
Ⳃ׾׌٤ؕاظ؅׀熭㰢
֐錃銶ס׀Ⳃסؿٓכ杼鉮ס杯霄ׂט㓹מ丗㰢֐

㎁玮䗯㕔㰢溿狒䢥
䗯㕔㰢ٜوب٤ٛو溿狒硌

⬡䷷䪧 㺢榹伷㯸



舅䄕磆☭

§ 㛻ꡉ⭳骰

§ 15䇗鲣ׂ宾㛙؅䷑宪הסג׊յ2016䇗׼־䗯㕔溿⬡䷷䪧

§ 僃鸵⴫כ䐒杼鑜⯆ע溿狒⮆ꄇם╚
§ 䐒杼鑜⯆ס״גסّطتب䐒⯆׾׌☭؅ؠ٭٠عشؾ
§ ┘澬ֿ׈־Ⳃ氳׾ֻ┙מّطتب䏅ꮶס㲊ꄈ⴫
§ ┕鋗מ杯׾׿僃鸵⴫ゖ갭
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☪仼ע⯆䐒杼鑜יַחמ鎇׌ױ׊



儖仼ס孱׿
1. מ״׋ע

§ ⯆䐒עכ
§ ⯆䐒杼鑜עכ
§ ⯆䐒杼鑜溿狒עכ

2. 丗㰢מ㓹סّطتبׂט杼鉮

3. 丗㰢מ㓹סؿׂٓטⳂס׀錃銶

4. 岐㷺㰢綗סכ䙫㛙ם⪦鵟憠
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מ״׋ע
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⯆䐒עכ
⪌⭳ⱱֵֿ׾Ⳃ氳׼־ّطتب僶סײ⭳ⱱ؅䐂מֹ׻׾յ舅Ⳃ氳מ⪌ⱱ؅鐧
丝׾׌☼磝ײ

❆

§ 㳃䉀ؙؓ٤ؤյֽ겧⼊ס舅Ⳃֽ嵡䍖׽յֽ䪟ꢜٍٞعش

§ ◫鵟ٜ٭ٞع٤ؤث٭ٜؠյ⟓⺘⯆䐒

§ غشٛءع٭ُتյع٤ٚوյ邮鵰ع٤ٚو⴫㰢ٚن٤ؕ
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ֹ✳מ侇ַג׊־Ⳃמ׽؅䓙ַ鵟ؿٓ



⯆䐒עכ
㱦㲊⴫סゖ갭

鴑䏼סゖ갭
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⯍侇ء٤ٛفٌס٭ذوؤٛى

⭳ⱱ

侇⯍

⭳ⱱ

髬鷹عشأ٭ذ

髬鷹ס٤٭ٞغ

x-䈳嘅

y-䈳嘅

㵚霄擻؅鴑ֹך٤٭ٞغ



⯆䐒עכ
⯆䐒סꐶؠشفغ٭ؔنע

狜鐧ס❆

⯆䐒㵚霄  㲜峪
ذ٭ؙٖزؠյ⯆䐒㉺յؓئ٤ج  ٤ؤؙؓ
泘嘅⡁  錃㲊峪䈱
銶峮ذ٭ظ 㲜峪
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⯆䐒⪌ⱱ
u(t)

銶峮ذ٭ظ
x(t)

ذ٭ؙٖزؠؓ
⯆䐒㵚霄מ⛼榫׾׌

⯆䐒㉺

ئ٤ج
⭳ⱱ؅銶峮׾׌

⯆䐒㵚霄
⯆䐒ؿַٓג׊

⯆䐒⪌ⱱ؅婊㲊׾׌

泘嘅⡁
r(t)



⯆䐒ס㡎׽ױ1700䇗♏䏲ⶐ
عش٠

鸜䑏ⱱ؅䑴榫י׊յ蠔妳嚀꞊ס㍑鬇鵭䈱؅┉㲊ח⟊מ鸜䑏鐧鵭嚀؅氦伺
1788䇗
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鸜䑏䨕׽㯸

هٜف

蠔妳嚀꞊
ٍؕٚ

帐ء٤ٛ׽

靷蕔

J. Sotomayor, L.F. Mello, D.C. Braga, Computational and Applied Mathematics (2007)



ף嚀啶1800䇗♏ⶐٍ٭ئ
蠔妳嚀꞊׼־蠔妳芷׫

㛻ם׀芷؅Ⳃעס׌־㛻㚺

̬ 蠔妳嚀꞊؅✳ֹֽ

̬ 㛻㑔蠔妳芷ס鏐榟

̬ 芫ֿס׾⮉؅㛻㚺

̬ 蠔妳؅䳩芫逷糋מ✳ֹֽ

̬ 鏐榟ס嚀啶ٍ٭ئ

9

擻⛮ס⛣糋յ亠⺸յ㣓ⳙ؅לם
⯆䐒ꄈ׊כյ泘嘅⡁מ鴑䏼׾׌
嚀啶׾׌Ⳃ⛼ך舅Ⳃמֹ׻

儒兎葏硔ւ⯆䐒䄄㰢ס縒ֻ亠փ



״⮣♏䐒1900䇗⯆تجٞو
⴫㰢⹚䑴؅⯆䐒י׊擻韬׾⛼؅

猙碛罎乢ס免乢ֿؓؼ٤ٓؓ׾םכ┘餉

̬ 狜妳╈ס猙碛؅✳ֹֽ

̬ 姡碛כ猙碛ס岜⾒מؓؼ؅ؓ٤ٓت؝㚺䬵

̬ 㚺䬵Ⲗ曍ֿ⛥ַ

̬ 儔⹚䑴؅ت؝⫋䐠梪ֹ׻׊

̬ 䐝⾒䡗⹚סؓؼ٤ٓؓ

̬ ׽ױ㡎ס䐒⯆تجٞو
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⴫㰢⹚䑴ס䄄爊؅鵽禈⴫י׊յ峪䈱յ㏆ⱱյ
尓⛣յ孱ꄈסלם⴫㰢⹚䑴׷梪㗞מ꞊׾׌
兢♭؅⯆䐒

לםյ溍媧瞿邮յ笉禴յ話⿁յ邮ꇠעך☪
׾ַי׿؂✳ך榤哅تجٞوם喋չס



꧅㯸畘㘃䆋㉺1900䇗♏⮣״
鵟⟓䤗软ס氦鷼

氦伺1876䇗ס꧅鎇׾׻מٜي

̬ 鵍╈ך⟓⺘ֿ峎辠מֹ׻ַם׊㘃䆋㉺؅錃糋

̬ ⟓⺘ֿ塦׳

̬ 鼧؅┉ס车ׂꮟ㚜꧅㏆י⭳ⱱ⭳ֿؠشٚه

⪌ⱱ⪌׾ׂיזꮟ㚜꧅㏆⣐׊ؠشفغ٭ؔنמյ

냕⿁韬סꮟ㚜ס㘃䆋؅⺎耆ג׊מ1925䇗
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1900䇗♏ⶐסף⯆䐒
䡵◁ך䑒釐מ鳠י׿׼㛻ׂ׀氦㷣

12

ٜؕئِ ☔䄄轼佔舅颦䌋뇹ꦽ



杯♏ס⯆䐒
嚀危յ芑狜㱢㲈յ꧅妳յ䗯㕔סלם䄄㰢⮆ꄇ׍׼םײסյ磬岷׷⵳㰢לםյ
䇶疗㍱ך榫ַ׾ַי׿׼
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䐒杼鑜⯆ֿס׾םכت٭يם丗杼氳ס䤗软ג׊ֹ׆



