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 ̃Ό̞;͢;ʹ̓͠Ȩ͢Ʌ ̎Ό͛Ή̉̓͂Ȩ͢ ɂ;͉ͥͥ ͣ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ 

Higher Institute for Applied Sciences and Technology Í HIAST 
 

Ë ῲȳ ͉̈́Άᾬ̔Ȩ͢ ɂ;̵̰‼Ȩ ̞̅;ḗ ̗̮̦̏ɑȩ ⁯͉̃Ȩ͢ Ἂ͉ͥ̓ͥͣ ̎Όͨ;̥͠ ̶̵̎˺ͨ ̃Ό̞;͢;ʹ̓͠Ȩ͢Ʌ ̎Ό͛Ή̉̓͂Ȩ͢ ɂ;͉ͥͥ ͣ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩâä  ɂ͉̃͢ Ë

áéèã ̎Άȳ;ͼ•Ȩ Ὸ ̎ΉḤ̓͢ȨɅ ͉̈ͥͩ́͢Ȩ ̰Έ;͂̓Ȩ͢ ̎Ήͥῥ Ὸ ͈̃͘͢͡Ȩ ɂ̃ͼ̵ɒӯ͢ ἔ̜̥ᴔɅ ἔ̵̮ͮ₃ ͪͨ ȫẕḢͨ ̎Ή͈ͩͥ ȳȱȨ;͞ ȱȨ̮͈ɒȨ Ⱦ̮Ḭ  ȲɅ

 º̎Άȳ;̶͢Ȩ ̎Ή͉̰̆͢Ȩ 

  ȱȨ;‼Ȩ ̵̮̎ͮͻɅ ɂ;͈ͥɅ ̴ Ήͫ͠Ʌ̰̒ Ή‼ȨɅ ̎ΉͫɅẈ͢͠ɒӮȨ ͧͮ͢ͅȨɅ ̎Ή̐ͨ̃;͉ͥ‼ȨɅ ȬӮ̼̃Ӯ̐Ȩ Ὸ ̵̮̎ͮͼ͢Ȩ Ὸ ȫȴ̟̃ɒӮȨ ̟̎ȳȱ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ ̤ͮḛ

  Ȼ̰͘͢Ȩ ͪͨ ̎Ά;ͫ̃̚͢Ȩ ȫȱ̃ͼ̹͢Ȩ Ὸ ἔ͚;̓͘‼Ȩ ͪͨ ȫ̃ʹ̓͛  ͨ̎ᶄᾨ Ȭ̻̃ ̼̪̃̕ᴓ ͵̯ͻ ̵̎ȨȳȨ͢ ̮ͼ͉‼Ȩ ͛̋͡Ά ºɃȨẋ͂͢Ȩ ̵̮̎ͮͻɅ͉̃⁯ ‫

Ȩ ̮ͼ͉‼Ȩ ̤Ό̔Ά º͉̈ͥͩ́͢Ȩ  ȫẋ̋͠Ȩ͢ Ȭ̃Ή͉͂‼Ȩ ͧͅ ͫῸɅ ͜Ή̐;̆Ʌ̰͢Ȩ ‐̧̓͢Ȩ ῸɅ ȬӮ̼̃Ӯ̐Ȩ ͧͅ ͫῸ ̈́ḛȱ ɑȩ ẋ̶̓͏ ̞̃ͨ ̝ͨȨ̰̈ Ɉ̃̿Άɑȩ ⁯͉̃͢

 ɈȨẋ̫ɑȩɅ ºȬᴙῌ̉Ȩ͢ ̵̮̎ͮͻɅ ɂ;͈ͥɅ ȱȨ;‼Ȩ ̵̮̎ͮͻɅ ɂ;͈ͥ ῸɅ ȳȨ̰͛͢Ȩ ΰȱɅ Ȭ̃ͨ;͉ͥ‼Ȩ ͧͅɅͫ  Ὸ ͵Ȩȳ;̓͝‫Ȩ ̟̎ȳȱ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ ̤ͮḛ ȗ

ẕ͘͢ȨɅ ‐̧̓͢Ȩ ͧͅɅͫ ̎Ή̐ͨ̃;͉ͥ‼ȨɅ ȬӮ̼̃Ӯ̐Ȩ  ȿ;̵ Ȭ̃̉ͥ͂ͨ̕ ̶̅ ᶀ ȫ̮Ά̮̟ Ȭ̻̃ ̼̪̃̕Ȩ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ Ὸ ȭ̮ᶁɌ º̎Ό͛Ή̉̓͂Ȩ͢ Ȣᴙ

  º̎Ή‼͉̃͢ȨɅ ̎Ήͥ⁄Ȩ ̰Έ;͂̓Ȩ͢Ʌ ̧̖ ̉͢Ȩ Ȭ̃ᾒ;̐Ʌ ͉ͩ͢͡Ȩ 

 ȲɒȨ ṵ̑Έ;͂̓Ȩ͢Ʌ ̧̖ ̉͢Ȩ Ὸ Ɉ̃̚Ή̜̥ Ɉ̹̃̃́  ͬ̓ͥ̎͘⁞Ȩ ̎Ή͉ͩͥ͢Ȩ ̃̐ͅΉ͉͗̃͢Ʌ ͵̰́ɑȩ ȱ;ᾒ ẇ͈ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ ȵȳ̃ḛ ȗ̈́ḥ͉ͥ̓͢Ȩ ȹ̹̃ͯ͢Ȩ ̟̅ͫ̃ ⁭ɒȨ

 Ὸ ̰͂͛͢Ȩ Ȯȳ̫̃ Ȭ̃ᾒ ͆ͨ ɃɅ͉̃̓Ά ⁵͝ ṵ̑͂͛͢Ȩ Ὸ ̻̎‡̃ȨɅ ͉̎̃ͨ͢Ȩ Ȭ̃ͼ‟Ȩ ”̼̃  ͈̎͢;ͮͨ̕ ȬȨȳ̵̹̃̔ȨɅ Ȭ̵̃ȨȳȱɅ ͆Άȳ̹̃  ̯ͨͮ͘Ά

̓͢ȨɅ ̎Ή̧̉̚Ȩ͢ ͆Άȳ̹̃‼Ȩ ͉̽̆  ̮ͼ͉‼Ȩ ̶͉́ · º̎Ά̰Έ;͂ȗɈ̃̿Άɑȩ    ἔ͈̃͂͛ͣͥ ̦̎̃ͨ̕ ̎ΉͥῥɅ ̎Ά̰ͫͅ ̎Ό̊Άȳ̮̐ ȬȨȳɅȱ ẇ͈ȷ̃‡ȨɅ ɂ͉̃͢Ȩ   ȗȱȨ̰͗ɑӱ͢Ʌ

 º̐ͅȨẇ̓₀Ʌ ̎Ή͉ͩͥ͢Ȩ ͵̰́ɑȩ Ȭ̃Ήͫ ͨɒȨ ͪͨ ἔḢͼ‼Ȩ ͪͨ ̎͗̂ ̵͆Ʌɑȩ ȫȱ̃͗ɒȨ ⁭ɒȨ 

  ;ͻ ̃ͨ ̃Ṅͨ ȗ͵̰́ɑȩ Ȯ̃ͫ̓ ͪͨ Ɇ;̶̓͏‼Ȩ ̎Ή͈̃͢ ̎Ή͈ͩͥ Ɉ̃̓̉͝ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ ᾬͯΆ ȗ›͉͢Ȩ ᾬͬɅ Ἂ͉ͥ̓Ȩ͢ Ɂ̃⁹ Ὸ ̮˽Ȩ̰͢Ȩ ͵ȳɅɈӮ⁵͠͏̓ ‫ Ȩ̵Ʌ

 ̮Ό͘ΆɅ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ Ὸ ₆̃ͮ‼Ȩ ͙͗Ȩ;Ά Ᾱ·ȳ̵̮͉̐̎ȨɅ ̎ᶄᾨ  Ɉ̃ͨ;ῥ ἔΉ͉̃ͨ‟Ȩ Ȫӯ͂Ȩ͢ ͪͨ  ̮ͼ͉‼Ȩ ̤Ό̔Ά ºῸ̗̃͛ ̈ͥͩ́  ͈;ͻ ̃ͨ ̃ṄͨɅ ȗ

  Ὸ ȫ̯ͮ͘‼Ȩ ͵Ȩȳ;̓͝‫ȨɅ ẋ̶̓͏ ̞̃‼Ȩ ̃͡˽ ȳ̵ ⁮͈ Ȼӯ́ᴓ ̎Ήͫ ͨɒȨ ̤Ό̔Ά ⁵͝ ȗ̹̎̈̃͢͠Ȩ ⁮͈ ͚͉ͅ;ͨ ⁮͈ ̐ͅȨȳ;̹ͯ  ͨͨͪ Ɉ͉̃̿ ̆⁯͉̃Ȩ͢

  º̎Ή͉ͩͥȨ͢ ȬӮ̃͛‼Ȩ ͪͨ ͵̰́ɑȩɅ ̆ͅӯ́ ȬȨȳ;̹ͯ  ͉ͨ̽̆ ⁮͈Ʌ ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩ 

 

 Ȫºȷ ȗ͙̹ ȱͨ ȗ̎Άȳ;̶͢Ȩ ̎Ή͉̰̆͢Ȩ ̎Άȳ;ͼ•Ȩ ȗ̃Ό̞;͢;ʹ̓͠Ȩ͢Ʌ ̎Ό͛Ή̉̓͂Ȩ͢ ɂ;͉ͥͥ ͣ⁯͉̃Ȩ͢ ̮ͼ͉‼Ȩãáéèã 
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 ȌǺȲƫä 

  æÞǠȦȭĀ ȤɆȖȱä æîǼȹ ǼȞǩȼȵäǼǺǪȅä    .ǦɆȮȲȅɎȱä çǠȮǤȊȱä ȼǱäɀǩ Ɣȱä ǦɆȅǠȅɉä çˬǼǶǪȱä ȸȵ ȈɅɀȊǪȱä çǠȶǲȽĀ ǦȩǠȖȱä ìɀɆȩĀ
 ĉþà ƙǵ Ž  ǦɆȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ  (CRNs)  ǴȶȆǩ  ǦɅììƕȱä ýȂƩä ûîǠȊǪǣ  ǦȱɀȢȊȵ Ƙȡ þɀȮǩ ǠȵǼȺȝ ǦȎǹȀƫä   ƙȵǼǺǪȆƫä ȸȵ
ÛƙɆȱĀɉä  ƶ ȼȹǚȥä ǢǼǺǪȅä  ýǼǺǪȆƫä ȰǤȩ ȸȵ æÞǠȦȮǣ ȤɆȖȱä ý) ĂɀȹǠǮȱäSUüǠȅîâ þǠȶȒȱ (  ç˫ǠɆǤȱä    ǦȥǠȑɋ˨ .ȜȦǩȀȵ üǼȞƞ

 ĉþǚȥ Ȭȱí Ƃâ    ǦɆȲǣǠȩƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ǦɆȭȀǵ    ȰȞƟ  ȸȵ  ǦȩǠȖȱä ûɎȾǪȅä  ăˬǼƠȀǹß ăˬȀȽɀǱ  Ž  .ǦɆȮȲȅɎȱä çǠȮǤȊȱä   Ā  ǢǤȆǣ
  ǦǞɆǣǦǵɀǪȦƫä ȰȶȞȱä  çǠȮǤȊȱä ȻǾƬ    .çɍǠȎǩɍä ȰɆȖȞǩĀ Þäìɉä îɀȽǼǩ Ƃâ ǦȱɀȾȆǣ ĂìǘɅ þà ȈɅɀȊǪȱä ýɀǲƬ ȸȮƹ  ȻǾȽ Ž ýɀȪȹ

ƞ ǦǵĀȀȕɉäȭǠǶæǠ Ž Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ  ȸɅɀɅîǠȺɆȅ  ƙȦȲǪƯ  Û  ùǼŒ  Þäìà ȂɅȂȞǩ Ƃâ üĀɉä ŽɄȭäîìɋä ɀɅìäȀȱä ǦȮǤȉ    ÞǠȊȹâĀ
  ȤɆȖȲȱ üǠȞȦȱä ýäǼǺǪȅɍä þǠȶȑ üɎǹ ȸȵ Ʉȭí ȈɅɀȊǩ ïǠȾǱ ìɀǱĀ Ȱș Ž ǦɆȩɀǭɀȵ ȀǮȭà çɍǠȎǩä  ȰɅɀȕ üǠȎǩä ƙȵеĀ

ȵɉäǼ  Ž  ǦȮǤȊȱäǠȵà Û    æìˬï Ƃâ ùǼŒ ƆǠǮȱä ɀɅîǠȺɆȆȱä Žȱä  ǦȞȆüǠȅîɋä çäɀȺȪȱ ǦɆȲȮȱä  ǦǵǠǪƫä    ýɀǲƬ ăǠȞɆƤ ǠȾȑȀȞǩ ǼȺȝ
ȈɅɀȊǪȱä  ǼǵäĀ ąþß Ž  .  ȬȱǾȱ ǲŒ êƕȪȹ  ăǠìǠȒȵ ăä    ȈɅɀȊǪȲȱȶǝǠȩ ăǠ   Ăììƕȱä ȰȪȺǪȱä ɂȲȝ  üĀɉä ɀɅîǠȺɆȆȱä Ž  þà ǠȺǲŒ óƕȦɅ .

ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  þɀǤȩäȀɅ  ȤɆȖȱä Ȁȥɀǩ  ǠȾƜîĀ ǦȉɀȊƫä çäɀȺȪȱä ìǼȝĀ  .  ĂɀȹǠǮȱä ýǼǺǪȆƫä ȴȲȞǪɅ  ûɀȲȅñɀȊƫä   ĀɅ  ǦȅǠɆȆȱä ȜǤǪ
 ǦǤȅǠȺƫä Ɣȱä ìǼƠ ȴȮǶǪȱäĀ ç˫ǠɆǤȱä çäɀȺȩ ìǼȝǦɆȺȵï ǦȚƩ Ȱȭ Ž ýɀȪǩ ƔȱäĀ ǣ  ȰȮȊǣ ǦȩǠȖȱä ûɎȾǪȅäĀ ȤɆȖȱä æÞǠȦȭ ƙȆǶǪ
.ûƕȊȵ  ȶȶȍǠȺ    ƙǣ ȰȝǠȦǪȱä ĂɀȹǠǮȱä ýǼǺǪȆƫä  ȀȦȍ ǠȾǪȲȎƮ ǦɆǝäɀȊȝ ǦǤȞȱ ȼȹà ɂȲȝ ȈɅɀȊǪȱä ïǠȾǱĀ  Û ïȂȞƫä ȴȲȞǪȱä ýǼǺǪȆȹĀ
)RLƩ (Ȱ  ȜɅïɀǩ ǦɆǲɆǩäƕȅä ǦȅäîǼǣ ǠȺȶȩ ƆǠǮȱä ɀɅîǠȺɆȆȱä Ž .ǦǤȞȲȱä ȻǾȽǦȝǠȖǪȅɍä ȈɅɀȊǪȱä ǦǶȥǠȮƫÛ  ăǠȒɅà   ǦǤȞȲȱä ȴɆȶȎǩ Ź

ȀȦȍ ǠȾǪȲȎƮ ǦǤȞȱ ǠŒà ɂȲȝ   Ā  ȌɆȎƠ ǦȪɅȀȕ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ȴȲȞǪɅǦǤȅǠȺƫä ǦȝǠȖǪȅɍä    Ǿǹɉä Ȝȵ ïȂȞƫä ȴȲȞǪȱä ýäǼǺǪȅ˨
îǠǤǪȝɍä ƙȞǣ  .æǠȺȪȱä ǦȱǠǵ    þà üĀɉä ɀɅîǠȺɆȆȱä Ž æǠȭǠǂä ǰǝǠǪȹ ȀȾȚǩȱäǴǣȀ    ȐȦǺȺƫäȱ  ìɀȪɅ æǠȺȪȲ ĂɀȹǠǮȱä ýǼǺǪȆƫä  ơ ƂâȌɆȎ 

ç˫ǠɆǤȱä çäɀȺȩ ȸȵ ƘǤȭ ìǼȝ  Ǡȵà Û  þɀȮɅ ǠȵǼȺȝ  ǴǣîȺȪȱä ɀäç  ȞȦǩȀȵ ăǠ  ȱ ȸȮƹ ĂɀȹǠǮȱä ýǼǺǪȆȶȲ  ǼɅȂɅ þà   ȴȮǶǪȱä çäɀȺȩ ìǼȝ 
ȬȱíĀ ÛȐȦǺȺƫä ǴǣȀȱä ǦȱǠǵ Ȝȵ ăǦȹîǠȪȵ  ǦɆȩɀǭɀȵ ȀǮȭà üǠȎǩä þǠȶȒȱ  ȤɆȖȱä ýäǼǺǪȅä Ž ǦɆȱǠȝ ǦɆȱǠȞȥ ɂȲȝ õǠȦƩä Ȝȵ  .Ʌ  Ȁȥɀ
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Abstract 
Spectrum scarcity, spectrum efficiency, power constraints, and jamming attacks are core 

challenges that face wireless networks. While cognitive radio networks (CRNs) enable the 

sharing of licensed bands when they are unoccupied, the spectrum should be used 

efficiently by the secondary user (SU) to ensure a high data rate transmission. In addition, 

the mobility of the SUs makes power consumption a matter of concern in wireless 

networks. Because of open environment, the jamming attack can easily deteriorate the 

performance and disrupt the connections. We simulate two scenarios, in the first one we 

aim  at enhancing the performance of CRN and establishing more reliable connections for 

the SU in the presence of a smart jammer by ensuring efficient spectrum utilization and 

extending the network lifetime. In the second scenario we aim at increasing channel 

capacity. To achieve our objectives in the first scenario, we propose an anti-jamming 

approach that adopts the frequency hopping technique. Our approach supposes that SUs 

observes spectrum availability and channel gain. Then, SU learns the jammer behaviour 

and goes for the appropriate policy in terms of the number of data and control channels that 

optimize jointly spectrum efficiency and power consumption. Within, the interaction 

between the SU and the jammer is modelled as a zero-sum stochastic game, and we employ 

reinforcement learning to address this game. In the second scenario we examine power 

allocation strategy, based on reinforcement learning SUs learn the appropriate policy that 

allocates power for each channel after observing the channel state. Also, the game is 

modelled as a zero-sum game. Simulation results show in the first scenario that the low 

channel gain leads the SU to select a high number of data channels. However, when the 

channel gain is high the SU increases the number of control channels to guarantee a more 

reliable connection. Taking into account the spectrum efficiency, SUs save their energy by 

decreasing the number of used channels. In the second scenario, SUs use the high and low 

gain channels to achieve the best capacity in the worst case, high gain channels are used 

because they allow to the SUs get higher capacity, and low gain channels are used because 

jammers don't attack them. In the first scenario, the proposed strategy achieves better 

performance in comparison with myopic learning and the random strategy. Under a 

jamming attack, considering the gain of utilized channels, SUs select the appropriate 

number of control and data channels to ensure a reliable, efficient, and long-term 

connection. In the second scenario, the proposed power allocation anti-jamming strategy 

achieves better performance against the fixed jamming strategy. 
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x 
 

 

 

 



1 
 

üĀɉä ȰȎȦȱä 

ǦȵǼȪƫä 
  ìäìïäĀ ÛæƘǹɉä ìɀȪȞȱä üɎǹ ăäƘǤȭ ăäîɀȖǩ çɍǠȎǩɍä ǦȶȚȹà çǼȾȉ  ìǼȝ  Ɣȱä çäȂɆȾǲǪȱäçǠȮǤȊȱä ýǼǺǪȆǩ  ɆȮȲȅɎȱäǦ    ȰȮȊǣ

ȰǝǠȽ  .  ǢǤȆǣĀ ȤɆȖȱä Ƃâ ǦǱǠƩä æìˬï Ƃâ Ȭȱí āìà  ǦɅǼɆȲȪǪȱä çǠȅǠɆȆȱä  ǦȞǤǪƫäȌɆȎơ Ž  ȤɆȖȱä   ȀȾșç    ǦȲȮȊȵ  æîǼȹ
ȤɆȖȱä   (spectrum scarcity) ĂǾȱä Ǩȩɀȱä Ž    ȼɆȥ ýǼǺǪȆćǩǦȎȎǺƫä ǦɅììƕȱä ýȂƩä    ǦǤȆȺǣ15%    Ƃâ85%  Ȫȥ  Ȕ]1 [  
 ƗȞɅ äǾȽĀ ĉȹà ȴǪɅ ȼȤɆȖȱä ýäǼǺǪȅä  ȰȮȊǣüǠȞȥ Ƙȡ.   êȀȕ"ɍɀǪɆȵ ȤɅïɀǱ " ǴȲȖȎȵ  ɀɅìäȀȱä Ʉȭäîìɋä(cognitive radio)  

Ž  ýǠȝ Ž ǠȽȀȊȹ ǦɆǮƜ ǦȩîĀ1999Û  ȂɅȂȞǩ Ž ǼȝǠȆɅ þà Ʉȭäîìɋä ɀɅìäȀȲȱ ȸȮƹ ȤɆȭ ǠȾɆȥ ȤȍĀçǠȵǼƪä ǦȹĀȀȵ  ǠȾȵǼȪǩ Ɣȱä
çǠȮǤȊȱä    ǦɆȮȲȅɎȱä[2]  ýǼȩ Ż Ûɋä ɀɅìäȀȱä ȸȝ ǦɆȶɆȽǠȦȵ ǦȵǠȝ æȀȚȹɄȭäîì  æäîɀǪȭǼȱä ǦǵĀȀȕà Ž  ]3[.    ùĉȀȝ "ƙȮɅǠȽ þɀȶɆȅ "  

Ʉȭäîìɋä ɀɅìäȀȱä  д ĉȹ ȼ  ȹ"  Ʉȭí ɄȮȲȅɍ çɍǠȎǩä ýǠȚ ûîǼȵ    ȐȞǣ ȰɅǼȞǪǣ ǴȶȆɅĀ ÛǦȖɆǂä ȼǪǞɆǤȱȼǩɎȵǠȞȵ    çɍǠȎǩä ƇǼȪǩ ùǼŏ
 ăɎȒȥ Ǧȩɀǭɀȵ  ììƕȱä ȤɆȖȲȱ üǠȞȦȱä ýäǼǺǪȅɍä ȸȝ Ă"  [4]  . ǩǴȶȆ    Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ  ɎȢǪȅä  ü
  ȤɆȖȱäæìˬïĀ    ǦɆȦɆȖȱä ǦɆȱǠȞȦȱäƎȝ    ȤɆșɀǩȱä çäɀȺȪȱäƃĀɉä ýǼǺǪȆƫä ǠȾȲȢȊɅ ɍ Ɣȱä æȀȡǠȊ  (primary user ñPUò) 
üǠȅîɋ Ǥȱäȴŏ ǦȍǠƪä ç˫ǠɆ . ĂɀȹǠǮȱä ýǼǺǪȆƫä ȰȢǪȆɅ-ȤɆȖȱä ýäǼǺǪȅ˨ ȼȱ ȌǹȀƫä Ƙȡ-  æȀȡǠȊȱä çäɀȺȪȱä Ƙȡƫä ǦȵǼǺǪȆ

  þà ɂȲȝ ÛȌɆǹƕȱä ǢǵǠȍ ƃĀɉä ýǼǺǪȆƫä ȰǤȩ ȸȵ ĉþà ȸȵ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǼȭǖǪɅ    ȰǤȩ æȀȡǠȉ æǠȺȪȱä  ǦɆȲȶȞǣ ȼȵǠɆȩ  üǠȅîɋä
  ÛƃĀɉä ýǼǺǪȆƫä æîǠȉâ Ȝȵ ȰǹäǼǪȱä èĀǼǵ ȜȺƫȸȵ ȻǾȽ ǼȭǖǪȱä ǦɆȲȶȝ èǼƠĀ  Ɏǹ  ȄȆƠ ǦɆȲȶȝ üäƔȱä ȤɆȖȱ    ǨƢ ǠȾǪȅäîì

  çǠȮǤȊȱ ǦȦȲǪƯ Ȱȶȝ ôǠƴà ŽɀɅìäȀȱä  ǦȦȲǪƯ Ȥȉäɀȭ ýäǼǺǪȅ˨Ā Ʉȭäîìɋä  ]5 [.    ýǠȞȱä ɄȦȥ æȀȮȥ ìȀƭ Ʉȭäîìɋä ɀɅìäȀȱä ɂȪǤɅ Ɓ
2004  ýǼćȩ   îǠɆȞƫä  IEEE 802.22  üĀǖȭ   ɂȲȝ ǼȶǪȞɅ îǠɆȞȵ  æȀȮȥ    Ʉȭäîìɋä ɀɅìäȀȱä]6[ Û   ɀɅìäȀȲȱ îǠɆȞȵ üĀà îɀȾș ȸȵ ȴȡȀȱ˨Ā

  çǠȮǤȊȱä ȻǾȽ ĉþà ɍâ Ʉȭäîìɋä  üäȂǩɍ  åɀȪǮȱä ǼɅǼƠ ȰǮȵ ǦȮǤȊȱä ǦɆȺǣ ȸȝ ǰǩ˫ ǠȾȒȞǣ çˬǼƠ æǼȝ ȸȵ ƆǠȞǩ(holes)  
  (ȰǹäǼǪȱä) ǼȶȞǪƫä Ƙȡ Āà ǼȶȞǪƫä ȼɆȝɀȺǣ ȈɅɀȊǪȱäĀ ƃĀɉä ýǼǺǪȆƫä Ȝȵ ȰǹäǼǪȱä ȜȺȵĀ ǴɆǶȍ ȰȮȊǣ ǦɆȦɆȖȱä ]7[  ǼȞɅ .

  ǦɆȮȲȅɎȱä çǠȮǤȊȱä ǠȾȺȵ ƆǠȞǩ Ɣȱä ȰȭǠȊƫä ȴȽà Ǽǵà ȈɅɀȊǪȱä Ā  æîɀȖǹ ǠȽȀǮȭà]8[  ȈɅɀȊǪȱä ǦȆȭǠȞƞ ǦǵĀȀȕɉä ȻǾȽ Ž ȴǪŒ .
(anti-jamming)  .ǦȮǤȊȱä ǠȾȵǼȪǩ Ɣȱä çǠȵǼƪä ȰɆȖȞǩ Ƃâ ùǼȾɅ ĂǾȱäĀ ǼȶȞǪƫä 

-1.1 ȈɅɀȊǪȱä öäɀȹà 

 ĉþâ    æîǠȑ ǦɆȮȲȅɍ ǼȪȝ ɄȽ ȈɅɀȊǪȱä æȂȾǱà  ǦȪȖȺȵ Ž ǠȽȀȊȹ ȴǪɅ  ȰȶȝǦɆȮȲȅɎȱä ǦȮǤȊȱä    ǼȶȞǪȵ ȰǹäǼǩ èäǼǵɋ æîǠȉâ Ȝȵ
 ƙȵǼǺǪȆƫä  ǦȵǼƪä ȜȺȵ ùǼŏ(denial of service ñDoSò) ǦȮǤȊȱä ȻǾȽ Ž.  Ƃâ ȴǱǠȾƫä ȻǾȦȺɅ ĂǾȱä ȈɅɀȊǪȱä ĂìǘɅ
  îȀȒȱä úǠƩâ  ǦȮǤȊȱ˨  ÞǠȪǣâ Ǝȝ  üǠȢȊȹä ǦȱǠƜ ȤɆȖȱä  ȴǝäì ĉưǠ  üǠȅîɋä ǦɆȲȶȞǣ ýǠɆȪȱä ȸȵ ȰȅȀƫä ȜȺƹÛ   ȸȵäȂǪȵ ȰȮȊǣ üǠȅîɋä Āà
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  ýǼǺǪȆƫä ȜȵǠư    ȐɆȦơ Ƃâ ĂìǘɅöɀȶƭ Ƃâ æîǠȉɋä ǦȝǠȖǪȅä ǦǤȆȹ   ǰɆǲȒȱäĀ ȰǹäǼǪȱä(signal-to-interference-

plus-noise ratio ñSINRò)  äǾȽĀ ÛæîǠȉɋä ȂɆȵȀǩ Ȭȥ ȸȵ ȰǤȪǪȆƫä ȜȺƹ  (decode)  ǴɆǶȍ ȰȮȊǣ  .  Ȝȩäɀȱä Ž  þà ȸȮƹ
  ǠȾȮȲǪƹ Ɣȱä çäîǼȪȱä þɀȮǩ  çäîǼȩ ȈɅɀȊǪȱä ïǠȾǱȱ ǦȪǣǠȖȵ  ǼȪȞýǼǺǪȆƫä  ǠȾƤǠȾɅ Ɣȱä ǦȮǤȊȱä Ž  ǦȦȲǪƯ þɀȮǩ ǼȩĀ  . ăǠɆȲȶȝ

  Ƙǭе ǼȶǪȞɅ  ïǠȾǱ  ȈɅɀȊǪȱäǦȮǤȊȱä Ž    ɂȲȝ  ǦȝǠȖǪȅäâǠȅî ȼȱ    ȼȞȩɀȵĀ Ā ǦȥǼȾǪȆƫä æǼȪȞȱä   ǠȾȞǤǪɅ Ɣȱä ȈɅɀȊǪȱä ǦɆǲɆǩäƕȅäĀ   ]9[ .  
  ȸȮƹ  ȈɅɀȊǪȱä éíǠƴ ȤɆȺȎǩ  ȸȵ ăǠȩɎȖȹäǦɆȱǠǪȱä ǦȲǞȅɉä  ÝȸȵäȂǪȵ ȰȮȊǣ çäɀȺȩ æǼȝ Āà æǼǵäĀ æǠȺȩ ǦƤǠȾȵ ñɀȊȶȲȱ ȸȮƹ ȰȽ :

 çäɀȺȪȱä ɂȲȝ ȈɅɀȊǪȱ˨ ȴǱǠȾƫä ýɀȪɅ ȰȽ ÝæìǼƮ ǦȪɅȀȖǣ ȈɅɀȊǪȱä ǦɆȲȶȝ üɎǹ ƘȢǪǩ þà ȸȮƹ Āà ǦǪǣ˪ çäɀȺȪȱä ȻǾȽ ȰȽ
ÝçäɀȺȪȱä ȻǾȽ Ǝȝ üǠȅîâ ǦɆȲȶȝ ǼǱɀɅ ǠȵǼȺȝ Āà ȨǤȆȵ ȰȮȊǣ    ƙǣ þĀǠȞǪȱ˨ ȈɅɀȊǪȱä ȴǪɅ ȰȽ ÝȼȹǠȮȵ ƘɆȢǩ ñɀȊȶȲȱ ȸȮƹ ȰȽ

  Āà ƙƤǠȾƫä  ȰȶȞɅǦȪǤȕ üɀȭɀǩĀȀǣ ñɀȊƫä ùȀȞɅ ȰȽ ÝȰȪǪȆȵ ȰȮȊǣ ñɀȊȵ Ȱȭ   Ȕȅɀȱä Ƃâ íǠȦȺȱä  (medium access 

control ñMACò)Ý  ǦȪɆȪƩä Ž ÝǦɆȭäîìâ çäîǼȩ ȬȲǪƹĀ Ʉȭí ñɀȊƫä ȰȽ   éíǠƴ ȤɆȺȎǪǣ ǦȲǞȅɉä ȻǾȽ ȸȝ ǦǣǠǱɋä ǴȶȆǩ
  ɄȞȪǣ ñɀȊȵ Ƃâ ȼǪƤǠȾȵ ȴǪǩ ĂǾȱä Ăììƕȱä üǠǲȶȲȱ ăǠȪȥĀ ȈɅɀȊǪȱä(spot)    ȀȕǠȺȩ ñɀȊȵĀ(barrage) ɂȲȝ ìǠȶǪȝɍ˨Ā Û

  Ƃâ çǠȉɀȊƫä ȤɆȺȎǩ ȸȮƹ ììƕȱä ǼɅǼƠ ǦȪɅȀȕ ȸȭǠȅ  (static)    ǴȆȵĀ(sweep)    ɄǝäɀȊȝĀ(random)    ùɀȭîǠȵĀ
(Markov)  Ǩǣ˪ þɀȮɅ þà ȸȮƹ ñɀȊƫä ôǠȊȹ ȸȵï ɂȲȝ ăÞǠȺǣ Ǡĉȵà Û(constant)    ɄȒǤȹ Āà ɄǝäɀȊȝ Āà(pulse)  ǼȺȝ .

  ǦȪǤȖȱä üɀȭɀǩĀƎȱ ȼǪȥȀȞȵ ñɀȊƫä üɎȢǪȅä(MAC)    öìǠƯ ñɀȊȵ ȼȹà ɂȲȝ ȤĉȺȎɅ(deceptive)    öìǠƯ Ƙȡ þɀȮɅ ǼȩĀ
(non-deceptive)  ǦɆȹɀȹǠȪȱä ǼȪȞȱä ǦɆȎǺȉ üǠǶǪȹä ȜɆȖǪȆɅ Ɏȥ.  őîǼȩ ɂȲȝ ìǠȶǪȝɍ˨ çǠȉɀȊƫä ȤȺȎǩǠ    ìɀǱɀȱ ǦĉɆȆȆǶǪȱä

  ǦɆȲȝǠȦǩ çǠȉɀȊȵ Ƃâ ɍ Āà üǠȅîâ(reactive)  Ž æǠȺȪȱä ùǼȾǪȆǩ    ǦɆȩǠǤǪȅä çǠȉɀȊȵ Āà ȔȪȥ üǠȅîɋä ǨȩĀ(proactive)  
  ǦȭȀƩä ɂȲȝ æîìǠȩ çǠȉɀȊƫä þɀȮǩ þà ȸȮƹ .üǠȅîâ ǦɆȲȶȝ ǠȾɆȥ ȸȮɅ Ɓ ɀȱ Ɠǵ æǠȺȪȱä ùǼȾǪȆǩ Ăà(mobile)   ɂȪǤǩ Āà  

  ȴǝäì ȰȮȊǣ Ǡȵ Ȝȩɀȵ Ž æìɀǱɀȵ(stationary) ÛȰȶȞɅ þà ȸȮƹĀ   ȰȪǪȆȵ ȰȮȊǣ ñɀȊȵ Ȱȭ(non-cooperative)  ȸȮȱ
  Āà  ǦȮǤȊȱ˨ Ǝȭà îȀȑ úǠƩɋ çǠȉɀȊƫä ȸȵ Ǧȝɀȶƭ þĀǠȞǪǩ(cooperative)  Ƙȡ çǠȉɀȊƫä ȜǤǪǩ .ȱä  ǦɆȭǾ(non-smart) 

  ǦɆȭí çäîǼȩ çǠȉɀȊƫä ȐȞǣ ȬȲǪƢ ƙǵ Ž Ûȴǝäì ȰȮȊǣ ǦǪǣ˪ ǦɆǲɆǩäƕȅä(smart)    ǦǞɆǤȱä Ȝȵ ǠȾǪɆǲɆǩäƕȅä ȤɆɆȮǪǣ ǠƬ ǴȶȆǩ
  ǦȖɆǂä]10[  çȀȾș ȬȱǾȱ ÛǠȾȲȭ ǠȾǪȆȭǠȞƫ æǼǵäĀ ǦɆȺȪǩ ìǠƶâ ǢȞȎȱä ȸȵ ȈɅɀȊǪȱä éíǠƴ Ž ƘǤȮȱä öɀȺǪȱä äǾȽ ǢǤȆǣ .

.ǦɆȱǠǪȱä æȀȪȦȱä Ž ǠȽȀȭǾȹ Ɣȱä ȈɅɀȊǪȱä ǦȆȭǠȞƫ çǠɆȺȪǪȱä ȸȵ ǼɅǼȞȱä 

-2.1  çǠɆȺȪǩȈɅɀȊǪȱä ǦȆȭǠȞȵ 
  ƆǠȞǩ  ƑȲȆȱä ǠȽƘǭеĀ çǠȶǲƬä ȸȵ öɀȺȱä äǾȽ ǾɆȦȺǩ ǦȱɀȾȅ ǢǤȆǣ ȈɅɀȊǪȱä ǦȲȮȊȵ ȸȵ ȀȶǪȆȵ ȰȮȊǣ ǦɆȮȲȅɎȱä çǠȮǤȊȱä

  ȤɆȦǺǪȱä Ž ǼȝǠȆǩ Ɣȱä çǠɆȺȪǪȱä ȸȵ ǼɅǼȞȱä ǨǵćƕȩäĀ ǦȲȮȊƫä ȻǾŏ èǠƜɉä ȸȵ ƘǮȮȱä ǨȶǪȽä ȬȱǾȱ .ǦȮǤȊȱä Þäìà ɂȲȝ ƘǤȮȱä
ǦɆȮȲȅɎȱä çǠȮǤȊȱä ɂȲȝ çǠȶǲƬä ȻǾȽ Ȁǭà ȸȵ ǦɅǼɆȲȪǪȱä çǠɆȺȪǪȱä ȸȶȥ ÛǠȾǪȞɆǤȕĀ ǦȮǤȊȱä ǦɆȺǣ ǢȆƜ çǠɆȺȪǪȱä ȻǾȽ ȤȲǪơ .  

 îǠȊǪȹɍä ǦȞȅäɀȱääȺƫä ȤɆȖȱ îɀǮȱ˨ììƕȱä ȂȦȪ Ă(frequency hopping spread spectrum ñFHSSò)  [11ï16] .  
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 Ā  ǦɆȺȪǩ  ȀǮȹȤɆȖȱä    ǦȲȆȲȆȱ˨ ȀȉǠǤƫä  æ(direct sequence spread spectrum ñDSSSò)  [17ï19]   ƫä çǠɆȺȪǪȱäĀ æǼȶǪȞ
  ìǼȞǩ ɂȲȝçǠɆǝäɀƬä  )multiple in multiple out ñMIMOò)  [20ï24]  ƕȱä çǠɆȺȪǩĀ  ȂɆȵ(coding)  [25ï29]  .
ȱä Ž ǦɆȑǠƫä çäɀȺȆ Ā ǦɆȭǾȱä çǠȉɀȊƫä çäîǼȩ îɀȖǩ ǦȾǱäɀƫĀ ǦȮǤȊȱä ǼȪȝ çǠɆȹǠȮȵâ îɀȖǩ Ȝȵ ȸȵ ǼɅǼȞȱä êäƕȩä Ź  çǠȖȖƯ

(schemes)  ȾǱäɀȵǦ    ȈɅɀȊǪȱä  çǠɆȺȪǩ ɂȲȝ ǦȶǝǠȪȱäǩȴȲȞ  Ǧȱɇä  (machine learning)   Ž ȈɅɀȊǪȱä çäƘǭе ȸȵ ȤɆȦǺǪȲȱ
  ȰǮȵ ǦȦȲǪǺƫä ǦɆȮȲȅɎȱä çǠȮǤȊȱä Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ  (CRN)  [30ï34]  Ʃä çǠȮǤȉĀ çǠȅǠȆ    ǦɆȮȲȅɎȱä(wirless 

sensors networks ñWSNsò)  [35,36]  ȄȵǠƪä ȰɆƨä çǠȮǤȉ Ƃâ ǦȥǠȑɋ˨ Û(fifth generation ñ5Gò) 
[37,38]  þĀǼǣ çäȀǝǠȖȱäĀîǠɆȕ (Unmanned Aerial Vehicle ñUAVò) [39ï42] . 

-3.1  ǬǶǤȱä ȸȵ ùǼƬä 
  çǠȮǤȊȱä ɄȵǼǺǪȆȵĀ çǠȉɀȊƫä çäîǼȩ îɀȖǪȱ ǦǲɆǪȺȭ ǠȾǪȆȭǠȞȵ úȀȕĀ ȈɅɀȊǪȱä éíǠƴ öɀȺǩ ƙǪȪǣǠȆȱä ƙǩȀȪȦȱä Ž ǠȺȚǵɍ

  ìäǼȝâ ȴȾƫä ȸȵ ȰȞƶ Ȭȱí þâ .Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ ȰǮȵ çǠȮǤȊȱä ȸȵ æǼɅǼǱ öäɀȹà îɀȾșĀ ǦɆȮȲȅɎȱä  ǦɆȞǱȀȵ Ǧȅäîì
ȱ  ǦǵƕȪƫä üɀȲǶȲɄȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ Þäìà ƙȆǶǪȱ    ǦȆȭǠȞƫ āȀǹɉä çǠȮǤȊȱä Ž ǦȵǼǺǪȆƫä çǠɆȺȪǪȱä ȸȵ æìǠȦǪȅɍäĀ

 ȻǾȽ Ž ɄȅǠȅà ȰȮȊǣ ùǼŒ .ǦǵĀȀȕɉä ȻǾȽ ùäǼȽà Ǽǵà äǾȽĀ Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ Ž ǠȾȪɆǤȖǩ ȸȮƹ ƔȱäĀ ȈɅɀȊǪȱä
ǦȆȭǠȞƫ ǦɆȱß êäƕȩä Ƃâ ǦǵĀȀȕɉä  ȱäĀ ȈɅɀȊǪȱäȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ ɂȲȝ ȻȀǭà ȸȵ ȤɆȦǺǪɄ    ȴȲȞǪȱä ýäǼǺǪȅ˨  ïȂȞƫä(RL)  

ǦǵĀȀȕɉä ȻǾȽ Ž ăǠȪǵɍ ǠȾȵǼȪȺȅ Ɣȱä ǦɆȞǱȀƫä ǦȅäîǼȱä ȸȵ ăǠȩɎȖȹä. 

-4.1 ǬǶǤȱä ǦɆƵà 
 ĉƙǤǩ    çǠɆǣìɉä ǦȞǱäȀȵǦǵĀȀȕɉä ȻǾȽ ȸȵ ƆǠǮȱä ȰȎȦȱä Ž ǠȾȵǼȪȹ Ɣȱä   ĉþà    ǦɆǮǶǤȱä úäîĀɉä ȸȵ ǼɅǼȞȱäɂȲȝ ǨȲȶȝ    ƙȆƠ ǦɆȱǠȞȥ  
ȤɆȖȱä  (spectrum efficiency)  ǦɆǱǠǪȹɋäĀ  (throughput)  ǦȩǠȖȱä ûɎȾǪȅäĀ  (power consumption)   ìɀǱɀǣ
ñɀȊƫä  ǦǞɆǤȱä Ž ȰȶǪǂä ɄǝäǼȞȱä ûɀȲȆȱä îǠǤǪȝɍä ƙȞǣ Ǿǹе ɍ èǠƜɉä ȻǾȽ þǚȥ Ȭȱí ȜȵĀ     [43ï60]  Ž . ĂǾȱä Ǩȩɀȱä
êƕȪǩ    ȐȞǣ ȼɆȥ  çǠɆȺȪǩ çǠȅäîǼȱäƫ ǦȦȲǪƯ  ȈɅɀȊǪȱä ǦǶȥǠȮ  ɂȲȝ ǦȶǝǠȩþǠȮƫä ȸȵ üǠȪǪȹɍä  àĀ    ȂȦȪȱäììƕȱä Ă  àĀ  ȌɆȎƠ 

ǦȝǠȖǪȅɍä  (power allocation) ĉŒà ɍâ Û  üĀǠȺǪǩ ɍ ǠýäǼǺǪȅä ǦɆȱǠȞȥ  ǦȩǠȖȱä îǼȎƞ ǦȖǤǩȀƫä ìɀɆȪȱäĀ ȤɆȖȱä    ]61ı63[  .
 ĉþà Ǡȶȭ    æîĀȀȑĀ ǠƬǠȅîâ ȴǪɅ Ɣȱä ç˫ǠɆǤȱä öɀȹ îǠǤǪȝɍä Ž Ǿǹи ɍ ȈɅɀȊǪȱä æȂȾǱà ìɀǱĀ Ȱș Ž æǠȺȪȱä ǦȞȆȱ êƕȪƫä ƙȆǶǪȱä

üǠȎǩɍä ȨȆȺǩ Ɣȱä ȴȮǶǪȱä çäɀȺȩ  ]64[  .   Ā  ǦɆǲɆǩäƕȅɍäȵǼȪƫä Ǧ    ȂɅȂȞǪȱ ǦɆȱǠȞȥ    ɍ ȈɅɀȊǪȱä çǠȶǲȽ Ȱș Ž ȤɆȖȱäǩ  ìɀɆȪȱä žǠȞ
  ǠȾȑȀȦǩ ƔȱäîǼȎȵ ǦɅìĀǼƮ  ǦȩǠȖȱä ]65[ǾȽ Ž .ǬǶǤȱä ä    Þäìà ȂɅȂȞǪǣ ýɀȪȹ  ɀɅìäȀȱä çǠȮǤȉɄȭäîìɋä  ǣ  ìɀǱɀñɀȊȵ    Ʉȭí

 îǼȩ ɂȎȩà ǢǤȆɅ  ǦȮǤȊȲȱ îȀȒȱä ȸȵ  Ǿǹз ƂĀɉä ǦȪɅȀȖȱä Ž :ƙǪȪɅȀȖǣ ȬȱǾǣ ýɀȪȹĀ ÛǦƨǠȞȵ îǠǤǪȝɍä ƙȞǣ  ȱäˬǠȒȪ    ǦȪȲȞǪƫä
ǦɆȱǠȞȦǣ  ȤɆȖȱä   ǦȩǠȖȱäĀ    ǬɆǵƂâ ùǼŒ    ǦǵǠǪƫä çäɀȺȪȱä ȸȵ æìǠȦǪȅɍä ȴɆȚȞǩ  æìˬȂȱ ǦɆȱǠȞȥ    ǦȩǠȖȱä ûɎȾǪȅä ȰɆȲȪǩ Ȝȵ ȤɆȖȱä
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þǠȶȑĀ    ùĀȀȚȱä ȻǾȽ Ȱș Ž ǦɆȩɀǭɀȵ ȀǮȭà çɍǠȎǩäǦɆǝäǼȞȱä  .ǦɆȹǠǮȱä ǦȪɅȀȖȱä Ž Ǡĉȵà   ǦǵǠǪƫä çäɀȺȪȲȱ ǦȝǠȖǪȅɍä ȌɆȎơ ȴǪɅ  
Ʉȭí ñɀȊȵ Ȱș Ž ǦǵǠǪƫä çäɀȺȪȲȱ ǦȺȮư ȰȪȹ ǦȞȅ ȴȚȝà ȨɆȪǶǪȱ  ǦǵǠǪƫä çäɀȺȪȱä Ȱȭ ȴǱǠȾɅ   Ā úǠƩɋ ɂȞȆɅ  îȀȑ Ǝȭà  .

