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CHAPITRE III : Solution proposée

I11.1. Introduction :

La théorie des codes correcteurs s’intéresse a la protection de I’information [19].
Cette tache est réalisée généralement en s'appuyant sur un encodage préalable bien choisi
basé sur la redondance.

Ces dernieres années, des évolutions importantes ont eu lieu dans le domaine
quantique. De nombreux travaux théoriques ont conduit a la naissance de nouvelles
solutions. Les plus intéressantes sont les codes stabilisateurs.

Dans ce chapitre, nous présentons une nouvelle variante avec 4 qubits
supplémentaires mais I'étape d'encodage nécessite dix portes quantiques seulement.

111.2. Encodage :

Le circuit d’encodage est le suivant :

a|0) + B[1) P /L h
|0) H /T\ V% P
|0) N, l > o|0)+B1),
|0) H v
|0) \ H J

Fig. 3.1 : Le circuit d'encodage.

111.3. Groupe stabilisateur :

X X
Tab 3.1: Les stabilisateurs.

I11.4. Calcul des syndromes :

Le syndrome associé a chaque type d’erreur est donné par le circuit suivant :
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CHAPITRE III : Solution proposée

|0) —H —HH A
0y —H ’ HH A
0) —H ’ HHAA
00 —H I HHAA
s X Z Z
ZHZ X
v < xHZzHz Hx
7 7 Hx
L 7 Hx H x

Fig. 3.2 : Calcul des syndromes d'erreur.

Les syndromes d’erreurs sont résumés dans le tableau qui suit :

My = XoZ,1X,Z3

M, =2¢2,Z,Z,

MZ = XIZZZ3X4_

M3 = ZyX,X3X,

Tab 3.2: Syndromes d’erreurs .
111.5. Décodage :

Le circuit de décodage est le suivant :

] o|0) + B|1)
W) H |0)
)

|0)
I\_._ H |0)
\—e— H |0)

Fig. 3.3: Le circuit de décodage.

~
D
A
fan)
>

a|0)+B1) S

D—o
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CHAPITRE III : Solution proposée

111.6. Vérification formelle :
Soit le qubit ¥ définit par :
[Y) = al0) + B|1)

On commence par une étape d’encodage. Elle consiste d'abord a I’ajout de quatre qubits
supplémentaires. Ensuite, on procéde par une intrication de tout le systeme quantique y
compris le qubit initial.

[t)1) = o |00000) + B |10000)
Porte 01 : CNot(1,2)

hY,) = a [00000) + B [11000)

Porte 02 : H(2)

hp,) = v_|ooooo>+ |01000)+-7=|10000) 2|11000)

Porte 03 : CNot(2,3)

hp,) = v_|ooooo>+ |01100)+- = |10000) - 2|11100)

Porte 04 : H(4)

[1,) =% 100000) + £00010) + < |01100) + £101110) + £ 110000) + £ 10010) - £ 11100) - £
111110)

e Porte 05: CNot(4,1)

[1,) =% 100000) + £ 10010) + 2 |01100) + £ [11110) + £ 110000) + £100010) - £ 11100) - £
101110)

e Porte 06 : CNot(4,5)

|¢2)==§|00000)4-§|10011)-+§|01100)4—§|11111)4—§|10000)4-§|00011)-§|11100)-§
|01111)

e Porte 07 : CNot(3,4)

;) =% 100000) + £ 10011) + 2 |01110) + £ [11101) + £ 110000) + £|00011) - £ 11110) - £
01101)

e Porte 08 : CNot(1,2)

[1,) =% 100000) + £ 11011) + 2 |01110) + £ [10101) + £ j11000) + £|00011) - £ 10110) - £
01101)

e Porte 09: H(5)
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[2) = 55 100000) +—|00001> + 2= [11010) - %= [11011) + = |01110) +57=[01111) +
%|101oo> f|101o1) + L |11000> + L |11001) + L |0001o> 5 |00011) £ |10110)
- f 10111) - 5 |01100) + L |01101)

e Porte 10 : CNot(5,2)

p,) = % |00000) + % |01001) + % [11010) - % [10011) + % |01110) + Lf |00111) +
575 10100) - [11101) + % 111000) + % 110001) + % 100010} - % 01011) - - |10110)
B B B
275 [11111) - -°=101100) +-7-100101)

v' |y,) c’est I'état sans erreurs (le mot de code valide).

» Simulation d’une Erreur:

Injecter une erreur X sur le premier qubit :
=% = -
[s) = f|10000) + f |11001) + f|01010) f 00011) + == |11110) +-2 f 10111) + =

00100) - |01101>+ |01000)+ |00001)+ 5 [10010) - 2|11011) -—|00110)
01111) - - |11100)+ |1o1o1)

» Mesure du syndrome :

Ajout des quatre qubits du syndrome:

lWs) =55 |1oooooooo> + |11001oooo> + |010100000) i |000110000) + = |111100000) +
1101110000) + = |001oooooo> |o11010000) + L |01ooooooo> + L |00001oooo> + L |1001ooooo>
ﬁ|110110000> 5 ﬁ |001100000) ’ ﬁ |o11110000) |111000000)+ £ 1101010000)

= Porte H(6) :

ps) == |1oooooooo>+ |100001000)+ |110010000)+ |110011000)+ |0101ooooo>+ %010101000) -
|000110000> - = |000111000> + 2 |111100000) + 2 |111101000)+ . |101110000)+ 2 1101111000)+ &
1001000000)+2 [001001000)-£]011010000)-21011011000)+£ 010000000)+£ 1020001000) +£ [000010000)+£
1000011000)+ 1100100000)+ £ |100101000)-2 |110110000)-E |110111000)-E 1001100000)-£ 1001101000)- &
1011120000)- j011111000)-2 |111000000>-— 1111001000)+£ [101010000)+ £ 110101000).

= Porte H(7) :

[04

W) = 5 |1oooooooo>+ .~ |100000100)+ |100001000)+ |100001100)+ f 1110010000+ —~
1110010100+ - [110011000)+ - |110011100)+ |010100000)+ <= 1010100100)+ .= |010101000)+ .
1010101100)- %= 000110000)- - |000110100)- = |000111000) |0001111oo>+ % [111100000)+ %=
|1111001oo>+ @ |111101000>+ |111101100>+ o |101110000>+ o |101110100>+ o |101111000)+

[101111100)+ ;%= [001000000)+ - 001000100)+ 5= |001001ooo>+m [001001100)- -%= [011010000)- %=
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CHAPITRE III : Solution proposée

1011010100)- f |011011000)-7 011011100)+ -= £ 1010000000)+ T 1010000100)+ T |010001ooo>+_

1010001100)+ £ |000010000>+ = 1000010100)+ —2 |00°°11000>+E 000011100)+ E 1100100000+ E

1100100100+ - |100101ooo>+ £ 100101100)- 32 1110110000)- % 1110110100)- % |110111000)-%

1110111100)- - |001100000)- = |001100100)- —ﬁ |001101000>-% 1001101100)- % 011110000)- %
B B B B

1011110100)- -~ |011111000> |011111100> £- 111000000)- -= [111000100)- -= 1110010000)--=
B B

|111001100>+ E |101010000>+ ﬁ [101010100)+ .= 101011000+ ;= [101011100).

= Porte H(8) :

[Ps) = g |1oooooooo>+g |100000010)+§ |100000100)+§ |100000110)+ g |100001000)+§ [10001010)+ =
/L00001100)+ = [100001110)+ = [110010000)+ = [L10010010)+ = [L10010100)+ = [110010110)+
[110011000)+ 3‘ [110011010)+ 3 [110011100)+ 5 [110011110)+ 3 [010100000)+ 5 010100010)+ ~
|010100100)+% |010100110)+ |010101ooo>+ |01010101o>+ |010101100)+ |010101110)-—|000110000>-—
|000110010)-= [000110100)-~ |000110110>- < 1000111000)-* |000111010)- [000111100)-= [000111110)+
111100000+ < [111100010)+ = [111100100)+ & [111100110)+ 5 [111101000)+ & [111101010)+
111101100)+ < [111101110)+ < [101110000)+ S [101110010)+ = [101110100)+ < [101110110)+
101111000+ = |101111010>+§ 101111100)+ < [101111110)+ = |001000000)+ < [001000010)+

|001000100)+ |001000110)+ |001001000)+ |001001010)+ |001001100)+ |001001110)-—|011010000)-—

QRO|Q®

o

o4

8
o o4
8 8
o o
8

®|R x|

1011010010)-2 011010100)-5 [011010110)- £ [011011000)-% [011011010)-5 011011100) -5 [011011110)+5
1010000000)+£ [010000010)+£ 010000100) +£ 010000110)+£ 010001000)+£ 010001010)+£ 1010001100)+
|010001110>+§ |000010000>+§ |000010010)+§ |0000101oo>+§ |000010110>+§ |000011000)+§ |000011010>+§
|000011100>+E |000011110>+E |100100000)+E |10010001o>+E |1001001oo>+E |100100110)+E |100101ooo>+E
1100101010)+£ 100101100)+£ [100101110)-£ 110110000)-£ 110110010)-£ 110110100)-£ [110110110)-
1110111000)- £ 110111010)-£ 1110111100)-£ [110111110)-£ 001200000)-£ 001100010)- |001100100)-
1001100110)- £ 1001101000)-£ 1001101010)-£ 001101100)-£ [001101110)-£ [011110000)-£ j011110010)-
1011110100)-£ [011110110)-£ 011111000)-£ 1011111010)-£ [011111100)-£ 011111110)- £ [112000000)-
1111000010)-£ [111000100)- £ [111000110)-£ 1111001000)-£ 1111001010)-£ [111001100)-£ [111001110)+ £

|mmmmm+ummmmﬂqmmmmm+ummmmw|mmnmm+ummmmw4mmnmm%
1101011110).

= Porte H(9) :

|1/)3 ) = o5 [100000000)+5 |100000001>+T |100000010)+T 1L00000011)+
= |100000100)+—"~ [100000101)+—"~ [100000110)+~"~ [100000111)+~"~ [100001000)+-"~ [100001001)+-"~

[0 04 04 o 04 04
100001010+ [100001011)+ - [100001100)+ = [100001101)+=5= [100001110)+ == [100001111)+ =

|110010000>+if |110010001>+% |11001001o>+if |110010011)+Lf |110010100>+if |110010101)+Lf
[110010110)+—5= [110010111)+ - [110011000)+ = [110011001)+="= [110011010)+ = [110011011)+ =
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CHAPITRE III : Solution proposée

[110011100)+ -°~ [110011101)+ = [110011110)+ "= [110011111)+ - |010100000)+ -°~ [010100001)+
1010100010)+ f|010100011>+ f|010100100)+ f|010100101)+ f|010100110>+ r|010100111)
[010101000)+ === [010101001)+ === [010101010)+ = [010101011)+ = |010101100>+ ~ [010101101)+
|010101110>+_ 1010101111)- f [000110000)- f [000110001)- f 1000110010)- == |000110011)-
|000110100>-— 1000110101)- = |000110110>-— |000110111>-— 1000111000)- - |000111001)

1000111010)- |000111011>-— 000111100)- %= |000111101)- f |000111110)-— 000111111 )+ -
|111100000>+ f|111100001>+ f|111100010)+ f|111100011)+ f|111100100)+ r|111100101)
1111100110)+ f|111100111>+ f|111101000)+ f|111101001)+ f|111101010>+ f|111101011)
1111101100)+ f|111101101>+ f|111101110)+ f|111101111)+ f|101110000>+ f|101110001)+
1101110010)+ f|101110011>+ f|101110100)+ f|101110101)+ f|101110110)+ r|101110111)
|101111000>+— |101111001>+— |101111010)+— |101111011)+— |101111100>+— 1101111101)+
[101111110)+ - [101111111)+ "~ |001000000)+="= [001000001)+ - |001000010)+ -~ [001000011)+
[001000100)+ f|001000101>+ f|001000110)+ f|001000111)+ f|001001ooo>+ f|001001001)

_\/—
+- %
"3
+-X
o
o
o
=
o
o
o
+- %
"3
+-X
o
o
o
+- %
"3
+-X
o
+- %
"
+- %
"
-~
o
o
o
o
=G
+ B
o/
+ B
o/
B

|00100101o>+ = 1001001011)+ = f 001001100)+ - f 001001101)+ - f |001001110)+ == [002001111)-
1011010000)- = |011010001> o 1011010010)- o 1011010011)- o 011010100)- = |011010101)
|011010110)-— 011010111)- f 1011011000)- f 1011011001)- f |011011010)-— 1011011011)-
1011011100)- f 011011101)- f 011011110)- r |011011111>+ |01ooooooo>+ — 010000001+
|01000001o>+ |010000011>+ |010000100)+ |010000101)+ |010000110>+ - [010000111)+
|010001000)+ |010001001>+ |010001010)+ |010001011)+ |010001100>+ > 010001101)+
|010001110)+ |010001111>+ |000010000)+ |000010001)+ |000010010>+ |000010011)+_
|0000101oo>+ |000010101>+ |000010110)+ |000010111)+ |000011000>+ |000011001)+_
|000011010>+ |000011011>+ |000011100)+ |000011101)+ |000011110>+ |000011111)+T
|1001ooooo>+ |100100001>+ ~= [100100010)+ 5= f |100100011)+ 75 1100100100)+ - f 1100100101)+ Bf
|100100110>+ |100100111>+ 75 1100101000)+ - f |100101001)+ |10010101o>+ f 1100101011)+ Bf
|100101100)+ |100101101)+ |100101110)+ - [100101111)- - [110110000)- - [110110001)- if
|11011001o>-— |110110011>-— |110110100>-— |110110101>-— |110110110)-— |110110111)-if
|110111000>-— |110111001>-7 |110111010>-— |110111011>-7 [110111100)- >~ |110111101)-if
|110111110>-— |110111111>-T |001100000>-— |001100001>-T |001100010)-— 1001100011)- if
1001100100)- - 001100101)- f 1001100110)- == |001100111>-T |001101000)-— 1001101001)- if
s

|001101010>-— |001101011>-7 |001101100>-— |001101101>-7 |001101110)-— 1001101111)- ~
|011110000>-— |011110001>-7 |011110010>‘E |011110011>'E |0111101°0)'E |011110101>-ﬁ
011110110)- === [011110111)- f |011111000>-% |011111001>-% |011111010)-i |011111011>-i
011111100)- 2= [011111101)- f 011111110)- = |011111111>-if [111000000)- - 111000001)-
|111000010>-— |111000011)-7 |111000100)-— |111000101>-7 |111000110)-— 1111000111)-
|111001000>-— 1111001001)- f |111001010)-— |111001011>-— [111001100)- = [111001101)-
|111001110>-— |111001111>+— |10101oooo>+_ |101010001)+_ |101010010)+_ 1101010011)+
|101010100>+— |101010101)+— |101010110)+— |101010111)+— |101011000>+— 1101011001)+

|101011010>+ﬁ |101011011)+ﬁ |101011100)+ﬁ |101011101>+E |101011110>+E 1101011111).

