
4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ �̥̥ϑ
+͖ξ̐ϟ͖ϑχ ˨;̙ +ξІθϑΎ͇ξ˨θ͑І

�ȀƚʾŏȘƇƚɟ bȩȀȩʲȘƚʲࡈ bƚȩɟǃƚɾȩʶȘ ĆȘǞʲƚɟɯǞɾʿ

ë�++ ߝߞߜߞ



�Ύϑ͖ϻ˨ϑ͖;͇ ßϟ̥χϑ͖Ύ;

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

ߝ



�Ύϑ͖ϻ˨ϑ͖;͇ ßϟ̥χϑ͖Ύ;

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ߝ



�Ύϑ͖ϻ˨ϑ͖;͇ ßϟ̥χϑ͖Ύ;

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

÷ǞȒƚ

ߝ



�Ύϑ͖ϻ˨ϑ͖;͇ ßϟ̥χϑ͖Ύ;

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ÷ǞȒƚ

ߝ



�Ύϑ͖ϻ˨ϑ͖;͇ ßϟ̥χϑ͖Ύ;

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ÷ǞȒƚ

4ŏɾŏ

ߝ



�Ύϑ͖ϻ˨ϑ͖;͇ ßϟ̥χϑ͖Ύ;

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ÷ǞȒƚ

4ŏɾŏ áŏȘƇȩȒȘƚɯɯ

ߝ



°ϟϑͱ͖;̥

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ
4ŏɾŏ ëɾɟʕżɾʕɟƚɯ

÷ǞȒƚ
+ǞɟżʕǞɾɯ

4ŏɾŏ
�ƚŏɟȘǞȘǃ

áŏȘƇȩȒȘƚɯɯ
+ɟʿɔɾȩ

ߞ



°ϟϑͱ͖;̥

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ
4ŏɾŏ ëɾɟʕżɾʕɟƚɯ

÷ǞȒƚ
+ǞɟżʕǞɾɯ

4ŏɾŏ
�ƚŏɟȘǞȘǃ

áŏȘƇȩȒȘƚɯɯ
+ɟʿɔɾȩ

ߞ



°ϟϑͱ͖;̥

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ
4ŏɾŏ ëɾɟʕżɾʕɟƚɯ

÷ǞȒƚ
+ǞɟżʕǞɾɯ

4ŏɾŏ
�ƚŏɟȘǞȘǃ

áŏȘƇȩȒȘƚɯɯ
+ɟʿɔɾȩ

ߞ



°ϟϑͱ͖;̥

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ
4ŏɾŏ ëɾɟʕżɾʕɟƚɯ

÷ǞȒƚ
+ǞɟżʕǞɾɯ

4ŏɾŏ
�ƚŏɟȘǞȘǃ

áŏȘƇȩȒȘƚɯɯ
+ɟʿɔɾȩ

áŏȘƇȩȒȘƚɯɯ
+ɟʿɔɾȩ

bbmÚģߜߞ

ߞ



°ϟϑͱ͖;̥

ĝǔŏɺ ɛƙɫȧʑɛżƙɫ ŏɛƙ ɛƙɗʑǝɛƙƆ ɺȧ ɫȧǿʮƙ ŏ ǂǝʮƙȗ
żȧȑɑʑɺŏɺǝȧȗŏǿ ɑɛȧųǿƙȑࡓ

mŏɟƇȘƚɯɯ

ëɔŏżƚ
4ŏɾŏ ëɾɟʕżɾʕɟƚɯ

÷ǞȒƚ
+ǞɟżʕǞɾɯ

4ŏɾŏ
�ƚŏɟȘǞȘǃ

áŏȘƇȩȒȘƚɯɯ
+ɟʿɔɾȩ

4bĦߥߝ
bbmÚģߜߞ

ߞ



̙˨ϑ˨ χϑξϟ̐ϑϟξ̥χ



CЅ˨ͻθͱ̥χ

ëɾŏżǺࡈ ßʕƚʕƚࡈ �Ǟɯɾࡈ mƚŏɔ

ëƚŏɟżǕ ÷ɟƚƚɯ

mŏɯǕ ÷ŏųȀƚɯ

ߠ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ CЅ˨ͻθͱ̥χ

! bɟŏɔǕ 4ǞɯɾŏȘżƚɯࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɟȩŏƇ ȘƚɾʶȩɟǺ ǞȘ ȩɟƇƚɟ ɾȩ
ƚǀ˙żǞƚȘɾȀʿ żȩȒɔʕɾƚ ƇǞɯɾŏȘżƚɯ ųƚɾʶƚƚȘ żǞɾǞƚɯ
bȩȩǃȀƚ �ŏɔɯ

! �ƚŏɟƚɯɾ �ƚǞǃǕųȩɟɯࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɯƚɾ ȩǀ ɔȩǞȘɾɯ ǞȘ ȩɟƇƚɟ
ɾȩ ƚǀ˙żǞƚȘɾȀʿ ˙ȘƇ żȀȩɯƚɯɾ ɔȩǞȘɾ ɾȩ ŏ ɛʕƚɟʿ ɔȩǞȘɾ
�ƚɾ˚Ǟʾ ɟƚżȩȒȒƚȘƇŏɾǞȩȘɯ

! áŏȘǃƚ +ȩʕȘɾǞȘǃࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɯƚɾ ȩǀ ɔȩǞȘɾɯ ǞȘ ȩɟƇƚɟ ɾȩ
ƚǀ˙żǞƚȘɾȀʿ żȩȒɔʕɾƚ ɾǕƚ ȘʕȒųƚɟ ȩǀ ɔȩǞȘɾɯ ǞȘ ŏ ǃǞʲƚȘ
ɟƚżɾŏȘǃȀƚ
�ȒŏˌȩȘ ȒŏɟǺƚɾ ɯǞˌƚ ƚɯɾǞȒŏɾǞȩȘ

ߡ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ CЅ˨ͻθͱ̥χ

! bɟŏɔǕ 4ǞɯɾŏȘżƚɯࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɟȩŏƇ ȘƚɾʶȩɟǺ ǞȘ ȩɟƇƚɟ ɾȩ
ƚǀ˙żǞƚȘɾȀʿ żȩȒɔʕɾƚ ƇǞɯɾŏȘżƚɯ ųƚɾʶƚƚȘ żǞɾǞƚɯ
bȩȩǃȀƚ �ŏɔɯ

! �ƚŏɟƚɯɾ �ƚǞǃǕųȩɟɯࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɯƚɾ ȩǀ ɔȩǞȘɾɯ ǞȘ ȩɟƇƚɟ
ɾȩ ƚǀ˙żǞƚȘɾȀʿ ˙ȘƇ żȀȩɯƚɯɾ ɔȩǞȘɾ ɾȩ ŏ ɛʕƚɟʿ ɔȩǞȘɾ
�ƚɾ˚Ǟʾ ɟƚżȩȒȒƚȘƇŏɾǞȩȘɯ

! áŏȘǃƚ +ȩʕȘɾǞȘǃࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɯƚɾ ȩǀ ɔȩǞȘɾɯ ǞȘ ȩɟƇƚɟ ɾȩ
ƚǀ˙żǞƚȘɾȀʿ żȩȒɔʕɾƚ ɾǕƚ ȘʕȒųƚɟ ȩǀ ɔȩǞȘɾɯ ǞȘ ŏ ǃǞʲƚȘ
ɟƚżɾŏȘǃȀƚ
�ȒŏˌȩȘ ȒŏɟǺƚɾ ɯǞˌƚ ƚɯɾǞȒŏɾǞȩȘ

ߡ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ CЅ˨ͻθͱ̥χ

! bɟŏɔǕ 4ǞɯɾŏȘżƚɯࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɟȩŏƇ ȘƚɾʶȩɟǺ ǞȘ ȩɟƇƚɟ ɾȩ
ƚǀ˙żǞƚȘɾȀʿ żȩȒɔʕɾƚ ƇǞɯɾŏȘżƚɯ ųƚɾʶƚƚȘ żǞɾǞƚɯ
bȩȩǃȀƚ �ŏɔɯ