ȬȱǾȱ    ƙǣ ȰȝǠȦǪȱä ǦǱǾȶȺǣ ǠȺȶȩƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  ȀȦȍ ǠȾǪȲȎƮ ǦɆǝäɀȊȝ ǦǤȞȱ ȼȹà ɂȲȝ ɄȭǾȱä ȈɅɀȊǪȱä ïǠȾǱĀ Ā Û  ýǼǺǪȆȹ
ȴȲȞǪȱä ǦɆȵïîäɀǹ  ïȂȞƫä  minimax-Q    ƙȮȶǪȱȉɀȊƫäĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫäçǠ  őǠɆǲɆǩäƕȅä ȤɆɆȮǩ ȸȵȴ  Ⱦǝäìà ƙȆƠĀȴ    Ž

 .çǠȽɀɅîǠȺɆȆȱä àɀȅà 

-6.1 ƵǠȆƫäǦ ǦɆȶȲȞȱä 
  ùǼŒ  ǦǵĀȀȕɉä ȻǾȽ Ž  ƂâƙȆƠ    ÞäìàɄȭäîìɋä ɀɅìäȀȱä ǦȮǤȉ    ìɀǱĀ Ȱș Ž ǦɆȩɀǭɀȵ ȀǮȭà çɍǠȎǩä ÞǠȊȹâĀɄȭí ñɀȊȵ    ȸȵ

ǦȮǤȊȱä Ȁȶȝ ǦȱǠȕâĀ ȤɆȖȲȱ üǠȞȦȱä ýäǼǺǪȅɍä þǠȶȑ üɎǹ ˨ ǦɆȶȲȞȱä ǠȺǪƵǠȆȵ ȌǺȲȹĀǦɆȱǠǪȱä ôǠȪȺȱ : 

¶ äýäǼǺǪȅ  ǰŒ   Ăììƕȱä ȂȦȪȱä ɂȲȝ ȴǝǠȩ  ȈɅɀȊǪȱä ǦǶȥǠȮƫÛ   ćɅ ȘǵɎ   ĂɀȹǠǮȱä ýǼǺǪȆƫä    ȼɆȥȴȲȞǪɆȱ ǦȖɆǂä ǦǞɆǤȱä    ìǼȝ
 ç˫ǠɆǤȱäĀ ȴȮǶǪȱä ȸȵ ȰȮȱ ǠȾȎɆȎơ ǢǱäɀȱä ǢȅǠȺƫä çäɀȺȪȱä àɀȅɉä ǦȱǠƩä Ž . 

¶   ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä æǖȥǠȮƫä ǦȡǠɆȍ ȜǣǠǪȭɋä ǦȝǠȖǪȅɍüǠȅî . 

¶    ìɀɆȪȱä Ȁǭà Ǧȅäîìȸȝ ǦƟǠȺȱä    ǦȩǠȖȱä îǼȎȵ ǦɅìĀǼƮ  ǠȾȎȎƸ Ɣȱä çäɀȺȪȱä ìǼȝ ɂȲȝ  ĂɀȹǠǮȱä ýǼǺǪȆƫä  ȴȮǶǪȲȱ
 ç˫ǠɆǤȱäĀä ùǼŏ .ǦȺȮư æƕȥ üɀȕɉ üǠȅîɋ 

¶ .ĂɀȹǠǮȱä ýǼǺǪȆƫä ûɀȲȅ ɂȲȝ ǦȵǼǺǪȆƫä çäɀȺȪȱä Ǵǣî Ž ƘȢǪȱä Ȁǭà Ǧȅäîì 

¶  ýǼǺǪȆƫä ûɀȲȅ Ǧȅäîì  ĂɀȹǠǮȱäǩäɀȺȩ óȀȞǩ ǼȺȝȼ ȈɅɀȊǪȲȱ . 

¶ Ǧȅäîì ǦȝǠȖǪȅɍä ȌɆȎƠ ɂȲȝ ǦȶǝǠȩ ȈɅɀȊǪȱä ǦǶȥǠȮƫ ǦɆȱß  îìǠȩ ñɀȊƫä ǠȾɆȥ þɀȮɅ Ɣȱä çɍǠƩä Ž ăä   ǦƤǠȾȵ ɂȲȝ
 ĂɀȹǠǮȱä ýǼǺǪȆƫä çäɀȺȩ ȜɆƤ. 

¶ çäɀȺȪȲȱ ǠȾȪȪƷ Ɣȱä ǦɆȲȮȱä ǦȞȆȱä ȼȹà ɂȲȝ ǦȱǠƩä ȻǾȽ Ž ĂɀȹǠǮȱä ýǼǺǪȆƫä æǖȥǠȮȵ ǦȡǠɆȍ. 

¶  ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹ ýäǼǺǪȅä   minimax-Q  ȰƩ    ǦǤȞȱȈɅɀȊǪȱä ǦȆȭǠȞȵ   Ž  ȸɅɀɅîǠȺɆȆȱä  ɍä ƙȞǣ Ǿǹɉä Ȝȵ îǠǤǪȝ  
 .àɀȅɉä ǦȱǠƩä 

-7.1 çɍǠȪƫä ǦɆȶȲȞȱä  æîɀȊȺƫä 
  ǬǶǤȱä îǠȕâ ŽƙȥȀȊƫä Ȝȵ þĀǠȞǪȱ˨ Ǩȶȩ ǦǵĀȀȕɉä ȻǾƬ ìäǼȝɋäĀ  ǣȱǠȪȵ ȀȊȺǦ  þäɀȺȞǣ ǦɆǮƜ (Spectrum and Power 

Efficient Anti-Jamming Approach for Cognitive Radio Networks based on Reinforcement 
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Learning)   Ž  ǦȲƭ (International Journal of Sensors, Wireless Communications and Control)   ǦȦȺȎƫä
ȸȶȑ Scopus   ǸɅîǠǪǣ  ǦȲŎä  Ȝȩɀȵ  ɂȲȝ  ǦȱǠȪƫä  ȻǾȽ  ǨǶɆǩà  ǼȩĀ1/3/2024    ɄȶȩȀȱä  ùȀȞƫ˨(DOI: 

10.2174/0122103279291431240216061325)   ȔǣäȀȱä  Ǝȝ 
https://www.eurekaselect.com/article/138916?fbclid=IwAR2a6F1GKgdaCYQiuVNN9YXQ8hX

_XV9dQ9UABNfUNChBlDQfs_8hZbu18Gg. 
Jdeed Hussein*, Altabban Wissam and Jamal Samer, Spectrum and Power Efficient Anti-Jamming 

Approach for Cognitive Radio Networks Based on Reinforcement Learning, International Journal 

of Sensors, Wireless Communications and Control 2024; 14 () . 

https://dx.doi.org/10.2174/0122103279291431240216061325 

    þäɀȺȞǣ āȀǹà ǦɆǮƜ ǦȩîĀ ƇǼȪǪǣ ǠȺȶȩ ǠȺȹà Ǡȶȭ(Anti-jamming Multi-Channels Power Allocation Strategy in 

Cognitive Radio Networks Based on Reinforcement Learning) 

-8.1 ǦǵĀȀȕɉä ȴɆȚȺǩ 
  ǬɆǵ üɀȎȥ æǼȝ Ž ǦǵĀȀȕɉä ȻǾȽ ȴĉȚȺćǩýǼȪćȹ  ȰȎȦȱä Ž   Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ Ž ȈɅɀȊǪȱä ǦȆȭǠȞȵ üɀǵ ǦɆȞǱȀȵ Ǧȅäîì

  ǦɅǠŒ Ž ǠȾȎǺȲȹĀ  äǾȽ  ǦɆǝäɀȊȞȱä åǠȞȱɉäĀ ïȂȞƫä ȴȲȞǪȱä ȀȍǠȺȝ üɀǵ ǦǤȒǪȪȵ ǦɅȀȚȹ Ǧȅäîì ǬȱǠǮȱä ȰȎȦȱä Ž óȀȞȹ Ż .ȰȎȦȱä
  ǦǱǾȶȺȱ ǠȾȵǼǺǪȆȹ ƔȱäȸɅɀɅîǠȺɆȆȱä    ȜǣäȀȱä ȰȎȦȱä Ž .ǦǱǾȶȺȱä ǦɆȲȶȝ Ž ǖȊȺǩ Ɣȱä ǦǤȞȲȱä ȰǵĀǣ ýɀȪȹ  ȸɅɀɅîǠȺɆȆȲȱ ǦǱǾȶȺ

 Ɣȱä ǰǝǠǪȺȱä óȀȞȹ ȄȵǠƪä ȰȎȦȱä Ž ăäƘǹàĀ ÛɀɅîǠȺɆȅ Ȱȭ Ž êƕȪƫä ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǰŒĀ Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȊȱ ƙǵƕȪƫä
  ǦȊȩǠȺƞ ýɀȪȹĀ Þäìà ȰȒȥà ȨȪǶɆȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȞǤǪɅ Ɣȱä ȴȲȞǪȱä ǦɆȲȶȝ ȸȝ ǦƟǠȺȱä ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǦȅǠɆȅĀ ǠȾɆȲȝ ǠȺȲȎǵ

Ⱥȱä .ǠȽƘȆȦǩĀ ǰǝǠǪ 

-9.1 ǦƢǠƪä 
  ȸȝ ǦȵǠȝ ǦȵǼȪȵ ȰȎȦȱä äǾȽ Ž ǠȺȑȀȝ ǠȺȦĉȺȍĀ ÛǦȲȮȊƫä ȻǾȽ Ȱǵ Ž Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ îĀìĀ ȤɆȖȱä æîǼȹ ǦȲȮȊȵ

 Ž ǬǶǤȱä ǦɆƵà ǠȺĉɆǣĀ ǬǶǤȱä ȸȵ ùǼƬä ˫Ȁȭí ÛȬȱí Ƃâ ǦȥǠȑâ .ǦɆȮȲȅɎȱä çǠȮǤȊȱä ȤȲǪƯ ȴǱǠő þà ȸȮƹ Ɣȱä çǠȉɀȊƫä
ƆǠǮȱä ȰȎȦȱä Ž ǦȵǼȪƫä ǦɆȲɆȎȦǪȱä ǦɆȞǱȀƫä ǦȅäîǼȱä Þɀȑ .ǦǵĀȀȕɉä ȻǾȽ Ž ǦɆȶȲȞȱä ǠȺǪƵǠȆȵ Ƃâ ǦȥǠȑɋ˨ Û 
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ȱä ȰȎȦȱä ƆǠǮ 

ǦɆȞǱȀƫä ǦȅäîǼȱä 

  ìîäɀƫ ȰǮȵɉä ýäǼǺǪȅɍäĀ ǦɆȦɆȖȱä ǦɆȱǠȞȦȱä ƙȆǶǪǣ ȨȲȞǪɅ ǠȶɆȥ ǦɆȮȲȅɎȱä çǠȮǤȊȱä Þäìà ƙȆǶǪȱ ăäƘǤȭ ăǠȵǠȶǪȽä èǠƜɉä ǨȱĀà
æìĀǼǂä ǦȩǠȖȱäÛ    Ƃâ ǦȥǠȑɋ˨  Ȱǵ  çǠȮǤȊȱä ȻǾȽ ȼȱ óȀȞǪǩ ĂǾȱä ȈɅɀȊǪȱä ǦȾǱäɀȵĀ ȤɆȖȱä æîǼȺǣ ȨȲȞǪǩ Ɣȱä çɎȮȊƫä

çɎȮȊƫä ȻǾƬ ǨȩȀȖǩ Ɣȱä èǠƜɉä ȸȵ ǼɅǼȞȲȱ ǦɆȞǱȀȵ Ǧȅäîì ȰȎȦȱä äǾȽ Ž ýǼȪȹ .ǦȮǤȊȱä Þäìà ɂȲȝ ȻȀǭà ȸȵ ȤɆȦǺǪȲȱ  
 ĀƩä ǠȾɆȥ óȀȞǪȆȹüɀȲ  ǦǵƕȪƫäçɎȮȊƫä ȻǾƬ . 

-1.2  ǦȵǠȝ æȀȚȹ 
ȝɀɆȉ ȀǮȭɉä çäǼɅǼȾǪȱä ȸȵ ȈɅɀȊǪȱä çǠȶǲȽ ǼȞǩ ăǠ    ȰȮȊǣ ǦȮǤȊȱä Þäìà îɀȽǼǩ Ƃâ Ăìǘǩ þà ȸȮƹ Ɣȱä öǠȖȪȹä Ƃâ ĂìǘɅ ƘǤȭ

ǦȮǤȊȱä ǠȾȵǼȪǩ Ɣȱä ǦȵǼƪä  .  çîɀȖǩ ǼȩĀǢɆȱǠȅà    çäĀìàĀȈɅɀȊǪȱä  Ơ ùǼŏÛƙƤǠȾƫä ÞäìàĀ æÞǠȦȭ ƙȆ  ǴǤȍǖȥ    ïǠȾǱ
ȱä  ȈɅɀȊǪȸȵ ǼɅǼȞȱä ȬȲǪƹ  ƪä  ȌǝǠȎ  ǦɆȭäîìɋäǦɆȥȀȞƫäĀ    ȰǮȵȱ ȄȆǶǪȱäȤɆȖȲ  (spectrum sensing)    æìǠȝâ ǦɆȲǣǠȩĀǦǞɆȾǪȱä 

(reconfigurability)  ǦɆȹǠȮȵâ    ȴȲȞǪȱä[10,66ï69]  Ɠǵ ǦɆȱǠȞȦǣ ƙȵǼǺǪȆƫä ǦƤǠȾƞ ñɀȊȶȲȱ çǠɆȹǠȮȵɋä ȻǾȽ ǴȶȆǩ Û
  Ž ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȰǮȵ ǦɆȥȀȞȵ çäîǼȩ þɀȮȲȶǪɅ äɀȹǠȭ ɀȱɄȭäîìɋä ɀɅìäȀȱä çǠȮǤȉɄȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ Ž .   ĂìǘɅ

ȸȪǵ ǦȝǠȖǪȅɍä ȸȵ ŽǠȮȱä îǼȪȱä  æîǼȩ ǦȩǠȝâ Ƃâ þɀƤǠȾƫä ȼǣ ýɀȪɅ ĂǾȱä  Ʉȭäîìɋä ɀɅìäȀȱä    ȤɆȖȱä åɀȪǭ ɂȲȝ ùȀȞǪȱä ɂȲȝ
  ÞǠȺǭàȄȆǶǪȱä  ȱȤɆȖȲÛ  ȸȮƹĀ  ȱƙƤǠȾȶȲ    ùäǼȾǪȅä  æîǠȉâ  ĂɀȹǠǮȱä ýǼǺǪȆƫäǠư    ǦǤȆȹ Ž ƘǤȭ îɀȽǼǩ Ž ǢǤȆǪɅ(SINR)   Ǡư  
  ȰȞƶȰǤȪǪȆƫä æîǼȩ  ɂȲȝ  ˫ǠɆǤȱä ȂɆȵȀǩ Ȭȥ  ç  ȰȮȊǣ ǦȲȅȀƫä  .ǦǣɀȞȍ ȀǮȭà ǴɆǶȍǴȶȆǩ    æîǼȩǪȱäƙǣ ȂɆɆȶ   ç˫ǠɆǤȱä çäɀȺȩ  

(data)   ĀȴȮǶǪȱä çäɀȺȩ  (control)   Ǝȭà ǦɆȱǠȞȦǣ ȼȵɀǲȽ ǾɆȦȺǪǣ ȈɅɀȊǪȱä ïǠȾƨÛ  ȼȹɉ  ɅɄȦȮ  ƞ ýɀȪɅ þà  ǦƤǠȾȺȩ ɀäç   ȴȮǶǪȱä
ǦȭƕȊƫä  ǪȱȞȖɆ  ǠȾȲȶȭд ǦȮǤȊȱä Ȱ[64]  æìˬï Ƃâ çǠȉɀȊƫäĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǦɆȭäîìɋä çäîǼȪȲȱ îɀȖǪȱä äǾȽ āìà .

.üǠŎä äǾŏ ǨȶǪȽä Ɣȱä èǠƜɉä ȐȞǣ ǦɆȱǠǪȱä æȀȪȦȱä Ž óȀȞȹ ǬɆǵ ÛƙǮǵǠǤȱä ȰǤȩ ȸȵ ȈɅɀȊǪȱä ǦȆȭǠȞƞ ýǠȶǪȽɍä 

-2.2 çǠɆǣìɉä ǦȞǱäȀȵ 
Ȱȶȝ  ǮǵǠǤȱäþɀ    ƙȆƠ ɂȲȝ ǦɆȑǠƫä ǦȲɆȲȪȱä çäɀȺȆȱä üɎǹ  ǬɆǵ ȸȵ ǦɆȮȲȅɎȱä çǠȮǤȊȱä ÞäìàǦɆȱǠȞȥ    ȤɆȖȱä[43ï47] 

  ǦɆǱǠǪȹɋäĀ[48ï56]   ĀûɎȾǪȅä ƙȆƠ    ǦȩǠȖȱä[57ï60]Û   ĉɍâ    ĉþà  Þäìà ȸȵ ȰȲȪɅ þà ȸȮƹ ȈɅɀȊǪȱä ïǠȾƨ ȰȶǪǂä ìɀǱɀȱä
  ǦȮǤȊȱä.ƘǤȭ ȰȮȊǣ    ǦȪɆȪƩä ȻǾȽ îǠǤǪȝɍä ƙȞǣ Ǿǹɉä Ȝȵ  ǼɅǼȞȱä Ǩǵƕȩä  çǠȅäîǼȱä ȸȵǦȦȲǪƯ çǠɆȱß  ƫ ǦǶȥǠȮ    Ǽȑ ȈɅɀȊǪȱä
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ǦȝɀȺǪȵ éíǠƴ    ȈɅɀȊǪȱä æȂȾǱà ȸȵ[64,70ï72].   ćƴ  Ž ƙȵǼǺǪȆƫä ƙǣ ȰȝǠȦǪȱä éǾ  ȤȲǪƯ  ǦɆȮȲȅɎȱä çɍǠȎǩɍä çǠȮǤȉ
ȉɀȊƫäĀçǠ ɉä ǦɅȀȚȹ ýäǼǺǪȅ˨ åǠȞȱ[38,73ï77]  ǦǶȥǠȮȵ çǠɆȲȶȝ Ž ǨȵǼǺǪȅä Ǧȱɇä ȴȲȞǩ çǠɆȺȪǩ ȸȵ ǼɅǼȞȱä þà Ǡȶȭ Û
  ȈɅɀȊǪȱä[70,78]  ǼȩĀ Û ćǪȅä  ïȂȞƫä ȴȲȞǪȱä ýǼǺ  úǠȖȹ ɂȲȝ  ȈɅɀȊǪȱä ǦȆȭǠȞȵ ǦǤȞȱ ȰƩ ȜȅäĀ[61,62,64,65,79ï88] .
  ăɎǮȵ  çǠȮǤȉ Ž  þĀǼǣ çäȀǝǠȖȱäîǠɆȕ ]61[  ýɀȪɅ  Ʉȭí ȴǱǠȾȵ  ǾɆȦȺǪǣ   þĀǼǣ æȀǝǠȕ Ǽȑ ȈɅɀȊǩ Āà ǨȎȺǩ Āà üǠǶǪȹä çǠɆȲȶȝ
îǠɆȕ  ÛƂâĀ ȸȵ ȰǝǠȅȀȱä ȰȪȹĀ ǦǤȩäȀƫä ç˫ǠɆǣ üǠǤȪǪȅä Āà üǠȅîâ óȀȢǣ    ǦȲȪȺǪƫä ǦɆȑîɉä æǼǵɀȱä)mobile ground unit 

ñMGUò  (æìɀǱɀƫä    ɂȲȝ  .æǼɆȞǣ ǦȥǠȆȵ  ǬǶǤȱä äǾȽ Ž  æǠȺȩ ǦǱǾƴ ȴǪɅ  üǠȎǩɍä Ā îǠɆȕ þĀǼǣ æȀǝǠȖȱä ƙǣ  ǦɆȑîɉä æǼǵɀȱä
ƫä ǼȪȥ îǠǤǪȝɍä ƙȞǣ Ǿǹɉä Ȝȵ ǦȲȪȺǪƫä îǠȆ  (path loss)Û   ĀýɀȪɅ    ñɀȊƫäȀɅǼȪǪǣ  æǠȺȪȱä ǦȱǠǵ    Ƃâ ǦȥǠȑɋ˨ çäȀǝǠȖȱä üǠȅîâ ǦȱǠǵ

îǠɆȕ þĀǼǣ.  ǦǞɆǤȱä éíɀƴ ǦȥȀȞȵ þĀì ǠȶőɎȝǠȦǩ îǠɆȕ þĀǼǣ æȀǝǠȖȱäĀ ɄȭǾȱä ȴǱǠȾƫä îȀȮɅ    Ž  ɄȭǾȱä ýɀǲƬä ǦǤȞȱ ɂȲȝ æǼȶǪȞƫä  
ȶǪǵɍä ǦɅȀȚȹɆȵǠȺɅǼȱä ǦɆȱǠɆȮǦ  (dynamic prospect theory-based).   ćǩ  çǠɆȺȪǩ ȨǤȖïȂȞƫä ȴȲȞǪȱä  ǦȾǱäɀƫ  ȉɀȊƫä çǠ 
ǦɆȭǾȱä   Ā  ǼɅǼƠǪȅäǠȖȝ Ā îǠɆȕ þĀǼǣ æȀǝǠȖȱä ȸȵ ȰȮȱ ɂȲǮƫä üǠȅîɋä ǦÛǦȲȪȺǪƫä ǦɆȑîɉä æǼǵɀȱä  ǬɆǵ    ýäǼǺǪȅä ȴǪɅ ǦɆȵïîäɀǹ
ȱä  ȴȲȞǪ  ïȂȞƫäQ) (  ȲȱɂȲȝ üɀȎǶ    ýäǼǺǪȅä ȴǪɅ ƙǵ Ž ÛǦɆǲɆǩäƕȅä ȰȒȥà  ȴȲȞǩ ǦɆȵïîäɀǹ(deep Q-network ñDQNò) 

ȴȲȞǪȱä ǦɆȲȶȝ ȜɅȀȆǪȱ ĉɍâ Û ĉȹà  ȼ  Ȳȱ ȸȮƹ ɍ  ǦɆȵïîäɀǹ ǼɆȪȞǩ ȰȶƠ îǠɆȕ þĀǼǣ çäȀǝǠȖ(DQN)  ǢǤȆǣ    ǦɆǣǠȆƩä ìîäɀƫä ÛæìĀǼǂä
ȴȲȞǩ ǦɆȵïîäɀǹ ýäǼǺǪȅä êäƕȩä Ź ȬȱǾȱ  (win or learn fast-policy hill climbing ñWoLF-PHCò)  ǦȹîǠȪȵ ǼȺȝ .

Þäìà    ÛçǠɆȵïîäɀƪä ȻǾȽ  ǦȪɅȀȕ ǨȪȪǵƠɍä ȌɆȎìǠȶǪȝɍ˨ ǦȝǠȖǪȅ  ɂȲȝ  ǦɆȵïîäɀǹ  (DQN)    ăÞäìà  ȰȒȥà  ǦȮǤȊȲȱǬɆǵ ȸȵ 
  þǠȵɉä  ȔȅɀǪȵĀǦȞȅ  çäɀȺȪȱä    ȔȅɀǪȵĀ  ǦǤȆȹ(SINR).  þà ȸȮƹ    ǾȦȺćǩ  ȈɅɀȊǪȱä ǦȆȭǠȞȵ çǠɆǲɆǩäƕȅä  ŽȸɅǼȞǣ    ȀǮȭà Āà

  ûƕȊȵ ȰȮȊǣ[62,82,89]  ÛêƕȪǩ Ȭȱí ɂȲȝ üǠǮȶȭ    ǦɆǮǶǤȱä Ǧȩîɀȱä]62[  ǦɆȱß  ȈɅɀȊǪȱä ǦȆȭǠȞƫ  Ȳȱ ȸɅǼȞćǣ ɂȲȝ ǼȶǪȞǩ  ǼǶ
  ȸȵеǭƘ  ƙƤǠȾƫä ȸȵ ǦȹĀǠȞǪȵ Ǧȝɀȶƭ   ĂɀȹǠǮȱä ýǼǺǪȆƫä ɂȲȝ  .Ž  ǬǶǤȱä äǾȽ   ĂȀƶ  ýɀǲƬä    ǦȖǶȶȲȱ çäɀȺȩ æǼȝ ɂȲȝ ȈɅɀȊǪȱ˨

üɀȍɀȱä ǦȖȪȹ Āà ǦɅǼȝǠȪȱä  (access point)  ǣ ǦȍǠƪä  ǦȮǤȊä.Ʉȭäîìɋä ɀɅìäȀȱ   îǼȩ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȰȢǪȆɅȼǩ  ȱä ɂȲȝȂȦȪ    ƙǣ
ȱä  çäɀȺȪǦɅììƕȱä    ǦȥǠȑɋ˨  Ƃâ ǦɆȭȀƩä ȼǪɆȹǠȮȵâ  ȼȱ óȀȞǪɅ ĂǾȱä ȈɅɀȊǪȱä ǦȾǱäɀƫ .    ǦɆǮǶǤȱä Ǧȩîɀȱä ȻǾȽ Ž ćƴ  ƙǣ ȰȝǠȦǪȱä éǾ

 ǦǤȞȱ ȼȹà ɂȲȝ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾǪȲȎƮ  ȀȦȍÛ äĀ ćǪȅǼǺǨȵ    ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹ(DQN)  ä îäȀȩ ǼɅǼǶǪȱ ýǼǺǪȆƫ
ǹß þǠȮȵ Ƃâ üǠȪǪȹɍä Āà ȤȲǪƯ ǼɅǼǱ ììȀǩ Ƃâ ȂȦȪȱ˨ ĂɀȹǠǮȱäȈɅɀȊǪȲȱ ȼɆȥ óȀȞǪɅ ɍ ȀɅ .ȻîäȀȩ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǾǺǪ    ăÞǠȺǣ

ɂȲȝ    ǦǤȆȹ(SINR)  .ŽäȀȢƨä üǠȪǪȹɍä ǦȦȲȭĀ  à ȀȾșç    þà ǰǝǠǪȺȱää  ǦǵƕȪƫä ǦɆȵïîäɀƪ  öȀȅà ȰȮȊǣ åîǠȪǪǩ ǦɆȵïîäɀǹ Ȝȵ ǦȹîǠȪȵ  
  ȴȲȞǩ(Q)    ýäǼǺǪȅä ǦǲɆǪȹȮǤȊȱäǦ    ǦɆȹɀǤȎȞȱäǦɆȦɆȥɎǪȱä  (convolutional neural network ñCNNò)   ȸȵ ȴȡȀȱä ɂȲȝĀ

  þǠȪȪƷ ƙǪɆȵïîäɀƪä Ɏȭ þàǢȆȹ  (SINR)    ăäǼǱ ǦǣîǠȪǪȵ  ǼȞǣ3000   ĉɍâ Ɨȵï ȂɆǵ ĉþà     ǦɆȵïîäɀƪä(DQN)    ȻǾȽ Ƃâ ȰȎǩ
  ǼȞǣ ǦȶɆȪȱä1000Ɨȵï ȂɆǵ   ăǠǤɅȀȪǩȴȲȞǪȱä ǦɆȲȶȞȱ öȀȅà åîǠȪǩ ȨɆȪƠ Ž ǦǵƕȪƫä ǦɆȵïîäɀƪä ǦɆƵà ƙǤɅ Ǡȵ äǾȽĀ Û   ǠȵǼȺȝ ăǠȍɀȎǹ

ƘǤȭ çäɀȺȪȱä ìǼȝ þɀȮɅ.    þà ȸȮƹ  Ƙȡ ȰǝǠȆȵ üǠƭ ȸȵ ȀǮȭà Ž ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǦɆȱɇ ǦɆȑˬȀȱä ǦǱǾȶȺȱä ȸȝ ă˫ǠɆǵà ǰǪȺɅ
ǦǣǼƮ    ǦȲǮȵɉä ǦǤȞȍ(optimization)  ȴǪɅ  ˨ ǠȾȲǵìǠȶǪȝɍ  ɂȲȝ    Ž Ǡȶȭ ïȂȞƫä ȴȲȞǪȱä]82,89 [  Ûȥ  ȄȵǠƪä ȰɆƨä çǠȮǤȉ ɄȦ
5G    ƙȵǼǺǪȆȶȲȱ üǠȅîâ üǼȞȵ ɂȲȝà ȨɆȪƠ ùǼŏ ïȂȞƫä ȴȲȞǪȱä ɂȲȝ ìǠȶǪȝɍ˨ ȈɅɀȊǪȱä ǦǶȥǠȮƫ ǦɆȱß êäƕȩä Ź(femto 
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users ñFUsò)    ƙɅɀǪȆȵ çäí ǦȺɆǲȽ ȄȵǠǹ ȰɆǱ ǦȮǤȉ Ž ɄȲȝǠȦǩ ñɀȊȵ ìɀǱĀ Ȱș Ž(two-tier Heterogeneous 

Networks ñtwo-tier HetNetsò)  ǦȵȂǵ ȰɆȮȊǩ ƙȆƠ üɎǹ ȸȵ  öǠȞȉɋä  (beamforming)  ƠĀ  ǦȝǠȖǪȅɍä ȌɆȎ
  ǦɅǼȝǠȪȱä ǦȖǂä Ž(femto base station ñFBSò)  .ûƕȊȵ ȰȮȊǣ   ƙȵǼǺǪȆƫä ȰǤȩ ȸȵ ǦȲǤȪǪȆƫä æîǠȉɋä þɀǮǵǠǤȱä éǾƴ

(FUs)    ƙȵǼǺǪȆƫäĀ(macro users ñMUsò)  ǦȖǂä ȸȵ ǦȖǣǠƬä ǦȲȍɀȱä Ž üǠȅîɋä üǼȞȵ îǠǤǪȝɍä ƙȞǣ äĀǾǹàĀ Û
  ǦɅǼȝǠȪȱä(macro base station ñMBSò)  ýǼǺǪȆƫä Ƃâ (MU)   ǦɅǼȝǠȪȱä ǦȖǂä ȸȵĀ(FBS)    ýǼǺǪȆƫä Ƃâ(FU)  Û

ǦɆȱǠȞȥĀ ǦȝǠȖǪȅɎȱ ɄȲȮȱä ûɎȾǪȅɍä äĀǼǱĀà Ǡȶȭ ˬɎƪä Ž ǦȩǠȖȱä ýäǼǺǪȅä  ɀǪȶɆȦȱä  (Femto) ]82[ íǠơä ǦɆȲȶȝ ǨǱǾćƴ .
ùɀȭîǠȵ îäȀȩ ǦɆȲȶȝ ǠŒà ɂȲȝ îäȀȪȱä  (Markov decision process ñMDPò)  ǦɆȵïîäɀǹ ýäǼǺǪȅ˨ ǦȱǖȆƫä Ȱǵ āȀǱĀ Û

  ȴȲȞǪȱä(multi-agent Q-learning ñMAQLò)   ǦǵǠȆƫä çäí æƘȢȎȱä çǠȮǤȊȱä ȰǱà ȸȵ ǼɆǱ ȰȮȊǣ ȰȶȞǩ Ɣȱä
  ÛæƘǤȮȱä çǠȮǤȊȱä ǦȱǠǵ Ž ǦȱǠȞȥ Ƙȡ ǠȾȺȮȱ ƙȵǼǺǪȆƫä ȸȵ ȰɆȲȩ ìǼȝĀ æìĀǼǂä Ā  ȰƩ  ǦȲȮȊƫä ȻǾȽ  Ź  êäƕȩä  ǦɆȵïîäɀǹ ýäǼǺǪȅä

(deep reinforcement learning ñDRLò)  ĉɍâ æƘǤȮȱä çǠȮǤȊȱä ǦȱǠǵ Ž ĉŒà  ȀɅǼȪǪǣ ǦȢȱǠǤƫä ǦȲȮȊȵ îɀȾș Ƃâ çìà Ǡ
  ȜǣǠǪȱä ȴɆȩ(Q) Ā Û  ǼȩǦȲȮȊƫä ȻǾȽ ǨȲćǵ    ǦɆȵïîäɀǹ ýäǼǺǪȅ˨(double deep Q-network ñDDQNò) Ǩǵćƕȩä .

  ɄȽĀ ȈɅɀȊǪȱä Ƙǭе ȸȵ ȤɆȦǺǪȲȱ āȀǹà ǦɆȵïîäɀǹ(Federated DRL)   ĆƧ ǼȩĀ  ƙȵǼǺǪȆȶȲȱ ǦɆȵïîäɀƪä ȻǾȽ ǨǶ(FUs) 
  ȨɆȪǶǪǣǦɆȦɆȕ ǦɆȱǠȞȥ  13.5 bits/s/Hz    üǼȞȵ ȸȵ ȰȒȥà ɀȽĀȼȪȪƠ ĂǾȱä    ƔɆȵïîäɀǹ(DDQN)  Ā(DQN)    ǨȪȪǵ Ǡȶȭ

  ÛǦȝǠȖǪȅɍä ýäǼǺǪȅä Ž ȰȒȥà ǦɆȱǠȞȥǠȾȺȮȱ  ǨǱǠǪǵä    Ƃâ105   Ž ɄȲȶȝ ƘȡĀ ȰɅɀȕ ǨȩĀ ɀȽĀ ȴȲȞǪȱä ǦɆȲȶȝ ýǠƢɋ ǦȪɆȩì
.çǠȪɆǤȖǪȱä ȸȵ ƘǮȮȱä 

  ăǠȒɅà  ǦɆǮǶǤȱä Ǧȩîɀȱä Ž]89[    ɂȲȝ ǼȶǪȞǩ ȈɅɀȊǪȱä ǦǶȥǠȮƫ æǼɅǼǱ ǦɆȱß þɀǮǵǠǤȱä êƕȩäýäǼǺǪȅä  ɆȮȲȅɎȱä çǠȮǤȊȱä Ž ïȂȞƫä Ǧ  
ǦɆȭǾȱä ǦȆȭǠȞȱä êɀȖȆȱä æǼȝǠȆƞ  (intelligent reflecting surface ñIRSò).  Ƃâ ǦǵƕȪƫä ǦɆȱɇä ùǼő    ɂȎȩà ȨɆȪƠ

  üǼȞȵ  ȰȪȹȲȱ  ƙȵǼǺǪȆȶȱä  ƙɆȝȀȊ  ǼȺȝ  ìɀǱĀ ñɀȊȵ    ǦȵǼƪä æìɀǱ çǠǤȲȖǪȵ þǠȶȑ Ȝȵ çǠɆǝäɀƬä ìǼȞǪȵ Ʉȭí(quality 

of service ñQoSò).   ĉȆćƷǰȾȺȱä ȸ  êƕȪƫä  ȱǠȞȥǦɆ  Ơɍä ȌɆȎ  ȰɆȮȊǩĀ ǦɅǼȝǠȪȱä ǦȖǂä Ž ǦȝǠȖǪȅƩäǦȵȂ    ȸȝ ǦȆȮȞȺƫä
ǦɆȭǾȱä ðǠȮȞȹɍä êɀȖȅ   ȰȮȊǣ  ûƕȊȵ. Ź  ǦǱǾƴ    ǦȲȮȊȵȱä  ƙȆǶǪƫäǪȱ ûƕȊǶ  ȌɆȎǦȝǠȖǪȅɍä    ȰɆȮȊǩĀƩäǦȵȂ   ǦȆȮȞȺƫä

 ǦɆȵïîäɀǹ ǠȾɆȥ ǨȵǼǺćǪȅä ǼȩĀ ÛïȂȞƫä ȴȲȞǪȱä ýäǼǺǪȅ˨ ǠȾȲǵ Ź ǦǣǼƮ Ƙȡ ǦȱǖȆȵ ǠŒà ɂȲȝ(WoLF-PHC)  ìǠƶɋǦȅǠɆȆȱä  
 ȈɅɀȊǪȱä éíɀƴ ǦȥȀȞȵ Ƃâ ǦǱǠƩä þĀì ȈɅɀȊǪȱä ǦǶȥǠȮƫ ȰǮȵɉä.    ȰǱà ȸȵ ǦȞȶǪƭ çɍǠǶȭ æǼȭǘƫä Ƙȡ ǦɆǞɆǤȱä çɍǠƩä ȰɆǮƢ  

ýćǼǺǪȅä  ǦɆǣǠǤȒȱä ǦȱǠƩä ȜɆȶƟ(fuzzy state aggregation ñFSAò) ÛǨǱǾćƴĀ   îäȀȩ ǦɆȲȶȝ ǠŒà ɂȲȝ îäȀȪȱä íǠơä ǦɆȲȶȝ
  .ùɀȭîǠȵ ĉɆǣǨȺ    ǰǝǠǪȺȱä  æǼȝǠȆƞ ýǠȚȺȱä ȼȵǼȪɅ ĂǾȱä ȈɅɀȊǪȱä Ǽȑ üǠȎǩɍä Þäìà Ž ƘǤȮȱä ȸȆǶǪȱä ǦɆȭǾȱä ǦȆȭǠȞȱä êɀȖȆȱä  

Ƃâ ȀȪǪȦǩ Ɣȱä ǦɅǼɆȲȪǪȱä ǦȶȚȹɉ˨ ăǦȹîǠȪȵêɀȖȆȱä ȻǾȽ   Ƃâ ǦȥǠȑɋ˨ .ǰǝǠǪȺȱä ȀȾȚćǩ Ȭȱí    çˬɀǪȆȵ ƙȆƠ Ž êƕȪƫä ǰȾȺȱä ǦɆȱǠȞȥ
ȱ˨ ăǦȹîǠȪȵ ǦȵǼƪä ǦɅǠƥúȀȖ .æìɀǱɀƫä 

ȬȱǾȱ ǦȥǠȑâ    Ź  êäƕȩäçǠɆȱß    ɂȲȝ ǼȶǪȞǩ ȈɅɀȊǪȱä ǦǶȥǠȮƫþĀǠȞǩ    ƙȵǼǺǪȆƫäŽ    ǦȮǤȊȱä]83,90[  ǠȾȺȵĀ Û  ǦɆȵïîäɀǹ
(collaborative multi-agent anti-jamming algorithm ñCMAAò)  ȼǱäɀɅ ǬɆǵ  ȵǼǺǪȆƫä ɀþ    ȈɅɀȊǩƫä  ǴȆ
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  ǦɆȮȲȅɍ ǦȮǤȉ Ž]83[   ûîǠȊǪɅ   ǠȾɆȥ  ȵǼǺǪȆƫä ɀþ    çǠȵɀȲȞƫä ĀǾǺǪɅ Ɣȱä çäÞäȀǱɋä ȨɆȆȺǪǣ þɀȵɀȪɅĀŒ  üǠȎǩɍä çäɀȺȩ ǼɅǼǶǪȱ Ǡ
  ǼǵäĀ þФ ǦɆȆȥǠȺǩĀ ǦɆȹĀǠȞǩ ɀɅîǠȺɆȆȱä äǾȽ Ž ƙȵǼǺǪȆƫä ƙǣ ǦȩɎȞȱä ĉþâ .ûƕȊȵ ȰȮȊǣ ȴŏ ǦȍǠƪäȬȱǾȱ    äǾȽ ǦǱǾƴ ǨƢ

ùɀȭîǠȵ ǦǤȞȱ ȼȹà ɂȲȝ ɀɅîǠȺɆȆȱä    íǠơɍ ùɀȭîǠȵ ǦɆȲȶȞȱ ǦȞȅɀǩ ǼȞćǩ Ɣȱä îäȀȪȱä   āȀǱĀ    ǦɆȵïîäɀǹ êäƕȩä(CMAA)  ȰƩ  ǦǤȞȲȱä .  
ȱǨȩɀȦǩ ǼȪ    ȴȲȞǩ ǦɆȵïîäɀǹ ǾɆȦȺǩ ɂȲȝ ǼȶǪȞǩ Ɣȱä ǦɆȱɇä ɂȲȝ ȈɅɀȊǪȱä ǦǶȥǠȮƫ ǦǵƕȪƫä ǦɆȱɇä ȻǾȽ(Q)    ýǼǺǪȆȵ Ȱȭ ǼȺȝ

ȰȪǪȆȵ ȰȮȊǣ  Û  Ɣȱä ǦȪɅȀȖȱä Þäìà ɂȲȝ úɀȦǪǩ ǠŒà ǠȶȭɅǼȶǪȞ  ɂȲȝ ýǼǺǪȆƫä ǠȾɆȥ    ȰǤȩ ȄȆǶǪȱäȻîäȀȩ ǾǺǪɅ þà.  ȠȲǣ   êǠƱ üǼȞȵ
  ȸȵ ȀǮȭà ǦǵƕȪƫä ǦɆȹĀǠȞǪȱä ǦɆȵïîäɀƪä Ž ìĀȀȖȱä üǠȅîâ95%  ȰǣǠȪȵ  88%    ȄȆƠ ɂȲȝ ǼȶǪȞǩ Ɣȱä ǦȪɅȀȖȱä Žä ȰǤȩ ȤɆȖȱ

üǠȅîɋä ǦɆȲȶȝ  Ā76%  ǦɆȵïîäɀǹ ȨɆǤȖǩ ǼȺȝ    ȴȲȞǩ(Q)  ǼȺȝ  ȰȪǪȆȵ ȰȮȊǣ ýǼǺǪȆȵ Ȱȭ  .  Ž ]90[    ȴȲȞǩ ǦɆȵïîäɀǹ êäƕȩä Ź
  ǦɆȹĀǠȞǩ ïȂȞȵ)multi-agent reinforcement learning ñMARLò  ȈɅɀȊǪȱä ǦȾǱäɀƫ (  ŽɄȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ  
  ǦȲȪǪȆƫä) ǦȵȂƩä ǦȒɅȀȝwideband autonomous cognitive radios ñWACRsò(  ǬɆǵ Û ɀɅìäȀȱä æȂȾǱà ȰȢǪȆǩ
  ɄȭäîìɋäőîǼȩ  ɂȲȝ Ǡ  ǼɅǼƠĀ ùǠȊǪȭä  ǴȆȵ ñɀȊȵ ȰǤȩ ȸȵ ȈɅɀȊǪȲȱ óȀȞǪɅ ĂǾȱä ììƕȱä  Ƃâ ǦȥǠȑâ ǼɅǼƠ ɂȲȝ ǠőîǼȩ
ɋä  çäîǠȉ ƙȵǼǺǪȆȶȲȱ āȀǹɉä   ăäǼǤȵ ɂȲȝ ìǠȶǪȝɍ˨ ǦȮǤȊȱä Ž ƙɅɀȹǠǮȱä"þɀȅƘǣ þǠȶɆȹ"  (Neyman-Pearson ñNPò)  
ɍ  îǠɆǪǹ ǦɅììƕȱä ǦȵȂƩä  ɆȝȀȦȱäǦ  ȵ ȰǹäǼǪȱä ȬȱǾȭĀ ȈɅɀȊǪȱä æîǠȉâ ȸȵ ȤɆȦǺǪȲȱȸɅȀǹɇä ƙȵǼǺǪȆƫä çäîǠȉâ Ȝ.  ǨǱǾćƴ   ǦɆȲȶȝ

ùɀȭîǠȵ îäȀȩ ǦɆȲȶȝ ǠŒà ɂȲȝ îäȀȪȱä íǠơä    ȴȲȞǪɅ  ǠƬɎǹȵǼǺǪȆƫä ɀɅɀȹǠǮȱä þ ɀ  ǦɆȵïîäɀǹ ýäǼǺǪȅ˨ þȱäȴȲȞǪ  ïȂȞƫä  (Q)    îǠɆǪǹä
 ƙȵǼǺǪȆƫä Āà ȈɅɀȊǪȱä ȸȝ ǰǩǠȺȱä ȰǹäǼǪȲȱ óȀȞǪȱä þĀì üǠȅîɌȱ ǦɆȺȵï æǼȵ üɀȕд ȴƬ ǴȶȆǩ Ɣȱä ǦɆȝȀȦȱä ǦɅììƕȱä ǦȵȂƩä

  .ȸɅȀǹɇä ƙɅɀȹǠǮȱä ćǩ  ǦɅììƕȱä ǦȵȂǶȲȱ ɄǝäɀȊȞȱä ǼɅǼǶǪȱä ǦȅǠɆȅ Ȝȵ ăǦȹîǠȪȵ ƘǤȭ ȸȆƠ ȨȪƠ ǦǵƕȪƫä ǦɆȵïîäɀƪä þд ǰǝǠǪȺȱä ȀȾȚ
 .ǦɆȝȀȦȱä 

 ćǪȅäïȂȞƫä ȴȲȞǪȱä ýǼǺ  ƘǤȭ ȰȮȊǣ    ɂȲȝ ĂɀȹǠǮȱä ýǼǺǪȆƫä çäîǼȩ ȸȵ ăäǼɆȦǪȆȵ ȈɅɀȊǪȱä ǦȾǱäɀƫ Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ Ž
þǠɆǵɉä ȐȞǣ Ž ŽäȀȢƨä üǠȪǪȹɍä ɂȲȝ ȼǩîǼȩ Ƃâ ǦȥǠȑɋ˨ çäɀȺȪȱä ƙǣ ȰȪȺǪȱäĀ ȄȆǶǪȱä  ]34,64ı66,72,79ı81,91[ Û

ǠȵǼȺȞȥ  ȼǱäɀɅ   ĂɀȹǠǮȱä ýǼǺǪȆƫä  Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȉ Ž  æìĀǼƮ çǠɆȹǠȮȵф ǴȆƫä ȈɅɀȊǩþɀȮǩ Û  ɆǲɆǩäƕȅäǦ    ǦǶȥǠȮȵ
  ɄȽ ȰȒȥɉä ȈɅɀȊǪȱä  ƅìɉä ǼƩ˨ Ăììƕȱä ȂȦȪȱä(minimal frequency hopping)  [79]Û  ɅĀ  Ȕȅɀȵ ìǠƶâ ǠȾɆȥ ȴǪ

  ȂȦȪȱä(hopping parameter)  ƎȞɅ ĂǾȱä   îȀȒȱä ǦȦȲȭ ȼɆȥ ǴǤȎǩ Ɣȱä ǦǱȀƩä ǦȱǠƩä ȸȝ  ȸȝ ǰǩǠȺȱä  ììƕȱä ȄȦȹ ýäǼǺǪȅä  
  ƎȭàǦȦȲȭ ȸȵ  ȂȦȪȱä    ÛǼɅǼǱ ììȀǩ Ƃâ  Ȝȩäɀȱä ŽĀà ǦǱȀƩä ǦȱǠƩä ìǼƠ Ǝȭ    ǠȾɆȥ ȼȺȮƹ Ɣȱä ǦɆȱǠǪǪƫä ǦɆȺȵȂȱä çäȂɆƩä ȸȵ ìǼȝ  ÞǠȪǤȱä

ȄȦȹ ɂȲȝ  ǣ ȬȱíĀ Ȁǹß ììȀǩ Ƃâ üǠȪǪȹɍä ȰǤȩ ììƕȱä  îäȀȮǪǦȶɆȩ  ǦɆȲȶȝ  ùɀȭîǠȵ  îäȀȪȱä íǠơɍ(value iteration of the 

MDP)  . ăǠɆǝäɀȊȝ ȈɅɀȊǪȱä þɀȮɅ ǠȵǼȺȝ   ĂɀȹǠǮȱä ýǼǺǪȆƫä  ȀȆƸ    ȼǪȥȀȞȵǣñɀȊƫä ûɀȲȆ Û   Ā  ƃǠǪȱ˨ ȂȦȪȱä ǦɆǲɆǩäƕȅä ȴȲȞǪɅ
  ǦɆȵïîäɀǹ ýäǼǺǪȅ˨  ȴȲȞǩ(Q)  þд ȼȱ ǴȶȆǩ Ɣȱä   îȀȪɅ   Ɨȵï ȂɆǵ Ȱȭ ǦɅǠŒ Ž āȀǹà æǠȺȩ Ƃâ ȂȦȪȱä Āà æǠȺȪȱä ȄȦȹ Ž ÞǠȪǤȱä .  

