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Abstract Bitcoin is a peer-to-peer ledger system based on the blockchain technology. With the development of Bitcoin,

the existing Bitcoin system architecture can no longer meet the demand of the increasingly large volume of transactions,

so that Bitcoin scalability becomes one of the most important problems to solve in Bitcoin-related systems today. The

Bitcoin system is a complex human-centered socio-economic system, and the Bitcoin scalability problem is a complex

problem involving multi-party interests, which has attracted increasing attention of both industries and academia. This

paper presents a research framework for the Bitcoin scalability problem, including the key technologies, constraints and

related issues, in order to help explore and study the Bitcoin scalability problem. Under the framework, we first introduce

two kinds of key technologies and their current developments. Secondly, we summarize factors that restrict the Bitcoin

scalability from the aspects of network load and node performance. Finally, we explore the related security issues and

economic issues involved in the Bitcoin scalability.
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1016 g Ä z Æ � 45òÂö=IGÑ4��d, B�Mï�¹�þ�´��«¬ (Huge blocks) E¤®��Â.Ïd, ¥�hò«¬Nþþ���Ǒ 1MB[3−4].Ó�, ��Ñù���´6��, 3'A1«¬Nþ�Cþ��, �±òþ�ê�Jp (¥�hÞ~�?U�YǑ: 3«¬pÝ�� 115 000 �, Jp«¬Nþþ�.).�X'A1²þ«¬��Úþ,, � 2017 �Cþ� (Xã 1 ¤«), 'A1*N��(�5�p. ��ú��¯¢´, 1MB �«¬þ�®²ØU÷v^r��´I�, I�*N'A1�ä, ±Jp�´�ÝÚ�^Ç[5] . 8'A1�ä���óéþ=Ǒ 3.3∼ 7 ��´/�[6] (e�Äu²þ�´�� 500 bytes�,þ�Äu���´�� 250 bytes�.). d	, «¬þ��E¤
�´�Y¤�O\.ã 2 ǑC�¥ü)�´¥�Y¤�²þ'~, ��3 0.5 % � 1.5 % �m2Ä. �Ä�'A1d�p[, ¢Sþ^rǑü)�´¤G��Y¤���*. ã 3 ǑC 1 ¥²þz)�´|G��Y¤, �

±²ww�®l 2017 ��Øv 10 {� (United

States Dollar, USD) ÅìJp� 100 {�.,, éu´Ä�ì¥�h��k�O)Ø«¬����, �o'A1Ì6^��'A1Ø%
(Bitcoin core) muìèSÜD���'A1)��Ñ�)
©Ü. |±ö�Ǒù´�«{ük���ã, �±�)���´Øå; �éö�Ǒ§¬E¤'A1�«�©�, Ø|u'A1èxu�.

ã 1 ²þ«¬�� (FÏ: 2018-01-18)

Fig. 1 The average block size (Date: 2018-01-18)

ã 2 �´�Y¤z©' (FÏ: 2017-01-19 � 2018-01-18)

Fig. 2 Cost of transaction volume (Date: 2017-01-19∼ 2018-01-18)

ã 3 ²þ�´�Y¤ (FÏ: 2017-01-19 � 2018-01-18)

Fig. 3 Cost per transaction (Date: 2017-01-19∼ 2018-01-18)



6Ï QR�: ¡�'A1�«¬ó*N: '�Eâ, ��Ï��û)¯K 1017'A1XÚ´±�èÆ�{Ǒ.�Eâ| �ï���±<ǑØ%�E,�¬²LXÚ, <�Ì*¿£é'A1XÚ�u�äk4�KǑ[7−8] .'A1XÚ*N´���9õ�|��E,¯K,�Ø´muö!Ý℄ö!�´²�, �´¶ó, Ñk�gØÓ�|�ÚÌ*�ûü. ù
Ǒê¯õ�ûüö, ¤¼��&EäkØé¡5, é¯Ô���ÝǑk �, ����¯KC��©E,[2, 9−11].'A1*N¯K´�'A1�«�9��{K, Ǒ´ò'A15UJ,�Ì6|Góä�YOI�)û�Ä�'�¯K, äkép�ïÄd�. 8�.®²ðm
Êg'A1*�5ï?¬ (Scal-

ing Bitcoin) (Ǒ¡Ǒ'A1�S¬Æ½'A1*N�¬, k�u 2015  9 � 12 F ∼ 13 F3\<��A|�, 2015  12 � 6 F ∼ 7 F3¥I�l,

2016  10 � 8 F ∼ 9 F3¿�|�=, 2017 
11 � 4 F ∼ 5 F3{Id"4, 2018  10 � 6 F
∼ 7 F3F�À®ðm.), �'<¬�7XÛ*NJÑ
ê�kd���Y, ¿Úå
2��'5Ú?Ø. �dÓ�, Æâ.Ǒ��'5«¬*N¯K, l�£ÆÆ!�äK1!XÚS��ÆÝJÑ
U?��Y.®kó���´é'A1*N�Y�15�*N�J�©Û[6, 12]. Ǒ
��¡/&?�ïÄ'A1*N¯K, ÏLéyk©z℄Æ�©ÛJõ, ·�JÑ
��¡�'A1�«¬óXÚ*N¯K�ïÄµe, Xã 4 ¤«. äNó, ïÄµe©Ǒ'�Eâ!��Ï�Úû)¯Kn�Ü©. Ù¥, '�Eâ´��åu)û'A1*N¯K���Y, ©Ǒóþ�óeüa, üö�«O3u´Ä��?U'A1XÚÆÆ; ��Ï�´���'A1*N'�Eâ¢��í2��I�^�, l÷*�¡þ5

`Ǒ�äK1, l�*�¡5`Ǒ!:´¶; û)¯K´d'A1XÚ*NüC�)��'¯K, Ì��9S�¯K�²L¯Kü�¡. 3�e5�Ù!, ·�ò3TïÄµee, é�Ü©SN©O�mQã.

1 '�Eâ'�Eâ�)óþ*N�Y�óe*N�Y,öÏL��Jp«¬Nþ½)¤ªÇ, �'A1XÚ�±NB�õ�´, �öK´3�±'A1XÚyke��Ó�, ÏLO�f�!fó��ã,�'A1�´�±=£�Ù��ä¥�¤.

1.1 óþ*N (On-chain Scaling)óþ*NÌÜé'A1«¬?1*�, ��'A1�ä���±KÖ����´þ, ùa�Y�¢�I�é'A1?1M©� (Hard fork) (M©�´�3#��£5KúÙ�, �,?�!:¬ò#«¬£OǑ�����[È©Ü.), Ì�©Ǒ«¬*NÚªÇ*N.

