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10-24 y 1024 Y

10-21 z 1021 Z

10-18 a 1018 E

10-15 f 1015 P

10-12 p 1012 T

10-9 n 109 G

10-6 μ 106 M

10-3 m 103 k

10-2 c 102 h

10-1 d 101 da

(s)

919263170 Z Z
.(Cesium-133) 133 Z �

(K) (Kevin)
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.273.15
0.01 Z 1 . Z

Z = Z Z
. Z

(mol) Z
 kg 0.012 Z Z Z Z

.(6.022...×1023 12
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38

(Quantum Physics) Z

S1900 (Max Plank) . =

Z Z
  h=6.266…x10-34 Z  & Z
 (Einstein) Z  .(Planck’s Constant) 1 J. s

Z  = 1905
(de Broglie) Z 1924 Z

 
Z (Wavelength)

.(de Broglie Wavelength) ' Z 1
Z Z Z (Wave-Particle Duality) –

Z
Z

Z Z Z .
.

 (Bosons) Z
 . Z

Z Z =
Z (Spin Quantum Number) Z

. Z Z
(Antisymmetric) Z
Z Z

Z Z Z Z .
. = Z (Angular Momentum) Z Z


S(Gravitational)
(Weak Force)  S(Electromagnetic) 

Z Z .(Strong Force)  )*(

)*(
. =

(

'
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 .)   Z =
. Z

= � � � � Z
Z .

Z
“ ”

.

 (Ether) Z = Z � 1
Z .

1
 Z

Z (Gluons)

Z Z .

Z (QED)  (Quantum ElectroDynamics) Z
 .(QCD) (Quantum ChromoDynamics) Z Z

= Z
QCD Z (Electroweak Theory)

 . Z (Standard Model)

Z Z
Z Z

 . Z 1 = Z
(Giveon & Kutasv, 1999) (String Theory)

Z
Z =

Z Z
 . Z

(Quarks) Z
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(1.3)

.
:(Normalized) 

(2.3)

 (Stationary  
.Distribution)

.  (Moments)

(3.3)
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:(Variance)
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 (Standard Deviation)  
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(Probability Distribution)
 (Autocovariance
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(5.3)

Z � 1 = Z 1
 (Perfect  Z 1 (Autocorrelation Function)
 (Perfect 1  0 Correlation)

Z � Z .Anticorrelation)
(Mutual Information) Z .

. Z Z
2.1.3

Z Z (Fourier Transform) Z Z
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Z  Z
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 (Power . Z = Z Z
Z Z (PSD)  Spectral Density)

Z Z
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-i i X  (Complex Conjugate)  Z
Z .  Z
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 (Time-Frequency Transforms) Z Z

.(Gershenfeld, 1999) Z �
Z . Z Z 1

Z Z Z Z Z
. Z Z Z

 . Z Z Z Z Z
Z � Z Z Z

Z Z  (Single-Sided)

Z . Z
(Single-Sided Density) Z

. � 1 = 2  (Two-Sided Density)

�� Z =

(9.3)

 (Radians } Z �
� Z  . �2 )

Z �2
. =

.

Z (Wiener-Khinchin Theorem)

1  
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. p

p n
  (Stirling

n Approximation)
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:(1.3  
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 (Factorial
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(19.3)

= Z Z
 Z .

. Z Z
3.2.3

(Normal Distribution) Z
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 -� � μ Z  
:(Error Function) Z .1 �
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1 Z
Z Z

:(Feller, 1968) n Z Z
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. (Convolution)
 (Independent and Identically N

.(IID) Distributed)

(25.3)

N x y
y  

.x  
(Characteristic Function)

(26.3)

 (Gershenfeld,
: y  .1999a)

(27.3)

 
 (Taylor Series Expansion
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(28.3)

 .
y

(29.3)
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N  .(Feller, 1974)

 
.

” .
 N (Law of Large Numbers)  “
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.)

.(Schottky Noise)

.

(Parseval’s Theorem)
.

.
.

2 �� ���

(3.33)

 . 2.3

2.3.3

(Nyquist Noise)
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(34.3)
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.((Boltzmann’s Constant)
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(Fluctuation- – Z = Z
Z  - )3.4.3   Dissipation Relationship)
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(Mandelbrot, 1983) Z =
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= .
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Z ¿ �
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: (Lorentzian)
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 � E
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.(Rogers & Buhrman, 1984)
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Vnoise  
.

.(4.3 (Contours) 
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(41.3)

dQ Q�

(42.3)

 (Second Law of  
 (Reversible)  Thermodynamics)

.

 (41.3 .
 (Free Q=T S

. 
SA  Energy)

(43.3)

 
.

 (Boltzmann)
1870 (Gibbs)
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.(Leff & Rex 1990)
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.  � i pi 

(44.3)

k
 .

(45.3)

.

 �
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(46.3)
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3.45
.(Microcanonical Ensemble)

 (Canonical Ensemble)
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.(Reichl, 1998)
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: E
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(53.3)

 (Partition Function)
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(54.3)
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(64.3)

E
V0

.v0 (Kinetic Energy)

T
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(74.3)

 x 

(75.3)

�

.

.  

(76.3)

 I
. R (Damping Constant) V

 (De Groot & Mazur, 1984;
.Callen, 1985)

x 76.3 73.3
(Stochastic Differential Equation)

.((Gershenfeld, 1999a) (Langevin Equation)
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.(Maxwell, 1998) 1865

.(Special Relativity)
(Maxwell’s Equation)

 .
. (Electrodynamic)
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1.5
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(Magnitude) “ ” .(1.5
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(1.5)

 (Dot Product) Z

(2.5)

Z Z = Z
 (Einstein Summation Convention of Summing)
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(Cross Product)

(3.5)

. “ x”

 (Right Hand .
Rule)

.

(4.5)

:(Antisymmetric Tensor) )*(

 
:(Anticommutative) –

(5.6)

 (Antisymmetric
Tensors)

. (Anticyclic Permutation) (Cyclic Permutation) )*(
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(7.5)

:(Kroenecker Delta) 

(8.5)

2.1.5

(Scalar Function)  
 (Gradient)

(9.5)
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.(Del) .

  (Vector-Valued Function)
. (Divergence)
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(11.5)

� 1 Z Z Z Z
(12.5)

Z Z Z �
(13.5)
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k

(15.5)

Z Z . Z (Curvature)
Z Z Z Z Z
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.

� �(Divergence Theorem)

(22.5)

 .
 dV S V  

 .
.dA

. (Sinks)

� �:(Stocke’s Theorem)

(23.5)

.(2.5
(Circulation)
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2.5

 .

.

1.2.5

(Coulomb’s Law)

(24.5)

S(Permittivity of Free Space) 

24.5 (Charles Augustin Coulomb)
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13.5
� (Gradient of a Potential)

(27.5)

 

(28.5)

 
 

(29.5)


S(Field Lines)
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(Dielectric)
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.� (Permittivity)

(30.5)

 (Relative  �  

S(Permittivity of Free Space)  �r
SPermittivity)
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(31.5)

 1 (Dielectric Constant) �r

100 5 2
.SrTiO3

5.5
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(32.5)
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S(Charge Density)
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:3.5
.

�

(34.5)

(Displacement Field)
 .

.

 (Induced  
 (3.5 . Polarization)

 33.5 .

.
:  (Polarization Vector)

(35.5)

(36.5)
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(37.5)

: (Electric Susceptibility)

(38.5)

(Dipole Moment)
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(39.5)

(40.5)
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.
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(42.5)

28.5

(43.5)

(44.5)

(Green’s Function)  
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(46.5)

(Laplace’s Equation)

.

 

. (Dirichlet)
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(Electrodes)  (Capacitance)
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(47.5)

(48.5)
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2.2.5

1820 .

S(Strength of The Magnetic Field)

:(Biot-Savart law) – 4.5 

(49.5)

(50.5)
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.(1.5
.

(51.5)

 (Magnetic Flux Density)

(52.5)

(53.5)

(54.5)
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S(Magnetic Permeability)
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(55.5)

 (Permeability of  Free   
(Magnetization)  Space)

 .(Magnetic Susceptibility)  1
 

 .
.

(Diamagnetic Material)
(Ferrimagnetic) (Paramagnetic)

 .(Ferriomagnetic)

(Mumetal: Fe18Ni75Cu5Cr2) (High-Permeability)
.

(56.5)

 (Free Current) 
.(Induced Current)  

(Magnetic Moment)

(57.5)
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:r

(58.5)

(59.5)

(60.5)
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 (Asymptotically)
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(63.5)

(64.5)

.

 (Magnetic  

S (Magnetic Monopole) Charge)

:(14.5

(65.5)

 (Vector Potential) 

(66.5)
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 .(50.5
1.7

.

 .
(Aharonov-Bohm Effect) –

ٍ
(Sakurai,  1967)

.
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 (Multipoles) 
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(67.5)
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q
.(Quadrupole)  
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(70.5)

(71.5)
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(80.5)

 . �
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Z Z (Faraday) .
= = Z (Ampère) =

   Z Z Z . = = Z
. Z

(83.5)

. = 5.5

Z 1
. Z

.
 � � 1 Z .  

� � μ .�
S(Resistivity) (Conductivity)
Z Z Z

.
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(84.5)

Q
.

.
(Stockes Law) “ ”

(85.5)

.
. 85.5

(Displacement Current)
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2.5
.

I .
 .(5.5

(86.5)
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.μ � �
:6.5 V

. 6.5

(87.5)

.

(88.5)
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(89.5)

(90.5)
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6.5 S

(91.5)

.
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(93.5)

.
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(Tangential Component) 93.5
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= Z Z
1

: Z

(94.5)

 = =  Z
: Z Z

(95.5)

 .   
.

Z Z Z
. = Z

Z . (Method of Images)
(Image Charge) Z 7.5

7.5 Z Z
. Z

. Z Z :7.5
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Z
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(117.5)

(118.5)

. (Poynting Vector)  .

.
.

 (Furry Rubber
. Bands)

.

5.5
 [Jackson, 1999] Jackson, John David. (1999). Classical Electrodynamics.
3rd edn. New York: Wiley.

.

 [Heald & Marion, 1995] Heald, Mark A., & Marion, Jerry B. (1995).
Classical Electromagnetic Radiation. 3rd edn. Fort Worth: Saunders.
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= 6.100 Z .
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Z  .(Yariv, 1991)
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. Z Z Z

Z =
� 1 Z .
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.(Miya et al., 1979; Takahashi, 1993)  
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1 (Polarization Preserving Fiber)

Z = .(Galtarossa et al., 1994)
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 `c�
)�;g
��D	�D
V�
E5D
7��(	
"���	
�y
"�
"�*
S/a	�D
`��B?
(AND Gate)

�F5�i��
�<
)�a	�G<
)i�§*
�+
b�(�
S"���
S=����<
.(XOR Gate)
*+
�
�¦$
)D	�D

R�@D
*+
�
/i3
��D	�D
)(B;D
)�C��
“/i3”
��D	�D
)(Bd
Sv���2#�
v��2#�
�<

)�(;��	
����i��	
�
)���G2	
45F
�%3
.)�a�D�6�	
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�a�§*
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:	���
NOR(1+x,y) NOR(x,y) XOR(1+x,y) XOR(x,y) y 1+x X

0 1 1 0 0 1 0

0 0 0 1 1 1 0

1 0 0 1 0 0 1

0 0 1 0 1 0 1
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(1.11)
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�5	M 
9���i	

9�8�i	
)8�;D
�.�~	
45F
)��c?
p²
);>	�D
�F���l
"���
&k
"�
�*���	
�
U

� 
9���i	 
_��n^ 
(Bose-Einstein Distribution) 
"��2G��l 
� 
��D 
V�e��* 


KT��	�2�	
�.�~	



287

(5.11)
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 �)@U��
S(Planck’s Law) 
E3\D
9�3�8
�6��<
b�;�
4\<+
)����	*
.L1.11)

.��	�~	
s��n³
E3\D
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 (PPS)  (Passive Pixel Sensor) 
�B(� 
`#��D 
f�
ND 
I�#�	 
)��Q� 
&���2	 
	5F

��%W	 
"� 
���� 
A3�� 
S)��g 
`? 
� 
�$	* 
��2#��3	�� 
���* 
_\g 
"� 
E, 
`�i�

_�g� 
T�?	, 
� 
)��k�2�� 
.��C 
�c��D 
�$	* 
`��d 
u| 
"@G�D 
uB���	 
�gH2	*
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 (Active Pixel 
u�G3 
`#��D 
f�
.l
/F
�� 
(SRAM) 
)�?�>
Ó)�����2>	 
/a	�G<

)8*���	
�	�*
��
����
`��@2N
�c?+
*+
�$	*
��2#��3	��
)��Ul
A����
S(APS) Sensor)


.l
&2�
9+
"���
.
	5F*
.L!<
R�c	
`�i	M
)B#2��
)�;�¥ (Transimpedance)


"�
�6a	�+
v#�
"���
"�*
S/a�W	
�n���
)��%�	
��$�#�	
T��#g
p�#$
�<

f 1��>
����
��$�	
p	�|	
.�\#��B	
���
�6�U**
)(�8�	
��>��	
b�g
_\g

�H�
)�%6��	
T���	
��;g+
(FPN) (Fixed Pattern Noise)
u�Z�	
0�B�c 1�
��%U
�F
 .�	�	�(	 
©�;g
�
R��~	
Vd�(� 
�<*
S`#��D 
– 
`#��D 
N 
T��2�	 
)�>�#~	
"�

.)�i�|	
fB$*
)��U�i2	
�	�	�(	
��;;�
"�
	5F
V�
`���2	
&2�*

T��(	
"�
(CCDs) (Charge-Coupled Devices) )3�(�	
"@G	
T�6�+
��i2#�
 (Boyle &
Tª�B�
T���D
=����g
)�@G	
E��@2
¬;#	
��;3
)��D
V�
`���2	
�<
 (MOS) 
����	 
��#?o	
`C��	
ABn
�c��
�
��;�	 
���@3	 
)���B� 
.Smith, 1971)


.l
S`�C�2	
��;3
�
�\8�3
_�g�^
(MOSFET)
�(~	
��2#��3	�	
�
7�Q2#�	

`�nM
j�g+ 
`a�>�D 
`��
�8 
/2	 
�\8��	 
"��Q2 
 =)��2�
=	�hD 
��� 
`D�(�	 
�
��+

"�
=.�D*
.�hB	
45F
�
T���	
)�@n
&?	��
)3�(�	
"@G	
T�6�+
�\#��B�
.L9.10

 .9.11
`�G	
�
vB�
�F
�?
�\#��B	
`�C��
&2�
S�\>o	
_\g
"�
=����g
�{�	�8

Âi2�
9+
V8�2�	 
"�
T�*�
`?
)�	�D 
�
/F
/2	 
S)�;�µ
)D	�D 
)i�§*
�hB	 
b�<
`c��

)��2@�	
���3���^	
©�(>l
&2�
&k
"�*
.R�c	
/a�D�6�	
:;(	
`?
"�
`8+
)�@GD
 .���@G�D 
 =T���� 
 =T��i� 
 =T�B? 
=	�hD 
 =)(�g 
S)B��(	 
��\|	 
� 
�<��2� 
���D 
Su|	 
�<

S *o	
�hB	 
���@n
��	�2�
���D
 ����@n
`8+
)�3�c	 
�hB	 
9���
T�*�
`�
)��6�	 
�*

S��*�	
u��	
	5F
�	���
_\g
"�*
.�$	*
`#��D
);>	�D
�<o	
 l
)�@G	
)�8�3

9Y	
/a�W	
¬#�	
©�;g
 Z9l
.��	
)���
"�
�62$	el
&2�
`#��D
`?
�
)�@G	
9��

)�@n
 l
u(�
t�2�
`#��D 
`?
R�@D
S)(�8�� 
/���|	
u�@�	 
"�
©�G�D 
)<����

)���Ul
T��?�
�6�� 
(CCDs) 
)3�(�	 
"@G	 
T�6�+
9l 
S=����<
.`#��B	 
�{���
�6�(�

9+
"�
�6���
(Buried Channel)
)3����
T��8
`c�
R�$
S(p-type)
���
(n-type)
N

9�(�	
"@G	
e�6�
)��B�
.)B���	
�.�@�
����c�	
�<+
"�*
¬;#	
"�
=	���
��@2�

.T�gH2�	
©�;|	*
)��k�2	
�	�?5	
�
�{�(�B;�
T�F�G�
=�W�+
"���



305

9���
��#?*+

`C��
ABn

.9�(�
"@n
e�6�
`��G�
)���<
:9.11
<5.��

���2	
&?	��
`��(2
)3�(�	
"@G	
T�6�+
����
&2�
S)WiQ��	
T�U^	
��(�B;�
�

I2$
�6���Ul
"���*
S(Thermally-Induced)
��	�~	
R@2#�	
)�@n
 "�
/(B2�	

p�;8o	 
�\>+
V�
);B���	 
���@G	 
T��#g
:�%2 
/i�|	 
���	 
"�
=	��U
/;�1�

�62(D�;�
�
ß100
 l
`��
9+
������D
 Z&�	
T��i?
9��
S����#@2	
45F
V�*
.)�a�D�6�	

`��
�*�$
"�U
:���
9+
"���
�	�	�(	
A2��8
�5	
��%W	
9l*
S)����	
_	�d·

���#�	
08�	
V¤
_\g
"�
u(�
�F����
"���
)�>�#~	
9��
SA��<*
.�$	*
9*��l

�6@#�
`B8
)���;	
��8*·
"@G	
&?	��
);>	�D
E,
&2�*
S)2F�B	
���	
`�%#2

E�2 
_�C�	 
A���� 
.
)���	 
T�	�$
)���
"�U
����i� 
T�	�(	 
_��� 
9l 
. =����g

��3*��^	
"�
�	!<
T��
��%W	
T�	�8
�\2�	
9���^�D
_	e��
"�*
S)��#~	
 (Reset Noise)
��%W	
uBU
T��<l
/F
	5F
�<
)���6�	
)¢�#�	
`�*
.`#��D
`�
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v���
�{�	�8
_\g
"�
�6���(�
"���
/2	
S)�a�D�6�	
T�a	�	
T�	�8
xig
V�
uB���	
.)�i�|	
�	�+
fB~

 (CCDs)
)3�(�	
"@G	
T�6�+
9+
�%�>
Sf 1��>
�	����
vD
��
)3��(�	
��<


9�� 
�6���G2 
)��< 
)8�d 
:�;2� 
��+ 
.l 
S"���� 
��%U 
�	�+* 
)��#��D 
)��c? 
7�(�

0#�
T�6�o	
E��
����#�
9+
�?
.T�	�(	
T�*�
V��
T�8
V�
);B���
"@G	
�	����

)��<��
��
)C�g
)<��C
:�;2�
�5	
S����(2	
f 1��>
`C��	
ABn
&����
V�
)(�	�2�

_�C�	
����
f 1��>
�	����
9+
v$
�
.�z
`�i�
¬;>
9���
/?
)�3*��l
ba�8�D

	,
(On-Chip Integration) LÁM)����2�	
)(�8�	
���
e�6�
9+
�?
S`#��B�
/a	�G�	

03�?
��
"�*
. �_�<
�	�HD*
Sv2WiQ��
)i�?*
)8�d
V�
=��£���
`���
S)i�§��D
)��	

.��i2g.	
�
 �5g�
�	�o	
�
��i	
9��

�w	
x�D
)%U�3
�������2	
45F

.��#�3.	
)�a��k
T���D
�
�*��
K10.11
<5.��
�#4H���
3.11


�
�J��>
`�i	
"�
�go	
&#(	
	5F
�*
S��W	
�G?*
����
)�i�?
��c@D
�(
.E,
���@2
);G�	*
)����	
���Y	


�g�
/3*�2�l
7�J3
*+
����B�?
e�6�
��3���
V���
"�D
V�%�
/2	
(IC) )����2�	
�a	*�	
/F
LÁM 

V�%� 
�� 
 =�B�y* 
ST��nl 
u�2Q�* 
S)��k��2	* 
S)��8�	 
I�< 
)(�8�	 
 
��2@� 
�8* 
.T�$	* 
)@��n 
/�

.L&��2�	M 
T�$	* 
)8�8� 
T��?� 
I�< 
)����	�	 
�	���2	 
V���
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Y�L�����
1.3.11


����	 
� 
"�* 
STª�B� 
T���D 
p�;(2>.	 
j�� 
9+ 
T��%�	 
v�� 
"��� 
.
 .(Polarization) 
p�;(2>.	 
�.�$ 
)���� 
��k� 
j�� 
9+ 
�6���� 
��(�B;2	 
"�

E�� 
�$+ 
S(Birefringent) 
��#�3.	 
)�a��c	 
�	��	 
V� 
AD 
7��(	 
"��� 
p�;(2>.��
 (Index 
��#�3.	 
ªP� 
9�� 
Ê�2�D* 
	 
p�;(2>	 
A��< 
:��� 
q	�|	 
"��B2�	 
�	��	

4�¡	
)���$+
�
"���
E,
�
)d�#B	
`�*
.A��2	
�<
��2��>
Sn
Sof Refraction)

 .�/;B	*
V�®	
4�¡.	
V�
 =T����2�
=����$+
=��¦D
=	���
E�2�
/2	
�	��	
(Uniaxial)

 nslow= 1.658
��#�3.	
�	ªP�
9���
S(Calcite (CaCO3))
0�#��	
T���
)B#��B�
 (Quartz 
���	��	 
�* 
.0.172 
V8	�D 
��#�3.	 
)�a��k 
� 
=�8�� 
=��;�� 
Snfast= 1.486*

.0.009
 l
`��
�6��D
���iD*
`8+
��#�3.	
)�a��k
9���
(SiO2))


���¦B	
}��<
)�#�#
�6iC*
&�
/2	
);�#B	
)�<��G	
����i��	
�?
=����

p�#~
A#i3
�w	
0��<
(Jones Calculus)
�3��
��D�#$
9+
�%3
S1.2.8
&#(	
�

K/F
)����
)U��2#�	
/a�D�6�	
`(~	
��3���
03�?
	,��
.�	��	
p�;(2>	


`�G	M 
v�8�3 
"� 
9��� 
A%2� 
��>+ 
�< 
T�(��	 
�\ ����1�	 
)D�2�D 
7�(�>
KL10.11

(14.11)

 (Linearly
=��;g
)B;(2#�
�6�<
_�(�
)���	
E��
9��
S)W�
)(�($
 
03�?
	,��

*+ 
  = i 03�? 
	,l* 
S)�$��	 
45F 
� 
=�D��l* 
=�D�F, 
��@2� 
�{�3��� 
9o 
Polarized)


A%2�	
9o
(Circularly Polarized)
=���a	�
)B;(2#�
�6��<
b�;�
)���	
9��
S�6��
T���2�

p�;(2>.	
ND
I�#�
��
���F
L��a	�	*
/;|	M
v2�~	
v��F
vD*
.T�a	�
_�$
�*��

.(Elliptically Polarized)
/%���F^	
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)��i��
"�
�F���l
"���
��#�3.	
)�a��c	
�	��	
�*�@�
)�B#�	
`(~	
��3���
9l
K9	�*�	
(15.11)


`(~	
��3���
9��
S
k = 2
/' = nw/c
�F
(Wave Vector)
)���	
A%2�
9�?
��*

 Z̀ ?
_�d
�<
eikd 
"�
_�@2	
)�$��
u(2��
m�>
d
N
)?�#	
_\g
"�
�F��c?l
��D

K���
(16.11)

KV��	
)���D
)(>��2�
�c?+
T���D
(16.11)
)����	
)D�2?
"���*
(17.11)

K��;	
)���D*
(18.11)

K9��2
(19.11)

 .)�<��G	
)������
=�($.
A��W3	
&2�
°
��
S4���B2>	
"���
 
Ê*o	
`���	
9l

��D
�6��
���2	
9���
S��2Q�	
��@�	
_�d
�<
/F
/2	
)B;(2#�	
)���	
 l
)B#��B�

��@�	
_�$
9	�*�	
);>	�D
�F���l
"���*
S��#�3.	
)�a��c	
T���	
_\g
"�
�F�*��
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K/i�|	
9	�*�	
&k
"�*
S��#�3.	
)�a��k
)��i��
b�B;�
7	�Q2>	
_\g
"�
S�¦B	
(20.11)


 l 
��2#� 
q��2�	 
�\ ���� 1� 
(Dichroic Material) 
9��	 
)�a��k 
T��� 
E�2� 


p�;(2>.	* 
/;|	 
p�;(2>.	 
S�	�> 
 ��$ 
�< 
vD�;(2>.	 
\�� 
Sp�;(2>.	

)���? 
T���D
0�2�	 
�8 
)�;|	 
9��	 
)�a��c	 
T���	 
03�? 
	,�� 
.9��	 
/a��c	 
��a	�	
 (Linear /;|	
:;(2#�	
ND
T���	
E��
I�#2�
S�gY	
9���	
���
���$
��3���	
�$+

K�3��
)��i�� SPolarizer)

(21.11)


��B;(2#�	  (Edwin Land) 
�3.
9*�l 
��d
�( 
.LÊ*o	
`���	 
)�$
=\�6�M

`�G�
9+
�6����
/2	
S(Herapathite) v��?*���^	
��2��?
7	�Q2>�D )�<��;C.	