  ǠȵǼȺȝ  ȴǱǠȾɅ  ɄȽ ȈɅɀȊǪȱä ǦǶȥǠȮƫ ȰȒȥɉä ǦɆǲɆǩäƕȅɍä þǚȥ ăǠȞȵ çäɀȺȪȱä ȜɆƤ ñɀȊƫäƠ ȄȥǠȺǪȱä éǾćƴ .ǦȝǠȖǪȅɍä ȌɆȎ
 ǦǤȞȱ ȼĉȹà ɂȲȝ ĂɀȹǠǮȱä ýǼǺǪȆƫäĀ ñɀȊƫä ƙǣ  "ɀǩɀȲǣ ȰɆȹɀȱɀȭ"  (Colonel Blotto)  ýǼǺǪȆȶȲȱ ǦȲȵǠȮȱä ǦȥȀȞƫä óäƕȥ˨Ā Û

  "ñ˫" þïäɀǩ ìǠƶâ Ź ĂɀȹǠǮȱä(Nash equilibrium ñNEò)    ǦȝǠȖǪȅä ìǠƶâĀä ýǼǺǪȆƫä ǠȾȵǼǺǪȆɅ Ɣȱä çäɀȺȪȱä Ž üǠȅîɋ
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 ĂɀȹǠǮȱä  .Ơ ȨȪƷǪȱä Ȝȵ ăǦȹîǠȪȵ ǦȮǤȊȲȱ ȰȒȥà ăÞäìà "ñ˫" þïäɀǩ ȸȝ ǰǩǠȺȱä ǦȝǠȖǪȅɍä ȌɆȎǶǦȝǠȖǪȅɎȱ ĂĀǠȆǪƫä ȌɆȎ.    Ž
  āȀǹà ǦɆǮƜ ǦȩîĀ]80 [    ȴȲȞǪȱä ǦɆȵïîäɀǹ Ž ȴȲȞǪȱä ǦɆȲȶȝ ȜɅȀȆǩ Ź(Q)  Ǝȝ    ȜǣǠǪȱä ȴɆȪȱ ȸȵäȂǪƫä ǬɅǼǶǪȱä(Q)   ýäǼǺǪȅ˨  
  ȴȲȞǪȱä ǦɆȵïîäɀǹ(ON-Policy Synchronous Q-learning ñOPSQò)Û  ȜǤǪɅ ǬɆǵ   ĂɀȹǠǮȱä ýǼǺǪȆƫä   ȻǾȽ Ž
ǦɆȵïîäɀƪä    ǦɆǲɆǩäƕȅä ǦȞȊǱ  (greedy)    ǦȶɆȩ ɂȲȝà ȼȱ ȨȪƷ ĂǾȱä ÞäȀǱɋä îǠɆǪǹ˨ ȴǝäì ȰȮȊǣ ǠȾɆȥ ýɀȪɅ  ȜǣǠǪȲȱ(Q) .    ȼǱäɀɅ

  êƕȪƫä ɀɅîǠȺɆȆȱä Ž ĂɀȹǠǮȱä ýǼǺǪȆƫäɄȲȝǠȦǪȱä ȈɅɀȊǪȱä Āà ǴȆƫä ȈɅɀȊǩ  Û  Ǡȶȭ éǾćƴ    ǦǤȞȱ ȼȹà ɂȲȝ ƙǤȝɎȱä ƙǣ ȰȝǠȦǪȱä
ȀȦȍ ǠȾǪȲȎƮ  ǼȺȝ .  ǰǝǠǪȹ ǦȹîǠȪȵ  ǦɆȵïîäɀƪäǦǵƕȪƫä    ȜȵǦɆȵïîäɀǹ  ȴȲȞǩ  (Q)   ǦȱǠǵ Ž    ìɀǱĀ4  æȀȡǠȉ çäɀȺȩ    ǾȦȺɅ ȴǱǠȾȵĀ
 ÛǴȆƫä ȈɅɀȊǩǣîǠȪǩ Ǩ ǹ ǦɆȵïîäɀ ȴȲȞǪȱä(OPSQ)  öȀȅà ȰȮȊǣ ǦɆȵïîäɀǹ ȸȵ  ȴȲȞǩ (Q). ȱ ǼȪ   ćǪǹä Ǝ ǦǵƕȪƫä ǦɆȵïîäɀƪä ç  ȸȵ
  ǦȦȲǪƯ ǦȺȵïà ȰǱàȈɅɀȊǪȲȱ  ǼɅǼǱ ììƕȱ üǠȪǪȹɍä ȰǤȩ ììƕȱä ȄȦȹ ɂȲȝ   Ā  Ǽȩ  ɂȲȝ þɀǮǵǠǤȱä ȰȎǵ  ǦȱǠǵ Ž ǦǲɆǪȺȱä ȄȦȹ  ȈɅɀȊǪȱä

ɄȲȝǠȦǪȱä.  ȬȱǾȱ ǦȥǠȑâ ȴȲȞǪȱä ǦɆȵïîäɀǹ ǨȵǼǺćǪȅä(OPSQ) Ơ ùǼŏ ȰȅȀɅ Ɣȱä ǦȦȲǪǺƫä çäɀȺȪȲȱ üǠȅîɋä ǦȝǠȖǪȅä ȌɆȎ
  ǴȆƫä ȈɅɀȊǩ ýɀǲȽ ǦȾǱäɀȵ ùǼŏ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȽƎȝ]64[þâ .    ĂɀȹǠǮȱä ýǼǺǪȆƫä ùǼȽɀȽ    çäɀȺȪȱä ǦȞȅ æìˬï  ŽĀ

ùɀȭîǠȵ îäȀȩ ǦɆȲȶȝ ǠŒà ɂȲȝ îäȀȪȱä íǠơä ǦɆȲȶȝ ǨǱǾćƴ ǦȱǠƩä ȻǾȽ Ā Û ȀǱç   ĂɀȹǠǮȱä ýǼǺǪȆƫäĀ ñɀȊƫä ƙǣ ȄȥǠȺǪȱä ǦǱǾƴ
ȀȦȍ ǠȾȝɀȶƭ ǦǤȞȱ ȼȹà ɂȲȝ  ƫä Ž þɀȮɅ Ɣȱä ǦȱǠƩä Ž Ʉȭí ñɀȊȼȹà ǰǝǠǪȺȱä ćȀȾȚǩ . Ž    ǦȝǠȖǪȅɍä ȴɆȩ þɀȮǩ ǴȆƫä ȈɅɀȊǩ ǦȱǠǵ

 ǦɆȵïîäɀǹ ɂȲȝ ìǠȶǪȝɍ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȴȲȞǩ ȸȝ ǦƟǠȺȱä(OPSQ)  ǜȲȵ àǼǤȵ ýäǼǺǪȅä ȸȝ ǦƟǠȺȱä ǦȝǠȖǪȅɍä ȴɆȪȱ ĂĀǠȆǩ
  ÞǠƫä(water filling)  ǴȖȆƫä çɀȦƪä çäɀȺȩ Ž  (flat fading)  çäɀȺȪȱä ǦȱǠǵ ŽĀ Û  ǦɆǝǠȪǪȹɍä)selective channels) 

Ȇǣ ùɎǪǹä ìɀǱĀ Ȝȵ ǦǣîǠȪǪȵ ǰǝǠǪȺȱä ǨȹǠȭ  óäƕȥ˨ .ÞǠƫä ǜȲȵ àǼǤȵ ýäǼǺǪȅä ǼȺȝ ɄǝǠŒɎȱä çɍǠȶǪǵɍä ìǼȝ ȸȝ ǰǩ˫ ȔɆ
"ñ˫" þïäɀǩ ìǠƶâ Ź ǦȖɆǂä ǦǞɆǤȱ˨ ǦȲȵǠȮȱä ǦȥȀȞƫä ȴȾɅǼȱ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ĉþà.    ñɀȊƫä ȰȽǠǲǪɅ  ǠȺȽ çäí çäɀȺȪȱä
  ȴȲȞǩ ǦɆȵïîäɀǹ ñɀȊƫä ǠȾɆȥ ýǼǺǪȆɅ Ɣȱä ǦȱǠǶȲȱ ǦŏǠȊȵ ǦǲɆǪȹ ɄȽĀ ÛȐȦǺȺƫä ǴǣȀȱä(Q)  .  Ǡȵà  ñɀȊƫä ǦȥȀȞȵ þɀȮǩ ǠȵǼȺȝ

Ǫǣ ýɀȪɅ ȼȹǚȥ ǦȲȵǠȭ Ƙȡ ǦȖɆǂä ǦǞɆǤȱ˨Ƕ ąĀǠȆǪȵ ȰȮȊǣ ǦȝǠȖǪȅɍä ȌɆȎ .ǠȾƤǠȾɅ Ɣȱä çäɀȺȪȱä ɂȲȝ 

 ăǠȒɅà  ǦȝǠȖǪȅɍä üǠƭ Ž Ž þɀǮǵǠǤȱä êƕȪɅ]81[   ǬɆǵ ÛǦɆȹĀǠȞǩ Ʉȭäîìâ ɀɅìäî ǦȮǤȉ ɂȲȝ ȈɅɀȊǪȱä Ƙǭе ȸȵ ȤɆȦǺǪȲȱ ăǠǲŒ
  îǼȎƫä æǼȪȞȱä ǼȶǪȞǩ(source)    ȰɆǵȀǩ æǼȪȝ ɂȲȝ(relay)    üǠȅîɋä ǦɆȲȶȝ Ž æǼȝǠȆȶȲȱ  ǦȾǱɀȱä æǼȪȞȱä Ƃâ

(destination)ǦɆȹĀǠȞǪȱä Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȉ ȼǱäɀǩ .  ȻǾȽ   ĉȀȞǪɅ Ʉȭí ñɀȊȵ  ȸȵ ȰȮȱ üǠȅîɋä ǦȝǠȖǪȅä ɂȲȝ ǦȝȀȆǣ ù
  üǠȅîɋä ǦȝǠȖǪȅ˨ ȴȮǶǪȱä ȰɆǵƕȱä ǼȪȝĀ îǼȎƫä æǼȪȞȲȱ ȸȮƹ .ȈɅɀȊǪȱä îäȀȩ íǠơ˨ ýɀȪɅ þà ȰǤȩ ȰɆǵƕȱä æǼȪȝĀ îǼȎƫä æǼȪȝ

  æìˬï Ƃâ ȰɆǵƕȱä ǼȪȝĀ îǼȎƫä æǼȪȞȱä ȸȵ Ȱȭ ùǼő .ȼǪȝǠȖǪȅ˨ ȴȮǶǪȱä ăǠȒɅà ȜɆȖǪȆɅ ĂǾȱä ñɀȊƫä ǦȾǱäɀƫ(SINR) 
ȸȵ üǠȅîɋä ǦȦȲȭ ȰɆȲȪǩĀ    ùȀȞǪɅ Ż ÛǴǣî ȰȒȥà þǠȪȪƷ ǬɆƜ üǠȅîɋä ǦȝǠȖǪȅä îǠɆǪǹä üɎǹȴǱǠȾƫä   źǼȪȝ ǦȝǠȖǪȅä ɂȲȝ

ǦȝǠȖǪȅä îǠǪƸ ǠȽǼȞǣĀ ȰɆǵƕȱäĀ îǼȎƫä  ȈɅɀȊǪȱä    ǦȩɎȞȱä ǨǱǾćƴ .ȼǣ ǦȍǠƪä  ƙǣ  æǼȪȞȱä  ɂȲȝ ñɀȊƫäĀ ȰɆǵƕȱä æǼȪȝĀ îǼȎƫä
) "éƘǤȲȭǠǪȅ" ǦǤȞȱ ǠŒàStackelbergǤȝɎȱä ìǼƷ Û(þɀ    "éƘǤȲȭǠǪȅ" þïäɀǩ ìǠƶâ üɎǹ ȸȵ üǠȅîɌȱ ǦɆȱǠǮƫä ǦȝǠȖǪȅɍä ǠȾɆȥ

Stackelberg equilibrium ñSE.((ķ  ǾǺǪɅ ǠȵǼȺȝ Ǡĉȵà   ȸȵäȂǪȵ ȰȮȊǣ ȴőäîäȀȩ þɀǤȝɎȱä    ìǠƶф ǦȝǠȖǪȅɍä ǼɅǼƠ ȴǪɅ
 "ñ˫" þïäɀǩ.  ǦǤȞȲȱä éíɀȶȺǣ ǦȥȀȞȵ ǠȶȾɅǼȱ ȄɆȱ ƙǪȲȱä ȰɆǵƕȱäĀ îǼȎƫä źǼȪȝ üɀǵ ǦȲȵǠȮȱä ǦȥȀȞƫä ȼɅǼȱ ñɀȊƫä ĉþà óäƕȥ˨ 
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 ȜǱȀƫä  ǦȮǤȊȱä ñɀȊƫä  ȈɅɀȊǪȱä ǦȆȭǠȞȵ  ǦǱǾȶȺȱä  Ȱǵ éíɀȶȺȱä 

]64[  ɀɅìäî
Ʉȭäîìâ 

ǴȆȵ- Ʉȭí  ǦȝǠȖǪȅɍä ȌɆȎƠ   ǠȾȝɀȶƭ ǦǤȞȱ
ȀȦȍ 

 ǦȥȀȞƫä þɀȮǩ ɍ ǠȵǼȺȝ Û"ñ˫" þïäɀǩ ýäǼǺǪȅä ȴǪɅ ǦȲȵǠȮȱä ǦȥȀȞƫä þɀǤȝɎȱä ȬȲǪƹ ǠȵǼȺȝ
 ǦɆȵïîäɀǹ ýäǼǺǪȅä ȴǪɅ ǦȖɆǂä ǦɆǞɆǤȱ˨ ǦȲȵǠȭ(OPSQ)  ĀàɆǲɆǩäƕȅäǦ ȰȵÞ Ǡƫä Þ 

]80[  ɀɅìäî
Ʉȭäîìâ 

ǴȆȵ -
 ɄȲȝǠȦǩ 

Ăììƕȱä ȂȦȪȱä   îäȀȩ ǦɆȲȶȝ
 ùɀȭîǠȵ 

 ǦɆȵïîäɀǹ(OPSQ) 

]82[  ȰɆƨä
 ȄȵǠƪä 

 ɄȲȝǠȦǩ 
  ǼɅǼƠĀ ǦȵȂƩä ȰɆȮȊǩ
  üǠȅîɋä ǦȝǠȖǪȅä
ûƕȊȵ ȰȮȊǣ 

  îäȀȩ ǦɆȲȶȝ
 ùɀȭîǠȵ 

 ǦɆȵïîäɀǹ(MAQL)  ǦɆȵïîäɀǹĀ ÛæƘȢȎȱä çǠȮǤȊȲȱ(DRL)  çǠȮǤȊȲȱ æǼǶǪƫä
 æƘǤȮȱä 

]61[  çäȀǝǠȖȱä
îǠĉɆȕ þĀǼǣ 

Ʉȭí  ǦȝǠȖǪȅɍä ȌɆȎƠ 
 ǦɅȀȚȹ
 çɍǠȶǪǵɍä
 ǦɆȮɆȵǠȺɅǼȱä 

  ìɀǱĀ ýǼȝ ǦȱǠǵ Ž Ǡȵà Û"ñ˫" þïäɀǩ ýäǼǺǪȅä ȴǪɅ ǦȖɆǂä ǦǞɆǤȱ˨ ǦȲȵǠȮȱä ǦȥȀȞƫä ǦȱǠǵ Ž
 ǦɆȵïîäɀǹ ýäǼǺǪȅä ȴǪɅ ǦȲȵǠȮȱä ǦȥȀȞƫä(Q) ǦɆȵïîäɀǹ ýäǼǺǪȅä ȴǪɅĀ Û(DQN)  ȜɅȀȆǪȱ

  ýäǼǺǪȅä ȴǪɆȥ ǦɆǣǠȆƩä çǠɆȲȶȞȲȱ ǦǣɀȲȖƫä ìîäɀƫä ȤɆȦơ ȰǱà ȸȵĀ ÛȴȲȞǪȱä ǦɆȲȶȝ
(WoLF-PHC) 

]79[ 
 ɀɅìäî
Ʉȭäîìâ 

ǴȆȵ -
 ɄǝäɀȊȝ 

  ǼƩ˨ Ăììƕȱä ȂȦȪȱä
ƅìɉä 

  îäȀȩ ǦɆȲȶȝ
 ùɀȭîǠȵ 

 ǦɆȵïîäɀǹĀ ÛǴȆƫä ñɀȊȵ ǦȱǠǵ Ž ǦɅîäȀȮǪȱä ǦȶɆȪȱä ǦɆǝäȀǱâ ýäǼǺǪȅä ȴǪɅ(Q)  ǦȱǠǵ Ž
 .ɄǝäɀȊȞȱä ñɀȊƫä 

]79[  ɀɅìäî
Ʉȭäîìâ 

  Ȱȭ ǦƤǠȾȵ
 çäɀȺȪȱä
 ǦǵǠǪƫä 

 ǦȝǠȖǪȅɍä ȌɆȎƠ  ȰɆȹɀȱɀȭ ǦǤȞȱ
 ɀǩɀȲǣ 

 þïäɀǩ ýäǼǺǪȅä ȴǪɅȰȒȥɉä ǦɆǲɆǩäƕȅɍä ìǠƶɋ "ñ˫" 

]62[ 
 ɀɅìäî
Ʉȭäîìâ  ƆĀǠȞǩ 

  çäí æǠȺȪȱä ǼɅǼƠ
 ǦȶɆȩ ɂȲȝàSINR  

 þǠȮȵ ȸȵ üǠȪǪȹɍä Āà
 .ȈɅɀȊǪȱä 

  ǠȾȝɀȶƭ ǦǤȞȱ
ȀȦȍ  ǦɆȵïîäɀǹ(Q)Û  ǦɆȵïîäɀǹ(DQN) 

]83[ ǦɆȮȲȅɍ  ǴȆȵ  üǠȅîɋä çäɀȺȩ ǼɅǼƠ
ûƕȊȵ ȰȮȊǣ 

 ùɀȭîǠȵ ǦǤȞȱ  ǦɆȵïîäɀǹ(CMAA) 

]65[  ɀɅìäî
Ʉȭäîìâ 

Ʉȭí   çäɀȺȩ ìǼȝ ǼɅǼƠ
 ç˫ǠɆǤȱäĀ ȴȮǶǪȱä 

  ǠȾȝɀȶƭ ǦǤȞȱ
ȀȦȍ 

 ǦɆȵïîäɀǹ(Minimax-Q) 

]81[ 
 ɀɅìäî
Ʉȭäîìâ 

Ʉȭí  ǦȝǠȖǪȅɍä ȌɆȎƠ 
  ǦǤȞȱ
"éƘǤȲȭǠǪȅ " 

" þïäɀǩ ýäǼǺǪȅä ȴǪɆȥ üǠȅîɋä çɎȵǠȞƫ ǦȥȀȞƫä óäƕȥ˨éƘǤȲȭǠǪȅ  Ǡȵà Û"ñ˫" þïäɀǩĀ "
 ǦɆȵïîäɀǹ ýäǼǺǪȅä ȴǪɅ ǦȥĀȀȞȵ Ƙȡ çɎȵǠȞƫä ȻǾȽ þɀȮǩ ǠȵǼȺȝ(Q)   ǦɆȵïîäɀǹĀ

(WoLF-PHC) 

 üĀǼǱ1: úȀȕ ȌǺȲȵ ȈɅɀȊǪȱä ǦȆȭǠȞȵ 
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  ȸȵ Ȱȭ ýǼǺǪȆǩ ÛȸȮư îȀȑ ɂȎȩà ǠȶƬ ǢǤȆɅĀȰɆǵƕȱäĀ îǼȎƫä źǼȪȝ    ȴȲȞǩ ǦɆȵïîäɀǹ(Q)    ǦɆȵïîäɀǹĀ(WoLF-PHC)  
  æìˬï Ƃâ ĂìǘɅ äǾȽĀ ÛǠȶȾȺȵ ȰȮȱ ɂȲǮƫä üǠȅîɋä ǦȝǠȖǪȅä ǼɅǼǶǪȱ(SINR)    æǼǝǠȦȱä Ȝǣ˩ Ž æìˬï ƃǠǪȱ˨Ā(utility) Ā ÛþɀȮɅ 
" þïäɀǩ ǢȆǵ ǦȝǠȖǪȅɍä ǦȶɆȩ ǼɅǼƠ ǼȺȝ ɂȭíà ñɀȊƫäéƘǤȲȭǠǪȅ."ñ˫" þïäɀǩ ǢȆƜ ǠȾȶɆȩ ǼɅǼƠ ǼȺȝ ȼȺȵ ȀǮȭà "     ȸȵ

çǠɆȺȪǪȱä  ơ ɄȽ ȈɅɀȊǪȱä Ȁǭà ȸȵ ȤɆȦǺǪȲȱ ǦȞǤǪƫä āȀǹɉä  Ž Ǡȶȭ çäɀȺȪȱä ȌɆȎ]65[  ǩ ǬɆǵ  ƙȵǼǺǪȆƫä ȸȵ Ǧȝɀȶƭ ǼǱɀ
 Ʉȭäîìâ ɀɅìäî ǦȮǤȉ Ž ƙɅɀȹǠǮȱäÛ    ǦɅɀȹǠǮȱä ǦɅǼȝǠȪȱä ǦȖǂä ȨȆȺćǩȴȽíǠȦȹ    ȴȮǶǪȱä ȰǝǠȅî ȰȪȺȱ ǦȎȎƯ çäɀȺȩ Ǝȝ ȤɆȖȱä Ƃâ

  ȰȮȊɅ ǠȶɆȥ ǼǵäĀ Ǣȝɍ ȴȽ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä Ȱȭ ĉþà êƕȪƫä ɀɅîǠȺɆȆȱä óƕȦɅ .ç˫ǠɆǤȱä ȰȪȹ ǦɆȲȶȝ āȀǹà çäɀȺȩ ƂɀǪǩ ǠȶɆȥ
ǺǪȆƫä ƙǣ ǦȩɎȞȱä ǨǱǾćƴ ȬȱǾȱ ÛǦȆȭǠȞǪȵ ăǠȥäǼȽà ƙǤȝɎȱä þäǾȽ ȬȲǪƹĀ Ȁǹɇä ǢȝɎȱä ƙƤǠȾƫä Ȱȭ ǦȝɀȶƭĀ ƙɅɀȹǠǮȱä ƙȵǼ

ȉɀȊƫäçǠ    ȴȮǶǪȱä ȰǝǠȅîĀ ç˫ǠɆǤȱä ȰȪȺȱ ǦȎȎǺƫä çäɀȺȪȱä ìǼȝ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ìǼƷ .ȀȦȍ ǠȾȝɀȶƭ ǦǤȞȱ ǠŒà ɂȲȝ
äǼǺǪȅ˨ý    ȴȲȞǪȱä ǦɆȵïîäɀǹ(minimax Q)  Ȁȥɀǩ ȰǮȵ ǦȖɆǂä ǦǞɆǤȲȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȚǵɎȵ ǢȆƜ çäɀȺȪȱä ìǼȝ ȤɆȮǪɅĀ Û

ȱä ǴǣîĀ ȤɆȖȱä  óɀȶȢȱä æìˬï ùǼŏ Ăììƕȱä ȂȦȪȱä ǦɆȱß ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ǾȦȺćɅ ÛñɀȊƫä ȰǤȩ ȸȵ ǾȦȺƫä ÞäȀǱɋäĀ ȼǣ çäɀȺȪ
  ǬɆǵ Ȁǹɇ Ɨȵï ȂɆǵ ȸȵ æǠȺȪȱä öɀȹ ȤȲǪƸ þà ȸȮƹ ȬȱǾǣĀ ÛñɀȊƫä ǼȺȝɅ  ƘȢǪ öɀȹ    Ɠǵ Āà ç˫ǠɆǣ Āà ȴȮƠ æǠȺȩ þɀȮǩ æǠȺȪȱä

  ǰǝǠǪȺȱä çȀȾșà .ȸȮư Ǵǣî ɂȎȩà Ȁǹɇä ǢȝɎȱä ǠȾɆȥ ȨȪƷ ƔȱäĀ àɀȅɉä ǦȱǠƩä óäƕȥ˨ ɂȲǮƫä ǠȶȾǪȅǠɆȅ þǠǤȝɎȱä ìǼƷ .æȀȡǠȉ
ä ȰǝǠȅî ȰȪȺȱ çäɀȺȪȱä ȸȵ ȰɆȲȩ ìǼȝĀ ç˫ǠɆǤȱä ȰȪȺȱ çäɀȺȪȱä ȸȵ ƘǤȭ ìǼȝ ǼɅǼǶǪǣ ýɀȪɅ ĂɀȹǠǮȱä ýǼǺǪȆƫä þà  ǦȱǠǵ Ž ȴȮǶǪȱ

ǦɆǱǠǪȹɋä æìˬï ùǼŏ æǠȺȪȲȱ ȐȦǺȺȵ Ǵǣî ÛɅȂɅ çäɀȺȪȱä Ǵǣî æìˬï ǼȺȝĀ  ǦɆȩɀǭɀȵ æìˬȂȱ ȴȮǶǪȱä çäɀȺȩ ìǼȝ ĂɀȹǠǮȱä ýǼǺǪȆƫä Ǽ
 .ǦɆȦɆȖȱä ǦɆȱǠȞȦȱä Ǵǣî æìˬï ùǼŏ æȀȡǠȉ çäɀȺȪȱä ȐȞǣ ûƕɅ Ǽȩ ȼȹà Ǡȶȭ ÛüǠȎǩɍä 

  óȀȞȹ  Žƨä  üĀǼ1    ȘǶȲȹ ǬɆǵ ǦȪǣǠȆȱä ǦɆȞǱȀƫä ǦȅäîǼȱä ǦȍɎǹ  ǦɆǮǶǤȱä úäîĀɉä ƙǣ þîǠȪȹĀ ǦȪǣǠȆȱä ȈɅɀȊǪȱä ǦȆȭǠȞȵ úȀȕ
ñɀȊƫä ǦɆǲɆǩäƕȅäĀ æƎǪȞƫä ǦȮǤȊȱä öɀȹ ǬɆǵ ȸȵ ȈɅɀȊǪȱä ǦȆȭǠȞȵ ǦɆȺȪǩĀ .ǠȾȲƩ ȜǤǪƫä ǰȾȺȱäĀ ǦȲȮȊƫä ǦǱǾƴ Ƃâ ǦȥǠȑɋ˨ 

-3.2  ǦƢǠƪä 
  ǠȾɆȥ ˫ȂȭîĀ ÛǦɆȮȲȅɎȱä çǠȮǤȊȱä Þäìà ƙȆǶǪǣ ǨȶǪȽä Ɣȱä èǠƜɉä ȸȵ ǼɅǼȞȱä ǨȲƽ ǦɆȞǱȀȵ Ǧȅäîì ȰȎȦȱä äǾȽ Ž ǠȺȑȀȝ

  ìǠȶǪȝɍ˨ ȈɅɀȊǪȱä ǦǶȥǠȮƫ üɀȲǵ ǨȵǼȩ Ɣȱä èǠƜɉä ɂȲȝ ɄȅǠȅà ȰȮȊǣ  ɂȲȝïȂȞƫä ȴȲȞǪȱä çǠɆȺȪǩ  . ǦȅäîǼȱä ȻǾȽ Þɀȑ Ž  
ǦɆȞǱȀƫä  ȼǵƕȪȹ ĂǾȱä ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǰŒĀ    ȜǣäȀȱä ȰȎȦȱä Ž ȴȲȞǪȱä ɂȲȝ ìǠȶǪȝɍ˨ Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ Þäìà ƙȆǶǪȱ
 ÛïȂȞƫä ȼȹà ˫ǼǱĀ ȰȎȦȱä Ž ïȂȞƫä ȴȲȞǪȱä çǠɆȺȪǪǣ ǦȖǤǩȀƫä ǦɆȅǠȅɉä ȴɆȽǠȦƫä üɀǵ ǦɅȀȚȹ Ǧȅäîì ƇǼȪǩ ȴȾƫä ȸȵǬȱǠǮȱä . 
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 ǬȱǠǮȱä ȰȎȦȱä 

ȱäïȂȞƫä ȴȲȞǪ 

ȸȵ ȴȲȞǪȱä þɀȮɅ Ǡƞî    Ȝȵ ȰȝǠȦǪȱä üɎǹȱäɆǤ  ɀȽ ǦǞƂĀà  ȱä Ƃâ îìǠǤǪǩ Ɣȱä îǠȮȥɉä  ǼȺȝ ȸȽǾǪȱäȮȦ Ƙ  .ȴȲȞǪȱä ǦɆȲȶȝ ǦȞɆǤȕ Ž  ăɎǮȶȥ
 ȼɅǼȱ ȄɆȱ ȼȱɀǵ ɀƨä ȌǶȦǪɅ Āà ȼɅǼɆǣ êĉɀȲćɅ Āà ȜɆȑȀȱä ǢȞȲɅ ǠȵǼȺȝÛȴĉȲȞȵ  ƙǣ ȀȉǠǤȵ ôǠǤǩîä ȼɅǼȱ ȸȮȱ ȼǪȭȀǵĀ ȼȅäɀǵ   .ȼǪǞɆǣĀ

  ȸȝ ǰǪȺɅôǠǤǩîɍä äǾȽ    ǦȝɀȶƭȱäĀ ǢǤȆȱä üɀǵ çǠȵɀȲȞƫä ȸȵƘǭǖǪ   ĀùäǼȽɉä ȨɆȪǶǪȱ ȼǣ ýǠɆȪȱä Ǣƶ Ǡȵ üɀǵĀ ÛüǠȞȥɉä ǰǝǠǪȹ Û
ȀȶǪȆɅ  ȰȝǠȦǪȱä äǾȽ üäɀȕƩäǠɆæ Û ĀçɎȝǠȦǪȱä ȻǾȽ   ȴȲȞǪȹ ǠȺȭà Þäɀȅ .ǠȺȆȦȹàĀ ǠȺǪǞɆǣ üɀǵ ǦȥȀȞȶȲȱ ɄȆɆǝî îǼȎȵ ɄȽ Ȭȉ þĀì

  Āà æîǠɆȆȱä æìǠɆȩÞäȀǱâ ǦɆȦɆȭ  ǦǭìǠƮ  ûîǼȹ ȸƲ    üɎǹ ȸȵ èǼƷ ǠȶɆȥ ƘǭǖǪȲȱ ɂȞȆȹ ȸƲĀ Ûȼǣ ýɀȪȹ Ǡƫ ǠȺǪǞɆǣ ǢɆǲǪȆǩ ȤɆȭ
.ǠȺȭɀȲȅ  ȱɇä ȴȲȞǩ çǠɆȺȪǩ Ǽǵà ǼȞɅ ĂǾȱä ïȂȞƫä ȴȲȞǪȱ˨ ǦȖǤǩȀƫä ǦɆȅǠȅɉä ȴɆȽǠȦƫ˨ ȤɅȀȞǩ ȰȎȦȱä äǾȽ Ž ýǼȪȹǦ   Ā  ȴȲȞǪȶȲȱ ǴȶȆɅ

.ǦȺȮȶƫä çäÞäȀǱɋä ȰȒȥà ùǠȊǪȭ˨ ǦȖɆǂä ǦǞɆǤȱä Ȝȵ ȼȲȝǠȦǩ ȨɅȀȕ ȸȝ 

-1.3 ǦȵǠȝ Ǧǂ 
ǪȱäȲȞïȂȞƫä ȴ  ȴȲȞǩ ɀȽ   Ɣȱä (çäÞäȀǱɋä) üǠȞȥɉäǢƶ  Ž Ǡŏ ýǠɆȪȱä  Ȥȩäɀƫä  ùǼŏ ǦȦȲǪǺƫä (çɍǠƩä)  ȱä æǖȥǠȮƫä ȴɆȚȞǩ  ȰȎƷ Ɣ

ȴȲȞǪƫä ǠȾɆȲȝ  .  þà ȸȵ ăɍǼǤȥȞǪƫä îǠǤǹâ ȴǪɅȲ  Ǣƶ Ɣȱä çäÞäȀǱɋ˨ ȴ  ȼɆȲȝǠȽíǠơä  ǦȱǠǵ Ȱȭ Ž  ÛɀȽ ýɀȪɅ  ˨  çäÞäȀǱɋä ùǠȊǪȭ
 ǠȾǪǣȀƟ üɎǹ ȸȵ æǖȥǠȮƫä ȸȵ îǼȩ Ǝȭà ȨȪƠ Ɣȱä Ā ÛçäÞäȀǱɋä Ȁǭǘǩ ɍ Ǽȩ   ÛȔȪȥ æȀȉǠǤƫä æǖȥǠȮƫä ɂȲȝ æǾǺǪƫä   ĉƴâĀ  þà ȸȮƹ Ǡ

 ɂȲȝ ȀǭǘǩæǖȥǠȮƫä  ǦȱǠƩä Ž ɆȱǠǪȱäƃǠǪȱ˨Ā Ǧ   þǠǪɆȍǠƪä þ˩ǠȽ .ǦȪǵɎȱä çǔȥǠȮƫä Ȱȭ- ȨɅȀȕ ȸȝ ǬǶǤȱäǦǣȀǲǪȱä ǖȖƪäĀ (trial 

and error) æǖȥǠȮƫäĀ æȀǹǖǪƫä  (delayed reward) -  .ïȂȞƫä ȴȲȞǪȲȱ ƙǩȂɆư ƙǪƧ ȴȽà ǠƵ  ĉþǚȥ äǾȮȽĀ ȴȲȞǪȱä   ïȂȞƫä ȤȲǪƸ
ùäȀȉɌȱ ȜȑǠƪä ȴȲȞǪȱä ȸȝ (supervised learning)   Ǝȝ ȴǪɅ ĂǾȱä ùȀȊȵ ȸȵ ǦȵǼȪƫä ǦȦȺȎƫä ǦȲǮȵɉä ȸȵ ǦɆǤɅîǼǩ Ǧȝɀȶƭ

ɄǱîǠǹÛ  ȼɆȥĀ    ƎȞɅüǠǮȵ Ȱȭ  ǦȺɆȞȵ ǦȱǠǵ ȸȝ    ìǼƷĀǾȽ Ž ýǠȚȺȱä ȻǾǺǪɅ þà Ǣƶ ĂǾȱä ǴɆǶȎȱä ÞäȀǱɋäǦȱǠƩä Ȼ Ā ÛþɀȮɅ    äǾȽ
ÞäȀǱɋä    ăǠǤȱǠȡǼɅǼǶǪȱ  ä  ǠȾɆȱâ ɄȶǪȺǩ Ɣȱä ǦǞȦȱ  ȻǾȽ  .ǦȱǠƩä  ùǼȾɅɉ ȴȲȞǪȱä ȸȵ öɀȺȱä äǾȽȱä ýɀȪɅ þ  ýǠȚȺ˨  ȼǩ˨ǠǲǪȅä ȴɆȶȞǩ Āà ÞäȀȪǪȅ

Ȥȩäɀƫä Ž ǴɆǶȍ ȰȮȊǣ ùȀȎǪɅ ǬɆƜ  ƘȡƫäìɀǱɀæ ǢɅîǼǪȱä Ǧȝɀȶƭ Ž äǾȽĀ Û ȄɆȱ  ɄȲȶȝ ȰȭǠȊƫä Ž Ā ÛǦɆȲȝǠȦǪȱä  þà Ǣƶ
ä þɀȮɅýǠȚȺȱ   ăäîìǠȩ  .ǦȍǠƪä ȼǪǣȀƟ ȸȵ ȴȲȞǪȱä ɂȲȝ  ȒɅà ïȂȞƫä ȴȲȞǪȱä ȤȲǪƸ ăǠ  ȝ  ȸȱ ȜȑǠƪä Ƙȡ ȴȲȞǪȱä  ùäȀȉɌ(unsupervised 

learning)  ĂǾȱäĀ ÛȴǪɅ   ăæìǠȝ    ȨɅȀȕ ȸȝȸȵ çǠȝɀȶƭ Ž ǦɆȦƯ ǦɆȺǣ ìǠƶâ    Ƙȡ ç˫ǠɆǤȱä  äǾȮȽĀ .ǦȦȺȎƫäȥ ĉþǚ    ȴȲȞǪȱä çǠǶȲȖȎȵ
ùäȀȉɌȱ ȜȑǠƪä Ƙȡ ȴȲȞǪȱäĀ ùäȀȉɌȱ ȜȑǠƪä   ȤȺȎǩ ɍ  ȴȲȞǪȱä éíǠƴ  ȰȵǠȉ ȰȮȊǣ ƃɇä Û    ȸȵ ȴȡȀȱä ɂȲȝƂâ ȰɆƫä    Ž ƘȮȦǪȱä
Ɍȱ ȜȑǠƪä Ƙȡ ȴȲȞǪȱä ȸȵ öɀȺȭ ïȂȞƫä ȴȲȞǪȱä  ùäȀȉ  ÛǴɆǶȎȱä ûɀȲȆȲȱ ǦȲǮȵà ɂȲȝ ǼȶǪȞɅ ɍ ȼȹɉ ĉþà ĉɍâ  üĀǠƷ ïȂȞƫä ȴȲȞǪȱä    ȴɆȚȞǩ
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ǦɆȦƯ ǦɆȺǣ ɂȲȝ îɀǮȞȱä ǦȱĀǠƮ ȸȵ ăɍǼǣ æǖȥǠȮƫä  Û  ȬȱǾȱĀƎǪȞćɅ  Ǳíɀƴ ïȂȞƫä ȴȲȞǪȱä ăǠ  Ǯȱ˪ ăǠ  ƃɇä ȴȲȞǪȲȱ  ǢȹǠƛ   ùäȀȉɌȱ ȜȑǠƪä ȴȲȞǪȱä
äȀȉɌȱ ȜȑǠƪä Ƙȡ ȴȲȞǪȱäĀù ]92[. 

-2.3 ïȂȞƫä ȴȲȞǪȱä ȀȍǠȺȝ 

  ǦǞɆǤȱäĀ ȴȲȞǪƫä ȸȝ ăäǼɆȞǣǼǱɀɅ  ïȂȞƫä ȴȲȞǪȱä ýǠȚȺȱ ǦɆȆɆǝî ǦɆȝȀȥ ȀȍǠȺȝ ǦȞǣîà  :ɄȽĀ   ǦȅǠɆȆȱä  (policy)  æǖȥǠȮƫäĀ  (reward)  
ǦȱäìĀ ǦȶɆȪȱä (value function) éíɀȶȺȱäĀ (model) . 

 ùȀȎǩ ǦȪɅȀȕ ǦȅǠɆȆȱä ìǼƠ    ȰɆȭĀȴȲȞǪȱä    ïȂȞƫä(agent)  ǦȲǣǠȪȵ ǦɆȲȶȝ ɄȽĀ ÛǦȦȲǪǺƫä çɍǠƩä Ž  (mapping)    çɍǠƩä ȸȵ
Ƃâ ȰɆȭɀȱä ǠȾɆȥ ǼǱäɀǪɅ þà ȸȮƹ Ɣȱä    ǠȵǼȺȝ ǠȽíǠơä Ǣƶ Ɣȱä çäÞäȀǱɋäɅ  ȸȝ æîǠǤȝ ǦȅǠɆȆȱä þɀȮǩ Ǽȩ .çɍǠƩä ȬȲǩ Ž þɀȮ

Ȝǣ˩  ǬƜ üĀǼǱ Āà ȔɆȆǣ    ǦȅǠɆȆȱä ƎǪȞǩ .ǦȞȅɀȵ ǦɆǣǠȆǵ çǠɆȲȶȝ ȸȶȒǪǩ Ǽȩ āȀǹà çɍǠǵ Ž ǠȶȺɆǣ ÛçɍǠƩä ȐȞǣ Ž
ȰɆȭĀ ȀȽɀǱ  ïȂȞƫä ȴȲȞǪȱä   ĉŒà ƖȞƞ  .ûɀȲȆȱä ǼɅǼǶǪȱ ǦɆȥǠȭ ǠȽǼǵĀ Ǡ  ɂȲȝ ăÞǠȺǣ ǦȅǠɆȆȱä ǼɅǼƠ ȴǪɅæǖȥǠȮƫä    ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä
ȰɆȭɀȱä.  

 ƎȞǩĀ    æǖȥǠȮƫäȸȝ  ȱäǦȶɆȪ  Ɣȱä  ȲȅȀǩǠȾ  ǦǞɆǤȱä  ǦɆȺȵï æɀȖǹ Ȱȭ Ž  ïȂȞƫä ȴȲȞǪȱä ȰɆȭĀ Ƃâ  .Ǡȵ ÞäȀǱâ ȻíǠơä ǼȞǣ   ĀìǼƠ  æǖȥǠȮƫä   ùǼƬä
ïȂȞƫä ȴȲȞǪȱä ǦȲȮȊȵ ȸȵ  þɀȮɅĀ ÛȰɆȭɀȲȱ ǼɆǵɀȱä ùǼƬä    ɀȽ ȴȲȞǪȱä ǦɆȲȶȝ üɎǹ āǼƫä ɂȲȝ ǠȽǠȪȲǪɅ Ɣȱä æǖȥǠȮƫä ƃǠƤâ æìˬï

ȰɅɀȖȱäçäÞäȀǱɋä ǼɅǼƠ üɎǹ ȸȵ Û  ȰɆȭɀȲȱ æǼɆƨä  Û ĉþǚȥ ƃǠǪȱ˨Ā  ȱä ɄȽ æǖȥǠȮƫäȰȵǠȞ  ɄȅǠȅɉä  ɂȲȝ ȀǭǘɅ ĂǾȱä  ǦȅǠɆȆȱä    Ɣȱä
ȰɆȭɀȱä ǠȾȞǤǪɅ  Üȥ  ăɎǮȶ çäÞäȀǱɋä ȐȞǣ ǼɅǼǶǪȱ ǦȅǠɆȆȱä ƘɆȢǩ ȴǪɅ Ǽȩ ÛǦȒȦǺȺȵ æǖȥǠȮȵ ǦȅǠɆȆȱä ǦȖȅäɀǣ ìǼǂä ÞäȀǱɋä ǢȪȝà äíâ
ǾȽ Ž āȀǹɉä  ǦȱǠƩä ȻɆȭɀȱä ìɀȞɅ ǠȵǼȺȝ  ǦȱǠƩä ȻǾȽ Ƃâ Ȱ  .ȰǤȪǪȆƫä Ž ĀýǠȝ ȰȮȊǣ  æǖȥǠȮƫä þǚȥ    ȰɆȭɀȱä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä  æîǠǤȝ

  ȸȝǦȱäì  ǠȾɆȥ ǼǱɀɅ Ɣȱä ǦȱǠƩ˨ ȨȲȞǪǩ    ȰɆȭɀȱäȱä çäÞäȀǱɋäĀǠȽǾǺǪɅ Ɣ.  ĂǾȱä Ǩȩɀȱä Ž  ǴȶȆǩ  æǖȥǠȮƫä  ǼɅǼǶǪǣ  ÞäȀǱɋä  ƨä  ǼɆ
ȀȉǠǤƫä ƖȞƫ˨ (ĂîɀȦȱä).  