1.1.1 «¬*N«¬*N�Y´�ÏLJp«¬��þ�,lO\üg�±� “�\” «¬ó��´êþ. �«¬*N�'�'A1U?JÆ (Bitcoin

improvement proposals, BIPs) � 9 �, XL 1

(https://github.com/bitcoin/bips) ¤«, �±©Ǒna: 1) ±�åǑ¥%: �) 100!101!105!109,Ù�ÓA:´d¶óÝ�û½«¬Nþ�N��Y;

2) ±�´þǑ¥%: �) 104!106!107 (1��ã), Ù�ÓA:´Äu��ã�«¬��N�«¬Nþ; 3) ��m4O: �) 102!103!107 (1�

ã 4 ¡�'A1�«¬ó*NïÄµe
Fig. 4 The research framework of the blockchain scalability problem towards Bitcoin
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Table 1 Comparison among BIPs related to increasing block size?Ò Ì�SN JÑö JÑ�m G�

100 «¬���Ǒ 1MB � 32MB �m�2Ä�, d¶óÝ�û½¢S«¬�� Jeff Garzik, Tom

Harding, Dagur

Valberg Johannsson

2015-06-11 Removed

101 3�� 75 % �å|±e3 2016-01-11 ò«¬����Jp� 8MB, ¿3 2036-01-06 züéþ��?1��, ���� 8GB.

Gavin Andresen 2015-06-22 Withdrawn

102 3 2015-11-11 ò«¬����Jp� 2MB. Jeff Garzik 2015-06-23 Draft

103 3 2063 zò«¬����Jp 17.7%. Pieter Wuille 2015-07-21 Draft

104 Uì�C 2016 �«¬���N�þ�. t.khan 2017-01-13 Draft

105 Uì�C 2016 �«¬�¶óÝ�N�þ�. BtcDrak 2015-08-21 Draft

106 1) Uì�CJÝ«m�«¬��N�þ�; 2) Uì�C 2 �JÝ«m�«¬��±9�´�Y¤N�þ�.

Upal Chakraborty 2015-08-24 Draft

107 ©ü�ã*N?1*N. (�ã�) 2016∼ 2017:

2MB; 2018∼ 2019: 4MB; 2020: 6MB; (�ã�) l 2020 ±�, z 4 ±Uì«¬��û½´Äòþ�Jp 10 %.

Washington Y.

Sanchez

2015-09-11 Draft

109 3�� 75 % �å|±eò«¬����Jp�
2MB.

Gavin Andresen 2016-01-28 Rejected�ã), Ù�ÓA:´ý�'A1�´I�þ, UÝN�«¬Nþ.

1.1.2 ªÇ*NªÇ*N�Y´�Jp«¬)¤ªÇ,  á«¬)¤m�, lO\ü �mS� “�\” «¬ó�«¬êþ.

1) ü$JÝ'A1ÏLN�JÝ, ��«¬)¤m�3 10©¨�m. z)¤ 2016 �«¬, JÝÒ¬�â)¤ù
«¬�Ñ�N�. XJÑ��Lü± (14 U)��m, JÝ¬ü$. ��, KJÝ,p. ÏLü$JÝ, �±éN´/ á«¬)¤m�, ùa�YǑ��
�
5g�«�|±[13−14] .

2) Bitcoin-NG

ã 5 Bitcoin-NG ó(�«~
Fig. 5 An illustrative example of chain structure in

Bitcoin-NGxG��Æ� Eyal �JÑ�«#�'A1ÆÆ Bitcoin-NG[15]. TÆÆò�m�©ǑØÓ��mã. 3z���mãþ, d��+�öKI)¤«

¬, ���´. TÆÆÚ\
ü«ØÓ�«¬: ^uÀÞ+��'�«¬ (Key blocks) Ú�¹�´êâ��«¬ (Micro blocks). z��«¬�ÞÜÑ�¹
��«¬�\�MF�.'�«¬�)¤�ª��©�'A1ÆÆ��.äNó, Ñ´Äuó�þy², d!:Ïé��AÏ��Åê. ����!:Çké��Åê, §ò)¤'�«¬¿�Ù�!:2Â, ¤Ǒ�Ó�+�ö.�'A1ÆÆØÓ�´, '�«¬¥��¹
�éúh�¥�ú�, ^u�«¬�\¶.3)¤'�«¬��, +�ö�#N±�uý�K���Ç (X 10 �) )¤�«¬. �«¬���´k.�, �u��ý��, X 1 MB. ã 5 Ǒ
Bitcoin-NG ó(�«~, �«¬ (ã¥L«Ǒ�/)�'�«¬ (ã¥L«Ǒ�/) ¥ú��A�h�\¶. Ǒ
;�gh�¶, �´¤^� 40 % ©���Ó�+�ö, 60 % ©��e�Ó�+�ö.

Bitcoin-NG �±3ØUC«¬Nþ�Ä:þ,ÏLÀÞ+�ö)¤�õ�«¬, )û'A1�*N¯K. '�«¬�)¤m��,Ǒ 10 ©¨, Ï�Iü$JÝ. d	, du�;�´��«¬�)¤ØI�!:Ïéó�þy², ÏdØ¬�	O\¶ó�ó�þ.

1.2 óe*N (Off-chain Scaling)óe*N�YÌ��)�l�y!ð>�ä�ýó�^©��Y (^©�´�#��£5KúÙ�, �,?�Î!:¬ò#«¬£OǑk�. ^©�



6Ï QR�: ¡�'A1�«¬ó*N: '�Eâ, ��Ï��û)¯K 1019´��oN�.). Ù¥, �l�y´�é�´ò�5�¯KJÑ�, Ù*N�J�©k�, �§´�æð>�ä�ýóS�5�Ä:.

1.2.1 �l�y�l�yu 2015  12 �¥I�l'A1*N¬Æ¥� Bitcoin core muìè� Pieter WuillleJÑ.�l�y�9Ê� BIPs: 141, 142, 143, 144Ú 145.