i
8v2
B
8v2
B
8v2
B
8v2
B
8v2

o Application controlée des stabilisateurs :
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CHAPITRE III : Solution proposée

v M,:
e Porte X(1):

_a o o o o o
| %3 )= 57 1100000000)+ ~= [L00000001)+ - [L00000010)+ == [100000011)+ == [100000100)+ =
|100000101>+if |100000110>+if |100000111)+if |000001000)+Lf |000001001>+Lr |000001010)+i
000001011)+ == |000001100>+ |000001101)+ |000001110)+ |000001111>+ |110010000)+_
'110010001)+E '110010010)+ﬁ |110010011)+ﬁ |110010100)+ﬁ |110010101>+m |110010110)+E
|110010111>+if |010011000>+if |010011001)+if |010011010)+Lf |010011011>+Lr |010011100)+i
|010011101)+ = |010011110>+ |010011111)+ |010100000)+ |010100001>+ |010100010)+_
'01010001”*% |0101001oo>+E |°10100101)+ﬁ |010100110)+ﬁ |010100111>+m |110101000)+E
|110101001>+$ |110101010>+$ |110101011)+if |110101100)+Lf |110101101>+Lr |110101110)+i
|110101111>-$ |000110000>-$ |000110001)- == [000110010)- = |000110011)-— |000110100>-—
|000110101>-if |000110110>-if |000110111>'T |1°°111000>'T |1001110°1)'T |100111010>-7
[100111011)- f|100111100) r|100111101> f|100111110) r|100111111>+ |111100000)+_
|111100001>+_ |11110001o>+_ |111100011)+_ |111100100)+_ |111100101>+_ |111100110)+_
|111100111>+— |011101000>+— |011101001)+ |011101010)+— |011101011>+ |011101100)+_
|011101101)+ |011101110>+— |011101111)+ |101110000)+— |101110001>+ |101110010)+_
|101110011>+— |101110100>+— |101110101)+— |101110110)+— |101110111>+— |001111000)+_
|001111001)+ |001111010>+ |001111011)+ |001111100)+ |001111101>+ |001111110)+
|001111111>+7 |001000000>+7 |001000001)+7 |001000010)+7 |001000011>+7 |001000100)+_
|001000101)+ |001000110>+ |001000111)+ |101001000)+ |101001001>+ |101001010)+_
[101001011)+ r|101001100)+ [101001101)+ f|101001110>+ [101001111)- f|011010000) f
|011010001>-ﬁ |011010010>-E |011010011>'E |011010100>'E |011010101)'E |°11010110>'ﬁ
|011010111>-i |111011000)-i |111011001)-i |111011010)-i |111011011)-i |111011100)-i
[111011101)- f|111011110>-7|111011111>+ |01ooooooo>+7 |010000001)+7 |01000001o>+_
|010000011>+ |0100001oo>+ |010000101)+ |o10000110)+ |010000111>+ |110001000)+_

|110001001>+— |11000101o>+— |110001011)+— |110001100)+— |110001101>+— 1110001110)+ if
1110001111)+F- 000010000)+-- 000010001)+ = |000010010)+ - 1000010011)+ - 000010100)+ if
1000010101)+F~ 000010110)+-- 000010111)+ = |100011000)+ - [100011001)+ -5 |100011010)+_
1200011011)+-E- 1100011100)+ -~ 1100011101)+ -2~ [100011110)+ -2~ [100011111)+ - 100100000)+ L
|100100001>+_ |10010001o>+_ |100100011)+_ |100100100)+_ |100100101>+_ [100100110)+ =
[100100111)+-F= 000101000)+-= 000101001)+ = |000101010)+— |000101011>+ - 000101100)+ -2
[000101101)+ - f 000101110)+ - f 1000101111)- £ 1110110000)- f [110110001)- - 110110010)- -
[110110011)- = 110110100)- = |110110101>-ﬁ [110110110)- = |110110111)-— 1010111000)- =
|010111001>-% |010111010)-% |010111011)-% |010111100)-8i |010111101)-— 1010111110)- if
|010111111>-i |001100000)-i |001100001>-i |001100010>-i [00110001.1)- -£- |001100100)- if
1001100101)- £ 001100110)- = 1001100111)- == [101101000)- = |101101001)-— [101101010)- -~
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|101101011>-i |101101100)-i |101101101)-i |101101110)-£ |101101111)-i |011110000>-i

|011110001>-7 |011110010>-7 |011110011>-7 |011110100>-7 |011110101>-7 1011110110)-

|011110111>-7 '11111100(’)'7 '11111100”'7 |111111010>-T |111111011)-7 1111111100)-

|111111101>-7 |111111110>-7 |111111111>-7 |111000000>-7 |111000001>-7 111000010)-

|111000011>-7 |1110001oo>-T '11100010”'7 |111000110>-T |111000111)-7 1011001000)-

i
—
it
=
B
—
it
=
1011001001)- £ 011001010)- = 011001011)- -°= [011001100)- = 011001101)- -°= 011001110)- =
+ B
—
+ B
=

|011001111>+— |10101oooo>+— |101010001)+— |10101001o>+— |101010011>+— 1101010100)+
|101010101>+ |101010110>+ |101010111)+ |001011000)+ |001011001>+ £ 1001011010)+
1002011011)+- |001011100)+ |001011101)+ |001011110>+ |001011111>

e Porte Z(2):

| 13 )= 575 1100000000)+ —= [100000001)+ ~*= [100000010)+ 7 [100000011)+ - [100000100)+ =
|100000101)+ f|100000110>+ f|100000111)+ f|000001000)+ f|000001001>+ r|000001010)+_
[000001011)+ f|000001100>+ f|000001101)+ HOOOOOlllO)* f|000001111>+ f|110010000)+
|110010001>+ = [110010010)+ = |110010011)+ - [110010100)+ f|110010101>+ 1110010110)+ -
[110010111)- === {010011000)- f 1010011001)- f 010011010)- o 010011011)- == [010011100)-
1010011101)- f|010011110> f|010011111>+ 1010100000)+ = |010100001)+ |010100010)
|010100011>+ |010100100)+_ |010100101)+_ |010100110>+_ 010100111)- f 1110101000)-
[110101001)- == [110101010)- f 1110101011)- f 1110101100)- f [110101101)- == [110101110)-
[110101111)- %= 000110000)- == 000110001)- = |000110010)- = |000110011)- - [000110100)-
1000110101)- f 1000110110)- f 1000110111)- f 1100111000)- f [100111001)- - 100111010)-
[100111011)- f|100111100) f|100111101> f 1100111110)- o |100111111>+ |111100000)+
[111100001)+—5= [111100010)+ == [111100011)+ = |111100100)+ f|111100101>+ 1111100110)+ -
1111100111)- f 011101000)- f 011101001)- f 011101010)- f 011101011)- - 011101100)-
1011101101)- f|011101110> f|011101111>+ |101110000>+—|101110001)+ |10111001o>+
[101110011)+ r'lO“lOlOO)* 1101110101)+ f|101110110)+ |101110111>+ f|001111000)+
[001111001)+ f|001111010>+ f|001111011)+ f|001111100)+ f|001111101>+ f|001111110)
1001111111)+ f|001oooooo>+ f|001000001)+ f|001000010)+ f|001000011>+ f|001000100)+
[001000101)+ f|001000110>+ f|001000111)+ f|101001000)+ f|101001001>+ f|101001010)
1101001011)+ f|101001100)+ [101001101)+ - [101001110)+ -5 [101001111)- r|011010000)
011010002)- %= [011010010)- == [011010011)- f |011010100> f |011010101) % 1011010110)-
|011010111>+_ |111011000>+_ [111011001)+ == [111011010)+- |111011011>+_ 1111011100
|111011101>+_ |111011110>+_ |111011111>+_ |010000000)+_ |01oooooo1>+_ 1010000010
1010000011)+ E 1010000100+ E 1010000101)+ E 1010000110)+ E |010000111> = 110001000)-
|110001001>-i |110001010)-i |110001011)-i |110001100>-i [110001101)- = [110001110)-
|110001111>+_ |000010000>+_ |000010001>+_ |00001001o>+_ |000010011>+ |0000101oo>+_
|000010101>+ |000010110)+ |000010111)+— |100011000)+— |100011001>+— |100011010)+_
|100011011>+ |100011100)+ |100011101)+ |100011110)+ |100011111>+ |100100000)+_
1100100001)+ - |10010001o>+ |100100011)+ |100100100)+ |100100101>+ |100100110)+

s
o
s
[0
-
+ 2
s
[0
-
[0
-
o
-
o
-
[0
s
[0
ks
o
s
-~
s
[0
ks
+5
ks
[0
s
L
ks
o
-
o
52

Wi

"o

B
i

B
o
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100100111)+ - |000101ooo>+ |000101001)+ |000101010)+ |000101011)+ |000101100)+_

|000101101>+ |000101110>+ |000101111) °= [110110000)- -°= [110110001)- -= [110110010)- if
1110110011)- == |110110100) |110110101> |110110110)-7 110110111)+ £ |010111000) if
|010111001>+ |010111010>+ |010111011)+ |010111100)+ |010111101>+ ° [010111110)+ if
|010111111>-— |001100000>-— |001100001>-— |00110001o>-— |001100011)-— |0011001oo>-i
|001100101>-— |001100110>-— |001100111>-— |101101000>-— 101101001)- >~ |101101010>-—
|101101011>-— |101101100>-— |101101101>-— |101101110>-— |101101111>-— 1011110000)- if
|011110001>-— |01111001o>-— |011110011>-— |011110100>-— |011110101>-— 1011110110)- if
|011110111>+_ |111111000>+_ |111111001)+_ |111111010)+_ |111111011>+_ 1111111100)+ if
|111111101>+_ |111111110>+_ |111111111) |111000000> ~ [111000001)- -~ [111000010)- if
[111000011)- —° [111000100)- -~ [111000101)- - |111000110) |111000111>+— 011001000)+ if
|011001001>+— |01100101o>+— |011001011)+— |011001100)+— |011001101>+— 011001110)+ if
|011001111>+_ |10101oooo>+_ |101010001)+_ |101010010)+_ |101010011>+_ 1101010100)+ if
|101010101>+ |101010110>+ |101010111)+ |001011000)+ — 001011001)+ -~ |001011010)+if

1002011011+ |001011100)+ |001011101)+ |001011110>+ |001011111>

e Porte X(3):

| Y3 )= iv_ |100000000)+ = |100000001>+ = |100000010)+ = |100000011>+ % [100000100)+ =
|100000101)+ |100000110>+ |100000111)+ |001001000)+ |001001001>+ f|001001010)+
|001001011)+ |001001100)+ |001001101)+ |001001110)+ > [001001111)+ - [110010000)+
|110010001)+ |110010010>+ |110010011)+ 7 110010100+ f|110010101>+ [110010110)+—=
110010111)- = |011011000)- J_ [011011001)- J_ |011011010>-— 011011011)- -— [011011100)-
[011011101)- r|011011110) r|011011111)+ v—|010100000>+ 1010100001 )+ f|010100010)
[010100011)+ r|010100100)+ [010100101)+ f|010100110)+ f|010100111) — [111101000)-
[111101001)- v— [111101010)- v— [111101011)- v— [111101100)- f 111101101)- == [111101110)-
[111101111)- v— [000110000)- v— |000110001)- v— [000110010)- f 1000110011)- -== 000110100)-
000110101)- —== |000110110)- _—= |000110111>-— |101111000>-— 101111001)- — |101111010)
[101111011)- v_|101111100) r|101111101) v— 1101111110)- f |101111111)+ |111100000)
[111100001)+ f|111100010>+ f|111100011)+ f|111100100)+ f|111100101>+ f|111100110)
111100111)- = |010101000)- J_ [010101001)- f |010101010>-— 1010101011)- -— [010101100)-
[010101101)- f|010101110) f|010101111)+ f|101110000>+ 1101110001)+ f|101110010)+
[101110011)+ f|101110100)+ |101110101)+ r|101110110)+ [101110111)+ f|000111000)+
[000111001)+ f|000111010)+ f|000111011)+ r|000111100)+ f|000111101>+ f|000111110)+
|000111111)+— |001000000)+— |001000001)+— |001000010)+— |001000011>+— 1001000100)+
[001000101)+ f|001000110)+ f|001000111)+ r|100001000)+ |100001001)+ r|100001010)
|100001011)+ |100001100)+ |100001101)+ |100001110>+ |100001111> 7 1011010000)-
011010001)- —— |011010010) |011010011) |011010100> v_ |011010101) |011010110>
|011010111>+ f|110011000)+ |110011001)+ 7 110011010+ f|110011011>+ |110011100)+

[110011101)+ == [110011110)+ == |110011111)+ |010000000)+ |010000001>+ |010000010)+_
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CHAPITRE III : Solution proposée

1010000011)+ - |010000100)+ |010000101)+ |010000110>+ > 010000111)- o |111001000)-i
|111001001>-— |11100101o>-— |111001011>-— |111001100>-— |111001101)-— 1111001110)-
112001111)+-F |00001oooo>+ |000010001)+ |00001001o>+ |000010011>+ = 000010100)+