! �ƚŏɟƚɯɾ �ƚǞǃǕųȩɟɯࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɯƚɾ ȩǀ ɔȩǞȘɾɯ ǞȘ ȩɟƇƚɟ
ɾȩ ƚǀ˙żǞƚȘɾȀʿ ˙ȘƇ żȀȩɯƚɯɾ ɔȩǞȘɾ ɾȩ ŏ ɛʕƚɟʿ ɔȩǞȘɾ
�ƚɾ˚Ǟʾ ɟƚżȩȒȒƚȘƇŏɾǞȩȘɯ

! áŏȘǃƚ +ȩʕȘɾǞȘǃࡇ Úɟƚɔɟȩżƚɯɯ ŏ ɯƚɾ ȩǀ ɔȩǞȘɾɯ ǞȘ ȩɟƇƚɟ ɾȩ
ƚǀ˙żǞƚȘɾȀʿ żȩȒɔʕɾƚ ɾǕƚ ȘʕȒųƚɟ ȩǀ ɔȩǞȘɾɯ ǞȘ ŏ ǃǞʲƚȘ
ɟƚżɾŏȘǃȀƚ
�ȒŏˌȩȘ ȒŏɟǺƚɾ ɯǞˌƚ ƚɯɾǞȒŏɾǞȩȘ

ߡ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ

ÚɟƚɔɟȩżƚɯɯǞȘǃ

ߢ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ

ÚɟƚɔɟȩżƚɯɯǞȘǃ

ßʕƚɟǞƚɯ

ߢ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ

ÚɟƚɔɟȩżƚɯɯǞȘǃ

ßʕƚɟǞƚɯ

ĦŏɯǕǞȘǃɾȩȘ ࡴ ëɾࡏ Úƚɾƚɟɯųʕɟǃ

ߢ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ

ÚɟƚɔɟȩżƚɯɯǞȘǃ

ßʕƚɟǞƚɯ

ĦŏɯǕǞȘǃɾȩȘ ࡴ ëɾࡏ Úƚɾƚɟɯųʕɟǃ

ߢ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ

ÚɟƚɔɟȩżƚɯɯǞȘǃ

ßʕƚɟǞƚɯ

ĦŏɯǕǞȘǃɾȩȘ ࡴ ëɾࡏ Úƚɾƚɟɯųʕɟǃ �ɾǕƚȘɯ ࡴ ģǞȀȘǞʕɯ

ߢ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ 4̥͖͂;͖ϑ͖Ύ;

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ߣ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ 4̥͖͂;͖ϑ͖Ύ;

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ/ߞ . . . ɑɫ−ߝ ɑɫ

ʕȘųȩʕȘƇƚƇ

ߣ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ 4̥͖͂;͖ϑ͖Ύ;

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ/ߞ . . . ɑɫ−ߝ ɑɫ

ɗߝ ɗߞ . . . ɗȑ/ߞ . . . ɗȑ−ߝ ɗȑ

ʕȘųȩʕȘƇƚƇ

ɺ ɺɺ

ߣ



ëϑ˨ϑ͖̐ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χࡏ 4̥͖͂;͖ϑ͖Ύ;

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ/ߞ . . . ɑɫ−ߝ ɑɫ

ɗߝ ɗߞ . . . ɗȑ/ߞ . . . ɗȑ−ߝ ɗȑ

ʕȘųȩʕȘƇƚƇ

ɺ ɺɺ

Cǀ˙żǞƚȘɾ 4ëࡇ
ɫ = ȗɔȩȀʿ Ȁȩǃȗ
ɺ = ɔȩȀʿ Ȁȩǃȗ

ߣ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ

! ɫ = ȑ, ɺ = ߝ
! ɫ = ȗ, ɺ = ȗ ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ
! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)
! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ
! ɫ = ȑ, ɺ = ߝ

! ɫ = ȗ, ɺ = ȗ

ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ
! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)
! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ
! ɫ = ȑ, ɺ = ߝ
! ɫ = ȗ, ɺ = ȗ

ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ
! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)
! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ
! ɫ = ȑ, ɺ = ߝ
! ɫ = ȗ, ɺ = ȗ

ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ

! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)
! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ
! ɫ = ȑ, ɺ = ߝ
! ɫ = ȗ, ɺ = ȗ

ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ
! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)
! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ
! ɫ = ȑ, ɺ = ߝ
! ɫ = ȗ, ɺ = ȗ

ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ
! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)

! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



4ë �ΎϾ̥ξ $Ύϟ;̙χ

! ÷ʶȩ ɾɟǞʲǞŏȀ ɯȩȀʕɾǞȩȘɯࡇ
! ɫ = ȑ, ɺ = ߝ
! ɫ = ȗ, ɺ = ȗ

ߝʺ . . .ʺȗ

ɑߝ . . . ɑȑ

ɗߝ . . . ɗȑ

ߝʺ . . .ʺȗ

ɑߝ . . .ɑȗ

ɗߝ . . . ɗȑ

! ÷Ǖƚɟƚ ƚʾǞɯɾ ɔɟȩųȀƚȒɯ ɟƚɛʕǞɟǞȘǃ ɫ ≈ ȑ ȩɟ ɺ ≈ ȗ
! $ƚɯɾ ǺȘȩʶȘ żȩȘżɟƚɾƚ Ȁȩʶƚɟ ųȩʕȘƇ ࡇࡠߥߤëǞƚ

ɺ ≥ Ω

( Ȁȩǃȑ
Ȁȩǃ(ɫ/ȗ)

)

! ɫ = ª(ȗ) =⇒ ɺ ≥ Ω(Ȁȩǃȗ)
! ɫ = ȗߝ+ε =⇒ ɺ ≥ Ω(ߝ)

ߤ



̐ξІθϑΎ Ͼ͖ϑ͑ θξ̥θξΎ̥̐χχ͖;͇



+ξІθϑΎ͇ξ˨θ͑І Ͼ͖ϑ͑ Úξ̥θξΎ̥̐χχ͖;͇

ʺ ƿ(ʺ)

ƚŏɯʿ

ǕŏɟƇ

+ɟʿɔɾȩǃɟŏɔǕʿ ɟƚɛʕǞɟƚɯ ǕŏɟƇ ǀʕȘżࡷ
ɾǞȩȘɯࡏ
ëƚżʕɟƚ ʶŏʿࡷȩȘƚ ƿ : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

ߜߝ



+ξІθϑΎ͇ξ˨θ͑І Ͼ͖ϑ͑ Úξ̥θξΎ̥̐χχ͖;͇

ʺ ƿ(ʺ)

ƚŏɯʿ

ǕŏɟƇ

+ɟʿɔɾȩǃɟŏɔǕʿ ɟƚɛʕǞɟƚɯ ǕŏɟƇ ǀʕȘżࡷ
ɾǞȩȘɯࡏ
ëƚżʕɟƚ ʶŏʿࡷȩȘƚ ƿ : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

+ŏȘ ųƚ ųɟȩǺƚȘ ųʿ ɔɟƚɔɟȩżƚɯɯǞȘǃ ŏɾࡷ
ɾŏżǺɯࡏ
Cࡏǃࡈࡏ ʶǞɾǕ ɯɔŏżƚ ã = ȗߞ

ߜߝ



+ξІθϑΎ͇ξ˨θ͑І Ͼ͖ϑ͑ Úξ̥θξΎ̥̐χχ͖;͇

ʺ ƿ(ʺ)

ƚŏɯʿ

ǕŏɟƇ

+ɟʿɔɾȩǃɟŏɔǕʿ ɟƚɛʕǞɟƚɯ ǕŏɟƇ ǀʕȘżࡷ
ɾǞȩȘɯࡏ
ëƚżʕɟƚ ʶŏʿࡷȩȘƚ ƿ : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

+ŏȘ ųƚ ųɟȩǺƚȘ ųʿ ɔɟƚɔɟȩżƚɯɯǞȘǃ ŏɾࡷ
ɾŏżǺɯࡏ
Cࡏǃࡈࡏ ʶǞɾǕ ɯɔŏżƚ ã = ȗߞ

+ŏȘ ʶƚ ǞȒȒʕȘǞˌƚ ŏ ǀʕȘżɾǞȩȘ ŏǃŏǞȘɯɾ
Ȁŏɟǃƚ ɔɟƚɔɟȩżƚɯɯǞȘǃࡐ 4ƚɯǞǃȘ
ǂ : ,ߜ} ȗߡ{ߝ → ,ߜ} ȗߡ{ߝ
ʶǕǞżǕ Ǟɯ ɯɾǞȀȀ ɯƚżʕɟƚࡐ