⯆䐒杼鑜עכ

ז✳؅յ丗㰢؅⯞嫎סלם䣆嫎׷♭兢ם䑒釐מ״ג׌־Ⳃמ׽鵟ײ؅僶ؿٓ
׌⭳׀㵵מ㳡⸬י

攐מյ

§ 丗杼ٜٓظ䐬⮆亠爊䌋לםמ㓹יַטյ

§ 荇չם丗㰢יז✳؅丗杼ٓ؅ٜظ鉮冪׊յ釐姲מ䑴ֻ׾鸵⮉ם⯆䐒㉺ס錃
銶؅车ֹ
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喋չם牊걉סゖ갭؅鉮ׂמ״ג䑒釐םյ鉮冪׷錃銶ס
㰢ゖ׾縒ֻמ؅礴┉氳ؠشؼؠط



⯆䐒杼鑜עכ
⯆䐒杼鑜סꐶע䥩霄⴫

喋չמّطتبם⪦鵟׾׌啶鵰׷䓪韬מ嫰泘׾׌

樟׵ّطتب׾ם䐬⮆亠爊䌋׋⺱ע

׾縒ֻיַחמ䓪韬ח䐬⮆亠爊䌋ֿ䧏׋⺱ס׆
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⯆䐒杼鑜ע荇չ׾ֻ✳מؿٓם

ⱱ㰢硌 ꧅妳㍑饟



⯆䐒杼鑜עכ
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丗杼ٓء٤ٛظ

錃銶ס㲔逷

⯆䐒杼鑜 㲔┩槡

丗㰢؅ّطتبיז✳؅
鉮冪׊յ⯆䐒㉺؅錃銶׾׌

Ⳃ׾׌٤ؕاظ؅׀䐬⮆亠爊䌋ס鉮؅䳩⛼׾׌



⯆䐒杼鑜עכ
׾׌؅杼鉮ّطتب

§ ־㱦㲊┘׵כ׿אյ־㱦㲊עّطتب

§ יז׷ֹלյ־סםّطتبםֹ׻׾םמ㱦㲊כ׾׌䐒㉺؅錃銶⯆ׂױֹ
־סם扛杼׵

§ ⯆䐒㉺ֿ嚀耆מ״ג׾׌ⶇ⮆ם銶峮ֿذ٭ظ⹦־ֹל־ס׾׿

ַג׊־Ⳃמ׽؅䓙ַ鵟ؿٓ

§ ┘㱦㲊؅ّطتبם㱦㲊⴫ַג׎׈

§ לם٤ؤַؙؓגׄט鲣מ企ׂ⭳ⱱ؅䧗♐⡁ׄד׾׀ך

§ ַגׄט鲣מⱱ؅䧗♐⡁⭳ך٭؟ٜؾ泸ؙׄד׾׀ך
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⯆䐒杼鑜溿狒עכ
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https://engineeringmedia.com/https://mymodernmet.com/science-infographics-dominic-walliman/

㓹灄溿狒 䑴榫溿狒

狜鐧ס⯆䐒
UAVס⯆䐒

䥩霄ٜٝي냕 냕ٜيٝ⛮⪮

车⮛ס䓪韬鉮冪
䐬⮆亠爊䌋ס鉮冪כ⪌ⱱ׾׻מ鉮ס䳩⛼
稗䎬车⮛┘璡䌋ס鉮冪כⶐ塜㲊⡁銶槆
ꪜ⭱僃鸵⴫ゖ갭ס稷⽰䣆嫎啶疣

⪮⛮氳ם敯媲ס杼䘶ٜٓظ
亠爊䌋מ㵚׾׌
׳⻠僃鸵⴫؅כّثٛإٜؓ
啶疣ס⯞ؠشفغ٭ؔن

https://engineeringmedia.com/
https://mymodernmet.com/science-infographics-dominic-walliman/


⯆䐒杼鑜溿狒עכ
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J.C. Maxwell, On Governors, 1868

R .D. Braatz et al, 
Computational Complexity of μ Calculation, 1994

R.E. Kalman, 
A New Approach to Linear Filtering 
and Prediction Problems, 1960

㓹灄溿狒 䑴榫溿狒

狜鐧ס⯆䐒
UAVס⯆䐒

䥩霄ٜٝي냕 냕ٜيٝ⛮⪮

车⮛ס䓪韬鉮冪
䐬⮆亠爊䌋ס鉮冪כ⪌ⱱ׾׻מ鉮ס䳩⛼
稗䎬车⮛┘璡䌋ס鉮冪כⶐ塜㲊⡁銶槆
ꪜ⭱僃鸵⴫ゖ갭ס稷⽰䣆嫎啶疣

⪮⛮氳ם敯媲ס丗杼ٜٓظ
亠爊䌋מ㵚׾׌
׳⻠僃鸵⴫؅כّثٛإٜؓ
啶疣ס⯞ؠشفغ٭ؔن



⯆䐒杼鑜溿狒עכ
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Advances in Industrial Model-Predictive Control,  Garcia and Prett. 1986 An Introduction to Event-triggered and Self-triggered Control,  Heemels 2012

㓹灄溿狒 䑴榫溿狒

狜鐧ס⯆䐒
UAVס⯆䐒

䥩霄ٜٝي냕 냕ٜيٝ⛮⪮

车⮛ס䓪韬鉮冪
䐬⮆亠爊䌋ס鉮冪כ⪌ⱱ׾׻מ鉮ס䳩⛼
稗䎬车⮛┘璡䌋ס鉮冪כⶐ塜㲊⡁銶槆
ꪜ⭱僃鸵⴫ゖ갭ס稷⽰䣆嫎啶疣

⪮⛮氳ם敯媲ס丗杼ٜٓظ
亠爊䌋מ㵚׾׌
׳⻠僃鸵⴫؅כّثٛإٜؓ
啶疣ס⯞ؠشفغ٭ؔن



鲣ַꯛ㓊סכ鷿ַ熖氳釤鉮׌ך
丗杼僃鸵⴫כ⯆䐒ס鷿ַ

§ 丗杼僃鸵⴫ע侇ꝴיז׻מ㚺⴫ֿס׵ַם׊㵚霄

§ ⯆䐒ע侇ꝴיז׻מ㚺⴫ֿס׵׾׌㵚霄

⯆䐒䄄㰢כ⯆䐒杼鑜ס鷿ַ䍚ַי銧ֻף

§ ⯆䐒䄄㰢ע⪮⛮氳ם⯆䐒㵚霄מ㵚׾׌䄄㰢氳ؓز٭ٞو

§ ⯆䐒杼鑜ע䥩霄⴫ג׊丗杼ٓמٜظ㵚׾׌丗㰢ס杼鑜
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http://www.orsj.or.jp/members/poster.pdf

⯆䐒䄄㰢 ⯆䐒杼鑜

丗杼僃鸵⴫



丗㰢מ㓹ׂט
杼鉮סّطتب
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丗杼ٓסء٤ٛظ㓹儖
鷞Ⳃ亠爊䌋ס٤ع٭ٖؼ