  ǦȶɆȪȱä Ǧȱäì ɀȽ ǬȱǠǮȱä ȀȎȺȞȱäƔȱä    ìǼƠƨä ÞäȀǱɋä  ǼɆ  ȰɆȭɀȲȱȰɅɀȖȱä āǼƫä ɂȲȝ  ƎȞǩ ɄȾȥ æǖȥǠȮƫä ǦȶɆȩ ȸȵ ăǠȩɎȖȹä ǢȆƠĀ Û
ǦȶɆȪȱä ȸȝ  ɆȱǠƤɋäǦ    ȜȩɀǪɅ Ɣȱä æǖȥǠȮȶȲȱäȰɆȭɀȱ    ɂȲȝ ǠȾȶȭäȀǩ ƫä  āǼǦȱǠƩä ȻǾȽ ȸȵ ăǠȩɎȖȹä ȰɅɀȖȱä ǼȞǣ   îǠǤǪȝɍä Ž Ǿǹɉä
  Ɣȱä çɍǠƩäȸȮƹ  üǠǮƫä ȰɆǤȅ ɂȲȝ .çɍǠƩä ȬȲǩ Ž ǦǵǠǪƫä çǔȥǠȮƫäĀ ǠȾȞǤǪǩ þà  ƫä þɀȮǩ Ǽȩ  æǖȥǠȮȱä  ǦȒȦǺȺȵ ǦɅîɀȦ  ǦȱǠǵ Ž

  ÛƙȞȵ ÞäȀǱâ íǠơä ǦǲɆǪȹ ǠȵȸȮȱĀ    Ƃâ ýǠȚȺȱä ȰȪȺɅ ÞäȀǱɋä äǾȽ  çǔȥǠȮȵ ǰǪȺǩ āȀǹà çɍǠǵƂâ ĂìǘɅ Ǡȵ äǾȽĀ ǦɆȱǠȝ   ǦȶɆȩ  
ǦɆȱǠȝ   ÛǦȱǠǶȲȱ   ĀǶɆǶȍ ȄȮȞȱä þɀȮɅ þà ȸȮƹ ăǠ  ȸȮƹ ɍ ƃǠǪȱ˨Ā  .  åǠȆǵ  ǦȱǠƩä ǦȶɆȩçǔȥǠȮƫä þĀǼǣ    ȼɆȲȝĀ  çǔȥǠȮƫä ƎǪȞǩ

  þà ƙǵ Ž ÛǠȵ Ǽǵ Ƃâ ǦɆȱĀà ǦɅɀȹ˪ þɀȮǩ ǦȱǠƩä ǦȶɆȩ    Ȝȵ ǦȹîǠȪȵǔȥǠȮƫäç  . ĉþâ ǦȪɆȪƩä Ž  ȴɆȩ ȀɅǼȪǩ ȸȵ ǼɆǵɀȱä óȀȢȱä   çɍǠƩä 
çǔȥǠȮƫä ȸȵ ǼɅȂƫä ȨɆȪƠ ɀȽ.    Ȭȱí ȸȵ ȴȡȀȱ˨ȹǚȥǠȺ    ȴǪŒ  ǦȶɆȪȱä ǦȱäǼǣǠȾȶɆɆȪǩĀ çäîäȀȪȱä íǠơä ǼȺȝ ȀǮȭà ȰɆȭɀȱä ǾǺǪɅ ǬɆǵ Û  

âçäÞäȀǱ    ȄɆȱĀ ɂȲȝà ǦȶɆȩ çäí çɍǠǵ Ƃâ Ăìǘǩ  çǔȥǠȮȵɋä ȻǾȽ þɉ ÛɂȲȝàçäÞäȀǱ    æǖȥǠȮƫä ȸȵ îǼȩ Ǝȭà ɂȲȝ ȰȎƠ
ȰɅɀȖȱä āǼƫä ɂȲȝ.    ȀɅǼȪǩ Ǣƶ ȸȮȱĀ ÛăæȀȉǠǤȵ ǦǞɆǤȱä ȸȵ ɄȅǠȅà ȰȮȊǣ çǔȥǠȮƫä ǴȺćƢ ǦȱǠƩä ǦȶɆȩǼȪǩ æìǠȝâĀ  üɎǹ ȸȵ ǠȽȀɅ
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ȱä Ǡŏ ýɀȪɅ Ɣȱä çǠȚǵɎƫä ȰȆȲȆǩ ȰɆȭɀ    ɂȲȝ  ȼȶȲȞǩ æƕȥ üäɀȕÛǠȾȲȶȭд  þɀȮɅ ȬȱǾȱĀ  ȶɆȩ ǼɅǼƠ ǦȱǠƩä Ǧ    ȸȵ ƘǮȮǣ ǢȞȍà
.çǔȥǠȮƫä ǼɅǼƠ   ȐȞǣ Ž ƘǹɉäĀ ȜǣäȀȱä ȀȎȺȞȱä  ǦǞɆǤȱä éíɀƴ ɀȽ ïȂȞƫä ȴȲȞǪȱä ǦȶȚȹàÛ   ĀȽɀ   ȱäÞɄȊ   ĂǾȱä   Āà ǦǞɆǤȱä ûɀȲȅ ɄȭǠƷ

ǦǞɆǤȱä ùȀȎǩ ǦɆȦɆȭ üɀǵ çǠǱǠǪȺǪȅä ÞäȀǱф ǴȶȆɅ Û ä ȰɆȭɀȲȱ ǴɆǪɅ äǾȽĀǘǤȺǪȱ  ǦɆȱǠǪȱä æǖȥǠȮƫäĀ ǦɆȱǠǪȱä ǦȱǠƩ˨ ǦƟǠȺȱä .   þɀȮɅ ɍ Ǽȩ
 ȸȝ ąǾǝǼȺȝ ȰɆȭɀȱä ȴȲȞǪɅĀ ăǠȶǝäì ùĀȀȞȵ ǦǞɆǤȱä éíɀƴǖȖƪäĀ ǦǣȀǲǪȱä ȨɅȀȕ ]92[ . 

   ĉþà ȘǵɎȹ  ïȂȞƫä ȴȲȞǪȱä  ǼȶǪȞɅ  ǦȱǠƩä ýɀȾȦȵ ɂȲȝ ƘǤȭ ȰȮȊǣȰǹì ɄȾȥ   ǼɅǼǶǪȱ ȰɆȭɀȱä ȼǱǠǪƷȅǠɆȅȼǪ   Ā  Ǧȱäì åǠȆǵ  ÛǦȶɆȪȱä
 Ā  ăǠȒɅà ɄȽ  ȰǹìǹĀ  éȀȲȱ.éíɀȶȺ  ȰǮƢ   ƘȮȦǪȱä ȸȮƹĀ ÛȼǪǞɆǣ ȸȝ ȰɆȭɀȲȱ ǦǵǠǪƫä çǠȵɀȲȞƫä ǦȱǠƩä    ǠŒà ɂȲȝ ǦȱǠƩ˨ɋä  æîǠȉ  Ɣȱä

ȱä Ƃâ ȰȪȺǩȰɆȭɀ  ðǠȆǵɋä ȐȞǣ  " Ăà  .ƙȞȵ ǨȩĀ Ž "ǦǞɆǤȱä ɄȽ ȤɆȭ  ȰɆȾȆǪǣ ǦȱǠǶȲȱ ǼɆƨä ȤɆȍɀǪȱä ǴȶȆɅ  Ȱǵ ǦȱǖȆȵ
ïȂȞƫä ȴȲȞǪȱäÛ ȸȮƹĀ  ȤɅȀȞǩ ǦȱǠƩä îɆȑˬ ăǠ  ăǠȩɎȖȹä  îäȀȪȱä íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝ îǠȕâ ȸȵ  .ǦɆȱǠǪȱä æȀȪȦȱä Ž ȼȊȩǠȺȺȅ Ǡȵ äǾȽĀ 

-3.3 îäȀȪȱä íǠơɍ æìĀǼǂä ùɀȭîǠȵ çǠɆȲȶȝ 
  ȰǮƢ  çǠɆȲȶȝîäȀȪȱä íǠơɍ ùɀȭîǠȵ  ǦɆȲȶȝ    îäȀȪȱä íǠơä  ȰȮȊǣ  ǦɅîɀȦȱä çǔȥǠȮƫä ɂȲȝ çäÞäȀǱɋä Ȁǭǘǩ ǬɆǵ ÛȰȆȲȆǪȵ Ā  çɍǠƩä

ƬɎǹ ȸȵĀ ÛǦȪǵɎȱä Ǡ  ɂȲȝ    .ǦɆȲǤȪǪȆƫä çǔȥǠȮƫä  îäȀȪȱä íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝ éǠǪƠ  ƂâåǠȆǵ    æȀǹǖǪƫä æǖȥǠȮƫä  ǦȥǠȑɋ˨
  Ƃâƫä  ǦȒɅǠȪ  ƙǣ Ā ǦɅîɀȦȱä æǖȥǠȮƫäæȀǹǖǪƫä.  â ĉþ    îäȀȪȱä íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝ  ȰȮȉ ɄȽ  Ʉȑˬî ïȂȞƫä ȴȲȞǪȱä ǦȲȮȊƫ ƃǠǮȵ  Û

ȸȵ ǦɆȑˬȀȱä ǠȾǪɆȺǣ ȤȱǖǪǩĀ ǦɆȅǠȅà ȀȍǠȺȝ  ɄȽǼǝǠȞȱä  çɍìǠȞȵĀ ǦȶɆȪȱä üäĀìĀ"þǠȶȲɆǣ "(Bellman equations) .   

-1.3.3 ǦǞɆǤȱäĀ ȰɆȭɀȱä ƙǣ ȰȝǠȦǪȱä 
 ĉþǚȥ ˫Ȁȭí Ǡȶȭ  îäȀȪȱä íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝȰȮȊǩ  îǠȕâ ăä ȱǦɆȲȶȞ  ȸȵ ȴȲȞǪȱä üɎǹȰȝǠȦǪȱä Ɇǂä ȜȵÛȔ   ȜȹǠȍĀ ȴȲȞǪƫä ɂȶȆɅĀ
ȰɆȭɀȱ˨ îäȀȪȱä  Ȱȭ ɂȶȆɅ ƙǵ Ž Û  ȼȞȵ ȰȝǠȦǪɅ ÞɄȉ ǦǞɆǤȱ˨.  ǦǞɆǤȱä ȰȝǠȦǪǩ   îäȀȶǪȅ˨   ǢɆǲǪȆǩĀ ȰɆȭɀȱä Ȝȵ  Ɍȱ  çäÞäȀǱ Ɣȱä
  äǾȽĀ ǠȽǾǺǪɅǼȩ Ǡȵ  ȲȪȺɅ  ȼ  çɍǠǵ ƂâæǼɅǼǱ.  ǩýǼȪ  ǞɆǤȱä  ǦçǔȥǠȮƫä  ȰɆȭɀȲȱ  îĀȀƞ ǠȾȶɆȚȞǩ Ƃâ ȰɆȭɀȱä ɂȞȆɅ ǦɅìǼȝ ȴɆȩ ɄȽĀ Û

 ȻîǠɆǪǹä üɎǹ ȸȵ ǨȩɀȱäçäÞäȀǱɌȱ æǖȥǠȮƫä ȸȵ îǼȩ Ǝȭà ȼȱ ȨȪƠ Ɣȱä ]92[. 

 
 ȰȮȊȱä1:   ǦǞɆǤȱäĀ ȴȲȞǪƫä ƙǣ ȰȝǠȦǪȱä 

 



18 
 

 ćǩ  ùĉȀȞ  ǦȱǠƩä(state)    ȂȵȀȹĀ ȰɆȭɀȱ˨ ǦȖɆǂä ǦǞɆǤȱäǠƬ    ǦȚǶȲȱä Žὸ    ȂȵȀȱ˨Ὓ ɴהÛ    ǦȱǠƩä ɂȲȝ ăÞǠȺǣĀ ȰɆȭɀȱä ǠȾɆȥ ǼǱäɀǪɅ Ɣȱä
  ÞäȀǱɋä ǾǺǪɅ þà ȸȮƹὃᶰꜝ Ὓ  Ǧȝɀȶƭ ȸȵ  çäÞäȀǱɋä(actions)   ǦǵǠǪƫä    ȻǾȽ ȸȶȑÛǦȱǠƩä    ǦǲɆǪȹĀ  ÞäȀǱɋä äǾƬ

  ɂȪȲǪɅ  ǦɅìǼȝ æǖȥǠȮȵ ȰɆȭɀȱäὙ ᶰדṒᴙ    ĀǼȩ    ȰȪǪȺɅ  ǦȱǠǵ Ƃâ  æǼɅǼǱὛ  ĂìǘɅ ÛȰȆȲȆǪȱä äǾȽ    ƂâîǠȆȵ îɀȾș  
(trajectory)    ȼȺȝ ƎȞȹ þà ȸȮƹ ĂǾȱä ȰȮȊȱ˨  3ȟ!ȟ2ȟ3ȟ!ȟ2ȟ3ȟ!ȟ2ȟ3ȟ!ȟỄ.  Ž çǠɆȲȶȝ 
  æìĀǼǂä ùɀȭîǠȵ  îäȀȪȱä íǠơɍþɀȮǩ  ȾǪȺȵ ìǼȝ çäí ǦǞɆǤȱäɄ    ȸȵ  çɍǠƩäהÛ   Ā ȰɆȭɀȱä ǠȽǾǺǪɅ ȸȮƹ Ɣȱä çäÞäȀǱɋä ìǼȝ þɀȮɅ

  ǠȾɆȥ ǼǱäɀǪɅ ǦȱǠǵ Ȱȭ Žꜝ Ὓ   ɄȾǪȺȵ þǚȥ ȬȱǾȭĀ Û    Ǧȝɀȶƭ  çǔȥǠȮƫäד  ǦǞɆǤȱä ȸȵ ȰɆȭɀȱä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä  ǦɆȾǪȺȵ  .ȰǮƢ 
  ǦȱǠƩäὛ  ȸȮƹ Ɣȱä    ǠȾɆȥ ǼǱäɀǪɅ Ɣȱä  ȬȱǾȭĀ ȰɆȭɀȱä æǖȥǠȮƫä  Ʌ Ɣȱä Ǫ  ǠȾɆȲȝ ȰȎǶὙ   þäǼȶǪȞɅ ƙȞȖȪǪȵ ƙɆǝäɀȊȝ ƙȱɀǶǪȵ

.ƙȪǣǠȆȱä ÞäȀǱɋäĀ ǦȱǠƩä ɂȲȝ ȔȪȥ    ȜǣǠǪȱä ùȀȞɅĀὴȡה ד ה ꜝᴼ πȟρ   ɆȵǠȺɅìɆȮ  íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝ çǠ
îäȀȪȱä ȰȮȊȱ˨     

ὴίᴂȟὶȿίȟὥ ὖὶ Ὓ ίᴂȟὙ ὶȿὛ ίȟὃ ὥ           1 
 Ā ĉþà Ǡƞ  ὴ   ąǾǝǼȺȝ ÛăǠɆȱǠȶǪǵä ăǠȞɅïɀǩ ȰǮƹ   þǠȭ ăˬàίȟίɴ ĀὙ   ה ᶰד   Āὥᶰꜝ ί  ĉþǚȥ  

В В ὴίȟὶȿίȟὥɴדɴה ρ.     ȜǣǠǪȱä ùĉȀȞćɅὴ    ǦȱǠƩä þà ȘǵɎȹĀ ȰȵǠȭ ȰȮȊǣ ǦǞɆǤȱäὛ    æǖȥǠȮƫäĀὙ   ȔȪȥ ǼȶǪȞǩ
  ǦȱǠƩä ɂȲȝὛ    ÞäȀǱɋäĀὃ  ƙȪǣǠȆȱä.  ǦȱǠƩä ɂȲȝ ǼɆɆȪǩ ȼȹд Ȭȱí Ƃâ ȀȚȺȹ þà ȸȮƹÛ   ȸȶȒǪǩ þà Ǣƶ ǦȱǠƩä þà Ăà

Ȱȭ ȸȝ çǠȵɀȲȞȵ  ǢȹäɀǱ  ǦǞɆǤȱäĀ ȰɆȭɀȱä ƙǣ ȨǣǠȆȱä ȰȝǠȦǪȱä.ǦɆȥɀȭîǠȵ ǦȱǠƩä þâ üɀȪȹ ąǾǝǼȺȝĀ Û    üɎǹ ȸȵ ȸȮƹɆȵǠȺɅì Ȝǣ˩ɆȮ çǠ  
îäȀȪȱä íǠơɍ æìĀǼǂä ùɀȭîǠȵ çǠɆȲȶȝ  ǦǞɆǤȱä ȸȝ ȼǪȥȀȞȵ ǼɅȀȹ Ȁǹß ÞɄȉ Ăà åǠȆǵÛ    üǠȪǪȹɍä çɍǠȶǪǵä ȰǮȵƔȱäĀ    ȜǣǠǪȱä ǠȾȲǮƹ

ὴȡה ה ꜝᴼ πȟρ  Ā  ȰȮȊȱ˨ ùĉȀȞǩ 
ὴίȿίȟὥ ὖὶ Ὓ ίȿὛ ίȟὃ ὥ В ὴίȟὶȿίȟὥɴד            2 

  ȸȮƹ Ǡȶȭ  ăǠȒɅà  ǦȞȩɀǪƫä æǖȥǠȮƫä åǠȆǵ(expected reward)  ǦȱǠǵ éĀȂȲȱ-ÞäȀǱâ  ùĉȀȞćǩ ǬɆǵ Û  íǠơä ǼȺȝ ǦȞȩɀǪƫä æǖȥǠȮƫä
  ÞäȀǱɋä ὥ   ǦȱǠƩä Žί ˨ȜǣǠǪȱ  ὶȡה ꜝᴼᴙ   ĂǾȱäƙȖȅɀȵ ȼȱ ȰȮȊȱ˨      

ὶίȟὥ  ὙȿὛ ίȟὃ ὥ В ὶВ ὴίȟὶȿίȟὥɴהɴד            3 

ǦȱǠǵ ǦɆǭɎǮȲȱ ǦȞȩɀǪƫä æǖȥǠȮƫä ùȀȞǩĀ-ÞäȀǱâ-ǦȱǠǵ    ǦȱǠƩä Ƃâ üǠȪǪȹɍä ǼȺȝ ǦȞȩɀǪƫä æǖȥǠȮƫä Ăàί    ǦȱǠƩä ȸȵ ăǠȩɎȖȹäί   ǼȞǣ
  ÞäȀǱɋä íǠơäὥ  ȜǣǠǪȱ˨ὶȡה ꜝ  ˨ᴼᴙ  èɎǭ ȼȱ ĂǾȱä çǠȖȅɀȵ    ȰȮȊȱה

ὶίȟὥȟί  ὙȿὛ ίȟὃ ὥȟὛ ί В ὶ
ȟȿȟ

ȿȟɴד          4 

 ĉþâ   ÛɄȪɆȪƩä ȸȵȂȱä ȸȝ ǦɆȺȵȂȱä çäɀȖƪä ƎȞǩ þà æîĀȀȒȱ˨ ȄɆȱ ăɎǮȶȥ ÛþȀȵ Ȱȶȝ îǠȕâ ɀȽ îäȀȪȱä íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝ îǠȕâ
  āɀǪȆȵ ɂȲȝ çäÞäȀǱɋä ȻǾȽ þɀȮǩ þà ȸȮƹ ȬȱǾȭ ÛçäÞäȀǱɋäĀ îäȀȪȱä íǠơä çǠɆȲȶȝ ȸȵ ǦɆȱǠǪǪȵ ǦȲȆȲȅ ȸȝ ƎȞǩ þà ɄȦȮɅĀ

  ǼȾƨ˨ ȴȮǶǪȱä ǦɆȲȶȝ ȰǮȵ ȐȦǺȺȵ(voltage)   åǠȽǾȱäĀ Ǡȵ þǠȮȵ ȸȵ üǠȪǪȹɍä ȰǮȵ ƃǠȝ āɀǪȆȵ ɂȲȝ îäȀȩ Āà ÛǦȝǠȖǪȅɍä Āà
  ȸȵ ȐȦǺȺȵ āɀǪȆƞ ǦȖǤǩȀȵ þɀȮǩ Ǽȩ ǦȦȲǪƯ üǠȮȉд çɍǠƩä ȸȝ ƘǤȞǪȱä ăǠȒɅà ȸȮƹ .Ȁǹß Ƃâɋä  æÞäȀȩ ȸȝ ǰǩǠȺȱä ûäîì



19 
 

 ƎǪȞćɅ ȰɆȭɀȱäĀ ǦǞɆǤȱä ƙǣ ȂɆɆȶǪȲȱ .ǦȥȀȢȱä Ž æìɀǱɀȵ óäȀȡɉ æìǼǂä ùǠȍĀɉä ûäîìǚȭ ƃǠȝ āɀǪȆȵ Āà ÛǠȵ ðǠȆǵ  ɍ ÞɄȉ Ăà
 ăÞȂǱ ȻƘɆȢǩ ȰɆȭɀȲȱ ȸȮƹ   ȼǪǞɆǣ ȸȵȡĀ ÛǤȱǠ ăǠ    ȰɆȲȪȱä ȰɆȭɀȱä ùȀȞɅ ǠȵȄɆȱ ƃǠǪȱ˨Ā ȼǩǖȥǠȮȵ åǠȆƜ ȼȱ ǴȶȆɅ Ǡư ȼǪǞɆǣ ȸȝ    ÞɄȉ Ȱȭ

ȰɆȭɀȲȱ ùĀȀȞȵ Ƙȡ ǦǞɆǤȱä Ž ĉȹà ȸȵ ȴȡȀȱ˨Ā Û  ìǼƠ æǖȥǠȮƫǠȥ Ûȼȱ ǦǤȆȺȱ˨ ɄǱîǠǹ Ʉȉ ǠŒà ĉɍâ æǖȥǠȮƫä ǢȆƷ þà ȰɆȭɀȲȱ ȸȮƹ ȼ
  ƃǠǪȱ˨Ā ȰɆȭɀȱä ȼǱäɀǩ Ɣȱä ǦȶȾƫäþɀȮɅ þà Ǣƶ ÞɄȉ ɄȽ    .ƘɆȢǪȱä ɂȲȝ ȼǩîǼȩ úǠȖȹ éîǠǹÛǦȍɎƪ˨   éîǠǹ ÞɄȉ Ăà þǚȥ  

 ìĀǼǵ ȸȵ ÞȂǱ ɀȽ ǦȪȲȖƫä ȰɆȭɀȱä æȀȖɆȅǦǞɆǤȱä  ȼȹà ȴȡî ȼȥȀȞɅ Ǽȩ  ]92[. 

 .ǼǝǠȞȱäĀ çǔȥǠȮƫä ƙǣ ǦȩɎȞȱä óȀȝ Ƃâ ǦɆȱǠǪȱä æȀȪȦȱä Ž ȰȪǪȺȹ 

-2.3.3  çǔȥǠȮƫä ǼǝǠȞȱäĀ 
  ȸȝ Ʉȑˬî ȰȮȊǣ ƎȞǩ ǦȍǠǹ æîǠȉâ ɄȽ æǖȥǠȮƫä  ȰɆȭɀȱä ùǼȽ Āà óȀȡ ĀȰɆȭɀȱä Ƃâ ǦǞɆǤȱä ȸȵ ȰȪǪȺǩ æɀȖǹ Ȱȭ Ž  Û  ǴȶȆǩ

ф æǖȥǠȮƫä  Ǡȵ üǠȎɅȹ  ȄɆȱĀ ȰɆȭɀȱä Ƃâ ȼȪɆȪƠ ǼɅȀǦȪɅȀȖȱä   ǼɅȀȹ Ɣȱä  ȼȪɆȪƠ  ÛǠŏ   ĉþà ȸȵ ȴȡȀȱä ɂȲȝ    ùäǼȽɉä ǦȡǠɆȍȭ îǠȉǚǦȍǠǹ æ 
  ɂȶȆǩ  .ȜȅäĀ úǠȖȹ ɂȲȝ ȨɆǤȖǪȲȱ ǦȲǣǠȩĀ ǦȹȀȵ ǠŒà ǦɆȲȶȞȱä ǦɆǵǠȺȱä ȸȵ ǨǪǤǭà ǠŒà ɍâ ÛæǼɆȪȵ ĀǼǤǩ Ǽȩ æǖȥǠȮƫäɅĀ  ȰɆȭɀȱä ùǼȾ  Ƃâ

ǠȽǠȪȲǪɅ Ɣȱä æǖȥǠȮƫä ƃǠƤâ æìˬïƂâ ùǼȾɅ ȼȹà Ăà Û    ȴɆȚȞǩ.ȰɅɀȖȱä āǼƫä ɂȲȝ ǦɆȶȭäƕȱä æǖȥǠȮƫä   æǖȥǠȮƫä ȸȝ ƘǤȞǪȱä ȸȮƹ
  Ȝǣ˩ Ǝȝ ǠƬǠȮȉà ȔȆǣà Ž ȰɅɀȖȱä āǼƫä ɂȲȝ ǦɆȶȭäƕȱäȜȩɀǪƫä ǼǝǠȞȱä  (expected return)    öɀȶƭ ȸȝ æîǠǤȝ þɀȮɅ ĂǾȱä

çǔȥǠȮƫä   ȰȮȊȱ˨ ùĉȀȞɅ ɀȽĀ 
Ὃ Ὑ Ὑ Ὑ Ễ Ὑ          5 

  ǬɆǵǩ ƎȞὋ    ȸȝ  ǦȶɆȩ Ā ÛǼǝǠȞȱäὙ    ȸȝ  ǦȶɆȩ Ā ÛæǖȥǠȮƫäὝ  æƘǹɉä ǦɆȺȵȂȱä ǦȚǶȲȱä ɄȽ ĉȀȞɅ Ȁǹß ȰȮȉ ŽĀ Û ɂȲȝ ǼǝǠȞȱä ù
  ȼȹà Ăà ÛǦȎȩǠȺǪƫä ǦɆȲǤȪǪȆƫä çǔȥǠȮƫä öɀȶƭ ȴɆȚȞǩ Ƃâ ɂȞȆɅ ȰɆȭɀȱä þǚȥ ȤɅȀȞǪȱä äǾƬ ăǠȪȥĀĀ ǦȎȩǠȺǪƫä çǔȥǠȮƫä öɀȶƭ ȼȹà

 ÞäȀǱɋä îǠǪǺɆȅὃ ȜȩɀǪƫä ȌȩǠȺǪƫä ǼǝǠȞȱä ȴɆȚȞǩ Ƃâ ɂȞȆɅ ĂǾȱä  ĉȀȞɅ ĂǾȱäȰȮȊȱ˨ ù 
Ὃ Ὑ ‎Ὑ ‎Ὑ Ễ ‎ Ὑ В ‎Ὑ          6 

 ǬɆǵπ ‎ ρ ǦɆȲǤȪǪȆƫä çǔȥǠȮȶȲȱ ǦɆȱǠƩä ǦȶɆȪȱä ȸȝ ƎȞɅĀ ȌȩǠȺǪȱä üǼȞȵ ɀȽ  þɀȮɅ ǠȵǼȺȝĀ Û  ‎ ρ    öɀȶŎä þǚȥ
  ǼǝǠȞȲȱ ɄǝǠŒɎȱäὋ    æǖȥǠȮƫä ǦȶɆȩ þà îǠǤǪȝä ɂȲȝ æìǼƮ ǦȶɆȩ ȼȱὙ    .æìĀǼƮ Ā  þɀȮɅ ǠȵǼȺȝ‎ π    ȰɆȭɀȱä þɀȮɅ āǼƫä ƘȎȩ 

   æǖȥǠȮƫä ȴȚȞɅ ĂǾȱä ÞäȀǱɋä îǠɆǪǹä üɎǹ ȸȵ ǼǝǠȞȱä ȴɆȚȞǩ ȴǪɅĀ ȔȪȥ æȀȉǠǤƫä çǔȥǠȮƫ˨ ȔȪȥ ȴǪȾɅĀὙ Û Ɣȱä ǦȱǠƩä Ž ýà  
þɀȮɅ   ǠȾɆȥ  ‎ ρ    ǼǝǠȞȱä ȔǤǩȀɅĀ ÛȀȚȹ ǼȞǣ ȀǮȭà ȰɆȭɀȱä ǴǤȎɅ  ȐȞǤȱä ȼȒȞǤǣ  ǦȶȾȵ ǦȪɅȀȖǣ ǦȺȵïɉä ȸȵ ǦɆȱǠǪǪȵ ǦȲȆȲȅ üɎǹ

ïȂȞƫä ȴȲȞǪȱä çǠɆȵïîäɀƪ   ƃǠǪȱǠȭ 
Ὃ Ὑ ‎Ὑ ‎Ὑ ‎Ὑ Ễ 
Ὑ ‎Ὑ ‎Ὑ ‎Ὑ Ễ  

Ὑ ‎Ὃ           7 
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ȀȚȺȱä ȸȮƹ   ăǠȒɅà    ȌȩǠȺǪȱä üǼȞȵ Ƃâ‎    .ȰɆȭɀȱä ȻǾǺǪɅ ĂǾȱä ƃǠƩä ÞäȀǱɋ˨ ǦɆȲǤȪǪȆƫä çǔȥǠȮƫä Ȁǭе āǼȵ ȼȹà ɂȲȝ ȘǵɎȹĀ
  ȼȹà  þɀȮɅ ǠȵǼȺȝπ ‎ ρ    ȸȵȂȱä þǠȭ ɀȱ Ɠǵ  ὝᴼЊ     þǚȥὋ    ĉþà ǠƫǠȕ ăäìĀǼƮ üäȂɅɍὙ    ǦȱǠƩä Ž ȸȮȱ ÛæìĀǼƮ

  ǠȾɆȥ þɀȮɅ Ɣȱä‎ ρ    ȸȵȂȱä þɀȮɅ þà ǢƶὝ   ąȼǪȺȵ ìǼȝ ɂȲȝ ȀǭǘɅ ǾǺǪƫä ÞäȀǱɋä þà Ăà ÛìĀǼƮ    çǔȥǠȮƫä ȸȵǦɆȲǤȪǪȆƫä 
]92[.   

-3.3.3 ǦȅǠɆȆȱä üäĀì  ĀǦȶɆȪȱä 
ȻǾǺǪɅ ĂǾȱä ÞäȀǱɋä æìɀǱ ǼɅǼƠ Ƃâ ȰɆȭɀȱä éǠǪƷ    ǦȺɆȞȵ ǦȱǠǵ Ž  þǠȭ äíâ ǠȶɆȥ ùȀȞɆȱ Ā Ûɍ Āà ǢȅǠȺȵ ȻǾơä ĂǾȱä ÞäȀǱɋä  ȴǪɅ

  åǠȆǵ ȨɅȀȕ ȸȝǦȶɆȪȱä Ǧȱäì  Û ĀǪǩǠȺȽ æìɀƨä ìǼǶ  ȴɆɆȪǪǣ   ĂǾȱä ǼǝǠȞȱä  ȼȞȩɀǩ ȸȮƹ  Ûȥ ǠȾɆȲȝ üɀȎƩä ȰɆȭɀȱä ȜȩɀǪɅ Ɣȱä çǔȥǠȮƫǠ
ȰǤȪǪȆƫä Ž  ǼȶǪȞǩ  ǠȽǾǺǪɆȅ Ɣȱä çäÞäȀǱɋä ɂȲȝÛ    ȤɅȀȞǩ ȴǪɅ Ȭȱí ɂȲȝ ÞǠȺǣĀǦȱäì  ˨ ǦȶɆȪȱä  ɂȲȝ ìǠȶǪȝɍ  ǦȺɆȞȵ úȀȕ íǠơɍ
çäÞäȀǱɋä  ǠȅǠɆȆȱä ɂȶȆǩç.      ùȀȞǩǦȅǠɆȆȱä  ǠŒà ɂȲȝ    çɍǠȶǪǵä Ƃâ çɍǠƩä ȸȵ ǦȲǣǠȪȵ ǦɆȲȶȝɋä ÞäȀǱÛçä   ȰɆȭɀȱä þǠȭ äíǚȥ
ǦȅǠɆȆȱä ȜǤǪɅ  “   ǦȚǶȲȱä Žὸ  ƎȞɅ ăǾǝǼȺȝ“ὥȿί   ÞäȀǱɋä íǠơä üǠȶǪǵä ȸȝὃ ὥ  ǦȱǠƩä Ž  Ὓ ί  þǚȥ ƃǠǪȱ˨Ā Û
“ὥȿί   çäÞäȀǱɌȱ ƃǠȶǪǵä ȜɅïɀǩ ɀȽὥᶰὃ   ȸȵà  çɍǠƩä ȜɆƤ ȰǱίɴ Ā ÛƷìǼ  ȰɆȭɀȱä  ȅǠɆȅ ƘɆȢǩ ǦɆȦɆȭȼǪ    ǦǲɆǪȹ ה
ȼǪǣȀǲǪȱ  ýäǼǺǪȅ˨ ȂȞƫä ȴȲȞǪȱä ǢɆȱǠȅàï  ]92[ . 

 Āǩ ĉȀȞ  ùǦȱäì    ǦȱǠǶȲȱ ǦȶɆȪȱäίɴ ǦȅǠɆȆȱä öǠǤǩä ǼȺȝ“  (state-value function for policy)   ǠȵǼȺȝ ȜȩɀǪƫä ǼǝǠȞȱä ȼȹд    ה
ȴȲȞǪȱä ȰɆȭɀȱä àǼǤɅ   ǦȱǠƩä Žί ȜǤǪɅĀ   ǦȅǠɆȆȱä“   ȰȮȊȱ˨ ùȀȞɅĀ Ȭȱí ǼȞǣ 

ὠ“ί “ὋȿὛ ί “В ‎Ὑ ȿὛ ί          8    
 ĉȀȞǩ ǦȪɅȀȖȱä ȄȦȺǣĀ  ÞäȀǱɋä íǠơä ǦȶɆȩ ùὥ    ǦȅǠɆȆȱä öǠǤǩä ǼȺȝ“ (action-value function for policy “)    ȼȹд
ǦȱǠƩä ȸȵ ȜȩɀǪƫä ǼǝǠȞȱä Ó   ÞäȀǱɋä íǠơäĀὥ ǦȅǠɆȆȱä öǠǤǩä Ȭȱí ǼȞǣĀ  “ 

ή“ίȟὥ “ὋȿὛ ίȟὃ ὥ “В ‎Ὑ ȿὛ ίȟὃ ὥ          9 
ȸȮƹ    ƙȞǣǠǪȱä åǠȆǵὺ“ί    Āή“ίȟὥ    ǦǣȀǲǪȱä üɎǹ ȸȵǨȹɀȵ ǦȪɅȀȕ ýäǼǺǪȅ˨-  ɀȱîǠȭ(Monte-Carlo)Û    ȸȵĀ

ȱ ǦɆȅǠȅɉä ȌǝǠȎƪä ȴȽàǦȱäǼ    ǦɅìɀȞȱä ɄȽ ïȂȞƫä ȴȲȞǪȱä Ž ǠȾȺȵ æìǠȦǪȅɍä ȴǪɅ Ɣȱä ǦȶɆȪȱä(recursive)Û  ǨȹǠȭ ǠȶȾȶȥ    ǦȅǠɆȆȱä
ʌ   ǦȱǠƩäĀί  ɀȮɅþ 

ὺ“ί “ὋȿὛ ί 
“Ὑ ‎Ὃ ȿὛ ί 

В“ὥȿίВ Вὴίȟὶȿίȟὥ ὶ ‎“Ὃ ȿὛ ί   
В“ὥȿίВ ὴίȟὶȿίȟὥ ὶ ‎ὺ“ίȟ           10 
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  ǦȱìǠȞƫä ɂȶȆǩ  æƘǹɉä  ǦȱìǠȞƞ ǦȪǣǠȆȱä"þǠȶȲɆǣ"    Ǧȱäì ȸȝ ƎȞǩ ɄȽĀȱä  ǦȶɆȪǦȪɅȀȖǣ  ǦɅîäȀȮǩ ɅĀþɀȮ  ὺ“    ǦȱìǠȞƫ ăäǼɆǵĀ ăɎǵ
"þǠȶȲɆǣ." 

 ĉþâ    Ɣȱä ǦȅǠɆȆȱä  ȨȪƠ  ɂȶȚȞȱä ǦȶɆȪȱä  ǦȶɆȪȱä ǦȱäǼȱ  ÛɂȲǮƫä ǦȅǠɆȆȱ˨ ɂȶȆǩ  ǠȾȞɆƤĀ ɂȲǮȵ ǦȅǠɆȅ ȸȵ ȀǮȭà ǼǱɀɅ þà ȸȮƹĀ
Ȫȱä ȄȦȹ ɄȖȞǩɆǦȶ Ƭ ȂȵȀȹĀǠ  ὺz ί   Ā ĂĀǠȆǩ ǠȾǪȶɆȩ   

ὺz ί άὥὼ
“
ὺ“ί          11 

 ǦȶɆȩ ǦȱäǼȱ ǦȶɆȪȱä ȄȦȹ ȨȪƠ ɂȲǮƫä çǠȅǠɆȆȱä ȜɆƤ ȬȱǾȭĀ ăˬà ÞäȀǱɋä   þǠȭίɴ  Āὥᶰὃί   ɄȽĀ   ה
ήz ίȟὥ άὥὼ

“
ή“ίȟὥ          12 

 Ā  ȰǱà ȸȵȱä ǦȱǠǵ) éĀȂÛ   ɋä íǠơɍ ȜȩɀǪƫä ǼǝǠȞȱä þɀȮɅ (ÞäȀǱâ  ÞäȀǱὥ    ǦȱǠƩä Žί    Ȭȱí ǼȞǣĀ  ǦȅǠɆȆȱä öǠǤǩäɂȲǮƫä    ɀȽ Ǡȶȭ
ǦɆȱǠǪȱä ǦȩɎȞȱä Ž Ǵȑɀȵ     

ήz ίȟὥ  Ὑ ‎ὺz Ὓ ȿὛ ίȟὃ ὥ          13 
  ǦȢɆȎȱ˨ ǦɆȲǮȵɉä "þǠȶȲɆǣ" ǦȱìǠȞȵ ǦǣǠǪȭ ȸȮƹ ǠȽǼȺȝĀ 

ὺz ί άὥὼ
ᶰꜝ

ή“z ίȟὥ 

άὥὼ“z ὋȿὛ ίȟὃ ὥ 

άὥὼ“z Ὑ ‎Ὃ ȿὛ ίȟὃ ὥ 

άὥὼ“z Ὑ ‎ὺz Ὓ ȿὛ ίȟὃ ὥ 

άὥὼВ ὴίȟὶȿίȟὥ ὶ ‎ὺz ίȟ           14 

  ƙǪȩɎȞȱä ƎȞǩ13  Ā14    ǦȱäǼȱ ǦɆȲǮȵɉä þǠȶȲɆǣ ǦȱìǠȞƫ ƙȦȲǪƯ ƙȲȮȉ ȸȝὺz    ȜǣǠǪȲȱ ǦɆȲǮȵɉä þǠȶȲɆǣ ǦȱìǠȞȵ þɀȮǩĀήz   ȸȵ
 ȰȮȊȱä 

ήz ίȟὥ  Ὑ ‎ ήz Ὓ ȟὥȿὛ ίȟὃ ὥ 

В ὴίȟὶȿίȟὥ ὶ ‎άὥὼ ήz ίȟὥȟ           15 
 îäȀȪȱä íǠơɍ æìĀǼǂä ùɀȭîǠȵ çǠɆȲȶȝ Žƫ þɀȮɅ ɂȲǮƫä "þǠȶȲɆǣ" ǦȱìǠȞ ÛǼɆǵĀ Ȱǵ þǠȶȲɆǣ ǦȱìǠȞȵ ƎȞǩ ǬɆǵ ȸȵ Ǧȝɀȶƭ ȸȝ

  ǠȺɅǼȱ þǠȭ äíǚȥ çɍǠƩä ȸȝ ǰǪȺǩ Ɣȱä çɍìǠȞƫäὲ  ǠȺɅǼȱ þɀȮɆȥ ǦȱǠǵ   ąǾǝǼȺȝ  ὲ   Ā ǦȱìǠȞȵ ὲ  .üɀȾƭ   Ȝǣ˩ þɀȮɅ ǠȵǼȺȝĀ
ɆȵǠȺɅìɆȮ  ǦǞɆǤȱä çǠὴ  ȥĀȀȞȵ ăǠ  ȰǶȲȱ ǦȲǣǠȩ çɍìǠȞƫä þɀȮǩÛ    ƃǠǪȱ˨Ā  ǦȱǠǶȲȱ ɂȲǮƫä ǦȶɆȪȱä ɂȲȝ üɀȎƩä ǼȺȝὺz   ìǠƶâ ȸȮƹ

ɂȲǮƫä ǦȅǠɆȆȱä ȰɆȭɀȲȱ. 
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-4.3 ǦɆǝäɀȊȞȱä åǠȞȱɉä 
  ǦɆǝäɀȊȞȱä åǠȞȱɉä ȰǮƢ(stochastic games)  Ǳíɀƴ ăǠ    .ƙǤȝɎȱä ûɀȲȆȱ ăǦǣǠǲǪȅä ǦǞɆǤȱä ǠȾɆȥ ƘȢǪǩ Ɣȱä ǦɆȮɆȵǠȺɅǼȱä çɎȝǠȦǪȲȱ

 ĀȤȎɅ  "ɄȲǣǠȉ "  (Shaply)   ǦɆȱǠǪȱä çǠȶȲȮȱ˨ ǦɆǝäɀȊȞȱä ǦǤȞȲȱä  Ƃâ Ȝȑɀȵ ȸȵ çäɀȖƝ ǢȞȲȱä ȀȶǪȆɅ ÛǦɆǝäɀȊȞȱä ǦǤȞȲȱä Ž" Û
 ăǠȪȥĀ ÛȀǹß   "ûƕȊȵ ȰȮȊǣ þǠǤȝɎȱä ǠȾɆȥ ȴȮǶǪɅ Ɣȱä üǠȪǪȹɍä çɍǠȶǪǵɍ  ]93 [.  ćǩ  ǢȞȲȱä  ǦǤȞȲȱä  ȸȵ Ǧȝɀȶƭ ȰǤȩ ȸȵ ǦɆǝäɀȊȞ
  ÛƙǤȝɎȱä  ǦȲǵȀȵ Ȱȭ ŽþɀȮǩ  ȱäǦǤȞȲ  ǦȺɆȞȵ ǦȱǠǵ Ž   ȸȵ Ǧȝɀȶƭ ȸȵ ăÞäȀǱâ Ǣȝɍ Ȱȭ îǠǪƸ ÛçɍǠƩä ȸȵ Ǧȝɀȶƭ ȸȵ æíɀǹǖȵ

ǦǵǠǪƫä çäÞäȀǱɋä  ȼȱ  ǦȱǠƩä ȻǾȽ ŽþɀǤȝɎȱä ǠȽîǠǪƸ Ɣȱä çäÞäȀǱɋä Ǧȝɀȶƭ ìǼƠ .    Ž  ǦɆȱǠƩä ǦȱǠƩäƫäæǖȥǠȮ  ǦɅîɀȦȱä   ǠȽǠȪȲǪɅ Ɣȱä
  Ǣȝɍ ȰȭäĀ  Ɣȱä æǼɅǼƨä ǦȱǠƩ  Ǡȵ äǾȽĀ ÛǦǤȞȲȱä ǠȾɆȱâ ȰȪǪȺǪȅɂȲȝ ȀǭǘɅ  Ǣȝɍ Ȱȭ ǠȽǠȪȲǪɅ Ɣȱä ǦɆȲǤȪǪȆƫä çǔȥǠȮƫä .    ȬȱǾȱ
îǠǪƸ ǠȵǼȺȝ    Ǣȝɍ Ȱȭä  ȼɆȲȞȥ ȼǣ ýɀȪɆȅ ĂǾȱä ÞäȀǱɋƙǣ þïäɀɅ þà  ɆȲǤȪǪȆƫäĀ ǦɅîɀȦȱä çǔȥǠȮƫäǦ  Û æìɀǱɀƫä ǦȲȮȊƫä ȄȦȹ ɄȽĀ

Ž ɍâ îäȀȪȱä íǠơɍ ùɀȭîǠȵ çǠɆȲȶȝ     ƙɆȥǠȑâ ƙǤȝɍ ìɀǱĀ þà ȴőǔȥǠȮȵ ȴɆȚȞǩ ɀȽĀ ùǼƬä ȄȦȹ Ƃâ þɀȞȆɅ    ǼɆȪȞǩ ȸȵ ǼɅȂɅ
Ȥȩɀƫä ȰɆȲƠȅɀǩ ǦɆǝäɀȊȞȱä åǠȞȱɉä ȰȮȊǩ ǦȪɆȪƩä Ž .ɆíǠơɍ ùɀȭîǠȵ çǠɆȲȶȞȱ ăǠȞ    ĂɀǪƠ Ɣȱä ǦɆȆȥǠȺǪȱä Ȥȩäɀƫä ȰȶȊɆȱ îäȀȪȱä
 ȸȵ ȀǮȭà ɂȲȝǢȝɍ .ǼǵäĀ  ȼǪȩîĀ Ž "ɄȲǣǠȉ" óƕȦɅ ǦɆǮǶǤȱä ĉþà  ɂȲȝ ĂɀǪƠ ǦǤȞȲȱä Ā ÛçɍǠƩä ȸȵ æìĀǼƮ Ǧȝɀȶƭ  Ȱȭ ĂɀǪƠ
  ɂȲȝ ǦȱǠǵǦȱǠǵ Ȱȭ Ž Ǣȝɍ ȰȮȱ ǦȲȶǪǂä çäÞäȀǱɋä ȸȵ æìĀǼƮ Ǧȝɀȶƭ  . ǬɆƜ ÛǦɅȀȦȎȱä ǦȲȎǂä çäí åǠȞȱɉä ȼǪȩîĀ üĀǠȺǪǩ

  ǢȝɎȱä Ǵǣî þɀȮɅüĀɉä   ăǠȶǝäì  ăˬĀǠȆȵ    ǢȝɎȱä æîǠȆƪ ƆǠǮȱä .  ǠǮƫä üĀɉä ǢȝɎȱä ǦɆǲɆǩäƕȅä þâ Ž ǦɆȱ    çäí ǦǤȞȲȱä öɀȶŎä  
  þà ȸȶȒǩ ĂȀȦȎȱäæǖȥǠȮƫä  ɆȱǠƤɋäǦ  ȞȩɀǪƫäǦ    ɍ Ǩȩɀȱä îĀȀȵ Ȝȵǩ  ȸȝ ȰȪὺ  ǢȝɎȱä ǠȾȞǤǪɅ Ɣȱä ǦɆǲɆǩäƕȅɋä ȸȝ ȀȚȺȱä ȐȢǣ Û

ƆǠǮȱä.  ɂȲȝ ǦɆȍǠƪä ȻǾȽ ȨǤȖȺǩ   ä  ƆǠǮȱä ǢȝɎȱ ăǠȒɅàÛ   Ăà    ɂȪǤǩƪä ȻǾȽǠǦȪȪƮ ǦɆȍ  ǼȺȝǠȵ  ɅüìǠǤǪ  ƙǤȝɎȱä   îäĀìàǠƵ.    ɄȲǣǠȉ ǨǤǭà
  ìɀǱĀ  ȻǾȽ ȀȚȹ ǦȶɆȪȱä ăä    þɉçäƘȢǪƫä    ÛǨȩɀȱä ȸȝ ǦȲȪǪȆȵ ǦǤȞȲȱä ìǼƠ Ɣȱä Ăà  þà  ǱäɀɅ ĂǾȱä ȤȩɀƫäȾ  þɀǤȝɎȱä ȼ  ǦǤȞȲȱä ǨȹǠȭ äíâ
 Ž ĂǾȱä Ȥȩɀƫä ȄȦȹ ɀȽ ǦȺɆȞȵ ǦȱǠǵ ɀɅäȼȹɀȾǱ  ăɎǤȪǪȆȵ  ȄȦȹ Ž  .ǦȱǠƩä 

-5.3 ǦƢǠƪä 

  Ǧȱɇä ȴȲȞǩ çǠɆȺȪǩ Ǽǵà ɀȽ ïȂȞƫä ȴȲȞǪȱä  ǬɆǵ  ȰȒȥà ùǠȊǪȭɍ ǦȖɆǂä ȼǪǞɆǣ Ȝȵ ȰȝǠȦǪȱä ȨɅȀȕ ȸȝ ȴȲȞǪȱ˨ ȰɆȭɀȲȱ ǴȶȆɅ
äÞäȀǱɋäç    ȰȒȥà ȼȱ ȨȪƠ Ɣȱä ǦȺȮȶƫäǼǝǠȝ  ăǠȦɅȀȞǩ ȰȎȦȱä äǾȽ Ž ǠȺȵǼȩ .ȱ  ȴȲȞǪȱä ȸȵ öɀȺȱä äǾƬ ɄȑˬȀȱä îǠȕɋäĀ ïȂȞƫä ȴȲȞǪȲ

  çǠɆȲȶȞǣ ăɎǮȶǪȵ  Ž Ǣȝɍ ȸȵ ȀǮȭà ìɀǱĀ ǼȺȝ îǠȕɋä äǾƬ ăǠȞɆȅɀǩ ǼȞǩ Ɣȱä ǦɆǝäɀȊȞȱä åǠȞȱɉäĀ ÛîäȀȪȱä íǠơɍ æìĀǼǂä ùɀȭîǠȵ
  ɂȞȆɅ Ʉȭí ñɀȊȵ ýɀǲƬ óȀȞǪǩ Ɣȱä Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȊȱ êƕȪƫä ɀɅîǠȺɆȆȱä óȀȞȱ ƃǠǪȱä ȰȎȦȱä Ž ȰȪǪȺȺȅ .ȴȲȞǪȱä ǦɆȲȶȝ

ȶȺǣ ýɀȪȹ ȼɆȥĀ ÛǦȮǤȊȱ˨ îȀȑ Ǝȭà úǠƩɋɄȭǾȱä ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠƵ ƙǤȝɍ ȸȵ þɀȮǪɅ ĂǾȱä ýǠȚȺȱä ǦǱǾ   ýäǼǺǪȅ˨
ȰȎȦȱä äǾȽ Ž ǠȾȑȀȝ āȀǱ Ɣȱä çäĀìɉä. 
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 ȜǣäȀȱä ȰȎȦȱä 

 ǦǱǾƴǦȮǤȊȱä 
ȰȎȦȱä äǾȽ Ž óȀȞȹ    Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȊȱ ȸɅɀɅîǠȺɆȅŽ  ǦɆǝäǼȝ ǦǞɆǣ    ǠȾɆȥ óȀȞǪɅþɀȵǼǺǪȆƫä  þɀɅɀȹǠǮȱä  ȱȈɅɀȊǪȲ  ǼȶȞǪƫä Û

  êƕȪƫä ɀɅîǠȺɆȆȱä ǦǱǾȶȺǣ ýɀȪȹȴȎƪä ûɀȲȅĀ ǦǞɆǤȱ˨ ǦȲȵǠȮȱä ǦȥȀȞƫä þĀì.    ƙǣ ǦǤȞȲȱä ȴɆȶȎǩ Ź çǠȉɀȊƫäĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä
à ɂȲȝ.ǦɆǝäɀȊȝ ǦǤȞȱ ǠŒ  ǠȺȶȩ üĀɉä ɀɅîǠȺɆȆȱä Ž   ǣ  ǦȡǠɆȎȜǣ˩    Ǿǹɉä Ȝȵ æǖȥǠȮƫä˨  îǠǤǪȝɍǦɆȱǠȞȥ Ǵǣî  ǦȩǠȖȱä ûɎȾǪȅäĀ ȤɆȖȱä  .