ߜߝ



4˨ϑ˨ ëϑξϟ̐ϑϟξ̥χ ˨;̙ +ξІθϑΎ͇ξ˨θ͑І

ߝߝ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛࡧ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒࡨ

CʾŏȒɔȀƚɯ ȩǀ ɯʕżǕ ɔɟȩųȀƚȒɯ ǞȘżȀʕƇƚ

! �ëĆߟ
! �ƚŏɟƚɯɾ �ƚǞǃǕųȩɟɯ
! ÚȩȀʿǃȩȘ żȩȘɾŏǞȘȒƚȘɾ
! ࡊ

ߞߝ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛࡧ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒࡨ

CʾŏȒɔȀƚɯ ȩǀ ɯʕżǕ ɔɟȩųȀƚȒɯ ǞȘżȀʕƇƚ

! �ëĆߟ
! �ƚŏɟƚɯɾ �ƚǞǃǕųȩɟɯ
! ÚȩȀʿǃȩȘ żȩȘɾŏǞȘȒƚȘɾ
! ࡊ

ߞߝ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛࡧ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒࡨ

CʾŏȒɔȀƚɯ ȩǀ ɯʕżǕ ɔɟȩųȀƚȒɯ ǞȘżȀʕƇƚ

! �ëĆߟ
! �ƚŏɟƚɯɾ �ƚǞǃǕųȩɟɯ
! ÚȩȀʿǃȩȘ żȩȘɾŏǞȘȒƚȘɾ
! ࡊ

ߞߝ



ࡏ�ëĆߟ �ͱ͇Ύξ͖ϑ͑ͻ͖̐ ϻ̥ξχ͖Ύ;

�ëĆߟ
bǞʲƚȘ ŏߝ, . . . , ŏȗࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ɾǕƚɟƚ ƚʾǞɯɾ ŏǝ + ŏǱ = ŏǹ

_ȩʕȘƇŏɾǞȩȘ ȩǀ żȩȒɔʕɾŏɾǞȩȘŏȀ ǃƚȩȒƚɾɟ ʿࡏ Cŏɯʿ ɾȩ ɯȩȀʲƚ ǞȘ
ɾǞȒƚ ª(ȗߞ)
ëɾɟȩȘǃ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȧ(ȗߞ)ࡷŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

÷ǕƚȩɟƚȒ ࡠߤߝ+ࡈߠߝbÚࡈߤߜ$4Ú

�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ǞȘ ɾǞȒƚ ≈ ȗߞ/ Ȁȩǃߞ ȗ

�ȩƇƚɟȘ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȗࡷߥߥ.ߝŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

ߟߝ



ࡏ�ëĆߟ �ͱ͇Ύξ͖ϑ͑ͻ͖̐ ϻ̥ξχ͖Ύ;

�ëĆߟ
bǞʲƚȘ ŏߝ, . . . , ŏȗࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ɾǕƚɟƚ ƚʾǞɯɾ ŏǝ + ŏǱ = ŏǹ
_ȩʕȘƇŏɾǞȩȘ ȩǀ żȩȒɔʕɾŏɾǞȩȘŏȀ ǃƚȩȒƚɾɟ ʿࡏ

Cŏɯʿ ɾȩ ɯȩȀʲƚ ǞȘ
ɾǞȒƚ ª(ȗߞ)
ëɾɟȩȘǃ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȧ(ȗߞ)ࡷŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

÷ǕƚȩɟƚȒ ࡠߤߝ+ࡈߠߝbÚࡈߤߜ$4Ú

�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ǞȘ ɾǞȒƚ ≈ ȗߞ/ Ȁȩǃߞ ȗ

�ȩƇƚɟȘ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȗࡷߥߥ.ߝŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

ߟߝ



ࡏ�ëĆߟ �ͱ͇Ύξ͖ϑ͑ͻ͖̐ ϻ̥ξχ͖Ύ;

�ëĆߟ
bǞʲƚȘ ŏߝ, . . . , ŏȗࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ɾǕƚɟƚ ƚʾǞɯɾ ŏǝ + ŏǱ = ŏǹ
_ȩʕȘƇŏɾǞȩȘ ȩǀ żȩȒɔʕɾŏɾǞȩȘŏȀ ǃƚȩȒƚɾɟ ʿࡏ Cŏɯʿ ɾȩ ɯȩȀʲƚ ǞȘ
ɾǞȒƚ ª(ȗߞ)

ëɾɟȩȘǃ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȧ(ȗߞ)ࡷŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

÷ǕƚȩɟƚȒ ࡠߤߝ+ࡈߠߝbÚࡈߤߜ$4Ú

�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ǞȘ ɾǞȒƚ ≈ ȗߞ/ Ȁȩǃߞ ȗ

�ȩƇƚɟȘ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȗࡷߥߥ.ߝŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

ߟߝ



ࡏ�ëĆߟ �ͱ͇Ύξ͖ϑ͑ͻ͖̐ ϻ̥ξχ͖Ύ;

�ëĆߟ
bǞʲƚȘ ŏߝ, . . . , ŏȗࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ɾǕƚɟƚ ƚʾǞɯɾ ŏǝ + ŏǱ = ŏǹ
_ȩʕȘƇŏɾǞȩȘ ȩǀ żȩȒɔʕɾŏɾǞȩȘŏȀ ǃƚȩȒƚɾɟ ʿࡏ Cŏɯʿ ɾȩ ɯȩȀʲƚ ǞȘ
ɾǞȒƚ ª(ȗߞ)
ëɾɟȩȘǃ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȧ(ȗߞ)ࡷŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

÷ǕƚȩɟƚȒ ࡠߤߝ+ࡈߠߝbÚࡈߤߜ$4Ú

�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ǞȘ ɾǞȒƚ ≈ ȗߞ/ Ȁȩǃߞ ȗ

�ȩƇƚɟȘ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȗࡷߥߥ.ߝŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

ߟߝ



ࡏ�ëĆߟ �ͱ͇Ύξ͖ϑ͑ͻ͖̐ ϻ̥ξχ͖Ύ;

�ëĆߟ
bǞʲƚȘ ŏߝ, . . . , ŏȗࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ɾǕƚɟƚ ƚʾǞɯɾ ŏǝ + ŏǱ = ŏǹ
_ȩʕȘƇŏɾǞȩȘ ȩǀ żȩȒɔʕɾŏɾǞȩȘŏȀ ǃƚȩȒƚɾɟ ʿࡏ Cŏɯʿ ɾȩ ɯȩȀʲƚ ǞȘ
ɾǞȒƚ ª(ȗߞ)
ëɾɟȩȘǃ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȧ(ȗߞ)ࡷŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

÷ǕƚȩɟƚȒ ࡠߤߝ+ࡈߠߝbÚࡈߤߜ$4Ú

�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ǞȘ ɾǞȒƚ ≈ ȗߞ/ Ȁȩǃߞ ȗ

�ȩƇƚɟȘ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȗࡷߥߥ.ߝŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

ߟߝ



ࡏ�ëĆߟ �ͱ͇Ύξ͖ϑ͑ͻ͖̐ ϻ̥ξχ͖Ύ;

�ëĆߟ
bǞʲƚȘ ŏߝ, . . . , ŏȗࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ɾǕƚɟƚ ƚʾǞɯɾ ŏǝ + ŏǱ = ŏǹ
_ȩʕȘƇŏɾǞȩȘ ȩǀ żȩȒɔʕɾŏɾǞȩȘŏȀ ǃƚȩȒƚɾɟ ʿࡏ Cŏɯʿ ɾȩ ɯȩȀʲƚ ǞȘ
ɾǞȒƚ ª(ȗߞ)
ëɾɟȩȘǃ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȧ(ȗߞ)ࡷŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b

