 522 misnadaiouduaielesouiignnin)
5.2.3.1 M3unumIda
9 A a a 9 a a =\ A
Myvssgezaovatuy Inssaiuneunuialaslduaniisywadiguaninne
a a Y v o = o Y3 Y ad o S Y J A ax
o uaniwFuaadnsolFnnezaeui1uIuINaIgnH 1HENaId1895MIMANUIBUAIBIAIE0 513 0T
] 4 L4
msauuiunny Tuy-levalail
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 daynmvesmsszyaouzardaniialulasaadauan tendauaadalisz oz sz n9nla (ezaon) 1He9n3

& A PR a A g 2 Yt v 1 & .
W‘LNSU'E')\Tﬂ']111fﬂ'}ﬂaullﬁﬂlal“ﬂﬂiﬂﬂlﬂfﬁimjuﬁﬂ1/]“’11 (ﬂ’ﬂllﬂT]ﬂauuﬂﬂlﬂﬂ) “lf\‘lﬂ%ﬂlﬂllﬂ\jﬂ'ﬂhlﬂu [Heinrich

9 a Yy 1 A o ] A Aq ¥
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1 1 Y v
[Peil uazame 20031 M3 1FuasntinnuenaauinnIuilnszezseninsezaoulutaniisyefanumiig
A2, Y1 ' v 2 ] a a YA A
Tnagstusi e uar ladeiu msnuqumsussyezaon 1 lulaseadrauanisdauadiimosns
druveaniisliozaonusigeg arunuanisgniiuiei liineszezszninaala uagmsnn
A g A A an A a ' v v v Vg
azaouniilunagluuudu venmieaNIsuanNwFad U lEnsnaeNman
' 4
m3denaniuzvesezapuiounuAIad M UMIAILaNMIaARM T a B NI enAil
«  fdavnaaiuzaely (Internal-state qubit) xUNUAITAR IO IU NAZIBEANN (Hyperfine states) 11D
o 9 [} < A FY Y a I'd a 1%
gonsgihdreauundmanvioauin Wil uazamnsouenuezaremsinsizimnadilnasuves
920N (Atomic spectroscopy)
o AranaeuznaauR (Motional qubits) dzuMuMITadleszaunaaInun luaeiioameludngvealaga
adrauaniiodaues
A A A F) o @ o A £ A = A o aa o A
« Ardennmsidenldizaunainuvetozaoulualnaiuoug AoaN1TaNINTNoUATNI O LAY
9 = = o Y A a a i 3 @ T o Y3
AdeN Fevzviannuanes lumsmviinunualta e lsnaaaiugasnaamsahu sy
#0142 HIA517 (Intermediate states) 51 INMITMOUEMTUAsINFeAt0UAN IR
5.2.3.2 MSIAIBNTOULISUAY
A A 9y G an A a & v . .
« nstuaenlsaaiuzmeoly aouzgresonlasdisuinigiu asmaian1sudenad (Optical pumping
' Y 1
techniques) H3iM15taueaauall .. 1950 3Fn1saIna il ldaniuzNdean1sarea1ugnaes
(Fidelity) 1NN 0.9999 [Raizen Hazaare 2009]
A Y A A a a o Y 3 =2 d" a A = .
« nydidenldanuzmsmaoui Aravzgnih IiiduasaudIdn Lz NFINIIIAADUTN (Motional ground
2 o YA s ad o q Y& s s o 9 o a
state) F911 18 Iagmsvhldidudommes uaz s ldiounuy laauuud (@luide 5.2.2 msmuiaud
aouduaelosouignnin)
v Ao qyad v ' P  a 0w = a
« mslFeyumanildigudromsaruuiunuy Tus-leva e TanumunzaudmSumsmsouaniugan
9 H ) 1]
danauuuildaniuznely tazaauzmsinaeui
v d
5.2.3.3 3282NANIAMNANUOINUS
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2 o J a a < L g va A o A I~
ﬂﬁI:IfﬂJuLﬁ'EJﬂ’JHJEHWHﬁ"UENﬁ'ﬂTL!%?]’J‘1J€°'lGluﬂﬁ!.ﬂﬂgﬁlﬂigalﬁ]\i%%ﬂuﬂﬁqmlﬁﬂﬂmﬁﬂﬂm%ﬂﬂ’)@uﬂuﬂ@?ﬂiﬂﬁﬁlﬁjﬂ