1000010101+ -2 |000010110>+ |000010111)+ |101011000)+ |101011001>+ > 101011010)+

102011011)+ -2 |101011100>+ |101011101)+ |101011110)+ |101011111>+ = [100100000)+ -
1100100001)+ -2 |10010001o>+ |100100011)+ |100100100)+ |100100101>+ |100100110)+_
|100100111>+— |001101000>+— |001101001)+— |001101010)+— |001101011>+— 001101100)+

|001101101>+— |001101110>+— |001101111)-— |110110000>-— [110110001)- - 1110110010)-
[110110011)- - [110110100)- —= [110110101)- - [110110110)- = |110110111>+— 011111000)+

|011111001>+_ |011111010>+_ |011111011)+_ |011111100)+_ |011111101>+_ 011111110)+

|011111111>-— |001100000>-— |001100001>-— |001100010>-— |001100011>-— 1001100100)-
|001100101>-— |001100110>-— |001100111>-— |100101ooo>-— |100101001)-— 1100101010)-
|100101011>-— |100101100>-— |100101101>-— |100101110>-— |100101111)-— 1011110000)-
|011110001>-— |01111001o>-— |011110011>-— |011110100>-— 011110101)- -°= [011110110)-
011110111)+-2 |110111000>+ |110111001)+ |110111010)+ |110111011>+ ° [110111100)+

|110111101>+ |110111110>+ |110111111) |111000000> ° [111000001)- == [111000010)-
[111000011)- - [111000100)- = |111000101> |111000110) |111000111>+ |010001000)+
|010001001>+ |01000101o>+ f |010001011)+ |010001100)+ f 1010001101)+-£ °= 010001110)+-°
1010001111)+-2 7 [101010000)+ - f [101010001)+ |101010010)+ |101010011>+ > [101010100)+
|101010101>+ |101010110>+ |101010111)+ |000011000)+ |000011001>+ - 000011010)+

|000011011>+ |000011100)+ |000011101)+ |000011110>+ |000011111>
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e Porte Z(4):

[04

| 3 )= 575 1100000000)+ = [100000001)+ - |100000010)+ - |100000011)+ = [100000100)+ =
|100000101>+if |100000110>+Lf |100000111)+Lf |001001000)+Lf |001001001>+Lf |001001010)+L
1001001011)+ f|001001100>+ f|001001101)+ f|001001110)+ f|001001111>+ f|110010000)+ o
[110010001)+ %= [110010010)+ -*= |110010011)+ = [110010100)+ -~ |110010101>+ - [110010110)+ %
1110010111)- f 011011000)- f 1011011001)- f 011011010)- f 011011011)- = [011011100)- -
1011011101)- f|011011110> f|011011111>+ r|0101ooooo>+ 010100001)+ f|010100010> =
1010100011)+ -~ [010100100)+ - [010100101)+ —= [010100110)+ —= [010100111)+ —= |111101000)+ =
|111101001>+ |111101010)+ |111101011)+ |111101100)+ f|111101101>+ |111101110)+ =
[111101111)- == 000110000)- f [000110001)- f 1000110010)- f [000110011)- == 000110100)- =
1000110101)- r|000110110> f|000110111>+ f|101111000>+ 1101111001 )+ f|101111010>+if
[101111011)+ = [101111100)+ <= [101111101)+ = |101111110)+— [101111111)+ = [111100000)+ =
|111100001>+_ |11110001o>+_ |111100011)+_ |111100100)+_ |111100101>+_ [111100110)+
[111100111)+ =% [010101000)+ - [010101001)+ -*= [010101010)+ -*= [010101011)+ = [010101100)+ =
1010101101 )+ f|010101110)+ |010101111)+ f|101110000)+ |101110001>+ f|101110010) =
[101110011)+ = [101110100)+ = [101110101)+ = [101110110)+ - |101110111)- = |000111000)- =
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CHAPITRE III : Solution proposée

|000111001>-i |000111010>-i |000111011>-i |000111100>-i 000111101)- = |000111110)-

1000111111)+-% f [001000000)+ - f 001000001 )+ - f 001000010)+ - f |001000011>+ r |001000100) iﬁ
[001000201)+ === [001000110)+ === [001000111)+ - [100001000)+ -~ |100001001)+ —= |100001010)+ ==
|100001011>+ |100001100)+_ |100001101)+_ |100001110>+_ 1100001111)- r 011010000)- =
1011010001)- -~ |011010010> < [011010011)- == |011010100>-— 011010101)- == [011010110)- -
|011010111>+ f |110011000>+ f |110011001)+ f 1110011010)+ - f |110011011>+ f |110011100) =
[110011101)+-% f 1110011110)+ - f 120011111)+ L |01ooooooo>+T |010000001>+7 |010000010)+if
1010000011)+ -2 |010000100)+ |010000101)+ |010000110>+ £ 010000111)- == [111001000)- - B
|111001001>-— |11100101o>-— |111001011>-— |111001100>-— |111001101)-— |111001110>-—
|111001111>+— |000010000>+— |000010001)+— |000010010>+— 1000020011)+ £ °= 000010100)+ if
|000010101>+— |000010110>+— |000010111)+— |101011000>+— |101011001>+— 1101011010)+ if
|101011011>+_ |101011100>+_ |101011101)+_ |101011110)+_ |101011111>+_ |L00100000)+ if
|100100001>+_ |10010001o>+_ |100100011)+_ |100100100)+_ |100100101>+_ 1L00100110)+ if
|100100111>-— |001101000>-— |001101001>-— |001101010>-— |001101011>-— |001101100)-if
|001101101>-7 |001101110>-7 |001101111>-7 |110110000>-7 |110110001>-— |110110010)-if
|110110011>‘T |1101101oo>-T |110110101>'T |11°110110>'T |110110111)-— 011111000)- if
1011111001)- f 011111010)- f 011111011)- f |°11111100>'T 011111101)- = 011111110)- if
|011111111>-7 |001100000>-— |001100001>-7 |00110001o>-7 |001100011>-— [001100100)- if

|001100101)-— 1001100110)- - |001100111>+ |100101000>+_ |100101001)+ |10010101o>+_
|100101011>+ |100101100)+ |100101101)+ |100101110>+ - [100101111)- %= [011110000)- 7
|011110001)-— |011110010>-— |011110011>-— |011110100>-— |011110101)-— 1011110110)- if
|011110111>-— |110111000>-— |110111001>-— |110111010>-— [110111011)- - [110111100)- if
|110111101>-— |110111110>-— |110111111>-— |111000000>-— |111000001)-— 1111000010)- if
[111000011)- - [111000100)- - = [111000101)- -= [111000110)- - |111000111>+ — 010001000)+ if
|010001001>+ |01000101o>+ |010001011)+ |010001100)+ |010001101>+ 75 1010001110+ if
|010001111>+ |101010000>+ |101010001)+ |101010010)+ |101010011>+ 75 1101010100+ if
|101010101)+ |101010110>+ |101010111)+ |000011000)+ — (000011001 )+ = |000011010)+if
|000011011>+ |000011100)+ |000011101)+ |000011110>+ |000011111>

vV M, :
e Porte Z(1):

|¢3> = f|100000000)+ [100000001)+—%= [100000010)+-%= [100000011-"= |100000100)-= [100000101)-

|100000110> |100000111>+— |001001ooo>+_ |001001oo1>+_ |001001010)+_ |001001011>+_
|001001100>+ |001001101)+ |001001110)+ |001001111)+ |11001oooo>+ % [110010001)+ “f
|11001001o>+ |110010011> <5 [110010100)- - 110010101)- f 1110010110)- f [110010111)- =
1011011000)- -~ |011011001> % [011011010)- = |011011011)- == [011011100)- - [011011101)- =
1011011110)- f|011011111)+ f|010100000)+ |010100001)+ r|01010001°)+ |010100011) =
1010100100)+ - |0101001o1>+ |010100110)+ |010100111)+ % [111101000)+ ~—= [111101001)+ =
[111101010)+ == [111101011)- == [111101100)- = [111101101)- = [111101110)- = [111101111)- <=
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CHAPITRE III : Solution proposée

|000110000>-i |000110001>-i |00011001o>-i |000110011>-i 000110100)- == [000110101)-
[000110110)- f|000110111>+ [101111000)+ f|101111001>+ f|101111010)+ [101111011)-
|101111100)- 7= 101111101)- = [101111110)- = [101111111)+ == |111100000>+ 7 1111100001)+
|11110001o>+— |111100011> f |1111001oo> f [111100101)- r 111100110)- r |111100111)+
|010101000)+ == 7 1010101001)+ = 010101010+ - |010101011)+ = [010101100)+ = |010101101)+ -
[010101110)+ f|010101111>+ f|10111oooo>+ f|101110001>+ f|10111001o>+ f|1o1110011>
|101110100)- == [101110101)- o [101110110)- o [101110111)- o |000111000)- W [000111001)-
000111010)- —= |000111011>-— 000111100)- = [000111101)- f |000111110>-— 1000111111)+ ——
|001oooooo>+ f|001000001>+ f|001000010)+ f|001000011)+ f|0010001oo>+ f|001000101)+
[001000110)+ f|001000111>+ f|100001ooo>+ f|100001001)+ r|100001010)+ r|100001011>
100001100)- = |100001101>-— 100001110)- = |100001111>-— |011010000)-— [011010001)-
[011010010)- f |011010011> f 1011010100)- r |011010101) f |011010110)- f 1011010111)+ ——
|110011000)+ = |110011001)+ - 1110011010)+ %= [110011011)- r|110011100> f|110011101>
|110011110>-7 |110011111>+ |01ooooooo>+7 |010000001)+7 |010000010)+7 |010000011>+_
|0100001oo>+ |0100001o1)+ |010000110)+ = 010000111)- = |111001ooo>-—|111001001>-—
|111001010)- = |111001011>+ f|111001100>+ |111001101)+7|111001110)+7|111001111)+if
|00001oooo>+_ |00001ooo1>+_ |000010010)+_ |000010011>+ L |0000101oo>+_ |000010101)+ if
|000010110>+_ |000010111>+_ |101011000>+_ |101011001)+_ |101011010)+_ [101011011)- if
|101011100)- - = [101011101)- -7 |101011110> |101011111>+— |1001ooooo>+— 1100100001)+ if
|10010001o>+— |100100011> |1001001oo>-— |100100101)- - |100100110>-— |100100111)-if
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|001101000>-— |001101001>-— 1001101010)- -~ |001101011>-— 001101100)- -F= 001101101)-
1001101110)- -7~ 001101111)- -7~ 1110110000)- -~ [110110001)- -~ |110110010)-— 1110110011)+
|110110100>+%—ﬁ |110110101)+Bﬁﬁ |110110110)+gﬁ |110110111>-88ﬁ 011111000)- -°= 011111001)- e
011111010)- = 011111011)- = [011111100)- = jo11111101)- £ |011111110)'E j011111111)- =
|001100000)-i 001100001)- - |001100010>-i |001100011>-i |001100100)-i |001100101)-i

\/_
|001100110) |001100111)+— |100101000)+ |100101001)+— |100101010)+ |100101011)

72 2
|100101100>-— |100101101>-7 |100101110>-— 1100101111)- 7 |011110000)-— 1011110001)-
|01111001o>-— |011110011>-7 |011110100>-— 011110101)- i |011110110)-— 011110111)-

[110111000)- = [110111001)- = |110111010> |110111011>+ |110111100>+  [110111101)+
|110111110>+ ° |110111111)- = |111000000> £ |111000001)- -= [111000010)- > [111000011)+

[111000100)+ -2 |111000101>+ |111000110)+ |111000111)+ |010001ooo>+ ° 010001001+

1010001010)+-£ |010001011>+ |010001100)+ |o10001101)+ |010001110>+ > [010001111)+

1101010000)+ -2 °= 1101010001)+ - f 1101010010)+ = f [101010011)- °= [101010100)- -= [101010101)-
|101010110>-7 101010111)+ -2 |000011000)+T |000011001)+7 |000011010)+7 [000011011)+
1000011100)+-2- |000011101)+ |000011110)+ °-[000011111).
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e Porte Z(2):
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CHAPITRE III : Solution proposée

|¥s) =55 |1oooooooo>+ |100000001)+_ [100000010)+ = |100000011)-— |100000100)-
1100000101)- = |100000110> % [100000111)+ = f |001001ooo>+ = |001001001)+ = r 1001001010)+
|001001011>+ |001001100>+ < 001001101)+ -2 |001001110>+ ~ 001001111)+ - 110010000+
[110010001)+ - |11001001o>+_ [110010011)+ - |110010100)+_ 1110010101)+ - |110010110)
1110010111)- f|011011000) _ |011011001)- f |011011010) < [011011011)+ = |011011100)
1011011101 )+ f|011011110>+ f|011011111)+ f|010100000>+ f|010100001>+ f|010100010)+
1010100011)- f|010100100) r|010100101> o 010100110)- o 010100111)+ = [111101000)+ =
1111101001)+ f|111101010>+ f|111101011)+ f|111101100)+ f|111101101>+ f|111101110)
[111101111)- = [000110000)- = [000110001)- = |000110010>-— 1000110011)- - 000110100)-
1000110101)- f|ooo110110> r'°°011°111>+ f|101111ooo>+ 1101111001)+ r|101111010>+
[101111011)- = [101111100)- f|101111101> _ [101111110)- f|101111111>+—|111100000)+
|111100001>+ = [111100010)+ —= [111100011)+ = [111100100)+ = [111100101)+ = [111100110)+
|111100111>+ - 010101000)+ == |010101001)+ |01010101o>+ _ 1010101011)- f|01o101100)
010101101)- -~ |010101110> f|010101111>+ r|101110000>+ |101110001)+ f|101110010)
[101110011)- — [101110100)- o 1101110101)- o 1101110110)- f [101110111)- == {000111000)-
[000111001)- = [000111010)- = |000111011)- = |000111100)- == [000111101)- - |000111110)-
|000111111>+ f|001000000>+ f|001000001)+ f|001000010)+ f|001000011>+ f|001000100)+
|001000101>+ - [001000110)+ === |001000111)+ == [100001000)+ = |100001001>+ - [100001010)+
1100001011)- —= |100001100>-— |100001101>-— |100001110>-— [100001111)- = 011010000)-
1011010001)- f|011010010> f|011010011>+ r|011010100>+ |011010101)+7|011010110)+
011010111+ 110011000)+ - [110011001)+ f|110011010)+ f|110011011>+ r|110011100)+
[110011101)+ f|110011110>+ f|110011111)+ |010000000)+T '010000001>+T |010000010)+_
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|010000011)-— |0100001oo>-— |010000101>-— |010000110>-— |010000111)-— 111001000)- if
|111001001>-— [111001010)- == |111001011>-— |111001100>-— |111001101)-— 1111001110)- if
|111001111)+ |000010000>+ |000010001)+ |000010010>+ |000010011>+ - [000010100)+ if
|000010101)+ |000010110>+ |000010111)+ |101011000)+ |101011001>+ - [101011010)+ if
1101011011)- -= [101011100)- -~ |101011101> |101011110)-7 |101011111>+ 7 [100100000)+ if
|100100001)+ |10010001o>+ |100100011) 7 100100100)- - [100100101)- - |100100110)-if
|100100111)-— |001101000>-— |001101001>-— |001101010>-— |001101011)-T 1001101100)- if
|001101101)-— |001101110>-— 1001101111)- == |110110000>-— |110110001)-T 1110110010)- if
|110110011>-— |110110100>-— |110110101>-— |110110110>-— |110110111)-7 1011111000)- if