÷ǕƚȩɟƚȒ ࡠߤߝ+ࡈߠߝbÚࡈߤߜ$4Ú

�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ǞȘ ɾǞȒƚ ≈ ȗߞ/ Ȁȩǃߞ ȗ

�ȩƇƚɟȘ �ëĆߟ +ȩȘǲƚżɾʕɟƚ
�ȩ ȗࡷߥߥ.ߝŏȀǃȩɟǞɾǕȒ ǀȩɟ �ëĆߟ ࡠߡߥ°b ߟߝ



ࡏ�ëĆߟ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥ ϻ̥ξχ͖Ύ;

vȘƇƚʾǞȘǃࡷ�ëĆߟ
Úɟƚɔɟȩżƚɯɯ ŏߝ, . . . , ŏȗ ǞȘɾȩ ã ȘʕȒųƚɟɯࡈ ɯࡏɾࡏ ǃǞʲƚȘ ųࡈ żŏȘ żǕƚżǺ
ŏǝ + ŏǱ = ų ǞȘ ɾǞȒƚ î

Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗߞ ŏȘƇ î = Ȁȩǃȗ
Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗ ŏȘƇ î = ȗ

vȘƇƚʾǞȘǃࡷ�ëĆߟ +ȩȘǲƚżɾʕɟƚ ࡠߣߝb��Ú
�Șʿ Ƈŏɾŏ ɯɾɟʕżɾʕɟƚ ʶǞɾǕ ã = ȗߥߥ.ߝ ɟƚɛʕǞɟƚɯ î ≥ Ω(ȗ)

÷ǕƚȩɟƚȒ ࡠߜߞbbmÚģ
vȘƇƚʾǞȘǃࡷ�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ʶǞɾǕ ã = ȗߥ.ߝ ŏȘƇ î = ȗߟ.ߜ

ߠߝ



ࡏ�ëĆߟ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥ ϻ̥ξχ͖Ύ;

vȘƇƚʾǞȘǃࡷ�ëĆߟ
Úɟƚɔɟȩżƚɯɯ ŏߝ, . . . , ŏȗ ǞȘɾȩ ã ȘʕȒųƚɟɯࡈ ɯࡏɾࡏ ǃǞʲƚȘ ųࡈ żŏȘ żǕƚżǺ
ŏǝ + ŏǱ = ų ǞȘ ɾǞȒƚ î

Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗߞ ŏȘƇ î = Ȁȩǃȗ

Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗ ŏȘƇ î = ȗ

vȘƇƚʾǞȘǃࡷ�ëĆߟ +ȩȘǲƚżɾʕɟƚ ࡠߣߝb��Ú
�Șʿ Ƈŏɾŏ ɯɾɟʕżɾʕɟƚ ʶǞɾǕ ã = ȗߥߥ.ߝ ɟƚɛʕǞɟƚɯ î ≥ Ω(ȗ)

÷ǕƚȩɟƚȒ ࡠߜߞbbmÚģ
vȘƇƚʾǞȘǃࡷ�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ʶǞɾǕ ã = ȗߥ.ߝ ŏȘƇ î = ȗߟ.ߜ

ߠߝ



ࡏ�ëĆߟ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥ ϻ̥ξχ͖Ύ;

vȘƇƚʾǞȘǃࡷ�ëĆߟ
Úɟƚɔɟȩżƚɯɯ ŏߝ, . . . , ŏȗ ǞȘɾȩ ã ȘʕȒųƚɟɯࡈ ɯࡏɾࡏ ǃǞʲƚȘ ųࡈ żŏȘ żǕƚżǺ
ŏǝ + ŏǱ = ų ǞȘ ɾǞȒƚ î

Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗߞ ŏȘƇ î = Ȁȩǃȗ
Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗ ŏȘƇ î = ȗ

vȘƇƚʾǞȘǃࡷ�ëĆߟ +ȩȘǲƚżɾʕɟƚ ࡠߣߝb��Ú
�Șʿ Ƈŏɾŏ ɯɾɟʕżɾʕɟƚ ʶǞɾǕ ã = ȗߥߥ.ߝ ɟƚɛʕǞɟƚɯ î ≥ Ω(ȗ)

÷ǕƚȩɟƚȒ ࡠߜߞbbmÚģ
vȘƇƚʾǞȘǃࡷ�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ʶǞɾǕ ã = ȗߥ.ߝ ŏȘƇ î = ȗߟ.ߜ

ߠߝ



ࡏ�ëĆߟ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥ ϻ̥ξχ͖Ύ;

vȘƇƚʾǞȘǃࡷ�ëĆߟ
Úɟƚɔɟȩżƚɯɯ ŏߝ, . . . , ŏȗ ǞȘɾȩ ã ȘʕȒųƚɟɯࡈ ɯࡏɾࡏ ǃǞʲƚȘ ųࡈ żŏȘ żǕƚżǺ
ŏǝ + ŏǱ = ų ǞȘ ɾǞȒƚ î

Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗߞ ŏȘƇ î = Ȁȩǃȗ
Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗ ŏȘƇ î = ȗ

vȘƇƚʾǞȘǃࡷ�ëĆߟ +ȩȘǲƚżɾʕɟƚ ࡠߣߝb��Ú
�Șʿ Ƈŏɾŏ ɯɾɟʕżɾʕɟƚ ʶǞɾǕ ã = ȗߥߥ.ߝ ɟƚɛʕǞɟƚɯ î ≥ Ω(ȗ)

÷ǕƚȩɟƚȒ ࡠߜߞbbmÚģ
vȘƇƚʾǞȘǃࡷ�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ʶǞɾǕ ã = ȗߥ.ߝ ŏȘƇ î = ȗߟ.ߜ

ߠߝ



ࡏ�ëĆߟ 4˨ϑ˨ ëϑξϟ̐ϑϟξ̥ ϻ̥ξχ͖Ύ;

vȘƇƚʾǞȘǃࡷ�ëĆߟ
Úɟƚɔɟȩżƚɯɯ ŏߝ, . . . , ŏȗ ǞȘɾȩ ã ȘʕȒųƚɟɯࡈ ɯࡏɾࡏ ǃǞʲƚȘ ųࡈ żŏȘ żǕƚżǺ
ŏǝ + ŏǱ = ų ǞȘ ɾǞȒƚ î

Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗߞ ŏȘƇ î = Ȁȩǃȗ
Cŏɯʿ ɾȩ ɯȩȀʲƚ ʶǞɾǕ ã = ȗ ŏȘƇ î = ȗ

vȘƇƚʾǞȘǃࡷ�ëĆߟ +ȩȘǲƚżɾʕɟƚ ࡠߣߝb��Ú
�Șʿ Ƈŏɾŏ ɯɾɟʕżɾʕɟƚ ʶǞɾǕ ã = ȗߥߥ.ߝ ɟƚɛʕǞɟƚɯ î ≥ Ω(ȗ)

÷ǕƚȩɟƚȒ ࡠߜߞbbmÚģ
vȘƇƚʾǞȘǃࡷ�ëĆߟ żŏȘ ųƚ ɯȩȀʲƚƇ ʶǞɾǕ ã = ȗߥ.ߝ ŏȘƇ î = ȗߟ.ߜ

ߠߝ



v;ϻ̥ξϑ͖;͇ ˨ _ϟ;̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ǀʕȘżɾǞȩȘ

! Úɟƚɔɟȩżƚɯɯ ƿ ǞȘ ɯɔŏżƚ ãࡈ ɯࡏɾࡏ żŏȘ ǞȘʲƚɟɾ ƿ ǞȘ ɾǞȒƚ î

! vȘʲƚɟɾ ƿࡇ ǃǞʲƚȘ ʻ ˙ȘƇ ʺ ɯࡏɾࡏ ƿ(ʺ) = ʻ

! ࡈߜߤm ࡇࡠߜߜ�_ vȘʲƚɟɾ ŏ ǀʕȘżɾǞȩȘ ʶǞɾǕ ãߟî = ª̃(ߟ�)

! Cࡏǃࡈࡏ ã = î = ߠ/ߟ�

! ëɔƚżǞŏȀ żŏɯƚࡇ vȘʲƚɟɾ ŏ ųǞǲƚżɾǞȩȘ ʶǞɾǕ ã = î = ª̃(
√
�)

ߡߝ



v;ϻ̥ξϑ͖;͇ ˨ _ϟ;̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ǀʕȘżɾǞȩȘ

! Úɟƚɔɟȩżƚɯɯ ƿ ǞȘ ɯɔŏżƚ ãࡈ ɯࡏɾࡏ żŏȘ ǞȘʲƚɟɾ ƿ ǞȘ ɾǞȒƚ î

! vȘʲƚɟɾ ƿࡇ ǃǞʲƚȘ ʻ ˙ȘƇ ʺ ɯࡏɾࡏ ƿ(ʺ) = ʻ

! ࡈߜߤm ࡇࡠߜߜ�_ vȘʲƚɟɾ ŏ ǀʕȘżɾǞȩȘ ʶǞɾǕ ãߟî = ª̃(ߟ�)