ⱱ  韬ꄈ x ⱶ鵭䈱

㲔꽦ֿ׾ֵ׵כ׆׾⛼׼־ؠ٭٠عشؾٜٚ٭ٖؼ׷յ
㓹儖ע鷞Ⳃ亠爊䌋׼־㵵ׂ
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<latexit sha1_base64="TCCWPt2mAk+afLYxCi0mJYxL5kU=">AAAB+3icbVDLSgMxFL3js9bXWJdugkWoUMqMiLoRim5cVrAPaEvJpJk2NJMZkoy2DPMrblwo4tYfceffmLaz0NYDFw7n3Jvce7yIM6Ud59taWV1b39jMbeW3d3b39u2DQkOFsSS0TkIeypaHFeVM0LpmmtNWJCkOPE6b3uh26jcfqVQsFA96EtFugAeC+YxgbaSeXej0Q52MU3SN/NK4HJefTnt20ak4M6Bl4makCBlqPfvLPELigApNOFaq7TqR7iZYakY4TfOdWNEIkxEe0LahAgdUdZPZ7ik6MUof+aE0JTSaqb8nEhwoNQk80xlgPVSL3lT8z2vH2r/qJkxEsaaCzD/yY450iKZBoD6TlGg+MQQTycyuiAyxxESbuPImBHfx5GXSOKu4FxX3/rxYvcniyMERHEMJXLiEKtxBDepAYAzP8ApvVmq9WO/Wx7x1xcpmDuEPrM8fc5+TaA==</latexit>

ẋ = f(x, u, w)
<latexit sha1_base64="vFlU188tiJOkO8AXZbtah4X3zMA=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIsgFMqMiLoRakVwWcE+oB1KJs20oZkHyR1tGeZX3LhQxK0/4s6/MW1noa0HLhzOuTe597iR4Aos69vIrayurW/kNwtb2zu7e+Z+sanCWFLWoKEIZdsligkesAZwEKwdSUZ8V7CWO7qZ+q1HJhUPgweYRMzxySDgHqcEtNQzi91+CMk4xVf4elyuxeXbp55ZsirWDHiZ2BkpoQz1nvmlH6GxzwKggijVsa0InIRI4FSwtNCNFYsIHZEB62gaEJ8pJ5ntnuJjrfSxF0pdAeCZ+nsiIb5SE9/VnT6BoVr0puJ/XicG79JJeBDFwAI6/8iLBYYQT4PAfS4ZBTHRhFDJ9a6YDokkFHRcBR2CvXjyMmmeVuzzin1/VqrWsjjy6BAdoRNkowtURXeojhqIojF6Rq/ozUiNF+Pd+Ji35oxs5gD9gfH5A4nbk3c=</latexit>

ẋ = Ax+Bu+ Ew

<latexit sha1_base64="Af5BxpXOL7w6wWYHKPzRrp218t4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SIEFPEYwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vaXlldW19cJGcXNre2e3tLffMCrVhNaJ4kq3ImwoZ5LWLbOcthJNsYg4bUbD64nffKLaMCUf7CihocB9yWJGsHVS4xZdIYG7pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+DDMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGqeV4LwS3J+Vqzd5HAU4hCM4gQAuoAp3UIM6EHiEZ3iFN095L9679zFrXfLymQP4A+/zB06mjk8=</latexit>

F = ma



㱦㲊䓪

յכ銧ֹ׽ׂז׉

§ 㱦㲊עכّطتبםյ㵼չ㛙▞ֿ⪌׵יז䷑糋ף׿ַי׊յ㡎؀׆כס״
ّطتب浓ׂה蛽מ

§ ┘㱦㲊עכّطتبםյ㵼׵ך׊㛙▞ֿ⪌כ׾㡎ל؆ל׼־؀׆כס״؆
ꦕّطتبַׂי׿
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侇⯍

⭳ⱱ

x-䈳嘅

y-䈳嘅

⯆䐒ס㛻ם׀泘氳؅ّطتبעח┉ס㱦㲊כ׆׾׌מ



㱦㲊כّطتبם┘㱦㲊ّطتبם

25

㱦㲊ّطتبם

§ 颯׽ֿ┕׀㵸嫎䅨

§ ؤ٤ٚه

┘㱦㲊ّطتبם

§ ّ٭أ厫ت٤ٚف

§ 䚉刌檮ס䦡㛻



丗杼ٓ׼־ٜظ㱦㲊䓪׾׌⮯⮭؅
Segwayי׊מ❆؅縒ֻ׾

26

https://people.kth.se/~crro/segway_challenge/model.html

https://news.sky.com/story/wheels-come-off-segway-personal-transporter-axed-after-high-profile-crashes-12013781 https://gym.openai.com/envs/CartPole-v1/



丗杼ٓ׼־ٜظ㱦㲊䓪׾׌⮯⮭؅
§ ׾⛼؅ٜظ丗杼ٓ׼־鷞Ⳃ亠爊䌋ס٤ع٭ٖؼע׍ױ

٤٘ة٭ف㍑鬇ס鷞Ⳃ亠爊䌋ס٤ع٭ٖؼ

§ 癨ⶡ״ג׾׌מ稗䎬⴫׾׌
sinθא׻ֽעθךסם

§ כ׾䬵ֻ׀傴מײםה
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m׽؂♏ס

a׽؂♏ס

㏐ꪫؠٜعס׼־

ꄆⱱ׾׻מⱱ

㍑鬇鬨ס睳䓪䰵䴙

<latexit sha1_base64="e2NOqxNup7jr2tfl6ULtIcd8kIw="></latexit>
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<latexit sha1_base64="vFlU188tiJOkO8AXZbtah4X3zMA=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIsgFMqMiLoRakVwWcE+oB1KJs20oZkHyR1tGeZX3LhQxK0/4s6/MW1noa0HLhzOuTe597iR4Aos69vIrayurW/kNwtb2zu7e+Z+sanCWFLWoKEIZdsligkesAZwEKwdSUZ8V7CWO7qZ+q1HJhUPgweYRMzxySDgHqcEtNQzi91+CMk4xVf4elyuxeXbp55ZsirWDHiZ2BkpoQz1nvmlH6GxzwKggijVsa0InIRI4FSwtNCNFYsIHZEB62gaEJ8pJ5ntnuJjrfSxF0pdAeCZ+nsiIb5SE9/VnT6BoVr0puJ/XicG79JJeBDFwAI6/8iLBYYQT4PAfS4ZBTHRhFDJ9a6YDokkFHRcBR2CvXjyMmmeVuzzin1/VqrWsjjy6BAdoRNkowtURXeojhqIojF6Rq/ozUiNF+Pd+Ji35oxs5gD9gfH5A4nbk3c=</latexit>

ẋ = Ax+Bu+ Ew



丗杼ٓ׼־ٜظ㱦㲊䓪׾׌⮯⮭؅
§ ׾ײי׊㲊♞כٞحֿؠٜع׍ױ

§ 㱦㲊עّطتبס׆
㲔ע丗䌋؅鉮׾־⮆׵יׂם־

§ 璻ֻׄד銧ֹכ┘㱦㲊յ׼ם׏ם㱦㲊עמ״ג׾ֵך
a1כa2ס┸亠ֿ塜ס丗׼־ַםַׄכַםך
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丗杼ٓ׼־ٜظ㱦㲊䓪׾׌⮯⮭؅
ך؆ם