] a

a A I 9 T Y I a o g
ﬁ'ﬂ1u$m3J!.Wﬂﬁlﬁliﬂuﬂ1ﬁLﬂUGUﬂiJua ﬁ"]iﬂﬁﬂLﬂJ\‘iUlﬂLﬂuﬂﬁﬂWlN@] ANU

Jd 1

o ns@imsldanuzmeluunuiaba Tszeznansanmanueniuseginarednd uads lifiseaums
AnnanafiniueunazaaiianuanaeiumuszuunIeusuiden 4 [Heinrich 2004]

o psdimslFanuzmsnaeud 52e¥na1AIENTNANIRUSIAIIA LY 118 901NSUATRI 05T H A
Arfatudanedeniitos uada hifs1eammsiuiaszernainsgnmaue RuS iuew [Heinrich
2004]

« na'lnmsgau@ennueniusaiunann inaanmsnsziiadio Tlaeu ( Photon scattering) uazmmqﬁ'uq
i analsUsuvesau R 191 (Trapping field fluctuations) uazmsyunuy lieysnvueyninves
Lxﬁvaﬁaijmﬂuaﬂ %ﬂﬁﬁ%mﬁﬁ”ﬂazmauﬁ";mmwﬁm%qumf?m%”uizﬂznmﬂnmm?m da'lignAuny
(A.71. 2010)

magaFeanueniusanam iauysaveunaaesniFenteudu Fudurannmaiauasindeareuduii liauysel

WUMIAF o UATAIINTE IRz AR dBIBz Ao 11 IAina CNOT uandulinansznuaemtindus 1 ludeamslimina
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E4

d"d Y A = k) Y Yo a . . v A
NN HIA YT Hedmdea IAsUMINITN [Heinrich 2004] Fail
o @dgsmRadaes NN 1E Hanudunaanaiiieala)
~ Yy 9 A .. .
* E@DYTNNVIITSYZNINNTEAUAINAT (Pulse timing stability)
F '
« manlasiFuuuifavuesvesezaouioguenviloaniuzAriadmsumsduim
o anuWIiuIzrINaesra Lz lidesnsliina
d‘ a a é 1 d‘ ya ] a a a =
« manfasuulasvesiiindeegmenensavesaoiugi lgien wu dewada las <07 neda do1uy
X Y o o oA & \ Y 9y a4 Y o o A
WU taz “1” e ao1uznszaueuduNil urozaeugnnszquliognaniuznszquonuaunam
v §y a < @ a a aa a0 o
FTOZAIAANINANNOINUS (T) iloRneenlsznouran Banlszuna 1 Jaaduil arunalumsiauves
F v v
INARBINIFIAIDUAL (Quantum gate operation time: 7, ) ATz 0.1 84100 TuTps3nd vusuanuduaanldlumson
azaon M IadwaudduiiunmsiianlddeAadia (Number of operations per qubit: #,) fi8 7,/ T, = 10 fi4 10" 1nAaedn
[Heinrich 2004]
5.2.3.4 MSMNUVDANAADINTINIDOUAN
° a a o 4 o o A ° 3 o o a A
m3hnuveunaaedInFIneudN IensznuezasuNgninldidudadesinywansznuFinnudounngs
v Yy A A v = v A a ' P~ A A A A
wiadouliieeiga 1osenanuioulinalidouzaata wu atlu wieanuzFinmsmasuiudsaninly Tuvue
= o 9 o q ¥ A A 9 Yo A Yya o aa o w a A a v
ey ozaouasezaonlan desdmnsognihldindouinlndnwie liinaduasnsndmiuinaasinaesaaiia’la ns
o o = 4 A wa v 7 '
auauanuzuarn sy liezaou@ouadoun lasnaguau1iAe 115321319019 (Coherent movement & coherent
= av ' Aaw 1 a o L4 . . =)
control) [Mandel tagnae 2003] mmafwiﬂﬂﬂqm%umuwnwmaﬂmuu (University of Bonn) Uszimeneasull uaadna
v A a a I =3 o a a o [
mssaiseeezaonlulassadaaniydaaalmduszdeou'ld [Morsch 2008] M3MaIuvpAUNAaINFIAUAY L9 ld
I
Huaesgiuuy Ae
« 1AAARINEMTUNI AN (Single-qubit gates)
14 X a a a 9 [ 2 A a o @
MINYUINAeYeInilsnlia (Single-qubit rotation) W3 atnaasiInd1niunilsaidaiiniudenanms
a v v ama @ [ 3 a a a @ 4 ° a @
Reanunuashlsmsduieasimaniiundes uazmsinnzialnadudioames (@iFeansmuianFnlousdy
v v v T d A a o Y 1
Memsdunowimaniinndes luiivens 1)
* 1INARDINMTUADIAILA (Two-qubit gates)
iesninezasululaseadwuanfinFuasegaanuuindsamisanruguldinssuiunundangy
4 a o a a a 1 ~ a o 1 <
(Elastic controlled collisions) tie 1¥inamshauseunaasindesiiinszniedesezaouioganny o1 lsna
S o @ ¢ 1 3 o o y P W oY o o s 1 g
MIvuzeYI N lnuuaudandinsuezaounaua luTassadie ua bildousnd Tumudimanvesaos