A\g 
&� 
���< 
�y 
��2� 
±��$ 
_\g 
"� 
�6��G2?	 
&� 
R�$ 
S9��	 
)�a��k 
T���D
 (Land,  (Quinine)  LÁMv���	 
T��� 
�< 
�5�2�	 
:��	 
_�D 
� 
���	 
T��� 
©�(>l

)d��W�	
�	�*o	
"�
)����	
�	��	
/F
)�D�;(2>.	
�
=	�	�(2>	
�	��	
�c?+*
.1951)

.���	
V�
)�<�i2�	
(Poly Vinyl Alcohol)
)��@�	
`�3��
Ê�D
N
 p�;(2>.	 )��a	�	
�
v��	* ��#�	 �����
���#�
S)�#�d����	
�	��	 x�D
�

��D�;(2>.	 
"� 
�$	�D 
½�;(2>.	 
��a	�	 
�6>�>+ 
uB���* 
.��<®	 
��2� �

K);>	�D
)�;|	
(22.11)

K��3���	
45F
¬B��
)�#�d����	
�	��	
"�
�*��	
��D
S��#�3.	
)�a��k
)�k��
��<


)�*�o	 
45F
��B2<�D 
uG� Z�?
 =�(D�>
7�Q2#� 
9�?*
S������	 
�%n
"�
[�Q2#�
 Z�� 
����D 
: Z?��
LÁM 
.L&��2�	M 
���\�� 
T��W�
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(23.11)


�	�	���
9	�*�
)�*	e
ND
)�*	�	
45F
I�#�
 
9���
v$*

0����
 Z0�D�k
ND
)�*	�	
E��
I�#�
)����~	
�	��	
�*
.(Faraday Rotation Angle)

`(~	 
`c� 
B* 
SE�#	 
`c� 
d 
S�F=VBd 
9��� 
v$ 
E,* 
S(Verdet Constant)
 LÁM/�*��^	 
���~	 
0�3	�y 
��+ 
.0���� 
 Z0�D�k 
/F 
V* 
SDC 
bB;�	 
��d����	

)��8
A��
9���*
SY3Fe5O12
/a�����	
AB����
9��
S(Yttrium Iron Garnet (YIG))

.V= 0.10/G.cm

K/F
)�3	�*�	
�	�	���
)�*	e
9���
S/;|	
���B	
�

(24.11)


/2	
);����	
T���	
.L&>.	
���
��F
"�M
�	�	���
)�*	e
);>	�D
9	�*�
���
	5F

x�B	 
�6W�D
V�
`�2�	
u|	
��B;(2#�
vD
��
�*��  45� 
)�*	e
���;(2>	
9	�*�
 (Faraday 
�	�	��� 
_e�< 
)��#� 
�6��< 
b�;1� 
/2	 
)�*	�	 
45F 
7	�Q2>	 
_\g 
"�
 .���
9+
�gà
"���
.*
�$	*
4�¡�D
���
9+
"���
=��;g
:;(2#�	
��W	 :Isolator)

)�#�d����	
�	�kP�	
9o
S)��2�
)�$
/F
�	��	
 l
p�;(2>.	
T��<
�
)i�Q�	
456�

9	�8.	
"�
��W	
V��
�	�	���
_e�<
7�Q2#�*
.����3.	
08*
_\g
T��n^	
���

���2g.	*
�	�(2>\
 =�6�*
SE��
t,��	 
)���z
 =�6�
�2��
�5	 
S����	 
�
j�g+
T��

.(Symmetrical Ring Laser)
�§��2�	
�����	
��;	
�
4�¡.	
T��Z�*


T���
�F*
Y3Fe5O12. 
*+
SY3Fe2 (FeO4) 3 
/a����?
:�?��
*,
/<��;C.	
0�3	��	
"�
s�3
�F
LÁM
.L&��2�	M 
)��h� 
560 
T�	�$ 
)��� 
V� 
.l 
�6��� 
. 
)����$ 
)�#�d����
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��A����
��a4�O��
2.3.11

 (Liquid LÁM����B	
`a�#	
��n�n
�
4�%3
p�;(2>\
=�$�U*
�c?o	
b�B;2	

vD
��
/;�>*
:����
�	,
Va	��
/F
)����B	
`a	�#	* .(LCDs) Crystal Displays)
.j��	
T��(D
)�*���
x�B	
�6W�BD
);B���
)���<
`a	�>*
Sj��	
T���D
)��*�
�	���D


�6J�
�5	
L11.11M
`�G	
�
O*���
�F
��
����B	
`a�#	
)h���
_�c�
�g
`�

`c�
`�G	
�
)�>	�#	
��(�~	
.(4-pentyl-4’-cyanobiphenyl) "�
9��2�	 5CB

N	

v3�	
�6J1�
"���B	
�a	*�
u>*
�
�a	*�
V�
S)�a�����	
(Benzene Ring)
"���B	
��(�$

�
)�8	�	
9�D��	
�	�,
vD
)�a��c	*
)���$o	
}	*o	
p*��2D
v2���2�
v2(��d
vD
��

.(Director) ����	
ND
q	�|	
)D*��2�	
)h���	
45z
`��;	
��@�	
�<
b�;�*
.)�(	

.5CB
����B	
`a�#	
:11.11
<5.��

V8	��D 
��h���	 
A�� 
&J2�� 
/2	 
(5CB) 
N 
/;�|	 
����B	 
`a�#	 
_��n+ 
9l
 (Smectic) LÁÁME2��>
����B	
`a�#	
&6#�*
.4�¡.	
fi�
ªP�
�6��¤
S)�a	�G<

`a�#	
	5F
��h���
VU*
9��
E,
 l
)��Ul
Sj��	
`��;	
A���	
/B���	
7�J�	
	5�

V8��
9��� 
S(Cholesteric) 
)iC	��	 
��h���	 
�*
.T�a�d
��(Bd
`�n
�<
9���
.L12.11
`�G	M
�*��~	
��@2�D
*+
T	,�@��D
&2�
�{�	�l
9+
 Z.l
S=��a	�G<
��h���	
E��


SLLCD TV)
����B	
`a�#	
��n�n ��3���i�2D
I<�1�*
S��3���i�2	
��n�n
V�C
/�
7�Q2#�*
LÁM 
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(8.13)
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 .T�B�	
)$	e³
)��~	
9*�
"�
Tª�B�
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�2��
R�$
SDetection)
 .(Quadrature)
V�D�	
"<
Q* Phase)

 (Gilbert
�����
)��g
7	�Q2>	
);>	�D
�62��H�
"���
)��k�2	
pÉ	
)���<
9l
 (Gilbert, 
���	
 Z���
)��U�i�
_\g
"�
��2�	
���2	
b���
�<
��2#�
/2	
SCell)

�� 
`��B2	 
�< 
`��� 
��2i�D 
A	�Dl 
=�W�+ 
"��� 
Lte��	 
*+M 
���	  Z���� 
.1975)

"�
`���2	
T��nl
t	�Q2>	
)����D
)6�Bn
/F
)����	
45F*
.�6>����*
T��n^	
vD

45F 
9+ 
.l 
Sb>��2� 
��%U 
©�(2	 
)�3���l 
&y�* 
S)�D�� 
)���D 
)D�@�� 
�6���$

)��Q2#�	
pÉ	
)����D
=�>��8
S=�B��(�
=���c�
_�@2	
`��
�
�c�D
u#D+
/F
)����	

.����?
)��g
�

=.�D
�G�	
)��e�	�g
7	�Q2>	
9���^�B�
S)��8�
T��nl
)����	
T��n^	
03�?
	,l

	5F*
.)�D�>�~	
�����	
);>	�D
)��8�	
T��n^	
)����
&2�
R�$
S4\<+
4�3�?,
��

/2	
)i��	*
��(�2	*
T�(	
��B�;2�
V�
:��
 l
=�B��
S)��e�	�|	
�
)3*��
¬���
��

)�3���l 
"� 
&y�	 
�< 
ST�§��2�	 
)�a�D�6�	 
T�a	�	 
V� 
A23��(� 
"��� 
�� 
"� 
�?+ 
/F

)�$
9��� 
v$
=���e 
`8+ 
(Undersampling) 
)�8�3 
)��< 
)��*�	 
T��n^	 
9��� 
9+

.(Smith, 1999)
T���
��;	
�	�(2>	
6�����	
".5��
a4F
2.2.13


4À�;<l
"��� T��n^	
)�*	e
��d
9��
SQ
* I
/F
7��$^	
��3���
���8
9�?
	,l

0�Bc� 
)�B� 
T�	� 
9�� 
S)(��;	 
45� 
��;	 
���� 
"��� 
����<* 
. 
);>	�D

�5	 
7��$³ 
=	��i�* 
=��e\� 
=�h�n 
9��2> 
(PLL)  (Phase-Locked Loop) 
��;	

R�$
S(Inverse Trigonometric Function)
)>����	
)�c�c�	
_	*�	
 l
)��~	
/���

�6�	�Q2>	 
 l 
)��Ul 
ST��n³ 
����? 
��;	 
0�Bc� 
)�B� 
T�	� 
7	�Q2>	 
9���^�D

SL9.13M
`�G	
�
AU�<
&�
��
E,
)�c�+
"�* .(Wolaver, 1991)
=�W�+
T��nl
`�@�?
 (Voltage-Controlled 
)�;�¥D 
9����� 
p5D5�	* 
te��	 
"� 
 =\? 
9+ 
A�� 
�%3 
R�$
 (Feedback Loop) 
)��	�	 
)�5�2	 
)�B� 
T�	� 
ND 
9\�2� 
(VCO)  Oscillator)

.(Active Filter)
`<�i	
¬n��	
_�$
T�?��2�	

03�? 
	,�� 
.(Phase Detector) 
�n�? 
��d 
ND 
���	 
�<�W� 
��F 
I�#�

03�? 
	,l 
&k 
"�*  
*  

K�2��>
E,
9��  
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(13.13)


)����	
�
A2��8
�6J�
°
E5
S¬n��	
);>	�D
A2$	el
0�
�8
T��n^	
s���
9lM
K)�*	�	
��i	
��d
V�
:>��2�
����Q�	
)��8
9+
�?
.L4\<+

(14.13)


9+
�
�?
S���	
)i<�W�
"�
:#�	
"�W2�
9+
"���
 
` ����1�	
9l
R�$

)i<�W�
"�
=.�D
�\y^	*
¬2i	
��2i�
V�
=�B$���
=�W�+
	5F
5�i��
"���
S7��$^	
V�

.���	

)�2�iD
7���
p5D5�)B��
T�	�
¬n���n�?
��d

.��;	
0�Bc�
)�B�
T�	�
:9.13
<5.��

� 
��C 
m\2g	 
�6�� 
(VCO) 
)�;�¥D 
7��@�	 
p5D5�	* 
T��n^	 
03�? 
	,l

K9��
S���	
(15.13)

.���	
�
H;|	
);>	�D
I;� 1�
�	�@3�D
)D�@��
=�h�;D
=	��@��
`c�
)%�2�	
45F*

�	���2	 
vD 
9e	�2	 
b�(� 
9l 
R�$ 
S¬n��� 
)�B��	 
T�	�	 
 l 
9Y	 
�H3

K9���>
SL1.13
)H#�M
)D��(�	
�y
T�(�	
�
)�a�D�6�	
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(16.13)


A��$
�
�{	����
±��
/2	
S 
)����
4\<+
���
��
VB2�

�<
��2��	
��;	
m Z��12>
���\2g.	
9��
S�\g��	
45F
9��(3
9+
���13
��3��*
.

K"��	
(17.13)

K9��
S�%~	*
p�B>o	
E�2
"��	
)(2G�
�F
���	
9�?
��*
(18.13)


)�;�µ
V�
:>��2�
�5	
���	
=����g
VW�
(VCO)
)�;�¥D
7��@�	
p5D5���
Kv��
 Z0�D�cD
�6U���*
S�\g��	

(19.13)

KE,
�<
 =���D*
(20.13)


L14.13M
)����	
��(2n	
9��
S)2D�k
 =��8
��;	*
���	
�\g��
03�?
	,l
S9Y	
K9���>

(21.13)

KR�@D
(22.13)

K)�3�c	
)(2G�	
5gH3
�D�
*+
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(23.13)

K�<
`�@3
L16.13M
)�����D
4\<+
)����	
uD�
_\g
"�*
(24.13)


p5D5�� 
);�#B	 
)?�~�D 
)C�|	 
)����	 
�62B 
�8 
�G�	 
��d 
����� 
9l

_\g
"�
���
p5D52	 
)�>
O�iQ3	*
S:#�	 
_\g
"�
T���
)�2��� 
./(�	�2	

"��� 
�6� 1? 
45F* 
.)��	�	 
)�5�2	 
)�> 
�< 
��2�� 
T�(	 
T���2>	* 
S)�*�(�	 
)B#3

"���
R�@D
S��;	
0�Bc2
)�B��	
T�	�	
`�<
V��
��P�
�8
t�$
`�GD
�F���2g	

)�C�~	
�	��2	
VB2�
9���^�D
A3o
E,*
.)���
)<¶
Ì8HD
T��n^	
�
�62�Bc�
7��$l
(Phase- 
��;	 
���� 
0�Bc2 
)�B� 
T�	� 
E5? 
b@D 
�F 
�5	 
S��;	 
�* 
S���	 
�

 .Locked Frequency Loop (PLFL))


�	��>	*
����
�
�F
(PLL)
��;	
0�Bc2
)�B��	
T�	�	
��(�B;�
&F+
�$+
9l

�
T��n^	
p5D5�
.L10.13M
`�G	
�
vB�	
/�8�	
`��B	
�
�J��
.0�8�2	
��<�>

4�$*
&#(�	
	5F*
.N
&#(�	
);>	�D
�	��2>�D
���	
&�#(2D
7�(�
�	�<
 l
:F5�
win


&�(
)B#��D
=	��
)i��U
9��2>
�6%a�23
"�*
Sj�g+
�	����
V��%2
A�	�Q2>	
"��

/2	
�	���	
E��
)3��(�
&2�
��6�
S	5F
V�*
. =	��
)��<
����
�\g��
:�;2�
/2	
SN

j*�#2�
I2$
(VCO)
)�;�¥D
)���@�	
��D5D5�	
�	����
V�
Sm�G��	
��d
�
/F

45F
"�*
. 
*+
S 
9���
R�@D
S=�W�D
�6W�D
V�
�	���	
45F

)8�
�	,
�	����
�a�23
/;�12
S 
)B#�	
);>	�D
���	
����
9Y	
�6��
 &2�
)����	

.T��2��	
�	���	
E�2
=�8�#�	
�c?+*
=	��
)��<

.��;	
0�Bc�
)�B�
T�	�
���	
t��
:10.13
<5.��
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��;	
7��$l
��;	
0�Bc2
)�B��	
T�	�	
9����D
S�	��>.	
s�U��
 l
)B#��D

"���
�5	
��;	
�
)?��G�	
��%�B�
.��D
"<
_�>�^	
);>	�D
`8��	
`>���
/(�2�	
 .�������	
"��Q2
)�#	*
���	
"<
=\W�
��;	
7	�Q2>	
"���	
"�
SA�l
s���	

b�y
�
¬2�
��2i�
S=.*+
.L11.13M
`�G	
�
�62J$\�
"���
`���2	
��;;�
x�D

45F* 
.)d�#BD 
`8��	 
)�> 
�\yl* 
¬2� 
A3����D 
�5	 
S(OOK) (On-Off Keying)

)�#�� 
.(AM) (Amplitude Modulation) 
)�#	 
v�W� 
N 
)��8�	 
)Q#�	 
/F
  (Off State)
�\y^	
)�$
vD
��
����2�
�6��
)(��d
���F
0#�
"�*
S)���<
)��8�	

)����	
45F
`c�
`W�o	
`�*
.(On State)
¬2i	
)�$
7\2>	
V���
�5	
`g	�2	*

9+
���*
.(BPSK) (Binary Phase-Shift Keying)
/a��c	
��;	
)$	el
��2i�
�F

`��B2	*
S=�2D�k
)�#	
`8�3
��(Dl
"���	
"��
S)���
��;	
0�Bc2
)�B��	
T�	�	
9���

T�8 
"< 
)�(2#� 
S)�(;��	 
�.�~	 
 Z̀ ? 9+ 
9Y	 
�%3 
S	5F 
"�* 
.�62�\�D 
u(� 
�F

�\g��	 
V�;(� 
�6���� 
(BPSK) 
/a��c	 
��;	 
)$	el 
v�W� 
�\B(2#� 
KT��n^	

)	e^
E,*
S��;	
0�Bc2
)�B��	
T�	�	
�
=���8�
�6�	�Q2>	
&k
"�*
T���2�
T���D

���
.�{�B�(�*
)i��W	
T��n^	
7\2>.
�?+
)�8�k��
��	��
��
�F*
.)�#	 
�������

�����
V�
)�3�k
q\Q2>	
T��8
)��Ul
"���	
"�
S&�@1�	
���	
 Z���
V�
_�~	
�F

��3���
`�i��
`�GD
��@2
o90 
)�*	�D
��;	
)$	e^
)�;�¥D
)���@�	
��D5D5�	
(Quadrature Phase-
/��D�	
��;	
)$	el
��2i�
�	��l
9Y	
�������
SA��<*
.Q*
I

���\< 
 l 
T��2#� 
S�.�$ 
VD�+ 
� 
�������	 
�iG�* 
S(QPSK) Shift Keying)
 (Two
��Z2�B	
"�
v�k	
_�>��D
)��iG2	
)����	
45F
7�(�
R�$
.Q
*
I
"�
 Z̀ ?
��3���

"�
`W�+
`�i� 
9+ 
������D*
S(baud) LÁM_�(��
���
 Z̀ � 
T�$	*
 Z0�D 
"�
=.�D 
Bits)

 .E,

��D
=	�B?
9���
9+
 l
u(�
t�2�
(I, Q) 
j�2#�
"�U
�.�~	
�
�<�B2	 
9l
 (Quadrature Amplitude 
/��D�� 
���> 
v�W� 
/i� 
.V8�2�	 
T��(	 
��U�U

Se���	
"�
����	
�6��
u�W�
)�#	
�������
7	�Q2>	
&2�
S(QAM) Modulation)

�62�> 
)�i��F 
T��( 
)�3�c	 
� 
 Z0�D 
9600 
`>�� 
(Modem V.32)  V.32 
&���� 
e�6%�


_��� 
*+ 
��� 
_��� 
T�$* 
�F 
baud N	 
S���3*�2�^	* 
)���>\	* 
)���#	 
�.���.	 
/� 
LÁM

0�g�+ 
/2	 
L±�$ 
±*�$ 
�	��nlM 
T���2� 
e��� 
�	����2	 
"� 
��< 
�F 
.)�3�c�D 
m�$ 
/� 
`����

.L&��2�	M 
ug
��� 
*+ 
)��8� 
T��n^
T�$	�	 
)�3�c	 
/� 
_�(23	 
)��>*
I�<
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 ./��D��
���>
v�W�
16
N
)�;��	
�.�~	
"�
��i
7	�Q2>	
);>	�D
2400 Hz

"� 
S����	 
)�a�Wi	 
���Do	 
� 
A��� 
9� Z�2 
e���	 
"� 
)�#�> 
� 
�J�	 
_\g 
"�*

.�6B����
����
v$
T��i?
�c?+
9���
9+
"���	

.v�W�
��;;�
K11.13
<5.��

��Wi	 
� 
`W�o	 
�.�%�	 
)��$ 
�� 
S��F 
�*�;�	 
¸�>o	 
_	P#�� 
A��<*
 (Conway & Sloane 
T���D 
)(��< 
TH��i� 
T���D 
9��� 
/2	 
Ê��	 
���$o	

VB2� 
9���^�D 
A3�� 
S��;	 
0�Bc2 
)�B��	 
T�	�	 
:B#D*
Sm�;�	 
)���
�*
.1993)


fi�D
 =�W�+
)�����	
_�>�l
"���
R�$
S��;	
VB2�
"<
E�F�3
S���	
�
�	��2	
 .(FSK) (Frequency-Shift Keying) 
� Z��	 
)$	el 
��2i� 
� 
)��Q2#�	 
)(��;	

`8�3 
&���� 
:�;2�* 
S��	�2�	 
��;	 
7	�Q2>	 
T��i? 
"� 
`8+ 
T��i�D 
E, 
&2� 
,l

� 
�� 
 =�<�3 
)��H� 
)��k�2	 
)Q#�	 
45F 
"�* 
S�	���	 
j�� 
��� 
`��� 
 �b�2�*
 .(FM) (Frequency Modulation) 
����	
v�W2	
)�C�g
�,
����	�	
RB	

$���� 
"�L�� 
3.2.13


���(	
p²
&2�
S)�#	
v�W2
)�����
)�C*
�
*+
S&�@1�	
���	
 Z���
�
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 (Demodulation) 
v�W2	 
)	el 
`B(� 
.��;�	 
b�W	 
`8��	 
T��n�ND 
)�>�	 
*+

�5	 
SL8.13 
`�G	M
`8��	 
�<
9Y	
�?�� 
.�Co	
�F����
��;�D 
T��n^	
Âi2�

I2$ 
*+M 
)�i�|	 
� 
��%U 
�+ 
9l 
.���	 
�< 
´��G2� 
�F 
7�J�	 
	5F 
9+ 
/���

T��nl
��>+
�<
A��G2?	
&2�
m�>
`8��	
"�
 =�B��8
9���
�5	
SL���2�	
´��G2	

�	���� 
�<
`a�>�	 
"�
����	 
_�>�l 
&� 
	,l 
S�F
E,
"�
��>o	
`�*
.)~�C

45F
.�6��D
���
`g	�2	
 l
��P�*
Vd�(22>
�6��e��
m	�$
9��
v��
��;3
�
)�,��

E,*
S)�>��	
T��n³
����	
��;�	
O�<
"�
�~	
�<
�6��
 =�;#8
VW�
`?�G�	

7	�Q2>	 
&2�* 
.)(�W	 
��@n��	* 
 =	�� 
T�(2#�	 
��D5D5�	 
�	ªP� 
7	�Q2>�D

=.�D 
(Spread Spectrum Communications) 
!2��	 
��;	 
�.���	 
T�6�+

"�
&y�	
�<*
.T��nl
`�
����	
��;�	
O�<
"�
�c�	
7	�Q2>	
)�3���l
"�

. =	��
T�B?
�a	��
 l
��P�
A3+
.l
ST��U
A�	�*���
*�B�
�8
	5F
9+

)�>��ND 
!2��	 
��;� 
(Direct Sequence) 
Tª�B�	 
)�#�#	 
pÉ1�

��%U 
���� 
_\g 
"� 
T��2�	 
T!2��	 
��;�	 
O�< 
T��nl 
);>	�D 
)��Co	

��%W	 
E, 
��6§ 
��%�D* 
S(Pseudo-Random Noise) 
�Z��� 
/a	�G<
 .(Deterministic Algorithm) 
)��2~	 
)��e�	�|	 
"� 
��2� 
A3+ 
�%3 
S/a	�G�	

T��n³ 
����	 
��;�	 
O�< 
�`� 
"� 
`a�>�	 
" Z��� 
m��do	 
"� 
��i�	 
	56�

��;3 
� 
�6��� 
�g� 
_���	 
`8�3 
);>	�D 
�6���W� 
Ê�2�D 
"��� 
/2	 
ST!2��	

`�* 
.L12.13 
`�G	 
� 
vB� 
�? 
�F 
½��^	 
���	 
��3���M 
��	�2� 
_�>�l
 (Frequency Hopping 
�� Z��	 
�i(	 
��G23	 
��d 
�F 
E, 
`? 
"< 
`��B	
 (Pseudo-Random)
 =�i Z���

 =��a	�G<
=\#�#�

7�Q2#�
�5	
SSpread Spectrum)


)��<�8 
��;3 
T��nl 
)��#� 
v�W2	 
`B8 
T��n^	 
�< 
b�;�* 
.`8��	 
���� 
���@2

½5D, 
��;3 
T��nl 
)��#� 
v�W2	 
��D 
�6��<
b�;� 
v$
�
S(Baseband Signal)


Sv�W2	 
);>	�D 
Ê��	 
���	 
`8�3 
)	el 
&2� 
S/(�2�	 
� 
.(Passband Signal)


)�>� 
)Q#3 
7	�Q2>	 
);>	�D 
T!2��	 
T��n^	 
"� 
)�>�	 
s���>	 
&2� 
&k 
"�*

=	�<��� 
9Y	 
"� 
`F�%23 
m�> 
.�Z���	 
/a	�G�	 
��%W	 
��� 
"� 
)��	�2�

);>	�D 
&2� 
/2	 
v�W2	 
7�<* 
v�W2� 
)@U	�	 
�	�;|	 
L)�B#3 
T���DM

.�F��G23	 
7�<*
T��n^	
��G23	 
�<
u(�
�?�3*
S`8��	
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���1�
��G23.	
)�����
.��%W	
Ê��	
p5D5�	
�
7��$^	
ABG�
S4\<+
���
��

Vd�(2	 
"�
`�(� 
Ê�2�D* 
S)�>��	 
)�>�	 
�
)�����	 
����2�
=	��
»�@��
`�GD

.��%W	
`g	��*
T��n^	
vD
��

.��;	
��G23	
v�W�
:12.13
<5.��

=���� 
bD�;� 
9+ 
)�~	 
45F 
� 
:� 
S/(�2�	 
`B8 
"� 
u(2��	 
��%W	 
 l 
)B#��D

� 
.:#@� 
��;	* 
���	 
`8�3 
)(D�;� 
"� 
=.�D 
S��2�	 
����	 
/a	�G�	 
`#�#2	

u>�2�
���B(�
j��
A��
_�;�
�5	
�~	
 l
S�n��	
�
�g�
�¯
�+
x��
&2�>
v$

K9+
/���
	5F*
.T��n^	
j�2#�
� �.T5��3
T��n�?
A�B8
`�2@�	
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�	����
 l
�F���>l
_\g
9
(FDMA) Multiple Access)

�<
9�D*��2�
R�$
S(CSMA) (Carrier Sense Multiple Access)
_�>�^	
���2�	

.LT��8
©�G�
s�2>.	
��>+



377

� �
e�6�
);>	�D
T���2�
*+
)�U�<
T��nl
_�B(2>	
)C��
"�
»�@��
`�GD
�~	

!�	
9��
T��n³
)��	�2�
`Co	
bBd
)Q#3
9*�
"�
A3o
E,*
S���(�
�y
_�B(2>	

S45F
T�iG	
E�
"�
" Z��1�
_	e��
0��2�	
����
9+
Â$.
./a	�G�	
��%W	
�6J�>

.j�8+
�iG�
����(�
7	�Q2>	
"�
�D
\�
��8*
/(�($
"�o*
� �.)���
9���
/�
�B?
�����
O�<
��;3
�
´��G2	
T��nl
`���
9+
:�
� �
�
ST*�5	
)8�;	
)��c?
`��(�
&2�
A3��
S��;	
��@3+
`?
�
)8�d
���F
9��*

 .)��F
)���J��
�	��B2<.
9��$o	
"�
�c?
� �
)�*�#�
)B��(�
T���D
���(	
"�
" Z� 1�
)�>�	
A��
`��
�5	
"��	
�
)8�	


08�	* 
� Z��	 
)���(� 
. 
9o 
E,* 
S����	 
��;�	 
O�< 
RD 
"� 
����� 
�F 
��

�5	 
����	 
��;�	 
O�< 
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I N I N i N

1, 2, 7, 24 24 1, 3, 4, 13 13 1, 2 2

3, 25 25 1, 6, 10, 14 14 1, 3 3

1, 2,6, 26 26 1, 15 15 1, 4 4

1, 2, 5, 27 27 1, 3, 12, 16 16 2, 5 5

3, 28 28 3, 17 17 1, 6 6

2, 29 29 7, 18 18 3, 7 7

1, 2, 23, 30 30 1, 2, 5,19 19 2, 3, 4, 8 8

3, 31 31 3, 20 20 4, 9 9

1, 2, 22, 32 32 2, 21 21 3, 10 10

13, 33 33 1, 22 22 2, 11 11

1, 2, 27, 34 34 5, 23 23 1, 4, 6, 12 12
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ST��	�	
T��n^	
V�
(Cross-Correlating)
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)�>� 
)��U^ 
/B��(2	 
`��B	

K�F
(LFSR)
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(Non-Stationarity)
)��	�(2>.	
7�<
:B#D
 �"��
�y
9���
�8
	5F*
.����	

������ 
9�3�n
��6%2� 
b�(�
_*��
)���G	 
uy	�W�� 
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(16.14)
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 Z��2#�	
���2�

9�2���F
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(21.14)
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�5	
��
.(Interferometer)


_\g
"�
���2	
��(���
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(Gauss Theorem)
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.)�@�
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�
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`c�*
S)��i��	
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ST�~	
K9+
/���
R�$
S)�;g
`�	�<
/F
 Z&�	
`�	�<

(2.15)


"�*
S)���B2g.	
)J$\�	
/F
45F*
. 
*
 
"��(��	
v�a	�G�	
v2D�c	
 l
)B#3

S��W	
"�
s¶+
`a�>�
_�>�l
"���	
"�
9���#�
)�;g
�y
 Z&�	
���3����
03�?
	,l
  (Weinberg 1989; Abrams & Lloyd 1998)
)���2#�	
)�D�#~	
�\�G�	
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*+

.)��2�
�y
���3���l
�6��*
�J��
)2�\	

"���
�5	
��>o	
`�G1�
(Eigenfunctions)
)��	5	
_	*�	
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)���?
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K)�a	�G�	
)���	
)	�
V�>�2
A�	�Q2>	
(3.15)
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SE,
±�$
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	,��
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)��8
���;�12

 ���(�
/F
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)��2$.	
`c�


03�?
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�J�	
x�D
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(Collapse) LÁM]����	X
�6��<
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)���	
)	�

°
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7�J�	 
T�*É�D
 Z&�	
p�#$
Ú�G�
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.�6��
��B	 
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/2	 
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)�~	
/F

.(Eigenstate)
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`�i�D
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)���	
)	�
����<
A%2�
)h�F
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=�D�2��
=�����(�
=\�c�
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�\ ���� 1�
7�(1�

45F 
A�� 
��@2� 
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��~	 
�< 
b�;1�* 
.(State Vector) 
)�~	 
A%2� 
)��#� 
A��<

���Do	 
/F��2� 
��l 
9���> 
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S(Hilbert Space) 
���F 
��$ 
)��#� 
��6%2�	

.L&��2�	M 
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)	� 
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E5D 
��(� 
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)��	5	
&�(�
��������"¬�%��¦���
�
���Do	
/F��2�
.
*+
(Finite-Dimensional)

=\�c� 
/;�1� 
)��	5	 
_	*�	 
"� 
)i�2� 
)<��� 
���2g�� 
.Ê	�2	 
�< 
T��2#�	* 
)��i��	

.����i��
/F
)�~	
��6%2�
�<
T	�%�	
`�	��	
9+
�?
.)�~	
A%2�
=�i�2�

/;|	 
��	 
_\g 
"� 
)Z�����	 
����3����	 
)���� 
&2� 
S)�~	 
A%2� 
`�c� 
�

: �C
A%2�
S 
���<
A%2�
 Z̀ ?
V�
uB���*
.(Strang 1988)

(4.15)


b�	��	 
A3+ 
��>+ 
�< 
m��1� 
(Dagger Operator)  LÁM`���	 
�%�g 
9l 
R�$
K`��B�
�(��	

(5.15)


m���1�	
5gH�
.(Hermitian Adjoint)
/2���F
m��� 1�
ND
4\<+
)��i��	
I�#�*
K:���	
f��
pÉ	
)����
/2���z	

(6.15)

Kq��|	
A�*
�<
E,*
(7.15)

Ku(�
(Complex Conjugate)
�(��	
b�	��	
�F
)����	
&�(�
m���1�	
(8.15)

K�F
)�$
 Z/6%2�
(Inner Product)
L���
_��
`g	�
pÉ	
M
�g	�	
pÉ	

.L&��2�	M 
�%�Q	 
`�n 
�6��n 
)��i�� 
/;�1� 
 Z&�	 
����3���� 
/� 
�63o 
E5? 
I�#� 
LÁM 
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(9.15)


�6��<
b�;�
 *
S(ket) *
S(bra) 
�<
(Dirac)
�	���
)��#�
b�;�*
.LÁML¨E,
0�6�
`FM
(a … bracket)

:(Orthonormal)
/��Bd
�����
�	,
)��	5	
_	*�	
9���
(10.15)


�D
.
��>��(	
�a�2�
�.�2$.	
s���
9��
S)����	
_	*�	
����
&2�
&k
"�*
:1
N
)�*�#�
9���
9+
"�

(11.15)

K"�
` ���� 1��
(Expectation value)
VZ8�2	
)��8
���l
"���
(12.15)

K)����	
9��2>
S��
m��� 1�
V�
(13.15)

K��
)��	,
)	�
"�
VZ8�2	
)��8
5gH�
(14.15)

K�6� ��� 1�
9���>*


_*o	 
��%	 
�F*
bra 
I<��*
_*o	 
���	 
"�i�3
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LM 
��(	 
&�#(� 
E5D 
��(� 
LÁM 
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/3�c	
���	
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AD
����*
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�F
)���	
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/3�c	
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:#��
bracket 
)��?
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.L&��2�	M 
 
���;�1� 
 =\���2� 
��(	 
9��� 
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(15.15)


S)(�($
)��8
��+
��>+
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)J$\�
"���
9�?
	,l
SA3+
�<
E,
_��

`���	 
9�? 
��* 
./2���F 
9���> 
)�C�|	 
45F 
`�� 
`��< 
 ��+ 
9+ 
�+ 
. 
9��

V�
uB���
���(�
)�D�(	
��� Z��	
9��
S)(�($
&�8
�	,
T�F�§
�	��2�
A��
/(�(~	

.)�2���z	
������	

K�F
)�$
/6%2�
(Outer Product)
/���|	
pÉ	

(16.15)


K)��	5	
��6%2�	
"�
v�k.
/���|	
pÉ	*
(17.15)


E,*
S(Projector) 
]u �(# 1� 
X 
ND 
L17.15M
)����	 
�
4\<+
���
�� 
�<
b�;�*
)���	
)	�
�<
A���
:B#D

(18.15)
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45F
"<
�i#�
m�>
���(	
9+*
S_�2$	
)�@��+
���
/F
u�(# 1��
VZ8�2	
)��8
K�Y�?
)�~	

(19.15)

 (Spectral 
/i�d 
`�c� 
� 
`���	 
)D�2� 
��;�(#1�	 
7	�Q2>	 
"���
K)��	5	
�6��(D
b��2�
���

Representation)

(20.15)

K�Y	
�@�	
�<
��
`��<
)	�
����2
)���Bd
)��>*
��
7�(�
	5F*
(21.15)

K9���
v2����
(Commutator)
_	�B��	
�����
&2�
(22.15)

K&>�(22>
 
*
 
N
)��	5	
��6%2�	
9��
S_	�B��	
In\�
	,��
(23.15)
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��*É	
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f�
S)��<
)i�D
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���*+
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9l
R�$
S 
Sv2��B2�
�y
v2�D�#$
v2���<
�
�J��

)�D�#$
)���<
����<
���
.)��2	
��D�#~	
�
 =�a\�
9���
i
�F
Ê*+
`��<
V�
)D�2��

45F
9��
S 
S 
VZ8�2	
)��8
"�
��;	
);>	�D
T����

E,*
S 
)�U���	
_	�D^	
)8\<
fi3
/B��
m�>
)�D�#~	
������	

&k
"�
_	�D³
V8�2	
)��(�
A��<*
S)��B2�
�y
/F
�������
)����	
V8�2	
&�8
9o

K9��2>
(24.15)
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V8�2�
�F
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Sj�g+
T��
���	�n �
¯�?
N
T	*�#�	
7�<
)(��d
7	�Q2>�D*
K)�8�2�	
pÉ	
)����D

4¦$
&2�>
pÉ	
)���<

(25.15)

KA��<*
(26.15)


)����	 
"� 
"��o	 
m�;	 
� 
(Anticommutator) 
_	�B��	 
��W� 
In\� 
	,��
K�
T	*�#�	
7��
I3�o	
)��(	
VW�#�

(27.15)
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K*+
(28.15)


m�;	
.(Heisenberg Uncertainty Principle)
/��(�\	
¼�3���F
+�B�
�F
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�
S`�	��	 
V8�� 
)��8 
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V8�2� 
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��G23.
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)���<
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)����	 
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���F
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._	�B ���
V8�2	
)��8
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)����	
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 .�gY	
m�;�
�a�2�	
V�e��
9HGD
`8+
)���(�
O�i�>
)8�D
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����
9��
9.��B2�

KL15.48
&8�
)����M
v2��B2�
�y
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V8��	
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E,*
(29.15)
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.f���D
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S���#�	
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` ���� 1� 
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��8�;	*
 
�.�2$.

(30.15)
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�
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��;�
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����
S��3�*ª
)����D
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(31.15)

K�F
��2��z	
m���1�	
9��
S)�2���F
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(32.15)
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��2�� 
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)��8 
"� 
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:(Chain Rule)
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(33.15)
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S(Ehrenfest’s Theorem) 
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(37.15)

 .(Energy-Time Uncertainty Relation)
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.(Aharonov & Bohm, 1961; Peres, 1993)
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  (Evolution Operator)
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(53.15)
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(60.15)
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.(Lowering Operator)
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:(Raising Operator)
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:(Pauli Spin Matrices)
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(71.15)
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S  (Spin Magnetic Moment) 
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_\$^	
¬U��*
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�
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���
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 (Cross  LÁM/6%Z2� 
pÉ	 
)���< 
);>	�D 
)�B��(� 
T���D 
9	�*�	 
)��i�� 
b�#��
.Product)

(79.15)


/F��2�	
9	�*���
.�� ��	
/F��2�
9	�*�
���
A3H?*
�*	�	
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`��<
�6J�

	,l
R�@D
S=�W�D
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���	
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4À��D
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����Q2>	*
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K9���>
9	�*�	
`��<
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(81.15)


`�
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Ê*�D
)��i��
�
4\<+
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��
`C��
KL4.15
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)H#�	M
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)�a��k 
p�U 
)���< 
�F 
S��6%2�	 
`8�3 
*+ 
(Cross Product) 
�D��	 
p�W	 
S���U���	 
/� 
LÁM 

"�6%2� 
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`�B> 
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(82.15)
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b;��
5�i��
�
)�>�>o	
}���	
/F
9��2>
45F*
�7� 5��
�743=�
3.1.15

 .���(	
�a�2�D
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T��(	
7�<
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S Z&�	
����3����
=��>�>+
=	��+
)��(�\	
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.�.�@�
��#	
�.�2$	
V�e��
�
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����������
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 ����
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�
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�
)���(�\	 
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�
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(Density Matrix)
)��c�	
)��i��
7	�Q2>	
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�6��
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)�$ 
��+ 
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�6���3 
/2	 
�.�~	 
"� 
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(Pure State) 
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�����
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/F
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)��i��*
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E�2� 
/2	 
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/F 
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)�@� 
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.)����	 
)Z�����	 
�.�~	 
�< 
=�����(� 
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�F
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)�$
�
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);�2Q�	
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K_\g
"�
`���	
(Trace)
�k+
�����
&2�
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:(Cyclic Invariance)
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��Bk
)�C�g
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��2�
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`�c�
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�
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��*�	
��Bc	
)�C�g
I(B�*

�ko	 
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V¤ 
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=��*�#� 
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�5	
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����2�
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(88.15)

.V8�2�	
 Z&�	
�<
����(2	
V��	
9e*
I�#�
4\<+
)�����D
���
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K/F
)��c�	
)��i��
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)(2G�

(89.15)


�
`����
)����
45F
I�#�*
S��2��z	
`���	
V�
_	�B��	
b��d
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I;�1�
/2	

"��	
�6��
9���
R�$
.T��;�	
(Liouville-von Neumann Equation)
9����3
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"���* 
L41.15M 
)����	 
"� 
�F���l 
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"��� 
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S)��c�	 
)��i�� 
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=	��2��

K9��2
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. 
,l 
. Z&�	 
��������� 
�
T�;g
)B(< 
�F
(Unitary Evolution) 
�$��	 
��;2	
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/���
��
�F*
.)��c�	
)��i��
½*�3^	
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S)��	5	
)��(	
��d*
S�ko	
S����
�6����
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9+
	5z
"���
����
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�6B����
T��<l
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S�6��
*+
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"���
.
)�����	

9��
ST�$	*
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9��	
9HD
�(2��
A3+
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�
S�F
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¨���no	
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)����	
��2D�¡

.	5�F
9���
9o
t�2�
.
)�<�i	
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�
)�~	
A%2�
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*
 
A%2�
Ê	�2	
�<
�6��
 Z̀ �*
 Z&?
/��J3
���F
9�?
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45F
�<
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(Tensor Product)
�r���
p²
N	
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I;�1�
�����	
7�J�	

�<
V�e�2	
`�	�<*
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9��2
�F���2g	
"���
R�$
S

K/F
�Z���	
pÉ	
(91.15)

K9���>
v����
�Z���	
pÉ	
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`�c�
_�$
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(92.15)


��%�
)��c?
)��i��
���;�12
)�<�i	
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(Partial Trace)
/a��
�k+
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K�gY	

(93.15)
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I(B�
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�
)B8	���
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.

°
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S
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45F
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�
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7�8
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9+
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�
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S`�	���D 
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.
��HD
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)��8 
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���8 
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���l
"���
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©�(>l _�c�	
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K�Y	
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(97.15)


9���2�D 
`�	�< 
);>	�D 
)�~	 
�.�2$	 
��;<l 
&2� 
S��	�~	 
9e	�2	 
)�$ 
�

)8�d 
Ï��D 
)��	�~	 
)��c�	 
)��i�� 
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R�@D 
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(Boltzmann Factors)
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)��	,
)��8
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)��	5	
�.�~	
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)��i��
9���
S��>o	
	5F
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.&�#(2	
)	�
`c�
 
*
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R�$
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�����
=����3����
�������	
 Z&?
)����
)�3���l
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.(Diagonal) 
)��;8
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�
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	5F
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R�$
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©*ª
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(Decoherence) 
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�
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K�������	
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S��i�
� 
̄`��
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S=	��
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�
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(99.15)

K9���#�
)��c�	
)��i��
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�ko�D
_�B2>	
���
(100.15)


��#�^	 
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S(von Neumann Entropy) 
9����3 
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 (Jozsa & Schumacher, 1994; 
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����J3 
`D�(2D

.Lloyd, 1997)


�������
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������� 
(bit) 
 Z0�D 
�< b�;� 
.�B? 
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45F 
9��� 
�8* 
.(Qubit) 
 Z/���? 
 Z0�D
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�
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S)����(2	
 Z0�B	
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�
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 Z&�	
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�
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 .�6Q#3
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.
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)����(2	
�������	*
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�������	
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�
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&�QW�
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` ���� 1�
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Å�#�2>	\	 
)��J�D 
I�#�
��

"��� 
/2	 
S Z&�	 
����3���� 
(Unitarity)  (*)��$�� 
N 
)%�23 
�F* 
. Z&�	 
����� 
�F��

�<M
�F����
*+
�6(�g
f�*
S��Z2�D���	
:����
T��<�D
¬�#�
Ê�2�D*
S�62���<
f�<

��6§+
SÂ~	
"#~*
.LH;|	
¬�@�2D
¬�#�
T�%�
���F
9+
Â$\�>
��3+
"�
&y�	

u(� 
��(�2	 
"� 
��C 
�	�(� 
V� 
`�2� 
=�($ 
	5F 
9+ 
S)B>�~	 
f�� 
)����(� 
)>	��

.(Bennett, 1988)


s���
"�W2�
/2	
 Z&�	
)�J3+
"�
AD
���#�	
��;2	
�<
���8
O�i
/F
(Unitarity)
 Z&�	
������
�
LÁM 

7�(2	
���
�5	
` ����1�	
9���
9+
:�
S=	����
�c?+*
. =�a	�
_�$
�+
�
)����	
�a�2�	
V���
�.�2$.	

.L&���	M
� Z$��
` ����1�
:>���	
08�	
�
��
/a�����
7�J3
�
e�@�	



464


V(�
45F*
.(Entanglement)
ED�G�
N	
)�C�g
/F
E,
`?
"�
&Fo	
)�C�|	

 Z&�	
)�J3+
vD
��
���
_���	
)#>P�
S Z&�	
����3����
:$���	
O���	
:�8
�
 (Product
p²
)�$
A��<
b�;��
Sb*
a
v��#�
&W�
��
7�J3
9�?
	,��
.`<�i2	
��D

)���
_	*�
p²
)(��;D
)���	
)	�
��	
s��%�	
)D�2?
9���^�D
9�?
	,l*
SState)

K)���i	
���#�	
(105.15)


v�k	
"�
R�B��	
SVG�	
_\@�U	
)���<
�
�J��
S)�W(	
/F
 =�a	�
0#�
45F

��C
���*
7��D
7�J�	
`��G�
+�D
	,��
.���#%�
)�3*��~	
��3	�*�	
"�
 

"�

)�$
�
E,
9��� 
9+ 
:�
�?
S�*	e 
&ge
�+ 
9*�
"�
/62�� 
9+ 
:�
�*	e 
&ge

K`@�
)�D�8
�y
(Singlet State)
)���$+
(106.15)

 .(Entangled)
ED�G2�
)��#�
A��<
b�;�
p²
)�@?
A2D�2?
"���
.
	5F
9��*

)�*�#2�
)C��
���F
���(	
`B8
.a
&�#%�
�*��~	
9	�*�	
A���
���8
��%13
9Y	

�<+
9���
9+
"�
�D
.
���(	
��D*
S`i>+
*+
�<+
�*��~	
9	�*�	
A���
9���
9o

S`i>o	
�@3
9���>
b
9	�*�
9��
�<o	
�@3
��	�*�
9���
a
0��
	,�� .`i>+
*+
.���#�	
vD
��
)��#�	
"<
`(2#�*
S��i	
�<
E,
E#��
.¬�@C
f���D
f��	*

�62�$
I(B�
9+
"���*
S����
:?�?
 l
b
R�B�
9+
"���
S Z&�	
����3����
9�3�(
=�(�**

��3���i	
V�
=��B��¡
4��?H�
&�
�8
b�(�	
�ko	
	5F
.O�o	
�<
a
���(�
);>	�D
T���
.(Aspect et al., 1981; Tittel et al., 1988)
��3���i	
����
)���<
"�
)c�B��	
)�D�G2�	
 (Einstein- 
9e*� 
– 
/�#*��D 
� 
"��2G��l 
)8��i� 
ND 
4\<+ 
��� 
�� 
 �/�>

ED�G2	 
:B#D
E,*
S(Einstein et al., 1935)  Podolsky- Rosen Paradox)

0���
/2	
p�B>o	
�$+
�F*
S)�B#�	
);>	�D
p��;�	
V8��	
E62��
A3+
*�B�
�5	

�
½
�
l
t*e
�6��<
b�;�
)�D�G2�	
���#�	
45F*
. Z&�	
����3����D
:y��
.
"��2G��l
 (EPR) (Einstein- Podolsky- Rosen Pair)
L9e*�
�
/�#*��D
–
"��2G��lM
��

"�
����	
���6�
.)�D�G2�	
���#�	
"�
 =)�	�D
	�%<�3	
"�5	
�	��o	
�.Pz
 =�����
Pair)
K�	�#i2	
E��
vD
"�*
ST�F�J	
45z
v���i	
v¤��	
��<
_����
/2	
�	�#i2	



465


T��$�	
)��G�	
"�*
S Z&�	
����3����
�	��B3
V�
��2£
�$+
.*
SH;g
�¯
.
.��F
A
���*
.
�5	
��>�$
/F
E,
�

 (Hidden
)�ig
�	��2�
�<
��2�
����
S��G�
 �̀ C+
�	,
���#�	
03�?
��

)�i|	
�	��2�	
E��
9+
m��3
"�*
S�6�l
_�C�	
)�i�?
m��3
.
/2	
Variables)

/2	 
�a�2�	 
)�#�> 
"�* 
S�#i2	 
/B�� 
9+ 
A3Hn 
"� 
	5F* 
.��>��(	 
��� 
/2	 
/F

)�i|	
�	��2�	
E�2
9+
��B2#�
��+
*�B�
�8

(Bell’s Theorem)
`�D
)�F��
V�
+�B�
 (Bell, 1964; Greenberger et al., 1990; Peres, 1990;
��>��(	
����
�
�*�

.)B�|	
E��
u�#D
_�c�
_\g
"�
0@U*
L3.15M
&8�
)H#�	
.Mermin, 1993)


 l
:>���	
08�	
�
�	��	
 l
����
9+
)�>�
��#�
"���
Sa
&Z�#�	
`<�i�
��D
.T²�$
b
A��
9���
�5	
08�	
�
7��o	
�@3
�@B1�
&k
"�*
S��G�	
`Co	


��2Q2 
S)�<�i2�
�y
s��+ 
 l
)��2	 
��>��(	 
&#(�
9���D 
)C�|	
)���	 
)	�

°	��	 
)��J3 
45F 
�< 
b�;�* 
.b 
&�#%� 
¬�@�	 
p	��	 
`�� 
�5	 
s�i	 
�6��

.(Everett, 1957) (Everett)
0��i�l
N

(Many-Worlds Theory) T���2�	
 (Mermin, 1985) 
=�� 1� 18 
�6�< 
VU* 
�� 
p�y+ 
 Z̀ � 
S�	�#i2	 
45F 
&W �g 
�

K�F
��B2<.	
�
A�U*
"�
�D
.
�5	*
� �
x8��2	 
�F 
	5F* 
.)�a	� 
)8�D 
=��B��¡ 
 Z&�	 
���3���� 
�	PB�� 
"� 
b(@2	 
&�

.:#@�
=\��
A2J$\�*
AD�#$
&�
��
9HGD
f�
S�#i2	
9HGD
� �
��k+
��
S��W	
)<¶
"�
s¶+
)�>�
_�>�l
�
ED�G2	
7	�Q2>	
"���
.