  ƆǠǮȱä ɀɅîǠȺɆȆȱä Ž ǠȵàǦȡǠɆȍ çȀǱ   .æǠȺȪȱä ǦȞȆȱ "þɀȹǠȉ" ȤɅȀȞǩ ɂȲȝ ìǠȶǪȝɍ˨ æǖȥǠȮƫä   ȀȚȹ ăä    Ž ƙǤȝɎȱ ǦȆȭǠȞǪƫä ùäǼȽɊȱ
  ɀɅîǠȺɆȅ Ȱȭ ĉþǚȥ  ɅɀȊǪȱä æȂȾǱà æǖȥǠȮȵ  Ȉ ǦȆȭǠȞȵ æîǠȉф ȸȮȱĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä æǖȥǠȮƫ ǦɅĀǠȆȵ þɀȮǩ Ā Û  ǠȺȶȩ ȬȱǾȱ

ǣ ĉȹà ɂȲȝ ǠȶȾȺɆǣ ȰȝǠȦǪȱä ȴɆȶȎǪ  ǦǤȞȱ ȼ.ȀȦȍ ǠȾǪȲȎƮ    ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹ ǠȺȵǼǺǪȅäminimax-Q   Ǣȝɍ Ȱȭ ɂȞȆɅ ǬɆǵ
ɅìȀȦȱä çǔȥǠȮƫä ȸȵ îǼȩ ɂȎȩà ȨɆȪǶǪȱǦ . 

-1.4 ɉä ɀɅîǠȺɆȆȱäüĀ 
  ǴȶȆǩ Ɣȱä Ʉȭäîìɋä ɀɅìäȀȱä çǠɆȺȪǪǣ ȸɅȂȾŎä ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȸȵ Ǧȝɀȶƭ ȸȵ ǦȹɀȮȵ Ʉȭäîìâ ɀɅìäî ǦȮǤȉ ìɀǱĀ óƕȦȹ

ƃĀɉä ýǼǺǪȆƫä åǠɆȡ ǼȺȝ ȤɆȖȱä ȸȵ æìǠȦǪȅɍ˨ ȴƬ  ÛǦȮǤȊȱä ȻǾȽ Ž .ǦɅǼȝǠȩ ǦȖƮ ƂɀǪǩ   ȨɆȆȺǩ ǦɆȲȶȝíǠȦȹ    ƙȵǼǺǪȆƫä
ȴȾȺɆǣ ȰǹäǼǪȱä ǢȺǲǪȱ ȤɆȖȱä Ƃâ ƙɅɀȹǠǮȱä Ā Û  ȨɆȆȺǩ ȴǪɅ íǠȦȹ  ȴȮǶǪȲȱ ǦȍǠǹ çäɀȺȩ Ǝȝ ȤɆȖȱä Ƃâ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä.  

  ƃǠǪȱ˨Ā ÛȴȮǶǪȱä çǠȵɀȲȞȵ ȄȦȹ ȰȪȺǩ ǠȾȞɆƤĀ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȮƠ æǠȺȩ ȸȵ ȀǮȭà ȌȎơ þà ȸȮƹ ǦɆȩɀǭɀƫä æìˬȂȱ  þǚȥ
 Ž üǠȎǩɍä ȨɆȆȺǪȱ ɄȦȮɅ æǼǵäĀ æǠȺȩ Ǝȝ ǴɆǶȍ ȰȮȊǣ çǠȵɀȲȞƫä ȻǾȽ üɀȍĀ  .ç˫ǠɆǤȱä ȰȪȺǣ āȀǹà çäɀȺȩ ýɀȪǩ ƙǵ 

  ăǠɆȺȵï ȴȆȪȵ ýǠȚȺȱä ĉþà óƕȦȹ(time-slotted)    ýǼǺǪȆƫä ìɀǱɀȱ ȄȆǶǪȱ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä ýɀȪɅ Ɨȵï ȂɆǵ Ȱȭ ǦɅäǼǣ ǼȺȝĀ
 Ā ÛǠȽƘȡ Āà ǦȩǠȖȱä ȤȊȭ ȰǮȵ ǦǵǠǪƫä çǠɆȺȪǪȱä āǼǵâ ýäǼǺǪȅ˨ ƃĀɉä  þɀȮɅ ɀȽ ǦȚƩ Ȱȭ Ž ǦǵǠǪƫä çäɀȺȪȱä ìǼȝὔ  ȴǪŒ .

 ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮƹ ƃǠǪȱ˨Ā ÛƃǠǮȵ ȰȮȊǣ ȴǪǩ ȄȆǶǪȱä ǦɆȲȶȝ ĉþà óƕȦȹ ȬȱǾȱ ȈɅɀȊǪȱä ǦǶȥǠȮƞ ǦǵĀȀȕɉä ȻǾȽ Ž
  ÞǠɆȭíɉä ƙƤǠȾƫä ȸȵ Ǧȝɀȶƭ öïɀǪɅ .üǠȅîɌȱ ǦǵǠǪƫä òȀȦȱä ȜɆƤ ȸȵ æìǠȦǪȅɍä  ǦɅɀɅìäî çäîǼȪǣ þĀȂȾŎäǦɆȭäîìâ   ìĀǼƮ ìǼȝĀ

çǠɆǝäɀƬä ȸȵ   þɀȵɀȪɅĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä æîǠȉâĀ ƃĀɉä ýǼǺǪȆƫä æîǠȉâ ƙǣ ȂɆɆȶǪȱä þɀƤǠȾƫä ȜɆȖǪȆɅ ÛǦȮǤȊȱä Ȱȶȝ ǦȪȖȺȵ Ž
ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȸȝ ǦȵǼƪä ȜȺȵ ùǼŏ ǦɅɀȹǠǮȱä ǦȮǤȊȱä ɂȲȝ ȈɅɀȊǪȱ˨  [28,94]    ƙȵǼǺǪȆƫä ɂȲȝ ȈɅɀȊǪȱ˨ þɀȵɀȪɅ ɍĀ

ȱä ǦɆȲȶȝ èǼƠ .ƙɆȱĀɉä  ȈɅɀȊǪ  ɂȲȝ ȻǾȽ  ȸȪǵ ȨɅȀȕ ȸȝ çäɀȺȪȱäȵǼǺǪȆƫä ǠȽƎȝ ȰȅȀɅ Ɣȱä çäɀȺȪȱä ȄȦȹ ɂȲȝ ǦȝǠȖǪȅɍäþɀ 
ɅɀȹǠǮȱäþɀ  Ûư  ǦǤȆȹ ȸȵ ȰȲȪɅ Ǡ(SINR)  äǾȽĀ  ƹ  ȜȺ  üɎȢǪȅä òȀȥ ȸȵ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫäȤɆȖȱä  ǦȝǠȖǪȅɍä ĉþà óƕȦȹ .
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  Ž çäɀȺȪȱä ȜɆƤ ɂȲȝ ȈɅɀȊǪȱä ȴǱǠȾƫä ȜɆȖǪȆɅ ɍ çǠɆǝäɀƬä ìǼȝ ǦɅìĀǼƮ ǢǤȆǣĀ ÛæǠȺȪȱä Ǝȝ üǠȎǩɍä ȜȖȪȱ ǦɆȥǠȭ ǦȹɀȪǂä
 .ǦȚǶȲȱä ȄȦȹ 

 

 ȰȮȊȱä2 :Ȇȱä Ɇ êƕȪƫä ɀɅîǠȺ 

  ǴȑɀɅ  ȰȮȊȱä2    Ž êƕȪƫä ɀɅîǠȺɆȆȱäǦɆȺȵï ǦȚƩ  ὸ  ǬɆǵ Û  ǼǱɀɅ8   ƙȵǼǺǪȆƫä ȰǤȩ ȸȵ ǠȾȵäǼǺǪȅä ȴǪɅ ɍ ǦɆȱǠǮȵ çäɀȺȩ
ƙɆȱĀɉä Ā ÛɅ îȀȪ    ýǼǺǪȆƫä ĂɀȹǠǮȱä  SU1    üǠȅîâȼǣ ǦȍǠƪä ç˫ǠɆǤȱä Ā Û Ƹ Ā ȴȮƠ źǠȺȩ ȌȎȜǣîà   ƙǩǠȺȩ ûȀǩ Ȝȵ ç˫ǠɆǣ çäɀȺȩ  
ȲȵǠǹǪ  ȴǱǠȾƫä ýǼǺǪȆɅ Ûƙ*ρ  ȰȵǠȭ    ɂȲȝ ȈɅɀȊǪȲȱ ȼǩǠɆȹǠȮȵâSU1  ȴǱǠȾɆȥ Û4   æǼǵäĀ ȴȮƠ æǠȺȩ ȰɆȖȞǩ Ž ǴǲȺɅĀ çäɀȺȩ

ç˫ǠɆǣ źǠȺȩĀ.   ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ǦɆǲɆǩäƕȅä ǦɆȱǠǪȱä æȀȪȦȱä Ž ǴȑɀȹĀ ÛæȀȪȦȱä äǾȽ Ž êƕȪƫä ɀɅîǠȺɆȆȱä ǠȺǵȀȉ Ǽȩ þɀȮȹ äǾȮȽĀ
ƫäĀçǠȉɀȊ. 

-1.1.4  Ā ȈɅɀȊǪȱä ȈɅɀȊǪȱä ǦǶȥǠȮȵ 
  ȰȢǪȆɅ ĂɀȹǠǮȱä ýǼǺǪȆƫä  Ʈ çäɀȺȩ îǠǪƸĀ ǦǵǠǪƫä çäɀȺȪȱäæìǼ  .ȴȮǶǪȲȱ āȀǹà çäɀȺȩĀ ç˫ǠɆǤȱä ȰǝǠȅȀȱ   ĉþâ Ȝȩäɀȱä Ž    ȌɆȎơ

  ȰȮȊǣ çäɀȺȪȱä ȻǾȽ  Ǩǣ˪ǦȾǱäɀƫ ǦɆȲȶȞȱä ǦɆǵǠȺȱä ȸȵ ǼɆȦȵ Ƙȡ  ȈɅɀȊǪȱä æȂȾǱà    ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǦǤȆȺȱ˨  ǨȺȮƢ äíâ
  çǠȉɀȊƫä ȻǾȽ  ȴȮǶǪȱäĀ ç˫ǠɆǤȱä çäɀȺȩ ƙǣ ȂɆɆȶǪȱä ȸȵ[65,95]  .ȹɉȼ  ǦȱǠƩä ȻǾȽ Ž    ȸȮƹ  ȤɆɆȮǩ ȈɅɀȊǪȱä æȂȾǱɉ
 ǠȾǪɆǲɆǩäƕȅä  ȸȵ Ȱȩà çäɀȺȪȱä ȻǾȽ ìǼȝ þɀȮɅ ǠȵǼȺȞȥ ÛĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȵǼǺǪȆɅ Ɣȱä ȴȮǶǪȱä çäɀȺȩ ǦƤǠȾƫὔ  ȸȮȶǪɆȅ

çäɀȺȩ ȜɆƤ ɂȲȝ ȈɅɀȊǪȱä ȸȵ ñɀȊƫä    ȴȮǶǪȱä ìǼȝ þɀȮɅ ǠȵǼȺȝ .üǠȎǩɍä ÞǠȊȹâ ȸȵ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȜȺȵ ƃǠǪȱ˨Ā
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  ȴȮǶǪȱä çäɀȺȩ  ȸȵ Ǝȭàὔ  ÛȸȮȶƫä Ƙȡ ȸȵ  ƨ  ȈɅɀȊǪȱä ïǠȾ  þà ǠȺȑƕȥä ǠȺȹɉ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȮǶǪȱä çäɀȺȩ ȜɆƤ ȰɆȖȞǩ
  ȰǝǠȅî ȄȦȹ ȰȪȺǩ ȴȮǶǪȱä çäɀȺȩ ȜɆƤ  ìɀǱĀ ƃǠǪȱ˨Ā ȴȮǶǪȱä  Ƙȡ æǼǵäĀ ȴȮƠ æǠȺȩɄȦȮɅ ǦȉɀȊȵ  üǠȎǩɍä ɂȲȝ õǠȦǶȲȱ .  

ä ùǼŏ ȜǤȖȱ˨ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮư îȀȑ Ǝȭд ǢǤȆǪȱ  þɀȮǩ  ɍä  ǦɆȱǠȞȥ ȀǮȭɉä ǦɆǲɆǩäƕȅ  ñɀȊȶȲȱ  ɄȽ ǦƤǠȾȵ    çäɀȺȩ
  .ç˫ǠɆǤȱä  ǦɆǲɆǩäƕȅä ȜǤǪɅ ĉɍà ĂɀȹǠǮȱä ýǼǺǪȆƫä ɂȲȝ Ǣƶ ǦȮǤȊȲȱ îȀȑ Ǝȭà ȨɆȪƠ ȸȵ ȼȞȺȵĀ ñɀȊƫä ȻǾȽ ǦȾǱäɀƫ  ȌɆȎǶǪȱä

ȱäȱ ǨǣǠǮȲ ĂɀȹǠǮȱä ýǼǺǪȆƫä ýɀȪɅ ȬȱǾȱ .çäɀȺȪ  ǦɆȺȪǩ ȤɆșɀǪǣ  ȱäììƕȱä ȂȦȪ  Ȝȵ Ăâ  ç˫ǠɆǣ æǠȺȪȭ ǠȾȆȦȹ æǠȺȪȱä ýäǼǺǪȅä ǦɆȹǠȮȵ
  ĂɀȹǠǮȱä ýǼǺǪȆƫä ȜɆȖǪȆɅ äǾȮȽĀ ÛȀǹß Ƃâ Ɨȵï ȂɆǵ ȸȵ æǠȺȪȱä öɀȹ ƘɆȢǩ Ăà ǦȲȵǠǹ ǠȾȭȀǩ Āà ȴȮƠ æǠȺȩ ĀàȨȲǹ    ǦȱǠǵ  ȸȵ

ƙȪɆȱä ýǼȝ    æîǼȪȱä ȬȲǪƹ ĂǾȱä ñɀȊȶȲȱä ɂȲȝ  æǠȺȪȱä öɀȹ ɂȲȝ ùȀȞǪȱ  ǬɆƜǦȱǠƩä ȻǾȽ Ž ȼȱ æǼɆȦȵ Ƙȡ æȂɆƫä ȻǾȽ ǴǤȎǩ .  
  óɀȶȢȱä æìˬï ùǼŏä ǼȺȝɄȭǾȱä ñɀȊƫÛ    Ɣȱä çäɀȺȪȱä ĂɀȹǠǮȱä ýǼǺǪȆƫä ìǼƷǠȾȵǼǺǪȆɅ    ǦȪɅȀȖǣǠŏ ǘǤȺǪȲȱ ǦȲǣǠȩ Ƙȡ    ǬɆǵ

  üǠȅîɋä ǦɆȲȶȞȱ îǠǪǺɆȅ ȼĉȹà Ăà Ûɍ Āà ǦȉɀȊȵ ǨȹǠȭà ăÞäɀȅ ǦȪǣǠȆȱä ǠȾǪȱǠǵ ȸȝ ȀȚȺȱä ȐȢǣ çäɀȺȪȱä ȐȞǣ ȤɆșɀǪǣ ýɀȪɅ
  ȻǾȽ ƙȪɆȱä ýǼȝ ǦȱǠǵ Ȱș Ž .ǦȉɀȊƫä Ƙȡ Āà ǦȉɀȊƫä çäɀȺȪȱä ȬȲǩ ȸȵ ç˫ǠɆǤȱä çäɀȺȩ ȐȞǣĀ ȴȮǶǪȱä çäɀȺȩ ȐȞǣ  éǠǪɅ

  ȴǱǠȾƫä  þà Ɣȱä çäɀȺȪȱä ȐȞǣ ɂȲȝ ȈɅɀȊǪȱ˨ õǠȦǪǵɍä Ȝȵ ăǠȪǤȆȵ ǠȾɆȲȝ ñɀȊɅ ȸȮɅ Ɓ æǼɅǼǱ çäɀȺȩ ɂȲȝ ȈɅɀȊǪȱ˨ ýɀȪɅ
  .ăǠȪǤȆȵ ǠȾƤǠȾɅ þǠȭƃǠǪȱ˨Ā   ǚȥ  þ  þà Ǣƶ ȈɅɀȊǪȱä ǦǶȥǠȮƫ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦɆȱßȤɆȮǪǩ   ǠȾȵǼǺǪȆɅ Ɣȱä çǠɆǲɆǩäƕȅɍä Ȝȵ
ÞǠɆȭíɉä þɀƤǠȾƫä  ƙȞǣ Ǿǹɉä Ȝȵ Û  îǠǤǪȝɍä  ȸȵ îǼȩ ɂȎȩà ȨɆȪƠ ǦɆȱǠȞȥ  ȤɆȖȱä    Ž .ǦǵǠǪƫä ǦȩǠȖȱä ìîäɀƫ ýäǼǺǪȅä ȰȒȥàĀ
  þǠɆǵɉä ȐȞǣ ĀäǼȽɉä ȻǾȽ ȨɆȪǶǪȱù  ȐȞǣ ûȀǩ ȰȒȥɉä ȸȵ ȼȹǚȥ    ȴȮǶǪȱäĀ ç˫ǠɆǤȱä çäɀȺȩ ìǼȝ þɀȮɅ ǠȵǼȺȝ ǦȲȵǠƪä çäɀȺȪȱä

ǤȅǠȺȵ ăǠ ȈɅɀȊǪȱä Ȱș Ž æîĀȀȑ Ȝȵ Û ìǠƶâþïäɀǩ  ìǼȝ ƙǣ çäɀȺȩç˫ǠɆǤȱä .ȴȮǶǪȱä çäɀȺȩ ìǼȝĀ   

êȀȉ ǼȞǣ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȸȵ Ȱȭ ǠȾȞǤǪɅ Ɣȱä ǦɆǲɆǩäƕȅɍä  ǦǱǾƴ Ƃâ ȰȪǪȺȹ.ǦǤȞȲȱä 

-2.1.4 ǩȴɆȶȎ  ǦǤȞȲȱä 
  þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ùǼȾɅ  Ƃâç˫ǠɆǤȱä ȰȪȹ  üǠȞȥ ȰȮȊǣ ȤɆȖȱä ýäǼǺǪȅäĀ    ƙǵ Ž ÛǦȺȮư æƕȥ üɀȕɉɅƤǠȾƫä ùǼȾ ɀ  þ

  Ǝȭà úǠƩâ ƂâüǠȎǩɍä ȰɆȖȞǩĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä Þäìд ȸȮư îȀȑƞĀ Û  ýɀȪȹ ǦȆȭǠȞǪȵ ùäǼȽà ǠȶƬ ƙǤȝɎȱä Ɏȭĉ þà Ǡ
ǦǱǾȶȺǣ    ȰȝǠȦǪȱä  ǠȶȾȺɆǣ  .ȀȦȍ ǠȾǪȲȎƮ ǦǤȞȱ ȼȹà ɂȲȝ  þɀȮǩ  ǦȖǂäǼȝǠȪȱäǦɅ    Ž  Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȉ  ȸȝ ǦȱĀǘȆȵ ȔǤȑ   íǠȦȹ 

ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  ȤɆȖȲȱ  ȨǶȲɅ ĂǾȱä îȀȒȱä ȴɆȚȞǪȱ ȈɅɀȊǪȱä æȂȾǱà þĀǠȞǪǩĀ Û ǦȮǤȊȱ˨  .Ȭȱí ɂȲȝ ăÞǠȺǣ   ȜɆƤ óƕȦȹ
ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  ǦǣǠǮƞ    ƙƤǠȾƫä ȜɆƤ ƎǪȞȹ ǠȶȺɆǣ ǼǵäĀ Ǣȝɍȱä  ǢȝɎɇä.Ȁǹ    þâ  ýǼǺǪȆƫä ûɀȲȅɍ ƃĀɉä   ǘǤȺǪȱä ȸȮƹ

ɅĀ ȼǣ ĂɀȹǠǮȱä ýǼǺǪȆƫä ɂȲȝ ǢǱɀǪ  ǼȺȝ æǠȺȪȱä ÞɎǹâǠȵ  ƃĀɉä ýǼǺǪȆƫä ǠȾǤȲȖɅ  Û  ƃǠǪȱ˨  Ž æǠȺȪȱä ýäǼǺǪȅä ǦȍȀȥȂɆƩä  ȱäƗȵȂ 
Ǽȭǘȵ Ƙȡ ƃǠǪȱä  .  þâǦȖɆǂä ùĀȀȚȱ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǼȺȝ ƙȪɆȱä ýǼȝ ǦȱǠǵ   ùɎǪǹäĀ  Ǵǣî  ȱä ǦǲɆǪȹ æǠȺȪȱä ǦǞɆǤ  ǦȖɆǂä    ǦɆȭȀǵĀ

  .ɍ Āà üǠȎǩɍä ȰɆȖȞǪǣ ñɀȊƫä êǠƱĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  ȰȭǤȅ ǠȵȨ  ǾȶȺǣ ǴȶȆɅ  ǦǱ ĉŒà ɂȲȝ ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǦǤȞȱ  ǦǤȞȱ Ǡ
  ǦɆǝäɀȊȝ[65,93,96]  æǖȥǠȮƫäĀ üǠȪǪȹɍä çɍǠȶǪǵäĀ çäÞäȀǱɋäĀ çɍǠƩä ǠȾƵà ȀȍǠȺȞȱä ȸȵ Ǧȝɀȶƭ ȸȵ þɀȮǪǩ.  ȤɅȀȞǪǣ ýɀȪȹ 

ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǦǤȞȱ Ž ȀȍǠȺȞȱä ȻǾȽ  .ǦɆȱǠǪȱä çäȀȪȦȱä Ž 
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-1.2.1.4   çɍǠƩä 

  ɍ ȼȹɉ Ûç˫ǠɆǤȱä Āà ȴȮǶǪȲȱ ǦȎȎƯ ǨȹǠȭ äíâ ǠȶɆȥ ǠȾȝɀȹĀ ȈɅɀȊǪȲȱ óȀȞǪǩ Ɣȱä çäɀȺȪȱä ǼɅǼƠ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȜɆȖǪȆɅ
  ýɎǪȅɍä ǼɆȭе ǦȱǠȅî ɂȪȲǪɅ(acknowledgment)    ȸȵ  Ǝȝ ȰǤȪǪȆƫäǦȉɀȊƫä çäɀȺȪȱä .   ȔǤǩȀɅ  íǠȦȹ    Ƃâ ĂɀȹǠǮȱä ýǼǺǪȆƫä
ȀȉǠǤȵ ȰȮȊǣ ȤɆȖȱä  ǦȲȵǠǹ Āà ǦȵǼǺǪȆȵ ǨȹǠȭ äíâ ǠȶɆȥ æǠȺȪȱä ǦȱǠƜÛ   ƃǠǪȱ˨Ā  ȖȊȹ þǠȭ äíâ ǠȶɆȥ ƃĀɉä ýǼǺǪȆƫä ǦȱǠƜ ăǠ    Āà

.ȔȊȹ Ƙȡ  ȹ ĉȀȞȰȮȊȱ˨ ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ǦȱǠǵ ù  ί ὖȟὫȟὐȟὐ ÛƂĀɉä ǦǤȭȀƫä ƎȞǩ  ὖ  ȸȝǦȱǠǵ íǠȦȹ  ýǼǺǪȆƫä
ƃĀɉä  ȤɆȖȱä ƂâÛ    þɀȮɅĀὖ π    ȔȊȹ Ƙȡ ƃĀɉä ýǼǺǪȆƫä þǠȭ äíâ  ǠȵǼȺȝ ǠȵàþɀȮɅ  ȖȊȹ ăǠ    þǚȥ  ὖ ρÛ    ȰǮƹĀὫ 

  æǠȺȪȱä ýäǼǺǪȅä ǴǣîὫᶰήȟήȟỄȟή    ǬɆǵὲ‭ρȟỄȟὔ   Ȕȅɀƫä ìǼƷ .ὐ   ǦȑȀȞƫä ȴȮǶǪȱä çäɀȺȩ ìǼȝ
  ɀȽ ȈɅɀȊǪȲȱ ǦȑȀȞƫä ç˫ǠɆǤȱä çäɀȺȩ ìǼȝ þɀȮɅ ȼǣǠȊȵ ȰȮȊǣĀ ÛȈɅɀȊǪȲȱὐ ĉþà óƕȦȹ .   ýäǼǺǪȅ˨ ýɀȪɅ ƃĀɉä ýǼǺǪȆƫä

ǦɅììƕȱä ǦȵȂƩä ȄȦȹ Ž ȜȪǩ ăǠȞɆƤ ǠŒɀȭ ȐȞǤȱä ǠȾȒȞǣ Ȝȵ ǠȽȀɅȀƠ Āà ǦǵǠǪƫä çäɀȺȪȱä Û    ýɀȪɆȅĀ  ýäǼǺǪȅ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä
ǠȾȵäǼǺǪȅä ǢȲȖɅ Ɓ ƃĀɉä ýǼǺǪȆƫä þà ǠƫǠȕ ǦǵǠǪƫä çäɀȺȪȱä  Û  ƎǪȞȹ ȔɆȆǤǪȲȱĀ  çäɀȺȪȱä ȜɆȶƨ  ȼȆȦȹ ǴǣȀȱä  Ž  ǦȚǶȲȱäὸ.    ȸȮƹ

  ǦǱǾƴíǠȦȹ    ƙǪȱǠǵ ȸȵ ǦȹɀȮȵ ùɀȭîǠȵ ǦȲȆȲȅ ýäǼǺǪȅ˨ ǦȎǹȀƫä ǦɆȦɆȖȱä ýȂǶȲȱ ƃĀɉä ýǼǺǪȆƫä[65,79,97]  þǚȥ ȬȱǾȭĀ Û
  ǰɆǲȒȱä Ƃâ æîǠȉɋä ǦǤȆȹ ǬɆǵ ȸȵ æǠȺȪȱä æìɀǱƹ ùɀȭîǠȵ ǦȲȆȲȆȭ ǠȾȦɅȀȞǩ ȸȮ  ȾǪȺȵ ìǼȝ çäíɄ    çɍǠƩä ȸȵ[65,98] .  

  äǾȮȽĀƹǦɆǝäɀȊȞȱä ǦǤȞȲȱä çɍǠǵ ȰǮƴ þà ȸȮ  ǴȑɀɅ Ǡȶȭ  ȰȮȊȱä  3 Ā Û  ȘǵɎȹǱĀ ɀȱ ìɀɆȩ ìçɍǠƩä ȻǾȽ ƙǣ üǠȪǪȹɎ    ǦǲɆǪȹ
ǦȪǣǠȆȱä çǠɆȑȀȦȱä . 

 

 ȰȮȊȱä3 : ǦȱǠƩä ȔȖƯ(üĀɉä ɀɅîǠȺɆȆȱä) 

ȤɅȀȞǪǣ    çäɀȺȪȱä ǴǣîĀ ƃĀɉä ýǼǺǪȆƫä ǦȱǠƜ ȔǤǩȀɅ āȀǹà Ƃâ ǦȱǠǵ ȸȵ ǦǤȞȲȱä üǠȪǪȹä ĉþà ɂȲȝ Ǽȭǘȹ ǦɆǝäɀȊȞȱä ǦǤȞȲȱä çɍǠǵ
ǦǵǠǪƫä  ýǼǺǪȆƫä çäÞäȀǱâ Ƃâ ǦȥǠȑɋ˨ ĂɀȹǠǮȱä ñɀȊƫäĀ . çäÞäȀǱâ ùĉȀȞȹ ƙǤȝɎȱä ȸɅǾȽ .ǦɆȱǠǪȱä æȀȪȦȱä Ž 
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-2.2.1.4   çäÞäȀǱɋä 
  þɀȵǼǺǪȆƫä ȜǤǪɅä Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȉ Ž þɀɅɀȹǠǮȱäǦɆǲɆǩäƕȅ  ǦȆȭǠȞȵ  ȈɅɀȊǪȱä    ȰǤȩ ȸȵ Ǡŏ ǘǤȺǪȱä ȸȮƹ ɍƫäçǠȉɀȊ Ǡư Û  

 ĉȞȎɅ  ǢǦɆȲȶȝ ȴȾɆȲȝ    üǠȎǩɍä ȜȖȩĀ ȈɅɀȊǪȱä  Ž ǠȺǶȑĀà Ǡȶȭȱä  æȀȪȦǦȪǣǠȆȱä.    ùǼŏǦȆȭǠȞȵ    ȈɅɀȊǪȱä  þɀȵǼǺǪȆƫä ìǼƷ
 ǦȚǶȲȱä Ž þɀɅɀȹǠǮȱäὸ  Āà ǦȉɀȊƫä çäɀȺȪȱä ȬȲǩ ȸȵ Þäɀȅ ǦɆȱǠǪȱä ǦȚǶȲȱä Ž ǠȽƎȝ üǠȅîɋä ȴǪɆȅ Ɣȱä ç˫ǠɆǤȱäĀ ȴȮǶǪȱä çäɀȺȩ

  ǦȚǶȲȱä Ž ǦȉɀȊƫä Ƙȡὸ  ýɀȪȹ Ȭȱí ȰɆǮȶǪȱ .  ȤɅȀȞǪǣɋä  çäÞäȀǱ  ƃǠǪȱä ȰȮȊȱ˨ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ǠȽǾǺǪɆȅ Ɣȱäὥ

ὥ ȟὥ ȟὥ ȟὥ    ƎȞɅ ǬɆǵὥ  Ɣȱä ȴȮǶǪȱä çäɀȺȩ ìǼȝ ȸȝ    ǦȚǶȲȱä Ž ýǼǺǪȆǪȅὸ ρ   Ā ǦȑȀȞȵ ȸȮǩ Ɓ
  ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱὸ  Ǡȵà Ûὥ    ǦȚǶȲȱä Ž ç˫ǠɆǤȱä çäɀȺȩ ìǼȝ ȰǮƢὸ ρ    Ɣȱä  ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ ǦȑȀȞȵ ȸȮǩ Ɓὸ  Û

  ǦȚǶȲȱä Ž ǦȉɀȊƫä Ƙȡ çäɀȺȪȱä ȸȵ ȴȚǪȺƫä ȜɅïɀǪȲȱ ăǠȪȥĀ ç˫ǠɆǤȱäĀ ȴȮǶǪȱä çäɀȺȩ îǠɆǪǹä ȴǪɅĀὸ  .  ƎȞɅ ǠȶɆȥὥ   ìǼȝ ȸȝ
  ǦȚǶȲȱä Ž ȴȮǶǪȲȱ ȌȎơ Ɣȱä ȴȮǶǪȱä çäɀȺȩὸ ρ    ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ ǦȑȀȞƫä çäɀȺȪȱä ȬȲǩ ȸȵὸÛ   Āὥ   ìǼȝ ɀȽ
 ǦȚǶȲȱä Ž ȴȮǶǪȲȱ ȌȎơ Ɣȱä ç˫ǠɆǤȱä çäɀȺȩὸ ρ    ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ ǦȑȀȞƫä çäɀȺȪȱä ȬȲǩ ȸȵÔ çäɀȺȩ îǠɆǪǹä ȴǪɅĀ Û

 ǦȚǶȲȱä Ž ǦȉɀȊƫä çäɀȺȪȱä ȸȵ ȴȚǪȺƫä ȜɅïɀǪȲȱ ăǠȪȥĀ ç˫ǠɆǤȱäĀ ȴȮǶǪȱäὸ  .  ȦǪȆɅ ɍ ñɀȊƫä þǚȥ ăǠȪǣǠȅ ˫Ȁȭí ǠȶȭɆ  ǦȥȀȞȵ ȸȵ Ǽ
Ȁǹɇ Ɨȵï ȂɆǵ ȸȵ æǠȺȪȱä öɀȹ ƘȢǪɆȅ ƃǠǪȱ˨Ā Ăììƕȱä ȂȦȪȱä ǦɆȺȪǩ ȜǤǪɆȅ ĂɀȹǠǮȱä ýǼǺǪȆƫä þɀȭ ǦȵǼǺǪȆƫä æǠȺȪȱä öɀȹÛ    ȬȱǾȱ

  ȰȮȊȱ˨ ñɀȊƫä ȻǾǺǪɆȅ ĂǾȱä ÞäȀǱɋä ùĉȀȞȹὥ ὥȟὥ  ǬɆǵ Ûὥ    Ɣȱä çäɀȺȪȱä ìǼȝ ɀȽ  ǠȾǪƤǠȾƞ ñɀȊƫä ýɀȪɆȅ
  ǦȚǶȲȱä Žὸ ρ    ǦȚǶȲȱä ȈɅɀȊǪȲȱ ǦȑȀȞȵ ǨȆɆȱ Ɣȱä çäɀȺȪȱä ȸȵ ȴȚǪȺƫä ȜɅïɀǪȲȱ ăǠȪȥĀ ǠȽîǠǪǺɆȅĀÔ Ā Û  ƎȞɅὥ  ȸȝ    ìǼȝ
  Ɣȱä çäɀȺȪȱä  ǦȚǶȲȱä Ž ǠȾǪƤǠȾƞ ñɀȊƫä ýɀȪɆȅὸ ρ    ǦȚǶȲȱä ȈɅɀȊǪȲȱ ǦȑȀȞƫä çäɀȺȪȱä ȸȵ ȴȚǪȺƫä ȜɅïɀǪȲȱ ăǠȪȥĀ ǠȽîǠǪǺɆȅĀ

ὸ.  ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä çäÞäȀǱâ ǠȺȥĉȀȝ Ǽȩ þɀȮȹ æȀȪȦȱä ȻǾȽ Ž äǾȮȽĀ  ǾȲȱäɅ  þɎȪȺɆȅ ȸ  ǦǤȞȲȱä ȨȥĀ æǼɅǼǱ ǦȱǠǵ Ƃâ
 çɍǠȶǪǵäɍä üǠȪǪȹ Ɣȱä ĉɆǤȹ æȀȪȦȱä Ž ǠȾȺ .ƃǠǪȱä 

-3.2.1.4  äüǠȪǪȹɍä çɍǠȶǪǵ 

  ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȱǠǵĀ çäɀȺȪȱä ȻǾȽ Ǵǣî ȸȝ ȀȚȺȱä ȐȢǣ ç˫ǠɆǤȱä üǠȅîɋ çäɀȺȪȱä ƃĀɉä ýǼǺǪȆƫä ǢȲȖɅ ȼȹɉ   ȨƩä ǢǵǠȍ 
(ǦɅɀȱĀɉä) ǦɅììƕȱä ǦȵȂƩä ýäǼǺǪȅ˨. ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǾǺǪɅ őäÞäȀǱâȴ   ȴȾȒȞǣ ȸȝ ȰȪǪȆȵ ȰȮȊǣĀ ǦȚǶȲȱä ȄȦȹ Ž
ȐȞǤȱä.  ȬȱǾȱ ǦǲɆǪȺȭĀ Û  æǼɅǼǱ ǦȱǠǵ Ƃâ ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ȰȪǪȺǩ çäɀȺȪȱä Ǵǣî îǠǤǪȝɍä ƙȞǣ Ǿǹɉä ȜȵĀ üǠȪǪȹɍä üǠȶǪǵä ùĉȀȞȹĀ Û
  ǦȱǠƩä ȸȵί    ǦȱǠƩä Ƃâί   ìǠȞƫä Ž Ǡȶȭ Ǧȱ(16).   

ὴ ί ίȟὥȟὥ ὴὐ ȟὐ ȿὐȟὐȟὥȟὥ  ὴὖ ȟὫ ȿὖȟὫ           16 
  üǠȶǪǵɍä þà ǬɆǵὴὐ ȟὐ ȿὐȟὐȟὥȟὥ    ǦȉɀȊƫä ȴȮǶǪȱä çäɀȺȩ ìǼȝ ƘȢǪɅ þà üǠȶǪǵä ȸȝ ƎȞɅὐ    ìǼȝĀ

  ǦȉɀȊƫä  ç˫ǠɆǤȱä  çäɀȺȩὐ    ǦȚǶȲȱä  Žὸ    Ƃâὐ  Āὐ    ǦȚǶȲȱä  Žὸ ρ   .ƃǠǪǪȱä  ɂȲȝ   ĉȀȞɅĀ ù
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ὴὖ ȟὫ ȿὖȟὫ  üǠȶǪǵä  üǠȪǪȹɍä  ûƕȊƫä     ƃĀɉä ýǼǺǪȆƫä ǦȱǠƩὖ      æǠȺȪȱä ǴǣîĀὫ    ǦȚǶȲȱä Žὸ    Ƃâὖ  
ĀὫ   ǦȚǶȲȱä Žὸ ρ .ƃǠǪǪȱä ɂȲȝ 

  ýɀȪȺȅ  üǠȶǪǵɍä ìǠƶф ăɍĀàὴὖ ȟὫ ȿὖȟὫ   þɀȮǩ ǠȵǼȺȞȥ ÛçäɀȺȪȱä ǴǣîĀ ƃĀɉä ýǼǺǪȆƫä ǦȱǠƜ ȔǤǩȀɅ ĂǾȱä
ƙɆȱǠǪǪȵ ƙɆȺȵï ȸɅȂɆǵ æǼƫ ǦǵǠǪȵ Ƙȡ çäɀȺȪȱä  üǠȪǪȹɍä üǠȶǪǵä ȨȲȞǪɅ ȔȪȥǦȱǠƜ íǠȦȹ  ȤɆȖȱä Ƃâ ƃĀɉä ýǼǺǪȆƫäþɀȮɅĀ   

ὴὖ ρȟὫ πȿὖ ρȟὫ π ὴᴼ       17 
  ǦȚǶȲȱä æǠȺȪȱä ƃĀɉä ýǼǺǪȆƫä ȼɆȥ îȀƷ Ɣȱä ǦȱǠƩä ŽĀὸ ρ  ȂȵȀȹ Ûὴᴼ    ȸȵ çäɀȺȪȱä Ǵǣî ǦȶɆȩ üǠȪǪȹä üǠȶǪǵä Ƃâπ     Ž

 ǦȚǶȲȱäὸ   Ƃâή   ǦȚǶȲȱä Ž  ὸ ρ Ā üǠȪǪȹɍä üǠȶǪǵä þɀȮɅ 
ὴὖ πȟὫ ήȿὖ ρȟὫ π ρ ὴᴼ ὴᴼ          18 

  ÛƙɆȱǠǪǪȵ ƙɆȺȵï ȸɅȂɆǵ æǼƫ ǦǵǠǪȵ çäɀȺȪȱä ǴǤȎǩ ǠȵǼȺȝĀ  ȂȵȀȹὴ ᴼ    ȸȵ çäɀȺȪȱä Ǵǣî ǦȶɆȩ üǠȪǪȹä üǠȶǪǵä Ƃâή     Ž
 ǦȚǶȲȱäὸ   Ƃâή   ǦȚǶȲȱä Ž  ὸ ρ Ā üǠȪǪȹɍä üǠȶǪǵä þɀȮɅ 

ὴὖ πȟὫ ήȿὖ πȟὫ ή ρ ὴᴼ ὴ ᴼ          19 

üǠȶǪǵä þɀȮɅĀ   Ƃâ çäɀȺȩ Ǵǣî üǠȪǪȹäπ   ýǼǺǪȆȶȲȱ ǦǵǠǪȵ Ƙȡ ǴǤȎǩĀ æǠȺȪȱä ƃĀɉä ýǼǺǪȆƫä ǢȲȖɅ þà üǠȶǪǵä Ăà Û ĂɀȹǠǮȱä  
 ǦȚǶȲȱä Žὸ ρ ɀȽ 

ὴὖ ρȟὫ πȿὖ πȟὫ ή ὴᴼ          20 
ìǠƶф þɇä ýɀȪȺȅ  ὴὐ ȟὐ ȿὐȟὐȟὥȟὥ  ÛƃĀɉä ýǼǺǪȆƫä ǠȾɆȥ þɀȮɅ Ɣȱä ǦȱǠƩä Ž  ȖȊȹ ăǠ  ὖ ρ   ȜɆȖǪȆɅ ɍ

çäɀȺȪȱä ýäǼǺǪȅä ĂɀȹǠǮȱä ýǼǺǪȆƫäƃǠǪȱ˨Ā Û   Ăà üǠȅîɋä ǦɆȲȶȞȱ æǠȺȩ Ăà ȌɆȎǺǪǣ ýɀȪɅ ɍ    þɀȮɅ  ÞäȀǱɋä  ǼɆǵɀȱä ȻǾǺǪɅ ĂǾȱä 
ὥ πȟπȟπȟπÛ    ǠȺȹà ǠƞĀ  ăǠȪǤȆȵ ǠȺȑȀȥà ĂǾȱä ÞäȀǱɋä þǚȥ ƃǠǪȱ˨Ā ƃĀɉä ýǼǺǪȆƫä ɂȲȝ ȈɅɀȊǪȱ˨ ýɀȪɅ ɍ ȴǱǠȾƫä þ 

  ɀȽ ȻǾǺǪɅὥ πȟπ  . ĉþǚȥ ȬȱǾȱ ǦǲɆǪȹ  ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ óȀȞǪǪȅ Ɣȱä ç˫ǠɆǤȱäĀ ȴȮǶǪȱä çäɀȺȩ ìǼȝ  ὸ ρ    ɀȽ
ὐ π  Āὐ π   ƃǠǪǪȱä ɂȲȝ   ĀþɀȮɅ ąǾǝǼȺȝ  ὴὐ ȟὐ ȿὐȟὐȟὥȟὥ ρ.   ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝ

 Ăà ȔȊȹ Ƙȡ ƃĀɉä  ὖ π    ìǼƷĀ ȤɆȖȱä üɎȢǪȅ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä ýɀȪɅ  ǦɆȲȶȞȱ ç˫ǠɆǤȱäĀ ȴȮǶǪȱä çäɀȺȩ ȸȵ ìǼȝ
ÞäȀǱɋä ǾǺǪɅĀ üǠȅîɋä  ὥ ὥ ȟὥ ȟὥ ȟὥ   ăǠȪǣǠȅ ǠȽǠȺȵǼȩ Ɣȱä çǠɆȑȀȦȱä Ȝȵ ǢȅǠȺǪɅ Ǡƞ.    ǦƤǠȾƞ ñɀȊƫä ýɀȪɅ

  çäɀȺȩ  ÞäȀǱɋä îǠɆǪǹäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫäὥ ὥȟὥ  .ìǠƶɋ   üǠȶǪǵɍä  ὴὐ ȟὐ ȿὐȟὐȟὥȟὥ   ȻǾȽ Ž
  ǦȱǠƩäéäĀïɉä Ȱȭ îǠǤǪȝɍä ƙȞǣ Ǿǹз  ὲ ȟὲ  Ā  ὲ ȟὲ   ǬɆǵ  ὲ  Ā  ὲ   ç˫ǠɆǤȱäĀ ȴȮǶǪȱä çäɀȺȩ ìǼȝ ɀȽ