1) BIP141 £ã
 “�y” �(�;

2) BIP142 £ã
�l�y�/��ª;

3) BIP143 £ã
�l�y�´\¶��y�ª;

4) BIP144 ½Â
#��EÚS�z�ª, ^u!:�mDÂ�´Ú«¬;

5) BIP145 £ã
 getblocktemplate ÆÆ±
JSON-RPC N^�Cz, ±|±�l�y.z��'A1�´�)üÜ©: �Ü©´Ä:�´êâ, �)�´�Ñ\/�!ÑÑ/�; 1�Ü©ǑÙ��¯Öêâ, �¹
\¶����y�´k�5�êâ. é�´êâ?1V SHA256 O�,=�¼��´���I£ txid (Transaction ID).\¶�� (Signature script) �¹�� secp256k1 �ý��\�\¶, �±éÄ:êâ\¶, �´ØUé\¶��g�\¶, ù���Âö�±é�´?1�õU5�?U, ù�5��¡Ǒ�´ò�5
(Transaction malleability). d��´�,k�, �
txid ¬u)UC.�Âö|^�´ò�53�´���\«¬�UÙ txid, òk�½VÇ “ºO” ��´���.��´¤½^rÄu txid �Î�´�, ¬�{(��´�¤, ux�þ�´��, E¤�½§Ý�
DOS �Â. 2014  2 �, Mt.Gox �´¤(¡du
“�´ò�5¯K” ��EJy, E¤Ü©'A1�¿�. É� Mt.Gox ¯��KǑ, Bitstamp ��´¤uÙúw¡ò¬m©u�gC�SÜXÚ±���Ó��ØÑy, ¿6�Ê�
'A1Jy.

Bitcoin Core JÆ?1�l�y, =ò\¶����y�´k�5�êâ=£���� “�y
(Witness)” �#(�¥. txid �½ÂØC, =±e�´êâ�V SHA256 �:

[nV ersion][txins][txouts][nLockT ime] (1)#� wtxid �½ÂǑ�)±e�´êâÚ�yêâ�V SHA256 �:

[nV ersion][marker][flag][txins]

[txouts][witness][nLockT ime]
(2)

Coinbase �´� wtxid Ǒ 0x0000· · · 0000. «

¬¥�¤k wtxid ��;3��r��ä��f(:þ, ù�ä��!:MFP¹3 coinbase �´�
scriptPubKey ¥.�l�y���Ø´�é*N, ´éØÜn��'A1�´(��`z, �§m���
*N�8�. 3�l�y¤õ¢��, 'A1�»

1 MB �«¬��, ��8¸��� 1.3 MB.

1.2.2 ð>�ä
2015 , Poon Ú Dryja ü muöuÙ
ð>�äx�Ö[16],ÄgJÑ
ð>�ä�Vg, ÙÄ�g�´ïá�´���|G±� (Micropayment

channels) �ä, ò���´l'A1Ì�¥�l,lr?'A1��´óéþ��z�z�).

1) V�|GÏ�ð>�ä�Ä:´�´V��m�V�|GÏ� (Bidirectional payment channels), e¡·�òlMïÏ�!�´�ª!'4Ï�Ú�5¨v�o�¡éÏ�?10�.

a) MïÏ�Äk�ï���\¶�Ä7�´ (Unsigned

funding transaction). T�´�ÑÑǑ 2-2 õ\¶��, ¿=Ä^ù)℄7I�V�\¶ (õ\¶´�«#Nõ�ú��Ó\Ý�)'A1�´�Eâ.). �´V��� “7Ï” T)Ä7�´�Ñ\/����^u\¶�ú�.ð>�ä�^ Sighash noinput (Sighash noin-

put �´�éÑÑ?1\¶, duT�´�Ñ\��\¶�o, Ï�±éN´�?U, Ø�Ñ\�Ù�/ª�\¶�o.) �ª��´s¤Ä7�´¥�℄7, (�T�´�±3V�éÄ7�´\¶�?1, ù
�´�¡Ǒ«ì�´ (Commitment

transactions).Xã 6 ¤«, b� Alice Ú Bob Ó¿ïá|GÏ�, V��<Ñ 0.5 BTC (Bitcoin) ^uMïÄ7�´. ,� Alice Mï�)�©�«ì�´ C1b, T�´�ÑÑǑ Alice: 0.5 BTC, Bob: 0.5 BTC, Al-

ice é C1b \¶�òT)�´ux� Bob; Bob ±Ó���ªMï¿\Ý C1a, ¿ux� Alice. V����.�, Ò�±éÄ7�´?1\¶, ¿3'A1XÚ¥2Â.

b) �´�ªǑ
?1�´, V��±ÏL)¤#�«ì�´, ¿òÎ�«ì�´�¢, ±��℄7#©��8�. ��5¿�´, z|«ì�´�^Õá�ú�, ú�Ø¬E�^.b� Alice I�� Bob |G 0.1 BTC, Alice �±3 C1b Ä:þMï�)#�«ì�´ C2b, T�´�ÑÑǑ Alice: 0.4 BTC, Bob: 0.6 BTC, Al-

iceéC2b\¶�òT)�´ux� Bob; Bob±Ó
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ã 6 ð>�ä�|GÏ�
Fig. 6 Micropayment channels based on Lightning Network���ªMï¿\Ý C2a, ¿ux� Alice. Ǒ
4

C1a Ú C1b ��, V��±��^u C1a Ú C1b\¶�h�, ½öMï¿����Ö��´ (Breach

remedy transaction) BR1a/BR1b.

c) '4Ï�?¿��2Â«ì�´, =�'4|GÏ�. ð>�ä�O
��S��Ï���Ü� (Revocable

sequence maturity contract, RSMC), T�UÜ�¥5½: Çk2Â«ì�´���, I����ã�mâU<�℄7, ,��K�±á=¼�℄7.äN�����dV�¯kûÆ. Xã 6 ¤«, ������½Ǒ 1 000 �«¬(��m. �o, 3 Bob�'A1�ä2Â
�#�«ì�´ C2b ��, Al-

ice �±á=¼� 0.4 BTC,  Bob I���Ìó2)¤ 1 000 �«¬��, 2Â������G�´
(Revocable delivery transaction), ¼� 0.6 BTC.XJV�ÑÓ¿'4Ï�, �±Mï��(��´ (Exercise settlement transaction), ²V�\¶¿2Â�, V�Ñ�±á=¼�(�℄7.

d) �5¨vXJk��2Â�«ì�´Ø´�#��, �oòÉ�¨v, ��¤Pk�℄7, Ï�¥��Ü℄7Ñòáu,��. ~X, Bob 32Â
Î�«ì�´ C1b ��, Alice �±3 1 000 �«¬(��m

SJø C1b ���yâ, �ª Alice ò¼� 1 BTC, Bob ò��¤k.

2) MF�£Ü� (Hashed timelock contract,

HTLC)

HTLC �8�´ÏLMF$�#Nªõ�!:��ÛG�. äNó, §�±£½���´, ¿±���½��m (,��5�«¬pÝ) Ú«ì2³��£�Ǒ)£^�. ÏLù«�ª, ¢y
�ä¥k^��℄7|G, ØI�Ï�V�9�ä¥Ù�<�mïá&?.~X, ÏL HTLC, Alice Ú Bob �±�¤Xe�½: £½ Alice � 0.1 BTC, XJ3«¬pÝ��
T �, Bob U
� Alice 2³���£ R, R ²L,�®��MFO� hash(R) �u,�� h, �o Bob ÒU¼�ù 0.1 BTC; XJ�«¬pÝpu
T �, Bob �U9�� Alice 2³Ü·� R, �où
0.1 BTC ògÄ)£¿8�� Alice.