�� 
a 
N 
)�$ 
��+ 
��>+ 
�< 
b 
m��1�* 
.¬��	* 
±�@B	 
/@3�� 
x�B 
O��2�.	
. =�(B#�
a
)�$
v���
"���
.
"�*
S���(	


�6�	�Q2>	 
�< 
q�@3* 
.)2@B	 
 Z&�	 
������� 
`�� 
/2	 
T��(	 
�F 
ED�G2	

���F
��W�
�
`C	�2	
"�
s��?
S�.���.	
�
(Teleportation) (*) =���k+
`(�1�
N

.)�D�#~	
������	
�	��^


);(3 
��< 
)8�d
Il 
*+ 
)(�8� 
��h���
Il 
T���	 
`��@� 
A�� 
&2� 
�5	 
`(�� 
)�U	�2�	 
)(��d
LÁM 

)���<
V�
b�	�2� 
�g� 
t,��3 
Il 
/�Co	
�6�,��3 
"�
�628�d
*+ 
��h��%	 
E�� 
b�g
T��<l* 
T�$	*

.L&��2�	M 
��ko	 
�B< 
`(�	



466

���=��
15.3


m�G�2>	
 l
9Y	
���(��
/2	
S Z&�	
�������
�C�
)�e\	
�	*�o	
 l
�J�	

7��(� 
T����	 
��;	 
"� 
/F 
S Z&�	 
����3���� 
�.���	 
);>	�D 
)$�2�	 
���3���^	

_��|	 
"� 
=\a�#� 
:��8 
08* 
I2$ 
03�? 
/2	 
����· 
L�iG2	 
`c�M 
)���8 
7�6�D

.L��ko	
`(�2	
`c�M
)(�($
�6��
�c?+
/���	
�3.��� 15.3.1


�<
����(2	 
�iG2	 
��2��* 
S�iG2	 
�<
��2�� 
)��Y	 
)�3*��^	 
�\���2	

)��� 
� 
����� 
�	�<o	 
)��J3 
"� 
s�i	 
	5F 
 Z̀ �* 
SL4.3.13 
&#(	M 
�	�<o	 
)��J3

���l 
9HD 
��(2<\ 
)6��* 
p�B>+ 
���F 
���� 
���B� 
. =	�� 
���U 
��>+ 
�< 
m�;�	

45F
j�g+
)6�
"�
�2��
S)i<�W�
=����U+
)B�C
)�6�
T�*É�D
�F
)�*o	
`�	��	

�F 
	5F* 
.A��< 
`�� 
�o 
���* 
. 
 ���+ 
�F* 
S)����	 
O	�yo	 
V��� 
)B�C 
)�6�	

"���
/ Z��	
���(	
)��J3
9+
SvB�
/2	
T��B	
"�
��	�2�
�	��l
���F
9+
�
:B#	

)��J3
"�
=.�D
)�a����i	 
v3	�(	 
7	�Q2>	
_\g
"�
E,*
S�������	 
)��~
�6<�B�	

.(Wiesner, 1983)
�	�<o	

V�e�� 
� 
"��� 
�iG2	 
)�#�> 
� 
��Uo	 
)(�~	 
9+ 
�F 
)�¢+ 
�c?o	 
b�B;2	
 .L1.15M
`�G	
�
vB�
��o	
	5z
Ê*o	
u;Q�	*
.��G�	
®	
��G3^
q�|	
��2i�	

��2i�	
O	�<	
���1�
(Eve)
��l*
S(Bob)
p�D
N
=�$�2i�
`>�1�
9+
���1�
(Alice)
f��+

.L�iG2	
�.�?��*�D
_�$
R��$
�+
��<
)D��;�
��>o	
45FM
��G�	

f�+
��>+

��l
��>+

p�D
��>+
©�(>l ©�(>l ©�(>l ©�(>l


7�<
��(D
)�3���l
=���B�
S0��2	
)�i�?
V�
 Z/����	
��2i�	
V�e��
K1.15 
<5.��
.p�;(2>.	
 l
T��2#�	
)����	
:�?	�	
`�
��l
m�G2?	


)��Q2#�
S Z0�D
`�
�$	*
9����
_�>�l
_\g
"�
p�D
V�
`C	�2�D
f��+
7�(2>



467


);>	�D
 Z0�B	
`c 1�
m�>
.(Brunel et al., 1999)
T��i��
��3����
±��B3	
"�
=	����

T�$	* 
��2 
9+ 
 Z0�D 
`? 
9����D* 
ST����2�	 
p�;(2>.	 
��F�¡	 
"� 
 
v�k	 
*+ 
�$	*

v�k	
"�
=	�$	*
��2g	
`(2#�
`�GD*
`c��D
p�D
.�*�@�	
��6���
"�
v2<���
"�

"�
)�#�>
_�>�l
��D
.p�;(2>.	
)�$
���8
O��
4�*�@�
A��2	 
�.�2$	
"�

��Z2�B��
.4���Q2>	
�8
 �A���
�+
"<
=���<
�3���nl
�6����
)�k
"�
p�D*
f��+
S��Z2�B	

��D
"�
p�D*
f��+
.)�a	�G<
9���
p�D
���8
�a�23
9o
S�F���B2>	
&2�
bD�;2�
.
/2	

fi3
7	�Q2>	
_\g
"�
�6>��8*
�F����
&�
/2	
��Z2�B	
x�D
&�8
=���<
9�3��(�
E,
.bD�;22>
��Z2�B	
E��
9��
S(Eavesdropping)
0���
���F
"��
°
	,��
.�*�@�	
A���


)��J3
:B#D
S��i��
9����
);>	�D
 =)�c�
 Z0�D
`?
03�?
��
.��l
�kH�
�
9Y	
�J��

�<
���(	
�	��l
9*�
"�
 =)#�g
 Z0�B	
)��8
���
9+
��l
N
"���
\�
SÅ�#�2>	\	

Sf��+
��@�
/a	�G�	
A��2	
_�$
)(B#�
�������
E�2�
.
��l
03�?
��*
.9���i	

���8 
�6�B2� 
S)�a	�G< 
T���D 
A��2	 
��2 
9+ 
"� 
`W�+ 
�¯ 
�+ 
`�< 
�6���� 
\�

v�Q2
)��i�	
A��
�D
)§�J�
��l
03�?
	,��
.p�D
 l
bD�;�	
����	
9���i	
_�>�l

)�$
����
�
�6���
�<
��2�� 
9+ 
�6����
Ê�2�D 
Sf��+ 
N 
/a	�G�	 
A��2	 
��>+

bD�;2�
.
�F���
9�?
	,l
"�*
.p�D
 l
A�>�^
=����
`k��
9����
����*
Sp�;(2>.	

	5F
_�(2
)��>*
)�+
�Ë�
f�
.)�a	�G<
)%�23
�<
`�@2>
��l
9��
Sf��+
���
V�

."�
E,*
"�

 r0�D 
)��8 
I(�2�> 
p�D 
9�� 
Sf��+ 
��>+ 
)(D�;� 
��l* 
p�D 
"� 
`? 
"�� 
	,l

����<
f��+
��>+
V�
bD�;�
p�D
��>+
	,l
"�* .��l
���*
�G��
°*
S)@�@C

bD�;1� 
m�>
��l
 Z0�D 
�#3
�<
p�D
���8
��3
9��
SE,
`��
"�
��l
"��2�
°

j�
A3+
S/���
	5F*
.E5?
f�
�gY	
���	*
Sf��+
A2�>�+
��
V�
/a	�G<
`�GD

 Z0�D
 l
)B#��D
���
m\g
	5F*
.T�$	*
 Z0�D
�
AiG?
&2�
��
 
N
)��2$	
s���
��l

Ý��l
)��2$	
9��
S��Z2�B	
"�
v�k	
vD
��
9�3��(�
p�D*
f��+
03�?
	,l
"�*
ST�$	*

���	
	5F
 
9���>
��Z2�B	 
"�
N 
 l
)B#��D*
S 
�F
�¢\�
�G�	
7��

9���
/2	
&�(�
T��(	
`>\#	
)3��(�
)��@D
p�D*
f��+
"�
=\?
9+
9�����
`a�z	

.��l
���*
�G?
�
)�8�k��
�	,

)����	
45F
S)W���	
)�����	
"<
R@B�
/2	
)����(2	
�iG2	
��	�D
f�<
�<



468


9*� 
"� 
���a��$^	 
0@%3 
v$ 
� 
.Ak*�$ 
��D 
)�>��D 
:<\2	 
�G�D 
7�(�

�5	 
/(B2�	 
0��2	 
)��2$. 
7���	 
¸o	 
�6<��#� 
"� 
�H� 
�{�8 
9+ 
�%3 
S"(�2	

9��� 
)����	 
)D��C 
�< 
L)U�i�	M 
T�����	 
����	 
&J13 
9+ 
��� 
.A��G2?	 
"��� 
°

��
.0��2�D
7��(�
)D���	
�
)�a�z	
T����	
 l
 =)��P�
`>��	
�6�	
�
)�;|	
T����	

"� 
T�$	* 
9+ 
�%3 
S Z&�	 
)����� 
�#3 
)��2$	 
7�� 
v2� 
��>+ 
�< 
e����.	 
�	�*

/2	
��%z	
���B2>	
"�
&y�	
�<
S7�J�	
&6�
�
)�6>
�	,
/F
 Z&�	
�iG�
�	�	�3

.(Lo & Chau, 1999)
=	��
�B?
 ���
)�6�
��1�
�5	
 Z&�	
*�<
�6�G�
 (Bennett & Brassard,
 Z&�	
�iG2
 *o	
)�B��%2	
)����	
T�F�J2	
"�
�%3

�	������	
�	!<
j��
�<
uD	*�	
7	�Q2>	
`�G�
)%U��	
��(�B;2	
9+
S1989)


�<* 
S(Muller et al., 1996) 
)���%2	 
)���>\	* 
)���#	 
�.���.	 
m��+ 
�
 .(Hughes et al., 2000)
��6�	
¬U*
�
���	
m\�	

�A�	���
2.3.15


)����	
T��i2>.	
O��D
E,*

=	�����
S)����(2	
E��
`c�
S Z&�	
�	��8
:�;2�

�6�l
=���W�
)�a�D�6�	
)D	�B	
9+
�3�F�n
p�2�	
	5F
"�
ª��	
`�i	
�
.�{	��8
"�

"�U
9���
9+
"���
.
)�~	
45F*
.)�(;��
)	�
�+
���2
)���?
)���<
03�?
f?�<

)�a	�B	 
��D	�B	 
9��� 
9+ 
:�;2� 
�$��	 
��(	 
9o 
S¬�@�	 
/��3����	 
 Z&�	 
��dl

�$��
_��
�H�
K��
)�#�
"�*
.�{����
"�
�{\g��
q\Q2>.
 =)�D�8
)#?��	

/;g
�y
`��<*
ST�$	*
 Z/���?
 Z0�D
�<
T�$��
�����<
"�
����
 l
A����
"���

 .(Barenco et al., 1995)
)Z�����	
��Z2�B	
"�
v�k.

��>+ 
�< 
A2D�2? 
"��� 
E5 
S����2<.	 
4	�2#� 
�< 
Â��� 
�$��	 
_�@2	

` ���� 1�
�.�2$	
 Z̀ ?
V�
:��
 l
=�B��
S 
)�*	�	
);>	�D
/a	�G�	
 
���
_�$
9	�*�

K`��n
��d
(107.15)


�*�@�	
"�
)<���
_�$
��3	�*�
T�<
9� Z��
`�@2�
9+
4�*�D
9	�*��
"���

�� 
	5F* 
.L82.15M 
)����	 
� 
9	�*�	 
`�	�< 
7	�Q2>	 
_\g 
"� 
E,* 
ST����2�	



469


¬�2 1�
T��2#�	
 Z0�D	�c	*
�����	
"�*
S(NOT-gate) /i3
)D	�D
N
 Z&�	
)��§��2D
I�#�

)���D
���
/2	
 
N
f>P�
L5.15M
&8�
)H#�	
.���no	
"�
����	
`�<

/2	
 Z/����	
 Z0�B	
)D	�D
T��i�
q�g
`�GD
=	��i�
9���*
Æv���
�6(�B;�
��<
f?��	

:(Hadamard Transform)
����	��F
_ Z�@2�
¬B��
�8
(108.15)

 (Nonlinear Two-Input Quantum 
 Z&? 
)D	�D 
/2�g�� 
)�;g 
. 
"< 
_�c�
:(CNOT) (Controlled-NOT)
��
& Z�@�2 1�
/i3
)D	�D _��
�F
Gate)

(109.15)


 Z0�B	 
03�? 
	,l* 
S)�3�c	 
 Z0�B� 
�¯ 
�+ 
±�� 
\� 
`i>+ 
 *o	 
 Z0�B	 
03�? 
	,l
 (Quantum 
 Z&�	 
&���� 
ND 
I�#� 
�� 
�F 
	5F* 
.)�3�c	 
 Z0�B	 
0#��3	 
�<+ 
 *o	

)�a�D�6�	
T�a	�	
`�¡
/2	
S(XOR)
)�(;��	
���(	
e	��
)D	�D
N
Generalization)

.�\g��	
)B8	��
�<
��(D^	
_\g
"�
)>����

)D	�D
A���
����	��F
_�@2�
"�
)3��2�
);�#D
)�a�D�6?
T�a	�
L2.15M
`�G	
vB�

"�
B*
A 
)Z�����	 
��Z2�B	 
"�
 Z̀ ? 
`g��
��i�.	 
b�**
.(CNOT) 
��
& Z�@�2 1� 
/i3

���
�G�*
Sv��	 
�@3 
u|	
_�d
�<
�\>o	
7�(2� 
"��	 
7�(2D* 
Sj®�	 
)6�	

�2��
v$
�
 Z/����	
 Z0�B	
�<
T�;�#	
`c�
A
9+
 l
(CNOT)
��
& Z�@�2 1�
/i3
)D	�D

VW�
����	��F
_�@2�
9+ 
S)�a�D�6�	 
T�a	�	 
_\g
"�
`��	 
�
�%3
.m�z	
/F
B
 
)�$
/F
A
03�?
	,��
S(CNOT)
��
& Z�@�2 1�
/i3
)D	�D
�F��D*
S:?	�	
�
A
=.*+

E,*
.)>����
B
9��2#�
 
)�$
/F
A
03�?
	,l
"�*
SB
 l
�¯
�+
±��
\�

�F����
&2�
°
B
)��8
9l
.A
)�~
���2>.�D
=��dª
 Z0�B� 18
�8
B
9l*
S:?	��
�
A
9o
. =��D�G2�
=��*e
b�
)�a�D�6�	
T�a	�	
45F
.L¬�@C
f��	*M
A
)��8
����
&2�
I2$



470

.)Z����?
)�a�D�6?
T�a	�
�
& Z�@�21�	
/i�	*
����	��F
�2D	�D
K2.15
<5.��

U�0;�
<�����
3.3.15


�a�23 
V� 
S)����(2	 
)�����	 
 l 
)��U^�D 
 Z&? 
_�>�l 
)Z�����	 
�	��(� 
"���

T�a	�	 
45F
+�B� 
R�$
SL3.15M
`�G	 
�
)��B�	 
)�a�D�6�	 
T�a	�	 
�
�J�� 
.)§�@��
 –
"��2G��lM
��
�
½
�
l
t*e
b�|
(CNOT)
��
& Z�@�2 1�
/i3
)D	�D*
����	��F
_ Z�@2�D

f��+
I(B�
&k
"�*
Sp�D*
f��+
)Z����?
��Z2�D
"�
(EPR Pair)
L9e*�
�
/�#*��D

_�>�l 
f��+ 
9Y	 
��� 
.L_�c�	 
`�B> 
�<M 
��(� 
����� 
p�D 
9+ 
v$ 
� 
O�o	 
�<

�62�$ 
9�� 
`C	�2	 
�6���� 
.* 
�6>��8 
�6���� 
. 
/6� 
.p�B 
���� 
 Z/���? 
 Z0�D

/i3
)D	�D
7	�Q2>	
�6����
"�*
.��>o	
���(D
��B�^	
A3Hn
"�
E,
9o
S)����(�

"��2G��lM
�� 
�½
�l
t*�N
�6i�3
V�
 Z/���?
 Z0�D 
EBG
)�3�k 
(CNOT) 
��
& Z�@�2 1�

)C�g
 Z/���?
0�D
V�
ED�G2�
4�*�D
�F
�5	
SLEPR PairM
L9e*�
�/�#*��D
�

�
/�#*��D
–
"��2G��lM
��
�½
�
l
T�a	�
���	
:���D
E,
0���
�(
.p�D
ND

f��+
0��<
S)��6�	
�
.����	��F
_ Z�@2�
V�
��
& Z�@�2 1�
/i3
)D	�D
�6���
/2	
SL9e*�

.��
)C�|	
v2�k.	
v2Z�����	
vZ2�B
)�~	
���@2
���(	
�	��l
�<



471


"�*
S ZvB�
�F
�?
=��a��l
�62D�2?
"���
��c	
����	��F
_ Z�@2�
��D
��
)���	
)�~	

 Z0�B	 
��� 
`(2�� 
/2	* 
f��+ 
 l 
)�D�2	 
)Z�����	 
��Z2�B	 
�\ ���� 1�* 
SED�G2	 
_\g

° 
S�� 
)C�|	 
)Z�����	 
��Z2�B	 
f�(� 
f��+ 
9��� 
����< 
.p�D 
ND 
q�|	 
 Z/����	

p�D
ND
)C�|	
)Z�����	
��Z2�B	
T�8
` Z�i1�
)%�2�	
"�*
.b
*
a
/2��8
_�$
=�h�n
&��2�

)����(2	 
T��(	 
7	�Q2>	 
f��+ 
N 
"��� 
�6>��8 
�a�23 
_\g 
"�* 
.)��>��	 
)�~	 
�

N
"���
&k
"�*
S�6��<
0��$
�8
)��2�
�a�23 
)�D�+
"�
)%�23 
Sp�D
V�
`C	�2�

)�D�2	
)Z�����	
��Z2�B	
�
©*!	
)��B�
*+
T��n^	
���2
)�����	
E��
7	�Q2>	
p�D

KN
)��~	
b�*
A
(110.15)


E,*
.f��+
�\ ���� 1�
E�2�	
A
VD�2	
)Z�����	
��Z2�B	
	
"�
p�D
��623	
��%�D*
 .f��+
N
VD�2	
 Z/����	
0�B	
�F
=�($
	5F*
S�6Q#3
"���
.
)Z�����	
�������	
9o

)J@�	
45F
�*
.�6>��8
);>	�D
�6��62>	
�8
A3+
�D
.
A��
�+�D
/2	
)Z�����	
��Z2�B��

b�;3
9o
08�	
9�$
)@U	*
p�B>o*
.p�D
 l
)�@�	
)Z�����	
�������	
/i2

`��d 
b��d 
���F 
���B� 
.(Bennett et al., 1993) 
��ko	 
`(�2�D 
)����	 
45F 
�<

`?
�¡
�(�
SED
)C�|	
��Wi	
)��i>
 l
_�C��
)����	
)��>�	
45F
`B8
A�;(�

.(Furusawa et al., 1998)
/B��¡
`�GD
E,

)����	
��(�B;2�
)�8�<
`�G�
uD	�	
E�
9+
V>	*
��;3
�<
�(2� 1�
j�g+
 =T��

7�J3
)�$
���(
)*��
)�+
9+
�%3
S�¯
`?
��D
.(Unruh, 1995)
)Z�����	
)������

"�
9�?
	5
.��#�	
T�*É�D
� Z��1�
9+
A3Hn
"�
��;g+
���*
"�
b(@2	
`�+
"�
 Z&?

9+ 
"���
`D 
S:#@�
 Z&�	 
��;g+
¬�@��
"���
.
A3HD 
m�G2?.	
)�a	�	 
�Ü��i�	

	5F
"�
!<
R�c	
`�i	
�
)$*!�	
��;	
7	�Q2>	
b��d
"<
¬�@�2	
E,
&2�

.p�2�	



472

.��ko	
`(�2	
)Z����?
)�a�D�6?
T�a	�
K3.15
<5.��
uL��
��H=
4.3.15


"�
 
)Z�����	
��Z2�B	
)��~
u�#D
u;�
L4.15M
`�G	
vB�
 ��F
I�#�M
)���Ul
��Z2�D
_�g�l
&2�
S)����(2	
H;|	
¬�@��
)���<
���
. Z0�B	
p\(3	

"�
v�k	
_*+
�H�
E,
p�(<+
�*
.�	��2	
)��U 
̂L(Ancilla)
T� �<�#�
)���Ul
L��Z2�DM


K�Y�?
 Z/����	
 Z0�B	
�����
&2��
S��
& Z�@�21�	
/i�	
��D	�D
(111.15)


)���U^	
��Z2�B	
"�
v�k	
*+
�$	*
7	�Q2>	
&2�
S��;go	
"�
"���
��
_�g�l
��D

 Z0�B	 
"��2� 
° 
	,l 
S��
& Z�@�21�	 
/i�	 
��D	�D 
"�
)�#�>
);>	�D 
�6B�8 
&2�� 
.T�<�#�	

SED�G2	
:B#B�
S)c�c	
 Z0�B	
)(D�;�
�6����
.
)�3�c	
 Z0�B	*
S)�3�c	
)(D�;�
"�
 *o	

"�
T�$	*
�
 Z��2�B	
�����
O��
&k
"�
&2�

T�<�#�	
)���U^	
��Z2�B	
E��
)�$
���8*

.�.�~	
E��



473

¬�@��

���8

. Z/���?
 Z0�D
p\(3	
H;g
¬�@��
K4.15
<5.��
K��
H;g
:B#D
 *o	
 Z0�B	
 Z0�B�(3	
	,l
±�@�>
	,��
�J��

(112.15)


)�3�c	
 Z0�B	
V�
��2
 *o	
 Z0�B	
9+
�%�>
ST�<�#�	
)���U^	
��Z2�B	
���8
��D

 Z0�B	 
� 
��	�	 
H;Q� 
j��1� 
,l 
A�� 
fB 
. 
`�GD 
E, 
���� 
"���* 
.)c�c	 
 Z0�B	*
 .b
*+
a
_�$
�¯
�+
&���
9+
9*�
"�
�	��	
 l
p\(3.	
&k
"�
�6����
/2	*
S *o	

.T����
��2D
±\k
)�B�yo
)Z����?
)Q#3
���
.l
	5F
��*

E�2� 
S)����(2	 
��Z2�B	 
f�< 
�< 
)Z�����	 
��Z2�B	 
9o 
S/i�� 
. 
4�$* 
	5F

)�\�	
����
9��
Sp��(�	
��;	
�
�H;g
���F
9�?
	,��
.T�B?
)�>
"<
=\W�
S=	��d

K *o	
)Z�����	
0�B�
)�B#�	
(113.15)

 .` ����1�	
�
H;|	
�?
)hd�g
T���D
�6J�>*
S����	
);>	�D
A����
"���
.
	5F*

����
����	��F
_ Z�@2�
7	�Q2>	
_\g
"�
��;	
p\(3	
��;g+
¬�@��
"���

)Z�����	
��Z2�B	

K��B?	�	
�




474

(114.15)

K9��
 Z/���?
 Z0�D
_*+
�
/B#3
)�\<
H;g
���F
9�?
	,l
9Y	
(115.15)


);>	�D 
j�g+ 
T�� 
A@�@��* 
T��n^	 
� 
/B#�	 
H;|	 
	5� 
m	�<.	 
"���*

 Z0�B	 
��P2>
9Y	 
"�* 
.T���� 
)(D�;2� 
�.�$
"�
=��*e
9�? 
	,l 
�� 
)���� 
b�8�2	

������������¯		�	�
` ���� 1�
H;g
s�8*
 l
T��2�	
(116.15)


)�~	
�����*
Sv;;Q�	
\?
7	�Q2>�D
�6��
)��8�	
"���
H;|	
"�
v<��	
\�?
K�Y	
�
�?
)Z����?
��Z2�D
V#�
�

(117.15)

K����
 Z0�B	
9Y	
(118.15)

K Z0�B	
���
��d*
ST����	
�.�~	
j�$l
V�
H;|	
	5F
¬�@��
"���*



475

(119.15)


=�D�2�� 
/a	�G�	 
/ Z��	 
H;|	 
9��� 
9+ 
"���* 
.�6��D 
��� 
¬�@�2	 
"���*

s�3
�+
�\C�D
u;Q�	
	5F
7�(�>
Ê�2�D*
.�	�do	
m\2g	*
 Z0�B	
�
b��2�
Ï��D

.(Shor, 1995)
)Z�����	
��Z2�B�D
b$\	
�É	
"�

�����
�
A3+
0�Z�D
/2	
SL33.13M
)����	
�
=����?
4�%3
 Z&�	
H;g
¬�@��
)�3���l

)�
�*
.)�>�	
"<
)�����
)�+
&��(�
9*�
"�
=��e\2�
H;|	
����
9���
H;|	
)�2?