  ƃǠǪǪȱä ɂȲȝ  Ƙȡƫä  ǦȚǶȲȱä Ž ǦȉɀȊὸ    ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ óȀȞǪǪȅ ƔȱäĀὸ ρ  þɀȮɅ ǦȪɅȀȖȱä ȄȦȺǣĀ Ûὲ    Āὲ    ɀȽ
  ǦȚǶȲȱä Ž ǦȉɀȊƫä ƃǠǪǪȱä ɂȲȝ ç˫ǠɆǤȱäĀ ȴȮǶǪȱä çäɀȺȩ ìǼȝὸ    ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ ǦȑȀȞǪȵ ɂȪǤǪȅ ƔȱäĀὸ ρ  þɀȮɅĀ Û

ὲ ὲ ὐ    Āὲ ὲ ὐ.   ĉþà óȀȦǣ ąǾǝǼȺȝ  ὔ ὔ ὐ ὐ    ǦȉɀȊƫä Ƙȡ çäɀȺȪȱä ìǼȝ ɀȽ
 ǦȚǶȲȱä Žὸ   óȀȞǪɅ þà üǠȶǪǵä þɀȮɅὲ Ā  ὲ ȈɅɀȊǪȲȱ   ɀȽ 
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ὴὲ ȟὲ ȿὐȟὐȟὥȟὥ

 

         21 

 Āǣ ĉþà óȀȦ  ὔ ὐ ὐ  ɀȽǦȚǶȲȱä Ž ǦȉɀȊƫä çäɀȺȪȱä ìǼȝ ὸ   óȀȞǪɅ þà üǠȶǪǵä þɀȮɅὲ   Āὲ   ɀȽ ȈɅɀȊǪȲȱ 

ὴὲ ȟὲ ȿὐȟὐȟὥȟὥ

 

          22 

  óȀȞǪɅ þà üǠȶǪǵä þɀȮɅ äǾȮȽĀὐ   Ā ȴȮƠ æǠȺȩ  ὐ  ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ ç˫ǠɆǣ æǠȺȩ  ὸ ρ   ĉþà ăǠȶȲȝ   çäɀȺȩ ìǼȝ
  ǦȉɀȊƫä ȴȮǶǪȱäὐ    ǦȉɀȊƫä ç˫ǠɆǤȱä çäɀȺȩ ìǼȝĀὐ    ǦȚǶȲȱä Žὸ    ÞäȀǱɋä ĂɀȹǠǮȱä ýǼǺǪȆƫä Ǿơä ǼȩĀὥ   Ā  Ǿơä ñɀȊƫä

  ÞäȀǱɋäὥ   ɀȽ 

ὴὐ ȟὐ ȿὐȟὐȟὥȟὥ В В ὴὲ ȟὲ ȿὐȟὐȟὥȟὥ

                                                                                               ὴὲ ȟὲ ȿὐȟὐȟὥȟὥ         23 

  ȐɅɀȞǪǣ ăäƘǹàĀƙǪȱìǠȞƫä  (19)  Ā(20)    ǦȱìǠȞƫä Ž(16)  üǠȪǪȹɍä üǠȶǪǵä ɂȲȝ ȰȎƲ  ὴ ί ίȟὥȟὥ    ǦȱǠƩä Ƃâ
  æǼɅǼƨäί    ǦȱǠƩä ȸȵ ăǠȩɎȖȹäί  .ȸȵäȂǪȵ ȰȮȊǣ ǠȶőäÞäȀǱâ þǠǤȝɎȱä ǾǺǪɅ þà ǼȞǣ    çɍǠȶǪǵä ˫ǼǱĀà Ǽȩ þɀȮȹ äǾȮȽĀ
  üǠȪǪȹɍäǦɆǝäɀȊȞȱä ǦǤȞȲȱä çɍǠǵ ƙǣ  ȼȱǠȪǪȹä ǼȞǣ ǦǞɆǤȱä ȸȵ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä æǖȥǠȮƫä ǦɆȱǠǪȱä æȀȪȦȱä Ž ùĉȀȞȹĀ Û

.æǼɅǼƨä ǦȱǠƩä Ƃâ 

-4.2.1.4  æǖȥǠȮƫä 
  ǠȶőäÞäȀǱâ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä îǠǪƸ þà ǼȞǣ æǼɅǼǱ ǦȱǠǵ Ƃâ ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ȰȪǪȺǩ  ǦǤȅǠȺƫäçɍǠȶǪǵɍ ăǠȪȥĀ    üǠȪǪȹɍä

ǦȪǣǠȆȱä æȀȪȦȱä Ž ǦȺɆǤƫäȭ ÛǦǞɆǤȱä ȸȵ æǖȥǠȮȵ ɂȲȝ ȰȎǶǪɅ ĂɀȹǠǮȱä ýǼǺǪȆƫä þǚȥ üǠȪǪȹɍä äǾƬ ǦǲɆǪȺ   ĂǾȱä ÞäȀǱɋä Ȝȵ ǢȅǠȺǪǩ
 ȔǤǩȀǩĀ ȻîǠǪǹä Ā ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ǠȾɆȥ ǼǱäɀǪǩ Ɣȱä ǦȱǠƩ˨ñɀȊƫä ȻǾǺǪɅ ĂǾȱä ÞäȀǱɋä.   Ǵǣî ȴɆȚȞǩ Ƃâ ĂɀȹǠǮȱä ýǼǺǪȆƫä ɂȞȆɅ
  ǦɆȦɆȖȱä ǦɆȱǠȞȦȱä  Ƃâ ùǼȾɅ ȼȹà Ǡȶȭ ÛǦɅììƕȱä ǦȵȂǶȲȱ ýäǼǺǪȅä ȰȒȥà ȨɆȪǶǪȱǪȅä ȰɆȲȪǩ  æìǠȦǪȅä ȰȒȥɉ ȨɆȪǶǪȱ ǦȩǠȖȱä ûɎȾ

  üɀȕà üǠȅîɋä ȸȵï æìˬïĀ ǦȩǠȖȱä îǼȎȵ ȸȵȸȮƹ Ǡȵ  ǠȾȪɆȪǶǪȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ɂȞȆɅ Ɣȱä ùäǼȽɉä ɂȲȝ ăÞǠȺǣ .  æǖȥǠȮƫä ùĉȀȞȹ
  ȰȮȊȱ˨ ȼɆȲȝ ȰȎƷ Ɣȱä 

ὶίȟὥȟὥ Ὕίȟὥȟὥ ρ ὴ ίȟὥȟὥ  

                                                                ὖ ὥ ὥ ὥ ὥ            24 
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  ǬɆǵὖ    üǠȅîâ ǦȝǠȖǪȅä ɄȽ ĉŒà óƕȦȹĀ ÛƗȵȂȱä ȂɆƩä üɎǹ æǼǵäĀ æǠȺȩ Ǝȝ ĂɀȹǠǮȱä ýǼǺǪȆƫä Þäɀȅ æǠȺȪȱä öɀȺǣ ȨȲȞǪǩ ɍ Ǡ
  ç˫ǠɆǣ Āà ȴȮƠ æǠȺȩ ǨȹǠȭɂȪǤǩĀ    ǦǪǣ˪ÛȀǹɇ Ɨȵï ȂɆǵ ȸȵ  üǠȅîɋä ǦȝǠȖǪȅä þɀȮǩ ƃǠǪȱ˨Ā   çäɀȺȪȱä ȜɆƤ Ž ǦȵǼǺǪȆƫä  

  Ɨȵï ȂɆǵ üɎǹὸ   ɄȽ  ὖ ὥ ὥ ὥ ὥ.  ƎȞǩĀ  Ὕίȟὥȟὥ    ǦɆȦɆȖȱä ǦɆȱǠȞȦȱä Ǵǣî ȸȝ  ȜȩɀǪƫä
.ǦȉɀȊȵ Ƙȡ Ȱȩɉä ɂȲȝ æǼǵäĀ ȴȮƠ æǠȺȩ ǼǱɀɅ ǠȵǼȺȝ   

Ὕίȟὥȟὥ Ὣ        25 

îäǼȪƫä ȰǮƹ  ρ    üǠȶǪǵäǦƤǠȾȵ ýǼȝ  ȱäǠȺȪæ    ǦȎȎǺƫäȱ  ç˫ǠɆǤȲ ÛǦȪǣǠȆȱä ǦȲǵȀƫä Ž ǦȉɀȊȵ ȸȮǩ Ɓ Ɣȱä ȬȲǩ ȸȵ  

ǣĀȮȊȰ  ȼǣǠȊȵ  ƎȞɅ  ρ    üǠȶǪǵä ȸȝǦƤǠȾȵ ýǼȝ  ȱäǠȺȪæ    ǦȎȎǺƫäȱç˫ǠɆǤȲ    ǦȑȀȞǪȵ ǨȹǠȭ Ɣȱä çäɀȺȪȱä ȬȲǩ ȸȵ
.ȈɅɀȊǪȲȱ  Ā üǠȶǪǵä þɀȮɅǢǲǵ  ǦȚǶȲȱä Ž ȈɅɀȊǪȲȱ ȴȮǶǪȱä çäɀȺȩ ȜɆƤ óȀȞǩ ȸȝ ǰǩǠȺȱä üǠȎǩɍäὸ ɀȽ   

ὴ ίȟὥȟὥ            26 

  ƙǪȱìǠȞƫä ȐɅɀȞǪǣ(26)  Ā(25)    ǦȱìǠȞƫ˨(24)    .ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦǞɆǤȱä ǠȾɆȖȞǩ Ɣȱä æǖȥǠȮƫä ǦȶɆȩ ɂȲȝ ȰȎƲ þɀȮɆȅ
  æǖȥǠȮƫä ȴɆȚȞǩ ɀȽ ȴȲȞǪȱä ǦɆȲȶȝ ȸȵ ùǼƬä  ǦɆȲǤȪǪȆƫäǦȎȩǠȺǪƫä  ǦȞȩɀǪƫä  (ǼǝǠȞȱä)  æǖȥǠȮƫä ǦȶɆȩ æìˬï ǢȲȖǪɅ äǾȽĀ .

ὶίȟὥȟὥ    ýǼǺǪȆƫä ùäǼȽà Ȝȵ ȨȥäɀǪɅ ĂǾȱä Ȁȵɉä ĂɀȹǠǮȱä  Û ĉþà ǬɆǵ    æǖȥǠȮƫä ǦȶɆȩ æìˬïὶίȟὥȟὥ   ǢȲȖǪɅ
  æìˬïȱä  ǴǣȀȱ ȜȩɀǪƫä  ǦɆȦɆȖȱä ǦɆȱǠȞȦȲὝίȟὥȟὥ  .ǦȩǠȖȱä ûɎȾǪȅä ȰɆȲȪǩĀ   üɎǹ ȸȵ ǦȮǤȊȱ˨ îȀȒȱä úǠƩɋ ñɀȊƫä ɂȞȆɅ

 ĉþǚȥ ȼɆȲȝĀ ÛăǠȞȵ ǠȶȾɆȲȭ Āà ǦȩǠȖȱä ȼȭɎȾǪȅä æìˬïĀ ǦɆȦɆȖȱä ȼǪɆȱǠȞȥ ȐɆȦǺǪȱ ɂȞȆɅ Ăà ȼȥäǼȽà ȨɆȪƠ ȸȵ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȜȺȵ  
  ñɀȊƫä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä æǖȥǠȮƫä þɀȮǩĀ ǦȆȭǠȞǪȵ ǠȶȾȥäǼȽàὶίȟὥȟὥ   ýǼǺǪȆƫä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä æǖȥǠȮƫä ĂĀǠȆǩ

 ǦȆȭǠȞȵ æîǠȉф ȸȮȱĀ ĂɀȹǠǮȱä    Ăàὶίȟὥȟὥ ὶίȟὥȟὥ    ƃǠǪȱ˨Ā  ǦȲȎƮ þɀȮǩȀȦȍ ɄȽ ǦǤȞȲȱä  .  ǼȞǣ
ȱä óȀȝȶȺ ɀ  éíȱä  ɄȑˬȀȱ ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹ ǦɆȱǠǪȱä æȀȪȦȱä Ž êȀȊȹ ÛñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦȆȭǠȞǪƫä ùäǼȽɊ

minimax-Q .ǦǤȞȲȱä ȻǾȽ ȰƩ ǠȾȵǼǺǪȆȹ Ɣȱä 

-3.1.4   ȴȲȞǪȱä 

ùǼȾɅ    ĂɀȹǠǮȱä ýǼǺǪȆƫä  Ƃâ  ȴɆȚȞǩ ǦȎȩǠȺǪƫä ǦɆȲǤȪǪȆƫä æǖȥǠȮƫä  ǦȞȩɀǪƫä    ûɎȾǪȅä ȰɆȲȪǩĀ ǦɆȦɆȖȱä ǦɆȱǠȞȦȱä Ǵǣî æìˬï üɎǹ ȸȵ
ǦȪǣǠȆȱä æȀȪȦȱä Ž ǠȺǶȑĀ Ǡȶȭ ǦȩǠȖȱä  .ǦɆȲǤȪǪȆƫä çǔȥǠȮƫä ȸȵ ȀǮȭà ǦǤɅȀȪȱä æǖȥǠȮƫ˨ ȴǪȾȵ ĂɀȹǠǮȱä ýǼǺǪȆƫä ĉþà óƕȦȹ    ýɀȪɅĀ
ȴǝäì  ȰȮȊǣ  ç˫ǠɆǤȱä  üǠȅîф  ȬȱǾȱĀ  Û Ǣƶ    ȨȪƠ  þà ĂɀȹǠǮȱä  ýǼǺǪȆƫä  ǠȾȞǤǪɅ  Ɣȱä  ǦȅǠɆȆȱä
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άὥὼὉВ ‎ὶίȟὥȟὥ      ǬɆǵπ ‎ ρ    ƎȞɅĀ ȌȩǠȺǪȱä ȰȵǠȞȵ‎   Ɣȱä ǦɆȲǤȪǪȆƫä æǖȥǠȮƫä þïĀ ȸȝ
  ǦȚǶȲȱä Ž ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȽǠȪȲǪɅὸ.    þâ ǠȽǾǺǪɅ þà ȸȮƹ Ɣȱä çäÞäȀǱɌȱ ƃǠȶǪǵɍä ȜɅïɀǪȱä ɄȽ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȅǠɆȅ

 ǦȱǠƩä Žίɴ Ā ǦɆǝäɀȊȞȱä ǦǤȞȲȱ ǦȺȮȶƫä çɍǠƩä Ǧȝɀȶƭ ɄȽ    הᴼὖὈꜝ  ǬɆǵ Ûה ƎȞȹĀ  ǠȾȺȝ   ăǠɆȑˬî   ȰȮȊȱ˨ “ȡ  ה
 ꜝ  ǦȺȮȶƫä çäÞäȀǱɋä Ǧȝɀȶƭ ɄȽ.    ȼǣǠȊȵ ȰȮȊǣ  þâɄȽ ñɀȊƫä ǦȅǠɆȅ  “ȡ הᴼὖὈꜝ.     ǦɆǝäɀȊȝ ǦǤȞȲȱä ĉþà Ǡƞ

  þïäɀǩ ǼǱɀɅ ȀȦȍ ǠȾǪȲȎƮĀminimax  ǦǤȞȲȱä ȸȵ ǦȲǵȀȵ Ȱȭ Ž  ýäǼǺǪȅ˨ ǠȽìǠƶâ ȸȮƹ æǼɆǵĀ ɂȲǮȵ ǦȅǠɆȅ ȼɅǼȱ Ǣȝɍ ȰȭĀ
  ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹminimax-Q  [99].   îǼȪɅὗίȟὥȟὥ    ĂɀȹǠǮȱä ýǼǺǪȆƫä ǾǺǪɅ ǠȵǼȺȝ ǦȞȩɀǪƫä ǦɆȲȮȱä æǖȥǠȮƫä

  ǦȱǠƩä Ž ǠȶőäÞäȀǱâ ñɀȊƫäĀί  ǦȺɆȞȵ ǦȚƩ Ž  ὸ  ƎȞǩ .Ȭȱí ǼȞǣ æȀȪǪȆƫä ȼǪȅǠɆȅ ǠȶȾȺȵ Ȱȭ ȜǤǪɅ Ż ÛQ    ȜȩɀǪƫä ǼǝǠȞȱä ȸȝ
 ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȼɆȲȝ üɀȎƩä   ĀǠȞǣɉä ǦɆǭɎǭ ǦȥɀȦȎƞ ȰǮƢì  þïäɀǪȱä ìǠƶâ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮƹ .minimax   ǬɅǼƠĀ

 ȴɆȩὗ  ǦǤȞȲȱä ǦȶɆȩĀὠ  ǦȚǶȲȱä Ž ǦȱǠƩä ǦȶɆȩ ìǠƶâ ȸȮƹ ąǾǝǼȺȝĀ Ûὸ   ɄȲɅ Ǡȶȭ ǦɆǝäɀȊȞȱä ǦǤȞȲȱ 
ὠί άὥὼάὭὲВ ὗίȟὥȟὥᶰꜝ “ὥ            27 

  ǦȶɆȩ ǬɅǼƠ ȸȮƹ ǬɆǵὗίȟὥȟὥ  ɄȲɅ Ǡȶȭ 
ὗίȟὥȟὥ ὶίȟὥȟὥ ‎В ὴ ί ίȟὥȟὥ ὠί            28 

 

 ȸȮƹĀ ǬɅǼƠὗίȟὥȟὥ  ɄȲɅ Ǡȶȭ ăǠɆƭȀǣ ȰȾȅà ǦɅìɀȝ ǦȪɅȀȖǣ ]100,101 [ 
ὗίȟὥȟὥ ρ ‌ ὗίȟὥȟὥ ‌ ὶίȟὥȟὥ  ‎ὠί              29 

  ǬɆǵ‌    ȴȲȞǪȱä üǼȞȵ ɀȽ  îäǼȪƞ ȌȩǠȺǪɅ ĂǾȱä‘  ȨȪƷ  π ‘ ρ    Ȱȭ ŽƗȵï ȂɆǵ  ὸ    Ăà‌ ‘ ‌  Ǡȶȭ Û
.ǦŏǠȊȵ ǦȪɅȀȖǣ ĂɀȹǠǮȱä ýǼǺǪȆƫ˨ îȀȑ Ǝȭà úǠƩɋ ȰǮȵɉä ǦɆǲɆǩäƕȅɍä ȴȲȞǪǩ çǠȉɀȊƫä þà  ȼǩǖȥǠȮȵ ȴɆȚȞǩ Ǣȝɍ Ȱȭ üĀǠƷ

ơĀ ȐɆȦ ȌǺȲɅ .Ȁǹɇä ǢȝɎȱä æǖȥǠȮȵƨä üĀǼ2 ȴȲȞǪȱä ǦɆȲȶȝ ǦɆȵïîäɀǹ ýäǼǺǪȅ˨  ïȂȞƫä ȴȲȞǪȱäminimax-Q ȱ  ýǼǺǪȆȶȲ
ñɀȊƫäĀ ĂɀȹǠǮȱä . üĀǼǱ Ǣȝɍ ȰȮȱὗ ư äǾȽĀ ÛȀǹɇä ǢȝɎȱä ȸȝ ȰȪǪȆȵ ȰȮȊǣ ȼȶɆȩ ǬɅǼƠ ȴǪɅĀ ȼǣ òǠǹ ȸȮɎȭ þɉ  

ȱäǤȝɎƙ  çäÞäȀǱâ ǦȚǵɎȵ ȜɆȖǪȆɅ Ȁǹɇä ǢȝɎȱä ȼȺȮƹ ƃǠǪȱ˨Ā   ǦȶɆȩ ǬɅǼƠὗ .ä ȸȮƹȶɆȩ ɂȲȝ üɀȎƩ Ǧ Ǡȵ ǦȱǠǵ Ž ǦǤȞȲȱä  
ὠί  ìǠƶâĀ    þïäɀǩminimax  ǦǤȞȲȱ  ǦɆȖƪä ǦƭƎȱä ýäǼǺǪȅ˨  [99]îäǼȪƫä ȰǮƹ . ὗίȟὥȟὥ    ǦȥɀȦȎȵ ȰǱà ȸȵ ǼǝǠȞȱä
 ȴɆȪȱä ȜɆƤ   ὥᶰꜝ ίὸĀὥᶰꜝ ίὸ  Û  ȀȖȆȱä ǢȝɎȱä ñɀȊƫä ȰǮƹ(row player)   ñɀȊƫä çäÞäȀǱâ ȸȝ ȀȖȅɉä ƎȞǩĀ

 ȼǪɆǲɆǩäƕȅä Ăà  “ ί  ìɀȶȞȱä ǢȝɎȱä ɀȽ ĂɀȹǠǮȱä ýǼǺǪȆƫä þɀȮɅ ǠȶɆȥ Û(column player)   çäÞäȀǱâ æǼȶȝɉä ȰǮƢĀ
  ȼǪɆǲɆǩäƕȅä Ăà ĂɀȹǠǮȱä ýǼǺǪȆƫä“ί . 
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1. At state  ί, ὸ πȟρȟςȟỄ 

¶ The state ί is observed if it has not been observed previously: 

¶ The action set is generated ꜝ ί  for the SU and ꜝ ί  for the attacker 

¶ The Q-table is initialized for the SU and the attacker ὗίȟὥȟὥ ρ and 

ὗ ίȟὥȟὥ ρ  ᶅὥᶰꜝȟὥᶰꜝ  

¶ The game value is initialized ὠί ρ, and  ὠί ρ 

¶ The SU and the attacker policies are initialized  “ίȟὥ
ȿꜝ ȿ

, and “ ίȟὥ

ꜝ
ȟᶅ ὥɴ ꜝȟὥᶰꜝ  

¶ The state ί is adeed to the visited state list ί  

¶ Otherwise: use the previously generated  ꜝ ί ,  ꜝ ί , ὗίȟὥȟὥ ,  ὗ ίȟὥȟὥ , 

 ὠί , ὠί , “ί  and “ ί . 

2. Choose an action ὥ at time ὸ: 

¶ With probability ὴ  the SU and the attacker choose their ὥȟὥ actions uniformly at 

random. 

¶ With probability ρ ὴ  the SU chooses an action ὥ according to the policy “ίȟὥ  

and the attacker choose his action ὥ according to the policy “ ίȟὥ . 

3. Learn: 

¶ After the SU and the attacker take their actions, the game moves to the new state ί , 

the SU receives the reward ὶίȟὥȟὥ , and the attacker receives the reward 

 ὶίȟὥȟὥ  

¶ Q-values ὗίȟὥȟὥ  and ὗ ίȟὥȟὥ  are updated according to (14) 

¶ The  SU optimal strategy is updated  “ᶻίȟὥ  by 

“ᶻί ᴺὥὶὫάὥὼάὭὲ “ίȟὥ ὗίȟὥȟὥ

ᶰꜝ

 

¶ The  attackerôs optimal strategy is updated   “ᶻίȟὥ  by 

“ᶻί ᴺὥὶὫάὥὼάὭὲ “ ίȟὥ ὗίȟὥȟὥ

ᶰꜝ

 

¶ The game value is updated for the SU 

ὠί ᴺ ÍÉÎ “ᶻίȟὥ ὗίȟὥȟὥ

ᶰꜝ

 

¶ The game value for the attacker is updated 

ὠί ᴺÍÉÎ “ᶻίȟὥ ὗίȟὥȟὥ

ᶰꜝ

 

¶ Update ‌ ᴺ‘ ‌ 

¶ Go step 1 until converge 

 üĀǼǱ2 :ǦɆȵïîäɀǹ ïȂȞƫä ȴȲȞǪȱäminimax-Q  ƙǤȝɎȱ
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  ǴȑɀɅƨäüĀǼ  3   ĂɀȹǠǮȱä ýǼǺǪȆƫä ȬȲǪƹ ǬɆǵ ìɀȎȪƫäὲ   ñɀȊƫäĀ ǦɆǲɆǩäƕȅäά   ǦȥɀȦȎƫä Ž ȀȎȺȝ Ȱȭ ȰǮƹĀὥ  ǼǝǠȞȱä
  ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȼɆȲȝ ȰȎǶǪɆȅ ĂǾȱä  ǠȵǼȺȝ îǠǪƸ    ìɀȶȞȲȱ Ȩȥäɀƫä ÞäȀǱɋä ĂɀȹǠǮȱä ýǼǺǪȆƫäὮ  ÞäȀǱɋä ñɀȊƫäĀ

 ȀȖȆȲȱ ȨȥäɀƫäὭ  . 
Column Playerôs strategy Row Playerôs 

strategy Column n Ễ Column 2 Column 1 

ὥ  Ễ ὥ  ὥ  Row 1 

ὥ  Ễ ὥ  ὥ  Row2 

ὥ   ể ể ể 

ὥ  Ễ ὥ  ὥ  Row m 

 üĀǼǱ3:  ǦǤȞȲȱä ǦȥɀȦȎȵ 

 ȸȝ ƘǤȞǪȱä ȸȮƹ ǦǤȞȲȱä ǦȶɆȩȰȮȊȱ˨ ǦǤȞȲȱä ǦȥɀȦȎȵ ȸȵ ăǠȩɎȖȹä   

άὥὼάὭὲ“ὐ▼ὸ
Ὕ
ὗίȟὥȟὥ “ίὸ           30 

ɋĀ ǦǤȞȲȱä ǦȶɆȩ ìǠƶ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦɆǲɆǩäƕȅä þà óƕȦȹ“ί ǦǪǣ˪Û äǾȮȽĀ  ǦȶɆȩ þɀȮǩǦǤȞȲȱä  ɄȽ ǦȶɆȩ ȀȢȍà ǠȾȪȪƠ  
 ñɀȊƫä ǦɆǲɆǩäƕȅä“ ίÛ  ĀɄȲɅ Ǡȶȭ ăǠɆȑˬî Ȭȱí ȸȝ ƘǤȞǪȱä ȴǪɅ 

άὭὲ“ὐίὸ
Ὕ
ὗίȟὥȟὥ “ίὸ           31 

þà ǠƞĀ  ὗίȟὥȟὥ “ίὸ Ā ȔȪȥ öǠȞȉ ȰǮƹ“ ί  ƃǠȶǪǵä ȜɅïɀǩ öǠȞȉ ɀȽÛ    ǦȱìǠȞƫä Ȱǵ ǴǤȎɅ(31)    ǜȥǠȮȵ  ȀȢȍà ìǠƶɋ
  öǠȞȊȱä Ž ȀȎȺȝάὭὲὗίȟὥȟὥ “ίὸ   Ȱǵ ȔɆȆǤǩ ȸȮƹ ąǾǝǼȺȝĀ(30) ɄȲɅ Ǡȶȭ  : 

άὥὼάὭὲὗίȟὥȟὥ “ίὸ  

 ĉȀȞȹ ùᾀ άὭὲ
Ὥ
ὗίὸȟὥὸȟὥὐ

ὸ“ί
Ὥ

  Û  þà ǠƞĀᾀ þɀȮɅ ȀȎȺȝ ȀȢȍà ɀȽ    ὗίȟὥȟὥ “ίὸ ᾀ  äǾȮȽĀ
 ǦȲȮȊƫä ǴǤȎǩ(15)  ȰȮȊȱä ȸȵ 

 άὥὼ    ᾀ    

                       s.t    ὗίȟὥȟὥ “ίὸ ᾀ               32 

 “ί 

    “ί ρ 
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ǬɆǵ   “ίȞǩþд Ɨ ǦǤǱɀȵ çɍǠȶǪǵɍä Û Ā“ί ρ  þд ƗȞǩ ĂĀǠȆɅ ǠȾȝɀȶƭ  1ìǠƶâ þɇä ǼɅȀȹ . 
“ί ǦȶɆȩ ȴȚȞǩ Ɣȱä ƫä  ƘȢǪᾀ ƃǠǪȱ˨Ā  (32) ȸȮƹ   ȰȮȊȱ˨ ǢǪȮǩ þà 

 άὥὼ    ὥόὫ
Ὕ “ᴂ 

            s.t      ὗ“                33 

               “ί  

              “ ρ 

 ǬɆǵ   “ “ί
ᾀ

 Āὗ  ὗίὸȟὥὸȟὥὐ
ὸ   Ā  π   Ā  ρ  

 ýǼǺǪȆȶȲȱ ȸȮƹ äǾȮȽĀǦȶɆȩ ɂȲȝ üɀȎƩä ĂɀȹǠǮȱä z ȸĉȆǂä ýäǼǺǪȅ˨ (optimizer)  “.   
  çäîǼȪȱä ìĀǼƮ ñɀȊƫä þà ȨǣǠȆȱä ɀɅîǠȺɆȆȱä Ž ǠȺȑƕȥä  Ăà ýǼǺǪȆƫä ǠȾȵǼǺǪȆɅ Ɣȱä çäɀȺȪȱä ȜɆƤ ɂȲȝ ȈɅɀȊǪȱä ȼȺȮƹ ɍ

  Ž æȀȡǠȊȱä çäɀȺȪȱä Ȱȭ ǦƤǠȾȵ ȜɆȖǪȆɅ ñɀȊƫä þà ǠȺȑƕȥä ɀȱ ǦȱǠȞȥ Ƙȡ Ăììƕȱä ȂȦȪȱä ǦɆǲɆǩäƕȅä ǴǤȎǩ Ȝȩäɀȱä Ž .ĂɀȹǠǮȱä
 äǾȽ .ǦȚǶȲȱä ȄȦȹ ĂǾȱä ɀɅîǠȺɆȆȱä ɀȽ .ǦɆȱǠǪȱä æȀȪȦȱä Ž ȰɆȎȦǪȱ˨ ȼǵȀȊȹ 

-2.4 ɀɅîǠȺɆȆȱä ƆǠǮȱä 
  ǴȶȆǩ Ɣȱä Ʉȭäîìɋä ɀɅìäȀȱä çǠɆȺȪǪǣ ȸɅȂȾŎä ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȸȵ Ǧȝɀȶƭ ȸȵ ǦȹɀȮȵ Ʉȭäîìâ ɀɅìäî ǦȮǤȉ ìɀǱĀ óƕȦȹ

  ȴƬƃĀɉä ýǼǺǪȆƫä åǠɆȡ ǼȺȝ ȤɆȖȱä ȸȵ æìǠȦǪȅɍ˨   Ā  ȨɆȆȺǩ ǦɆȲȶȝ ǦɅǼȝǠȩ ǦȖƮ ƂɀǪǩíǠȦȹ    ȤɆȖȱä Ƃâ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä
ȾȺɆǣ ȰǹäǼǪȱä ǢȺǲǪȱȴ.   ýäǼǺǪȅ˨ ƃĀɉä ýǼǺǪȆƫä ìɀǱɀȱ ȄȆǶǪȱ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä ýɀȪɅĀ ăǠɆȺȵï ȴȆȪȵ ýǠȚȺȱä þà óƕȦȹ

  ýǼǺǪȆȶȲȱ ȸȮƹ ƃǠǪȱ˨Ā ƃǠǮȵ ȰȮȊǣ ȴǪǩ ȄȆǶǪȱä ǦɆȲȶȝ þà óƕȦȹ ÛǠȽƘȡ Āà ǦȩǠȖȱä ȤȊȭ ȰǮȵ ǦǵǠǪƫä çǠɆȺȪǪȱä āǼǵâ
ȰȮȊǣ ȤɆȖȱä üɎȢǪȅɍ ǦǵǠǪƫä òȀȦȱä ȜɆƤ ȸȵ æìǠȦǪȅɍä ĂɀȹǠǮȱä   .ȰȵǠȭǩ þɀȞɆȖǪȆɅ ȸɅǾȱä ÞǠɆȭíɉä ƙƤǠȾƫä ȸȵ Ǧȝɀȶƭ ýɀȪ

  ȈɅɀȊǪȱ˨ ĂɀȹǠǮȱä ýǼǺǪȆƫä æîǠȉâĀ ƃĀɉä ýǼǺǪȆƫä æîǠȉâ ƙǣ ȂɆɆȶǪȱä  ɂȲȝ  ýǼǺǪȆȶȲȱ ǦǵǠǪƫä çäɀȺȪȱä Ȱȭ ȜȺȵ ùǼŏ ĂɀȹǠǮȱä
 úǠȖȹ ȸȶȑ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä öïɀǪɅ .ƙɆȱĀɉä ƙȵǼǺǪȆƫä ɂȲȝ ȈɅɀȊǪȱ˨ þɀȵɀȪɅ ɍĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȸȝ ǦȵǼƪä

ǦɅɀȹǠǮȱä ǦȮǤȊȱä Ȱȶȝ ǦȪȖȺȵ Ž þɀƤǠȾƫä öïɀǪɅĀ ǦɅǼȝǠȪȱä ǦȖǂä ǦɆȖȢǩ .    ȤȲǪƸ  ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǦǤȆȺȱ˨ æǠȺȪȱä Ǵǣî
  ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ƙǣ ȨɆȆȺǪȱä ǦɆȲȶȝ ƂɀǪǩ ǦɅǼȝǠȪȱä ǦȖǂä ĉþà Ǡƞ .ȴȾȞȩäɀȵ ùɎǪǹä ǢǤȆǣ ƙƤǠȾƫäĀ  ƙǵ Ž  þĀǠȞǪɅ

ǦɅɀȹǠǮȱä ǦȮǤȊȱ˨ îȀȑ Ǝȭà úǠƩɋ þɀƤǠȾƫä  Û  Ǣȝɍ ǦǣǠǮƞ çǠȉɀȊƫä ȰȭĀ ǼǵäĀ Ǣȝɍ ǦǣǠǮƞ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä Ȱȭ ƎǪȞȹ
  ÛȀǹßŽ ǠȾǪȚǵɎȵ ȸȮƹ ǦŏǠȊƫä çǠɆȑȀȦȱä ȐȞǣ ]65[  ǦǲɆǪȹĀ ÛǦȆȭǠȞǪȵ ăǠȥäǼȽà ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȸȵ Ȱȭ ȬȲƹ .

 çäɀȺȪȱä ǴǣȀǣ ǦȖǤǩȀƫä çäƘȢǪȱä Ƃâ ǦȥǠȑɋ˨ ÛȤɆȖȱä ȸȵ æìǠȦǪȅɍä ǦȍȀȥ üɀǵ ƙȪɆȱä ýǼȝ ǦȱǠǵĀ ƃĀɉä ýǼǺǪȆƫä ǦȱǠǵ ƘȢǪȱ
ȉɀȊƫäĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǦǤȆȺȱ˨çǠ  ȉɀȊƫäĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ƙǣ ȰȝǠȦǪȱä ǦǱǾȶȺǣ ýɀȪȹ ÛāȀǹɉ ǦȚƩ ȸȵ çǠ  
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  .ȀȦȍ ǠȾȝɀȶƭ ǦɆǝäɀȊȝ ǦǤȞȱ ȼȹà ɂȲȝ ǦǞɆǤȱäĀ Ā ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ȴɆȶȎǪǣ ǦɆȱǠǪȱä æȀȪȦȱä Ž ýɀȪȹ  ǦɆǝäɀȊȞȱä ǦǤȞȲȱä çɍǠǵ ƙǤȹ
 .ǠȾȺɆǣ üǠȪǪȹɍä çɍǠȶǪǵäĀ 

 -1.2.4ǦǤȞȲȱä ȴɆȶȎǩ 
  þâ  ùǼȽ ȵǼǺǪȆƫäƙ  ɅɀȹǠǮȱäƙ    ɀȽüǠȅîɋä ǦȞȅ æìˬï    Ž  ƙǵɅƤǠȾƫä ùǼȾ ɀ  þ  çäɀȺȪȱä ǦȞȅ ȰɆȲȪǩ Ƃâ  Þäìà ȐɆȦơ ùǼŏ
ǦȮǤȊȱä.   ƞȴɆȶȎǪǣ ýɀȪȹ ǦȆȭǠȞǪȵ ùäǼȽà ǠȶƬ ƙǤȝɎȱä Ɏȭĉ þà Ǡ    ȰȝǠȦǪȱä  ǠȶȾȺɆǣ  .ȀȦȍ ǠȾǪȲȎƮ ǦǤȞȱ ȼȹà ɂȲȝ  þɀȮǩ  ǦȖǂä
ɅǼȝǠȪȱäǦ  Ʉȭäîìɋä ɀɅìäȀȱä ǦȮǤȊȱ ȨɆȆȺǩ ȸȝ ǦȱĀǘȆȵíǠȦȹ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ĂǾȱä îȀȒȱä ȴɆȚȞǪȱ ȈɅɀȊǪȱä æȂȾǱà þĀǠȞǪǩĀ Û
  ȨǶȲɅǦȮǤȊȱ˨ .  Ȭȱí ɂȲȝ ăÞǠȺǣ    ȜɆƤ óƕȦȹƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä   ǦǣǠǮƞ    ƙƤǠȾƫä ȜɆƤ ƎǪȞȹ ǠȶȺɆǣ ǼǵäĀ Ǣȝɍȱä  ǢȝɎɇäȀǹ  .

 ǘǤȺǪȱä ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮƹ ɍ  ǣɉä ýǼǺǪȆƫä ûɀȲȆ ƃĀ  ɅĀ  ǢǱɀǪ ĂɀȹǠǮȱä ýǼǺǪȆƫä ɂȲȝ  ǼȺȝ æǠȺȪȱä ÞɎǹâǠȵ    ýǼǺǪȆƫä ǠȾǤȲȖɅ
ƃĀɉä.    ƃǠǪȱ˨  þâ  Ž æǠȺȪȱä ýäǼǺǪȅä ǦȍȀȥȂɆƩä  ȱäƗȵȂ  Ǽȭǘȵ Ƙȡ ƃǠǪȱäæ    ǠȶȭǴǣî ȤȲǪƸ  ȱä ǦǲɆǪȹ æǠȺȪȱäǦǞɆǤ  ǦȖɆǂä    ǦɆȭȀǵĀ

ǣ ýɀȪȹ ȬȱǾȱ .ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ĉŒà ɂȲȝ ȈɅɀȊǪȱä ǦǶȥǠȮȵ ǦǤȞȱ ȴɆȶȎǪ  ǦɆǝäɀȊȝ ǦǤȞȱ Ǡ[65,93,96,99]   ȀȍǠȺȝ ƙǤȹǠȽ   Ž
.ǦɆȱǠǪȱä çäȀȪȦȱä 

-1.1.2.4    çɍǠƩäüǠȪǪȹɍä çɍǠȶǪǵäĀ 
  çäɀȺȪȱä ìǼȝ ĉþà óƕȦȹ  æȀȡǠȊȱä  ɀȽὔ   ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦǵǠǪȵ çäɀȺȪȱä ȻǾȽ þà óƕȦȹĀ    üǠȅîɋä ǦɆȲȶȞǣ ýǠɆȪȲȱ  ɀȽĀ

  ýǼǺǪȆɅ  ȜɆƤ  ȻǾȽçǠȵɀȲȞƫä ȰȪȺȱ çäɀȺȪȱä  óȀȦȹĀ Û  ɀȽ ǠȾȺȵ ȰȮȱ ɄȦɆȖȱä óȀȞȱäὄ   ǬɆǵὯᶰρȟςȟỄȟὔ.   ǩ  ɂȞȆ
  ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫ˨ îȀȒȱä úǠƩâ Ƃâ çǠȉɀȊƫäǾȦȺǩĀ  ȸȶȑ ǦȝǠȖǪȅɍä ȸȪǵ üɎǹ ȸȵ ȈɅɀȊǪȱä ǦɆȲȶȝ  ȱä  çäɀȺȪ ǦȵǼǺǪȆƫä
  æìǠȦǪȅɍä ȸȵ ȴȾȞȺȵĀ çäɀȺȪȱä ǦȞȅ ȰɆȲȪǩ ùǼŏǠȾȺȵ  ȰǮȵɉä ȰȮȊȱ˨    Ǡȶȭ  ǴȑɀɅ  ȰȮȊȱä4  çǠȉɀȊƫä ȴǱǠő ɍĀ Û ȻǾȽ

çäɀȺȪȱä   ȂȾƭ ƙƤǠȾƫä ĉþà óƕȦȹ .ȔȊȹ ƃĀɉä ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝ Ā  Ɣȱä ǦɅìǠǪȞȱä çǠɆȹǠȮȵɋ˨ þȸȵ ȴȾȺȮƢ    ǦƤǠȾȵ ȜɆƤ 
  ǦȵȂƩä çäɀȺȩǦȚǶȲȱä ȄȦȹ ŽȀǭà ȸȵ ȤɆȦǺǪȱäĀ çäɀȺȩ ǦȞȅ æìˬï þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ǼɅȀɅ .  ȈɅɀȊǪȱä    ǦȝǠȖǪȅä ǼɅǼƠ Ǝȝ

äɀȺȪȲȱ ǦɆȲȮȱä ǦȞȆȱä æìˬï Ƃâ ĂìǘɅ Ǡư æǠȺȩ ȰȮȱ ǦǤȅǠȺƫä üǠȅîɋä  .ǦǵǠǪƫä ç  óƕȦȹ  ăǠȒɅà ĉþà  ὖ ρ     ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝ
ȖȊȹ ƃĀɉä ăǠ  ýǼǺǪȆɅĀĀ çäɀȺȪȱä ȻǾȽὖ π  ǠȵǼȺȝ  ƃǠǪȱ˨Ā ȔȊȹ Ƙȡ ƃĀɉä ýǼǺǪȆƫä þɀȮɅçäɀȺȪȱä þɀȮǩ   ȸȮƹ .æȀȡǠȉ

ùɀȭîǠȵ ǦȲȆȲȅ ȼȹà ɂȲȝ ƃĀɉä ýǼǺǪȆƫä ǦȱǠǵ ǦǱǾƴ  ƙǪȱǠǵ ȸȵ  [65,98]  .  ǦȱǠǵ ȸȵ ƃĀɉä ýǼǺǪȆƫä üǠȪǪȹä üǠȶǪǵɍ ȂȵȀȹ
 ǦȚǶȲȱä Ž üɀȶƪäὸ  ȱǠǵ Ƃâ Ǧ   ǦȚǶȲȱä Ž ôǠȊȺȱäὸ ρ    ȂȵȀȱ˨ ὴᴼ ὴὖ ρȿὖ π    ȻîäȀȶǪȅä üǠȶǪǵä Ǡȵà

  ƙǪɆȱǠǪǪȵ ƙǪȚǶȲȱ ôǠȊȺȱ˨ὸ    Āὸ ρ    ɀȾȥὴᴼ ὴὖ ρȿὖ ρ .    æǠȺȪȱä Ǵǣî ȤȲǪƸὯ    ýǼǺǪȆȶȲȱ ǦǤȆȺȱ˨
  ǦǲɆǪȹ ñɀȊƫäĀ ĂɀȹǠǮȱä  æǼȝǠȶȾȺȵ Ȱȭ Ȝȩɀƞ ȔǤǩȀǩ Ȱȵäɀȝ   ǬɆǵ    æǠȺȪȱä ǴǣȀȱ ȂȵȀȹὯ   ǦȚǶȲȱä Žὸ    ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦǤȆȺȱ˨

Ὣ   ɀȽ ñɀȊȶȲȱ ǦǤȆȺȱ˨ ǠȾƜî ǠȵàὬ Ā Û  þà óƕȦȹὫ  ĀὬ   Ž ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ǦȱǠǵ ùĉȀȞȹ .ȴɆȪȱä ȸȵ ǦɆȾǪȺȵ Ǧȝɀȶƭ Ǿǹе
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  ǦȚǶȲȱäὸ    ȰȮȊȱ˨ί ὖȟὫȟὬ.    ƃĀɉä ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝ æǠȺȪȱä ýäǼǺǪȅä ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮƹ ɍ ȼȹà Ǡƞ
  ɀȽ ąǾǝǼȺȝ æǠȺȪȱä Ǵǣî þɀȮɅ ÛȔȊȹὫ πþɀȮɅ ƃĀɉä ýǼǺǪȆƫä ǦƤǠȾƞ ȴǪȾȵ Ƙȡ ñɀȊƫä þɀȭĀ Û  Ὤ π. 