011111001)- == 011111010)- - |011111011>+— 011111100)+ £ |011111101)+— j011111110)+ -~
011111111)- 2= [001100000)- = 001100001)- -F= 001100010)- -7~ 1001100011)- f 1001100100)- -~
|001100101>-i |001100110>-i |001100111)+— |100101ooo>+— |100101001)+— |100101010)+ if
[100101011)- £ |100101100>-— |100101101>-— |100101110>-— 1100101111)- f 1011110000)- =
|o11110001>-ﬁ 011110010)- 2= 011110011)+ £ |011110100>+ |011110101)+_ 011110110)+ £
jo11110111)- -2~ |110111000>-— j110111001)- - |110111010>-— 1110111011)- f [110111100)- -~
|110111101>-— |110111110>-— |110111111>-— |111000000)-— |111000001)-7 1111000010)- =
[111000011)- - [111000100)- = 111000101)- -~ |111000110) |111000111>+ |010001000) -
|o1ooo1001>+ » |01000101o>+ S |010001011> |010001100> £ 1010001101)- £ [010001110)- =
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CHAPITRE III : Solution proposée

|010001111>+ |101010000)+ |101010001)+ |10101001o>+ °= [101010011)- o |101010100)-£
1101010101)- -~ |101010110>-7 |101010111>+ |000011000>+T |000011001)+7 |000011010>+_
|000011011>+ |000011100)+ |000011101)+ |000011110)+ ~=(000011111).

e Porte Z(3):

|¥s) =:5 |100000000>+ |100000001>+7 [100000010)+ - [100000011)- = 100000100)- -=
1100000101)- - |1°°000110>'T|10°°°°111>+ |001001000>+7 |001001001>+7 1001001010+
[001001011)- f [001001100)- o 001001101)- f 1001001110)- " [001001111)+ - [110010000)+ =
110010001+ f|110010010>+ f|110010011)+ f|110010100>+ f|110010101>+ f|110010110) =
[110010111)- === |011011000)- f |011011001>-— 011011010)- %= |011011011)- = [011011100)- -
011011101)- f|011011110> r|011°11111>+ |010100000>+_|010100001)+ |01010001o>+if
1010100011)- = 010100100)- f 010100101)- f 1010100110)- f 1010100111 )+ - f 111101000+ -
|111101001>+ _ [111101010)+ - [111101011)- r|111101100> f|111101101) f|111101110) —
[111101111)- =% |000110000)- f |000110001> f 000110010)- f [000110011)- - |000110100)- =
1000110101)- = |000110110> f|000110111>+ r|101111000>+ 1101111001)+ f|101111010) =
|101111011>+ f|101111100>+ f|101111101)+ f|101111110)+ f|101111111>+ r|111100000) —
[111100001)+ - [111100010)+ —= [111100011)- f|1111001oo> f 1111100101)- f [111100110)-
|111100111>+—|010101000)+—|010101001)+ |01010101o>+ = [010101011)- = [010101100)- -
010101101)- f|010101110> r|0101°1111>+ f|101110000>+ |101110001)+ r|101110010> —
|101110011)+ f|101110100)+ 1101110101 )+ f|101110110>+ 1101110111)- f|000111000)-if
[000111001)- o 000111010)- f 000111011)- o 1000111100)- %= [000111101)- == [000111110)- -
000111111+ f|001000000)+ |001000001)+ |00100001o>+ f |001000011> f 1001000100)- =
1001000101)- %= |001000110)- f|001000111>+ f |100001ooo>+ = [100001001)+ - o 1100001010+
|100001011)- f 1100001100)- f 1100001101)- f 1100001110)- f [100001111)- = [011010000)- -
1011010001)- f 011010010)- f 011010011)- f 011010100)- f 011010101)- == 011010110)- -
1011010111 )+ f|110011000>+ |110011001)+7 1110011010)+ f|110011011>+ |110011100)+ «
[110011101)+5= [110011110)+ -2 [110011111)+ = 1010000000)+F= 010000001)+ -2 |010000010)+_
|010000011>-— |0100001oo>-— |010000101>-— |010000110>-— |010000111)-— |111001ooo>-—
1111001002)- - |111001010>'T|1110°1011>+ |111001100>+7|111001101)+T|11100111o>+_
|111001111>+ f|00001oooo>+ |000010001)+7 |00001001o>+7 |000010011>+7|000010100>+£f
1000010101)+E- 1000010110)+ £~ 1000010111)+ -2~ [101011000)+ -2~ [101011001)+ L= 101011010)+ L
|101011011>+_ |101011100>+_ |101011101>+_ |101011110)+_ |101011111>+_ [100100000)+ =
|100100001>+ |10010001o>+ |100100011) |1001001oo> £ 1100100101)- = 1100100110)- -
1100100111)- £ |001101000) |001101001) |001101010) |001101011>+— 001101100)+ £
|001101101>+— |001101110)+— |001101111) |110110000> £ 1110110001)- - |110110010)-if
[110110011)- 2= 110110100)- = |110110101>-ﬁ |110110110>-ﬁ [110110111)- = 011111000)- £
|011111001>-i |011111010)-i |011111011>-i |011111100>-i 011111101)- &= |011111110)- if
011111111)- = 1001100000)- = 1001100001)- -F= 001100010)- -F= 0011000112)+ £ |001100100) =
|001100101>+ |001100110>+ |001100111)+ |100101000)+ £ 1100101001)+ -~ 100101010)+
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CHAPITRE III : Solution proposée

|100101011>-i |100101100)-i |100101101)-i |100101110)-£ |100101111)-i |011110000>-i

|011110001>-— |01111001o>-— |011110011>-— |011110100)-— |011110101)-— 011110110)- if
|011110111>-— |110111000>-— |110111001>-— |110111010)-— [110111011)- > [110111100)- if
|110111101>-— |110111110>-— |110111111>-— |111000000>-— |111000001>-— 111000010)- if
[111000011)+ -2 |1110001oo>+ |1110001o1)+ |111000110)+ |111000111>+ = 010001000)+ -~ -
1010001001)+ £ |01000101o>+ *= [010001011)- -~ 010001100)- - [010001101)- = |010001110)-—
|010001111>+— |101010000>+— |101010001)+— |101010010>+— |101010011>+— 1101010100)+ if
|101010101>+— |101010110>+— |101010111)+— |000011000)+— |000011001>+— |000011010)+ir

|000011011>+E |000011100)+ﬁ |000011101)+ﬁ |000011110)+E 1000011111).

e Porte Z(5):

| ) =% [100000000)+ —= [100000001)+ - f 1L00000010)+ - f |100000011)-— |L00000100)-
|100000101)- f|100000110> f|100000111>+ f 1001001000)+ f 001001001)+ = f 1001001010)+ -
1001001011)- f [001001100)- = [001001101)- == |001001110)- f 001001111)+ - f |110010000)+
[110010001)+ = |11001001o>+ |110010011) r 110010100)- o 1110010101)- o 1110010110)-
1110010111)- f |011011000) f |011011001> f 011011010)- f 011011011)+ == [011011100)+
011011101)+ f|011011110>+ f|011011111)+ f|010100000)+ f|010100001>+ r|010100010)
1010100011)- f 1010100100)- r 1010100101)- f 010100110)- r 010100111)+ == |111101000)
1111101001)+ — |111101010>+ % [111101011)- - [111101100)- = [111101101)- == [111101110)-
1111101111)- f |000110000) r |000110001> f |000110010) r |000110011>+ |ooo110100)+
1000110101 )+ f|000110110>+ r|000110111)+ f|101111000>+ |101111001>+ f|101111010)
[101111011)- f|101111100) f|101111101> f 1101111110)- f [101111111)+ == [111100000)+ =
|111100001>+_ |11110001o>+_ 1111100011)- r 111100100)- f 1111100101)- f 1111100110)-
|111100111>+ ~ 1010101000)+ = [010101001)+ —= |010101010)+ f|010101011> — 1010101100)-
1010101101)- == |010101110> f|010101111>+ f|101110000>+ 1101110001)+ f|101110010>
1101110011)- f 1101110100)- f 1101110101)- f 1101110110)- f [101110111)- = 000111000)-
1000111002)- %= 000111010)- f|000111011>+ f|000111100>+ f|000111101)+ f|000111110>+
|000111111>+ - 001000000)+ = |001000001)+ |00100001o>+ — 1001000011)- f 1001000100)-
1001000101)- = |001000110> r|001000111>+ f |100001ooo>+ |100001001)+ f 1100001010)+
[100001011)- == [100001100)- o 1100001101)- f |100001110>-— [100001111)- == {011010000)-
1011010001)- r|01101001o> r|01101°°11>+ f|011010100>+ 011010101)+ f|011010110)
1011010111)+ r|110011000)+ f|110011001)+ 1110011010)+ f|110011011> f|110011100)
1110011101)- = |110011110>'T 120011111)+ |01ooooooo>+T 1010000001)+ 2= f 1010000010+
|010000011>-— |0100001oo>-— |010000101>-— |010000110>-— 010000111)- - 111001000)-
1111001001)- -~ |111001010)-7 1111001011)+ -2 |111001100>+7 |111001101)+7 |111001110)+_
|111001111>+ |000010000)+ |000010001)+ |000010010)+ = 000010011)- -~ [000010100)-
1000010101)- -~ |000010110>'T|000010111>+ |101011000>+ f|101011001)+ |101011010>
[101011011)- - [101011100)- - |101011101)- = |101011110) |101011111>+ |100100000)
|100100001>+ |100100010)+— |100100011) |1001001oo>-— [100100101)- - [100100110)-
1100100111)- == |001101000> > [001101001)- > |001101010) |001101011>+— 1001101100)+
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CHAPITRE III : Solution proposée

1001101101)+ -2 |001101110>+ % [001101111)- = [110110000)- -°= [110110001)- 2= |110110010)-—
|110110011>+ |110110100)+ |110110101)+ |110110110>+ °= 110110111)- = [011111000)- if
011111001)- -~ |011111010>-7 011111011)+ £ |011111100)+T |011111101)+7 011111110)+ if
011111111)- —% |001100000)- - = 001100001)- -~ |001100010)-7 1001100011)+ - 7 1001100100+ if
|001100101>+ |001100110>+ |001100111)+ |100101000)+ |100101001>+ *= [100101010)+ - -

|1°0101011>'E |100101100>-— |100101101>-— |100101110)-— |100101111)-— |011110000)-—
|011110001>-% 011110010)- - |011110011>+— |011110100>+— |011110101>+— 011110110)+

|011110111>-i |110111000)-— |110111001>-— 110111010)- = |110111011>+ |110111100)

|110111101>+_ |110111110>+_ 110111111)- == |111000000> ~ [111000001)- -~ [111000010)-
|111000011>+_ |1110001oo>+_ |111000101)+_ |111000110)+_ |111000111)+_ 1010001000)+

|010001001>+7 |010001010>+— 1010001011)- - [010001100)- -°= [010001101)- - [010001110)-
|010001111>+ﬁ |101010000)+— |101010001)+— |10101001o>+— [101010011)- - [101010100)-
|101010101>-% 101010110)- -~ |101010111>+— |000011000>+_ |000011001)+_ [000011010)+
|000011011>-% |°°°°11100>'ﬁ |°00011101>'ﬁ |000011110)'E 000011111).

i
8v2
+ B
8v2
B
8v2
+-B
8v2
B
8v2
B
8v2
B
8v2

v M, :
e Porte X(2):

|¥s) = -5 |1oooooooo>+ |100000001>+_ [110000010)+ == |110000011)-— |L00000100)-
1100000101)- = |110000110> |110000111>+ - [001001000)+ ~= [001001001)+ == [011001010)+
1011001011)- f|001001100) f|001001101> |011001110)-7 011001111)+ = [110010000)+ =
[110010001)+ - [100010010)+ -= [100010011)- f 1110010100)- f 1110010101)- f 1100010110)-
1100010111)- f|011011000) f|011011001> f 001011010)- f 001011011)+ == [011011100)+
011011101)+ r|001011110>+ f|001011111)+ f|010100000)+ |010100001>+ f|000100010)+
[000100011)- f 1010100100)- f 1010100101)- f 000100110)- f [000100111)+ - |111101000)+ =
[111101001)+ f|101101010>+ f|101101011) f|111101100> _ [111101101)- f 1101101110)-
[101101111)- f|000110000) - 1000110001)- == [010110010)- f |010110011>+ % [000110100)+ %=
[000110101)+ f|010110110>+ f|010110111)+ f|101111000)+ f|101111001>+ f|111111010)
[111111011)- f|101111100) f|101111101> f|111111110)  [111111111)+ f|111100000)+
[111100001)+ - [101100010)+ - [101100011)- f 111100100)- f 1111100101)- f 1101100110)-
|101100111>+ - 010101000)+ = |010101001)+ |00010101o>+ _ 1000101011)- r|010101100)
010101101)- = |000101110> r|000101111>+ f|101110000>+ |101110001)+ f|11111001o>+
[111110011)- - |101110100)- f 1101110101)- f 1111110110)- f [111110111)- = 000111000)-
1000111001)- r|010111010> r|010111011)+ |000111100>+_|000111101)+ |010111110>
010111111)+ f|001000000)+ f|001000001)+ f|01100001o>+ f|011000011> — 1001000100)-
1001000101)- r|011000110> r|011000111)+ |100001000>+T|100001001)+T|110001010>
1110001011)- o [100001100)- %= |100001101)-— [110001110)- == [110001111)- o 1011010000)-
1011010001)- f|001010010) f|001010011)+ f|011010100>+ |011010101)+ |001010110>+
|001010111>+ |110011000>+ |110011001>+ < 100011010)+ —= [100011011)- = [110011100)-
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CHAPITRE III : Solution proposée

|000000011>-i |010000100)-i |010000101)-i |000000110)-£ |000000111)-i |111001000>-i
1111001002)- = |10100101o>-7 1101001011)+ -2 |111001100>+T |111001101)+7 1101001110)+F-
|101001111>+ = 1000010000)+ = |000010001>+ = 010010010)+ = 1010010011)- - 1000010100)- if