@

A = = =) U o 1 a a 4' A "y = a I a
DEADUNDYAANU ﬁNE]ﬁ]iJﬂﬁﬂ?EJmIiJliJu@]iJ“lﬂQ'ﬂ%@]E]ll (MIVA) DU 1’]]13\!(5]E]\‘Iﬂﬁ“ﬁilﬂﬂlﬂuﬂ’ﬂuﬂﬂWﬁ?ﬂﬂlﬂﬁ

inaae’n Sallmafiamadenunuanuzvesezaoniiminzan e l¥mssuiamseusnsvesdlsiiden e

MIVUTEHINARIOLAOY [Jaksch HAZAYY 1999]

nsdif g uziFamsinaouniueaozaou (Motional qubit states) Funiifluanuzvosmsdudeszdune doiug
it ¢07) WAz ENIZAU (“17) desesneniiaatuszgni Iiisuasis iy I Tasmsandumedng (Potential barrier) i
fusevadosozaon uazLf}aamauqumagjuawﬁ«mﬁmﬁuﬂzzﬁﬂé"umﬁ“%ﬂmummmﬂ?;ﬂu (Exchange interaction) 511719
fu wadnsih 1 ding SWAP Aemsadumiszninmifiafiniluazfafiafides uaza3eiginiveana SWAP viesauiy

aapdInuilsiada awnsoimhinsuadnleudunngtuun1d Famshaudinaiuadsgli 5.20
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5.2.3.5 M3914A 190N

' ] { A a ° Y, o o @ ' ' § v &
fﬂiﬂ11!ﬂWﬁUf‘Nf‘)iélﬂ1ﬂﬁﬂgiulla‘ﬂW“ﬂl‘ﬁﬂllﬁ\‘i‘ﬂ"IulﬂIﬂﬂﬂ?ﬂﬂ‘ﬂaﬂﬂTiLaﬂ?ﬂllﬂTi'ﬂWuﬂWﬂ'ﬂﬂ“Uﬂﬂhlﬂﬂﬂuﬁgﬂﬂﬂ uuﬁf)