 

 ȰȮȊȱä4:  æǠȺȪȱä ɂȲȝ ȈɅɀȊǪȱä ɀɅîǠȺɆȅὯ ǦɅììƕȱä ǦȵȂƩä Ž. 
  Ƃâ ùǼŒ ǠȺȹɉ üǠȅîɋä ǦɆȲȶȝ üɎǹ āȀǹɉ ǦȚƩ ȸȵ Ǩǣ˪ çäɀȺȪȱä Ǵǣî þà ăǠȒɅà óƕȦȹ  ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ûɀȲȅ Ǧȅäîì

ȉɀȊƫä ǦȾǱäɀȵ Ž ǦȝǠȖǪȅɍä ȜɅïɀǩ ŽçǠ    Ƙǭе ȸȝ ăäǼɆȞǣ  ɂȲȝ ȰȎƷ Ǽȩ ĂǾȱä ƘɆȢǪȱä ǢǪȮȹ þà ȸȮƹ ƃǠǪȱ˨Ā āȀǹɉä ȰȵäɀȞȱä
Ὣ Ὣ     ĀὬ Ὤ     ƙǪȱǠǵ ȸȵ þɀȮȵ ąǾǝǼȺȝ ǦɆǝäɀȊȞȱä ǦǤȞȲȱ ǦȱǠƩä ȔȖƯ þɀȮɅ .ȀɅȀȪǪȱä ǦɆȪǣ Ž  ǠȶȾǶȑɀɅ  ȰȮȊȱä5 Û  

 ăÞǠȺǣ ȼǣ ǦȍǠƪä æǖȥǠȮƫä Ǣȝɍ Ȱȭ ǾǹиĀ ÛƃĀɉä ýǼǺǪȆƫä ôǠȊȹ ɂȲȝ ăÞǠȺǣ ƙǪȱǠǵ ƙǣ ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ȰȪǪȺǩ ɀɅîǠȺɆȆȱä äǾȽ Ž
 .ȻǾǺǪɅ ĂǾȱä ÞäȀǱɋä ɂȲȝ 

 
 ȰȮȊȱä5ǦȱǠƩä ȔȖƯ : ǦɆǝäɀȊȞȱä ǦǤȞȲȱ   ɀɅîǠȺɆȆȱä) ƆǠǮȱä ( 

 æȀȪȦȱä Ž ùĉȀȞȹ .Ǣȝɍ ȰȮǣ ǦȍǠƪä çäÞäȀǱɋä ǦɆȱǠǪȱä 

-2.1.2.4  äÞäȀǱɋä ç 

  üǠȅîɋä ǦȝǠȖǪȅä ǼɅǼƠ üɎǹ ȸȵ çäɀȺȪȱä ǦȞȅ æìˬï Ƃâ ĂɀȹǠǮȱä ýǼǺǪȆƫä ùǼȾɅ  ǦǤȅǠȺƫäæǠȺȩ ȰȮȱ   ăǠȪǣǠȅ ˫Ȁȭí Ǡȶȭ  Ž Û
  ǦȝǠȖǪȅä ȸȪǵ üɎǹ ȸȵ ǠȾɆȲȝ ȈɅɀȊǪȱ˨ çäɀȺȪȱä ȻǾȽ ǦȞȅ ȐɆȦǺǪȱ ɂȞȆɅ ñɀȊƫä þà ƙǵ ýǼǺǪȆƫä üǠȅîâ Ȝȵ ȸȵäȂǪȱ˨
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 ĂɀȹǠǮȱä  ȂȵȀȹ .ὡ ȟ    üǠȅîɌȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɎȱä Ž  æǠȺȪȱὯ    ǦȚǶȲȱä Žὸ  ȂȵȀȹ ǠȺȹà Ǡȶȭ Ûὡ ȟ
 

  æǠȺȪȱä ɂȲȝ ȈɅɀȊǪȲȱ ȴǱǠȾƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɎȱὯ    ǦȚǶȲȱä Žὸ    ǬɆǵὯᶰρȟςȟỄȟὔ.  ǢǤȆǣ ǦɅȂɆɆƢ 

(resolution)  ȉɀȊƫäĀ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ȸȵ ȰȮȱ ǦɅìǠǪȞȱä çäȂɆȾǲǪȱäçǠ    þǚȥὡ   Āὡ    îäǼȪƞ ƘȢǪǩ ǦȞȖȪǪȵ ȴɆȩ Ǿǹе
ὡ  ȸȵ Ȱȭ þǚȥ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȸȵ ȰȮȱ ìĀǼƮ ǦȩǠȖȱä îǼȎȵ þà ǠƞĀ Ûὡ  Āὡ  .ȴɆȪȱä ȸȵ ǦɆȾǪȺȵ Ǧȝɀȶƭ ǠȶƬ 

Ž ȻǾǺǪɆȅ ĂǾȱä ÞäȀǱɋä üɎǹ ȸȵ æǠȺȩ ȰȮȱ ǦȲȅȀƫä ǦȝǠȖǪȅɍä ĂɀȹǠǮȱä ýǼǺǪȆƫä ìǼƷ    ǦȚǶȲȱäὸ   Ā  ȰȮȊȱ˨ ȼȥĉȀȞȹὥ

ὡ ȟȟὡ ȟȟỄȟὡ ȟ  ĂǾȱä ÞäȀǱɋä üɎǹ ȸȵ æǠȺȩ ȰȮȱ ǦȝǠȖǪȅɍä ñɀȊƫä ìǼƷ ȸȵäȂǪȵ ȰȮȊǣ ÛȻǾǺǪɅ  ὥ

ὡ ȟȟὡ ȟȟỄȟὡ ȟ  . ĂɀȹǠǮȱä ýǼǺǪȆƫä þà îǠǤǪȝ˨  ȺȮƹ ɍ ȼ  ȱä Ǝȝ üǠȅîɋäçäɀȺȪ   ȔȊȹ ƃĀɉä ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝ 
  þɀȮɅὥ πȟπȟỄȟπ.    þà Ǡƞ  ȴǪȾȵ Ƙȡ ñɀȊƫä ǦƤǠȾƞ    ƃĀɉä ýǼǺǪȆƫä þǚȥ ὥ πȟπȟỄȟπ.    ȸȵ Ȱȭ íǠơä ǼȞǣ

  ǠȶőäÞäȀǱâ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ĀƃĀɉä ýǼǺǪȆƫä ôǠȊȹ ɂȲȝ ăÞǠȺǣ    þà ȸȮƹ  ǦɆǝäɀȊȞȱä ǦǤȞȲȱä ȰȪǪȺǩ  Āà āȀǹà ǦȱǠǵ Ƃâ
 ɂȪǤǩ ĉȀȞȺȅ ƔȱäĀ ȴŏ ǦȍǠƪä æǖȥǠȮƫä ƙȺǭɍä ƙǤȝɎȱä ȸȵ Ȱȭ ɂȪȲǪɅĀ ǦȱǠƩä ȄȦȹ Ž .ǦɆȱǠǪȱä æȀȪȦȱä Ž ǠȾȥ 

-2.1.2.4  æǖȥǠȮƫä 
ȻǾǺǪɅ ĂǾȱä ÞäȀǱɋä ìǼƷ    ĂɀȹǠǮȱä ýǼǺǪȆƫä ćǪȅ Ɣȱä ǦȝǠȖǪȅɍäǶ  æǠȺȩ ȰȮȱ ȌȎüɎǹ    üǠȅîɋä ǦɆȲȶȝ  Ȭȱí ȸȵ ùǼȾɅĀ

ȅ ȰȒȥà ȨɆȪǶǪȱ ǦȺȮư ǦȞ  æǠȺȪȱä ȻǾƬÛ   Ā  ǦȲǣǠȪƫä ǦȾƨä Ž  ȻǾǺǪɅ ĂǾȱä ÞäȀǱɋä ìǼƷȴǱǠȾƫä  Ǫȅ Ɣȱä ǦȝǠȖǪȅɍäǶ  ȰȮȱ ȌȎ
  æǠȺȩüɎǹ  ȱä ǦɆȲȶȝ ȈɅɀȊǪ    çäɀȺȪȱä ǦȞȅ ȰɆȲȪǩ ɀȽĀ ȄȭǠȞȵ ùǼŏ ȸȮȱĀȱ ǦǤȆȺȱ˨ ĂɀȹǠǮȱä ýǼǺǪȆȶȲ  .  ƙǣ ȔǣȀȹ þà ǠȺȺȮƹ

  ȼɆȱâ ɂȞȆɅ ĂǾȱä ùǼƬä  ȸȵ ȰȭɎȱäƙǤȝ  ä ÞäȀǱɋäĀ ȱ ĂǾ    ȻǾǺǪɅȰȭ    ǠȶȾȺȵ  ǦȺɆȞȵ ǦȱǠǵ ŽɂȲȝ ìǠȶǪȝɍ˨    ȤɅȀȞǩ"þɀȹǠȉ"    ǦȞȆȱ
 ǦȚǶȲȱä Ž æǼǵäɀȱä æǠȺȪȱäὸ  

ὧ ίὸȟὥὸȟὥὐ
ὸ ὄ ὰέὫρ

ὡὸȟὯ

ὡὐ
ὸȟὯ             34    

  ǬɆǵὡ    ɄȽ  ǦȝǠȖǪȅäȱä  ǰɆǲȒ ĂǾȱä    ȼȑƕȦȹȭ ĀíǠǮ˪ ǦȥǪǣǦ .    ýǼǺǪȆƫä ǠȾɆȲȝ ȰȎƷ Ɣȱä ǦɆȲȮȱä æǖȥǠȮƫä ùĉȀȞȹ ƃǠǪȱ˨Ā
 ǦȞȅ ǠŒд ĂɀȹǠǮȱä çäɀȺȪȱäǦɆȲȮȱä  Ăà çǠȞȅ öɀȶƭ  çäɀȺȪȱä ǦȵǼǺǪȆƫä üǠȅîɌȱ ǦȩɎȞȱ˨ ɂȖȞǩĀ 

ὶ ίὸȟὥὸȟὥὐ
ὸ В ὧ ίὸȟὥὸȟὥὐ

ὸ В ὄ ὰέὫρ
ὡὸȟὯ

ὡὐ
ὸȟὯ             35    

ȄȭǠȞȵ ùǼȽ ǠƬ çǠȉɀȊƫä þà Ǡƞ    ȀȚȺȹñɀȊƫä ǠȾɆȲȝ ȰȎƷ Ɣȱä æǖȥǠȮƫä Ƃâ    ǦȚǶȲȱä Žὸ  ǠŒà ɂȲȝ  æǖȥǠȮƫä    Ɣȱä ǠȾȆȦȹ
  ĉþà Ăà ǦȆȭǠȞȵ æîǠȉф ȸȮȱĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȪȪƷὶ ὶȪǶǪȱ Ǣȝɍ Ȱȭ ɂȞȆɅ .ɆìĀìȀȵ Ǝȭà Ȩ    ɂȲȝ ȼȱ ȸȮư

ȴǪȾɅĀ ÛȰɅɀȖȱä āǼƫä    çǔȥǠȮƫ˨ǦɅîɀȦȱä  ǦɆȲǤȪǪȆƫä çǔȥǠȮƫä ȸȵ ȀǮȭàǴǤȎǩ ÛȬȱí ɂȲȝ ÞǠȺǣ .    ìǠƶâ ɄȽ Ǣȝɍ ȰȮȱ ǦȱǖȆƫä
ǼǝǠȞȱä    ȰȒȥɉä  Žàɀȅɉä ǦȱǠƩä .  ǠȺȺȮƹ  ǠȺȽ    ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹ ýäǼǺǪȅäminimax-Q    ǦȅǠɆȆȱä ȴȲȞǪǣ ƙǤȝɎȱ ǴȶȆǩ Ɣȱä
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ǦȝǠȖǪȅɍä ǼɅǼƠ Ž ȰǮȵɉä  ȨɆȪǶǪȱǼǝǠȞȱä .ȰȒȥɉä   ýäǼǺǪȅ˨ ɂȲǮƫä ȼǪɆǲɆǩäƕȅä Ǣȝɍ Ȱȭ ìǼƷ ȤɆȭ ǦɆȱǠǪȱä æȀȪȦȱä Ž êȀȊȹ
.ǦɆȵïîäɀƪä ȻǾȽ 

-2.2.4  ȴȲȞǪȱä 
  þà óƕȦȹ  ĂɀȹǠǮȱä ýǼǺǪȆƫä  þɀȮɅ ǠȵǼȺȝ ăǠȶǝäì üǠȅîâ ǦɆȲȶȞǣ ýɀȪɅĀ ȤɆȖȱä ȰȢǪȆɅ ɀȽĀ ç˫ǠɆǤȱä ȸȵ ǦȲɅɀȕ ǦȲȆȲȅ ȬȲǪƹ

  çäɀȺȪȱä þɀȮǩ ǠȵǼȺȝ Ăà ȔȊȹ Ƙȡ ƃĀɉä ýǼǺǪȆƫäǦǵǠǪȵ  .  ȬȱǾȭþà óƕȦȹ    çǠȉɀȊƫäƞ ȼȱ ǴȶȆɅ ǦȩǠȕ îǼȎƞ æȂĉȾƭ  ǦƤǠȾ
üǠȅîɋä æƕȥ ǦȲɆȕ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫäƃǠǪȱ˨Ā Û    ȀȶǪȆǩ  ȻǾȽǦɆȺȵȂȱä çäȂɆƩä ȸȵ ȼǪȺȵ Ƙȡ ìǼȝ ǦɆȲȶȞȱä.    æìˬï þɀȮɅ  ǦȞȅ

  ǢɅȀȪȱä āǼƫä ɂȲȝ çäɀȺȪȱä āǼƫä ɂȲȝ ǠȾǪȞȅ æìˬï ȸȵ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦɆƵà ȀǮȭà  ǼɆȞǤȱä   ĉþǚȥ ȬȱǾȱ  ȱä çǔȥǠȮƫä  ǦɅîɀȦ
 ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ    ȀǮȭà  ǦɆƵàȸȵ  ȬȲǩ  ǦɆȲǤȪǪȆƫä.  ɂȲǮƫä ǦȅǠɆȆȱä ɂȲȝ Ǣƶ ƃǠǪȱ˨Ā   ǦǤȆȺȱ˨ȱǪȆȶȲ  ĂɀȹǠǮȱä ýǼǺ þà    ɂȞȆǩ

  ǦȎȩǠȺǪƫä çǔȥǠȮƫä öɀȶƭ Ȝȩɀǩ ȴɆȚȞǪȱάὥὼὉВ ‎ὶ ίȟὥὸȟὥὐ
ὸ    ǬɆǵ ‎    ɀȽ  ȰȵǠȞȵȩǠȺǩȌ   æǖȥǠȮƫä  ýǼǺǪȆȶȲȱ

 ĂɀȹǠǮȱä.    ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȅǠɆȆȱ ȂȵȀȹ“ȡ הᴼὖὈꜝ    ǬɆǵה    Ā çɍǠƩä Ǧȝɀȶƭ ꜝ  Ɣȱä çäÞäȀǱɋä Ǧȝɀȶƭ ɄȽ
  ɄȽ ñɀȊƫä ǦȅǠɆȅĀ ÛǠȽíǠơä ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮƹ“ȡ הᴼὖὈꜝ    ǬɆǵ ꜝ  ȸȮƹ Ɣȱä çäÞäȀǱɋä Ǧȝɀȶƭ ɄȽ

  .ñɀȊƫä ǠȽǾǺǪɅ þà āȀǱ  ǦǤȞȱ ȼȹà ɂȲȝ ɀɅîǠȺɆȆȱä ǦǱǾƴ  ǦɆǝäɀȊȝ  ƮǠȾǪȲȎ  ǼǱɀɅ ȬȱǾȱ ȀȦȍ   þïäɀǩ ǦȖȪȹminimax    ɄȽĀ
Ǣȝɍ ȰȮȱ æǼɆǵĀ ǦȖȪȹ Û    þà ȸȮƹĀ Ǣȝɍ ȰȮȱ æȀȪǪȆƫä ǦȅǠɆȆȱä ǦȖȪȺȱä ȻǾȽ ìǼƠ  ǦɆȵïîäɀǹ ýäǼǺǪȅ˨ ǠȾɆȲȝ ȰȎƲȱäȴȲȞǪ 

ïȂȞƫä  minimax-Q  ]100 [  ƎȞɅ .ȱä  ȜǣǠǪὗίȟὥȟὥ    ȸȝǼǝǠȞȱä    ȼɆȲȝ ȰȎǶǪɅ ĂǾȱä ĂɀȹǠǮȱä ýǼǺǪȆƫä  ȻíǠơä ǼȞǣ   ÞäȀǱɋä
ὥ   Ā  íǠơä  ÞäȀǱɋä ñɀȊƫäὥ    ǦȚǶȲȱä Žὸ    ǠȶȾȺȵ Ȱȭ ȜǤǪɅ þà ɂȲȝæȀȪǪȆƫä ȼǪȅǠɆȅ    .Ȭȱí ǼȞǣ  ÞäȀǱɋä Ǣȝɍ Ȱȭ ùȀȞĆɅ

 Ā ȻǾơä ĂǾȱä  ȜɆȖǪȆɅȬȱǾǣĀ ǠȾȮȲǪƹ Ɣȱä ǦɆȭäîìɋä çäîǼȪȱä ǢǤȆǣ æǠȺȩ ȰȮȱ Ȁǹɇä ǢȝɎȱä ǠȽìǼǵ Ɣȱä ǦȝǠȖǪȅɍä ǦȥȀȞȵ ăǠȒɅà 
 îìǠȩ þɀȮɅ ăä    ɂȲȝ  ǦȶɆȩ ǬɅǼƠὗίȟὥȟὥ    ȼǣ ǦȍǠƪäȰȪǪȆȵ ȰȮȊǣ    Ȁǹɇä ǢȝɎȱä ȸȝ  ǦȱìǠȞȵ üɎǹ ȸȵ"þǠȶȲɆǣ"  . ȜǤǪɅ

  ĂɀȹǠǮȱä ýǼǺǪȆƫäñɀȊƫäĀ    ǦɆȵïîäɀǹ  ïȂȞƫä ȴȲȞǪȱäminimax-Q  Ž ǦȺɆǤƫä  ƨä  üĀǼ2  ȌǶȦɅ ǬɆǵ    ǢȝɎȱä  ǦɅäǼǤȱä Ž ǠȶɆȥ
  þà ȸȮƹ Ɣȱä çäÞäȀǱɋä ǼɆȱɀǪǣ ýɀȪɅ ȼȹǚȥ ăǠȪǤȆȵ ǠȾɆȥ ǦȱǠƩä îäï Ǽȩ ȸȮɅ Ɓ Ɣȱä ǦȱǠƩä Ž Ûɍ Āà ăǠȪǣǠȅ ǦȱǠƩä îäï Ǽȩ þǠȭ äíâ

ƠĀ ÛǠȽǾǺǪɅǼɅǼ    ǦɆǝäǼǪǣɍä ȼǪȅǠɆȅǦɅĀǠȆǪȵ çɍǠȶǪǵ˨ çäÞäȀǱɋä íǠơä óƕȦǩ Ɣȱä  æǖȥǠȮƫä ǦȥɀȦȎȵ ǦǞɆȾǪǣ ýɀȪɅ ȼȹà Ǡȶȭ Û
ὗίȟὥȟὥ ρ   ĀǦǤȞȲȱä ǦȶɆȩ ǦǞɆő  ὠί ρ üǠȶǪǵ˨ ǦɆǝäɀȊȝ ǦȪɅȀȖǣ ȻǾǺǪɆȅ ĂǾȱä ÞäȀǱɋä ǢȝɎȱä ǼȞǣ ǠȶɆȥ îǠǪƸ .

ὴ  üǠȶǪǵ˨ ăǠȪǣǠȅ ǠȾȶȲȞǩ Ɣȱä ǦȅǠɆȆȱä ȜǤǪɅ ǠȶɆȥ Ûρ ὴ  ǬɅǼǶǪǣ ýɀȪɅĀ ȼǩǖȥǠȮȵ ǠȽǼȞǣ ǢȝɎȱä ǢȆƷ Ûȱä ǦȶɆȪ
  ǦȥɀȦȎƫä Ž ƙǤȝɎȱä Ɏȭ ȻǾơä ĂǾȱä ÞäȀǱɌȱ ǦȪȥäɀƫäὗίȟὥȟὥ    ǦȱǠƩä ǦȶɆȩ ǬɅǼƠĀὠί Ā .  Ż ȸȵ Ȱȭ ýǼǺǪȆɅ

  ìǠƶɋ ǦɆȖƪä ǦƭƎȱä ƙǤȝɎȱä  ɂȲǮƫä ǦȅǠɆȆȱä.ǦȝǠȖǪȅɍä ȌɆȎǶǪȱ   ăäƘǹàÛ    ȴȲȞǪȱä ǦɆȲȶȝ ȀȶǪȆǩ äǾȮȽĀ ȴȲȞǪȱä üǼȞȵ ǬɅǼƠ ȴǪɅ
  ǦȅǠɆȆȱä Ƃâ þǠǤȝɎȱä ȰȎɅ ƓǵæȀȪǪȆƫä. 
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-3.4 ǦƢǠƪä 
 ǠȺǵƕȩäɅɀɅîǠȺɆȅ ȰȎȦȱä äǾȽ Žȸ ȈɅɀȊǪȲȱ óȀȞǪǩ Ʉȭäîìâ ɀɅìäî ǦȮǤȊȱ ƙȦȲǪƯ Û   Ž üĀɉä ɀɅîǠȺɆȆȱä Ž ȈɅɀȊǪȱä ǦǶȥǠȮȵ ȴǪɅ

  ÛǦȩǠȖȱä ɂȲȝ ǦȑĀȀȦƫä ìɀɆȪȱä îǠǤǪȝɍä ƙȞǣ Ǿǹɉä Ȝȵ ǦȺȮư æƕȥ üɀȕɉ üǠȅîɌȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȼɆȥ ùǼȾɅĀ Ăììƕȱä üǠŎä
ìˬȂȱ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ɂȞȆɅ ǬɆǵ ǦȝǠȖǪȅɍä üǠƭ Ž ȈɅɀȊǪȱä ǦǶȥǠȮȵ ȴǪɅ ƆǠǮȱä ɀɅîǠȺɆȆȱä Ž ǠȵàçäɀȺȪȱä ǦȞȅ æ  Ž Û

  ƙǵőƫä ùǼçǠȉɀȊ  ȄȮȞȱä Ƃâ  óȀȞǣ ƃǠǪȱä ȰȎȦȱä Ž ýɀȪȺȅ .ƫäĀ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ǠȾȞǤǪɆȅ Ɣȱä çǠȅǠɆȆȱäçǠȉɀȊ 
.ïȂȞƫä ȴȲȞǪȱä ɂȲȝ ìǠȶǪȝɍ˨ ȴȾȥäǼȽà ȨɆȪǶǪȱ 
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 ȄȵǠƪä ȰȎȦȱä 

 ǰǝǠǪȺȱä 
ȰǮȵɉä ǦɆǲɆǩäƕȅɍä ɄȭǾȱä ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȴȲȞǪɅ  ǠȶȾȺȵ ȰȮȱ  ïȂȞƫä ȴȲȞǪȱä ǦɆȵïîäɀǹ ýäǼǺǪȅ˨minimax-Q   Ɣȱä

  þïäɀǩ ǦȖȪȺȱ ɄȭǾȱä ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä üɀȍĀ Ƃâ ǦɆȵïîäɀƪä ȻǾȽ Ăìǘǩ .ǼɆȞǤȱä āǼƫä ɂȲȝ ìĀìȀȵ Ǝȭà ǠȶƬ ȨȪƠ
  ǦȭƕȊȵminimax   ȻǾȽ ȰǮƢ .æǖȥǠȮȵ ȴȚȝà ȨȪƷ ăǠȒɅà Ȁǹɇä ǢȝɎȱä þà ăǠȶȲȝ ȼȱ æǖȥǠȮȵ ȴȚȝà Ǣȝɍ Ȱȭ ǠȾɆȥ ȨȪƷ

  Ž ǢȝɎȱä ǠȽǾǺǪɅ þà Ǣƶ Ɣȱä çäÞäȀǱɌȱ ƃǠȶǪǵɍä ȜɅïɀǪȱä ìǼƠ ɄȽĀ ȼȥǼȽ ȨɆȪǶǪȱ ɂȲǮƫä ǢȝɎȱä ǦȅǠɆȅ ǦɆǲɆǩäƕȅɍä
ȾȞǤǪɅ Ɣȱä ɂȲǮƫä çǠȅǠɆȆȱä ȰȎȦȱä äǾȽ Ž óȀȞȹ  .ȰɆǤȆȱä äǾȽ  Ȱȭ Ǡä ȸȵ  Ž ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫȸɅɀɅîǠȺɆȆȱä   ƙǵƕȪƫä

.Ǣȝɍ ȰȮȱ ɂȲǮƫä ǦȅǠɆȆȱä ɂȲȝ ǦȖɆǂä ǦǞɆǤȱä Ž ȰȵäɀȞȱä ȐȞǣ ƘȢǩ Ƙǭе ȈȩǠȺȹĀ ȨǣǠȆȱä ȰȎȦȱä Ž 

 -1.5 üĀɉä ɀɅîǠȺɆȆȱä 
  ýäǼǺǪȅ˨ üĀɉä ɀɅîǠȺȆȱä æǠȭǠǶƞ ǠȺȶȩ  ǰȵ˫Ȁǣ  "åɎǩǠȵ"(MATLAB).    Ž óȀȞȹ  æȀȪȦȱä ȻǾȽ  ǰǝǠǪȹ  æǠȭǠǂä  Ɣȱä  ƙǤǩ

ǦȅǠɆȆȱä  ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ɂȲǮƫä  ɄȭǾȱä  üĀɉä ɀɅîǠȺɆȆȱä Ž ȴȲȞǪȱä ǦɆȲȶȝ ȸȝ ǦƟǠȺȱä ǦɆȲȶȝ üɎǹ åîǠȪǪȱä ǴȑɀȹĀ Û
  Ȭȱí ðǠȮȞȹä ǦɆȦɆȭĀ ȼǪȅǠɆȅ ɂȲȝ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦȩǠȖȱä îǼȎȵ ǦɅìĀǼƮ Ȁǭà ăǠȒɅà ȈȩǠȺȹ .ɂȲǮƫä ǦȅǠɆȆȲȱ ǢȝɎȱä ȴȲȞǩ

  .ɄȭǾȱä ñɀȊƫä ǦȅǠɆȅ ɂȲȝâ ȑǠȥ Ǧ  ÛȬȱí Ƃâ    Ǣȝɍ Ȱȭ ǦȅǠɆȅ ɂȲȝ ǦɆǝäǼǪǣɍä ǦȱǠƩä ƘȢǩ Ȁǭà ðîǼȹ Ā ȬȱíùǼŏ    Ȁǭà Ǧȅäîì
 ĆǤȝɎȱä ǦɆǲɆǩäƕȅä ɂȲȝ ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž æǠȺȪȱä Ǵǣî çäɀȺȩ ìɀǱĀ ȀǭàĀ ƙǦȑȀȞȵ .ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ȈɅɀȊǪȲȱ  

  ùǼŏ  ǦȉɀȊȵ çäɀȺȩ ûǠȺȽ þɀȮɅ ɍ ǠȵǼȺȝ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȅǠɆȅ ùǠȊǪȭ˨ ýɀȪȹ çäɀȺȪȱä Ǵǣî ƘȢǩ Ȁǭà Ǧȅäîì
ƙǪɆǝäǼǪǣä ƙǪȱǠǵ ðîǼȹĀ ǦȪǣǠȆȱä ǦȱǠƩä ȸȵƂĀɉä ǦȱǠƩä Ž : ȒȦǺȺȵ çäɀȺȪȱä Ǵǣî þɀȮɅ ăǠ  ǦɆȹǠǮȱä ǦȱǠƩä ŽĀ çäɀȺȪȱä Ǵǣî þɀȮɅ

ȞȦǩȀȵ ăǠ.    ǼǱɀȹ  ǦɆǲɆǩäƕȅä ǦɆǝäǼǪǣä ǦȱǠǵ Ȱȭ ŽäȱɎǤȝƙ    ǦȩǠȖȱä îǼȎȵ ɂȲȝ ìɀɆȪȱä îǠǤǪȝɍä ƙȞǣ ĂɀȹǠǮȱä ýǼǺǪȆƫä Ǿǹи ǠȵǼȺȝ
ȑȀȞȵ çäɀȺȩ ìɀǱĀ Ȁǭà ǦȅäîǼȱ Ȭȱí ǼȞǣ ȰȪǪȺȹ .ǦȩǠȖȱä îǼȎȵ ɂȲȝ ìɀɆȪȱ˨ ȴǪȾȵ Ƙȡ ĂɀȹǠǮȱä ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝĀǦ    ȈɅɀȊǪȲȱ

  ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ  ǬɆǵ  ȈȩǠȺȹ  ǠȺȽƙǪȱǠǵ ăǠȒɅà :    ìɀǱĀ ǦɆȹǠǮȱäĀ ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ ƙǪȉɀȊȵ ȴȮƠ źǠȺȩ ìɀǱĀ ɄȽ ƂĀɉä
ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ ƙǪȉɀȊȵ ç˫ǠɆǣ źǠȺȩ.    ȼȵǼȝ ȸȵ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦȩǠȖȱä îǼȎȵ ɂȲȝ ìɀɆȩ ìɀǱĀ Ȁǭà ðîǼȹ ǠȺȹà Ǡȶȭ

äɀȊȞȱä ǦɆǲɆǩäƕȅɍä Ȝȵ ǠȾǪȹîǠȪȵ üɎǹ ȸȵ ǦǵƕȪƫä ǦɆǲɆǩäƕȅɍä ȴĉɆȪȹ ǦɅǠȾȺȱä Ž .ǦȱǠǵ Ȱȭ Ž ƙǤȝɎȱä ǦȅǠɆȅ ɂȲȝ  ǦɆǝ
 ǦɆǲɆǩäƕȅɍäĀ āǼƫä æƘȎȩ. 
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  ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦǵǠǪƫä çäɀȺȪȱä ìǼȝ þà îǠǤǪȝɍä ƙȞǣ Ǿǹɉä Ȝȵ êƕȪƫä ɀɅîǠȺɆȆȱä æǠȭǠǶƞ ýɀȪȹὔ ψ   ñɀȊƫä ĉþàĀ
ƗȵȂȱä ȂɆƩä üɎǹ ȀǮȭɉä ɂȲȝ çäɀȺȩ Ȝǣîà ɂȲȝ ȈɅɀȊǪȱä ȜɆȖǪȆɅ ὸ  Ăà  ὔ τ  üɀȶƪä ǦȱǠǵ ȸȵ ƃĀɉä ýǼǺǪȆƫä ȰȪǪȺɅĀ Û

  üǠȶǪǵ˨ ôǠȊȺȱä ǦȱǠǵ Ƃâὴᴼ πȢυ    þà üǠȶǪǵä þàĀȻîäȀȶǪȅä    ɀȽ ƙɆȱǠǪǪȵ ƙɆȺȵï ȸɅȂɆƩ ǦɅììƕȱä ǦȵȂƩä çäɀȺȩ ýäǼǺǪȅ˨
ὴᴼ πȢυ Û Ā ƘȢǪǩȴɆȩ Ǵǣî çäɀȺȪȱä ýäǼǺǪȅä ǦȝɀȶŎä ȸȶȑ Ὣᶰρȟφȟρρ ǦɆȱǠǪȱä üǠȪǪȹɍä ǦȥɀȦȎȵ ȨȥĀ  
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ȟ

ὴ
ȟ

ὴ
ȟ

ὴ
ȟ

ὴ
ȟ

ὴ
ȟ

ὴ
ȟ

ὴ
ȟ

ὴ
ȟ

πȢτ
πȢτ
πȢτ

πȢτ
πȢτ
πȢτ

πȢς
πȢς
πȢς

 

ȂȵȀȱä ƎȞɅ ǬɆǵ  ὴ
ȟ

  ȸȵ æǠȺȪȱä Ǵǣî ƘȢǩ üǠȶǪǵä ȸȝ  ή  Ƃâ  ήȌȩǠȺǪȱä ȰȵǠȞȵĀ Û  ‎ πȢωυ  ùǠȊȮǪȅɍä üǼȞȵĀ  
ὴ πȢυ  üÞǠȒǪɅĀ  ȴȲȞǪȱä üǼȞȵ  ‌  îäǼȪƞ  ‘ πȢωωωτ    .à Ƃâ ƘȊȹȹ  ȼîɀǂä ƎȞɅ ǦɆȱǠǪȱä üǠȮȉɉä Ȱȭ Ž  ὼ   ìǼȝ ȸȝ

îɀǂä ƎȞɅ ǠȶɆȥ çäîäȀȮǪȱä ώ Ȭȱí Ƙȡ ȀȭǾɅ Ɓ Ǡȵ üǠȶǪǵɍä ǦȶɆȩ ȸȝ. 

-1.1.5  ăǠȪǤȆȵ ǦȉɀȊȵ çäɀȺȩ þĀì ǦɆǝäǼǪǣä ǦȱǠǵ 
óȀȞȹ  æȀȪȦȱä ȻǾȽ Ž  ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ ǦȉɀȊȵ çäɀȺȩ ûǠȺȽ þɀȮɅ ɍ ǠȵǼȺȝ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȅǠɆȅ  ȈȩǠȺȹĀ Û

  ȴǪȾȵ ĂɀȹǠǮȱä ýǼǺǪȆƫä þɀȮɅ ɍ ǠȵǼȺȝ ƂĀɉä ƙǪȱǠǵ  ìɀɆȪǣ  îǼȎȵ ìɀɆȩ îǠǤǪȝɍä ƙȞǣ Ǿǹи ǠȵǼȺȝ ǦɆȹǠǮȱäĀ ÛǦȩǠȖȱä îǼȎȵ
ȹĀ .ǦȩǠȖȱäðîǼ ȜȦǩȀƫä ǴǣȀȱä ǦȱǠǵ Ȭȱí ǼȞǣ Ż ȐȦǺȺƫä ǴǣȀȱä ǦȱǠǵ ǦɅäǼǤȱä Ž . 

-1.1.1.5   ȐȦǺȺƫä ǴǣȀȱä   
  ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ȴǱǠȾƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȅǠɆȅ ǼǱɀȹπȟρȟπȟπ    Ăà ɀȮɅ ɍ ǠȵǼȺȝ þ    þɀȶǪȾȵ þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä

  ɀȽ æǠȺȪȱä ǴǣîĀ ǦȩǠȖȱä ìɀɆȪǣὫ ρ  ȘǵɎȹ .  þà  ĂɀȹǠǮȱä ýǼǺǪȆƫä ǦȅǠɆȅ  åîǠȪǪǩ  ȼǪȶɆȩ üǠȶǪǵ˨ρ   ÞäȀǱɋä Ƃâ  ρȟχȟπȟπ 
ǦɆȪȹ ǦɆǲɆǩäƕȅä ɄȽ ɂȲǮƫä ǦɆǲɆǩäƕȅɍä þǚȥ äǾȮȽĀ (pure)   ǴȑɀɅ Ǡȶȭ  ȰȮȊȱä6  .  ƃǠǪȱ˨Ā  ȰȮȊǣ ĂɀȹǠǮȱä ýǼǺǪȆƫä ýɀȪɆȅ

 ȌɆȎǺǪǣ ȴǝäìχ  .ȴȮǶǪȲȱ æǼǵäĀ æǠȺȩĀ ç˫ǠɆǤȱä ȰȪȺȱ çäɀȺȩ 

   ȼȹǚȥ ȴǱǠȾȶȲȱ ǦǤȆȺȱ˨ ǠȵàǦȖȲǪƯ ǦɆǲɆǩäƕȅä ȜǤǪɅ  (mixed)  ȨȪǶɆȱ    ǴȑɀɅ Ǡȶȭ ȸȮư ǼǝǠȝ Ǝȭà  ȰȮȊȱä7    ȈɅɀȊǪȱä îǠǪƸ ɀȾȥ
  ɂȲȝτ    üǠȶǪǵ˨ çäɀȺȩπȢτψ    îȀȑ Ǝȭà ȨɆȪǶǪȱ  çäÞäȀǱɋä íǠơ˨ ýɀȪɅ ȼȹà Ǡȶȭ ǦȮǤȊȲȱ ȸȮưρȟπ   Āςȟπ   Āσȟπ 

  çɍǠȶǪǵɍ˨πȢρυ ĀπȢςφ  ĀπȢρρ .ȰȆȲȆǪȱä ɂȲȝ 
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 ȰȮȊȱä6 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟρȟπȟπ ÞäȀǱɋä Ûρȟχȟπȟπ 

 
 ÞäȀǱɋä(1,0) 

 

 ÞäȀǱɋä(2,0) 

 

 ÞäȀǱɋä(3,0) 
 

 ÞäȀǱɋä(4,0) 

 ȰȮȊȱä7 : ȴȲȞǪȱä ƗǶȺȵñɀȊȶȲȱ  ǦɆǝäǼǪǣɍä ǦȱǠƩä Žπȟρȟπȟπ 

 

iterations 

p
ro

b
a

b
il
it
y

 

p
ro

b
a

b
il
it
y

 

p
ro

b
a

b
il
it
y

 

p
ro

b
a

b
il
it
y

 p
ro

b
a

b
il
it
y

 

iterations iterations 

iterations iterations 



44 
 

Ʌ ȼȹǚȥ ǦȩǠȖȱä ìɀɆȩ îǠǤǪȝɍä ƙȞǣ ĂɀȹǠǮȱä ýǼǺǪȆƫä Ǿǹи ǠȵǼȺȝ  ûɎȾǪȅä ȰȲȪ ǦȵǼǺǪȆƫä çäɀȺȪȱä ìǼȝ ȰɆȲȪǩ üɎǹ ȸȵ ǦȩǠȖȱä
ç˫ǠɆǤȱä ȰȪȹ ǦɆȲȶȝ Ž  Ž ǰǝǠǪȺȱä Ǵȑɀǩ .  ȰȮȊȱä8   ĂɀȹǠǮȱä ýǼǺǪȆƫä þà    ǦȖȲǪƯ ǦɆǲɆǩäƕȅä ȜǤǪɅ  Ăà ÞäȀǱɋä öǠǤǩä ȸȶȒǪǩ

ρȟτȟπȟπ      üǠȶǪǵ˨πȢχτ  ÞäȀǱɋäĀ  ρȟυȟπȟπ    üǠȶǪǵ˨πȢςφ.    Ǡȶȭ  ĉþà  ñɀȊƫä  ȜǤǪɅ ȸȵ ȰɆȲȪǪȲȱ ǦȖȲǪƯ ǦɆǲɆǩäƕȅä
  ýǼǺǪȆƫä ȼȪȪƷ ĂǾȱä ǼǝǠȞȱäɀȾȥ ĂɀȹǠǮȱä    çäÞäȀǱɋä îǠǪƸρȟπ  Āςȟπ   Āσȟπ  Āτȟπ    çɍǠȶǪǵɍ˨πȢςφ  ĀπȢσρ  

ĀπȢςυ  Āπρψ ȰȆȲȆǪȱä ɂȲȝ   ǴȑɀɅ Ǡȶȭ ȰȮȊȱä9 . 

 
 ÞäȀǱɋä(1,4,0,0)  

 
 ÞäȀǱɋä(1,5,0,0) 

 ȰȮȊȱä8 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟρȟπȟπ ÛüǠȅîâ ǦȝǠȖǪȅä ĂɀȹǠǮȱä ýǼǺǪȆƫä ὖ πȢπυὡ 

 
 ÞäȀǱɋä(1,0) 

 
 ÞäȀǱɋä(2,0) 
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iterations iterations 
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 ÞäȀǱɋä(3,0)  

 
 ÞäȀǱɋä(4,0) 

 ȰȮȊȱä9 ȴȲȞǪȱä ƗǶȺȵ :ñɀȊȶȲȱ  ǦɆǝäǼǪǣɍä ǦȱǠƩä Žπȟρȟπȟπ Û ĂɀȹǠǮȱä ýǼǺǪȆƫä üǠȅîâ ǦȝǠȖǪȅäὖ πȢπυὡ 

-2.1.1.5   ȜȦǩȀƫä ǴǣȀȱä 
  ýǼǺǪȆƫä ûɀȲȅ ǦȅäîǼȱ  ȴǱǠȾƫäĀ ĂɀȹǠǮȱä  ǴǣȀȱä þɀȮɅ ǠȵǼȺȝȞȦǩȀȵÛăǠ  ȸȵ ăǠȩɎȖȹä ǠȶȾȺȵ Ȱȭ ǠȾȞǤǪɆȅ Ɣȱä ǦȅǠɆȅ ǼǱɀȹ    ǦȱǠƩä

 ǦɆǝäǼǪǣɍäπȟρρȟπȟπ    ǬɆǵ  ɀȽ æǠȺȪȱä ǴǣîὫ ρρ  .  ȀȾȚɅ  Ž  ȰȮȊȱä10    ȸȵ çäɀȺȪȱä Ǵǣî æìˬï þàρ    Ƃâρρ    ǴȶȆɅ
  ȘǵɎȹ Ǡȶȭ ǦɆȩɀǭɀȵ ȀǮȭà üǠȎǩɍä ȰȞƶ Ǡư ȴȮǶǪȲȱ çäɀȺȪȱä ȸȵ Ǝȭà ìǼȝ ȌɆȎǺǪǣ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ  þà  ĂɀȹǠǮȱä ýǼǺǪȆƫä

  ûƕɅ þĀì ǦȲȵǠƪä çäɀȺȪȱä ȐȞǣǦɆȦɆȖȱä ǦɆȱǠȞȦȱä æìˬȂǣ ǴȶȆɅ Ǡư ýäǼǺǪȅä  Ȃǲǵ üɎǹ ȸȵ ǦȖȲǪƯ ǦɆǲɆǩäƕȅä ȜǤǪɅ ǬɆǵ Ûυ 
  çäɀȺȩ  ƙǩǠȺȩĀ ȴȮǶǪȲȱ ç˫ǠɆǤȲȱ    üǠȶǪǵ˨πȢψψ  ÛìǼƷ ǠȶɆȥ    Ȃǲǵτ   Ā ȴȮǶǪȲȱ çäɀȺȩτ    üǠȶǪǵ˨ ç˫ǠɆǤȲȱ çäɀȺȩπȢρς. 
 Ā ǦǤȆȺȱ˨ Ǡȵà  ȱñɀȊȶȲ  ȜǤǪɅ ɀȾȥ    ǠȾɆȥ ȴǱǠȾɅ ǦȖȲǪƯ ǦɆǲɆǩäƕȅä ăǠȒɅàüǠȶǪǵ˨ ç˫ǠɆǣ źǠȺȩ Ȱȩɉä ɂȲȝ  πȢψω     ȀȾȚɅ Ǡȶȭ  Ž

 ȰȮȊȱä11.   

 
 ÞäȀǱɋä(4,4,0,0)  

 ÞäȀǱɋä(5,2,0,0) 
 ȰȮȊȱä10  ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :ȟ ȟȟ 
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 ÞäȀǱɋä(1,0)  

 ÞäȀǱɋä(2,0) 

 
 ÞäȀǱɋä(3,0)  

 ÞäȀǱɋä(4,0) 

 ȰȮȊȱä11 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ñɀȊȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟρρȟπȟπ 

ȹǚȥ îǠǤǪȝɍä ƙȞǣ ǦȩǠȖȱä ìɀɆȩ ĂɀȹǠǮȱä ýǼǺǪȆƫä Ǿǹи ǠȵǼȺȝ ȼ  ǦɆȪȹ ɂȲǮȵ ǦɆǲɆǩäƕȅä ȜǤǪɅ    ǴȑɀɅ Ǡȶȭ  ȰȮȊȱä12  ûƕɅ ǬɆǵ Û
σ    Ƃâ ȴȮǶǪȱä çäɀȺȩ ìǼȝ ȰȲȪɅĀ ÛýäǼǺǪȅä þĀì ǦɆȱǠǮȵ çäɀȺȩς    Ƃâ ç˫ǠɆǤȱä çäɀȺȩ ìǼȝ ǼɅȂɅĀσ.  ÛǦǲɆǪȺȱ˨    ȘȥǠǵ Ǽȩ þɀȮɅ

.ǦȵǼǺǪȆƫä çäɀȺȪȱä ìǼȝ ȰɆȲȪǩ üɎǹ ȸȵ ȼǪȩǠȕ ɂȲȝ  ǦɆȹäĀǼȝ Ȱȩà ñɀȊƫä þɀȮɅ ǦȱǠƩä ȻǾȽ Ž   ƙǤɅ Ǡȶȭ  ȰȮȊȱä13    ǬɆǵ
  ȸȵ Ȱȩà ǦƤǠȾƞ ýɀȪɅσ  üǠȶǪǵ˨ çäɀȺȩπȢψυ. 

iterations iterations 

iterations iterations 
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 ȰȮȊȱä12 ýǼǺǪȆȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :ĂɀȹǠǮȱä ǦȝǠȖǪȅä  ȼȱǠȅîâὖ πȢπυὡ Ž  ǦɆǝäǼǪǣɍä ǦȱǠƩäπȟρρȟπȟπ ä  ÞäȀǱɋςȟσȟπȟπ 

 
 ÞäȀǱɋä(1,0) 

 
 ÞäȀǱɋä(2,0) 

 
 ÞäȀǱɋä(3,0) 

 
 ÞäȀǱɋä(4,0) 

 ȰȮȊȱä13 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ñɀȊȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟρρȟπȟπ ĂɀȹǠǮȱä ýǼǺǪȆƫä üǠȅîâ ǦȝǠȖǪȅä Ûὖ πȢπυὡ 

iterations 

iterations iterations 
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-2.1.5  ăǠȪǤȆȵ ǦȉɀȊȵ çäɀȺȩ ìɀǱĀ Ȝȵ ǦɆǝäǼǪǣä ǦȱǠǵ 
  ǠȾȞǤǪɆȅ ƔȱäĀ ȴȲȞǪȱä ǦɆȲȶȝ ȸȝ ǦƟǠȺȱä ǦȅǠɆȆȱä æȀȪȦȱä ȻǾȽ Ž óȀȞȹ  źǠȺȩ ûǠȺȽ þɀȮɅ ǠȵǼȺȝ ɄȭǾȱä ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä

ȈɅɀȊǪȲȱ ƙǪȑȀȞǪȵ ç˫ǠɆǣ źǠȺȩ ûǠȺȽ þɀȮɅ ǠȵǼȺȝ Ż ÛǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ ƙǪȉɀȊȵ ȴȮƠ   .ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ 

-1.2.1.5   ăǠȪǤȆȵ ƙǪȉɀȊȵ ȴȮƠ źǠȺȩ 

  ɄȽ ǦɆǝäɀȊȞȱä ǦǤȞȲȱ ǦɆǝäǼǪǣɍä ǦȱǠƩä þà óƕȦȹ ǦȱǠƩä ȻǾȽ ǦȅäîǼȱπȟφȟςȟπ    ɀȽ çäɀȺȪȱä Ǵǣî ǬɆǵὫ φ   çäɀȺȩ ìǼȝĀ
 ɀȽ ăǠȪǤȆȵ ǦȉɀȊƫä ȴȮǶǪȱä  ὐ ς   Ăà ăǠȪǤȆȵ ȈɅɀȊǪȲȱ ǦȑȀȞȵ ç˫ǠɆǣ çäɀȺȩ ǼǱɀɅ ɍĀ  ὐ π.    ƙǤɅ  ȰȮȊȱä14  þà  

 ĂɀȹǠǮȱä ýǼǺǪȆƫä ȜǤǪɅ  ȴȮƠ çäɀȺȪȭ ǦȉɀȊƫä Ƙȡ çäɀȺȪȱä ȴȚȞȵ ȂǲƷ ǬɆǵ ǦɆȪȹ ɂȲǮȵ ǦɆǲɆǩäƕȅä ǦȱǠƩä ȻǾȽ Žὥ υ 

 ăǠȪǤȆȵ ǦȉɀȊƫä çäɀȺȪȱä ȸȶȑ ȸȵ ȴȮƠ æǠȺȩ ɂȲȝ õǠȦƩä Ȝȵ    āȀǹàĀç˫ǠɆǤȲȱ.    Ž ȀȾȚɅ  ȰȮȊȱä15    ȼȹàȻǾȽ Ž    ɍ ǦȱǠƩä
  ñɀȊȶȲȱ ȸȮƹǢǲǵ   ăǠȪǤȆȵ ǦȉɀȊƫä ƘȡĀ ǦȉɀȊƫä çäɀȺȪȱä ɂȲȝ ȈɅɀȊǪȲȱ ȼǩäîǼȩ ȜɅïɀǪǣ ýɀȪɆȅ ȬȱǾȱĀ üǠȎǩɍä  ǬɆǵ Û
ὥ π   ȸȵ Ǝȭà üǠȶǪǵ˨πȢψ   Āὥ π   ȸȵ Ǝȭà üǠȶǪǵ˨πȢψσ. 