3) õ!:|GÏ�Äu RSMC, ð>�ä¢y
!:�m���|GÏ�, Äu HTLC, ð>�ä¢y
!:�m�m�|GÏ�.Xã 7 ¤«, b� Alice I�� Dave =â (7�Ǒ 0.1 BTC), ¨�±ÏLü�!: Bob!Carolïá�^|GÏ�, ÷XTÏ��!:üü�mï



6Ï QR�: ¡�'A1�«¬ó*N: '�Eâ, ��Ï��û)¯K 1021á HTLC �´, ���´��£4~. 3T«~¥,

Alice �â´d��Ý, ò¨Ú Bob � HTLC �´� T ��Ǒ 3 U (¢SǑnU��«¬pÝý��). 3 Bob Ú Carol!Carol Ú Dave �m, ǑMï
HTLC �´, ¿©O�� T Ǒ 2 U!1 U.

ã 7 Äuð>�ä�õ!:|GÏ�
Fig. 7 Payment over the Lightning Network using

HTLCsXJDave 3 1US� Carol2³R,Ò�±¼� 0.1 BTC. Ó�/, XJ Carol!Bob U�D4 R,Ò�±©Ol Bob!Alice ?¼� 0.1 BTC (±9�Y¤). ÏLù«�ª, Alice �¤
 Dave �=â.

1.2.3 	\ªýóEâ (Pegged Sidechains)ýó�½ÂǑ�±�y5gÙ�«¬óêâ�«¬ó[17]. ýóEâ#N^r3'A1XÚ�	�Ù�«¬óþ�^���℄�. 'A1XÚ�¡Ǒ
“Ió”, Ù�«¬ó�¡Ǒ “ýó”. ýóǑ,�6uIó, ,Ù¯Ö?n�Ió��Õá.ýó�ó�Ä:´{ü|G�y (Simplified

payment verification, SPV) y², §´�«Ä�¤
õ�\¶ (Dynamic membership multi-party

signature, DMMS), u)3Äuó�þy² (Proof

of work, POW) �«¬ó¥ (X'A1XÚ). ��
SPV y²�¹ a) ���«ó�þy²�«¬Þ
(Block headers) �L, Ú b) ��L²�L¥�,�«¬¥�3,�ÑÑ��èÆy². Äu SPV y², �I$1�!:=��y|G&E.�â℄7lIó6\ýó�, ýó´ÄI�Ió� SPV y², ýó�©Ǒé¡�Øé¡ü«a.. ã 8 ´��é¡	\ªýó«~. Ǒ
òIóþ�℄7=£�ýó, ÄkI�òù)℄7=�Ióþ���AÏÑÑ, TÑÑ�Udýóþ� SPVy²5)£. ,�^r����(�Ï�, 3fóþMï��Ú^TÑÑ��´, ¿JøTÑÑ®�Ióþv
ó�þy²CX� SPV y². �X^rI�����¿mÏ, 3dÏmXJÂ�#� SPV y², �'�� SPV y²k�õó�þy², �oòO��5� SPV y². ù´Ǒ
��Vs�Â.¿mÏ(å�, ^rÒ�±3ýóþgd�^ù)℄7
. ℄73ýóþ�,�±gC “Ió1” ��°, �U=£��A�Ió, ¿�ýóØ#N5gØÓIó�1�m?1�´½ç�. �^r�r1lýóþ=£Ió�, I�²{�Ó�L§: 3fóþòù)℄7ux���AÏÑÑ, �)�� SPV y

²�Ió, ^u)£Ióþ���℄7.

ã 8 é¡	\ªýó«~
Fig. 8 An example of two-way peg protocal

1.3 u�yGã 9 ¤«Ǒ 2015 ±5'A1*N�'��¯��¤�?��m¶, �'��JY�L 2

(https://github.com/bitcoin/bips.).

1.3.1 óþ*N?�8, 'A1�vk�¤óþ*N. ²L�l�£!Ý��£ügãå��}, u 2017  8 � 1F, 3 ViaBTC ��¶³�íÄe, 'A1ÏLM©��)
�^#�«¬ó, �¡Ǒ “'A1y7
(Bitcoin cash)”. 'A1y7å�|± 8MB ��«¬, �?�Úò��Jp� 32 MB, ¿u 2018 11 � 10 MïÑ{¤þ1���C 32 MB ��«¬.

1.3.2 óe*N?�
1) �l�y
Bitcoin Core muìèÌ�mu¿íÄ
�l�y�u�. 2016  10 �, Core uÙ1��|±�l�y (Segregated witness, SegWit) ���

0.13.1. T���Ì BIP9 JY�½ SegWit �-¹^�, =�� 95 % �¶óL«|±âU3'A1�äþ-¹ SegWit. �ªduvk3�� (2016 
11 � 15 F) ��v
�å|±\w SegWit -¹�}.



1022 g Ä z Æ � 45ò

ã 9 'A1*N?��m¶
Fig. 9 Timeline of Bitcoin scalability progressL 2 'A1�þ*N�JY

Table 2 BIPs related to on-chain scaling?Ò Ì�SN JÑö JÑ�m G�
9 é«¬¥���iã��Â?1�U, 4õ�^©��Y�±¿1�1. §ò��iãL«Ǒ �þ, z� �±^u�lÕá�UC.¶óÏL�#,� ��L«é,�^©�O�ÒX. 3^©�m©

([STARTED]) �, ���JÝ«mS (= 2 016 �«¬) ¥ 95 % �«¬ÑL«|±T�^©�,K§?\£½�ã ([LOCKED IN ]), ÄK�} ( [FAILED]); �£½�^©�I�2� 2016 �«¬, âU�ª-¹.

Pieter Wuille,

Peter Todd,

Greg Maxwell,

Rusty Russell

2015-10-04 Final

91 TJY�f
� SegWit -¹^� (= BIP9): 1) (�I�l 2016 �«¬eü� 336 �«¬; 2) -¹K�l 95% �~� 80%; 3) �É bit1Ú bit4 ü«&Òux�ª, 3-¹�áývkux bit1 �«¬.

James Hilliard 2017-05-22 Final

148 æ�UASF �Y-¹ SegWit, |± UASF �!:¬3 2017-08-01 m©r��1#5K, ØÎÜ#5K�«¬ò�ù
!:áý.