! Cࡏǃࡈࡏ ã = î = ߠ/ߟ�

! ëɔƚżǞŏȀ żŏɯƚࡇ vȘʲƚɟɾ ŏ ųǞǲƚżɾǞȩȘ ʶǞɾǕ ã = î = ª̃(
√
�)

ߡߝ



v;ϻ̥ξϑ͖;͇ ˨ _ϟ;̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ǀʕȘżɾǞȩȘ

! Úɟƚɔɟȩżƚɯɯ ƿ ǞȘ ɯɔŏżƚ ãࡈ ɯࡏɾࡏ żŏȘ ǞȘʲƚɟɾ ƿ ǞȘ ɾǞȒƚ î

! vȘʲƚɟɾ ƿࡇ ǃǞʲƚȘ ʻ ˙ȘƇ ʺ ɯࡏɾࡏ ƿ(ʺ) = ʻ

! ࡈߜߤm ࡇࡠߜߜ�_ vȘʲƚɟɾ ŏ ǀʕȘżɾǞȩȘ ʶǞɾǕ ãߟî = ª̃(ߟ�)

! Cࡏǃࡈࡏ ã = î = ߠ/ߟ�

! ëɔƚżǞŏȀ żŏɯƚࡇ vȘʲƚɟɾ ŏ ųǞǲƚżɾǞȩȘ ʶǞɾǕ ã = î = ª̃(
√
�)

ߡߝ



v;ϻ̥ξϑ͖;͇ ˨ _ϟ;̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ǀʕȘżɾǞȩȘ

! Úɟƚɔɟȩżƚɯɯ ƿ ǞȘ ɯɔŏżƚ ãࡈ ɯࡏɾࡏ żŏȘ ǞȘʲƚɟɾ ƿ ǞȘ ɾǞȒƚ î

! vȘʲƚɟɾ ƿࡇ ǃǞʲƚȘ ʻ ˙ȘƇ ʺ ɯࡏɾࡏ ƿ(ʺ) = ʻ

! ࡈߜߤm ࡇࡠߜߜ�_ vȘʲƚɟɾ ŏ ǀʕȘżɾǞȩȘ ʶǞɾǕ ãߟî = ª̃(ߟ�)

! Cࡏǃࡈࡏ ã = î = ߠ/ߟ�

! ëɔƚżǞŏȀ żŏɯƚࡇ vȘʲƚɟɾ ŏ ųǞǲƚżɾǞȩȘ ʶǞɾǕ ã = î = ª̃(
√
�)

ߡߝ



v;ϻ̥ξϑ͖;͇ ˨ _ϟ;̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ǀʕȘżɾǞȩȘ

! Úɟƚɔɟȩżƚɯɯ ƿ ǞȘ ɯɔŏżƚ ãࡈ ɯࡏɾࡏ żŏȘ ǞȘʲƚɟɾ ƿ ǞȘ ɾǞȒƚ î

! vȘʲƚɟɾ ƿࡇ ǃǞʲƚȘ ʻ ˙ȘƇ ʺ ɯࡏɾࡏ ƿ(ʺ) = ʻ

! ࡈߜߤm ࡇࡠߜߜ�_ vȘʲƚɟɾ ŏ ǀʕȘżɾǞȩȘ ʶǞɾǕ ãߟî = ª̃(ߟ�)

! Cࡏǃࡈࡏ ã = î = ߠ/ߟ�

! ëɔƚżǞŏȀ żŏɯƚࡇ vȘʲƚɟɾ ŏ ųǞǲƚżɾǞȩȘ ʶǞɾǕ ã = î = ª̃(
√
�)

ߡߝ



v;ϻ̥ξϑ͖;͇ ˨ _ϟ;̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ǀʕȘżɾǞȩȘ

! Úɟƚɔɟȩżƚɯɯ ƿ ǞȘ ɯɔŏżƚ ãࡈ ɯࡏɾࡏ żŏȘ ǞȘʲƚɟɾ ƿ ǞȘ ɾǞȒƚ î

! vȘʲƚɟɾ ƿࡇ ǃǞʲƚȘ ʻ ˙ȘƇ ʺ ɯࡏɾࡏ ƿ(ʺ) = ʻ

! ࡈߜߤm ࡇࡠߜߜ�_ vȘʲƚɟɾ ŏ ǀʕȘżɾǞȩȘ ʶǞɾǕ ãߟî = ª̃(ߟ�)

! Cࡏǃࡈࡏ ã = î = ߠ/ߟ�

! ëɔƚżǞŏȀ żŏɯƚࡇ vȘʲƚɟɾ ŏ ųǞǲƚżɾǞȩȘ ʶǞɾǕ ã = î = ª̃(
√
�)

ߡߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ųǞǲƚżɾǞȩȘ

! ࡠߜߜ�_ࡈߜߤm ǞȘʲƚɟɾ Ǟɾ ǞȘ ɾǞȒƚ î =
√
� ŏȘƇ ɯɔŏżƚ ã =

√
�

! �ƚɾࡓɯ Ƈƚ˙Șƚ ŏ ƇǞɟƚżɾƚƇ ǃɟŏɔǕ ȩȘ � ʲƚɟɾǞżƚɯ ʶǞɾǕ ƚƇǃƚɯ
ʺ→ ƿ(ʺ)

! vȘࡷ ŏȘƇ ȩʕɾࡷƇƚǃɟƚƚɯ ȩǀ ŏȀȀ
ʲƚɟɾǞżƚɯ ŏɟƚ ߝ

! ÷Ǖʕɯࡈ ɾǕǞɯ ǃɟŏɔǕ Ǟɯ ŏ ʕȘǞȩȘ
ȩǀ żʿżȀƚɯ

ߢߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ųǞǲƚżɾǞȩȘ

! ࡠߜߜ�_ࡈߜߤm ǞȘʲƚɟɾ Ǟɾ ǞȘ ɾǞȒƚ î =
√
� ŏȘƇ ɯɔŏżƚ ã =

√
�

! �ƚɾࡓɯ Ƈƚ˙Șƚ ŏ ƇǞɟƚżɾƚƇ ǃɟŏɔǕ ȩȘ � ʲƚɟɾǞżƚɯ ʶǞɾǕ ƚƇǃƚɯ
ʺ→ ƿ(ʺ)

! vȘࡷ ŏȘƇ ȩʕɾࡷƇƚǃɟƚƚɯ ȩǀ ŏȀȀ
ʲƚɟɾǞżƚɯ ŏɟƚ ߝ

! ÷Ǖʕɯࡈ ɾǕǞɯ ǃɟŏɔǕ Ǟɯ ŏ ʕȘǞȩȘ
ȩǀ żʿżȀƚɯ

ߢߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ųǞǲƚżɾǞȩȘ

! ࡠߜߜ�_ࡈߜߤm ǞȘʲƚɟɾ Ǟɾ ǞȘ ɾǞȒƚ î =
√
� ŏȘƇ ɯɔŏżƚ ã =

√
�

! �ƚɾࡓɯ Ƈƚ˙Șƚ ŏ ƇǞɟƚżɾƚƇ ǃɟŏɔǕ ȩȘ � ʲƚɟɾǞżƚɯ ʶǞɾǕ ƚƇǃƚɯ
ʺ→ ƿ(ʺ)

! vȘࡷ ŏȘƇ ȩʕɾࡷƇƚǃɟƚƚɯ ȩǀ ŏȀȀ
ʲƚɟɾǞżƚɯ ŏɟƚ ߝ

! ÷Ǖʕɯࡈ ɾǕǞɯ ǃɟŏɔǕ Ǟɯ ŏ ʕȘǞȩȘ
ȩǀ żʿżȀƚɯ

ߢߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ųǞǲƚżɾǞȩȘ

! ࡠߜߜ�_ࡈߜߤm ǞȘʲƚɟɾ Ǟɾ ǞȘ ɾǞȒƚ î =
√
� ŏȘƇ ɯɔŏżƚ ã =

√
�

! �ƚɾࡓɯ Ƈƚ˙Șƚ ŏ ƇǞɟƚżɾƚƇ ǃɟŏɔǕ ȩȘ � ʲƚɟɾǞżƚɯ ʶǞɾǕ ƚƇǃƚɯ
ʺ→ ƿ(ʺ)