§ 㛻㰢1䇗榟ס丗㰢ך綗ֹ◄㲔

ע鉮ס ׾ַי׊䎬؅ַֹכ

§ ע𝜆2כյ𝜆1ך㲊丗׾ױ婊׼־♭僿兢⮣עcכյcך׆׆
׼־亠䌋ס鉮ס鉮յ◅域亠爊䌋ס
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<latexit sha1_base64="aaqZiF+3IFppZAyy67DhRD9rRVo=">AAACInicbZDLSsNAFIYnXmu9RV26GSyCC1uSULwshIIblxXsBZoYJpNJO3RycWYilJBnceOruHGhqCvBh3HaRtDWAwMf/38OZ87vJYwKaRif2sLi0vLKammtvL6xubWt7+y2RZxyTFo4ZjHvekgQRiPSklQy0k04QaHHSMcbXo79zj3hgsbRjRwlxAlRP6IBxUgqydXPbaaafeSax/AHLXgB7YAjnFWVbiehLe64zBTfWtW68vM8s3JXrxg1Y1JwHswCKqCopqu/236M05BEEjMkRM80EulkiEuKGcnLdipIgvAQ9UlPYYRCIpxscmIOD5XiwyDm6kUSTtTfExkKhRiFnuoMkRyIWW8s/uf1UhmcORmNklSSCE8XBSmDMobjvKBPOcGSjRQgzKn6K8QDpMKRKtWyCsGcPXke2lbNPKlZ1/VKo17EUQL74AAcAROcgga4Ak3QAhg8gCfwAl61R+1Ze9M+pq0LWjGzB/6U9vUN6FWipQ==</latexit>

�1,�2 =
�a1 ±

p
a21 � 4a2
2



丗杼ٓ׼־ٜظ㱦㲊䓪׾׌⮯⮭؅
꞊丗 䧸Ⳃס

§ 𝜆1כ𝜆2ֿ㲔丗ס侇
׾םׂ׀㛻؆ל؆לעθ׼ם塜׵ךյ┉亠ךסם׎؂⾒נꄆסنٚءס┕

§ 𝜆1כ𝜆2ֿ硾谑丗ס侇
邾碛⪦䏔ס꞊➟ך杯ךס׾׿յ└鉈꞊丗׾םמ
׾׌䨕Ⳃעθ׽ױח

§ 𝜆1כ𝜆2ֿ邾碛丗ס侇
׎؂⾒ײ磝סחס┕
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<latexit sha1_base64="4WfbSeE9QqauOtazIQXhNYUThgo=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0lKUY8FLx4rmLbQxrLZTtulm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSKFQdf9dgobm1vbO8Xd0t7+weFR+fikZeJUc/B5LGPdCZkBKRT4KFBCJ9HAolBCO5zczv32E2gjYvWA0wSCiI2UGArO0Eo+PGY465crbtVdgK4TLycVkqPZL3/1BjFPI1DIJTOm67kJBhnTKLiEWamXGkgYn7ARdC1VLAITZItjZ/TCKgM6jLUthXSh/p7IWGTMNAptZ8RwbFa9ufif101xeBNkQiUpguLLRcNUUozp/HM6EBo4yqkljGthb6V8zDTjaPMp2RC81ZfXSatW9a6qtft6pVHP4yiSM3JOLolHrkmD3JEm8QkngjyTV/LmKOfFeXc+lq0FJ585JX/gfP4AFZmO1A==</latexit>

et
<latexit sha1_base64="6QAzcjXLwG0Ym1vtn5HYu0AOyKE=">AAAB7XicbVDLSgNBEJyNrxhfUY9eFoPgxbAbgnoMePEYwTwgWcPspJOMmZ1ZZnqFsOQfvHhQxKv/482/cZLsQRMLGoqqbrq7wlhwg5737eTW1jc2t/LbhZ3dvf2D4uFR06hEM2gwJZRuh9SA4BIayFFAO9ZAo1BAKxzfzPzWE2jDlbzHSQxBRIeSDzijaKUmPKQXOO0VS17Zm8NdJX5GSiRDvVf86vYVSyKQyAQ1puN7MQYp1ciZgGmhmxiIKRvTIXQslTQCE6Tza6fumVX67kBpWxLdufp7IqWRMZMotJ0RxZFZ9mbif14nwcF1kHIZJwiSLRYNEuGicmevu32ugaGYWEKZ5vZWl42opgxtQAUbgr/88ippVsr+ZblyVy3VqlkceXJCTsk58ckVqZFbUicNwsgjeSav5M1Rzovz7nwsWnNONnNM/sD5/AGAUY8L</latexit>

e�t



丗杼ٓ׼־ٜظ㱦㲊䓪׾׌⮯⮭؅
յעמ״ג׾ֵךյ㱦㲊ךסם 𝜆1כ𝜆2ס㲔丗鼧⮆ע靷ס丗ַםַׄכַםך

׽ױח ח־

עמ״ג׾ֵךյ㱦㲊כ׾״כױ ח־ ֿ䑒釐

ױַ

յך 㱦㲊┘ךסם

銶畀׵יׂם׊㱦㲊גז־⮆־ֹל־
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<latexit sha1_base64="uQQXzTiZxfQPV0MAfhfvSprB/qg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxgmkLbSiT7aZdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHSSKcp8mohEdULUTHDJfMONYJ1UMYxDwdrh+G7ut5+Y0jyRj2aSsiDGoeQRp2is5GPfu3X75YpbdRcg68TLSQVyNPvlr94goVnMpKECte56bmqCKSrDqWCzUi/TLEU6xiHrWioxZjqYLo6dkQurDEiUKFvSkIX6e2KKsdaTOLSdMZqRXvXm4n9eNzPRTTDlMs0Mk3S5KMoEMQmZf04GXDFqxMQSpIrbWwkdoUJqbD4lG4K3+vI6adWq3lW19lCvNOp5HEU4g3O4BA+uoQH30AQfKHB4hld4c6Tz4rw7H8vWgpPPnMIfOJ8/2WSOBA==</latexit>

a1 > 0

<latexit sha1_base64="aaqZiF+3IFppZAyy67DhRD9rRVo=">AAACInicbZDLSsNAFIYnXmu9RV26GSyCC1uSULwshIIblxXsBZoYJpNJO3RycWYilJBnceOruHGhqCvBh3HaRtDWAwMf/38OZ87vJYwKaRif2sLi0vLKammtvL6xubWt7+y2RZxyTFo4ZjHvekgQRiPSklQy0k04QaHHSMcbXo79zj3hgsbRjRwlxAlRP6IBxUgqydXPbaaafeSax/AHLXgB7YAjnFWVbiehLe64zBTfWtW68vM8s3JXrxg1Y1JwHswCKqCopqu/236M05BEEjMkRM80EulkiEuKGcnLdipIgvAQ9UlPYYRCIpxscmIOD5XiwyDm6kUSTtTfExkKhRiFnuoMkRyIWW8s/uf1UhmcORmNklSSCE8XBSmDMobjvKBPOcGSjRQgzKn6K8QDpMKRKtWyCsGcPXke2lbNPKlZ1/VKo17EUQL74AAcAROcgga4Ak3QAhg8gCfwAl61R+1Ze9M+pq0LWjGzB/6U9vUN6FWipQ==</latexit>