"�* 
.(Non-Demolition Measurement) 
7�F 
9*� 
"� 
���(D 
	5F 
I�#� 
 Z&�	

�	�<l 
"� 
)����(2	 
H;|	 
¬�@��
����J3 
"� 
����	 
��� 
&� 
�(� 
)�À�	 
45F 
_\g

.(Steane, 1996; Calderbank & Shor, 1996)
 Z&�	

��B2<	 
)�3���l 
:B#D* 
.�.���.	 
"� 
��D+ 
�F 
�� 
 l 
H;|	 
¬�@��
)�¢+ 
�2�
 .`��	
)�8�k��
��*²
H;|	
¬�@��
9��
ST��(?
�������	
"��
e�6�*
p�>�~	
 .)B2�	
9*�
/F
H;|	
)B#3
9+
���d
)(���	
4��k�
A
�	�	�<^	
45F
�
T��(	
)�>
�����

)�8��	
��3���	
V�
�6(�(�
"���
"��Q2	
��8*+*
)���;	
)�a	�G�	
��D�#~	
9+
�?

����3����
�<
bB;��
��*
.(von Neumann, 1956; Winograd & Cowan, 1963)
 (Fault-Tolerant 
¬��#2�	 
 Z&�	 
H;g 
)B>�$ 
 
�< 
=�W�+ 
bB;�� 
S)@�@�	 
 Z&�	

.(Shor, 1996; Knill et al., 1998b) Quantum)


E,
"�
=.�D
9�?
	,l*
.��
H;g
_�g�^
p

_�2$	
�Ë�
)�(;��
)���<
9+
O�i�

¬�@�2 
u;� 
� 
�F����� 
 Z&� 
/2	 
S)Z�����	 
��Z2�B	 
�< 
)����	 
fi3 
5�i�� 
&� 
�8

����	
 ZE�
��D
)����	
`G�
_�2$	
9��
S��;go	
"�
n 
¬�@��
�6����
/2	*
H;|	

"�
����	
���F
9�?
	,l
¬�@�2	
`G�
:B#D
�F
n+1
�o	
. 
9���>
=�($.

�����
)�e\	
�	�;|	
"�
��U^	
`�~	
`c�
/2	
`�	��	
�$+
/F
C*
S��;go	

K�F
T�$	*
T�;|
H;|	
_�2$	
9�?
	,l
.A��*
(120.15)


A(�B;� 
"���* 
Sx���2	 
"� 
�c�D 
�c?+ 
�F 
H;|	 
¬�@�2 
m�W�	 
`��	 
9l



476


`#�#2�	 
���	 
v�W�
/F
	5F
`�� 
)�?5	 
)(��;	* 
.�	�o	 
v#@2 
���2� 
`�GD

7�(� 
/2	 
S)Z�����	 
��Z2�B	 
����D 
`#�#2�	 
���	 
7�(�* 
.(Concatenated Code)

V� 
T�$	* 
)�2? 
����� 
`G� 
	,�� 
.E�	*� 
	5�F* 
j�g+ 
)Z����? 
��Z2�D 
����D 
�F�*�D

=H;g
n+1
)�2�	
A��
03�?
	,l*
S��c	
j�2#�	
:���>
`Gi	
9��
S 
)��2$	

)��2$�D 
=�W�+ 
biQ�> 
R�c	 
j�2#�	 
�����* 
S 
/F 
)��2$.	 
9��

¸+
 �"#�
����
S)��i�	
A��
�D
=	��C
_*o	
H;|	
9�?
��?*
.

.L)���U^	
)Z�����	
��Z2�B	
���D
)�D�(�
T���e
V�M
ba��
�O�4l� 4.15


:B#D 
"�* 
S����	 
� 
9Y	 
�~ 
�6�� 
�3�J3 
/2	 
 Z&�	 
�a	*� 
7	�Q2>	 
&� 
�(

03�?
	,l
���
`a�#23
9+
/��B;	
"�
A����
S)�a	�G�	
_	*�	
&��(�
�
�a	*�	
E��
)�3���l
«&�3
S/�	��	
p	��	
.)����(2	
�{	�J3
e*�%2�
)�(;��
�	��18
�Ë�
=�W�+
�a	*�	
E��

_�$ 
���o	 
x�D 
)���� 
��*É	 
"� 
Sp�>�~	 
AD 
7�(� 
9+ 
"��� 
�� 
&6i

S�6�$ 
"��� 
. 
/2	 
)�*���	 
`a�#�	 
x�D 
���F 
.�6$�d 
"��� 
/2	 
)�h>o	 
)�<�3
 (Turing,
A���G2
=\��
)��~	
9*�
"�
p�>�~	
���3�D
�8�2�>
	,l
���
�	�8^	
`c�

9���
.
�8
_��~	
45F
"�*
S)��J�	
)�$��	
"�
`@�
)�D�8
`?�G�	
V��%�
.1936)


08*
9+
v$
�
.���	
T�*�
_�d
`c�
)�>��z	
���(	
����
=	�J3
S)���<
�{��	�Q2>	

"���
¸�>o	
����2	*
SA���G2
)��Q2#�	
)Y	
`�C�i�
�<
��2��>
��
���3�D
5�i��

&%$
�
T���2�	
�*�~	
`D�(�
=��>1+
T�<��2�	
S�	�;|	
x�D
:�;2�
/2	
`?�G�	
vD

��	
�	�(�
=�B��(�
 =�a	�
�6��
 1̧o	
&%~	
9��
)�¢o	
)���(	
`a�#�	
 l
)B#��B�
.)��G�	

�
´�!�
)$*�d+
9o*
.)���2#�
`a�#�	
E��
T��<
�2��
Ê�2�D*
S9�?
 ��$+
�+
��<

m���	
p�>�~	
T�6�o
"���
–
)��(��
��
�?P�
(Church-Turing Thesis)
Ï�����

ST�?�@�	
`��G2
Ê*o	
`����
"��	
�
�*�~	
����
)�C�g
V�
�6��
`?
��	�D
5�i��
.)�>��z	 
��;;Q�	
"�
)�>	*
)h� 
�<
 Z0�D�c	 
 Z̧ 1o	*
�*�~	
���2�
vD
��
����2	*


�*�~	
���2�
9+
A��
_�(�
�5	
08�	
�
)�e�i	
*+
)�D�#~	
`?�G�	
 Z̀ $
"���

/2	*
S_��$
�z
`?�G�	
"�
�?+
)h�
���F .P
)hi	
 l
/�2��
A�<
_�(�
)��G�
&%$
�

���l 
"� 
_�d+ 
=�28* 
:�;2� 
	5F 
�D� 
"�* 
S�*�~	 
���2� 
"�e 
� 
�6(�8�� 
"���

�D�
T�go	
)hi	
9o
 
9+
=�@U	*
*�B�*
.NP
ND
)hi	
45F
I<�1�*
.p	��	



477


�
)$�2i�
j��	
)��G�	
/(B 1� 
E,
��Bkl
"�*
S`?�G�	
"�
�c?+
��<
�<
��2�
.(Garey & Johnson, 1979)
p�>�~	
7��<


"���
�62D��C
)�*���
`?�G�
�<
��2�
)�<��
)<���
���F NP
)hi	
"�U


)h�
�
`?�G�	
45F
"�
 Ã�+
`$
9���^�D
9�?
	,��
.j�g+
)��G�
)�+
)D��C
�
/F
�?

"���
NP 
)h� 
�
j�go	
`?�G�	 
V�¤
9��
ST��i�D
 (NP-Complete) 
)����	  NP

E,
��Bkl
�<
=�U�@��
=\��
�2��
(Cook’s Theorem) 
��?
)��J3 .T��i�D
�6�$
 (SAT ��
��¦�
X���^��	�X�%¦� (*))�<�Bnl
`?�G�
�<
bB;�
/6�
.(Cook, 1971)
 NP
)h�M
/(;��	
�B�2	
:�;�
/B��
S.
7+
)%$
���F
03�?
	,l
���
�	�8^
Problems)

)��Q2#�	
��;	
¦8+
"<
_�<o	
`��
R@D
)��G�
�<
��2�
S`?�G��
)����	

.LAd�(3
�*À�
�<
)i�2�
9	�HD
`�G	
"����*
S9��	
"�
)<���
vD
��
uD��

x�D 
���F*
S)����	 
NP 
)h� 
`?�G�
`~
)��� 
)Z����?
)��e�	�g
���l 
&2� 
°
 (Farhi et 
`?�G�	
E�2
V�¶
 �̀ $
�+
7�(�
°
 Z&?
���3����
��HD 
m��1� 
/2	 
`?�G�	
 NP
)h�
`?�G�
`~
)��e�	�g
���l
)�3���l
p�D
A��
`§
�5	
08�	
/i�
.al., 1998)

S)�6�	 
`?�G�	 
"�
����	 
`~
T���
)Z����?
����e�	�g
���F
9��
S=�$�2i�
)����	

. Z&�	
T�?��*
S)����	*
SR@B	
�6��
/2	*
DHO��
1.4.15

 (**)`?	�*+ 
��3��D 
T�<�8 
"� 
�H� 
)�D�#~	 
`?�G�	 
)y��� 
=	�� 
)���	 
)(��;	

9���
9+
"���*
.����2F	
u�
)��G�	
`�
/2	
 
)%@�
1
�*�#�
 
N
(Oracle)

��D��l 
�< 
_��@� 
=	��B2g	 
 
9��� 
v$ 
� 
S��3��B	 
T�<�8 
� 
�\g�� 


"� 
b(@2� 
 * 
)@�@�	 
�	�<o	 
"� 
=��*e 
 
9��� 
9+ 
"��� 
*+ 
S�� 
��#i2>	

.)�#�a�
`�	�<
���*

"<
�¯
�+
)����
&2�
°*
S�Fe��
&2�
°*
S 
N
)����	
&�(	
"�
 
���F
9�?
	,l


)�<�Bn^�D 
 =�3��$+ 
I�#�* 
S)�(;�� 
)��G� 
/��� LSatisfiabilityM 
)�<�Bn^	 
����B Z��	 
7��< 
/� 
LÁM 
.L&��2�	M 
. 
7+ 
)���� 
)�(;�� 
)��C 
/U�� 
��#i� 
���� 
9�? 
	,l 
�� 
���@� 
)��G� 
/���* 
)�$	�28.	


=�W�+ 
I�#�*
.`B(2#�	 
)>*�#8
9�@B��>
"�5	 
"�
��k��
[Qn
K/��� 
 �&>	 
�F
`?	�*+  LÁÁM 

/� 
��+ 
./6l 
���� 
"� 
T�n�B� 
/�H� 
�63+ 
�(2�1� 
R�$ 
)8�k��	 
T��B�	* 
T��G�	 
7�(� 
�5	 
/$��D

.L&��2�	M 
�������� 
��� 
���� 
�+ 
/��� 
/6� 
SR��@	 
_���2>.	



478


_\g
"�
Û�
/2	 
E��
/F
)����	 
T��$�	 
)��e�	�|	
9�� 
S`?	�*+
��3��D 
T�<�8

 �[Qn
&>	
���^
���
. 
�	�;|	
"�
��<
�
`~	
���^
)U�i2>�D
�%~	
`?

O��D
��
`i(
=��a	�G<
&8�	
`g�+
*+
SAi��F
&8�
.l
A�<
m���
.
S���z	
`��
�
��

vD
����<
°��	
(Lov Grover)
��*�?
m�
´F�+
�(�
 .A@2i
7�8�o	
)<���
���l
 (Grover, 1997; Grover,
�	�;|	
"�
 

ND
)�6�	
e�%3l
 Z&�	
p�>�$
9����D
9+

.1998)


5�i�� 
�6���� 
/2	 
S)����	 
)�(;��	 
_	*�	 
V�¤ 
:?	�� 
�	�<l 
_\g 
"� 
+�B�

�.�~	
`�c�2
)��Q2#�	
)Z�����	
��Z2�B	
`�
����	��F
_ Z�@2�
b�B;2D
T�$	*
T�;g

ÝL6.15
&8�
)H#�M
(121.15)


�< 
 
m��1� 
. 
9��� 
����< 
 
N 
  
&�8 
���F 
9+ 
9Y	 
O�i�
K�.�~	
45z
:?	��
��+
��>+

(122.15)

KI(B�
��
`c�
 
9+
v$
�
(123.15)

KR�@D
(124.15)

K);>	�D
 
)�*	�	
�����
&�
��
	,��



479

(125.15)

K9��2
��>o	
	5F
�<
�62D�2?
"���
 
:?	�	
)�$
9��
(126.15)

K`���	
�����
Ê�2	
(127.15)


/i� 
.)8�k��	 
�	��B�	 
:�;� 
/B�� 
SE�� 
�.�~	 
T��nl 
� 
��B�(2	 
45F

¬�#�
 Z&�	
����3����
9��
S=�(B#�
)��G�	
E�2
p	��	
)����
���
:�;2�
�5	
v~	

:��(� 
9+ 
/F 
��F 
)��G�	* 
.�$	* 
 �9� 
� 
�%~	 
`? 
�< 
bB;1� 
9+ 
)8�k��	 
�	��B��

b8�1�
9+
"�
�D
.
�.�~	
"�
 
���F
_	e��
A3o
E,*
S ���
�y
 ���+
�F�$�
���\�	
K=��3�k
=\��<
m��13
ST����	
)�~	
E��
"<
�G�	
�
T�<�#��*
.T����	
)�~	
���^

(128.15)


��� 
�J�� 
9Y	* 
.);>�2�	 
�6��8 
_�$ 
)�a	�G< 
)�~ 
�\ ����1�	 
:�8 
�F 
	5F*
K=���#�#�
v� ����1�	
\?
b�B;�
&2�
����<
±�@�>



480

(129.15)


�
 
)�*	�	
V�
 
+�B�
. 

��~	
�
 
V8	�D
9	�*�
���
	5F*

	,�� 
.)8�k��	 
�	��B�	 
/B�� 
/2	 
�.�~	 
"� 
 =	��C 
=	��� 
���� 
 =	�J3 
S��~	 
	5F

��D
 
)�$
�
9��2>
�.�2$.	
`?
9��
S 
���
��	���
`�GD
 
��(Bd

K�	��2	 
"�
 =	��<
 =)B�;2�
S 
9	�*�
(130.15)


"���
S��
�$	*
���8
��D*
S=���(�
 
)�$
�
7�J�	
9���>
 
�	���
��D
«`?	�*+
��3��D
T�<�8
:�;�
/B��
)D��l
�<
_��~	


T��i�D 
)��e�	�|	 
45z 
"���� 
S 
"�e 
� 
p	�� 
���l 
9���^�D 
9�? 
	,l

)<®	
�
I3�o	
��HD
)�*���
 
9l
�>·
"�*
S)����	
NP
)hi	
�\�G�
`$

��>
.*
S=	�B?
=	e�%3l
�2�1�
_	e��
	5F
9��
E,
V�*
.(Boyer et al., 1998)
)��2@�	

"�
v�\�
��3��B	
T�<�8
�
R@B��
.`?	�*+
`?�G�
"�
V>	�	
b�B;2	
 l
�J�	
��<

.)�<�3
 =T���
"��
°
9l
`a�F
 º&?
�F
T�;g
�+
�
�\g��	
���4���	
�?#4H���
2.4.15


S)Z�����	 
)B>�~	
�
)�¢+
�c?o	
`��	 
(Peter Shor) 
��n
��D 
9�F�D 
�2�1�



481


���l
 Z&�	
p�>�$
e�6�
9����D
A3+
j��
/2	
ST�(��	
)�D�#~	
����J�	
`?
�
�D�*
 (Factoring) 
)����	 
 Z̀ �* 
.(Shor, 1997) 
�*�~	
���2� 
"�e
�
)�#�a�	 
`�	��	

�<
¦2(�
°
��o��
.)����	 NP )h�
"�
)��G�
�2�1�
.
/2	
`?�G�	
:�C+
"�
 �T�$	*

SL4.3.13
&#(	M
=���<
=�� Z>1+
=���e
t�2�
��o	
E,
9+
V>	*
��;3
�<
�(2�1�
`D
SE,

=��\g*
.��(2<.	 
	5F
�<
��2�� 
)3��H�	 
)�3*��^	 
�\���2	 
�
)�a�(	 
&J1�	 
9l*

	5F
_	P>
_	e�� 
S��i���2	 
�<
����� 
/2	 
T�(��	 
��D�#~	
��>	��
�a�23 
&J��

)�D�8
 l
)���2#�
"�
)��G�	
`���
)�i��
T���D
T�F�J�
��F
03�?
S=�$*�;�
��(2<.	

.`@�

 Z/����	 
A����� 
_ Z�@2� 
0��Q2>	 
)8\�	 
�	, 
����e�	�|	* 
��n 
�a�23

_ Z�@2� 
);>	�D 
Ai���� 
&� 
�8 
	5F* 
.(QFT) (Quantum Fourier Transform)

K)Z�����	
)�~	
�\ ����1�
(DFT) (Discrete Fourier Transform)
V;(2�	
A�����
(131.15)


S�	�;|	 
"� 
 
��< 
45�i�2 
(DFT) 
V;(2�	 
A����� 
_ Z�@2� 
:�;2�

V�®	 
A����� 
_ Z�@2� 
`�(� 
.�	ªP�	 
"� 
N 
��� 
t*���	 
s��%�	 
:B#D 
E,*
 
 l "�
5�i�2	
�	�;g
(FFT) (Fast Fourier Transform)
 .2
T�(�
)<����	
 
&�(�
&��(�
 l
t�2�
.
/2	
 
�<
m��2	
_\g
"�

Â$\13 
9+
�D 
.
SL)����(� 
)��e�	�g
*+
S Z&?
)��e�	�gM
)��e�	�g
 l
E,
`��@2*

/�8�	
7�J�	
��;3
V�>�2D
�62D�2?
"����
S)@�@C
7�8�o
�	ªP�
 
*
 
9��
A3+

:1
*+
0
9���
9+
��l
�\ ���� 1�
V�
/a��c	
(132.15)


V�
/F
/2	
 
�
)����	
�*�$
V�¤
"�
[�Q2	
&k
"�
&2�*
. 
R�$
K)����	
)����	
�*�$
 =)?���
S�<+
*+
 
)� Z>1+



482

(133.15)


 Z/����	
A�����
_ Z�@2�
�����
 l
��D
����
9+
"���
4\<+
)����	
�
V>�2	
	5F
K¸�>o	
A%2�	
�<
�6���
���^
(QFT)

(134.15)


T�a	� 
� 
/��Bd 
b�B;� 
�< 
L134.15M 
)����	 
� 
)�c�2�	 
pÉ	 
)���< 
��2�

_*+
��D
. 
)�~	
/F
�\g��	
.L5.15M
`�G	
�
vB�
�F
�?
S Z&�	

K)�~	
¬B��
����	��F
_ Z�@2�
(135.15)

 x0= 1 
03�? 
	,l 
)B�>* 
 
03�? 
	,l 
LÞM 
)B��� 
 
7��+ 
T��n^	 
9o
KND
m���	
©*!�	
_�@2	
��d
�H�
&k
"�*
.L108.15
&8�
)����M

(136.15)

 
)�$ 
 l 
)���Ul 
_�� 
=	��d+ 
��W1� 
�6��* 
S 
)�~ 
=�h�n 
`�i� 
. 
	5F*
K =)?���
S 
)��8
 l
T��2#�	



483

(137.15)


S)�B(�	
 Z0�B	
 l
����	��F
_ Z�@2�
&k
"�*
S)d*!�	
_�@2	
�	�d+
`?
b�B;�
��D
K9��2>
)�~	
9��

(138.15)

.L134.15M
)����	
Å�#�2>	
���1�
)(��;	
45�
�	��2>.	

"�
n
s��%�
 
�<
bB;1�
/2	
��do	
��D	�D
"�
n-1
*
S�$	*
����	��F
_ Z�@2�

A<���
��
�6�l
m�W�
S	5�F*
S 
)�~
��D	�B	
"�
n-1
���F
9���#�
S������	

:B#D
"�*
S�$	*
¸�>+
A%2�
	5F
.�	�;|	
"�
 
"�

_ Z�@2�
9��
SA��<*
. =�W�+
/a	�G�	
:?	�	
�<
`��1�
m�#�
 Z&�	
����3����
�
)�;|	

��?H2�D
S 
N
�	�;Q�
��	
s��%�	
`�(�
(QFT)
 Z/����	
A�����

bB;��
.
	5F
9+
v$
�
.(FFT)
V�®	
A�����
_ Z�@2�
"�
=����
�	�;|	
��<
"�
���*

S��3��B	
T�	�8*
`��@2	
)D��C
:B#D
)����(2	
�	��n^	
`?�G�
)����
�<
Tª�B�
.)����	
�Fe�D+
 Z̀ �*
S Z&�	
����e�	�g
"�
��<
�
 =�	�2D	
A�	�Q2>	
9���^�D
A3+
 Z.l

)(��d
A3+ 
��>+
�<
��n
)��e�	�g
�
(QFT) 
 Z/����	 
A�����
_ Z�@2�
�6J�

K)����
T�i
â(2	
O��
 Z&�	
`g	��
7	�Q2>.

`c� 
  2 
T�(� 
�+ 
�gH� 
SA��	�< 
`��@2 
N 
=�@�@C 
=	��< 
5g

.

. 
=��a	�G<
=�@�@C
=	��<
�Q�

. Z/����	
A�����
_�@�
)�a�D�6?
T�a	�
:5.15
<5.��



484

K��2D���	
`%>
"�
K
"�
=��*e
¹�6�
(139.15)

K_*o	
`%#	
�
�$��
:?	��
��G3l
(140.15)

K��c	
�<
_*o	
`%#	
"�
(Modular Exponentiation)
)Z�>1+
)������
�	��l
(141.15)

K/F
)%�2�	
03�?
	,��
S��c	
`%#	
�
���(	
5gH3
(142.15)


/F
)Z�>1o	
)������	
9o
.y
V�
)(�	�2�	
x
N
&�(	
E��
�
��6��>
_*o	
`%#	
9��
K)�~	
�
_*o	
`%#	
���
	5F*
S(Koblitz, 1994) r
��+
V�
k
�
)��*�

(143.15)

.L142.15M
)����	
/B��
/2	
k
N
&�(	
��<
 
Sy
�<
4��2<.
A2$	el
&2�
 
R�$
:(QFT)
 Z/����	
A�����
_ Z�@2�
5i�3
r
���^

(144.15)

K�6� ���� 1�
V�
:>��2�
n
)��8
�<
_��~	
)��2$	
._*o	
`%#	
���8



485

(145.15)


=	��<
 
03�? 
	,l 
 Z.l 
S=����i� 
��W2>
�6<��%�D 
)����	 
�*�$
03�? 
��
./a	�G<
¬�@C
��<
 
R�$
S 
9��2>
)%�2�	
9��
S=�@�@C


�F���l 
9���^�D 
/2	 
 
`�	�< 
"� 
 
��o	 
���l 
9���^�D 
 
_\g 
"�
.(Ekert & Jozsa, 1996)


�6��<
)���6�
S��D	�B	
"�
 
)��e�	�|	
45z
`���	
5�i�2	
:�;2�
.(Beckman et al., 1996)
)��1J13
)� Z>1+
��D�#$

T�X�H��
3.4.15


9�?
	,l 
�� 
�F
 Z&�	 
�������
)>	��
0�z+
�8
/2	 
)��Co	
)�h>o	
"�
 ��$	*
 (Feynman, 
j�g+ 
)Z����? 
)��J�� 
��;� 
T��i�D 
/?�� 
9+ 
 Z&�	 
p�>�~ 
"���

A2�$
)�5�3
9��
SA2>	��
O��D
9	�*�	
"�
N
7�J3
_�c�	
`�B>
�<
9�?
	,��
.1982)

s�3 
"�
)��i��
/F
/2	 
`�	��	* 
S}���	 
"�
 
�<
��2�
)�$
A%2� 
:�;2�

T��8
e*�%22>
Su(�
)�3*��$
T�*�
40
T�?��
9��
S 
9�?
��*
.