! vȘࡷ ŏȘƇ ȩʕɾࡷƇƚǃɟƚƚɯ ȩǀ ŏȀȀ
ʲƚɟɾǞżƚɯ ŏɟƚ ߝ

! ÷Ǖʕɯࡈ ɾǕǞɯ ǃɟŏɔǕ Ǟɯ ŏ ʕȘǞȩȘ
ȩǀ żʿżȀƚɯ

ߢߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

! �ƚɾ ƿ : [�] → [�] ųƚ ŏ ųǞǲƚżɾǞȩȘ

! ࡠߜߜ�_ࡈߜߤm ǞȘʲƚɟɾ Ǟɾ ǞȘ ɾǞȒƚ î =
√
� ŏȘƇ ɯɔŏżƚ ã =

√
�

! �ƚɾࡓɯ Ƈƚ˙Șƚ ŏ ƇǞɟƚżɾƚƇ ǃɟŏɔǕ ȩȘ � ʲƚɟɾǞżƚɯ ʶǞɾǕ ƚƇǃƚɯ
ʺ→ ƿ(ʺ)

! vȘࡷ ŏȘƇ ȩʕɾࡷƇƚǃɟƚƚɯ ȩǀ ŏȀȀ
ʲƚɟɾǞżƚɯ ŏɟƚ ߝ

! ÷Ǖʕɯࡈ ɾǕǞɯ ǃɟŏɔǕ Ǟɯ ŏ ʕȘǞȩȘ
ȩǀ żʿżȀƚɯ

ߢߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ

√
�

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

√
�

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

√
�

√
�

√
�

√
�

√
� ʾ

ʾ
ʾ

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

√
�
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�

√
�

√
�

√
� ʾ

ʾ
ʾ

ëɾȩɟƚ ʾ ȀŏȘƇȒŏɟǺɯࡈ

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

√
�

√
�

√
�

√
�

√
� ʾ

ʾ
ʾ

ëɾȩɟƚ ʾ ȀŏȘƇȒŏɟǺɯࡈ
ŏȘƇ ȀǞȘǺɯ ɾȩ ɔɟƚࡷ
ʲǞȩʕɯ ȀŏȘƇȒŏɟǺɯ

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

√
�

√
�

√
�

√
�

√
� ʾ

ʾ
ʾ

ëɾȩɟƚ ʾ ȀŏȘƇȒŏɟǺɯࡈ
ŏȘƇ ȀǞȘǺɯ ɾȩ ɔɟƚࡷ
ʲǞȩʕɯ ȀŏȘƇȒŏɟǺɯ
ɯɔŏżƚ ã ≈

√
�

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

ʾ

ʾ
ʾ

ëɾȩɟƚ ʾ ȀŏȘƇȒŏɟǺɯࡈ
ŏȘƇ ȀǞȘǺɯ ɾȩ ɔɟƚࡷ
ʲǞȩʕɯ ȀŏȘƇȒŏɟǺɯ
ɯɔŏżƚ ã ≈

√
�

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

ʾ

ʾ
ʾ

ëɾȩɟƚ ʾ ȀŏȘƇȒŏɟǺɯࡈ
ŏȘƇ ȀǞȘǺɯ ɾȩ ɔɟƚࡷ
ʲǞȩʕɯ ȀŏȘƇȒŏɟǺɯ
ɯɔŏżƚ ã ≈

√
�

ɾǞȒƚ î ≈
√
ࡇ�

ߣߝ



v;ϻ̥ξϑ͖;͇ ˨ $͖̥ͩ̐ϑ͖Ύ;

ʾ
ʾ

ʾ

ʾ
ʾ

ëɾȩɟƚ ʾ ȀŏȘƇȒŏɟǺɯࡈ
ŏȘƇ ȀǞȘǺɯ ɾȩ ɔɟƚࡷ
ʲǞȩʕɯ ȀŏȘƇȒŏɟǺɯ
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! bǞʲƚȘ ųࡈ żǕƚżǺ ʶǕƚɾǕƚɟ ų = ŏǝ + ŏǱ ǀȩɟ ɯȩȒƚ ǝ, Ǳ
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Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒ

! ëƚżʕɟƚ ] : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ
! 4ƚ˙Șƚ ]′ : ,ߜ} ߝ−ȗ{ߝ → ,ߜ} ࡇȗߞ{ߝ

]′(ʺ) = ,ߜ)[ ,ߝ)[‖(ʺ ʺ)

! �ȩʶ ` : ,ߜ} ߞ−ȗߞ{ߝ → ,ߜ} ࡇȗߞ{ߝ

`(ʺ, ʻ) = ]′(ʺ) + ]′(ʻ)

ߥߝ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒ

! ëƚżʕɟƚ ] : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

! 4ƚ˙Șƚ ]′ : ,ߜ} ߝ−ȗ{ߝ → ,ߜ} ࡇȗߞ{ߝ

]′(ʺ) = ,ߜ)[ ,ߝ)[‖(ʺ ʺ)

! �ȩʶ ` : ,ߜ} ߞ−ȗߞ{ߝ → ,ߜ} ࡇȗߞ{ߝ

`(ʺ, ʻ) = ]′(ʺ) + ]′(ʻ)

ߥߝ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒ

! ëƚżʕɟƚ ] : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ
! 4ƚ˙Șƚ ]′ : ,ߜ} ߝ−ȗ{ߝ → ,ߜ} ࡇȗߞ{ߝ

]′(ʺ) = ,ߜ)[ ,ߝ)[‖(ʺ ʺ)

! �ȩʶ ` : ,ߜ} ߞ−ȗߞ{ߝ → ,ߜ} ࡇȗߞ{ߝ

`(ʺ, ʻ) = ]′(ʺ) + ]′(ʻ)

ߥߝ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
*ɛʻɑɺȧǂɛŏɑǔʻ ʲǝɺǔ ɑɛƙɑɛȧżƙɫɫǝȗǂ ǝɫ ƙɗʑǝʮŏǿƙȗɺ ɺȧ Ɔŏɺŏ ɫɺɛʑżࡹ
ɺʑɛƙ ǿȧʲƙɛ ųȧʑȗƆɫ ƿȧɛ ɑɛȧųǿƙȑɫ ʲǝɺǔ ƙƿ˛żǝƙȗɺ ɗʑƙɛʻ ǂƙȗࡹ
ƙɛŏɺǝȧȗࡒ

! ëƚżʕɟƚ ] : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ
! 4ƚ˙Șƚ ]′ : ,ߜ} ߝ−ȗ{ߝ → ,ߜ} ࡇȗߞ{ߝ

]′(ʺ) = ,ߜ)[ ,ߝ)[‖(ʺ ʺ)

! �ȩʶ ` : ,ߜ} ߞ−ȗߞ{ߝ → ,ߜ} ࡇȗߞ{ߝ

`(ʺ, ʻ) = ]′(ʺ) + ]′(ʻ)

ߥߝ



�̥Ͼ 4ë �ΎϾ̥ξ $Ύϟ;̙χ

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
�ȗʻ 2ã ƿȧɛ sȗƆƙʺǝȗǂࡹ�ãýߥ ȑʑɫɺ ǔŏʮƙ ã ≥ Ω(ߝ+ߝ�/î)

! _ȩɟ ɔɟȩʲŏųȀƚ żɟʿɔɾȩǃɟŏɔǕǞż ɯƚżʕɟǞɾ ʿࡈ ʶƚ ȘƚƚƇ
ɯɾɟȩȘǃƚɟ Ȁȩʶƚɟ ųȩʕȘƇɯ

! $ʕɾ ɾǕƚɟƚ Ǟɯ ŏ ųŏɟɟǞƚɟࡏࡏࡏ

ߜߞ



�̥Ͼ 4ë �ΎϾ̥ξ $Ύϟ;̙χ

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
�ȗʻ 2ã ƿȧɛ sȗƆƙʺǝȗǂࡹ�ãýߥ ȑʑɫɺ ǔŏʮƙ ã ≥ Ω(ߝ+ߝ�/î)