Shaolin Fry 2017-03-12 Final℄¶^r “Shaolin Fry” JÑæ�^r-¹^©� (User-activated soft fork, UASF) �Y-¹
SigWit (BIP 148, SN��L 2), ±½�¶ó�É
SegWit. TJY�É�Æ, XJ BIP148 vk���õê¶ó�|±, Ò¬��'A1�©�. ,
Core �É
T�Y, ¿ò)�FÏ�½Ǒ 2017 
8 � 1 F.ÄuÝ��£, Jeff Garzik mu
#�rà
“BTC1”, ò�l�y�K��½Ǒ 80 %, ¿± bit

4 �Ǒ&Òux�ª.du Bitcoin Core ��¥�l�y�-¹K�Ǒ 95 %, ¿± bit 1�Ǒ&Òux�ª, � BTC1 kÀâ. Ǒd, James Hilliard JÑ
 BIP91 (SN��L 2) KÜü«�Y. �ª, BIP91 �¤õ£½¿-¹
 SegWit, 'A1;�
 BIP148 �5�M©�.

2) ð>�ä

3�l�y¤õ¢���, Elements Project

(Blockstream)!Lightning Labs!ACINQ �n�ð>�ämuìè3 2017  12 � 6 F\Ù�¤
ð>�ä��©�� 1.0 RC. T��¤õ¢y
|G±�°Ä��ä¥ØÓÆÆ¢y�m��´. 8, ù
muìè�3Ï�mu�«�Ó1µ"��", ±¼��ª� 1.0 �ª��, ¿Oy3'A1Ì�þ¢�ÿÁ��.

2 ��Ï��!Ì�?Ø��'A1*N�Ì�Ï�, ©Ǒ�äK1�!:5Uü�¡. öÌ�'5'A1�ä�N5U, �öýuü�!:�5U.

2.1 �äK1'A1XÚÄu P2P �ä�ï, æ^�8¥ª�ÿÀ(�, Ù`:´�o{ü, ¡é�ä�Ä�Czäk���N�Uå, ":´�X!:�Øä
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2.1.1 «¬Nþ
Decker ÚWattenhofer[18] é 2012 'A1�ä�«¬DÂG¹?1
Ýþ, ���©Û(JL², éu���«¬ (�L 20 KB), ÙDÂ�m�X��¥�5O�ª³.5g 7 [�¶�Æ�ïÄÅ�� 12  ïÄ<
?�Ú©Û
 2014 Ú 2015 'A1�ä�«¬DÂG¹. ��æ^
 “X % k�óéþ” (X %

effective throughput)�ÝþIO, §�½ÂǑ�Â�«¬�!:z©', ^uL««¬DÂ�ò. ��ÏL©Ûuy, Uì²þ 10 ©¨�«¬)¤«m,XJ3��«mS��� 50 % k�óéþ, =��
50 % �!:U�Â�«¬, K«¬���õØU�L 38 MB; XJ��� 90 % k�óéþ, K«¬���õØU�L 4MB[6].

2.1.2 «¬ªÇ«¬�)¤ªÇÓ�¬KǑ X % k�óéþ.± 80 KB �«¬Ǒ~, XJ��� 90 % k�óéþ, K«¬)¤m�Ø�$u 12 �[6].l�äK15w, �Ø´*�«¬Nþ, �´Jp«¬)¤ªÇ, ÑØU���/?1óþ*N, ÄK¶ó�÷Ñ�á¬�VÇO\, ��℄L¤ÚXÚ�ØS�5.

2.2 !:´¶!:´?n'A1XÚ�´�Õáó�ü�,§��ó��Ç��KǑ'A1XÚ�$E�Ç.

2.2.1 !:5Uz�^�´ÑI��!:�y!DÂ, âU��\'A1â�¥. ÏdnØþ, !:�°Ǒ¬KǑ'A1XÚ�5U. ��â©Û, yk�!:²þ�°��pu¢SI���äDÂ�Ç, Jp�äDÂ�ÇATlÙ��¡\�, X`z�ä(�!̀ z�´?n6§�[6].

2.2.2 �;¤�'A1���´©Ùªâ�, Ǒ
| 'A1XÚ�F~$E, I�$1v
êþ��!:, §��;
�Ü�â�&E. â 2017  12 � 17 F�êâ, 'A1XÚ¥��!:�ê��Ǒ 11 500 {� (https://bitnodes.earn.com/), êâoþ�
147 GB (https://blockchain.info/charts/blocks-

size).ÏL'�A«'A1êâ�~^�;�Y,�)�/�;�Y���;�Y, ïÄö�Ǒ´

CPU+SSD �|Ü´�²L��Y[19] . ±T�YǑ~, ��p5Uªà (~X Intel Core i7, 3.4 GHz,

8 �J[SØ) ��d� 300 {�, Nþ 200 GB �
SSD �� 100 {� (�©Ǒ 2014 êâ, �©�â
Amazon {I�Õ�Î(J�#êâ). b��^�Ǒn, K��¤�� 4.23 × 10−6 {�/�. d	, U 40 W �Ñ>þÚ 15 {©/kWh, ��O�ÑÑ>¤�� 1.67 × 10−6 {�/�. nþ�±O��Ñ, zU�!:�$1¤�oÚ�Ǒ 5 862.24 {�.l!:´¶5w, óþ*N¿�X!:I�e1!�;Ú�y�õ�«¬, �
Øë��¶��!:ØUl�o'A1XÚ¥¼�?Û��Â�.�X¤��þ,, ½N¬E¤�!:êþ�eü, ùé'A1XÚ��Ïu�´Ø|�, ��1 3.2 !.

3 û)¯K:S�¯K'A1�«¬ó�S�5ïÄ, �)S�NXe�!êâ��5!^rÛh�o!~��Â�ã�, ´�9���aïÄ¯K[20−22]. 'A1*N�Y�A^, �U¬Ú\�õ�S�Û�. �!ò�éù:�m?Ø.

3.1 pÏþÚu�S�¯K
2014 , xG��Æ� Eyal Ú Sirer �ïÄ�Ñ[23], �Âö�I 33 % ��åÒ�ÏLgh�¶

(Selfish mining) (gh�¶´�¶ó3��#¶�Ø�'A1�ä2Â, ´Û�§, ¿3#¶©|þUY�¶.) ��'A1XÚØS�, Ø´<�±Ǒ� 51 %.é�ä«¬DÂG¹�©ÛL², 3p�´óéþ�, XÚ�S�5òüǑ 0[24], ~X;ÉVs�Â (Double-spending attacks), =�Âöò®s¤�´�EǑ�s¤�´. �X«¬Nþ½)¤�Ç�Jp, ò¬ÚåXÚ�´óéþ�þ,, ¿Jp�)©��VÇ, ¿ü$XÚS�5, Xã 10 ¤«[25].