.)��8�	
:�>	�~	
�?+

u�#B2	 
"�* 
S Z&�	 
p�>�$ 
�< 
T��i�D 
�{�?�� 
"��� 
 Z&�	 
&J13 
`? 
0#�

:(Lloyd, 1996)
s���
`�n
�<
9�2���F
` ���� 1�
:2 1?
��
	,l
S"��
`a�z	
(146.15)


�� 
�2� 
j��	 
T��8 
�\<�i� 
���F 
03�? 
	,l 
ST��2��	 
)�~	 
/F 
45F 
9��2>

)����	 
:��(2 
)���<
)(��d
���l 
���D
"@3
SE,
��D 
.�����
"�
�6�� 
 �:��8 
�F
 (Gershenfeld
)����(2	
)����	
��;	
f�<
�<
"�*
S Z&�	
p�>�$
�
L146.15)

)����	 
�
9�2���F
` ���� 1� 
�*�$
9+
/�3
9+
:�
)(��;	 
45F
�<
/F
/2	 
1999a)

.�z	�Dl
"���
.
7�<
`�GD*



486


"�
)����
�F
 
"��	
j��
�<
��;2	
9���
S)����	
"�
"��$
 l
)B#��B�
K)�3�c	
)���	

(147.15)


�	��;2	
"<
)��i��
T���D
��;�
 Z̀ �
b�B;�
���
9���
¬U	*
v�
 l
t�2@3
K)�3�c	
)���	
)����
��<
¹d�g
 ���+
	5F
"�*
Sj�go	

(148.15)

(149.15)

K4�3�+
�
�?
_*o	
`���	
&�#(�
b��d
"<
)2D�k
9���
9+
"���
:(Trotter Formula)
��*��
)��C
 l
	5F
��P�
Sp��(�
`�GD

(150.15)


)����	
�*�$
VU*
);>	�D
)�3�c	
)���	
"�
)����	
���l
�<
_��~	
"���
�?
 (Campbell-Baker- Hausdorf 
m�*��>�F
� 
����D 
� 
`B��? 
)��C
ND 
)<��%�D

:Formula)



487

(151.15)


/?� 1� 
/2	 
 Z&�	 
�a	*� 
���12D	 
R�$ 
S Z&�	 
T�?�@� 
��>+ 
/F 
��8\�	 
45F

��;2	
t,��3
�<
)��	���
T���D
�a	*�	
45F
bB;1�
&k
"�*
S=���8��
9�2���F
` ���� 1�

���F
��$
� )�a�z	 
`��	 
)� Z�? 
V� 
b�	�2� 
)�;|	 
��(�B;2	 
"� 
 ���<
.7�J�	 
 Z̀ �

)�5��	 
��8
7�J�	 
E5
)����
)�C
�	,
�y
9���
9+
"���
�5	 
S Z&�	 
p�>�~

.(Somaroo et al., 1999)


:B#D
Sj�go	
 Z&�	
����e�	�g
"�
`8+
=���2F	
 Z&�	
T�?��
/(��
"�
&y�	
�<

9+ 
 Z.l 
S Z&�	 
����3���� 
`�i�D 
	�>�� 
"�5	 
�.PF 
&F 
"�5	 
v��2@�	 
v��Q2#�	

�	,
)������2	
�.�%�	
"�
�����
)�>	*
��(�B;2
=	��;W�
=��#�
�Z�*
 Z&�	
T�?��

.ba�i	
`���2	
�	�	�
�<
 Z&�	
�	�kP�
&�%�*
S/h���	
:�?�	
`c�
S)@���	
�O#�����
g�3����
4.4.15


"� 
T�$	* 
)Z�����	 
)B>�~	 
�2�1� 
R�$ 
S =�a\� 
9��� 
�8 �go	 
&#(	 
	5F

��(�B;2	*
)�>�>o	
���<	�2	
S�¢\?
�
S�������	
`?
)����
T��kl
�c?o	
q�i	

p�#~	
)��J3
vD
��
����(2	
&�#(2	
�<
T�6�o	
E��
`�<
)�i�?
�ª
9l
.)����	

��@iC
"�
)@iC
`?
�
����o	
�<
)��B�	
)�B��%2	
��(�B;2	*
S)�a����i	
)��J�	*

.&#(	
	5F
AD
&26�>
p�2�	
	5F

`���2	
�	�	�
¦<
�	�*
��
V>	�	
�68�;3
)�C	��
)@n��	
��������2	
 Z̀ ?
 (Moore’s
 Z̧ 1o	
���
9�3�8
.�6<�3
"�
T���i	
T��$�	
A����
A
 Z&?
b;��
���F
Sba�i	

��<
I2@�
.9���	*
��~	
�
)�a�F
T���e
:�;2�
����(�
��
�+
KLaw Exponential)
 DNA
N	
p�>�$
�
(Avogadro’s Number of Elements) (*)*���y�µ+
}��<

 Z&�	
p�>�~
"���
.(Adleman, 1994)
)��G�	
&%$
b��d
"<
)<®	
�<
¦2(�


/�
�	�5	 
��<
A3+ 
I�<
 =	��<
 �m Z� �< 
" �� 
_*+ 
(Jean Baptiste Perrin) 
"���D 
0#�2D�D 
9��
��1� 
LÁM 

�	�5	 
��<
9��� 
b$.
08*
/� 
Ai���� 
T��<l 
&� 
&k 
"�*
.��5	 
"��*���6	 
����
�$	* 
7	�y

*���y�µ+
�����+
/�;�^	
&��	
Il
)B#3
*���y�µ+
���D
/�>*
.12�9�D��	
�a�J3
"�
7	�y
12 
/�

��< 
V� 
:>��2� 
LT�	�@	 
)���* 
"��� 
u�U 
��<M 
e��	 
&%$ 
9+ 
��28	 
"� 
_*+ 
�F 
A3+ 
�B2� 1� 
�5	

/#3�i	 
/a����i	 
��28	È 
.71811 
7�< 
/� 
E,* 
e��	 
)��Bd 
"< 
�J�	 
x�D 
��h��%	 
*+ 
�	�5	

.L&��2�	M 
Ç*���y�µo 
 =������ 
&>.	 
	56D 
)��#2	 
1909 
7�< 
/� 
"���D 
9��



488

 .)�D�#~	 
������� 
`�2#�	 
�y 
 1̧o	 
����	 
�	, 
E�� 
S����F 
��$ 
 l 
_�C�	

=�D	��
/;��
.
��+
�F
��*�?*
��n
`c�
"�
����e�	�|	
_�$
=	��
�J��
0�\	*

.)��G�	
&%$
V�
)�>���3.	
`�(�
�5	
��%�	
)��2$	
"�
=.�D
S=����(�
 (Designer) 
&���� 
 Z&�	 
p�>�~ 
)��J�	 
��>	��	 
=	��B� 
0��Q2>	

9HD
m	�<.	
V�
)�B��%2	
�61�	
���;�
+�D
,l
.)D��;�	
[a��|	
V�
9�2���F
` ���� 1�
 (Lloyd,
)�a	�G<
 Z&?
����e�	�g
b�(@2
)���?
)��U��	
)�(��	
)�a����i	
�\<�i2	

b;��
�
)�>�>o	
)8��i�	 
"�
��Q>
)�À�	 
45F
b�B;2
)�*o	
�.*�@�	
.1993)

"� 
�D 
. 
"�* 
S Z&�	 
�< 
��(D³ 
/���|	 
u�@�	 
"� 
7�J�	 
)��Õ 
"� 
�D 
. 
K Z&�	

&J��
.��	�	*
����Q�	
Ó�\g��	
N
/���|	
u�@�	
 l
_�C�	
T��8
�<
��(D^	

�6���*
=�����g
�z�<
&2�
/2	
S��i���2	
"�
v�k	
*+
�$	*
:>���
)�a����i	
&J�	

 l
)��Ul
S9��	
��<
b#3
�<
 =���D
9���
9+
"���*
SE>�2�
 Z&?
"�e
�Ë�*
=���g	�

.)�<�i	
)�3�k�3��	
E>��
��8*+
V�
`<�i2	
T�8
 .)Z�����	 
T�;�#	 
)�;g 
. 
���;2 
�+�D 
�8 
)�B��%2	 
)��;B	 
��6�	 
03�?
 (Cirac &
�����D
)6���	
)�¦B	
�a���	
S���;2�
)@n��	
&J1�	
E��
vD
"�
9�?*

T���	 
)�a�W	 
��*�%2	 
� 
�	�5	* 
SZoller 1995; Wieman el al., 1999)

9	�*�	
m��Ul*
S(Ye et al., 1999)
 Z&�	
/�������*�6?
��kÜD
��G�
/2	
/i��
�D

"<
)¤��	
�\8��	
);>	�D
)B8	��	
�\<�i2	
_��B�
V�
�\C��	
4�Bn+
�
�*��~	
 (Mooij et 
)(a�i	 
�\C��	
���2 
/B��	 
9	�*�	*
S(Kane, 1998) 
 
)�;�µ
)D	�D

.al., 1999)


S Z&�	 
H;g 
¬�@�� 
��;� 
V� 
»�@�� 
`�GD 
"#� 
���	 
�F5�i�� 
����
 .)����2� 
�y 
��3��� 
7	�Q2>	 
�6���� 
/2	 
S¬��#2�	 
 Z&�	 
H;g 
T�a	� 
&����*

)�B#�	 
T��#|	 
9�� 
S`�C�i2	 
)��e�	�g* 
e�6�	 
�< 
)Z� Z��	 
�	���(2	 
��2�� 
���D

N
=��B��¡
_�C�	
��;3
"�U
/F
T�(2#�	
)�~	
)����
)D	�D
`�
E>�2�
)D��;�	

.(Knil et al. 1998b) 
 )<��%�	 
9+ 
���3
9+ 
/F
e�6�	
&����
�B?
 ��$
 l
u#B�
/2	 
S)�3�c	 
)�À�	

 Z&�	 
:�>	�$ 
"� 
(Macroscopic Ensemble)  (*)T��%�	 v��D 
)�a��	 
)����2�	


S)��2%� 
�/n 
"� 
�	��+ 
V��� 
=��a�����* 
=��D�>�$* 
=���1J13 
/��� 
(Ensemble) 
)����2� 
)<��%� 
LÁM 

)<��%�
_���2>	
�3��**
. =���?
j�go	
�	��o�D
A28\<
I�<
=���B�
A��
���
 Z̀ ?
A��
�B2��
S=\c�
p�>�@	

.L&��2�	M
&6i	
`�6#2



489


`�c� 
_\g 
"�� 
.�6�	�Q2>	 
9���^�D 
(Microscopic) 
)�D��>*����	 
Ó)��6%�	

�6�� 
¬B�2> 
S)�a����i	 
)Z�����	 
��Z2�B	 
"� 
����	 
� 
)�(;��	 
)Z�����	 
��Z2�B	 
 Z̀ ?
 (Weak Measurement)

���U
���8
�	,
T��2��	
�y*
T��2��	
)����|	
�\<�i2	

)�(;��	
)Z�����	
��Z2�B	
)�$
_�$
T��2#�
)�����
)8��i�
�<
_��~	
"�
" Z� 1�
/�

S)Z�����	
����e�	�|	
 l
)����	
��D
��
)�$��
m�W�
9+
"���*
.�Fe	�Dl
9*�
"�

)����2�	
)<��%�	
"�
 Z&�	
�a�23
�<
_��@�
)����(2	
T��(	
7	�Q2>	
"���
R�@D

 .(Gershenfeld & Chuang, 1997)


u>�2�

);>	�D
_��@�	
��h���
�
�*��	
�*��~	
9	�*�	
)��Õ*
[@�
&2�

����* 
.�	�c�D 
E>�2	 
"�e 
)�;�� 
S)?�G�	 
)�h���	 
)���B	 
j�(� 
V�®	 
�*�62	

�< 
T�;�#� 
�6�	�Q2>	 
"��� 
/2	 
)�;g\	 
}	*o	 
_\g 
"� 
_��B2	 
�\<�i�

)��<
t�23^
)%U��	
)�a�����	
:�?	�	
7	�Q2>	
"���
�?
.)����	�	
�	���	
_�($


)�3���l
 l
��P�
�6��
p�y��	
��i�	
45F
.T��i�	
��h���	
"�
T��%�	
v��D
)�a��
 (Cory et al., 1997; Chuang et al.,
��d����	
`#�#2	
v3�
xB3
��D�#$
���;�

.1998a)


��8
��d����
`($
�
)�3*��~	
��3	�*�	
"�
v�k.
9�2����F
` ���� 1�
9���>
K�Y	
b�*
(Ernst et al., 1994)

(152.15)

 (Precession  (*))�8�B2>.	 
)?�~	 
�	���� 
�¢ 
 
* 
 
"� 
=\? 
9l 
R�$

����3	 :B#D 
m\2g.	 
�D� 
S��d����	 
`(~	 
� 
)����	 
)�3	�*�	 
Frequencies)

/;g\	 
��;2	 
`c�� 
 
���N� 
.)��8��	 
T�(	 
� 
(Chemical Shift) 
/a����?

9	�*�� 
9�2���F 
` ���� 1� 
:���D* 
)�8�B2>.	 
)?�~	 
.`<�i2	 
_��B� 
:B#D 
9�(�	

�	���	
xB3
);>	�D
9	�*�	
V�
:��
 l
=�B��
/6�
ST�$
9���
/;g
\	*
/;|	

45F
0��Q2>	*
.)���G	
 Z&�	
�a	*�
)�e\	
`�	��	
��	��
�8
)U��2#�	
)����	�	
 (Chuang et al., 1998b; Jones &
)����	
�y
 Z&�	
����e�	�|
 *o	
�	�F�J��

.(Cory et al., 1998)
H;|	
¬�@��*
Mosca, 1998)


/2	
L)�D,��	
�kH�
`c�M
9	�*�	
7��
)%�23
�g�
���
_�$
Ê���	
9	�*�	
)h�F
���
"�
)h�;D
)?�$ LÁM 
.L&���	M
_*o	
��@�	
4�¡	
����
�<
`���



490


�.�@� 
�*��~	 
9	�*�	 
vD 
�� 
(Zeeman Splitting) 
9��e 
7��i3	 
:B#D

)���
�*�$
"�U
 
"�
��C+
 
��d����	
`(~	
�
:;(	
)�a��k
9���
)��	5	

)��	�~	 
)�3*��~	 
��?�~	 
9��� 
R�$ 
S\#� 
"� 
`��8 
���* 
`(@� 
)���	 
T�	�$

���;�
�F
�F��;�
9+
"�
&y�	 
�<*
.T�	�~	
Ê��	 
���W	
p�;(2>.	
�
T�*��

�6��<
_��~	
"���
.
)�*o	
)��e�	�|	
©*!
)�e\	
)�(�	
�.�~	
9+
.l
S Z&�	
 .T�$��	
)����	�	
�	���	
��WB3
7	�Q2>�D
L98.15
&8�
)����M
9e	�2�	
V�e�2	
"�

)���Ul
)���
)��Ul
_\g
"�
T�$��	
`�	��	
�*��	
��d����	
v3�	
����(�
/?� 1�

45F
"�*
SL(Knill et al., 1988a) 
"��	 
*+ 
S�Z�~	 
S�*��~	
9	�*�	M 
)��~	 
"�

��Z2�B	 
9�� 
T�(	 
� 
)�a�z	 
T��#|	 
:B#D 
T���	 
�F�J�	 
�	�* 
�� 
=�>��(� 
�2�� 
.
 (Schack & 
L98.15M
)����	 
�
&�#(2	 
)	� 
7�(�
:B#D
S�� 
=�h�n
��W�
)Z�����	

S�*��~	
9	�*�	
p�;(2>	
��$�2
 ���+
:�;21� 
E,
�<
:��2�*
.Caves, 1999)
 (Optical Pumping) 
]/a�U 
�UX 
);>	�D 
);�#D 
)��, 
&J13 
� 
4e�%3l 
&� 
�5	

.(Song et al., 1999)


)��J3
�����
&J13
)���F
��;;Q�	
45F
�$o
"��
°
7+
9�?
	,l
��
Sm�;�	
)���
�
 .�����i	*
p�#~	
)�J3+
"�
`?
)>	��
�<
�B?
�kH�
A
`�i�D
S
�F���;2�
S�	�<o	

� 
S)��5	 
f���(�	 
�< 
4À��D 
p�>�@� 
"��� 
A3+ 
=�@U	* 
��D 
T���< 
�	��#��
 (Feynman, 1992; Drexler, 1992;  (Nanotechnology) 
/������ 
�3��	 
_��

����e�	�| 
�*��	 
��d����	 
v3�	 
_\g 
"� 
O��	 
vD 
�(� 
.Merkle, 1998)

)��B;	 
9l 
`D 
S:#@� 
=\�2� 
	5F 
f� 
A3+ 
�*��	 
�*��~	 
9	�*�	 
��;� 
� 
 Z&�	

9l* 
S)@�@�	 
)(��;�D 
A�� 
p	�%2	 
&� 
	,l 
S=	�� 
��8 
����B�? 
e�6� 
`�i�D 
/F

��~	
b��d
"<
4����
"���
��
�	�*
��
��D+
�F
��
��P�
9+
"���
��D�#~	
s	�3+

.4�$�
����(2	

)��J�	
����*
.vF�¡.	
\?
�
����e�D
`���
p�#~	*
)��B;	
)>	��
vD
_��B2	

�C�
)�#�
)� 
¬��� 
=�W�+ 
p�#~	
9+ 
.l 
S�6��
p�#@� 
)�#�
T�6�+
)�a����i	

9+ 
"���	 
"� 
)�D�#~	 
�F�d+ 
� 
)���B;	 
&J�	 
O�< 
b��d 
"<* 
.�6�� 
T�6�o	

)D���	
SE,
�<
)�c�o	
"�*
.p��;�	
���#	
�<
_��@�
]�62��DX
��?
&6i3

�,
�*��~	
9	�*�	
vD
��
 Z&�	
�\ ���� 1�
_��B2
�*��	
��d����	
v3�	
�
)����(2	

_\g
"�
b(@2�
9+
"���
	5F
9+
�6J�
E,
9l
K)�>�#$
�c?+
/F
/2	
E��*
7�2F.	
 (Linden
L7.15
&8�
)H#�M
SWAP
)����
T�a	�	
5�i�2D
7�(�
�5	
xB�	
`#�#�



491


)QW�
VU*
_\g
"�
T�5	
�
)�a	�G�	
)���	
)	�
)D�2?
�F
�g�
_�c�
.et al., 1999)

)�?��	
&���
)��e�	�g
7�J�D
`���
p�>�$
V�
)��	�	
)�5�2�
/B��	
9	�*�	
�
���.

I�#�
9+
=	���
�*�#2�D
"���
.(Weinacht et al., 1999) (Machine Learning)

S���$
�5	
°��	
)y��C
�����8*
���6�
e���
S�������2	*
�����i	
&��D
¬8\2	
	5F

.)�a����i	
E��
�6�a��g
V�
7�J�	
�
�������	
m�C*+
���
_\g
"�
E,*
T�����
E!���
5.15

[Baym, 1973] Baym, Gordon. (1973). Lectures on Quantum 

Mechanics. Reading: W. A. Benjamin.

. Z&�	
���3����
T���
)�F�D
)��(�
[Peres, 1993] Peres, Asher. (1993). Quantum Theory: Concepts 

and Methods. Boston: Kluwer Academic.

.)c��~	
 Z&�	
)��J3
 [Balian, 1991] Balian, Roger. (1991). From Microphysics to 

Macrophysics: Methods and  Applications of Statistical Physics. New 

York: Springer-Verlag. Translated by D. ter Haar and J. F. Gregg, 2 

volumes.

.)��(	
 Z&�	
)6��D
)�a��$^	
���3����	
[quant-ph] http://xxx .lanl. gov 

. Z&�	
�a�23
&J��
A��
��6§
R�$
Ss�B;�	
�*��^	
 Z&�	
������
��n�+
 [Nielsen & Chuang, 2000] Nielsen, M. A., & Chuang, I. L.

 (2000). Quantum Computation and Quantum Information. New York:

  Cambridge University Press.

. Z&�	
)����
���F
�¯
`?
&J��
"<
)�QU
)C\g



492

<A���
6.15


�� 
	,l 
(Ehrenfest’s Theorem) 
0#i3�Ël 
)�F�� 
���� 
"��� 
��?  (1.15)

¨¬�¦	
"��	
�<
��2��
T�F�J	
03�?

. 
9+
vD (2.15)

SL15.71M
)����	
�
 
N
�	5	
��>o	
�
Ê*�D
����i��
7�Q2>	
z1{z3.15)

. 
*
 
"�
 �̀ �
�	5	
A%2�	
 ¿��
  
T��i�
)�$
�<
�6(Bd
S4\<+
)H#�	
�a�23
7�Q2>	
zY{     

�� 
.�*��$
9	�*�
_*o
 
)�$
�<   �6;(>+*

. 
4�¡	
�
T��	
�<+
¨)�3�c	
)�3*��~	
T�*�	
�
��Q22>
/2	
)�~	
¨ 
*
 
)��	
�	,
)��	5	
&�(	
p²
)���<
&2�
��?
zb{


vD
��
)8\�	
�<
`�1�
/2	
)�a�6�	
)%�2�	
��
S 
V�
_��B2�
 
9+
&�#1�
z*{
¨ 
*



&��(2 
�r���	 
pÉ	 
�< 
`�2n	 
S 
N 
�	5	 
��>o	 
� 
z'�{
.

¨±�$
	,��
.L��F
*
S_	�M
"�+��
�gY
�a�2�	
9��8
z�{

)��i��
V�
uB���	
9	�*�	
` ���� 1�
�<
`�2n	
S/i�;	
`�c�2	
7	�Q2>�D
(4.15)

.�*��~	
9	�*��
Ê�D

����<
/2	 
  
/i�� 
/��D�	 
�5�	
)D	�D 
`c�
/2	 
)��i��	
��  (5.15)

)�$
�gY
���\<
�<
_��~	
9HGD 
b�(� 
.M
 
/i3 
)D	�D 
/;�1� 
v���
bB;1�

.L)@�@C

R�@D
S����B��	
"�
N
 l
����
`�GD
������F
�.��
b�B;�
9+
vD (6.15)



493


)�(;��	
�.�~	
"�
 �*�#2�
 �:?	��
 l
�.�~	
E��
O���
S 
)�$
�
�6��
=\?
9l
.)����	

¨)�a�D�6�	
T�a	�	
E��
`�<
�F
	,��
(7.15)
 





495


Q���
R���	
S��D�
74��$�
72

������
A1.1

._*o	
`�i	
�
`a�#�
���F
f�
�#*����	
���&4��
>�?+�3���

A1.2

k:4�4�X4���
m
��ag��
*�+
�� z1{ (1.2)
(A1.1)

k��2�
 8[\(�40
%�
*����
�g�
Y��#
<�	
kP�V -
4@�@
m
�!4#
��@�0
�X zY{
(A1.2)


�@�� 
o��V1 
��4X 
:4F 
�� 
.[#�(�� 
1 
:*��# 
�� 
�OX 
%#6� 
_�)@ 
E�8�#  (2.2)
k�OX
��O�
:4F
E�
�@a���	
k[#�(��1 
'�
E��
(Floppy disks)

(A1.3)



496


9�� 
A��<* 
S��2�+ 
)#¾ 
p��(� 
�� 
A<�i��	 
bD�d 
 Z̀ ?* 
SbD�d 
100 
"� 
 �_�< 
I�B�

9��
SA��<*
.L��
443
A<�i��	
Ï�B�
(Sears Tower)
e�>
t�DM
��
500
Ê	�$
A<�i��	

.)(F�n
�����D
0>
=�B��(�
�*�#�
)3��	
q	�8o	
"�
)��?

m
Taj
 8<X
[�} W	
�j,	
>�A��0
�Va
�(��5�
P45��
��aj
 8<X
[���W���
�j, (3.2)

kz�#$���
T�+����
m{
�V���
�g�
P45��
�j��
>�&�	
 8[\(
(A1.4)


�j���
�a�����	
�2���5(
�8�4��
^a;�
�L�
�+
�j���
�a�����
�(
Pa�V (4.2)
.dB '��(
�2��(
�O���� ��X�
.1 m
��W(
�+
1 Kg
���5�


�F
T�$	*
)�2?
:B#D
s��#2	
*+ �F
v2�2?
vD
)�D,��	
T�8
&%$
Ê�2�D*


(A1.5)


)�>�#$
�c?o	
T	�o	
);>	�D
�G�	
"�
�~	
� ���	
Ï�D
�kH�
A
VB;�D
	5F*
.(Peters et al., 1999)
��5	
`g	�2	
S)�D,��	
���(


>�#	4���
/�#6�3��	
/����5��
%+
]�O#��
]���S
���
�
����
����
�� �;�
�}4
L5.2)

I�#���
f,
��7
����
���#���(
T��!
Tu!�3�
���!�3
P1
��@�5�,
p���
[��q��
R@1
 8�,

.��=��
��j
�V�L��

^��7�
%5�#
>TNT
[����#*
%�
%F
m
��A����5��
�V�L��
]��O#��
]��#��
 \�+1 z1{

>�A����X 
<+�3 
:?M 
Ta 8�H�� 
�V�L�� 
�4�( 
zU{� 857 
.���;� 
R@45� 
�!	����� 
 8P1



497

.k�2�� 8�X
��	
�@ 86y
P45
%#1	

��%i3.	
_�$
�*
Sv�*���	
"�
`��?
`�GD
�H2�
TNT
N	
T���
9+
O�i�

 :(1 eV)
)8�;�
)��,��3
T}+
T�,
`?
b�;�
(A1.6)

. 
�F
b�(~	
p	��	

a��3@�
�V�F
< �
R�V�F
U	4@
a��3@�(
�O����
_q?��
_4�@�a4���
]��#��
 \�+1 zY{

.z�V�L��
%#6�
P�5�( � 857
]�*��{
TNT
[����#*
%F 10,000 '�
�A����X
:(1 MeV)
)�*�3
)��,��3
T��kl
���
9����3
 Z̀ ?
9+
9Y	
O�i�

(A1.7)


�����	
 Z̀ ?
f�
9o
E,*
SV8	�	
"�
`8+
	5F
S)(�(~	
�
.m\2g.	
"�
`��8

�	��	 
"� 
 
7�Q2#� 
)���;G3	 
)�D�$ 
�*À� 
�z 
�%i2	 
� 
)?��G�	

.`D��(	
��6�3.
��3�?
7�Q2#�
A3o
S)�¢+
*,
&%$
�F
10 Kilotons .)���;G3.	