1000010101)- |°10010110>'T 1010020111)+ - |101°11000>+T |101011001>+7 1111011010)+ if
[111011011)- - [101011100)- = |101011101> |111011110)-7 112011111)+ |100100000)+£
|100100001>+ |11010001o>+ |110100011) |100100100) ° [100100101)- % |110100110)-—
110100111)- - |001101000) |001101001> |011101010) |011101011>+— 1001101100)+ if
|001101101>+— |011101110>+ |011101111) = |110110000>-ﬁ [110110001)- - 1100110010)- if
|100110011>+_ |110110100)+_ |110110101)+_ |100110110)+i [100110111)- = [011111000)- if
1011111001)- if 1001111010)- -~ |001111011>+— |011111100)+_ |011111101)+_ 1001111110)+ if
1001111111)- if 1001100000)- - |001100001)- - = |011100010)- -~ |011100011>+— 1001100100)+ if
1001100101 )+ if |011100110>+— |011100111)+— |100101000)+— |100101001>+— 1110101010)+ if
1110101011)- if |100101100>-— |100101101>-— |110101110>-— |110101111)-— 1011110000)- if
1011110001)- if 1001110010)- -~ |001110011>+ |011110100>+ |011110101)+ - [001110110)+ if
|001110111>-— 1110111000)- == |110111001> |100111010) |100111011>+ |110111100) if
|110111101>+ |100111110>+ |100111111) |111000000> ° [111000001)- = |101000010)-—
|101000011>+ |1110001oo>+ |111000101)+ |101000110)+ |101000111>+ |010001000)+_
1010001001)+ —— f 1000001010)+ - f 1000001011)- - [010001100)- = [010001101)- ~ 000001110)- if
|000001111>+ |101010000)+ |101010001)+ |11101001o>+ 7 1111010011)- - [101010100)- if
|101010101>‘ﬁ 111010110)- - |111010111>+ |000011000>+ |000011001)+ |010011010) if

B
|010011011>'ﬁ IOOOOlllOO)_ﬁ IOOOOlllOl)_ﬁ |010011110)_ﬁ |010011111).

e Porte Z(3):

|¢3> = f|100000000)+ |100000001)+ |11000001o>+ |110000011 |100000100) == [100000101)-

|110000110) f|110000111)+ |001001000)+ |001001001> |011001010> |011001011>-i
|001001100> < [001001101)+ %= |o11001110>+ |o11001111)+ |110010000)+ |110010001>+_
|10001001o>+ ~ [100010011)- f 110010100)- f 1110010101)- f 1100010110)- f |100010111)-
1011011000)- f|011011001>+ f|001011010>+ f|001011011>+ f|011011100)+ f|011011101>
1001011110)- r|001011111>+ 1010100000)+ -~ 010100001)+ = |000100010)+ -= 000100011)-
1010100100)- == [010100101)- f|000100110) r |000100111)+ r|111101000>+ f |111101001)
[101101010)- == [101101011)- f|111101100) _ [111101101)+ r'lO”OlllO)* 1101101111)-
1000110000)- |000110001> % 1010110010)- = |010110011>+— |000110100>+_ 000110101)+
|010110110>+ f|010110111)+ f|101111000)+ 1101111001)- f|111111010> _ [111111011)-
1101111100)- r 101111101)+ -~ |111111110>+T |111111111>+T |111100000)+T 1111100001)-
1101100010)- r|101100011> f|111100100> f|111100101>+ 1101100110)+ f|101100111)
1010101000)+ f|010101001)+ 1000101010)+ === [000101011)- f|010101100> f|010101101>
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CHAPITRE III : Solution proposée

|101110100>-7 1101110101)+ = |111110110)+7 [111110111)- = |000111000)- = |000111001)-
1010111010)- f 010111011)+-% r 1000111100)+-% f |000111101)+ r |010111110)+ r |010111111>
[001000000)+ = 001000001)- = [011000010)- -== [011000011)- == 001000100)- = 001000101)+
1011000110)+ -~ |011000111>+_ |100001ooo>+_ |100001001)+_ |110001010)+_ 1110001011)-
1100001100)- f |100001101>-— [110001110)- %= [110001111)- f 011010000)- == 011010001)+
1001010010)+ - f 1001010011)+-% f |011010100)+ f 1011010101)- f |001010110) ~= 001010111)+ ==
1110011000+ = |110011001)+ % [100011010)+ -~ [100011011)- r |110011100> r 1110011101)-
1100011110)- f |100011111>+ |01ooooooo>+T '010000001)+7 |000000010)+7 [000000011)-
1010000100)- -~ |010000101>-— |000000110)-— 1000000111)- = |111001000)-— 1111001001 )+
|10100101o>+ |101001011)+ |111001100)+ |111001101> > 1101001110)- - |101001111)
1000010000)+ -2 |000010001)+ |010010010)+ = 010010011)- B |0000101oo> ~= [000010101)-
|010010110>‘T l010010111)+ £ |101011000>+T [101011001)- - [111011010)- = [111011011)-
|101011100)-7 101011101)+ -2 |111011110>+7 1111011111 )+ = f |100100000)+ f 1100100001)+ =
|11010001o>+_ 1110100011)- -*- |100100100>-— 1100100101)- -*- |110100110>-— 1110100111)-
1001101000)- -~ |001101001>+— |011101010>+_ |011101011>+_ |001101100)+_ 1001101101)-
011101110)- -~ |011101111>-— |110110000)-— [110110001)- == |100110010>-— 1100110011)+
|110110100)+ﬁ |110110101)+ﬁ |100110110)+ﬁ |100110111>-ﬁ 011111000)- = |011111001)
|001111010>+i |001111011)+i |011111100)+i |011111101>-i 001111110)- = [001111111)-
1001100000)- -~ |001100001>+— |011100010>+_ |011100011>+_ |001100100)+_ 1001100101)-
1011100110)- == |011100111>+— |100101ooo>+— |100101001>+— |110101010>+— 1110101011)- 7
[100101100)- - [100101101)- - 110101110)- > |110101111>-— |011110000>-ﬁ |011110001)+ﬁ
|001110010>+ |001110011)+ |011110100)+ |011110101> |001110110>-i |001110111)-i
[110111000)- = [110111001)- = |100111010> |100111011>+ |110111100>+ _ [110111101)+ = \F
|100111110>+ £ [100111111)- - > 1111000000)- - |111000001>+ |10100001o>+ ~ 1101000011+ Bf
[111000100)+ -2 7 1111000101)- - |101000110> |101000111>+ |010001ooo>+ ~ 1010001001+ Bf
|00000101o>+ - 1000001011)- - 010001100)- - [010001101)- - 000001110)- -°= 000001111)+ if
i
-
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-
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1101010000)+ - > [101010001)- = [111010010)- - [111010011)- = [101010100)- - |101010101)+
111010110+ -2 |111010111>+ |000011000>+ |000011001)+ |010011010)+ > 1010011011)-
|000011100>-ﬁ |000011101>-ﬁ |010011110>-ﬁ |010011111).

e Porte Z(4):

l¥s) =25 |1oooooooo>+ f 1100000001 )+ —< r |110000010)+— |110000011)-— [100000100)- =

[100000101)- = [110000110)- = [110000111)+ == [001001000)+ = 001001001)- = |011001010)

011001011)- = |001001100) f|001001101)+ f|011001110>+ |011001111)+ f|110010000)+ o
|110010001>+ |100010010)+ < [100010011)- %= [110010100)- == [110010101)- f [100010110)-
1100010111)- = |011011000> |011011001>+— |001011010>+_ |001011011)+_ 011011100)+ =
1011011101)- f 1001011110)- f 1001011111)+ - r 1010100000)+ = f 010100001)- f 1000100010)- “f
1000100011)- = [010100100)- - = [010100101)+ = [000100110)+ = [000100111)+ = [111101000)+ =
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CHAPITRE III : Solution proposée

[111101001)+ == [101101010)+ == [101101011)- == [111101100)- %= [111101101)- == [101101110)-
1101101111)- f|000110000> r|000110001>+ f|010110010)+ |010110011)+ r|000110100>+
[000110101)- === 010110110)- == [010110111)+ = [101111000)+ = [101111001)+ = [111111010)+
[111111011)- f [101111100)- f 1101111101)- f 1111111110)- r |111111111>+— 111100000)+ —=
[111100002)+ = [101100010)+ %= [101100011)- f [111100100)- %= [111100101)- f 1101100110)-
[101100111)+ - f 010101000)+ %= 010101001)- - [000101010)- f 1000101011)- %= [010101100)-
1010101101 )+ f|000101110>+ f|000101111)+ f|101110000)+ f|101110001>+ r|111110010)
[111110011)- = [101110100)- = |101110101)- = [111110110)- f |111110111)-— [000111000)-
[000111001)+ f|010111010)+ f|010111011)+ f|000111100>+ f|000111101> — [010111110)-
[010111111)+ — [001000000)+ = 001000001)- o 1011000010)- o 1011000011)- r 1001000100)-
|001000101>+— |011000110>+— |011000111)+— |100001000)+— |100001001>+— 1110001010)+
1110001011)- f |100001100)- f 1100001101)- f 1110001110)- f 1110001111)- r 1011010000)-
1011010001)+ f|001010010)+ |001010011)+7|011010100>+ f|011010101> f|001010110)
1001010111)+ - [110011000)+ f|110011001)+ |100011010>+7|100011011> f|110011100)
[110011101)- f|100011110> f|100011111>+ |01ooooooo>+7|010000001)+7|000000010)+_
|000000011>-— |0100001oo>-— |010000101>-— |000000110>-— |000000111)-—2 |111001ooo>-E
|111001001>+ |101001010)+ |101001011)+ |111001100>+ _ 111001101)- -~ |101001110)-i
|101001111>+ |000010000)+ |000010001>+ |010010010)+ ~ 1010010011)- % |000010100)if
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1000010101)- == |010010110)-7 |010010111>+ |101011000>+7 [101011001)- - [111011010)- if
111011011)- - |1010111oo>-T |101011101>+ |111011110>+T |111011111)+7 1100100000+ if
[100100002)- - [110100010)- = [110100011)- - |100100100)-7 |100100101>+ — [110100110)+ if
[110100111)- —% [001101000)- = 001101001)- - [011101010)- = |011101011>+— 001101100)+ if
|001101101>+— |011101110)+— |011101111)-— [110110000)- = |110110001)+— 1100110010)+ if
|100110011>+_ |110110100>+_ [110110101)- - [100110110)- % |100110111)- - [011111000)- if
|011111001>-— 1001111010)- = |001111011>+— |011111100>+— |011111101)+— [001111110)+ if
001111111)- % |001100000)- = 001100001)- - [011100010)- = |011100011>+— |001100100)+_
|001100101>+_ |011100110)+_ |011100111)+_ |100101ooo>+_ |100101001>-— |110101010)-—
[110101011)- - |100101100)- = |100101101>+— |110101110>+_ 110101111)- -~ |011110000)-—
|011110001>'Wz 1001110010)- = |001110011>+ |011110100>+ |011110101)+ |001110110> if
|001110111>-£ [110111000)- == |110111001>+ |100111010>+ |100111011)+ ° [110111100)+ if
[110111101)- - [100111110)- % |100111111)- = |111000000) |111000001>+ — [101000010)+ if
|101000011>+ |111000100)+ 75 1111000101)- ° |101000110) |101000111)+ 7 1010001000)+ if
1010001001)+ £ |000001010)+ > |000001011)- - 010001100)- - [010001101)- = [000001110)- if
1000001111)+ £ |101010000)+ °= [101010001)- - [111010010)- - [111010011)- = [101010100)- if
102010101)+ - |111010110>+ |111010111)+ |000011000)+ |000011001>+ 5 010011010)+ if

|°10011°11>'ﬁ |000011100)-E |000011101)-E |°1°011110)'$ |010011111).