3.1.1 GHOSTÆÆ'A1æ^ó�þy²Å�, d¶ó�p¿��)E,�êÆJK, Çk)Ñ�Y�¶ó¼��Ó�«¬)¤�. ,, XJü� (½õ�) ¶óÓ�)mJK, 'A1Ò¬�)©�. Ñy©��, ¶óI�Uì�½5KÀJÌó, ¿3ÌóþUYó�. 8, 'A1æ^�ÆÆ´Ïé\Oó�þy²���ó. duJÝ3���ãS�±ØC, ÏdTÆÆǑ¡Ǒ��ó5K (Longest chain rule), =ò�Ý���ó�ǑÌó.
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ã 10 Jp«¬Nþ½)¤�ÇÚå�XÚCz
Fig. 10 System changes caused by increasing the block

size or block rateX¤ã, 3p�´óéþe, du«¬DÂò�, 'A1©��VÇ¬�ǑJp. ã 11 £ã
��dª¢�äMïp©�«¬ä�|µ. ±
A!B!C!D!E Ǒ¶ó�?Ò, Ù¥ A Ǒ�Âö,Ù{Ǒª¢!:. �ÂöheMï
��²w�uª¢�ä��ó (± 5 B (��ó^) � 6 �¬�ó (L«Ǒ 1A, 2A, · · · , 6A), 3��ó5Ke,òO�ª¢�ä¤ǑÌó. éu�É"(��´
(Zero-confirmation transactions) (�I�� 6�«¬(��m, ���´�Ñ\´ UTXO (�s¤�´, Unspent transaction outputs), Ò�±(��´�¤) �!:, �Âö�±|^ù��ÉE¤Vs�Â.

ã 11 GHOST ÆÆ«~
Fig. 11 An example of the GHOST protocolǑ
)ûù�¯K, Sompolinsky � ZoharJÑ
 GHOST (Greedy heaviest-observed sub-

tree)[25]. 3TÆÆe, �©�Ñy�, !:AÀJ\Of!:ó�þ���ó^. ±ã 11 Ǒ~. ��Âö�ª¢!:�g)¤�«¬�)©��, !:¬ÀJª¢!:�«¬ (1B), ÏǑ«¬ 1B �f!:�õu«¬ 1A �f!:.���J�´, �Ǒ1��«¬óA^, ±��
(Ethereum) �«¬)¤m�Ø� 1 ©¨, ,§|©/æ^
 GHOST ���C«, é�á¬ (¡ǑÒ¬, Uncle block) \±|^, Jp
XÚ�S�5Ú¶ó�È45 (https://www.ethereum.org/).

3.1.2 SPECTREÆÆ
Sompolinsky�JÑ
 SPECTREÆÆ[24], y²
3p�´óéþe, TÆÆE�± 50 % �S�K�, =���Âö��åØ�L�� 50 %, XÚE,�±�±S�5.Äk, ��ò'A1«¬L«Ǒ��k���ã (DAG), ã¥!:Ø=�)Ìóþ�«¬, Ǒ�)�
Ø3Ìóþ!�¢ï�«¬. äNó, ��?U
«¬ÞÜ(�. 3�©�'A1ÆÆ¥, z�«¬�ÞÜ�¹
éþ��«¬�Ú^. 3ù�#�Y¥, «¬ÞÜ�¹
¤k��Ù�«¬Ú^!¿�Ü{�«¬Ú^.

ã 12 SPECTRE ÆÆ«~
Fig. 12 An example of the SPECTRE protocolÄu DAG, «¬�m�¤
ÏJ^S. é«¬

x ó, ± Past(x) L«3 x �Ñy!�d x ���«¬8Ü, Future(x) L«3 x ��Ñy!��� x �«¬8Ü. �'A1Ñy©�, I��äÌó�, SPECTRE æ^
�«Äu«¬Ý���{.� x Ú y Ǒ©��ü�«¬, ± x < y L« x ¼�,

y < x L« y ¼�. ±«¬ B Ǒ~, 'A1�ä¥�¤k«¬òUì±e5K?1Ý�.

1) XJ x, y ∈ Past(B), K�â Past(B) õê�(J?1Ý�;

2) XJ x ∈ Past(B) � y /∈ Past(B), KÝ
x < y;

3) XJ y ∈ Past(B) � x /∈ Past(B), KÝ
y < x;

4) XJ x, y /∈ Past(B), K�â Future(B) õê�(J?1Ý�.ã 12 £ã
��'A1«¬�¤� DAG. «¬ x Ú 6 ∼ 8 Ý� x < y, «¬ y Ú 9 ∼ 11 Ý� y < x. «¬ 12 �â Past(12) (Ø 10 ∼ 12 ±	�Ù�«¬) �ÀJ, Ý� x < y. «¬ 1 ∼ 5 �â Future(.) �ÀJ, Ý� x < y. �ª x ò¼�¤ǑÌó��
.
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3.2 ¥%z'A1��Ong´�¥%z�©Ùªâ�,,y3§�3Åì�\¥%z�(¸. �«¬�5�«¬Ú�°¤�O�, ��Pk�r�?nUå��ê!: (X¶³!�´¤�) `³?�Úþ,,\ì¥%z��5.

3.2.1 �å¥%zÏLé 2010∼ 2014 'A1«¬�©Û, ïÄöuy
�å¥%z¥yÅ\ì�ª³[26] .ã 13 ´ 2018  1 � 18 F'A1�äMFÇ�©ÙG¹. ü¶Ê��¶³¤Óâ��åoÚ®²�L
 70 %, dd��8�Ü©�å®�Ýº3�êA��¶³�¥.ÄÙ�Ï, du'A1æ^��£Å�Ǒ
POW, 3�Ó¿�¥, ¶óI�¤Ǒ��é�,��Åê�I[, âU¼�Â�, Pkr�O�Uå�¶³�k�U¤ǑI[. Ǒ
¼�½�Â�, ¶óØ�ØÀJ¤Ǒ¶³��°f. kÆö�ǑAT�y¶³SÜ|���¥%z, ~X
P2Pool (http://p2pool.org/), ±�)�å¥%z�¯K[27].

3.2.2 !:¥%zd	, X1 2 !¤J��, �Ä��«¬E¤�¤�Ú�Ç¯K, �õ^ròÀJSC�þ? SPV!: (X�Åªà), ½�^�´²�½�äa�. 