�1,�2 =
�a1 ±

p
a21 � 4a2
2

<latexit sha1_base64="mgk7R80Mzkh3Pjul+4NN40Ma7HQ=">AAACDHicbVC7SgNBFJ31GeMrammzGISIJOyGoBYWARvLKOYB2TXMTm6SIbMPZ+6KYckH2PgrNhaK2PoBdv6Nk0ehiQcGDuecy517vEhwhZb1bSwsLi2vrKbW0usbm1vbmZ3dmgpjyaDKQhHKhkcVCB5AFTkKaEQSqO8JqHv9i5FfvwepeBjc4CAC16fdgHc4o6ilVibrIDxgcg3DXJ627GNH3UlMNLst5ku0VRwenVs6ZRWsMcx5Yk9JlkxRaWW+nHbIYh8CZIIq1bStCN2ESuRMwDDtxAoiyvq0C01NA+qDcpPxMUPzUCttsxNK/QI0x+rviYT6Sg18Tyd9ij01643E/7xmjJ0zN+FBFCMEbLKoEwsTQ3PUjNnmEhiKgSaUSa7/arIelZSh7i+tS7BnT54ntWLBPikUr0rZcmlaR4rskwOSIzY5JWVySSqkShh5JM/klbwZT8aL8W58TKILxnRmj/yB8fkDSAuZyg==</latexit>

Re(�a1 +
q

a21 � 4a2) < 0
<latexit sha1_base64="2TMgT899vceyxGlv3nRRBjcuSII=">AAACDHicbVC7TgJBFJ3FF+ILtbTZSEywgOwSohYWJDaWaOSRwLqZHS4wYfbhzF0j2fABNv6KjYXG2PoBdv6Nw6NQ8CSTnJxzbu7c40WCK7SsbyO1tLyyupZez2xsbm3vZHf36iqMJYMaC0Uomx5VIHgANeQooBlJoL4noOENLsZ+4x6k4mFwg8MIHJ/2At7ljKKW3GyujfCAyTWM8gXq2oW2upOYaHZbKpSpWxodn1s6ZRWtCcxFYs9IjsxQdbNf7U7IYh8CZIIq1bKtCJ2ESuRMwCjTjhVElA1oD1qaBtQH5SSTY0bmkVY6ZjeU+gVoTtTfEwn1lRr6nk76FPtq3huL/3mtGLtnTsKDKEYI2HRRNxYmhua4GbPDJTAUQ00ok1z/1WR9KilD3V9Gl2DPn7xI6qWifVIsXZVzlfKsjjQ5IIckT2xySirkklRJjTDySJ7JK3kznowX4934mEZTxmxmn/yB8fkDSzuZzA==</latexit>

Re(�a1 �
q

a21 � 4a2) < 0
<latexit sha1_base64="kUkj0Z7QvZVFOw1l82IsjJMivcw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxgmkLbSib7aZdutmE3YlQQn+DFw+KePUHefPfuP04aOuDgcd7M8zMC1MpDLrut1PY2Nza3inulvb2Dw6PyscnLZNkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4vpv57SeujUjUI05SHsR0qEQkGEUr+bRfu3X75Ypbdecg68Rbkgos0eyXv3qDhGUxV8gkNabruSkGOdUomOTTUi8zPKVsTIe8a6miMTdBPj92Si6sMiBRom0pJHP190ROY2MmcWg7Y4ojs+rNxP+8bobRTZALlWbIFVssijJJMCGzz8lAaM5QTiyhTAt7K2EjqilDm0/JhuCtvrxOWrWqd1WtPdQrjfoyjiKcwTlcggfX0IB7aIIPDAQ8wyu8Ocp5cd6dj0VrwVnOnMIfOJ8/2uqOBQ==</latexit>

a2 > 0

<latexit sha1_base64="jxLyWibpMTi0RRNWS84UxoWH6CM=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUAuLgI1lBC8JJEfY2+wlS/b2jt05IRz5DTYWitj6g+z8N24+Ck18MPB4b4aZeWEqhUHX/XYKG5tb2zvF3dLe/sHhUfn4pGWSTDPus0QmuhNSw6VQ3EeBkndSzWkcSt4Ox3czv/3EtRGJesRJyoOYDpWIBKNoJZ/2a7duv1xxq+4cZJ14S1KBJZr98ldvkLAs5gqZpMZ0PTfFIKcaBZN8WuplhqeUjemQdy1VNOYmyOfHTsmFVQYkSrQthWSu/p7IaWzMJA5tZ0xxZFa9mfif180wuglyodIMuWKLRVEmCSZk9jkZCM0ZyokllGlhbyVsRDVlaPMp2RC81ZfXSatW9a6qtYd6pVFfxlGEMziHS/DgGhpwD03wgYGAZ3iFN0c5L86787FoLTjLmVP4A+fzB9fgjgM=</latexit>

a2 < 0



丗㰢מ㓹ׂט
錃銶ס׀Ⳃסؿٓ
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׾ײי׊䐒⯆ך؆鹟ׂױ؅ֹذ٭ْٚق
׾縒ֻ־׾׀ך㱦㲊⴫יז✳T(t)؅ؠٜعי׊כյ⯆䐒⪌ⱱךٜظٓס׀ז׈

̰ ,

䣆ך׼ץס厫׾כ؅ت٤ٚفס侇ע鉈䈱כ鉈鵭䈱؅
釤ךס׾ַיյ⯆䐒⪌ⱱםֹ׻סא׵䎬׾ײי׊מ

ַם׼־⮆ע⡁סkכkדױעך׆׆

׾ײי׊⪋♏䌋؅ס׆׍ױכץ

䌋ס׀ז׈ע׿׆ ׾ַי⛍כ
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<latexit sha1_base64="SqH/PLSfbiWXIZ7HXP/8LV226i8=">AAACHHicbVDLSgMxFM3UV62vUZdugkWoCGWmFnUjFNy4rNAXtGXIpGkbmskMyR2hDP0QN/6KGxeKuHEh+Dem7Sxq64HAyTn33uQePxJcg+P8WJm19Y3Nrex2bmd3b//APjxq6DBWlNVpKELV8olmgktWBw6CtSLFSOAL1vRHd1O/+ciU5qGswThi3YAMJO9zSsBInn3Z6fVCSDowZEAm+IJ4bmdBMPfSnOJb7HsOrhXg3LPzTtGZAa8SNyV5lKLq2V9mJo0DJoEKonXbdSLoJkQBp4JNcp1Ys4jQERmwtqGSBEx3k9lyE3xmlB7uh8ocCXimLnYkJNB6HPimMiAw1MveVPzPa8fQv+kmXEYxMEnnD/VjgSHE06RwjytGQYwNIVRx81dMh0QRCibPnAnBXV55lTRKRfeqWHoo5yvlNI4sOkGnqIBcdI0q6B5VUR1R9IRe0Bt6t56tV+vD+pyXZqy05xj9gfX9C/tdoJI=</latexit>

✓̈ + a1✓̇ + a2✓ = b0T (t)
<latexit sha1_base64="cq0ou+nEHbk0Hatp4PLTuTxcclw=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tRb0IBS8eK9gPaNeSTbNtaJJdk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN3O/NaYKs0i+WAmMfUFHkgWMoKNlXwU9Fx0g7wLwR8rvWLJLbtzoFXiZaQEGeq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n86PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeO2nTMaJoZIsFoUJRyZCswRQnylKDJ9Ygoli9lZEhlhhYmxOBRuCt/zyKmlWyt5luXJfLdWqWRx5OIFTOAcPrqAGd1CHBhB4gmd4hTdn7Lw4787HojXnZDPH8AfO5w8Mm5BM</latexit>

b0 = 1/ml2

<latexit sha1_base64="MOpWvEFqS6doH8W4cibw8WFXR7M=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAILWKZGYq6UQpuXFawF2jLkMmkbWjmQnJGKEPfxo2v4kZQEV36JmbaWdTqgcDP/52T5PxuJLgC0/wyciura+sb+c3C1vbO7l5x/6ClwlhS1qShCGXHJYoJHrAmcBCsE0lGfFewtju+SXn7gUnFw+AeJhHr+2QY8AGnBLTlFK97nhdC0oMRAzLFp2XiWGeuY44dq9JbICmw58CuzD18hU2nWDKr5qzwX2FlooSyajjFV30rjX0WABVEqa5lRtBPiAROBZsWerFiEaFjMmRdLQPiM9VPZntO8Yl2PDwIpT4B4Jm7OJEQX6mJ7+pOn8BILbPU/I91Yxhc9hMeRDGwgM4fGsQCQ4jT0LDHJaMgJloQKrn+K6YjIgkFHW1Bh2Atr/xXtOyqdV6172qlei2LI4+O0DEqIwtdoDq6RQ3URBQ9omf0ht6NJ+PF+DA+5605I5s5RL/K+P4Bo42j2w==</latexit>