E(����
<=3��{
*�4��
%�
�� 8�5��
�g�
��X����
���5��
�V�L(
������� 
�g�
Pa�V 
LtM
:E=mc2
��*����
�� 8�5��
�g�
%�
���#��
%5�#
����
�V�L��
 V;�
�l�
�L�#
��
>z$+

(A1.8)

.)(�8�	
)���	
���D
�
/F
)#B2@�	
)8�;	
9+
�F
 
*
4\<+
vD
��
��i	
k�����
:4O�#�(
�(�L�
�O#�����
U	�(
U*
�!4�
:4F
��
z1{ (6.2)



498

(A1.9)


�8�L�#{
k�#*�+
�G}	
Ta��&
<e
m
�!	����
q��
/U6!
�!4�
:4F
�� zY{
.z]�#��W(
]?���
	1
>2.4.3
�����
����@
:�����


"�
)�?�~	
)8�;	
u>�2� ���l
"���� S)��@�
)�3���
�����
±\k
���F
9+
�D
K�*�#2�	
V�e�2	
)�F��

(A1.10)


"� 
E,* 
S�F�$* 
���Do	 
f>+ 
 l 
���2>.�D 
)%�2�	 
45F 
���(� 
=�W�+ 
"���*
 . 
* 
 
�¢* 
)H#�	 
45F
�
T����	 
��8�;	 
"� 
v2�k.
T	*�#�	 
VU* 
_\g

KA��<*
(A1.11)

kq�G��
�g�
���#6!
�(
��!j4����
�7����
��
zb{
K/F
)��,���	
)��#�	


�!4��
:4F
�O=#
Ta��&
�!a*
U1
���7
��@* 8�(	
]��(�0
q�G��
��&
�+
����(1
�j,
L�M
k���#6��
�(
�7����
E�
�@a�����
]?(�V



499


)H#�	
�
�F�%3
/2	
)��(	
�
�<�B2	
���(D
9��
S0D�k
&%$
�<
)J��@�	
0�
	,l
KÊ�2�D
9���
S)(D�#	

(A1.12)


"��
"�*
S_�B#�B	
:�
s�U��D
�z
)�C
.
)Z�����	
��kY	
S¬U	*
`�GD

`�GD*
S 
��<
A2�>l
v�*���	 
9+
"�
&y�	
�<M
���B	 
e���
)��F
9���
9+

.L)���	
45F
 l
_�C�	
`B8
���

��
> 
��
M
���X
%�
r
�7���
�+
m
���5�
����5��
�V�L��
z1{ (7.2)

kP4�5��
�g�
%�
b	�J��
��q?��
�?7s�
�+¡
(A1.13)


E�~
����
�7����
��
>/4C��
�+¡
%�
�¡1
<���#
P1
E�L��#
/¢
�
 8P1
�(
LpM
.���5��
%�
�?7s�
%�
/¢
U1

(A1.14)

.��>o	
:(c	
�	,
���ne�	�n
N
�;(	
��3
T�a	�
45F
kR�!4�
:4F
P45#
�j��
P447
f,
��X��
M
���X
�V�F
[�4&
�j,
zb{

(A1.15)

.9�2B��?
)���
_�d
�F
	5F



500


%�
/4C��
��&
E�~
����
�7�����
�#	���
��7�5�
�!4�
:4F
`�~
���X
U1
z*{
k�?7s�
(A1.16)


S Z&�	 
���3���� 
)�>�>+ 
�2�� 
/2	 
 Z0�D	�c	 
V¤ 
"� 
���* 
SE3\D 
)�2? 
45F
K)�D,��	*
S)�#�d����*�6�	*

k��7�4��
�7����
��
z'�{
(A1.17)


���*
S Z&�	
����3����
�62�
�H�*
S�����i	
�
_�d
���(�
¦8+
/F
E3\D
)��#�
K��6��	
��Wi	
)��D*
S)�D,��	

k�V�L��
���V
��
��	
z	{
(A1.18)

.T�$��
j�(	
V�¤
9���
45F
E3\D
)8�d
�	�*
��
kT�&�4��
Ta	���
[V		
zq{


(A1.19)



501


/2	
)���	
)�B#��
)�6�
 Z&�	
��@�@��
9���
.
����<
�F
E3\D
��<
"��	

�*�$
E3\D
���(�D
)C�|	
7�8�o	
E��
���$
.(Big Bang)
�B�	
��%i3.	
VB2�

/2	 
�����i� 
���6� 
�*�$ 
� 
`8o	 
�< 
*+ 
S(Lloyd, 2000) 
p�>�~	 
�	�o 
)��6�	

.=.*+
�H�
� ØË+
S=��D�#$
�6(�B;�
"���

�� W6X��
Z7�4#
T�X
%5��	
.L
R��}
:4F
��8(��
R�+�V
	
H
� 84�+
_��
%5��
z8.2) 

E�}
<X
E�
EF���{
_���
�?}1
<5�
���£
P45
P1
<5.(
>_���
T�+�V
>E8(���
 v6X��

.zT�&�	
�L�@
m
:A1.2
	
A1.1
��5.��
�)@�

.��G�	
&%~	*
7�z	*
T��	
KA1.1
<5.��


)�*	e*
:3��	*
S�<o	
"�
7�z	
`g	�
�
T��	
 l
)���2�
T�J3
:A1.2
<5.��
.45
)���D



502

kL
f,
�O����(
_���
4�+
��
(A1.20)


¨7�z	*
T��	
vD
��G�	
j�2@�	
��W�
&%$
��
zY{

��A�#6�3��
��)@;�
m
B��C��
A1.3

.¤�����
�(a���	
�l�
�A�� ��
E#q4���
%�
z16.3{
��*����
Z�S�

z1{
z1.3)
(A1.21)

  

. 
&�8
`�
   *
S 
*
 
7�Q2>	M



503

.(18.3{
��*����
��(����
�������
�+
*��+��(
Z�S�
LpM
(A1.22)

.(19.3{
��*����
Z�S�
zY{
�������
�+
*��+��(	
zb{
(1.15)

K9��
A��<*
(A1.23)

 N 
: 8���(
�2C�(
%+
�8�����
��A�4.+
��@447
�8�4#
/4}
a�=�
%5��
z3.2) 

E�
:����
�#��
%�
% 85��@
�X
��@� ��(
�A4}
"S�X
 8��#
P1
�¥
P447
�X
.��@� ��(
k�A���
/4C��
���&
m
P��}4��
P�g�
Uq�4#
K�	
�X
kP4����(
�&�		
k1%
uLM
§���



504

(A1.24)

: 
7	�Q2>�D
(A1.25)

.6��4��X
20
¨�L@
^�+
	j
t4Q
� 8JC�
%5��
z3.3) 
 10
��@�£
a�=�
R�	
�#*�+
Ta��&
�!a*
m
�2!
�8�4�
�L��4(
]?©G. W�
P�X
�j,
z1{

B��}
f,
�O����(
SNR  '�
P45��
<M���
�2!
P45#
P1
�¥   8�X
>��¹º��_	14��X

k20 dB
¤��O��
P4�@4!
(A1.26)

k�g�
P4�@4!
B��}
E�
Z(�L�
�2!
��O8��
`��#
Ug��
"8 5��
��&
��
LpM



505

(A1.27)

'��
���L��
B��}
P45��
R��&
P45#
P1
�¥
�X
a��
�8�4�(
]?8G.�
P�X
�j,	 zb{
ka����� �g�
%�
RMS 1% 

 (A1.28)

. =	�B?
¬B���
S��%W	
�\;3	
`B8
A�	��
��
T��<
9�#3��
��U�U
"�
�~	

]��A�4.+
:�O�  x(t)
��A�4.+
����+
%5��
.��#�M;�
%�
��Q1
��u���
�g�
z4.3)
 x=0
��+
�1�(
�j,
dt
[V	
m
1
f,
0
%�
:���@��
:��&�
����
%5��	
.x=1	
x=0
�(

.x=1
��+
�1�(
�j,
0
f,
1
%�
:���@��
:��&�
< ~
� dt
%5��	

���&
:��&�
 
�(
[V4��
E�
<#�O���
���}�3
��743=�
��*���
��X�
z1{

.x=1
���&
:��&�
 
	
x=0


S1
*
0
vD
��
�.�@2	
:B#D
)�8��2�
 
4��<
9���
�5	
_���	
 
`c�

`c��D* 
. 
"�
�c?+ 
�.�@2	 
45F
"�
��	�� 
�
 
��<
_���	 
9��� 
=�W�+*
K)��U�i�
)��i��
)����
)h�F
�<
E,
)D�2?
"���*
. 
�.��
N
_���	
 
9���

(A1.29)



506

.2×2
��8(���
�743=��
��	�!
c+
��*����
�g�
]?&
_ 8�V
LpM

`c�
/;|	
��	
�
=��3
�J3	 
S=���H�
f�
)�;|	
�.����	 
)�J3+ 
`$
9�?
	,l

KT����	
)����	
"�
A
N
)��	5	
&�(	
�<
��c�	
/F
 *o	
T�;|	
.(Strang 1988)

(A1.30)

K/F
)�D�(�	
)��	5	
��6%2�	
9+
�%3
S)�����	
_\g
"�
(A1.31)

  
K*

(A1.32)

  
KT��<H?
(A1.32)*

(A1.31)
45F
V�
)��i��
`��G2D
SÊ�2�D
7�(�>

(A1.33)

�����
�Ë�
/2	
(A1.34)

K`U�i2	
¬B��
 
T����	
�	��2�	
�*�$
�



507

(A1.35)

K=\$
E�2�
45F*
(A1.36)

K03�?
	,��
(A1.37)

K9��
SLtM
�
���2g.	
	5F
:B>
vB2�>
(A1.38)

K*
(A1.39)

Ê�2�D*
(A1.40)

K)�$
�+
�
9���
9+
_�2$	
u>�2�
 
�~	
/;�1�



508

(A1.41)

:� x������»~��
t�g��
�(����
���*
*�¥s
�������
�g�
<�����
zb{
(A1.42)


�
��D�#~	
9��
A��<*
S7�J�	
��Bk
:B#D
 
"�
=.�D
 
7	�Q2>	
&�
A3+
Â$.
 .����3.	
"�e
��dl
�
)2D�k
/F
LpM
���	

.U6�@�a4�
4�
Ta����
"�F
 8P1
���c�
t�g��
�(����
���*
<�����
z*{

A�����
`���
�F
)8�;	
��d
S(Wiener-Khinchin)
"%���6?����*
)�F��
"�

.�	5	
©�B��.	
)	�



509

(A1.43)

 .)��iC
_���
)���<
f�
A3o
��2#�	
���2	 
��d
`c��
)����	
"�
_*o	
�~	
. 1̧o	
A�����
`���
�F
�5	
S�2����
)	�
/F
)����	
"�
��c	
�~	


**��� 
��+ 
R���V 
f, 
�O����( 
R3=@ 
f, 
U6�@�a4��� 
a���� 
�©3 Wª 
* 8*� 
 8U; 
z'�{
k�3J���

K��2#�	
���2	
9���
`F�%2�
(A1.44)

.(Knee Frequency)
)B?�	
����
A��<
b�;�*

E#q4
f,
U*�#
>]�#a��&
�� 8�3�
�8�����
>�V�L��
6!�4l
]�H8L��
]��#q4
 8P1
 8�(
z	{

:S(f)�1¼�
f,
d����(	
>��~��1¼~
��V	1
<#�O
A��<*
.(Gershenfeld 1999a) 
9��
 
03�?
	,l



510

(A1.45)


SL36.3M
)�����D
E,
uD��*
S 
9��
 
03�?
 	,l
K���;�12#�
(A1.46)

��A�#6�3��
�)�W��
m
���4����
A1.4 


��O��?��	 
�#a�����?� 
��q?�� 
«A�=�� 
`�~ 
�	�@s� 
���* 
 8P1 
 8[\O01 
z1.4)
.:?�����	
�(����	

K)��	��2>.	



511

 
9+
��6§l
/i��
9�?
	,��
S��2#�
=�W�+
�F
T��2#�	
_	*�	
s���
9l
R�$
R�@D
S 
&�8
`�
 
���F
 
`�
9�?
	,l*
,Ak*�$
"��
	5F*
S 
�
��2#�

(A1.47)

K03�?
��?
SA����
(A1.48)

K9l
R�$

(A1.49)

.)��	��2>.	
©*!
)�B��
4\<+
�.����	
9���
9+
"���*
Sp
&�8
V���
9���
K)�B�>\	

(A1.50)

K)��*�@�	
K9��
S )����
���8
"�U
 
��
)����
j��(	
&�(	
p�#$
9l

(A1.51)

: 
�3	�y.
��i<�W�
N
�.����	
`$
_\g
"�
�F���l
"���

  ½*�3^	 
&J�1� 
/2	 
 
)��8 
���^ 
t�2@3 
)H#�	 
45F 
`~



512

:'
�*�@D
 
)��8
 ¿��
=.*+
. 
9���
9+
©!D
��F*
(A1.52)

:'
&��(2
���2	
��(D
j�g+
T��
A	�B2>	
&k
"�
(A1.53)

K)���U^	
(A1.54)

.(10.4{
��*����
m
�V?��� %��(
z2.4)



513

(A1.55)

(A1.56)

.R��	��
������
¬}�3���
�	�@s� ��&�
z3.4)
(A1.57)



514


"� 
f��� 
S&c���y��	 
T�<�8 
_\g
"�
u(� 
m� ��1� 
)�>��(	 
�	�$�	 
9+ 
�?5�
 .T�<�(	
��2�
����<
½*�3^	
"�
)¡��	
)	�	
 l
)B#3
�F���
L¬�@�	
*+M
��*É	

)3��(�
��<
A�¢l
"���
Ê�2�D*
S½*�3^	
�
)��Ul
 Z0�D�c?
 
`��<
=�W�+
�6J�
�?

.A�>*�y
�����<
vD
)��U�i�
���D*�3l
T�<

<O��#*
SNR 20	
6��
3300
¨�L@
^�+
�!*4����
�3���
���
`��#
z4.4)

(dB)

kR���
�� z1{
(A1.58)


S 
�.��� 
��< 
�	�(2>	 
)�$ 
b(� 
)��®	 
&����	 
T�6�+

H;|	
¬�@��*
S(Adaptive Compression)
/i���
©��W3	
��o	
	5F
e�%3l
:�;2�*

��%W	*
.);D	��	
�y
A�>*�y
��;g+
"�
�c�D
�c?+
T���D
A��
`���2	
"���
�5	

/2	*
S���	
�*
S)�#	
�
9���
9+
"���
/2	 
)B��(	 
�.�@�
=	�$
VW�
T��(	 
�

]�	��	
)hB��X
N
)��c�
)(��<
)��J3
7	�Q2>	
&2�*
.�F����
"���
)8�k��
T���D
0e��

.7���	
 l
`>��
)����
�.�$
���2g	
A���2
(Sphere Packing)

k(1 Gbit/s)
��@� ��(
�&�	
[\(�G�!
�����
P45��
_q?��
SNR
'��
��
zY{
(A1.59)



515


`�i	
�
"�*
S4\<+
AD�#$
&�
��
:��8
08*
�+
�
b(@2�
9+
¬���	
�y
"�

���
��
4����
"���
����	
���@�	
`D���
����	
��;�	
O�<
9+
�F�G3
���#	

_�C��
���z	
7�J3
"�
=.�D
`D��	
7�J3
7	�Q2>�D
7�2F.	
���
��F
"�*
S1 GHz 

"�
�c�D
j�8+
/F
����	
��;�	
O�<
T��(
/;|	
��2<.��
.Ê���	
03�3^	
 l

.(SNR)
��%W	
 l
T��n^	
)B#3

&2���y�
�<
��2<.	
  8�G
R�
>�	��
E#q4
%�
�!�J���
 
%5��
z5.4) 
 '�
a ���
�� 
 8P1 �2e1
. 
��42�
��L�	
���V	

.¬3���
	�a
-����X
 8�&
¤�O#
R8@1	
Uq��H@�
��
  

Ke��@3.	
=.*+
[@i�
(A1.60)

K"��B2	
9Y	
�%�
(A1.61)


"� 
)<��%� 
!�� 
������� 
 1:#$	 
S=	�g+* 
.L);D	�� 
�y 
�	��2�	 
9oM
K�	��2�	



516

(A1.62)

SA��<*
(A1.63)

.�i#	
*	�
�
��	�?
 Z�$
 l
=.�C*
����L�G�	�25��
:4�l�	
��!4��
A1.4

:BAC-CAB
T�+�V
%��(
z1.5)
(A1.64)

9���c�
�2������
 8�0
>�����
�?LQ��
�+
*��+��(
�2����Q
c+
(A1.65)

(A1.66)



517

: 

ND
4\<+
uD��
(A1.67)


 ®<X
�&���
��#q�4��
��H�3Q
�(
�����
*�¥s
N	��
P4@�V <�����
z1{
z2.5) 

�27��F1
�+
:4�l�
<��¯
.d 
�7���
�2��( 
<=3	
>V 
�2��( 
P4�5�� 
¨�7	
>A 
�2��

. °������
"8 5�
%�
P��L��
� 8±1
a�O�+�(

_\g
"�*
.Ô��	
V;(�	 
�
�J�3*
LA1.3M
`�G�
`���2	 
7�%$+
�
�J��

"�
)�(�o	
)¢�#�	M
=��(�+
=	¦�<
9���
9+
"���
.
/a�D�6�	
`(~	
9+
�%�>
S`k�2	

.L�gY	
:3��	
�<
);(3
�+
_\g
"�
9��2>
);(3
�+


�	��l
.Lb���	
"@G	
`Zc�
Q*
S&%~	
)������
�
)@�i�	
)$�#�
`c�
A
R�$M
K��3���^	
���^
`(~	
�<
`���2	
)���<

(A1.69)



518

 

.Ô�<
V;(�
�����
&%$
KA1.3
<5.��
K)�#	
/;�1�
R�$

(A1.70)


U	��#
¬M����
�&�qs�
a��
�+
<��5���
P45#
"8 5��
m
a��
a	��(
R8@1
 8�(
zY{ 
.�!a���
�A�(�25��
a�����

(A1.71)

(A1.72)



519


�¥
.[(�0
P4�X
���&
m
�@6J��
�V�L��
*�¥s
�V�L��
�7� X
<��5
��&�
zb{
.�����
�+
*��+��(
Y�4��
����Q

(A1.73)


��#	6
E�L��
Ug��
a�����
U1
>(amp-hours) �+��
-
�O�u(
��#a�LO��
�©��W
z*{

�( 
�7���� 
%5��	 
a�� 
* 8	6 
V  10 
:4�� 
Y4��& 
�#a�L( 
%5�� 
.�+�� 
m

E�L��# 
�X
"8 5�
��q?�� 
�7���� 
�� 
>²��3��( 
��	6��	
 
�A�3=��

:4F
��
>]�#*4�+
�� 845�
[@�X	
�����
10
�A�3=��
^�+
P�X
�j,
k�V�L��
�g�
%#6�

k�&����
�g�
��u
�±uS
%�
����
��45��
(A1.74)



520


b�(@2*
S 
/F
_��2>.	
�
=�<��n
��ic��	
�c?+
9l
. =\��8
&a�G2�
`~	
	5F

)e�<
)�a�D�6?
 Z0�D	�k
�<
��2�
)e�<
�	��
7	�Q2>	
&2�
_�(��
&%@D*
)�#	
45F

7	�Q2>�D
)�a�D�6�	
p�;8·
)�@;#	
)$�#�	
T���e*
S=	��
)(�8�
�	�<�B�*
ST�B?

)(a�i	 
��ic��	 
9��� 
9+ 
¬���	 
�y 
"�� 
SE, 
V�* 
.7�|	 
�	��	 
V� 
)e��	 
�	��	

"�
9��2�
_��@�	
p�>�~	
)���;D
9o
S&%~	
fi3
�
 
����
�<
T���8

.l
SÏ��i2	*
"@G�
�����;B	
"�
�c�D
`6>+
/F
��ic��	
���D
S)����(�
���a����?

.T��8
T�i
9�Q�
.l
T��i�
�y
/6�
���a����?
p Z®1�
��+

�A�(�2X 
"�� 
<M�* 
��F��G�� 
<�l� 
*�¥s 
p4�� 
P4@�V <����� 
z1{ 
z3.5)  

 .���(
��a	*
n
 8��#	
]��&�	
]��O�1
U	��#
]�a��
<�n

E�2
)�k��	
�%~	
_\g
"��
.LA1.4M
&8�
4\<+
`�G�
`���2	
��#�
�
�J��

`g	�
=�2D�k*
S=��(�+
9���
9+
��d����	
`(~	
�<
:�
S)(D�#	
`a�#�	
�
)��Q2#�	

.t��|	
�
=��n\2�*
S/B��	
���	
(A1.75)

.`���2	
�	��#�
KA1.4
<5.��



521


R�4F	
r
��LV
"=@
"��
m
�@ 86J��
�V�L��
*�¥s
�V�L��
�7� X
<��5 ��&�
zY{
.���F;�
�+
:4�l�
<��¯
%5�#
]�C#1
���
.l

(A1.76)


A��<*
S 
�F
/B��	
���	
�<
 ZR~	
9+
�F�G�>
7��(	
`�i	
�
.