öI�ÏL�!:ÓÚêâ, �öK���6u�êA��´²�Ú�äa�$Eû. Þ~ó, ��
2014 3�,n['A1�´¤ Bitstamp, BitfinexÚ btc-e ?n�L 80 % �{�'A1�´. Ǒ
�)!:¥%z, �1��{��´�y�õ�'A1�´¤\\¿�[27] .

3.2.3 �rà¥%z8 Bitcoin Core ����ràÓâýé`³, Bitcoin Core mu<
Pk4����, �±�#�rà5K. Ǒ,'A1*N�Æ��õ�mu�|�Ñy, ,¿vkÄ~ Bitcoin Core �/ . ã 14 Ǒ 2018  1 � 18 F'A1�ä�rà©Ù�¹, Ù¥ Bitcoin Core �½|ÓkÇp�
87.22 %, ��LÙ���.

3.3 ýóS�5ÏLýó�Y, 'A1�´�©Ñ�õ�ýóþ, �)
�´Øå. ,, �'A1XÚ�', ýó4k�U�{Pk
���å, ±�y�´Ú«¬�S�5. �Âö�±^�é���d, éýó�m 51 % �Â. duýó�Y��6 SPV y²5�y�´, =§�u�¤�9�1´Ä5g®����ó, ¿ØJ��M«¬. Ïd�Âö��¤õ�»ýó, ���±Mï�^���ýóÌó, ?1Vs�Â$�³�)Ñ#�ýó1.

ã 13 MFÇ©Ù (FÏ: 2018-01-18)

Fig. 13 Hashrate distribution (Date: 2018-01-18)
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ã 14 �rà©Ù�¹ (FÏ: 2018-01-18)[28]

Fig. 14 Software distribution (Date: 2018-01-18)[28])ûù�¯K����{´Ü¿�¶[17], ±(�¤kýóÓ�±�ÓMFÇmæ. Ü¿�¶��/e, ¤kýó�^�Ó�MF�{, ù��±3Ó��ǑǑõ�ýó)¤ó�þy². ,, Ü¿�¶��¶ó$1¤kýó���!:, ùÒ¬E¤¥%z�¶�ª³. d	, XJ?¿ýóÉ� 51 % �Â, ºx�Î�3.d	, Peter Todd JÑ
äó (Tree chains),ÙÄ�g�´òõ^«¬ó�¤äG(�, ÏL3Ió (X'A1) «¬¥�;fó«¬�MF�, Ǒfó«¬Jøk�5y², =3�yIóÚfó¯Ö?nÕá5�Ó�, òIóS�5���
fó.

4 û)¯K:²L¯K'A1 (½ö`«¬ó) )��ºX
¶ó!�´¤!muö (a�)!û[!̂ r!ïÄ<
��õ<+. 'A1*N�9�
õ�|�. «¬Nþû½
'A1�ä?n�´þ��Ç, k��«¬�����´¤�ØpØe, ,��¡, 'A1�S�5d
���å| , Ǒd¶óGÑ
M�Ú$��¤�, �Ä�XÚ�«¬øy±Yeü, �Ï5wI��´¤5-y¶ó±YÝ\ó�. �Ø´óþ*N��´óe*N�, V�Ñ�åuJp'A1�´óéþ, ©Ü3uæ�Û«*N�{�'A1)���5�²LKǑ, �©òl1�!�´¤�¶óÂ���¡?1�ã.

4.1 1�ã 15 Ǒ 2017  1 � 19 F� 2018  1 � 18F'A1�d�Cz�¹. �±wÑ, 'A1�d�4Ø½, Âg�\ì����¸/.'A1d�ÅÄ´õ«E,Ï��Ó�^�(

J[29−33], nÜ®kïÄ(J, ·��Ǒ'A1*N�±l±e�¡KǑ'A1d�.

4.1.1 'A1øI'X�½|åþ'A1I�Ì�É�Ù�Ǒû¬ÚÑÖ��x0�d��°�, ǑÒ´§3�5��¥�d�. 'A1ø�´d6Ï�'A1¥��Ñ�[31]. du'A1�þ 2 100 ��, §��ǑÚD"B7á�7aq, Ñ�±�Ǒd�;��ã. )û*N¯K, ǑÒ´�)ûXÛò'A1�5UJ,�Ì6|Góä�YO[6]. w,*N�±�'A1�ä| �õ|GI�, ��^rêþ�Jp. �5�õ�^rÚk��øAþ¤�5�I�ØäO\, ùg,¬��d�þÞ[32]. �^r�êþÅìªu½, 'A1d�ò��½3��þïd�þ.

4.1.2 'A1XÚS�5'A1�d��UÉ��'A1XÚ�ºxÚØ(½5�KǑ. 'A1��7ØÓ, vkl�¤½Ù3)�L§¥��^¥¼��d3d�. 8§�?uÏL3½|ë�ö�mïá&?Ú&�5ïáÙ½|°���ã. 'A1��&ÝÌ��'A1XÚJø�±kö�S�5±93��¥�^�S�5k'. �u'A1�´��ÏLpé�?1, �äS�´ÙÌ�℄Ô. �ä�Â�U¬»���'A1XÚ, ¿�ª��Ù�$. ¯¢þ, 'A1éN´É��ä�Â[31]. 'A1XÚS�5���E, 'X,?��S��'A1�ä^�, �±O\éÝ℄ö�áÚå. 'u'A1XÚS�5�K¡�E, 'X'A1*NÚå�S�¯K (��1 3!), �U¬�½§Ýþü$éÝ℄ö�áÚå.

4.1.3 ^r�´¤�'A1áÚå´dd3Ý℄öÚ^r��´¤
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1) &E¤�: �uÝ℄I��ûuÏé½|þ�^Ý℄Å¬&E��'¤�, �
3#ªxN¥É�AO'5�Ý℄Å¬�U¬�d3Ý℄ö¤ �[31]. Ød±	, 'A1d�Ú Google trends Ú
Wikipedia þ�|¢�ÎǑ�3wÍ���'5ÚÄ��V�'X[33]. Ïd, 'A1*NÚu�Æâ.Ú�.���Ú'5, �UKǑd3�Ý℄öÚ^r�û½.

2) �´¤¤�: �´¤�'A1«¬��k��éX, ��1 4.2 !. �´¤�þ,Ø|u'A1�Ǒ�´x0, ?¬ü$Ý℄öÚ^r�,�.