 

 ȰȮȊȱä14 Ž ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :ǦɆǝäǼǪǣɍä ǦȱǠƩä  ȟȟȟ ÞäȀǱɋä Û(5,0,1,1) 
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iterations 
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 ÞäȀǱɋä(0,1)  

 
 ÞäȀǱɋä(1,1)  

 
 ÞäȀǱɋä(2,0)  

 
 ÞäȀǱɋä(2,2)  

 ȰȮȊȱä15 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ñɀȊȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟφȟςȟπ 

  ǦƟǠȺȱä ìɀɆȪȱä îǠǤǪȝɍä ƙȞǣ ĂɀȹǠǮȱä ýǼǺǪȆƫä Ǿǹи ǠȵǼȺȝǦȩǠȖȱä îǼȎȵ ǦɅìĀǼƮ ȸȝ  Û  ǠȶȭĀ  ȀȾȚɅ  ȰȮȊȱä16   ȘǵɎȹ ǠȺȹǚȥ
 üǠȶǪǵ˨ üǠȎǩɍä ǦɆȲȶȝ Ž ǦȵǼǺǪȆƫä çäɀȺȪȱä ìǼȝ óǠȦƳäπȢψυ ĉȹà ȸȵ ȴȡȀȱä ɂȲȝ Û Ȃǲǵ üɎǹ ȸȵ ȼȭɀȲȅ ɂȲȝ ȘȥǠƷ ȼ

  Ƙȡ çäɀȺȪȱä ȴȚȞȵƫä  ȴȮƠ çäɀȺȪȭ ǦȉɀȊὥ σ    üǠȶǪǵ˨πȢχτ  Û Ā çäɀȺȪȱä ȸȵ Ȱȩɉä ɂȲȝ æǼǵäĀ ȌɆȎǺǪǣ ýɀȪɅ
  ăǠȪǣǠȅ ǦȉɀȊƫä ç˫ǠɆǤȲȱ    üǠȶǪǵ˨πȢχυ.    ǦȉɀȊƫä Ƙȡ çäɀȺȪȱä ɂȲȝ ȈɅɀȊǪȱä Ƃâ þɀƤǠȾƫä ȰɆƹ  ăǠȪǤȆȵ Ž    ǢǲƩ ȴȾɆȞȅ
  üǠȎǩɍä Ž ȘǵɎȹ Ǡȶȭ ȰȮȊȱä17   ǬɆǵὥ ς   ȸȵ ɂȲȝà üǠȶǪǵ˨πȢχψ. 
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 ÞäȀǱɋä(0,3,1,1) 

 
 ÞäȀǱɋä(1,0,0,1) 

 
 ÞäȀǱɋä(3,0,0,0) 

 
 ÞäȀǱɋä(3,0,0,2) 

 
ÞäȀǱɋä (3,1,0,2)  

ÞäȀǱɋä (5,1,1,1) 

 ȰȮȊȱä16  ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟφȟςȟπ ĂɀȹǠǮȱä ýǼǺǪȆƫä üǠȅîâ ǦȝǠȖǪȅä Ûὖ πȢπυ 

iterations iterations 

iterations iterations 
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iterations 
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 ÞäȀǱɋä(1,0)  

 ÞäȀǱɋä(1,1) 

 
 ÞäȀǱɋä(2,0)  

 ÞäȀǱɋä(2,1) 

 
 ÞäȀǱɋä(3,0)  

 ÞäȀǱɋä(3,1) 

 
 ÞäȀǱɋä(4,0) 

 ȰȮȊȱä17 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ñɀȊȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟφȟςȟπ ĂɀȹǠǮȱä ýǼǺǪȆƫä üǠȅîâ ǦȝǠȖǪȅä Ûὖ πȢπυὡ 
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-2.2.1.5   ăǠȪǤȆȵ ƙǪȉɀȊȵ ç˫ǠɆǣ źǠȺȩ 

ɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ǦȅǠɆȅ ǦȅäîǼȱƙ  ȉɀȊƫäĀçǠ  ä ȸȵ ȈɅɀȊǪȲȱ ƙǪȑȀȞǪȵ ç˫ǠɆǣ źǠȺȩ ûǠȺȽ þɀȮɅ ǠȵǼȺȝ  îǠǪƳ ÛǦȪǣǠȆȱä ǦȲǵȀƫ
  ǦɆǝäɀȊȞȱä ǦǤȞȲȱ ǦɆǝäǼǪǣɍä ǦȱǠƩäπȟφȟπȟς  ɀȽ çäɀȺȪȱä Ǵǣî ǬɆǵ ÛὫ φ    ɀȽ ăǠȪǤȆȵ ǦȉɀȊƫä ç˫ǠɆǤȱä çäɀȺȩ ìǼȝĀ

ὐ ς   Ăà ăǠȪǤȆȵ ȈɅɀȊǪȲȱ ǦȑȀȞȵ ȴȮƠ çäɀȺȩ ǼǱɀɅ ɍĀὐ π.  ȀȾȚɅ  ȰȮȊȱä18  ȼȹà ýǼǺǪȆƫä ȜǤǪɅ ǦȱǠƩä ȻǾȽ Ž
  ǠȾɆȥ ìǼƷ ǦȖȲǪƯ ǦɆǲɆǩäƕȅä ĂɀȹǠǮȱä  ƙǩǠȺȩ ȸȵ ȀǮȭà ìǼƷĀ ÛǦȉɀȊƫä çäɀȺȪȱä ȬȲǩ ȸȵ ç˫ǠɆǤȱä ȰȪȺȱ æǼǵäĀ æǠȺȩ ȀǮȭɉä ɂȲȝ

  çäɀȺȪȱä ȬȲǩ ȸȵç˫ǠɆǤȱä ȰȪȺȱ ăǠȪǤȆȵ ǦȉɀȊȵ Ƙȡ    ăǠǤɅȀȪǩ ĂĀǠȆɅ üǠȶǪǵ˨πȢυτ    ăǠɆǤȆȹ ƘǤȭ ìǼȝ ȌɆȎǺǪǣ ýɀȪɅ ȼȹà Ǡȶȭ Û
 ǦɆȩɀǭɀȵ ȀǮȭà üǠȎǩɍä ȰȞƨ ȴȮǶǪȱä çäɀȺȩ ȸȵ   ǬɆǵ  ὥ ὥ σ      ĂĀǠȆɅ üǠȶǪǵ˨0.72   ăǠǤɅȀȪǩ    ǦɆȹǠȮȵâ ȰȲȪɅ Ǡȵ äǾȽĀ

üǠȎǩɍä Ǣǲǵ.  ǬɆǵ ǦȉɀȊƫä ƘȡĀ ǦȉɀȊƫä çäɀȺȪȱä ǦƤǠȾƞ ñɀȊƫä ýɀȪɅ    ñɀȊɅĀ ȼǩǠɆȹǠȮȵâ ȴȚȞȵ ýǼǺǪȆɅ3   ɂȲȝ çäɀȺȩ
 îǠǪƸ ǬɆǵ ÛƘǤȭ üǠȶǪǵ˨ Ȱȩɉä  çäÞäȀǱɋäςȟς Āςȟρ  Āσȟρ  åîǠȪɅ üǠȶǪǵ˨πȢψτ   Ž ȀȾȚɅ Ǡȶȭ ȰȮȊȱä19  . 

 
 ÞäȀǱɋä(0,0,1,0)   

 ÞäȀǱɋä(1,4,1,0) 

 
 ÞäȀǱɋä(2,4,1,1)  

 ÞäȀǱɋä(3,2,1,1) 
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 ÞäȀǱɋä(4,1,2,0)  

 ÞäȀǱɋä(6,0,1,1) 

 
 ÞäȀǱɋä(6,0,2,0) 

 ȰȮȊȱä18: ȶȲȱ ȴȲȞǪȱä ƗǶȺȵĂɀȹǠǮȱä ýǼǺǪȆ ) ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž0,6,0,2 ( 

 
ÞäȀǱɋä (0,1) 

 
ÞäȀǱɋä (1,0) 
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iterations 
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iterations iterations 
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ÞäȀǱɋä (2,1)  

ÞäȀǱɋä (2,2) 

 
ÞäȀǱɋä (3,0)  

ÞäȀǱɋä (3,1) 

 ȰȮȊȱä19:  ȴȲȞǪȱä ƗǶȺȵñɀȊȶȲȱ ) ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž0,6,0,2 ( 

ȶǪȾȵ ĂɀȹǠǮȱä ýǼǺǪȆƫä þɀȮɅ ǠȵǼȺȝ ăǠ   ȰȮȊǣ çäɀȺȪȱä ìǼȝ ȌɆȲȪǪǣ ýɀȪɅ ȼȹǚȥ ǦȺȮư æƕȥ üɀȕɉ ǦȩǠȖȱä îǼȎȵ ɂȲȝ õǠȦƩ˨
 ăǠǤɅȀȪǩ ĂĀǠȆɅ üǠȶǪǵ˨ ȬȱíĀ ȴȮǶǪȲȱ āȀǹɉä æǠȺȪȱäĀ ç˫ǠɆǤȲȱ ăǠȪǤȆȵ ǦȉɀȊƫä çäɀȺȪȱä āǼǵâ ýäǼǺǪȅ˨ ýɀȪɅ ǬɆǵ ÛƘǤȭ

πȢυσ  ȀǮȭɉä ɂȲȝ ýǼǺǪȆɅ ýǠȝ ȰȮȊǣĀ Ûυ    üǠȶǪǵ˨ çäɀȺȩπȢχυ    Ž ȀȾȚɅ Ǡȶȭ  ȰȮȊȱä20.  ȰȢǪȆɅĀ   ĂɀȹǠǮȱä ýǼǺǪȆƫä
ƙǩǠȺȩ ȴǱǠȾɅ ĂǾȱä ñɀȊƫä ûɀȲȅ ȀǮȭɉä ɂȲȝ   üǠȶǪǵ˨ πȢφυ ȰȮȊȱä ȀȾȚɅ Ǡȶȭ21. 
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ÞäȀǱɋä (1,1,0,0) 

 
ÞäȀǱɋä (1,5,2,0) 

 
ÞäȀǱɋä (2,0,0,2)  

ÞäȀǱɋä (2,3,0,0) 

 
ÞäȀǱɋä (3,2,1,0)  

ÞäȀǱɋä (6,0,0,0) 

 ȰȮȊȱä20 :ȶȲȱ ȴȲȞǪȱä ƗǶȺȵĂɀȹǠǮȱä ýǼǺǪȆ   ǦɆǝäǼǪǣɍä ǦȱǠƩä Žπȟφȟπȟς ĂɀȹǠǮȱä ýǼǺǪȆƫä üǠȅîâ ǦȝǠȖǪȅä Ûὖ πȢπυὡ 

iterations iterations 

iterations 

iterations iterations 
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ÞäȀǱɋä (0,1)  

ÞäȀǱɋä (0,2) 

 
ÞäȀǱɋä (1,0)   

ÞäȀǱɋä (1,1) 

 
ÞäȀǱɋä (1,2)  

ÞäȀǱɋä (2,0) 

 
 

iterations iterations 

iterations iterations 

iterations iterations 
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ÞäȀǱɋä (2,2) 

 
 

ÞäȀǱɋä (3,1)  

 
ÞäȀǱɋä (4,0) 

 ȰȮȊȱä21 ǦɆǝäǼǪǣɍä ǦȱǠƩä Ž ñɀȊȶȲȱ ȴȲȞǪȱä ƗǶȺȵ :πȟφȟπȟς ĂɀȹǠǮȱä ýǼǺǪȆƫä üǠȅîâ ǦȝǠȖǪȅä Ûὖ πȢπυὡ 

-3.1.5 ƫä ǰȾȺȱä ȴɆɆȪǩ êƕȪ 
  þîǠȪȹ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǦǤȆȺȱ˨ ȈɅɀȊǪȱä ǦǶȥǠȮƫ ǦǵƕȪƫä ǦɆǲɆǩäƕȅɍä ȴɆɆȪǪȱǼǝǠȞȱä   ĂɀȹǠǮȱä ýǼǺǪȆƫä ȼɆȲȝ ȰȎƷ ĂǾȱä

  ǦɆǲɆǩäƕȅɍä Ȝȵ āǼƫä æƘȎȩ    Ăà‎ π    ȰȮȊǣ ǦɅĀǠȆǪȵ çɍǠȶǪǵ˨ çäÞäȀǱɋä îǠɆǪǹä ȴǪɅ ǬɆǵ ǦɆǝäɀȊȞȱä ǦɆǲɆǩäƕȅɍäĀ
  ǴȑɀɅ .ȴǝäì  ȰȮȊȱä22    ɂȲȝà ǦǵƕȪƫä ǦɆǲɆǩäƕȅɍä ȼȝǠǤǩä ǼȺȝ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾɆȲȝ ȰȎƷ Ɣȱä ǦɆȶȭäƕȱä æǖȥǠȮƫä üǼȞȵ ĉþд

  ǦȅǠɆȆȱä ȼȝǠǤǩä ǼȺȝ ǠȾɆȲȝ ȰȎƷ Ɣȱä ǦɆȶȭäƕȱä æǖȥǠȮƫä üǼȞȵ ȸȵ āǼƫä æƘȎȩ  .ǦɆǝäɀȊȞȱä ǦɆǲɆǩäƕȅɍä Āà    ÛǦǲɆǪȺȱ˨  ĉþǚȥ
  Ȝȵ ȴőǠɆǲɆǩäƕȅä ȤɆɆȮǪǣ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǴȶȆǩ ǠŒɉ ȈɅɀȊǪȱä ǦǶȥǠȮȵ Ž ȰȒȥà ăÞäìà ȨȪƠ ǦǵƕȪƫä ǦɆǲɆǩäƕȅɍä

ȉɀȊƫä ûɀȲȅ Ȭȱí Ž Ǡƞ ǦȖɆǂä ǦǞɆǤȱä Ž çäƘȢǪȱäçǠ  Ǡư  .ǦȮǤȊȲȱ ȰȒȥà Þäìà ȨȪƷ 

iterations iterations 
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 ȰȮȊȱä22ǦǵƕȪƫä) ǦȦȲǪǺƫä çǠɆǲɆǩäƕȅɎȱ ǼǝǠȞȱä ȔȅɀǪȵ :-āǼƫä æƘȎȩ-  ǦɆǝäɀȊȞȱä ( 

-4.1.5 ǰǝǠǪȺȱä ǦȊȩǠȺȵ 

ȱä ǦȪǣǠȆȱä æȀȪȦȱä Ž ǠȺȑȀȝ ǦȅǠɆȆ  ǠȾȶȲȞǪɆȅ Ɣȱä  þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä  ƤǠȾƫäĀþɀ  ǦɆǝäǼǪǣä çɍǠǵ Ž    ǠȾɆȥ ȄɆȱȵ çäɀȺȩ ǦȉɀȊ  
  ǠȺȶȩĀ ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵ ǦȅäîǼǣ    Ƙǭе  Ǵǣî ĆǤȝɎȱä ûɀȲȅ ɂȲȝ ǦȩǠȖȱä ìɀɆȩĀ æǠȺȪȱäƙ  çɍǠƩä Ƃâ ǠȺȲȪǪȹä Ż    ǠȾɆȥ þɀȮɅ Ɣȱä  çäɀȺȩ

ȵǦȉɀȊ    .ǦȪǣǠȆȱä ǦȲǵȀƫä ȸȵìɀǱĀ ýǼȝ ǦȱǠǵ Ž    ǦȉɀȊȵ çäɀȺȩŽ    ǦȪǣǠȆȱä ǦȲǵȀƫäƙǪȱǠǵ ǠȺȊȩ˫:    Ǵǣî þɀȮɅ ǠȵǼȺȝ ƂĀɉä
 çäɀȺȪȱä ǦȵǼǺǪȆƫäȒȦǺȺȵ ăǠ  ăǠȞȦǩȀȵ ǦȵǼǺǪȆƫä çäɀȺȪȱä Ǵǣî þɀȮɅ ǬɆǵ ǦɆȹǠǮȱä ǦȱǠƩäĀ .Ɣȱä ǦȱǠƩä Ž Ʌ ɍ  ɂȲȝ ìɀɆȩ ǠȾɆȥ ǼǱɀ

ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ ǦȩǠȖȱä ûɎȾǪȅä   ˫ ǼǱĀ    þà ĂɀȹǠǮȱä ýǼǺǪȆƫä    ȜǤǪɅǦɆǲɆǩäƕȅä  ǦɆȪȹ   Ɯ ȰǮȶǪǩ  Ȃǲχ    ɂȲȝà ȨɆȪǶǪȱ çäɀȺȩ
Ǵǣî  Ž  æÞǠȦȭ    ýäǼǺǪȅäȽĀ ȤɆȖȱä ȀɅƎǩ ȸȮƹ äǾɂȲȝ ìǠȶǪȝɍ˨ Ȼ  ) ǦȱìǠȞƫä25Ɇǵ (  ĂɀȹǠǮȱä ýǼǺǪȆƫä óɀȞɅ ǬȱäǴǣȀ   ȐȦǺȺƫä

çäɀȺȪȱä ýäǼǺǪȅɍ ç˫ǠɆǤȲȱ çäɀȺȪȱä ȸȵ ȸȮư ìǼȝ Ǝȭà ȌɆȎǺǪǣ  ǦɆȱǠȞȱä ȀȕǠǺƫä ȸȵ ȴȡȀȱä ɂȲȝƩ üǠȎǩä Ǣǲ  ýǼǺǪȆȶȲȱ
  ĂɀȹǠǮȱä  ǦȱìǠȞƫä ǢȆǵ)26(  ǦȱǠƩä Ž .ǠȾɆȥ ǼǱɀɅ Ɣȱä    ìɀɆȩ  ýäǼǺǪȅä ɂȲȝǦȩǠȖȱä   ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦǤȆȺȱ˨  ÛƸ ȐȦ

þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä  Ā ȰȪȺȱä Ž ǦȵǼǺǪȆƫä ç˫ǠɆǤȱä çäɀȺȩ ìǼȝ ȰɆȲȪǩ ȨɅȀȕ ȸȝ ǦȩǠȖȱä ûɎȾǪȅä ȸȝ Ȭȱí ǰǪȺɅ ƙǣ ǦȲȑǠȦƫä
Ǵǣî    æÞǠȦȭ  ýäǼǺǪȅä  ǦȱìǠȞƫä Ž ƙǤȵ ɀȽ Ǡȶȭ ǦȩǠȖȱä ûɎȾǪȅäĀ ȤɆȖȱä)24(.    ǦȱǠǵ ŽȜȦǩȀƫä ǴǣȀȱä   ĀǠȵǼȺȝ   þɀȵǼǺǪȆƫä Ǿǹи ɍ

  þɀɅɀȹǠǮȱäǦȩǠȖȱä ûɎȾǪȅä  îǠǤǪȝɍä ƙȞǣ  ȥ ǚȴŒ    þɀȞǤǪɅ.ǦȖȲǪƯ ǦɆǲɆǩäƕȅä ˨  ǦȹîǠȪƫ  Ȝȵ  ǦȒȦǺȺȵ çäɀȺȪȱä ǦȱǠǵǴǣȀȱä  ÛƸȌȎ  
þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä  ȱä þɉ ç˫ǠɆǤȱä çäɀȺȩ ȸȵ Ȱȩà ăäìǼȝǴǣȀ    ȸȵ ǼɅȂɅ ƃǠȞȱä  Ǵǣî  ǦȱìǠȞƫä Ž ƙǤȵ ɀȽ Ǡȶȭ ȤɆȖȱä æÞǠȦȭ)25 (  

  Ǡư  ȸȵ ǼɅȂƫä ȌɆȎǺǪǣ ȴƬ ǴȶȆɅ  ƃǠǪȱ˨Ā ȴȮǶǪȱä çäɀȺȩ  óǠȦƳä  üǠȶǪǵäǢǲǵ    ɀȽ Ǡȶȭ üǠȎǩɍäǴȑɀȵ    ǦȱìǠȞƫä Ž)26(  .

iterations 
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  āǼȱ þɀȮɅ ǠȵǼȺȝƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  Œǚȥ ÛǦȩǠȖȱä þǖȊǣ ùĀǠƯȴ  ɅȞǤǪ þɀ    ǦȅǠɆȅ ǦɆȪȹ    ƘȥɀǪǣ ýɀȪǩȱäȩǠȖ Ǧ   Āæìˬï  ƫäǖȥǠȮæ    ȸȵ
ǦȲȵǠƪä çäɀȺȪȱä ȸȵ ǼɅȂƫä ûȀǩ üɎǹ.  ȪȥĀ Ȭȱí ȀɅƎǩ ȸȮƹ ăǠ    ǦȱìǠȞȶȲȱ)24(  ƫä æìˬï Ƃâ çäɀȺȪȱä ìǼȝ ȰɆȲȪǩ ĂìǘɅ ǬɆǵæǖȥǠȮ  .

  ǠȾɆȥ þɀȮɅ Ɣȱä ǦȱǠƩä Ž źǠȺȩ    ȴȮƠȱ ƙǪȑȀȞȵȪǣǠȅ ȈɅɀȊǪȲ ăǠ    ɍ ǠȵǼȺȝĀèƕȮɅ  ȵǼǺǪȆƫä ɀɅɀȹǠǮȱä þ ɀþ    ǦȩǠȖȱä ûɎȾǪȅ˨  ȴŒǚȥ
ȞǤǪɅþɀ    ǦȅǠɆȅǦɆȪȹ  ơ  ȌȎ  ǠȾɆȥ  çäɀȺȪȱä ȴȚȞȵ  Ƙȡƫä ǦȉɀȊ   Ȳȱ  ȴȮǶǪ  Ǡȶȭɍä ȴǪɅȦǪǵǠƫä çäɀȺȪȱä āǼǵф õǦȉɀȊ    ȰǝǠȅȀȱ

  ȸȵ ȰȲȪɅ Ǡư ÛȴȮǶǪȱäüǠȶǪǵä   ćǩ Ǡȶȭ üǠȎǩɍä ȀȚǵǤȺǜ    ǦȱìǠȞƫä)26(  þâ .  üǠȎǩɍä ȰȖȞɅ þà ȸȮƹ üǠȎǩɍä ȀȚǵ þɉ ȴȾȵ äǾȽ
ƸĀ  æǖȥǠȮȵ ȐȦƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  ç˫ǠɆǤȱä çäɀȺȩ ìǼȝ ȸȝ ȀȚȺȱä ȐȢǣ ȀȦȎȱä Ƃâ  ǠȾƜîĀ  .  ÛȰǣǠȪƫ˨  Ž  Ȱșȱä  ìɀɆȪ  ɂȲȝ

ȲɅ ǦȩǠȖȱä ûɎȾǪȅäƫä ǖǲþɀɅɀȹǠǮȱä þɀȵǼǺǪȆ    ǦɆǲɆǩäƕȅä ƂâǦȖȲǪƯ  . ɂȲȝ  à ȸȵ ȴȡȀȱäþɀȲȲȪɅ ȴŒ    ǦȵǼǺǪȆƫä çäɀȺȪȱä ìǼȝ  ùǼŏ
  æìˬïǼǝǠȞȱä   ȪȥĀ ăǠ    ǦȱìǠȞȶȲȱ)24 ( ĉɍâ Û  ȴŒà  Ʒ ɀȚȥǠþ  ˨ ǦȹîǠȪȵ ûɀȲȆȱä ȄȦȹ ɂȲȝ Ɣȱä ǦȱǠƩ    äɀȹɀȮɅ Ɓ  ǠȾɆȥ  ûɎȾǪȅ˨ ƙȶǪȾȵ
 Ā ǦȩǠȖȱä ȌȎơ  Ƙȡ çäɀȺȪȱä ȴȚȞȵǦȉɀȊƫä    .ȴȮƠ çäɀȺȪȭ 

 āǼȱ    îǠǤǪǹä êƕȪƫä ǰȾȺȱä   ȈɅɀȊǪȱä ǦǶȥǠȮƫ  źǠȺȩ ìɀǱĀ ǦȱǠǵ Ž   ȪǤȆȵ ǠȶȾɆȲȝ ȈɅɀȊǪȱä Ź Ǽȩ ç˫ǠɆǣ ăǠ   ȼȹà ˫ǼǱĀ    Ɓ ǠȵǼȺȝ
  ǦǤȆȺȱ˨ ȨȲȩ îǼȎȵ ǦȩǠȖȱä ûɎȾǪȅä ȸȮɅƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲȱ  þɀȞǤǪɅ ȴŒǚȥ  őǖȥǠȮȵ ȴɆȚȞǪȱ ǦȖȲǪƯ ǦɆǲɆǩäƕȅä ȴ  þɀȲɆƹĀ   Ƃâ

  ȂǲǵȲȱ çäɀȺȩ  ȸȵ ç˫ǠɆǤ  ȬȲǩ  Ƙȡ çäɀȺȪȱäƫäǦȲǵȀƫä ȸȵ ǦȉɀȊ   ǦȪǣǠȆȱä  ưɅ Ǡ  ȸȵ ǼɅȂǴǣî    ɀȽ Ǡȶȭ ȤɆȖȱä æÞǠȦȭǴȑɀȵ    Ž
  ǦȱìǠȞƫä)25(.    ýɀȪɅ  þɀȵǼǺǪȆƫäþɀɅɀȹǠǮȱä  ǪǣȎǺɆȌ    ȴȮǶǪȱä çäɀȺȩ ȸȵ ǼɅȂƫäǠư  Ʌ  ȸȵ ȰȲȪüǠȶǪǵä    Ǣǲǵ  üǠȎǩɍä  ƙǤǪɅ Ǡȶȭ
 ǦȱìǠȞƫä ȸȵ)26(  . 

 ǠȵǼȺȝ þɀȞǤǪɅ ăǠȒɅà ȴŒǚȥ îǠǤǪȝɍä ƙȞǣ ǦȩǠȖȱä ûɎȾǪȅä þɀɅɀȹǠǮȱä þɀȵǼǺǪȆƫä ǾǹиǦȖȲǪƯ ǦɆǲɆǩäƕȅä þĀìǼƷĀ  ìǼȝ ăä  ȸȵ Ȱȩà
  ȸȵ ǼɅȂɅ Ǡư ȴȮǶǪȱä çäɀȺȩüǠȶǪǵä    Ǣǲǵ  üǠȎǩɍä ȪȥĀ ăǠ    ǦȱìǠȞȶȲȱ)26(    ȨȪƠ ǠȾȺȮȱĀ ăǠƜî  ȪȥĀ ȤɆȖȱä æÞǠȦȮȱ ɂȲȝà ăǠ    ǦȱìǠȞȶȲȱ

)25(  ȭɎȾǪȅäĀ ăǠ    ȰȩàǦȩǠȖȲȱ    ȸȆƷ ǠưǼǝǠȞȱä    ǦȱìǠȞƫä Ž Ǵȑɀȵ ɀȽ Ǡȶȭ)24(  .ȹ äǾȽ ǠȺǱíɀƴ Ž  ȈɅɀȊǪȱä ïǠȾǱ æǖȥǠȮȵ þà ƎǪȞ
ɄȽ  ÛǦȆȭǠȞȵ æîǠȉф ȸȮȱĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä æǖȥǠȮȵ ǠȾȆȦȹ   Ā  ȤĉɆȮǩ  ǦɆȭǾȱä ȈɅɀȊǪȱä æȂȾǱàǠőǠɆǲɆǩäƕȅä  ȪȥĀ  ăǠ ǦȅǠɆȆȱ  

.ĂɀȹǠǮȱä ýǼǺǪȆƫä  þà ǦȪɆȪǵ ȜȵĀ    ǦȩǠȕ ûɎȾǪȅä ɂȲȝ ƘǭǖǪȱä ȴȾȺȮƹ ɍ ƙƤǠȾƫäƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä ǼȺȝ    ȰɆȲȪǪȱ ÛìĀìȀƫä
ȴŒǚȥ  þɀǱǠǪƷ    ǦȱìǠȞƫä Ž Ǵȑɀȵ ɀȽ Ǡȶȭ ȤɆȖȱä æÞǠȦȭ ǢȆȭ ȸȵ ȰȲȪǩ Ɣȱä ç˫ǠɆǤȱä çäɀȺȩ ùäǼȾǪȅä Ƃâ)25(  ȰɆȖȞǩĀ Û

  ȸȵ ǼɅȂǩ Ɣȱä ȴȮǶǪȱä çäɀȺȩüǠȶǪǵä    ɀȽ Ǡȶȭ ǢǲƩäǴȑɀǩ    ǦȱìǠȞƫä)26(  .îǠǤǪȝɍä ƙȞǣ Ǿǹɉä Ȝȵ    ǠȺǲŒ þǚȥ ÛǦȩǠȖȱä ìɀɆȩ
ȱ ǴȶȆɅ ȈɅɀȊǪȱä ǦǶȥǠȮƫ êƕȪƫä ƙɅɀȹǠǮȱä ƙȵǼǺǪȆȶȲ    ȨɆȪǶǪǣìĀȀȵ    ȸȵ ɂȲȝàƙǪɆǲɆǩäƕȅɍä   āǼƫä æƘȎȩ    ƗȞɅ Ǡư ǦɆǝäɀȊȞȱäĀ

 Þäìà þàƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä  ýäǼǺǪȅä ǼȺȝ ȰȒȥà ǠȺǲŒȪƫä êƕ  . 

  Ȝȵ ǦȹîǠȪƫ˨]65[  ȘǵɎȹ Û  Ž ȴǱǠȾƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȸȵ ăɎȭ þà ȘǵɎȹ ȬȱǾȱ ǦȩǠȖȱä ìɀɆȩ ǦȱǖȆƞ þɀǮǵǠǤȱä ȴǪȾɅ Ɓ[79] 

  ǦȅǠɆȆȱä ȄȦȹ þǠȞǤǪɅ  ɍ Ɣȱä çǠȽɀɅîǠȺɆȆȱä ŽǠȾɆȥ Ǿǹз  ǦȩǠȖȱä ìɀɆȩ  îǠǤǪȝɍä ƙȞǣȪȥĀ . ăǠ  ȱȲǰȾȺ  ýǼȪƫä   ÛǬǶǤȱä äǾȽ üɎǹ ȸȵ
  Ǿǹà Ź ǠȵǼȺȝìɀɆȩ    ȰǤȩ ȸȵ ǦȵǼǺǪȆƫä çäɀȺȪȱä ìǼȝ ȐȦƳä ÛîǠǤǪȝɍä Ž ǦȩǠȖȱä  ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫäŽ ȴȽǠȆɅ Ǡư    æìˬï Þäìà 

Ʉȭäîìɋä ɀɅìäȀȱä çǠȮǤȉ  ǦȩǠȖȱä ìîäɀȵ ǠȾɆȥ þɀȮǩ Ɣȱä Ȥȩäɀƫä Ž.æìĀǼƮ 
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-2.5 ƆǠǮȱä ɀɅîǠȺɆȆȱä 
  ĉȭǾȹ  ȀǦɅäǼǤȱä Ž    ǬɆǵ ƆǠǮȱä ɀɅîǠȺɆȆȱä ȰɆȍǠȦǩ ȐȞǤǣ  ȸȵ ǦȹɀȮȵ Ʉȭäîìâ ɀɅìäî ǦȮǤȉ ìɀǱĀ óƕȦȹ  ƙȵǼǺǪȆƫä ȸȵ Ǧȝɀȶƭ

ƃĀɉä ýǼǺǪȆƫä åǠɆȡ ǼȺȝ ȤɆȖȱä ȸȵ æìǠȦǪȅɍ˨ ȴƬ ǴȶȆǩ Ɣȱä Ʉȭäîìɋä ɀɅìäȀȱä çǠɆȺȪǪǣ ȸɅȂȾŎä ƙɅɀȹǠǮȱä   Ā ǦȖƮ ƂɀǪǩ
  ȨɆȆȺǩ ǦɆȲȶȝ ǦɅǼȝǠȩíǠȦȹ    .ǠȾȺɆǣ ȰǹäǼǪȱä ǢȺǲǪȱ ȤɆȖȱä Ƃâ ƙɅɀȹǠǮȱä ƙȵǼǺǪȆƫä åɀȪǮȱä ýǼǺǪȆɅ ĂɀȹǠǮȱä ȀȶǮǪȆƫä þà óƕȦȹ
  ç˫ǠɆǤȱä ȰȪȺȱ ǦɅììƕȱäȴǝäì ȰȮȊǣìɀǱĀ óƕȦȹ Ǡȶȭ Û    æîǠȉâ ƙǣ ȂɆɆȶǪȱä þɀȞɆȖǪȆɅ ȸɅǾȱä ÞǠɆȭíɉä ƙƤǠȾƫä ȸȵ Ǧȝɀȶƭ

  ĂɀȹǠǮȱä ýǼǺǪȆƫä æîǠȉâĀ ƃĀɉä ýǼǺǪȆƫä  ȈɅɀȊǪȱ˨ þɀȵɀȪɅĀ  ǦɅɀȹǠǮȱä ǦȮǤȊȱä ɂȲȝ ȔȪȥ.    þà óƕȦȹ Ǡȶȭ  çǠȉɀȊƫäȾȺȮƹ Ǡ  
ǦƤǠȾȵ .ǦȚǶȲȱä ȄȦȹ Ž ĂɀȹǠǮȱä ýǼǺǪȆƫä çäɀȺȩ ȜɆƤ     

  Ɣȱä ǦȝǠȖǪȅɍä ȌɆȎƠ ǦȅǠɆȅ æȀȪȦȱä ȻǾȽ Ž óȀȞȹȰȍɀǪɅ    ǠȾɆȱâ ăɎȭ  ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȸȵ    ɀɅîǠȺɆȆȱä æǠȭǠƮ ǼȞǣ
  ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ǦǵǠǪƫäĀ ƃĀɉä ýǼǺǪȆȶȲȱ ǦȎǹȀƫä ǦȵȂƩä ȸȶȑ çäɀȺȪȱä ìǼȝ ȼɆȥ ƎǪȞȹ ĂǾȱä ƆǠǮȱäὔ υ   Ȱȭ óȀȝ

ɀȽ ǠȾȺȵ  ὄ ρὯὌᾀÛ  Ȱȭ Ž ǰɆǲȒȱä ǦȝǠȖǪȅä ĉþà óƕȦȹĀ ÛǦȚǶȲȱä ȄȦȹ Ž ǠȾȞɆƤ çäɀȺȪȱä ǦƤǠȾȵ ñɀȊƫä ȜɆȖǪȆɅĀ
 ɄȽ æǠȺȩὡ πȢρ æɀȖƝ ȼǪȝǠȖǪȅä ƘȢɅ þà ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ ȸȮƹĀ Ûὡ πȢς ǦɆȲȮȱä üǠȅîɋä ǦȝǠȖǪȅä ĉþàĀ Û

  ɄȽ ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱВ ὡ ρ     ñɀȊȶȲȱ ǦǤȆȺȱ˨ ȬȱǾȭĀВ ὡ ρ  .  óƕȦȹ  ùǠȊȮǪȅä üǼȞȵ
  ɀȽ ȴȲȞǪȱä ǦɆȲȶȝ ÞǠȺǭà ĂɀȹǠǮȱä ýǼǺǪȆƫäὴ πȢρ  ɀȽ ȌȩǠȺǪȱä ȰȵǠȞȵĀ ‎ πȢωυ ȴȲȞǪȱä üǼȞƫ ǦɆǝäǼǪǣɍä ǦȶɆȪȱä Ǡȵà Û

‌ ρ  ÞǠȒǪɅĀ ü    îäǼȪƞ‘ πȢωωωτ  . ĉþà óƕȦȹ  ɀȽ çäɀȺȪȱä Ǵǣî   Ὣ ρȟȟȟȟ  ǦǤȆȺȱ˨ çäɀȺȪȱä Ǵǣî Ǡȵà Û
  ɀȾȥ ñɀȊȶȲȱὬ ρȟρȟρȟρȟρÛ   ɄȽ æǠȺȩ ȰȮȱ ùǠȒƫä ǰɆǲȒȱä ǦȝǠȖǪȅäĀὔ πȢρ   ǬɆǵὯᶰρȟςȟσȟτȟυ  Û

  üǠȶǪǵ˨ ôǠȊȺȱäĀ üɀȶƪä ƔȱǠǵ ƙǣ ƃĀɉä ýǼǺǪȆƫä ȰȪǪȺɅĀπȢυ. 

-1.2.5  ǦȝǠȖǪȅɍä ȌɆȎƠ 
ɅȴȲȞǪ  ȼǪȅǠɆȅ ĂɀȹǠǮȱä ýǼǺǪȆƫä  ɂȲǮƫä    ǦɆȵïîäɀǹ ýäǼǺǪȅ˨ȱäȴȲȞǪ  ïȂȞƫä  minimax-QÛ    ǬɆǵǩƙǤ  üǠȮȉɉä  23  Ā25  Ā27  
ä ɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȎȎƸ þà Ǣƶ Ɣȱä ǦȝǠȖǪȅɍ Ă   .ǠȾȆȦȹ ȴȲȞǪȱä ǦɆȵïîäɀǹ ăǠȒɅà ȜǤǪɅ Ʉȭí ñɀȊȵ ìɀǱĀ Ȱș Ž æǠȺȩ ȰȮȱ  
 ĉþâ    ÛǦȖȲǪƯ ǦɆǲɆǩäƕȅä ɄȽ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȞǤǪɅ Ɣȱä ǦɆǲɆǩäƕȅɍä ĀǩƙǤ  üǠȮȉɉä  24  Ā26   Ā28   çäÞäȀǱɋä ȻǾȽ çɍǠȶǪǵä

  ÛȰȆȲȆǪȱä ɂȲȝǪǣ ýɀȪɅ ĂɀȹǠǮȱä ýǼǺǪȆƫä þǚȥ Ȭȱí Ƃâ ǦȥǠȑɋ˨Ƕ  ȌɆȎɍä  ǦȝǠȖǪȅä ɂȲȝçäɀȺȪȱ  ǦȦȲǪƯ çɍǠȶǪǵä ȨȥĀ. 
  ȴȲȞǪȱä ǦɆȵïîäɀǹ ăǠȒɅà ñɀȊƫä ýǼǺǪȆɅminimax-Q  ơ Ƃâ ùǼȾɅ ǬɆǵȸȮƹ Ǡȵ ɂȎȩà ĂɀȹǠǮȱä ýǼǺǪȆƫä æǖȥǠȮȵ ȐɆȦ .  

ȸȵ ȘǵɎȹ    ȰȮȊȱä29   ĂĀǠȆǩĀ æǠȺȩ ȰȮȱ ɄȭǾȱä ñɀȊƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɍäπȢτȟπȢςȟπȟπȢτ    üǠȶǪǵ˨πȢψχ 
ƙǤɅ Ǡȶȭ ăǠǤɅȀȪǩ  ȰȮȊȱä30 þà   ăɎȭ ǦȺȮư æǖȥǠȮȵ ȰȒȥà ȨȪƷ ȼȹǚȥ ñɀȊƫäĀ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȸȵ ȴȲȞǪȱä ǦɆȲȶȝ ǦɅǠȾȺǣ . 
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 ȰȮȊȱä23: æǠȺȩ ȰȮȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɍäÞäȀǱɋä Û  
πȟπȟπȢςȟπȢςȟπȢφ 

 

 ȰȮȊȱä24: ÞäȀǱɋä ÛĂɀȹǠǮȱä ýǼǺǪȆƫä ȴȲȞǩ ƗǶȺȵ   
πȟπȟπȢςȟπȢςȟπȢφ 

 

 ȰȮȊȱä25: æǠȺȩ ȰȮȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɍä ÞäȀǱɋä Û
πȟπȢτȟπȟπȟπȢφ 

 

 ȰȮȊȱä26: ÞäȀǱɋä ÛĂɀȹǠǮȱä ýǼǺǪȆƫä ȴȲȞǩ ƗǶȺȵ   
πȟπȢτȟπȟπȟπȢφ 

p
ro

b
a

b
il
it
y

 
p

ro
b
a

b
il
it
y

 

iterations 

iterations 
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 ȰȮȊȱä27: ÞäȀǱɋä ÛæǠȺȩ ȰȮȱ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɍä  
πȢςȟπȢτȟπȟπȢςȟπȢς 

 

 ȰȮȊȱä28: ÞäȀǱɋä ÛĂɀȹǠǮȱä ýǼǺǪȆƫä ȴȲȞǩ ƗǶȺȵ   
πȢςȟπȢτȟπȟπȢςȟπȢς 

 

 

ÞäȀǱɋä üǠȶǪǵɍä 
πȟπȟπȢςȟπȢτȟπȢτ πȢπωφ 
πȟπȟπȢςȟπȢφȟπȢς πȢπττ 
πȟπȢςȟπȟπȢτȟπȢτ πȢπυυ 
πȟπȢψȟπȟπȢςȟπ πȢπυω 
πȢςȟπȟπȢτȟπȢςȟπȢς πȢπυς 
πȢςȟπȟπȢφȟπȟπȢς πȢπτω 
πȢςȟπȢςȟπȢτȟπȢςȟπ πȢπςψ 
πȢτȟπȢςȟπȢςȟπȟπȢς πȢπςρ 
πȢφȟπȢςȟπȢςȟπȟπ πȢππω 

 üĀǼǱ4 : ǦɆȪǤǪƫä çäÞäȀǱɋä çɍǠȶǪǵä  ĂɀȹǠǮȱä ýǼǺǪȆȶȲȱ 

p
ro

b
a

b
il
it
y

 

iterations 
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 ȰȮȊȱä29:  ÞäȀǱɋä ÛæǠȺȩ ȰȮȱ ñɀȊƫä ǠȾȎȎƸ Ɣȱä ǦȝǠȖǪȅɍä
πȢτȟπȢςȟπȟπȟπȢτ 

 

 ȰȮȊȱä30:  ÞäȀǱɋä ÛñɀȊƫä ȴȲȞǩ ƗǶȺȵπȢτȟπȢςȟπȟπȟπȢτ 

 
 

ÞäȀǱɋä üǠȶǪǵɍä 
πȟπȟπȟπȢψȟπȢς πȢππσ 
πȟπȢςȟπȢτȟπȢςȟπȢς πȢππρ 
πȟπȢτȟπȟπȢςȟπȢτ πȢπςυ 
πȢςȟπȢςȟπȟπȢςȟπȢτ πȢππρ 
πȢτȟπȟπȟπȢςȟπȢτ πȢππσ 
πȢτȟπȢτȟπȟπȟπȢς πȢπςψ 
πȢψȟπȟπȟπȢςȟπ πȢπχ 
πȢψȟπȢςȟπȟπȟπ πȢππς 
πȟπȟπȟπȢψȟπȢς πȢππσ 

 üĀǼǱ5 : ǦɆȪǤǪƫä çäÞäȀǱɋä çɍǠȶǪǵä ñɀȊȶȲȱ 

p
ro

b
a

b
il
it
y

 

iterations 
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-2.2.5  êƕȪƫä ǰȾȺȱä ȴɆɆȪǩ 
  ǦɆǲɆǩäƕȅä ȴɆɆȪǪȱǦǵƕȪƫä ǦȝǠȖǪȅɍä ȌɆȎƠ  þîǠȪȹ ÛǼǝǠȞȱä  Ʌ ĂǾȱäǪ ĂɀȹǠǮȱä ýǼǺǪȆƫä ȼɆȲȝ ȰȎǶ    Ʉȭí ñɀȊƫ ȼǪȾǱäɀȵ ǼȺȝ

çäÞäȀǱɋä îǠɆǪǹä Ž ǦǪǣ˪ ǦɆǲɆǩäƕȅä ȜǤǪɅ ñɀȊȵ ĀàȬȱǾȱ .    ǦȪǣǠȆȱä æȀȪȦȱä Ž æîɀȭǾƫä ǠȾȆȦȹ ȴɆȪȱä ȨȥĀ ɀɅîǠȺɆȆȱä æǠȭǠǶƞ ǠȺȶȩ
  ǦɆǲɆǩäƕȅɍä ĂɀȹǠǮȱä ýǼǺǪȆƫä ȜǤǪɅ þà ɂȲȝ  îǠɆǪǹä Ž ǦǪǣ˪ ǦɆǲɆǩäƕȅä Ȁǹß ɀɅîǠȺɆȅ Ž ȜǤǪɅ ǠȶȺɆǣ çǠȽɀɅîǠȺɆȆȱä Ǽǵà Ž ǦɆȭǾȱä

çäÞäȀǱɋäýɀȪɅ Ăà Û  îǠɆǪǹ˨  äȀǱɋä Þçä    ǠȽǾǺǪɅ Ɣȱä˨  ǦɅĀǠȆǪȵ çɍǠȶǪǵȕȼȱǠȅîâ æƕȥ üäɀ .    ǴȑɀɅ  ȰȮȊȱä31    üǼȞȵ ĉþд
  ǦɆǲɆǩäƕȅɍä ȼȝǠǤǩä ǼȺȝ ĂɀȹǠǮȱä ýǼǺǪȆƫä ǠȾɆȲȝ ȰȎǶǪɅ Ɣȱä ǦɆȶȭäƕȱä æǖȥǠȮƫäǦǵƕȪƫä    ǦȝǠȖǪȅɍä ȌɆȎǶǪȱ  þɀȮɅɉä ɂȲȝ

 ǼȺȝȜǤǪɅ ñɀȊƫ ȼǪȾǱäɀȵ  ǦɆǲɆǩäƕȅäǦǪǣ˪  .ñɀȊƫä äǾȽ Ǽȑ ǠƬ Þäìà ȰȒȥà ȨȪƠ ǦǵƕȪƫä ǦɆǲɆǩäƕȅɍä þǚȥ ƃǠǪȱ˨Ā Û 

  

 ȰȮȊȱä31ǦǵƕȪȵ) ƙǪɆǲɆǩäƕȅɎȱ Ʉȶȭäƕȱä ǼǝǠȞȱä ȔȅɀǪȵ :- (ǦɆǝäɀȊȝ 

-3.2.5  ǦȊȩǠȺƫä 
ȴȲȞǪɅ  ĂɀȹǠǮȱä ýǼǺǪȆƫä ȼȱ ǴȶȆǩ Ɣȱä ɂȲǮƫä ǦȅǠɆȆȱäǣǦȝǠȖǪȅɍä ȌɆȎǶǪ   ɄȭǾȱä ñɀȊƫä ìɀǱĀ Ȱș Ž çäɀȺȪȱä ǦȞȅ ȴɆȚȞǪȱ

  ȼȹà ǰǝǠǪȺȱä ȀȾȚǩ .ǦȮǤȊȲȱ îȀȑ Ǝȭà èäǼǵɋ ɂȞȆɅ ĂǾȱä  ɂȲȝǦȞǣäȀȱäĀ ǦǮȱǠǮȱä ƙǩǠȺȪȲȱ ȐȦǺȺƫä ǴǣȀȱä ȸȵ ȴȡȀȱä    ȴǪɅ ȼȹǚȥ

iterations 