e Porte X(5):
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CHAPITRE III : Solution proposée

|¥s) =55 |1oooooooo>+ |1ooooooo1)+7 |110010010)+7 |110010011)-— |L00000100)-
1100000101)- == |110010110) % |110010111)+ == 001001000)+ %= 001001001)- r 011011010)-
011011011)- = |001001100> |001001101>+ |011011110>+ |011011111)+ % 1110010000+
|110010001>+_ |10000001o>+_ |100000011)- f 110010100)- f 1110010101)- r 1100000110)-
[100000111)- %= 011011000)- f|011011001>+ [001001010)+ - [002001011)+ - [011011100)+ =
1011011101)- f [001001110)- == |001001111)+ == f |010100000>+ % [010100001)- f 1000110010)-
1000110011)- f|0101001oo> r|0101°°101>+ f|000110110)+ |000110111)+ r|111101000)
|111101001>+ % [101111010)+ = |101111011)- =% [111101100)- - [111101101)- f|101111110)
101111111)- == |000110000> f|000110001>+ f|010100010>+ f|010100011)+ f|000110100)+
1000110101)- f|010100110> r|0101°°111>+ f|101111000)+ 1101111001)+ r|111101010>+
[111101011)- = [101111100)- f|101111101> _ [111101110)- f |111101111>+— 111100000)+
|111100001>+_ |10111001o>+_ 1101110011)- r 111100100)- o 1111100101)- f 1101110110)-
[101110111)+ == [010101000)+ == 010101001)- r 1000111010)- f 000111011)- f 010101100)-
1010101101)+ f|000111110>+ r|000111111)+ f|101110000>+ 1101110001)+ f|111100010)+
[111100011)- == [101110100)- o 1101110101)- o 1111100110)- f [111100111)- == 000111000)-
|000111001)+ f|010101010)+ f|010101011)+ f|000111100>+ f|000111101> f|010101110)
010101111)+ - 001000000)+ ~*= 001000001)- -*= [011010010)- f 011010011)- %= [001000100)-
|001000101>+ |011010110>+ |011010111)+ |100001000)+ |100001001>+ |110011010)
110011011)- = |100001100>-— 1100001101)- f |110011110>-— [110011111)- = {011010000)-
|011010001)+ == 001000010)+ = 001000011+ f|011010100>+ 011010101)- f|001000110)
[001000111)+ f|110011000)+ |110011001)+7|100001010>+T|100001011> f|110011100)
|110011101>-7 |100001110)- r |100001111>+ |01ooooooo>+T |010000001)+T |00001001o>+_
|000010011>-— |0100001oo>-— |010000101>-— |000010110>-— |000010111)-— 1111001000)-
|111001001>+ |101011010)+ |101011011)+ |111001100>+ > 1111001101)- - |101011110)
|101011111>+ |000010000)+ |000010001>+ |o10000010)+ - [020000011)- -~ [000010100)-
1000010101)- -*- |010000110)'T |010000111>+ |101011000>+7 [101011001)- -°= [111001010)-
111001011)- = |101011100>-7 |101011101>+ |111001110>+7 |111001111)+7 1100100000)+
[100100002)- - [110110010)- = [110110011)- - |100100100)-7 |100100101>+ ° 1110110110)+
[110110111)- - 001101000)- > [001101001)- - [011111010)- - |011111011>+— 001101100)+
|001101101>+_ |011111110)+— |011111111)-— [110110000)- = |110110001)+— 1100100010)+
|100100011>+— |110110100>+— [110110101)- - [100100110)- = [100100111)- ~ [011111000)-
|011111001>-— |001101010>-— |001101011>+— |011111100>+— |011111101)+— |001101110>+_
1001101111)- - 001100000)- - [001100001)- - [011110010)- - |011110011>+— |001100100)+_
|001100101>+— |011110110)+— |011110111)+— |100101ooo>+— [100101001)- = [110111010)- if
[110111011)- - |100101100)- > |100101101)+ |110111110>+— [110111111)- - [011110000)-
|011110001>-ﬁ|001100010> ~ 001100011)+ - |011110100>+ |011110101)+ |001100110>
|001100111>-i|110111000> |110111001>+ |10010101o>+ |100101011)+ % 1110111100)+

0)+

>t
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\/_
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\/_
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\/_
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\/_
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\/_
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\/_
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\/_
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\/_
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\/_

i
\/_
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\/_
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\/_
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\/_
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\/_
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\/_
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i
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i
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B
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B
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B
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+ B
8V2
+ B
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+B
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B
\/—

it
=
+ B
=
+ B
=
[110111101)- % [100101110)- == [100101111)- - |111000000) |111000001>+ ~ [101010010)+ if
|101010011>+ |111000100)+ |111000101) |101010110) |101010111)+ 7 1010001000 if
1010001001 )+ —— r 1000011010+ —— f 1000011011)- - [010001100)- - = [010001101)- - 000011110)- if
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CHAPITRE III : Solution proposée

1000011111)+ -2 |10101oooo>+ % 1102010001)- = 111000010)- -°= [111000011)- - |101010100)- £
|101010101>+ |111000110>+ |111000111)+ |000011000)+ |000011001)+ |010001010)+_
|°10001011>'E |000011100>-$ |000011101>-$ |010°01110)'ﬁ |010001111).

v Ms:
e Porte Z(1):

s ) = if |1oooooooo>-i |100000001)+ if |110010010)-i |110010011)-i |100000100)+$
100000101)- = |110010110>+ |110010111)+ 7 1001001000)+ - f 001001001)- = |011011010)-i
[011011011)- f |001001100> f |001001101>+— |011011110)+_ |011011111)+ |11001oooo>
|110010001>+—|100000010)  1100000011)- f |110010100)+ 7 1110010101)- f |100000110)+
[100000111)- f|011011000> f|011011001>+ |00100101o>+7|001001011)+ f|011011100)+
[011011101)- o [001001110)- o 001001111)+ = |0101ooooo>+T |010100001)- o |000110010)-
[000110011)- f|0101001oo> f|010100101>+ [000110110)+ - [000110111)+ f|111101000)
|111101001)+ == [101111010)- f|101111011) f|111101100)+ [111101101)- f|101111110)+
[101111111)- f|000110000> r|000110001>+ f|01010001o>+ |010100011)+ f|000110100>+
1000110101)- = [010100110)- f|010100111>+ [101111000)- f|101111001>+— 1111101010)-
[111101011)- f |101111100>+— [101111101)- f |111101110)+— [111101111)+ - [111100000)-
[111100001)+ f|101110010) = [101110011)- f|111100100)+ f|111100101) f|101110110)
[101110111)+ = |010101000)+ == f [010101001)- f |000111010)- f 000111011)- -7 010101100)-
|010101101>+ |000111110)+ - [000111111)+ % |101110000)- r|101110001)+ [111100010)-
[111100011)- f |101110100)+ f [101110101)- f |111100110)+ f [111100111)- f [000111000)-
[000111001)+ f|010101010)+ f|010101011)+ f|000111100>+ f|000111101> f|010101110)
|010101111>+_ |001oooooo>+_ [001000001)- r [011010010)- f 1011010011)- f |001000100)-
[001000101)+ f|011010110)+ f|011010111)+ f|100001ooo> f|100001001)+ f|110011010>
[110011011)- f|100001100)+ |100001101)- f|110011110)+ [110011111)- f|011010000>
[011010001)+ f|001000010)+ |001°00011)+T'011010100>+ f|011010101> f|001000110)
[001000111)+ f|110011000) |110011001)+ 7 1100001010)- = [100001011)- f 1110011100)+ —
|110011101)- = |100001110>+ |100001111>+ |010000000)+ f|010000001)+ [000010010)+
000010011)- —= |010000100>-— |010000101)-— 000010110)- - |oooo10111)-— 1111001000)+
|111001001>+ |101011010)-T|101011011)+ [111001100)- - |111001101)- -~ |101011110)
|101011111>+ |000010000)+ |000010001)+ |010000010)+ |010000011> 7 1000010100)-
000010101)- - |010000110)-7 |010000111)+ 7 1101011000)- - |101011001> |11100101o>
|111001011)- - |101011100)+ f|101011101>+ f|111001110> |111001111)+ f|1001ooooo>
|100100001)- - = |110110010)+ f|110110011> = [100100100)+ f|100100101)+ f|110110110> if
|110110111)- = [001101000)- - = [001101001)- -~ |011111010)-7 |011111011>+ |001101100)+_
|001101101>+ |011111110)+ |011111111)-7|110110000)+ |110110001)+7|100100010)-—
[100100011)+ r|110110100> = [110110101)- - = [100100110)+ f|100100111> = [011111000)- if
011111001)- = |001101010)-7|001101011)+ |011111100>+7|011111101)+7|001101110)+_
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CHAPITRE III : Solution proposée

1001101111)- - 001100000)- - [001100001)- = |011110010)-7 |011110011>+ |001100100)+_

|001100101>+ |011110110)+ |011110111)+ °= 100101000)- = |100101001) |110111010> if
|110111011>-7 1100101100)+ - |100101101>+T [110111110)- == [110111111)- > |011110000)- if
1011110001)- = |°°1100010>'T 1001100011)+ - |011110100>+7 |011110101>+7 1001100110)+ if
|001100111>-7 1110112000)+ £ |110111001)+7 |100101010)-7 100101011)+ £ ° 110111100)- - B
|110111101>-7 100101110)+ £ |100101111)-7 [112000000)+ £ |111000001)+7 |101010010)-—
|101010011>+ﬁ |111000100)-ﬁ 1111000101)- |101010110>+— |101010111>+— 1010001000)+ if
|010001001>+i |000011010>+i |000011011)-— |010001100>-— |010001101> > 1000011110)- if
|000011111>+— [101010000)- -E= 101010001)- = |111000010)+— 1111000011)- == |101010100) if
|101010101>+E 1111000110)- = |111000111>+— |000011000)+_ |000011001)+_ |01000101o>+£f

B
|010001011>'ﬁ |000011100>'ﬁ |000011101>'ﬁ |010001110)'ﬁ |010001111).

e Porte X(3):

|¥:) =% |100000000) |101000001)+ < 110010010)- == [111010011)- = [100000100)+ =
1101000101)- f |110010110>+ |111010111)+7 |001001000>+T |000001001> f 011011010)- "‘f
1010011011)- f 1001001100)- f 1000001101)+ = 011011110)+ = [010011111)+—= [110010000)- =
1111010001)+ - f 1100000010)- f 1101000011)- f 1110010100)+ —< f 1111010101)- f |100000110)+if
1101000111)- o 011011000)- o 1010011001)+ = |00100101o>+_ [000001011)+ === 011011100)+ -
1010011101)- f 1001001110)- f |000001111>+ ~= 1010100000)+ ~== [011100001)- f [000110010)- =
1001110011)- f 1010100100)- f 1011100101)+ = |000110110)+7 001110111)+ - f [111101000)- =
[110101001)+ = [101111010)- o 1100111011)- f [111101100)+ - [110101101)- o [101111110)+ ==
1100111111)- f|000110000> f|001110001>+ f|01010001o>+ |011100011)+ f|000110100>+ S
1001110101)- f [010100110)- == 011100111)+ —= [101111000)- == |100111001)+ —= [111101010)-
1110101011)- f |101111100>+ _ 1100111101)- f |111101110)+ - [110101111)+ - [111100000)- =
[110100001)+ = [101110010)- f 1100110011)- f [111100100)+ = [110100101)- f |101110110) =
|100110111>+_ |010101ooo>+_ 011101001)- r 1000111010)- f 001111011)- f 010101100)- -2
011101101)+ - 000111110)+ = [001111111)+ -~ [101110000)- f [100110001)+ - [111100010)- -
1110100011)- f |101110100)+ f 1100110101)- f |111100110)+ o 1110100111)- f 1000111000)- =
1001111001)+ f|010101010)+ |011101011)+ — [000111100)+ f|001111101> r|010101110) =
[011101111)+ == [001000000)+ ~—= [000000001)- = 011010010)- -~ |010010011)- o 1001000100)- -
1000000101)+ = |011010110)+ f |010010111)+ |100001ooo> f |101001001)+ = 1110011010)-
1111011011)- f |100001100)+— 1101001101)- f |110011110)+— 1111011111)- f |011010000> =
|010010001>+— |001000010)+— 1000000011)+ = |011010100>+— 010010101)- = [001000110)- -
1000000111+ - 110011000)- f|111011001>+ |100001010> f|101001011) f|110011100)+ =
1111011101)- f|100001110>+ |101001111)+7 |010000000)+7|011000001)+7|000010010)+ P
1001010011)- = 010000100)- -= |011000101) |000010110)-— |001010111)-— |111001000)+—
|110001oo1>+ f 1101011010)- - |100011011>+ f [111001100)- -°= [110001101)- = |101011110)+—
|100011111>+ﬁ |00001oooo>+_ |001010001>+_ |010000010)+_ﬁ |011000011>- ﬁ |000010100>-ﬁ
|001010101>-i 1010000110)- -~ |011000111)+ £ 1101011000)- = |100011001>-i |111001010)+i
1110001011)- - |101011100)+— |100011101)+— 111001110)- - |110001111)+— |100100000)-—
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CHAPITRE III : Solution proposée

|101100001>-7 |11011001o>+ |111110011)-7 [100100100)+ - |101100101>+T |110110110>-—
[111110111)- % [001101000)- == 000101001)- - |011111010)-7 j010111011)+ £ |001101100)+_
|000101101>+ |011111110)+ '010111111)'7 [110110000)+ £ |111110001)+7 1100100010)- if
|101100011>+ * 1110110100)- = |111110101>-7 [100100110)+ -2 > [101100111)- - [011111000)- if
1010111001)- -~ |001101010>-7 1000101011)+ -2 '011111100>+T |010111101)+7 |001101110>+if
[000101111)- % [001100000)- = 000100001)- - |011110010)-7 010110011)+ £ |001100100)+7
|000100101>+— |011110110)+— |010110111)+— |100101ooo>-—2 101101001)- |110111010) Bf
111111011)- © |100101100)+ |101101101>+— [110111110)- % [111111111)- % |011110000)- if
|010110001>-— 1001100010)- -~ |000100011>+— |011110100>+_ |010110101)+_ 1001100110)+ if
1000100111)- == |110111000>+— |111111001)+_ 1100101010)- -~ |101101011)+— 1110111100)- if
111111101)- - |100101110>+— 101101111)- = |111000000)+— |110000001>+— 1101010010)- if
|100010011>+— |111000100)-— 1110000101)- == |101010110>+— |100010111>+— 1010001000)+ if
|011001001>+_ |000011010>+_ |001011011) *= [010001100)- > |011001101) °= |000011110)- if
|001011111>+ - [101010000)- 5= [100010001)- = |111000010)+ - 110000011)- = [101010100)+ if
[100010101)+-2 7 [111000110)- - |110000111>+ |000011000)+ |001011001)+ |010001010)+if
|011001011>-ﬁ |°°°°11100>'ﬁ |001011101>-E |010001110)-ﬁ |011001111).