4.2 �´¤�¶óÂ�'A1XÚ�S�5�6u¶ó��¶1Ǒ,¶ó�¶´Ǒ
¼��¶¤��XÚøyÚ “��” �´¤���Y¤, ù´²L	Ü5����{Y~[34]. Ǒ
ý��\��«¬, I����L�ê�!:��. ���«¬�±|±�p��´�Ç, �¬\��y��ó�þ. ���«¬¤Ó^�ä�°!�;�m��, �¹�´5���, �N´��y; ��, ���«¬½NÏǑJ±�y, ���Ù�«¬�O.3'A1u��Ï, XÚøy3Â�¥¤Ó'~�p, ��´¤�$$�Ǒ". ���«¬éu¶ó�áÏÂ�5`�k|. ,, ®kïÄL²�Ñ"½�����´¤^Ø�U±Y, Ù�Ï´�X'A1pÝ�O\, XÚøy±Ï5~�[32] . d�, Ó��±"�´¤�¶óÂ�����U´, �X�m�í£, 'A1�d��5�p. �é{`,Ǒ
3d�þ�¶ó�-y�±��, 2030 �z)��ê±�O�'A1AT�y3z)��

êz�'A1äk�Ó�d�. ù«ýÏLuW*u)�VÇ4$. ��U�ýO´, �X�m�í£, k��ø�Ú'A1d���ª���Ó�^,��æ¶�>S)�¤�:ìO\.du¶óvkÄå����vk�Y¤��´,Ǒ
~����m, ^rI��B�´¤. ÏL�´�Y¤, 'A1�±ïá¶ó���#�´�-yÅ�[35]. l��5w, AT�½�´¤^�ü, ±Bkv
õ�¶ók-y5$1v
p��å5�æ'A1�ä�u 51 % �Â. �Ó��Ǒ�«�´x0, �´¤ØAp�{�^r�´[32] .ïÄöé·�|µe�'A1�´¤¯K?1&¢[34], Ù(Ø´r�5��´¤^!��«¬Nþ±93�¥%z½|¥(½«¬�md�, nö´�d�. XJ«¬Nþvk��, �¶ó�¶�,�����´®²�3, ù�¶ó´ Stackelberg Æ�J�ö, Ø�Ä�´¤!��¤k�´´ù�Æ�¥���fÆ��{B�þï. Ïd�ö�Ǒ«¬Nþ7Lk��, ¿�ØUd¶ó(½��, ��¶óvkÂ\��¶ó6�Ú'A1�ä�k�.

Gavin Andresen ±��*:, �Äu Evenly

rotating economy (ERE) ²LnØJÑ, 3��¿�5�½|¥, ø�!I�Úd�ò¬é���²ï:, d��uøAû�>S¤�\þ�
ÀÂ\
(ÏǑøAûo´�±ÀJ^����m½7a��
�k|�ã�¯�). Ïd, XJvk<Ǒ�� (~X«¬��þ�), �´¤^ò¬eü�¶û|G�>S¤�, �ØǑ" (Ǒ
� ERE nØ¤á, ø�ÚI�7L�±ØC, ,3¢S½|¥J±��,� � https://99Bitcoins.com/Bitcoin-block-size-

economics-revised/).

ã 15 'A1d�ÅÄ
Fig. 15 Bitcoin price fluctuations
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l CPU � GPU,2�ASIC (Application specific integrated circuit,;^8¤>´) n��ã�u�{§, Jp
'A1�ä�MFÇ, ü$
zMFÇ�ü õÑ, Jp
¶ó���Ú¤�. ïÄöJÑ
'A1�¶L§Ú'A1�´�<ó½|�.[36]. 3�¶Æ�¥,¶ó�±gdÀJ´Äë��¶, ÙB�þï´¶ó�Ï"Â�Ǒ". d	, ¶óêþ�I÷v�½��, ±�±#«¬���Ç. b�vk�´¤^, 'A1d��±½, �o�X«¬øyeü (�E,3�½Y²�þ), ¶óêþǑ¬��eü, ��'A1JÝü$; b�«¬øy½, 'A1d�½ö�´¤þ,, �o¶óêþ¬O\, ��'A1JÝJp. ùü«�¹ÑU�±ØC�#«¬)¤�Ç. 3�´¤|GÆ�¥, �â#�´6\S�³��Ç�¶ólS�³�Ñ�´��Ç, TÆ��þïkn«: a) ¤k^rÑØ|G�Y¤; b) Ü©^r|G�Y¤; c) ¤k^rÑ|G�Y¤.nÜ5w, �'ïÄÿ�U)ûü���¯K:

1) ïáÜn��´¤Å�, �æ¶ó�´¤±��å6�, Ó�;��´¤�LpÚå^r�6�;

2) «¬Nþ����´¤�'X.

5 o(��"¥�h3'A1x�Ö¥J�, pé��´I�Äu�&1n�, O\
�´�¤�, ��
¢S�1����´5�, Ǒ��
F~���|G�´, 'A1��O�©´�«:é:�>fÀ1XÚ, §Äu�èÆ�nØÄu¥%z�&^, ��?Û�¤���V�, U
ØI�1n�¥0�ë����´, lü$�´¤�. ,, �Ä�'A1d��:ì��±9�´�Y¤'~�ØpØe, Äu'A1?1���´��d®²��puDÚ�´�ª. 'A1*N®¤�³¤ª, Úå
�.�Æâ.���'5. �©l'�Eâ!��Ï�Úû)¯Kn�¡, é'A1*N¯K?1©Û�o(.*N¯KØ´'A1XÚÕk�¯K, ´��«¬ó)��ÑÆ�)û�¯K. 8, �)ð>�ä!ýó3S�¿1*N�Y®¤Ǒ�9:,ùa�Y�A:´3�k�Ìó�þ, O�õ^¿1��´(�Ú��Ï�, l��Jp�´óéþ�8�. Ǒ,*N�Yzsà�!%Çu�, 'A1D��Ü©«¬óXÚ�*N?�%�é¢�. ÄÙ�Ï, Ì�8Ïuyk�Yj"éu«¬óXÚ3g�ØÓ��^�eÚ�aA^|µe�O�¢��ýÿ)ÛUå, Ïd�U��ý¢XÚ� “óþ” OþªÁ�¢�!½ö|^âÝ� “¹X

�ÞLà” �²�5ýÿ�{, 5ý�«¬ó*N�J[9]. «¬ó�©Ùª$15�, �����Y¢�¥Ñy �½�Ø, J±?1XÚ£E�Å�. ²1«¬ó�Ǒ²1�U�«¬óEâ��Ý(Ü, ´k�)û«¬óï�!¢��ûü�'¯K�nØ�{. Ïd, ·��e�Úó�´3²1�UÚ²1«¬ónØ���e, æ^ ACP �{
(Artificial systems + Computational experiments

+ Parallel execution, <óXÚ + O�¢� + ²1�1)[37−38], JÑ²1*N�Y, Ǒ�'<¬Jøk¿Â�ïÆ.
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