✓̈ + (a1 � b0k1)✓̇ + (a2 � b0k2)✓ = 0

<latexit sha1_base64="YkeYxeB+iS6wZ3MMGYOe7ujbn2g=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4scyUom6EghuXFfqCdhgyaaYNzWSG5I5Qhi7d+CtuXCji1k9w59+YtrPQ1gOBk3Puvck9QSK4Bsf5tlZW19Y3Ngtbxe2d3b19++CwpeNUUdaksYhVJyCaCS5ZEzgI1kkUI1EgWDsY3U799gNTmseyAeOEeREZSB5ySsBIvn3SwDf4YuS7vX4MWQ+GDMjE3Ctzin275JSdGfAycXNSQjnqvv1lJtE0YhKoIFp3XScBLyMKOBVsUuylmiWEjsiAdQ2VJGLay2aLTPCZUfo4jJU5EvBM/d2RkUjrcRSYyojAUC96U/E/r5tCeO1lXCYpMEnnD4WpwBDjaSq4zxWjIMaGEKq4+SumQ6IIBZNd0YTgLq68TFqVsntZrtxXS7VqHkcBHaNTdI5cdIVq6A7VURNR9Iie0St6s56sF+vd+piXrlh5zxH6A+vzB+T5mJs=</latexit>

T = �k1✓̇ � k2✓



׾ײי׊䐒⯆ך؆鹟ׂױ؅ֹذ٭ْٚق
亠爊䌋ךסם

ׂ׋⺱כ閱鑜ס׀ז׈ע鉮ס

עמ״ג׾׌מյ㱦㲊ךסם

荁ַף׬k؅鹟כkמֹ׻׾םכ

յ׽ױח

㱦㲊׾׌מ⯆䐒㉺׾ֵ؆׈ׂגע
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<latexit sha1_base64="MOpWvEFqS6doH8W4cibw8WFXR7M=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAILWKZGYq6UQpuXFawF2jLkMmkbWjmQnJGKEPfxo2v4kZQEV36JmbaWdTqgcDP/52T5PxuJLgC0/wyciura+sb+c3C1vbO7l5x/6ClwlhS1qShCGXHJYoJHrAmcBCsE0lGfFewtju+SXn7gUnFw+AeJhHr+2QY8AGnBLTlFK97nhdC0oMRAzLFp2XiWGeuY44dq9JbICmw58CuzD18hU2nWDKr5qzwX2FlooSyajjFV30rjX0WABVEqa5lRtBPiAROBZsWerFiEaFjMmRdLQPiM9VPZntO8Yl2PDwIpT4B4Jm7OJEQX6mJ7+pOn8BILbPU/I91Yxhc9hMeRDGwgM4fGsQCQ4jT0LDHJaMgJloQKrn+K6YjIgkFHW1Bh2Atr/xXtOyqdV6172qlei2LI4+O0DEqIwtdoDq6RQ3URBQ9omf0ht6NJ+PF+DA+5605I5s5RL/K+P4Bo42j2w==</latexit>

✓̈ + (a1 � b0k1)✓̇ + (a2 � b0k2)✓ = 0

<latexit sha1_base64="W0px3s1QjRI80b3VL9qxE/yx+pw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQsskFHVVCm5cVrAPaEOYTCft0MkkzEyEErpy46+4caGIW7/BnX/jtM1CWw9cOJxzL/feEyScKY3Qt1VYWV1b3yhulra2d3b37P2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0c3Ubz9QqVgs7vU4oV6EB4KFjGBtJN8+xr5zEfho5Ds1iM5hD2LfnQtuDfl2GVXQDHCZODkpgxwN3/7q9WOSRlRowrFSXQcl2suw1IxwOin1UkUTTEZ4QLuGChxR5WWzNybw1Ch9GMbSlNBwpv6eyHCk1DgKTGeE9VAtelPxP6+b6vDay5hIUk0FmS8KUw51DKeZwD6TlGg+NgQTycytkAyxxESb5EomBGfx5WXScivOZcW9q5br1TyOIjgCJ+AMOOAK1MEtaIAmIOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wcLGJWg</latexit>

a1 � b0k1 > 0, a2 � b0k2 > 0

<latexit sha1_base64="JxilmAdRh4h98ZBjAJqWziQEXr0=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCC6lJKOrCRcGNywr2AW0Ik+mkHTp5MDMRSujGjb/ixoUibv0Hd/6NkzYLrR4YOPece7lzj59wJpVlfRmlpeWV1bXyemVjc2t7x9zda8s4FYS2SMxj0fWxpJxFtKWY4rSbCIpDn9OOP77O/c49FZLF0Z2aJNQN8TBiASNYackzD8eefYWwZ5/5nnWK+mjsOXnt5LVnVq2aNQP6S+yCVKFA0zM/+4OYpCGNFOFYyp5tJcrNsFCMcDqt9FNJE0zGeEh7mkY4pNLNZldM0bFWBiiIhX6RQjP150SGQyknoa87Q6xGctHLxf+8XqqCSzdjUZIqGpH5oiDlSMUojwQNmKBE8YkmmAim/4rICAtMlA6uokOwF0/+S9pOzT6vObf1aqNexFGGAziCE7DhAhpwA01oAYEHeIIXeDUejWfjzXift5aMYmYffsH4+AZ8npVW</latexit>

k1 < a1/b0, k2 < a2/b0



亠嫎ס錃銶םױ׉ױ׈
㵼כ؆ה׀׵יׂם׼־؂ֿذ٭ْٚقַ׼ׂ׊Ⳃׂ׾׌מֹ׻亠嫎
䐒⯆عتفٞ ̰

㵼ֿذ٭ْٚقַ׼ׂ׊㚺⴫כ؆ה׀׵י׊Ⳃׂ׾׌מֹ׻亠嫎
̰ 鸵䑴⯆䐒

亠嫎ֹ✳מ侇ַם׀ךꪜ稗䎬釐碛ֿ扛釱סّطتب
̰ ꪜ稗䎬⯆䐒לםغ٭ٓء٤ؔظؕٚت

⯆䐒⪌ⱱ׷敯䛜מ荇չם⯆硜ֵֿ׾侇מ✳ֹ亠嫎
̰ 僃鸵⴫ゖ갭؅鉮ׂ亠嫎׊鲭׽峮⯆䐒筝◀ٜظٓ

亠嫎ֹ✳מ侇ַג׊ׂ׈沟؅㵸⮵٭عتؤ鍐❫꞊丗ס־׼؆ם
̰ 僃鸵⯆䐒
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僃鸵⯆䐒杼鑜ס鎇
僃鸵⯆䐒ゖ갭עךյ┙ֻ؅عتؤג׿׼僃㵸⴫םֹ׻׾׌⯆䐒⪌ⱱ؅姲׾״