! _ȩɟ ɔɟȩʲŏųȀƚ żɟʿɔɾȩǃɟŏɔǕǞż ɯƚżʕɟǞɾ ʿࡈ ʶƚ ȘƚƚƇ
ɯɾɟȩȘǃƚɟ Ȁȩʶƚɟ ųȩʕȘƇɯ

! $ʕɾ ɾǕƚɟƚ Ǟɯ ŏ ųŏɟɟǞƚɟࡏࡏࡏ

ߜߞ



�̥Ͼ 4ë �ΎϾ̥ξ $Ύϟ;̙χ

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
�ȗʻ 2ã ƿȧɛ sȗƆƙʺǝȗǂࡹ�ãýߥ ȑʑɫɺ ǔŏʮƙ ã ≥ Ω(ߝ+ߝ�/î)

! _ȩɟ ɔɟȩʲŏųȀƚ żɟʿɔɾȩǃɟŏɔǕǞż ɯƚżʕɟǞɾ ʿࡈ ʶƚ ȘƚƚƇ
ɯɾɟȩȘǃƚɟ Ȁȩʶƚɟ ųȩʕȘƇɯ

! $ʕɾ ɾǕƚɟƚ Ǟɯ ŏ ųŏɟɟǞƚɟࡏࡏࡏ

ߜߞ



�̥Ͼ 4ë �ΎϾ̥ξ $Ύϟ;̙χ

÷ǕƚȩɟƚȒ ߜߞbbmÚģ
�ȗʻ 2ã ƿȧɛ sȗƆƙʺǝȗǂࡹ�ãýߥ ȑʑɫɺ ǔŏʮƙ ã ≥ Ω(ߝ+ߝ�/î)

! _ȩɟ ɔɟȩʲŏųȀƚ żɟʿɔɾȩǃɟŏɔǕǞż ɯƚżʕɟǞɾ ʿࡈ ʶƚ ȘƚƚƇ
ɯɾɟȩȘǃƚɟ Ȁȩʶƚɟ ųȩʕȘƇɯ

! $ʕɾ ɾǕƚɟƚ Ǟɯ ŏ ųŏɟɟǞƚɟࡏࡏࡏ ǞȘ żǞɟżʕǞɾ żȩȒɔȀƚʾǞɾʿ

ߜߞ



͖̐ξ̐ϟ͖ϑ ̐Ύͻθͱ̥Ѕ͖ϑІ



$ΎΎͱ̥˨; +͖ξ̐ϟ͖ϑχ

ƿ : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

ǂߝ = ߝʺ ⊕ ߞʺ
ǂߞ = ߞʺ ∧ ߟʺ
ǂߟ = ǂߝ ∨ ǂߞ
ǂߠ = ǂߞ ∨ ߝ
ǂߡ = ǂߟ ≡ ǂߠ

ߝʺ ߞʺ ߟʺ ߝ

⊕ǂߝ ∧ ǂߞ

∨ǂߟ ∨ ǂߠ

≡ǂߡ

vȘɔʕɾɯࡇ
,ߝʺ . . . , ʺȗ, ,ߜ ߝ
bŏɾƚɯࡇ
ųǞȘŏɟʿ
ǀʕȘżɾǞȩȘɯ
_ŏȘࡷȩʕɾࡇ
ʕȘųȩʕȘƇƚƇ
4ƚɔɾǕࡇ
ʕȘųȩʕȘƇƚƇ

ߞߞ



$ΎΎͱ̥˨; +͖ξ̐ϟ͖ϑχ

ƿ : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

ǂߝ = ߝʺ ⊕ ߞʺ
ǂߞ = ߞʺ ∧ ߟʺ
ǂߟ = ǂߝ ∨ ǂߞ
ǂߠ = ǂߞ ∨ ߝ
ǂߡ = ǂߟ ≡ ǂߠ

ߝʺ ߞʺ ߟʺ ߝ

⊕ǂߝ ∧ ǂߞ

∨ǂߟ ∨ ǂߠ

≡ǂߡ

vȘɔʕɾɯࡇ
,ߝʺ . . . , ʺȗ, ,ߜ ߝ
bŏɾƚɯࡇ
ųǞȘŏɟʿ
ǀʕȘżɾǞȩȘɯ
_ŏȘࡷȩʕɾࡇ
ʕȘųȩʕȘƇƚƇ
4ƚɔɾǕࡇ
ʕȘųȩʕȘƇƚƇ

ߞߞ



$ΎΎͱ̥˨; +͖ξ̐ϟ͖ϑχ

ƿ : ,ߜ} ȗ{ߝ → ,ߜ} ȗ{ߝ

ǂߝ = ߝʺ ⊕ ߞʺ
ǂߞ = ߞʺ ∧ ߟʺ
ǂߟ = ǂߝ ∨ ǂߞ
ǂߠ = ǂߞ ∨ ߝ
ǂߡ = ǂߟ ≡ ǂߠ

ߝʺ ߞʺ ߟʺ ߝ

⊕ǂߝ ∧ ǂߞ

∨ǂߟ ∨ ǂߠ

≡ǂߡ

vȘɔʕɾɯࡇ
,ߝʺ . . . , ʺȗ, ,ߜ ߝ
bŏɾƚɯࡇ
ųǞȘŏɟʿ
ǀʕȘżɾǞȩȘɯ
_ŏȘࡷȩʕɾࡇ
ʕȘųȩʕȘƇƚƇ
4ƚɔɾǕࡇ
ʕȘųȩʕȘƇƚƇ

ߞߞ



CЅθͱ͖͖̐ϑ $Ύϟ;̙χ

�ȩɯɾ ǀʕȘżɾǞȩȘɯ Ǖŏʲƚ ƚʾɔȩȘƚȘɾǞŏȀ
żǞɟżʕǞɾ żȩȒɔȀƚʾǞɾʿ

ߠߞ



CЅθͱ͖͖̐ϑ $Ύϟ;̙χ

Ú ,= �Ú

�ȩɯɾ ǀʕȘżɾǞȩȘɯ Ǖŏʲƚ ƚʾɔȩȘƚȘɾǞŏȀ
żǞɟżʕǞɾ żȩȒɔȀƚʾǞɾʿ

Ħƚ ʶŏȘɾ ɾȩ ɔɟȩʲƚ ɯʕɔƚɟࡷɔȩȀʿȘȩȒǞŏȀ
Ȁȩʶƚɟ ųȩʕȘƇɯ

ߠߞ



CЅθͱ͖͖̐ϑ $Ύϟ;̙χ

Ú ,= �Ú

�ȩɯɾ ǀʕȘżɾǞȩȘɯ Ǖŏʲƚ ƚʾɔȩȘƚȘɾǞŏȀ
żǞɟżʕǞɾ żȩȒɔȀƚʾǞɾʿ

Ħƚ ʶŏȘɾ ɾȩ ɔɟȩʲƚ ɯʕɔƚɟࡷɔȩȀʿȘȩȒǞŏȀ
Ȁȩʶƚɟ ųȩʕȘƇɯ
ǀȩɟ ŏ ǀʕȘżɾǞȩȘ ǀɟȩȒ �Ú

ߠߞ



CЅθͱ͖͖̐ϑ $Ύϟ;̙χ

Ú ,= �Ú

�ȩɯɾ ǀʕȘżɾǞȩȘɯ Ǖŏʲƚ ƚʾɔȩȘƚȘɾǞŏȀ
żǞɟżʕǞɾ żȩȒɔȀƚʾǞɾʿ

Ħƚ ʶŏȘɾ ɾȩ ɔɟȩʲƚ ɯʕɔƚɟࡷɔȩȀʿȘȩȒǞŏȀ
Ȁȩʶƚɟ ųȩʕȘƇɯ
ǀȩɟ ŏ ǀʕȘżɾǞȩȘ ǀɟȩȒ �Ú

Ħƚ żŏȘ ɔɟȩʲƚ ȩȘȀʿ ȗߟ≈ Ȁȩʶƚɟ
ųȩʕȘƇɯ

ߠߞ



CЅθͱ͖͖̐ϑ $Ύϟ;̙χ

Ú ,= �Ú

�ȩɯɾ ǀʕȘżɾǞȩȘɯ Ǖŏʲƚ ƚʾɔȩȘƚȘɾǞŏȀ
żǞɟżʕǞɾ żȩȒɔȀƚʾǞɾʿ

Ħƚ ʶŏȘɾ ɾȩ ɔɟȩʲƚ ɯʕɔƚɟࡷɔȩȀʿȘȩȒǞŏȀ
Ȁȩʶƚɟ ųȩʕȘƇɯ
ǀȩɟ ŏ ǀʕȘżɾǞȩȘ ǀɟȩȒ �Ú

Ħƚ żŏȘ ɔɟȩʲƚ ȩȘȀʿ ȗߟ≈ Ȁȩʶƚɟ
ųȩʕȘƇɯ
ƚʲƚȘ ǀȩɟ ŏ ǀʕȘżɾǞȩȘ ǀɟȩȒ C�Ú

ߠߞ



ëϟθ̥ξࡷͱ͖;̥˨ξ +͖ξ̐ϟ͖ϑ �ΎϾ̥ξ $Ύϟ;̙χࡐ

! ÷ʶȩ ȗࡷųǞɾ ǞȘɾƚǃƚɟɯ żŏȘ ųƚ ȒʕȀɾǞɔȀǞƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ
ª(ȗ Ȁȩǃȗ) ࡠߥߝmmࡈߣߜ_ࡈߝߣëë