e Porte X(4):

| ;) = iv_ |100000000)- = i 1101100001 )+ if [110010010)- .= i 111110011)- = i |100000100)+ ~— i
[101100101)- f|110010110>+ r|111110111)+ |001001000>+ f|000101001> f|011011010)
[010111011)- o 1001001100)- o 000101101)+ == |011011110)+T 1010111111)+ — 7 |110010000)-
|111110001)+ -7 |100000010)- f [101100011)- f [110010100)+ - [111110101)- f |100000110)+
[101100111)- f|011011000> f|010111001>+ f|00100101o>+ |000101011)+ f|011011100>+
[010111101)- f [001001110)- r |000101111>+— |0101ooooo>+_ |011000001)- f |000110010)-
[001010011)- f 1010100100)- i |011000101>+— |000110110)+— 001010111)+ % [111101000)-
[110001001)+ —— f [101111010)- f |100011011)- f 1111101100)+ —— f 1110001101)- f |101111110)+
[100011111)- r|000110000> f|001010001>+ f|01010001o>+ |011000011)+ f|000110100>+
|001010101>-7 [010100110)- o 011000111)+ = |101111000)- f |100011001)+ - |111101010)-
[110001011)- f 101111100)+ = [100011101)- f |111101110)+ = [110001111)+ = f [111100000)-
|110000001)+ 7= [101110010)- f |100010011)- f |111100100)+ = [110000101)- f [101110110)+
100010111)+ = 7 1010101000)+ == 011001001)- f |000111010)- f 001011011)- -7 010101100)-
|011001101>+_ |000111110>+_ |001011111>+_ |101110000)- == |100010001)+— [111100010)-
|110000011>-7 |101110100)+ == |10001°101>'T |111100110)+ 7 1110000111)- - |000111000)-
[001011001)+ f|010101010)+ f|011001011)+ f|000111100>+ f|001011101> f|010101110)
[011001111)+ = 001000000+ - 000100001)- f 1011010010)- f 010110011)- -7 [001000100)-
[000100101)+ f|011010110)+ f|010110111)+ f|100001ooo> f|101101001)+ f|110011010)
[111111011)- f [100001100)+ —— f [101101101)- f 1110011110+ —— f [111111111)- r [011010000)-
|010110001>+_ |001000010>+_ |000100011>+_ |011010100>+_ 010110101)- = 001000110)-
|000100111>+ — [110011000)- = |111111001)+— |100001010)- - [101101011)- r |110011100)+
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.
111111101)- = |100001110>+— |101101111>+_ |010000000)+ |011100001)+— [000010010)+ if
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CHAPITRE III : Solution proposée

1001110011)- - |0100001oo>-— |011100101)-— 1000010110)- -*~ |001110111)-i |111001000)+£
|110101001>+ |101011010)-T 100111011)+ £ *= [111001100)- -E= [110101101)- - |101011110)+—
|100111111>+ |000010000)+ |001110001>+ |010000010)+ |011100011) = 000010100)- if
1001110101)- = |010000110)'T 011100111)+ -2 ° 101011000)- = |100111001> |111001010)
|110101011>-7 1101011100)+ £ |100111101)+7 |111001110>-7 |110101111)+ = |100100000)- -
|101000001>-7 |11011001o>+ |111010011)-T |100100100)+ |101000101)+7 |110110110>-—
[111010111)- % [001101000)- -~ 000001001)- -~ |011111010) |010011011>+— |001101100)+—
|000001101>+— |011111110)+— 1010011111)- -* |110110000)+ |111010001)+— |100100010)-—
|101000011>+— |110110100> ° [111010101)- > |100100110)+— [101000111)- -E= [011111000)- if
|010011001>-— 1001101010)- -~ |000001011>+— |011111100>+_ |010011101)+_ 1001101110)+ if
[000001111)- - [001100000)- = 000000001)- -= [011110010)- .= |010010011>+— 1001100100)+ if
|000000101>+— |011110110)+— |010010111)+— |100101000>-— [101001001)- = |110111010) if
i
e

+ B
e
L

111011011)- - |100101100)+ B |101001101>+ - 1110111110)- - 111011111)- & [011110000)-
|010010001>- - 1001100010)- - |ooooooou>+ |011110100>+ |010010101)+ - 1001100110)+
1000000111)- - |110111000>+ |111011001)+ £ 1100101010)- = [101001011)+ -*- [110111100)-

111011101)- - |100101110>+ _ 101001111)- - |111000000)+ |110100001)+ |10101001o>-£
|100110011>+ - [111000100)- = [110100101)- |101010110>+ |100110111>+ |010001000)+_
1011101002)+ £ |000011010>+ f |001111011) ° [010001100)- = |011101101) ° [000011110)- if
001111111+ - £ 101010000)- === [100110001)- = |111000010)+ ° 1110100011)- = |101010100) if
|100110101>+ _ [111000110)--° |110100111>+ |000011000)+ |001111001)+ - 010001010+ if

|011101011>'ﬁ IOOOOlllOO)_ﬁ IOOlllllOl)_ﬁ |010001110)_ﬁ |011101111).

e Porte X(5):

;) = i |100000000)-i |101110001)+ i |110010010)-i |111100011)-i |100000100)+ ——
|101110101>-T|11001011o>+ |111100111)+T|001001ooo>+7|000111001> f|011011010> f‘r
010101011)- == 001001100)- - 000111101 )+ r|011011110)+ f|010101111)+ f|11001oooo> “f
|111100001>+ = 100000010)- f|101110011) f|110010100)+ 1111100101)- f|1ooooo110)+if
[101110111)- f|011011000> f|o10101001>+ f|00100101o>+ |000111011)+ f|0110111oo>+if
[010101101)- f|001001110) f|000111111>+ f|0101ooooo>+ f 1011010001)- o 1000110010)- “f
[001000011)- f|0101001oo> f|o11010101>+ [000110110)+ = [001000111)+ f|111101000> f‘r
|110011001>+—|101111010) 5 1100001011)- f|111101100)+ [110011101)- f|101111110)+if
[100001111)- f|000110000> f|001000001>+ r|01010001o>+ 1011010011)+ f|000110100>+ “f
|oo1000101>-7|o10100110> f|011010111>+ [101111000)- f|100001001>+ 111101010)- "‘f
[110011011)- f|101111100>+ f|100001101) f|111101110)+ f|110011111)+ [111100000)- “f
[110010001)+ ~= [101110010)- f|100000011> f|1111001oo>+ 1110010101)- f|101110110) if
|100000111)+ = 7 1010101000)+ - 011011001)- f [000111010)- f [001001011)- -7 [010101100)- "‘f
011011101)+ %= |000111110)+ f|001001111)+ [101110000)- r|100000001)+ [111100010)- “f
[110010011)- f |1011101oo>+— |100000101)- %= |111100110)+— 1110010111)- - 000111000)- if
001001001)+ - |o10101010>+ |011011011>+ |000111100>+ 5 1001001101)- f|010101110) if
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CHAPITRE III : Solution proposée

011011111)+ = 001000000)+ - 000110001)- %= [011010010)- = 010100011)- = [001000100)- ==
1000110101)+ - f |011010110)+ |010100111)+ |100001000) r |101111001)+ = 1110011010)- ==
[111101011)- %= [100001100)+ = |101111101> |110011110)+ = [111101111)- = |011010000) =
|010100001>+ |001000010)+_ |000110011)+_ |011010100>+_ 010100101)- r 1001000110)- ==
|000110111>+ ~ 1110011000)- - [111101001)+ - |100001010)- %= [101111011)- f [110011100)+ ==
111101101)- = |100001110>+ |101111111>+_ |010000000)+_ |011110001)+_ [000010010)+ if
[001100011)- - |010000100)- -~ |011110101) |000010110)-— 001100111)- == |111001ooo>+7
|110111001>+— 1101011010)- -* |100101011)+— [111001100)- %= [110111101)- = |101011110) ‘}
|100101111>+— |000010000)+— |001100001>+— |010000010)+— |011110011>- -5 1000010100)- if
1001100102)- -E= [010000110)- == |011110111>+— 1101011000)- -~ |100101001) |111001010) if
110111011)- =~ |101011100>+ |100101101)+ °= [111001110)- = |110111111)+ = |100100000)- if
1101010001)- == |11011001o>+ |111000011) |100100100)+ |101010101)+ |110110110)-if
[111000111)- = [001101000)- == 000011001)- - |011111010) |010001011>+ — [001101100)+ if
|000011101>+ |011111110)+ - 010001111)- = |110110000)+ |111000001)+ _ [100100010)- if
|101010011>+ |110110100> 7 [111000101)- % |100100110)+ ° [101010111)- = 1011111000)- if
|010001001>- L |001101010> |000011011>+ |011111100>+ |010001101)+ |001101110)+_
[000011111)- & [001100000)- = 000010001)- -~ |011110010) |010000011>+ |001100100)+ B
|000010101>+ |011110110)+ |010000111)+ |100101ooo> |101011001)-— |110111010>+—
111001011)- = |100101100)+ ° [102011101)+ -5 f [110111110)- - [111001111)- -5 [011110000)- if
|010000001)-— 1001100010)- = |000010011>+ |011110100>+ |010000101)+ |001100110) if
1000010111)- == |110111000>+ |111001001)+ ~ 100101010)- -~ |101011011)+ - [110111100)- if
|111001101>-T |10010111o>+ |101011111)-T |111000000)+ |110110001)+T 1101010010)- if
[100100011)+ -2 £ [111000100)- - |110110101>-7 101010110)+ -2 |100100111>+7 1010001000)+ if
011111001)+ £ |000011010>+ > [001101011)- - 010001100)- -= |011111101) ° [000011110)- if
|001101111>+ _ [101010000)- -~ |100100001)-T |111000010)+ ~ [110110011)- -~ |101010100) if
100100101)+ -2 |111000110>-7 110110111)+ -2 |000011000)+7 |001101001)+7 |01000101o>+_

|011111011>-ﬁ |000011100>-ﬁ |001101101>-ﬁ |010001110)-8

e Porte H(6) :

—051011111111),

li3)= T [100000000)+ — [L00001000)— - 101110001 — = [101111001)+ = [110010010)+— [110011010)
——[111100011) — = 111101011) — = [100000100) — - [L00001100) + - [101110101) +— [101111101)

— = [110010110) — - [110011110) +— 1111100111) +— 111101111) +

|000110001) -— |000111001) +o
- |001000100) +

= 1011010010) + -
~ [001001100) — - 000110101) + =

= 011011010) — = [010100011) +
~ [000111101) +

= 001000000) — = 001001000)
= [010101011)
= |011010110) — = [011011110)

- 1010100111) — = [010101111) + — [110010000) + > [110011000) — = [111100001) — = [111101001)

= [100000010) +
= [111100101) + -
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~1-1011010000) + - [011011000) — - [010100001) + -~ [010101001) +—[001000010) — - [001001010)
—[000110011) —1000111011) + ~1011010100) — -~ [011011100) +—[010100101) — - [010101101)
—--1001000110) + —1001001110) — - [000110111) + —(000111111) + -~ [010100000) + ~1010101000)
—(011010001) +-]011011001) — = 000110010) — -~ [000111010) ——001000011) — - [001001011)
——1010100100) — == [010101100) — = [011010101) —— [011011101) + = [000110110) + ~1000111110)
—[001000111) + ~1001001111) + —[111100000) — = 111101000) — — [110010001) + - |110011001)

— 101110010 — = ]101111010) —— [100000011) + —[100001011) —=111100100) + 111101100}
—110010101) + ~[110011101) — = [101110110) +=101111110) + = [100000111) + = 100001111)
—=1000110000) — == [000111000) — = [001000001) — - [001001001) + 010100010} +— [010101010)
—[011010011) + ~1011011011) + = [000110100) + ~1000111100) +— [001000101) + = 001001101)
—=1010100110) — == 010101110) —[011010111) — - [011011111) + [101110000) — — [101111000)
— = [100000001) + ~1100001001) + = (111100010 — = 111101010) — [110010011) + —|110011011)
——101110100) + -~ 101111100} +[100000101) — [100001101) — = |111100110) + - |111101110)
—[110010111) ~ = 110011111) + - [111100000) + —111101000) — = |110010001) — - [110011001)
—1101110010) + ~[101111010) — = |100000011) — - [L00001011) — -~ |111100100) — = |111101100)
—110010101) +~>]110011101) — (101110110 — = |101111110) + —[100000111) + - [100001111)
—[010100000) — = [010101000) + ~1011010001) — - [011011001) — = 000110010} +~-|000111010)
~—[001000011) + ~1001001011) — = 010100100) + ~[010101100) — = |011010101) + - [011011101)
—[000110110) ~ = 000111110} + ~1001000111) — = |001001111) + —[101110000) + - |101111000)

- 1—6 [100000001) — 1—6 [100001001) + 1—6 1111100010) + E 111101010) — 1—6 [110010011) — R [110011011)
-= ~1101110100) — = -1101111100) + = -1100000101) + = ~1100001101) — = - 1111100110) — = - 1111101110)
—110010111) +=]110011111) —={000110000) +— [000111000) — == [001000001) + - [001001001)
—[010100010) — = [010101010) + ~1011010011) — = |011011011) + ~[000110100) ——|011011011)
—[001000101) — = 001001101) — ~{010100110) + = (010101110 — - |011010111) + ~[011011111)
—1001000000) + ~1001001000) + ~1000110001) + - [000111001) — = [011010010) —~|011011010)
—~—[010100011) — -~ [010101011) — ~[001000100) — - [001001100) — = [000110101) — - 000111101)
—1011010110) + ~1011011110) + ~1010100111) + ~1010101111) + — [100000000) — - |100001000)
——[101110001) +--101111001) +~-[110010010) —~ [110011010) — = |111100011) + - [111101011)
~—[100000100) + - |100001100) +[101110101) ~ [101111101) — = |110010110) + - |110011110)
—[111100111) — = ]111101111) —={011010000) — - [011011000) — - [010100001) — - [010101001)
—1001000010) + ~1001001010) + ~1000110011) + ~1000111011) + ~ 1011010100 + ~1011011100)
—010100101) +~>1010101101) ——{001000110) — = [001001110) — = [000110111) — = [000111111)
—[110010000) — -~ |110011000) — - [111100001) + —111101001) + —[100000010) — - |100001010)
——101110011) + ~[101111011) — = |110010100) — - [110011100) + -~ |111100101) — = |111101101)
——[100000110) + == 100001110) + - [101110111) — = |101111111) + -~ |01ooooooo> + |010001000)
|011110001> + |011111001> + |000010010) + |000011010) + |001100011> +o |001101011)