��
.P���
R�4F	
�&�	
��
R3#4¯
�LV
"=@
?�
10 MRI
I�F��G�
%5��
zb{

>�)7�H��
T 84���
���&
m
R8@1
� 8Xg
kI�F��G��
�+
�� va���
ba���
4H@
�2�8���
T 84���
��

.P4�X
b 8a�
U	��
� 8±³7
 

(A1.77)

.�	�i	
"�
�c�	
�6��
�	�i�D
T�;��	
)�d�;�	
);D�o	

<X
<�n	
�&�	
��
�2��(
<=3#
�#q�4��
�5��
�(
���(
T 84���
��&�
z5.4)

.z�O�;�
"#��
�g�{
]��&�	
]��O�1
U	��#
a��
�2��



522

.�B�o	
�����
KA1.5
<5.��
:(A1.5)
`�G	
�<
L5.86M
)����	
bB;�


 
(A1.78)


�g�{ 
 
 
U	�� 
�8�V�F 
Ta�V 
�7� X 
R� 
I�.�� 
/4} 
 8P1 
��}�7 
4� 
z1{ 
z5.5


T 8�S
a 8�V
z 
*	�H(
T�H���
��#�4��
m
�#*����
��L�4��
������
 8P,
>�7 8�L��
���V
.���.��
�g�
Z7�4��
�A�(�25��
<�l�


 l
�*�#�	
s��G	
);>	�D
A�(3
���
T�(�
 "��	
u>�2�
SL5.102M
)����	
"�
K��
T�*�
_\g
(Poynting)
E2���D
A%2�
_���

(A1.79)

K03�?
��
A3��
S 
9�?
	,l
(A1.80)

K*



523

(A1.81)

K�F
E2���D
A%2�
"��	
u>�2�
9��
(A1.82)

K9���#�
 (A1.83)

.f�G	
);>	�D
�	��	
vQ#�
)�i��
 ��#i�
/F
¬��H2�	
`(~	
	5F
"�
T�(	

> °�&�	
 °E8(��
������
�+
a6��
���S,
m
�&�	
K�	
U	��
Ta�V
m
�@6Xa
�j,
zY{

k 
*4�l�
*	�&
�+
��@6Xa
4�
�j��	
k<�l�
T 8�S
P45
j��
 (A1.84)



524


)�c@B	 
�.�%�	 
"� 
=	�B? 
=	��< 
�2Q�	 
� 
)�a�z	 
)�a�D�6�	 
_�(~	 
45F 
/;��

ST�(	
45F
V�
)3��(��D
��C
p	�;U	
�F
T�5	
`g	�
`(~	
S_�c�	
`�B>
�<
.T����	
 (Weinacht
T����
�.�$
 l
�	�5	
V��
A�	�Q2>	
"���
��(	
����	
9o
E,*

.et al., 1999)

��!4��
��2 8!4�	
�A�(�25��
<����
K4LM
>��A�(�25��
�A�	���
A1.6


E�
��**���
�C3J��
��a�S,
<�H��
���=��
�?(�5��
"8�u�
��
]�O���
z1.6) 

��	
k/�4����
E3@
��
.^ 8a��
�a�(
�F��
�#4���
��!	q
p?�1
%�
<M�����
 °P���
K�����

k�a���
E3@

_\g
"�*
S�\>o	
uD�
b���
`��(�
_\g
"�
R~	
©�(2	
"�
`�(�
�	�2.	
./a�D�6�	
[@i	
_\g
"�
���#	
V���2	
xig*
Sp*��2�D
)¢�#�	
T��nl
f�<

k 
��+
�L���
Z�+
��
.   ���Q4�
�����
/���
`��#
z2.6)

(A1.85)


S®i�
��
	5F*
.��2�+
)�WD
u(�
T!(	
b�<
9���
S��2�	
���	
	5F
��<
I2$

 Z0�D 
_��� 
��< 
Ê�2�D*M 
)hd	�	 
�	���	 
��< 
`C	�2	 
��C	��	 
�< 
:� 
	,��

.)�QU
���a	�F
)B�;2�
SLxiQ��

�&���
c+
��7����
Ta����
*�¥s 
¤����#4(
R�8��
<��5
��&�
z3.6)

9<(�5��
m
�2��	
a�����(
Y�4��
�(�(
� WV	
a4H��
�&4�
<(�5�
�}�����



525

(A1.86)


�#q�4�� 
�L#� 
%� 
"8��� 
<�@ 
�� 
Ta�Ss� 
�+¡	 
T6���� 
��@��� 
�� 
z4.6)

��+
:4�l�
<��¯
%5�#
kzA1.6  <5.��{
h 
�2��(
�7����	
w 
�2��
�&�	
<X
^�+

.^����
��������
��Q4�
%�
P���LV
� 8±1
^��7�(
���F;�

S��
`�
d
A2�>
�<�B�*
w
AU�<
S�4��2�
�y
 �e	�2�
 ��c��
)@�iC
V;(�
)B#��D

K�F
(A1.87)

.`��@2	
ug
KA1.6
<5.��
K¬a�i�	
"�
T�$	*
_�$
)�B�
T�	�
"�
��d����	
`(~	
���^



526

(A1.88)

K/F
l
_�d*
d
s�i��	
"�
)U��2#�
)$�#�
)(;��
uD�
b���
(A1.89)

K�F
�$	�	
���
R~	
9��
A��<*
(A1.90)

KT���
)�3��
���;�1�
	5F*
(A1.91)

K9��2>
)<®	*
(A1.92)


�a	*�	
��$�
�<
�	��n^	
A���2
T��<
(Striplines) )��d
©�;g
7�Q2#�
.���	
)��<


>2.26 
��O���� 
R��&�� 
]�q�+ 
`��# 
>RG58/U 
>]�+4�S 
� X;� 
<(�5�� 
z5.6)
.mm 1.48
�!a�M
�LV
"=@	
mm 0.406
¬M�*
�LV
"=@	

kT6����
R��@�£
��
z1{
 (A1.93)



527

k<����
�+¡
��	
zY{
 (A1.94)


m	�%3	 
)<¶ 
"� 
�B? 
`�GD 
s¶+ 
	5F* 
. 
V� 
b�	�2� 
	5F

�	��n^��
.��W	
)<¶
"�
=.�D
)�3�k
`�
���D
��(�
/2	
S�\>o	
�
��3*��^	

/2	
u�@�	
t	��+
ABG�
/6�
S��3*���?
�6�(3
"�
=.�D
�����?
���#�
�\D��	
�

. =�F���
�6��
`��
.

%5��� 
RG58/U 
:4F 
�� 
>T�&�	 
��@�04@�@ 
R�+�� 
�+¡ 
Y4��& 
%5�� 
zb{

k�+����
%�
T�&�	
Ta	*
:?M
�O@
����
%�
% 85��#
D�H(
(A1.95)


K����e�D
)<®	
)<�>
9��
T��C
p�>�~	
T�6�+
`��
�5	
:B#	
�F
	5F

�
)<�#	
�	��
�<
T�$	*
T�*�
_\g
�	��n^	
_�C*
:�;2�
)����(2	
�������	

.9���
`?

/��(s�
E�
%5�	
Pq4��	
��l�
«�����
E7a1
�?(�X
:�����
 ]�A�*
< 8C3��
%�
z*{

��LV
"=@
<(�X
�g5�
P�X
�j,
.z����5�@��
«�����{

RG58/U
'�
��@���
I3@
�+

k¬M����
��LV
"=@
��
>z�Q4O��
%�
"�1
�+
�&�	
U	��#
< \�
1{
< \�
30
�!a���
(A1.96)



528

(A1.97)


E� 
�@a����� 
]?(�V 
�!4�� 
:4F 
�O=# 
**� 
U1 
��+ 
>RG58/U 
'� 
�O����( 
z'�{
k�L���

(A1.98)

.RG58/U
<(�X
m
zMbit/s 10{
��@� ��(
[\(�G��
10
[@� #,
Ta�S,
%5��
z6.6)
kz�A�#6�3��{
¬�3��
 8[\O��
:4F
��
z1{

(A1.99)

 (Carrier Sense Multiple
_�>�^	
���2�	
`8��	
f#�
_�?��*�D
�F
03�c�l
 .(CSMA) Access)


<(�X 
<=�� 
�T� 
<5S 
�+ 
��Q	 
[���W��� 
�j, 
<=n 
�V 
�� 
P�� < 8�u 
zY{
.T
f,
��M�*
Ta�Ss
N�5�@��
< \��� W�
a 8�V
.%#�Mh
��(�5(
a4H��
�&4�
[@� #,


v���g
v�e	�2�
v;g
T���D
�{�F�G�
"���
50�º 
N	
"�
T��	�	
©�;|	
K�F
��
 l
�3��(�
)���	
)8�<^	
9��
A��<*
S50�º
N	
©�;g
"�

(A1.100)

KN
����3	
` ���� 1�
/;�1�
	5F*  
(A1.101)

.)8�<^	
V�
:>��2�
_���
e�6�
03�c�^	
T��nl
&�#(�
:�;2�



529

���A�4��
A1.7

k�G=��
������
�L���
�A��0
 8E.�
�A�(�25��
<�l�
��
z1.7)
K/a�D�6�	
`(~	
&� Z(3
9+
���3


(A1.102)

KN
 (A1.103)

K�F
m\2g.	
(A1.104)

K/F
t Z��2	
` ���� 1�
�*�$
9���
&k
"�*
(A1.105)

K��3���	
����



530

(A1.106)

 K�	4��X
1
Ta��(
 8E.#
�A�4�
%�
��X
1
�7���
�+
¤����#4(
R�8��
a����
��
z2.7)

k��X
1
%�
� 5(
�GQ1
R�!4�
:4F
 8P1	
o�4��
��� 8̄ � �
 8E.�
R8@1
%#c���
>(kW) 

k�7����
�g�
��+
�A�(�25��
<�l�
T 8�S
���V
��
K)�*��	
)����
)B#��D

(A1.107)

KR�@D
S)@;#�
)���
A3H?*
s��G	
�6J�>
)��#�	
45F
��<
(A1.108)



531


<5.��
m
(The Load)
��4�l�
f,
´4=���
Ta����
: ©4 W�
 
���V
U;
z3.7)
k(3.7)

(A1.109)

K9��2>
E,
�<
 =���D*
(A1.110)

KT��n³
)B#��D
*+
(A1.111)


��	 
>�G=�� 
������ 
Y�LV;� 
�A��0 
�A�4� 
�&���� 
�� 
��	 
k��5�� 
�� 
z4.7)
k�2C�(
f,
�2�O�@



532

K�F
:#�	
(A1.112)


S 
);>	�D 
/a�D�6�	 
`(~	 
T*�5D 
);B��� 
)�;�µ 
T*�, 
9l 
R�$*
K/F
)$�#�	
9��

(A1.113)

K9��
	5
(A1.114)



533

.`��>
9�3�8
 l
)B#3
`�i�2	
¬;>
KA1.7
<5.��
��#�O�� A1.8


�@�4V
%�
z_�+
<5.(
��A�#6�3��
���4)��	{
�#�O��
���4)��
¨���S�
%5�#
z1.8)

a��ª
9(Fermat’s Principle)
���7
1�O�
���l�
�g�
m
>���}4�
�@�4V
%�
	1
����S

1�O��
�g�
Z8OF
%5£
[V	
<V1
¨�G��#
Ug��
a����
��L�@
�(
<�����
�A4C��
���.��

.<���
P4@�V
¨���S�
:q�+
�L�
%�
���(���
��2!
m
��L�@
�+
K�F
(A1.7)
`�G	
�
)��6�	
/2;(3
vD
��
p�F5	
08*
Ê�¤l

(A1.115)

K��<
I3�+
�$
V�



534

(A1.116)


�#j�3���	 
����5�@�� 
*�¥s
¤����#4( 
R�8��	 
<��#�7 
��*��� <����� 
z1{ 
z2.8)
.�!a���
�V�L��	
T*a�4��
�V�L��
��O��(
� 8����
>:q�+
�L��

(A1.117)

K/F
T��	�	
)8�;�
����3.	
)B#3
9��
	5
(A1.118)

K/F
T��	�	
)8�;�
)�(��	
)B#�	*
(A1.119)

K�6��
�J�	
"���
9�2�$
���F
K±�~	
j�2#�
)����<
E

(A1.120)



535

(A1.121)

K±�~	
j�2#�
`g	�
�
E
(A1.122)

(A1.123)


b�!6�� 
�(
<=3~
�2!�	
�+
U*4�+
*a�	
���S
���&
m
����5�@�� 
�� 
zY{
kzn=1.5{
/�4��	

(A1.124)



536

(A1.125)

k��	�(
�#	�q
��
zb{
(A1.126)


4�¡	 
v��2 
)�*	�	 
45F 
��< 
)�����	 
e��	 
:�D�3+ 
� 
����Q�	 
5�	�3 
`��
.�����	
p�;(2>.	

k�!�l�
�#	�6��
��
z*{
(A1.127)

.I3�+
 l
�<+
"�
��#�3.	
ªP�
_�(23	
��<
u(�
"��
�g	�	
��	
����3.	

���OF
�(
 
��a��5@�
���
��q�+
��OF
�+
]�#*4��+
T*a�	
�!4�
%5��
z3.8)

:(A1.8\{
<5.��
 	
 
%#���(

.����5�@��
�}
/?F
9A1.8
<5.��
.T*�����
����5�@��
	1
>*	�l�
��+
���l�
��O���
�57
k�2����5�@�
��
z1{




537

K);>	�D
T��	�	
`(~	
T�n*
����3.	
)B#3
I;�1�
S)6�	*
`?
��<
(A1.128)

K/F
T��	�	
`(~	
T�n*
_�@2	
)B#3*
(A1.129)


9���>
 
)����
��	
����3.	
9��
S 
�6�%$
T��	�	
)���	
03�?
	,l
K��6�	
vD
��
��>���3\
�4��2�
�y
=�<���

(A1.130)

K�F Z��	
����3.	
` ���� 1�
9��
Ê�2�D*



538

(A1.131)

.)��~	
©*!	
)(D�;�
�.����	
7�J3
 Z̀ $
_\g
"�
=�W�+
p	��	
���l
"���*
kN�5�@�
p���
P45#
�
D�H(
 d
	
 
���V
*�¥,
E�L��
<�
zY{


`�@�
)����	
u#D
�
In\2�
m�#�
S)�(�($
=	�	�<+
 
*
 
"�
`?
03�?
��
K�<

(A1.132)

9+
/���
4�*�D
	5F*
(A1.133)


_�;	
`c��
�5	
 
I;>�	
)(B;	
E�>
9�?
	,l
S
����3	
���F
9���
"



539


 *o	
)(B;	
E�2
¸��z	
u>�	
�F
��#�3.	
ªP�
9�?
��
	,l*
S)(B;	
45z
/���	

�\;	 
I�#� 
... 
¨E, 
v� 
E3����D 
`F 
..... 
I�#� 
)(�(~	 
/8 
	5F** 
.T�go	*

V�* 
.5�	��	 
�* 
S)���	 
T���	 
�	, 
��>��	 
� 
4���l 
"���* 
S����3\ 
V3��	

T���
*+
T5��3
A3+
�
�?
`���
�\;	
7	�Q2>	
=�W�+
"���	
"�
ST���2�	
)e��	
��(Bd

.(Fink et al., 1998; Weber et al., 2000)
��F�¡.	*
S)D��;�	
���	
��8�;�

���Va
���+
%�
 
�7���
�+
><���
��(
E�
 
 84�+
%�
1�O
�!4�
%5��
z4.8)

<X
���� 
D�&
Ta4=��
�8L��
*�¥s
���.��
��743=�
<�����
.f 
�#a�O�� 
�2�7���

. 
 84����
�O5
§V�@	
>�L����
�g�
%�
���L���
��+��.��

.)(�8�
��>�<
);>	�D
��?�	
KA1.9
<5.��
(A1.134)


	,l
�\;3.	
)�*	e
"�
=\(2#�
9���>
�8��	
9��



540

(A1.135)

 
9���> 
�B�2	 
E5?* 
S 
s�i��.	 
9���> 
S 
��<

T���	M
 
"�
��C+
*+
�?+
 "�2
T��n^	
����
 l
��P�>
	5F*
.LA1.9

`�G	M

. 
&k
"�*
 
9���
����<
E,*
SL)�#��	


�!4�
:4F

>a6#�
AlGaAs
��A�.��
�����
o��V;�
�?8G.�
<����
z8.5) 

.790 nm


*	�&
��#�(
��
]�O#�� 
1  μm 
�LV 
�� 
o���� 
�+
1��W 
���� 
��3#4���� 
z1{
k���.��
�+�O
�#	�q
��
>a��5@�

(A1.136)


��3#4 
̄T/����
_q?��
a6#?��
�!4�
:4F
��
>�����
<5.��
I3@
�}�3�
zY{
kμm 0.1

(A1.137)



541


<��� 
�&4� 
T/��V 
%� 
% 85���� 
Y45������ 
Th�� 
��& 
¤�O# 
P1 
�¥ 
�X 
zb{
 (Low Earth Orbit 
�3J��
µa1
a���
%�
z'¾600 nm{
�A���
/4C��
m
Ta���

kkm 200
� 84�+
(LEO))

K/F
)D��;�	
m\2g.	
)�*	e
(A1.138)

K�F�;8
��3
)��a	�
T���
V�
b�	�2�
	5F*
(A1.139)


p��#�� 
"� 
`B(�	 
`��	 
&%$ 
S/F 
)%�2�	 
45F 
9��2 
=\�� 
R$ 
�8 
�5	*

`�GD
)WiQ��
`@�W�
p��#�2	 
	5F
�	���
9o
E,*
.A8\dl
u;Q�	
��Wi	

)WiQ��	
�.���.	*
Ss\;2>.	
O	�yo
_*o	
7�(�	
�
7�Q2#�
R�$
S=	��
V�¶

.)8�;	
��45���
<A����	
����+
P	�(
�#4=���
A1.9


z%�� �� 
<=3�� 
m
�����a* 
���� 
`� 
< �{ 
���Va 
�#	�X 
���+
c��W 
<�
z1.9)
kz8.9{
��*����
< �
�(����?�
]��(�L�
]�HS��


��@�	
�<
�6��>*
R
�6a��@3	
�;8
��3
S)(�8�
)�*�?
)>�<
 l
)B#��D
.&�3  
K���l
"���
��@�	
"�
.r
�;(	
���
)	�	
`c��
2d
E�#	*
S



542

(A1.140)


)	�
�F
s��G	
A\g
"�
���
�5	
=�B��(�
�*�%�	
/(�o	
_�@2	 
��d
9��
	5

�*�%�	
��@�	
��#�
_�d
9+
=�(B#�
�3�F�n
�8*
ST�a	�
�;8
m��3o
)�3�c	
)���	
"�

.T�a	�
�;8
m��3o
)�3�c	
)���	
"�
)	�
9���>
)>��	
���
�n�?
�@3
/B��(2	

���*
P45
�����
��L����
�(
�7����
f,
�O����(
* ©� W�
������
6��
Ta�V
 8P,
z2.9)

m
���!
6�~
%5�#
.´4=��� 
�2���V 
%+ dB3 
[C3J@� 
�V
�¶��+
�L���� 
a�.�@�
 (Rayleigh’s
R��#�a
a����
���(
]�C#1
�g�
� v��W#
.�7����
�g�
�2��(
<=3
[@�X
:�&

P�5�
I3@
<��
:	;�
����
%�
�L����
a�.�@�
�����
f	;�
´4=���
������
9Erterim)

.r� ��
����
%�
a�.�@��
�����
f	;�
�@*;�
������

������
�H�7
��&	
�!4��
:4F
f,
�O����(
z9.9{
��*�����
6���
Ta�V
��
��
z1{

k������
%�
�7����	
(A1.141)


����(�
_\g
"�
�F�*5�
���l
:�*
)�e*�¡
)����
/F
 
)����	
9l
.����	
�5�	
���l


��4Q 
-¨47 
Ta�Ss 
��� 
1 
�7��� 
�+ 
�� 
1 
6�� 
_q?�� 
�H�3�� 
��& 
�� 
LpM
kz {
/�4��
m
z100 kHz)



543

(A1.142)

(A1.143)


µa1
 °a���
�+
(10 kHz) 
a�*�a
<���
��
1 
6��
_q?��
�H�3��
��&
��
zb) 
k^a;�
�L��
��(����
�H�3��
�g�
�#	�q
��
k(km )
�3J��

(A1.144)

(A1.145)

(A1.146)


"�
����2	
�	�	�
)�<���	
��@2i	
 l
)��~	
:B>
)�F��
 l
�G1�
)@2i	
45F
.)�<���	
��8o	


�H�7
Uj
a�*�a
�8L��
m
]��(�L�
]�HS��
g 83@
 
�Mu���
���*
%�
]�V?L@�
z3.9)

R8@1	
������
�M
�+
p 8�H�#
zTransceiver{
<�����
 8P1 ^�7�
.�#a4�
ROS
�OX��

^�7�	
. 
<�3(
�#4���
T 8����
Ta�Ss�
E 8�¥
���(
�L�@
<X
��+
�#	�X
�!4�
<��#

.�!4��
�+¡
f,
�O����(
���L(
<�����
�+¡
 8P1

T��n^	
+�B�
9Y	
"�*
S(A1.9)
`�G	
�
�?
�6#i3
/F
)H#�	
45F
�
)>��z	

��d
9��
	5
. 
 l
����
&k
"�*
 
 l
T�@B�
 
��<



544

K¬B��>
��#�	
	5F
_�d
���
_�@2	
(A1.147)


r	�5�, 
P�a	*	 
zNMR{ 
U	4@ 
P�a	�� 
�!j4���� 
�@��� 
**� 
a 8�V 
z4.9)
.z?��
1) 1 T <�&
m
zESR)

(A1.148)

9°������
<Q4�
µa1
�8L��
Y��(
�L�@
��HS
%5��
z5.9)
k�8L���
�+
��H.��
E#q4
4�
��
>��H.��
Ta4Q
��#�F
:�����(
z1{



545

(A1.149)

K¬;#	
�<
���	
)�F��2�
)�8�
�	�2�	
�<
�*�y
9�3�(
`���2	
�	��l
(A1.150)


>]?���
��&�	
>��8(��
��A�(�2X
Y�LV1
�5OS
f,
� 8���
�8L���
 8P1
^�7�
zY{
.�A�(�2X
�LV
 8<X
��+
����W��
��H.��
*�¥s
��H.��
�7� X
<��5

(A1.151)

.��L����
��H.��
<O\V
%�
�8�4��
�A�(�25��
�L���
��HS
E#q4
]�#*�+
�8�V
zb{
.A1.10
`�G	
�
`~	



546


���
"�
)�;(�	
)�@G	
�?��
);>	�D
T��2�	
¬;#	
���@n
V�e��
:A1.10
<5.��
.Ô�+
¬;#�


���* 
<5S
�+
a�=�� 
��+
��H.�� 
E#q4 
�8�V 
�������� 
�g�
�+
*��+��( 
z*{ 


�����
���(���
<Vu(
/�O��
%5�#
.�HL���
��H.��
E#q4
6X��
¨47
 84����
�+
T�����

��H.�� 
E#q4 
<5S� 
.�8)�� 
a�=�� 
���HS 
���8(�� 
�4�� 
:����� 
�0 
>��H!a;�

. 8_����
uLJ��
Z7�4��
�@*;�
���H.��
�� 8�X
]��2)�
�8)���
Pq	
��G
E�
Z7�4���(

����
 
"�2*
S)�a�D�6�	
p�;8o	
"�
 
�
���8
)�@n
9��2
 
m��1�

&��(2	
:#�
/2	
(A1.151)
)����	
�
`���2	
/F
 *
SV8	��	
"�
 
�
)�@G	

K�6B�	��
Ì8+
�
)����	
`��
�<
`��3
&k
"�*
.�6��D
���
(A1.152)


�~	 
9���#� 
SL32.9 
)����	 
�? Z5�M 
)�>1+ 
)��C 
)����	 
45F 
"� 
`�%�

)���� 
� 
9���> 
��c	 
�~	* 
S)�@G	 
���8 
q��QD 
�*�y 
)���� 
� 
_*o	

m��� 
.� 
`B8 
"� 
��@�	 
��i	 
V� 
 
9+ 
O	��	 
q��QD 
�*�y

`c� 
 * 
S 
)��i�� 
`c�  
9l 
R�$ 
S

K`~
t�2@3
��3��
	5F
"�*
S(Identity Matrix)
T�$�	
)��i��



547

(A1.153)


. 
	5F* 
.Matlab 
���3�D 
);>	�D 
AD�#$ 
&�* 
S(A1.11) 
`�G	 
� 
vB� 
`~	

��;go	 
x�D 
�6�� 
����e�2	 
45F 
9o 
E,* 
S)��Co	 
)�;(�	 
)�@G	 
V� 
bD�;2�

)����D
7��(	
)�;(�	
���@G	
T���2>	
:�;2�*
.T�;�1�	
)�@G	
)� Z�?
 l
)B#3
T���	

.(Smith, 1996)
��>o	
	5F
�<
R@D
:A1.11 <5.��

..................................................................................................................

%
% qreg.m 
% electrostatic inverse problem
% Neil Gershenfeld (c) 12/1/99
 %
clear all 
npts = 40; 
limit =  10; 
delta  = 2*limit/(npts-1); 
q = 1; 
muz =  1; 
mux = 0; 
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muy = 0; 
X = kron(ones(npts.1) , (-limit: delta :limit)); 
y = kron«-limit: delta; limit)’, ones(l,npt)); 
I  = (q/(2*p))*atan ((x-mux).*(y-muy). / (muz*sqr ((x-mux). ^2 … + 
(y-muy). ^2+muz^2)));
Omeas = I(1: (npts-1), 1: (npts-1)) + I (2: npts, 2: npts) … - I(1: (npts-1), 
2:npts) -I(2: npts, l: (npts-l));
bar3(Qmeas);
 set(gca, ‘FontName’ , ‘Times-Roman’ ,’FontSize’,10) 
print -deps qsurf.eps 
z = .01: .05: 4;
nz= lenght(z) ;
nmeas = (npts-1) * (npts-1) ;
Q = reshape(Qmeas, nmeas, 1);
For I = 1: nz
I (1/(2*p)) *atan((x-mux) . *(y-muy). / ... 
(z(i) *sqr((x-mux) . ^2+(y-muy) .^2+z(i) ^2)));
Iint = I(1 : (npts-1), 1 : (npts-1)) + I(2 : npts, 2 :npts)…
 -I(1: (npts-1), 2:npts) – I(2:npts, 1: (npts-1));
G(:, i) = reshape(Iint, nmeas, 1);
end
Ident = diag(ones(1, nz));
lambda =1;
qpred = inv(G’ * G+lambda*Ident)*G’Q;
sum(qpred);
hold on
lambda = 0.1;
qpred = inv(G’ * G+lambda*Ident)*G’Q;
sum(qpred);
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plot(z, qpred);
lambda = 0.001;
qpred= inv(G’ * G+lambda*Ident)*G’Q
sum(qpred);
hold off
set(gca, ‘FontName’ , ‘Times-Roman’ ,’FontSize’,10) 
set(gcf, ‘PaperPosition’, [0.5 3 5 3.2]);
ylabel(‘{\it q}’ , ‘FontSize’, 11)
xlabel(‘{\it z}’ , ‘FontSize’, 11)
text(.64, .01’\lambda=1, {\it q}-{total}=0.32’)
text(.90, .023’\lambda=0.1, {\it q}-{total}=0.88’)
text(1.09, ..032’\lambda=0.01, {\it q}-{total}=1.11’)
text(1.24, .42, ’\lambda=0.001, {\it q}-{total}=1.01’)
print –deps qreg.eps
....................................................................................................................
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