! 4Ǟɯżɟƚɾƚ _ȩʕɟǞƚɟ ÷ɟŏȘɯǀȩɟȒ ȩǀ ŏ ɯƚɛʕƚȘżƚ ȩǀ ȀƚȘǃɾǕ ȗ
żŏȘ ųƚ żȩȒɔʕɾƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ ª(ȗ Ȁȩǃȗ)

! ëǕǞǀɾɯࡈ ÚƚɟȒʕɾŏɾǞȩȘɯ

! �ÚࡷǕŏɟƇ ɔɟȩųȀƚȒɯ

! . . .

ߡߞ



ëϟθ̥ξࡷͱ͖;̥˨ξ +͖ξ̐ϟ͖ϑ �ΎϾ̥ξ $Ύϟ;̙χࡐ

! ÷ʶȩ ȗࡷųǞɾ ǞȘɾƚǃƚɟɯ żŏȘ ųƚ ȒʕȀɾǞɔȀǞƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ
ª(ȗ Ȁȩǃȗ) ࡠߥߝmmࡈߣߜ_ࡈߝߣëë

! 4Ǟɯżɟƚɾƚ _ȩʕɟǞƚɟ ÷ɟŏȘɯǀȩɟȒ ȩǀ ŏ ɯƚɛʕƚȘżƚ ȩǀ ȀƚȘǃɾǕ ȗ
żŏȘ ųƚ żȩȒɔʕɾƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ ª(ȗ Ȁȩǃȗ)

! ëǕǞǀɾɯࡈ ÚƚɟȒʕɾŏɾǞȩȘɯ

! �ÚࡷǕŏɟƇ ɔɟȩųȀƚȒɯ

! . . .

ߡߞ



ëϟθ̥ξࡷͱ͖;̥˨ξ +͖ξ̐ϟ͖ϑ �ΎϾ̥ξ $Ύϟ;̙χࡐ

! ÷ʶȩ ȗࡷųǞɾ ǞȘɾƚǃƚɟɯ żŏȘ ųƚ ȒʕȀɾǞɔȀǞƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ
ª(ȗ Ȁȩǃȗ) ࡠߥߝmmࡈߣߜ_ࡈߝߣëë

! 4Ǟɯżɟƚɾƚ _ȩʕɟǞƚɟ ÷ɟŏȘɯǀȩɟȒ ȩǀ ŏ ɯƚɛʕƚȘżƚ ȩǀ ȀƚȘǃɾǕ ȗ
żŏȘ ųƚ żȩȒɔʕɾƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ ª(ȗ Ȁȩǃȗ)

! ëǕǞǀɾɯࡈ ÚƚɟȒʕɾŏɾǞȩȘɯ

! �ÚࡷǕŏɟƇ ɔɟȩųȀƚȒɯ

! . . .

ߡߞ



ëϟθ̥ξࡷͱ͖;̥˨ξ +͖ξ̐ϟ͖ϑ �ΎϾ̥ξ $Ύϟ;̙χࡐ

! ÷ʶȩ ȗࡷųǞɾ ǞȘɾƚǃƚɟɯ żŏȘ ųƚ ȒʕȀɾǞɔȀǞƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ
ª(ȗ Ȁȩǃȗ) ࡠߥߝmmࡈߣߜ_ࡈߝߣëë

! 4Ǟɯżɟƚɾƚ _ȩʕɟǞƚɟ ÷ɟŏȘɯǀȩɟȒ ȩǀ ŏ ɯƚɛʕƚȘżƚ ȩǀ ȀƚȘǃɾǕ ȗ
żŏȘ ųƚ żȩȒɔʕɾƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ ª(ȗ Ȁȩǃȗ)

! ëǕǞǀɾɯࡈ ÚƚɟȒʕɾŏɾǞȩȘɯ

! �ÚࡷǕŏɟƇ ɔɟȩųȀƚȒɯ

! . . .

ߡߞ



ëϟθ̥ξࡷͱ͖;̥˨ξ +͖ξ̐ϟ͖ϑ �ΎϾ̥ξ $Ύϟ;̙χࡐ

! ÷ʶȩ ȗࡷųǞɾ ǞȘɾƚǃƚɟɯ żŏȘ ųƚ ȒʕȀɾǞɔȀǞƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ
ª(ȗ Ȁȩǃȗ) ࡠߥߝmmࡈߣߜ_ࡈߝߣëë

! 4Ǟɯżɟƚɾƚ _ȩʕɟǞƚɟ ÷ɟŏȘɯǀȩɟȒ ȩǀ ŏ ɯƚɛʕƚȘżƚ ȩǀ ȀƚȘǃɾǕ ȗ
żŏȘ ųƚ żȩȒɔʕɾƚƇ ųʿ ŏ żǞɟżʕǞɾ ȩǀ ɯǞˌƚ ª(ȗ Ȁȩǃȗ)

! ëǕǞǀɾɯࡈ ÚƚɟȒʕɾŏɾǞȩȘɯ

! �ÚࡷǕŏɟƇ ɔɟȩųȀƚȒɯ

! . . .

ߡߞ



�͖;̥˨ξࡷχ͖В̥ +͖ξ̐ϟ͖ϑχ ࡠߣߣģ˨ͱ

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ߢߞ



�͖;̥˨ξࡷχ͖В̥ +͖ξ̐ϟ͖ϑχ ࡠߣߣģ˨ͱ

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ−ߝ ɑεȗ

ʕȘųȩʕȘƇƚƇ

ߢߞ



�͖;̥˨ξࡷχ͖В̥ +͖ξ̐ϟ͖ϑχ ࡠߣߣģ˨ͱ

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ−ߝ ɑεȗ

ɗߝ ɗߞ . . . ɗȗ−ߝ ɗȗ

ʕȘųȩʕȘƇƚƇ

ȗδ ȗδ

ߢߞ



+Ύͻθ˨ξ͖χΎ;

Cǀ˙żǞƚȘɾ
4ŏɾŏ
ëɾɟʕżɾʕɟƚɯ

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ/ߞ . . . ɑɫ−ߝ ɑɫ

ɗߝ ɗߞ . . . ɗȑ/ߞ . . . ɗȑ−ߝ ɗȑ

ʕȘųȩʕȘƇƚƇ

ɺ ɺɺ

ëȒŏȀȀ +Ǟɟࡷ
żʕǞɾɯ

ߝʺ ߞʺ . . . ʺȗ−ߝ ʺȗ

ɑߝ ɑߞ . . . ɑɫ−ߝ ɑɫ

ɗߝ ɗߞ . . . ɗȗ−ߝ ɗȗ

ʕȘųȩʕȘƇƚƇ

ɺ ɺ

ߤߞ



Cμϟ͖ϻ˨ͱ̥;̥̐

÷ǕƚȩɟƚȒ ߥߝ4bĦ
�ȗʻ ǝȑɑɛȧʮƙȑƙȗɺ ȧȗ ɺǔƙ żʑɛɛƙȗɺ ǿȧʲƙɛ ųȧʑȗƆ ƿȧɛ ŏ ǿǝȗࡹ
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