]
=~

a o ¢ 4 a ' 1A o o '
MIIRBYAVBINATI WU (Raman pulse) 1ionszdulioyniaidesnseualimsuenuesssaunasnuegluaniugh
=3 g’/ 1% 1 o A ~ a o a U I 1 gﬂ T a a
azideanIn NMINTLIanImasIuieynnignisssdlassesnunigausnsyy ldieyniainegluaniugvesdaiia
“0” Y30 “1” [Brennen tagnae 2008]
m3emmveseyMataazoymaltynIdnlsemanilfeiioannuulud iiesanoynnNnIzegFanULIN &9
1 ] ' A o q ¥ ' R v o v & A o v
szozyiilunasatesniinnuenauveasi linmseuasi ldenuas luwiuér nanduildemsnneyninlaeld
T I3 o & 1 A AanAa o
Aunimanazmsueneenveudumlnasuvesozaeuiie ldauin Iihnmeuenunu 8a35nIMsdL0ADNS
Y S Y v =\ 1 1 [ d%l = o Y 9 9 v v A A a
ponuuuldedndnlgnnoynialiszezi sz nINnuNINIL Fedsoihn 1d Tasms ldmsdeununuvesnauiinasin
AIyas NTANNENINALENINING 1INNAYRANI
5.2.3.6 ANNAVHINNUINY
= Awv a a v Aa 4
11l a.¢1. 2000 591 TWla11U (Ron Folman) Hag Az ITeNNH1ING1a80UTUFA (University of Innsbruck) Uszine
= o @ A g [} <3 a : v o A o
ppEATY UnauoNanIsnAasInnuazAIuquezasNitlunandsauimanuuFlasndhnadnnnesdiuas
2 14 o
upadenonsia lua (GaAs) [Folman sagaae 2000]
= 4 o Av a a [ a =\
113l a7, 2007 A5 @ 1HAFY (Karl Nelson) (lagAMLIINUUIINY 1AW UG INUY (University of Pennsylvania)
' 1 9
Uszmaanigonism esamsnionmezaouigninluInssaduanisnduas 3 43 Faa1s001e0IMesAduNINUA 250
azaonlutania'ld @aneuniinisenuIsensoen man uzezaouied 1UA 10 2ABY) HAZNINDIBLAAINITL UL
o oA [ a A X J o Sldy I [ = o
nameanuemius num luszauraie i Faimsaenmezaouiuinn ldidlumsyneligmsulaeuanzuaz ia
S o ° a @ A X ~Na A d o '
aouzdmTuMIAIIAEIAIeuANAeezaauNiunadaliftadlusvnae 11 [Nelson azaae 2007]
=~ 4 Awv A a [ @ a
113 .7 2009 ¥15A "lﬁmsu (Mark Reizen) 4aAdNeI0gNUH 1IN UNNYT 90a0AU (The University of Texas at
Austin) YsZmMAAHIFoINTNI 5109 1UNANITNAADUAT BUAD1UZAITAVBIDZABUANEUAI18AITNYNADID 0.99998 &4
I Y A o A Y a a o a o v .
Fumsuddymianuamanaoulumsdmuagouzisudunnaida lumssuandntousn 14 [Raizen uazane 2009]
~ =y J ad 4 Ao A A o a
13l a1.91. 2009 0T 135N (Peter Wirtz) tazaaiz39eNszmeeasuil auenan1INAaINsIt1dIaa1usAd
A A a 2~ ' ' a sa o '
DalutanfisFuaadliszosiesgnnaania 600 wTwwas TashdeaniuzalondesgansismioanaseutUdes
v
o v A I a
191A (Scanning Electron Microscope: SEM) W%}?MJ‘I/NLlﬁﬂﬂﬂﬁi]ﬂﬁENﬂ%@lﬁuﬂlﬁ}!,ﬂugﬂTcﬂJﬂTi‘]fL’iﬁﬂQNﬁg (Schrodinger's
. A Y - A ' = =
equation: H @ =E g ) [Wurez uazame 2009 vazluiifernuauzidedsimiesziinilsemaeosull ooanse uag
o a A o < [ a a a a
AN31¥9101903 @NTaUIIYeaouguilndgei lidunazsnuinalulaseadauaniisswasuusl1 [Gallego