僃㵸掩乢ゖ갭

A㏐憠؅⭳氦י׊B㏐憠ךױյ
׾׌鷼⮼ך掩乢ַם㵼ׄד׾׀ך

掩乢عتؤ

鴑䏼⯆䐒ゖ갭

婊ג׿׼״髬鷹מ媮יז燯Ⳃ׾׌

䄐ס髬鷹ג׿׼״婊כ髬鷹ס㲔꤀عتؤ
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🚀
🌏

🛰

🚁



僃鸵⯆䐒杼鑜ס鎇
丗䌋ך傴ׂכյ僃鸵⯆䐒ゖ갭עכյ

§ 㲔ע꞊丗 f ׷ L ,  ϕ 扛杼ׯ׮עס鉮ׂמյ鉮冪氳׵יַיז־⮆ֿ

§ 鉮ׂיז✳؅ذ٭ٖم٤ؤ
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<latexit sha1_base64="obsPuTyudtIcj1GxHUqiV8brPkk=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUiBLx4jGAekCzL7GQ2GTL7YKZXEkJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZuY3Nreye/W9jbPzg8Kh6ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972R3dzv/3ElRZx9IiThLshHUQiEIyikXrjMnr2JbklY8/2iiW7Yi9A1omTkRJkaHjFr14/ZmnII2SSat117ATdKVUomOSzQi/VPKFsRAe8a2hEQ67d6eLmGbkwSp8EsTIVIVmovyemNNR6EvqmM6Q41KveXPzP66YY3LhTESUp8ogtFwWpJBiTeQCkLxRnKCeGUKaEuZWwIVWUoYmpYEJwVl9eJ61qxbmqVB9qpXotiyMPZ3AOZXDgGupwDw1oAoMEnuEV3qzUerHerY9la87KZk7hD6zPH92OkDs=</latexit>

x(t0) = x0
<latexit sha1_base64="2SsGR7ZbH7E+0jC1B6cNIsY46dk=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxCBSkzpagboeDGZQX7gLaUTJppQzOZIcloy9hPceNCEbd+iTv/xrSdhbYeuHA4597k3uNFnCntON9WZm19Y3Mru53b2d3bP7Dzhw0VxpLQOgl5KFseVpQzQeuaaU5bkaQ48DhteqObmd98oFKxUNzrSUS7AR4I5jOCtZF6dr7TD3UynqJr5BfH5yg+69kFp+TMgVaJm5ICpKj17C/zBokDKjThWKm260S6m2CpGeF0muvEikaYjPCAtg0VOKCqm8xXn6JTo/SRH0pTQqO5+nsiwYFSk8AznQHWQ7XszcT/vHas/atuwkQUayrI4iM/5kiHaJYD6jNJieYTQzCRzOyKyBBLTLRJK2dCcJdPXiWNcsm9KJXvKoVqJY0jC8dwAkVw4RKqcAs1qAOBR3iGV3iznqwX6936WLRmrHTmCP7A+vwBfcKSzg==</latexit>

ẋ = f(x, u)

<latexit sha1_base64="U0iKpPZ8bSLV8nLGjRE1XM88jhY=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VoUWoiom6EghsRFxWsCm0Nk+mkHTqZhJkbsYR+hht/xY0LRdx25984qVn4OnAvh3PuZeYePxZcg+N8WIWp6ZnZueJ8aWFxaXnFXl270lGiKGvSSETqxieaCS5ZEzgIdhMrRkJfsGt/cJL513dMaR7JSxjGrBOSnuQBpwSM5Nm7Z/gYt7kEz7lNwQtG+LxyX4HqDk5Mr+IubON23OeZ6AXVqmeXnZozAf5L3JyUUY6GZ4/b3YgmIZNABdG65ToxdFKigFPBRqV2ollM6ID0WMtQSUKmO+nksBHeMkoXB5EyJQFP1O8bKQm1Hoa+mQwJ9PVvLxP/81oJBEedlMs4ASbp10NBIjBEOEsJd7liFMTQEEIVN3/FtE8UoWCyLJkQ3N8n/yVXezX3oLZ3sV+u7+dxFNEG2kQV5KJDVEenqIGaiKIH9IRe0Kv1aD1bb9b712jBynfW0Q9Y4084dZy5</latexit>

J =

Z tf

0
L(x(t), u(t))dt+ �(x(tf ))

⯆䐒㵚霄ّطتبס

꞊丗عتؤ侇յג׿׼ֻ┙؅

؅僃㵸⴫׾׌⯆䐒⪌ⱱu؅姲׾״ゖ갭



僃鸵⯆䐒杼鑜ס鎇
(僃㛻⡁⸉杼1956䇗ס٤؟٭ٔٛع٤َ

僃鸵⯆䐒杼鑜׾ֽׄמ僃׵ꄆ釐ם磵冽
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<latexit sha1_base64="OFXD0r04p6mW3kGONC8CYOPqD+w=">AAACG3icbVDLSgMxFM3UV62vUZdugkVosZSZUtSNUHDThYsK9gFtLZk004ZmHiR3xFL6H278FTcuFHEluPBvzLSz0NYDgZNz7iG5xwkFV2BZ30ZqZXVtfSO9mdna3tndM/cPGiqIJGV1GohAthyimOA+qwMHwVqhZMRzBGs6o6vYb94zqXjg38I4ZF2PDHzuckpASz2zVM09FKJCR+hInxQw5PElTm53HQhC7MYDeXyKrzXBUT7TM7NW0ZoBLxM7IVmUoNYzPzv9gEYe84EKolTbtkLoTogETgWbZjqRYiGhIzJgbU194jHVncx2m+ITrfSxG0h9fMAz9XdiQjylxp6jJz0CQ7XoxeJ/XjsC96I74X4YAfPp/CE3EhgCHBeF+1wyCmKsCaGS679iOiSSUNB1xiXYiysvk0apaJ8VSzflbKWc1JFGR+gY5ZCNzlEFVVEN1RFFj+gZvaI348l4Md6Nj/loykgyh+gPjK8fzWGddQ==</latexit>

H(x, u,�, t) = �
>
f(x, u) + L(x, u)מ㵚׊յ כ׾׌כ ֿ僃鸵

ף׼ם׾ֵך 𝜆 ֿ㰆㏇י׊域؅嵹׌ג(僃鸵䓪ס䑒釐兢♭)

<latexit sha1_base64="CDaGkrSsV9De5OKo5D9AWt3JuS8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvQgpSZUtRlwY3LCvYB7VAyaaYNzWTGJFMsQ7/DjQtF3Pox7vwbM+0stPXAvRzOuZfcHC/iTGnb/rZyG5tb2zv53cLe/sHhUfH4pK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kb+p0plYqF4kHPIuoGeCSYzwjWRnLLT2VduUSx6ZXCoFiyq/YCaJ04GSlBhuag+NUfhiQOqNCEY6V6jh1pN8FSM8LpvNCPFY0wmeAR7RkqcECVmyyOnqMLowyRH0pTQqOF+nsjwYFSs8AzkwHWY7XqpeJ/Xi/W/o2bMBHFmgqyfMiPOdIhShNAQyYp0XxmCCaSmVsRGWOJiTY5pSE4q19eJ+1a1bmq1u7rpUY9iyMPZ3AOZXDgGhpwB01oAYFHeIZXeLOm1ov1bn0sR3NWtnMKf2B9/gC4G5AT</latexit>