- |0100001oo> -= |010001100) -= |011110101) -= |011111101) - |000010110> - |000011110)
|001100111> - |001101111> - |111000000) + |111001000) + |110110001> - |110111001)

= |101010010> - |101011010> - |100100011) + |100101011) + |111000100> - |111001100)
- |110110101> + |110111101) - |101010110) + |101011110) + |100100111> - |100101111)
|000010000> + |000011000> + |001100001) + |001101001) + |010000010> +o |010001010)
|011110011> +o |011111011) - |000010100) -= |000011100) -= |001100101> - |001101101)

— £ 1010000110y — £ 010001110) — £ jp11110111) — £ p11111111) + £ 1101010000y — £ |101011000)
16 16 16 16 16 16
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— £ 1100100001) + £ 100101001) — £ [112000010) + £ 1111001010) + £ |110110011) — £ [120111011)

— £ 1101010200) + £ 101011100) + £ [100100101) — £ 1100101101) + £ 1111000110) — £ [111001110)

—£ j110120111) + £ 1110111111 + £ 1100100000) + £ 1100101000) — £ 101010001) — £ |101011001)

— £ 1120110010) — £ 110111010) + £ [112000011) +£ 1111001011) — £ 1100100100) — £ [100101100)

£ 1201010101) + £ 1202011101) + £ 1120110110 + £ [120111110) — £ 111000111) — £ 112001111

— £ 1001100000) +£ 1001101000) — £ 000010001) + £ 1000011001) — £ 011110010) + £ j011111010)

— £ 1010000011 + £ 1010001011) + ® 1001100100) — £ 001101100) + ® 1000010101) — £ 000011101)

£ 011110110y - £ 011111110) + £ 1010000111) — £ j020001111) — £ 110110000) — £ [110111000)

2 1111000001 +£ 1111001001) +£ 100100010) + £ 100101010 — £ [101010011) - £ 101011011

£ 1110110100) + £ 1110111100) — £ j111000101) — £ [111001101) — £ 100100110) — £ [100101110)

2 1101010111 + £ j1012011111) — £ 011110000) + £ j011111000) — £ 1010000001 + £ j020001001)

— £ 1001100010) +£ 001101010) — £ 000010011) + £ 1000011011) + £ 011119100) — £ j011111100)

£ 020000101 — £ 1010001101) + ® 1001100110) — £ 010001101) + £ 1000010111) — £ j000011111)

— £ 1001100000) — £ 001101000) — £ j000010001) — £ 1000011001) — £ 011110010 — £ j011111010)

— £ 1010000011) — £ 010001011) + £ [001100100) + £ 1001101100) + £ J000010101) + £ |000011101)

£ o11110110) + £011111110) + - 1010000111 + £ 010001111) + - [100100000) — £ 100101000)

— £ 1101010001) +£ 201012001) — £ 120110010) + £ 1110111010) + £ 111000011) — £ |111001011)

~ £ 1100100100) +£ 100101100) + £ [101010101) — £ |101011101) + £ 110110110) — £ |110111110)

— £ 1112000111) + £ [112001111) — £ [011110000) — £ 1011111000) — £ 1020000001 — £ 1010001001

— £ 1001100010 — £ 001101010) — £ 000020011) + £ 1000011011) + £ 011110100 + £ j011111100)

£ o10000101) + ®1010001101) + ® 001100110) + £ 001101110) + £ 000010111) + £ |000011111)

~ £ 1110120000) + £ 110111000) + £ [111000001) — £ 1111001001) + - 100100010 — £ |100101010)

2 1101010011 + £ 1101011011) +£ 110110100) + £ [120111100) — £ |111000101) + £ 111001101)

£ 1100100110) + £ 100101110) + £ [101010111) — £ 1101011111) - £ 1111000000) - £ |111001000)

£ 1120110001 + £ 1110111001) +£ 101010010) + £ 1101011010) - £ 1100100011) — £ [100101011)

2 1111000100) +£ 1111001100y — £ [110110101) — £ 120111101) — £ j201010110) - £ [101011110)

£ 1100100111) + £ j100101111) + * 1010000000) - £ 020001000) + ® 1011110001) — £ j011111001)

£ 1000010010 — £ 1000011010) + £ 1001100011) — £ 1001101011) — £ 010000100) + ~ 010001100

— £ jo11110101) +£ 011111101) — £ 000010110) + £ |000011110) — £ j001200111) + £ |001101111)

2 1101010000 + £ 1101011000) — £ 100100001) - £ [100101001) — £ 1112000010) — £ 111001010)

2 1110110011) +£ j110111011) — £ 1201010200) - £ [101011100) + £ [100100101) + £ 100101101)

2 1111000110y +£ 11112001120y — £ [110110111) — £ [120111111) + £ |000010000) — £ j000011000)

£ o01100001) — £ 1001101001) + ® 1010000010) — £ 010001010) + £ 1011110011) — £ jo11111011)

~ £ 1000010100) + £ 1000011100) — £ 001100101) ++-1001101101) — £ 1010000110) + £ 020001110)
— £ jo11110111) + £ jo11111111).

Apreés la simplification de |i3) :

|3 ) =3 |100000000)—3 |101110001)+5 |11001001o>-5 |111100011>-5 |100000100)+g |101110101)-5
|110010110>+ [111100111)+> [001000000)+= [000110001)-= [011010010)-+[010100011)-= [001000100)-=
|000110101)+ |011010110)+= [010100111)+ [110010000)-= [111100001)+ [100000010)-= |101110011)-=
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[110010100)+3 [111100101)- [100000110)+5 [101110111)-% [011010000)- [010100001)+5 [001000010)+5
[000110011)+ [011010100)+> |010100101)-- 1001000110)-5 [000110111)+3 |010100000)+ 1011010001)-5
|000110010>-— |001000011>-— 010100100)-5 [011010101)+S 000110110+ [001000111)+S [111100000)-5
[110010001)+ 101110010)-5 [100000011)-5 |1111001oo>+ |110010101>-- 101110110)+5 [100000111)-5
|000110000>-— 1001000001)+S [010100010)+5 |011010011)+ 1000110100)+5 |001000101)-— 1010100110)-5
011010111)+5 |101110000)-- 1100000001)+5 |111100010>-— |110010011>-— 101110100)+S [100000101)-5

[111100110)+5 [110010111)+E 1010000000)+ |011110001)+_ |000010010)+_ 1001100011)-£ 020000100)-2
011110101)- |000010110>--|001100111)-— 1111000000)+£ 1110110001)+E |101010010)-— 100100011)+2
|1110001oo>-— 1110110101)-£ 1101010110)+£ 100100111)+ 1000010000)+2 |001100001>+ 1010000010)+£
1011110011)- £ 1000010100)-£ |001100101)-—|010000110)-— 011110111)+ |101010000)-— 1100100001)-
-|111000010)+ |110110011)-— 1101010100)+2 |100100101)+ |111000110>-—|110110111)+ 1100100000)-%
1101010002)-£ [110110010)+ [111000011)-£ |100100100)+ |101010101>+ |110110110)-- 111000111)-
1001100000)-£ |000010001>-— 011110010)- |010000011)+ 1001100100)+E |000010101)+ 011110110)+E
|010000111>-- 1110110000)+£ [111000001)+£ [100100010)-£ [101010011)+E |110110100)-- 111000101)-£
1100100110)+£ [101010111)-£ [011110000)-£ 1010000002)-£ 1001100010)-£ 1000010011)+E j011110100)+E
1010000101)+£ 1001100110)+£ 000010111).

e Porte H(7) :

[04

|3 )=—= f |000110100> + f |000110101> f|000110110> + f|000110111> == |001000100> 5
|001000101> + |001000110> - r|001000111> +— |0101001oo> i ! |010100101> t= |010100110> -
E |010100111> LS |011010100> t= |011010101> LS |011010110> + |011010111>+ = |100000100>
% |100000101> +— |100000110> -—|100000111> +— |101110100> = |101110101> +7
[101110110> -m |101110111> +E [110010100> 'ﬁ |110010101> +E |110010110> 'E [110010111>
+L [111100100> -i |111100101> +i |111100110> -i |111100111> +i| 000010100> %
|000010101> +_ |000010110> — |000010111> - |0011001oo> + f 001100101> -— |001100110>
+—ﬁ |001100111>+— |010000100> - |010000101> +— 010000110> - |010000111>-_ [011110100>

B

+ % |011110101> -E |011110110> +— |011110111>+— |1001001oo> - B |100100101> +7

100100110> —— |100100111>+ |1010101oo> B |101010101> +L |101010110> . |101010111>.7
|110110100> +£ |110110101> £ |110110110> +L |110110111>-— |111000100> +L |111000101> .

\/_ |111000110> 5 |111000111>

e Porte H(8):

%) =£ 1000010100> -£000010101> -2j000110100> +£/000110101> + 001000100> -£]001000101> -
E|001100100> +F001100101> +—|010000100> ~%o10000101> +—|010100100> -—|010100101> -%011010100>

£1012010101> -£}011110100> +£1011110101> +%1100000100> -£[100000101> +£[100100100> -
Z|1°°1°°101>+Z|101°1°1°°> 'Z|1°101°101> +Z|1°111°100> ~1101110101>+5110010100> 'Z|110010101> -
$1110110100> +£110110101>-111000100> +£111000101> +2)111100100> 4111100101
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L)

e Porte H(9):

3) = % 1000010101>- %|000110101>+ %|001000101>- %|001100101>+ %|010000101>
+ % 1010100101> — %|011010101> - %|011110101> + %|100000101> + %|100100101>
+ %|101010101> + %|101110101> + %|110010101> — %|110110101> — %|111000101>
+55/111100101>

Correction d’erreur :
Reésultat de mesure = 0101, donc erreur de type X1
v" La correction : appliquer la porte X sur le premier qubit :

) == f|100010101>- f|100110101>+ <101000101> -—|101100101>+ |110000101>
+-110100101> —{111010101> -—|111110101> +2-/000000101> +-° |000100101> +L |001010101>
+-25001110101> +-= 010010101> 5010110101> —= |011000101> +25011100101>

v' Suppression des quatre qubits du syndrome:

[14) =5 \/_|10001> - \/_|10011> +— |10100> \/_|10110> +— |11000> +—H11010> \/_|11101>-
\/_|11111> +— |OOOOO> +7|00010> +—H00101> +T‘|00111> +T‘|01001> -m|01011> -
—|01100> +—|01110>

22

Décodage :
Application de circuit de décodage :

e Porte CNot(5,2) :

[Ws) =
B
T |11001>- — |11011>+ \/_ |10100>- — |10110>+ |11000>+ \/_ [11010>- \/_ |10101>-

5 \/_ |10111>+ |OOOOO>+ T_ |00010>+ 7 [01101>+ — \F [01111>+ — \F |00001> o |00011>-
ﬁl01100>+ﬁ|01110>

e Porte H(5) :

|¢5> :E |11000> - E [11001> - 5 |11010> + 5 [11011> + 3 |10100> + 3 |10101> - E [10110> -

[04

£ 120121>+8 111000> + £ 12001> +% [12010> + |11011>-—|101o>+ |10101>-—|10110>+ £ 10111>+%
04

100000> + < 00001> +£ |00010> +B |00011>+- 101100> - |01101> +201110> - £{01111>+ [00000> - &
|00001> --|00010>+ ? l00011> - |01100>--|01101>+ 01110> + % j01111>
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Apres la simplification :

[s) =§ [11000> + % |11011> + g |10101> - g |10110> +g |01110> + g |00000> + g |00011> -
£lo1101>

e Porte CNot(1,2) :

|zp5) =8 - 110000> + - |10011> + g |11101> - g |11110> +g |01110> + g |00000> + g |00011> -

e Porte CNot(3,4) :
[s) :g |10000> + % |10011> + g 11111> - g |11100> +§ |01100> + g |00000> + g |00011> -

flo1111>

e Porte CNot(4,5) :
s ) :g |10000> + % |10010> + g |11110> - g |11100> +§ |01100> + g |00000> + g |00010> -

£lo1110>

e Porte CNot(4,1) :
s ) :g |10000> + g |00010> + g |01110> - g |11100> +§ |01100> + g |00000> + g |10010> -

fj11110>

e Porte H(4) :
|¢5) =£110000> +£110010> +%100000> - % (00010> + £ |01100> -2 |01110> -£111100> -

|11110>+ [01100> + = |01110> + = |OOOOO> + = |00010> + = |1000O> -z |10010> - g |11100>
+5 [11110>

Apres Ia simplification :
[s) =7 B 120000> + % |ooooo> + T 101100> - T |11100>

e Porte CNot(2,3) :
ps) = % |10000> + % |00000> + % |01000> - % |11000>

o Porte H(2):
lps) = |10000> += |11000> += |00000> += |01000> += |00000> -—|01000> -§|10000> +

g |11000>
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Apreés la simplification :

[s) = a |00000> + [3 [11000>

e Porte CNot(1,2) :
ls) = a00000> + B [10000>

v" Suppression des qubits auxiliaires :
|¥) = ajo>+ 1>

111.7. Conclusion :

Dans ce chapitre, nous avons présenté un nouveau correcteur quantique basé sur les
codes stabilisateurs. L’idée de base est de trouver un encodage tel que :

e On peut définir un ensemble d'opérateurs qui ont la particularité d’avoir comme vecteurs
propres les états erronés ainsi que I état sans erreur.

e La mesure des valeurs propres associées a ces opérateurs ne modifie pas 1’état traité.

e Le résultat de la mesure signe sans ambiguité le type d'erreur. Une fois 1’erreur détectée,
il suffit d’apporter la correction adéquate.

Dans la solution proposée, il sagit d'un encodeur a 5 qubits utilisant 10 portes
quantiques seulement. Les propriétés spécifiques des opérateurs de Pauli nous a permis de
repérer facilement l'ensemble des stabilisateurs. Pour valider notre proposition, une
verification manuelle des résultats a été réalisé. On a constaté que c'est une tache tres
difficile, donc l'automatisation des calculs par un simulateur constitue la solution la plus
appropriée. Cela fera I'objet du chapitre suivant.
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