uagamM 2009)
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5.2.3.7 agUmsmnanenleuandigezaeniiunais
Y A 9 = (=} a a A 1 9, o =R A ~
dofvoimsldaniuzvesezasud lifidszqunuaiiia Ao lignusimaldihinszilasasstalimsgudo
wa A A ' = v % = o T
Auantaiiesnndunadenlarieondn @szoznarasanimanueiusuiu) uads lidinsmuiaumidanszezinaing
o I N1 g ] Y oo o ' A g a a
anmarweniusnlatauiluniila [Heinrich 20041 vonniudalimsinaueimilgozaeunilunaralunanfisFue
ANUHNZ AUAUMIMUIATINIOUANIDUN A [Bloch 2008; Briegel azAnle 2009]
° a (Y a a ¢
5.2.4 MsnnnaFameududeiiundasuan@ns e
~ o [ <3 1 a a = [ [ ?:’/ 1= 1 Aawv
mamtlenhvesduuuimanasaniuzauvesiundoa ldsumsdunadauail a.a. 1946 Taonguitoves
& as ¢ s aa o . 0o 9 ¥ Yo o
10A5A 103 1wad (Edward Purcell) taz Wand uaen (Felix Bloch) [Laflamme tazame 20021 ¥1ldnidoslasusieda
ara J o [ ! ° J a L4
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+ Swruihaseunas llsaouliinu uazitudmoug nstidundeatiailuiugud
o a A o 19 3 o = dt;’ a a = A g [
o uautlaseunar ldsaeuldiuiusunwusiuiug nsaitatuvestiundealianduaydiuaed
1A 3
Taunathe 12 32 52 15ludu
° a A W I o 1 ddy ) a = a3 ° 153
 nuiaseunas Isneulmnuuazitlusiuiug nsdilatluvesiundeataniuswauuin 1 2
I [ A o a 1w <3 ?,’/ 1 S = a =y
3ifudu wu lulaswu-14 Bauiiaseunaz Tsaeuminuaansg (*N) Iaalluvesinadon
N 1
A a ~ A ° Y] ° a o Y a a < a o ) 3 A a
aomzatluvestundeangmimnldaulumsduadnseududroiwndosuunmuans Tauuudg Taen liiduiundod
wlatlu 22" e T Indmmzinizes wu lelasiou-1 (1) Wgeoiu-19 (°F) eavesa-31 ('P) mivou-13 (°c) Fanou-
29 ., 15 v Y 1 3 a a o ' A 3 ' =
29 (’si) waz TuTasou-15 (°N) lumsduipunimaniuadesvesaaiuzvoural ozaouudazyiazuaiuniliaves
= 1 a a 9 A g a 1 [ [ 90’ o I o =
Tuanalumsazars FvanuzveduaazaIiavzgn “Uszinw e luana (Miuddszaeny) anyazasnuiudimuiuda
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5.2.4.5 MIMNUVRANAADINITINIDUAN

inaaednFateuiuvesnsduieuniminiundes v ldaauingfidanudmunzay uaziidnvuziugg ®F
pulse) ierdsuaniuzvesmsatliuvesoznouiidoens [Price tazame 1999] anuziiuduvzodludnyusiioyniann
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5.2.4.6 N13914A100N

m3gwmeonih @ lasldaauuimdn lihaianudmins auda lufieymaiiiludhwune MsBanaumaiio
ildeumadeudnuaznsatiuly miL“]J"E'ﬂumsaﬂu‘ﬁﬂzﬁﬂﬁ’aumﬂflmﬁ'uw%mﬂwﬁwmaaﬂm GT"iwm;j%"w%q
ieailensrvmetaninzanuds szaunsanstviaanlnasumani 18 ifeawindada 1 Sufaiia or Tmssunazaie
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Yoayiiszdrwn (Summary)

Quantum information can be focused basically on just two main research areas; quantum communications and quantum
computing. Quantum communication based on cryptography is clearly the rising topic as it is the first successful research area
through the commercialization. Since its first prototype implemented in 1992, this high potential topic has been highlighting
gradually worldwide on both academic and information security industry. This combined field of quantum mechanics physics and
classical cryptography as a new absolute secure encryption technology, has been a fascinating for over a decade. In order to
promote and to implement quantum key distribution in practice, its networking has been demonstrated many places around the
world. New techniques for achieving longer distance, higher speed, and others, have been proposing continuously such as those
on DARPA (2003), SECOQC (2008), SwissQuantum (2009), or Tokyo QKD network (2010) and etc. Consequently, there are
lots of active research groups and a number of QKD networks implemented around the world. Therefore, it is interesting to keep

the eyes on the progress of this fascinating field and also looking forward to linking those potential networks together. On another
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main hand merging quantum mechanics with computing purpose, quantum computing extends the computational potential of
those traditional computers. It allows, for instance, searching by large-scale data instead of using only words, and faster integer
factorizing. However, the best system suitable to be utilized for implementing the quantum computer has still been being
explored. There are many potential candidates which have been realized for a few number of qubits, such systems are nuclear
magnetic resonance (NMR), linear optics, quantum dots, and trapped ions. In order to develop these two main branches of
quantum information systematically, technology or research policy and forecasting have also been mentioned worldwide. There
are a number of countries considering quantum information as one of those important milestones on their national technological

roadmap.
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(Single and double qubif ga+e)
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