(x(t), u(t))

<latexit sha1_base64="g6vuiNs6/EXm6zLrOHZJxi15qCc="></latexit>

maximize J =

Z tf

0
L(x(t), u(t))dt+ �(x(tf ))

subject to ẋ = f(x, u), x(0) = x0, t 2 [0, tf ]

<latexit sha1_base64="7M0UfgBRq0EOk5a3PdIf2CfpIGo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyUpRd0IBTcuK9hWaEOYTCbt0MmDmRulxH6KGxeKuPVL3Pk3TtostPXAwOGcc7l3jpcIrsCyvo3S2vrG5lZ5u7Kzu7d/YFYPeypOJWVdGotY3ntEMcEj1gUOgt0nkpHQE6zvTa5zv//ApOJxdAfThDkhGUU84JSAllyzOhQ67JM6uMEZvsJWxTVrVsOaA68SuyA1VKDjml9DP6ZpyCKggig1sK0EnIxI4FSwWWWYKpYQOiEjNtA0IiFTTjY/fYZPteLjIJb6RYDn6u+JjIRKTUNPJ0MCY7Xs5eJ/3iCF4NLJeJSkwCK6WBSkAkOM8x6wzyWjIKaaECq5vhXTMZGEgm4rL8Fe/vIq6TUb9nmjeduqtVtFHWV0jE5QHdnoArXRDeqgLqLoET2jV/RmPBkvxrvxsYiWjGLmCP2B8fkDtzCSTA==</latexit>

�(tf ) = 0

https://ru.wikipedia.org/



僃鸵⯆䐒杼鑜ס鎇
鉮冪鉮ע㰆㏇ךסַם׊丗⡁銶畀ךꯐ䍖יז鉮ׂ

❆ⴃ鿥嫎

1. u (t )؅t t׼־0 = = tfךױ鸵䎎מ婊׾״

2. ך婊ג״ u(t)؅ յ亠爊䌋יז✳ 僿⡁⮣כ ׼־
x (t )؅姲׾״

3. 亠爊䌋ס㚺丗⛂꣭יז✳؅ ؅䏲מ׀⺸؀鉮ַי
𝜆(t ) ؅姲׾״

4. u (t ), x (t ), 𝜆(t ) ⮆㚺סuס٤ؓؼعِٜـס⯍յ⺨侇יז✳؅ ؅
姲׾״sסّٜؿס侇ꝴ犉⮆ֿ㵸ף׿ׄ׈磙▼

5. u ؅u + ⍺ s ׾䢙מوشطتי׊כ
泡稗䫒碟ש鹟מֹ׻׾םמJ(u + ⍺s )ֿ僃㵸ע⍺ך׆׆
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<latexit sha1_base64="obsPuTyudtIcj1GxHUqiV8brPkk=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUiBLx4jGAekCzL7GQ2GTL7YKZXEkJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZuY3Nreye/W9jbPzg8Kh6ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972R3dzv/3ElRZx9IiThLshHUQiEIyikXrjMnr2JbklY8/2iiW7Yi9A1omTkRJkaHjFr14/ZmnII2SSat117ATdKVUomOSzQi/VPKFsRAe8a2hEQ67d6eLmGbkwSp8EsTIVIVmovyemNNR6EvqmM6Q41KveXPzP66YY3LhTESUp8ogtFwWpJBiTeQCkLxRnKCeGUKaEuZWwIVWUoYmpYEJwVl9eJ61qxbmqVB9qpXotiyMPZ3AOZXDgGupwDw1oAoMEnuEV3qzUerHerY9la87KZk7hD6zPH92OkDs=</latexit>

x(t0) = x0
<latexit sha1_base64="2SsGR7ZbH7E+0jC1B6cNIsY46dk=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxCBSkzpagboeDGZQX7gLaUTJppQzOZIcloy9hPceNCEbd+iTv/xrSdhbYeuHA4597k3uNFnCntON9WZm19Y3Mru53b2d3bP7Dzhw0VxpLQOgl5KFseVpQzQeuaaU5bkaQ48DhteqObmd98oFKxUNzrSUS7AR4I5jOCtZF6dr7TD3UynqJr5BfH5yg+69kFp+TMgVaJm5ICpKj17C/zBokDKjThWKm260S6m2CpGeF0muvEikaYjPCAtg0VOKCqm8xXn6JTo/SRH0pTQqO5+nsiwYFSk8AznQHWQ7XszcT/vHas/atuwkQUayrI4iM/5kiHaJYD6jNJieYTQzCRzOyKyBBLTLRJK2dCcJdPXiWNcsm9KJXvKoVqJY0jC8dwAkVw4RKqcAs1qAOBR3iGV3iznqwX6936WLRmrHTmCP7A+vwBfcKSzg==</latexit>

ẋ = f(x, u)

<latexit sha1_base64="7M0UfgBRq0EOk5a3PdIf2CfpIGo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyUpRd0IBTcuK9hWaEOYTCbt0MmDmRulxH6KGxeKuPVL3Pk3TtostPXAwOGcc7l3jpcIrsCyvo3S2vrG5lZ5u7Kzu7d/YFYPeypOJWVdGotY3ntEMcEj1gUOgt0nkpHQE6zvTa5zv//ApOJxdAfThDkhGUU84JSAllyzOhQ67JM6uMEZvsJWxTVrVsOaA68SuyA1VKDjml9DP6ZpyCKggig1sK0EnIxI4FSwWWWYKpYQOiEjNtA0IiFTTjY/fYZPteLjIJb6RYDn6u+JjIRKTUNPJ0MCY7Xs5eJ/3iCF4NLJeJSkwCK6WBSkAkOM8x6wzyWjIKaaECq5vhXTMZGEgm4rL8Fe/vIq6TUb9nmjeduqtVtFHWV0jE5QHdnoArXRDeqgLqLoET2jV/RmPBkvxrvxsYiWjGLmCP2B8fkDtzCSTA==</latexit>

�(tf ) = 0

<latexit sha1_base64="/7ntcs2tmkyux0rGbXxIplmXBhk=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBHcWGZKUTdCwU2XFewD2qFk0kwbmskMSUYow3yAG3/FjQtF3PoB7vwbM+2A2nogcDjn3CT3eBFnStv2l7Wyura+sVnYKm7v7O7tlw4O2yqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJjeZ37mnUrFQ3OlpRN0AjwTzGcHaSINSWaFrdN73JSZJP8JSM8xRI/3hcVo0Kbtiz4CWiZOTMuRoDkqf/WFI4oAKTThWqufYkXaT7EbCaVrsx4pGmEzwiPYMFTigyk1my6To1ChD5IfSHKHRTP09keBAqWngmWSA9Vgtepn4n9eLtX/lJkxEsaaCzB/yY450iLJm0JBJSjSfGoKJZOaviIyxKUab/rISnMWVl0m7WnEuKtXbWrley+sowDGcwBk4cAl1aEATWkDgAZ7gBV6tR+vZerPe59EVK585gj+wPr4BhSKaoA==</latexit>

s = �@H

@u

https://www.jstage.jst.go.jp/article/sicejl1962/46/9/46_9_745/_article/-char/ja/



岐㷺㰢綗סכ䙫㛙ם
⪦鵟憠

40



岐㷺㰢綗סכ䙫㛙ַםך⪦鵟憠
§ 岐㷺䍚⴫㰢綗עכյ؅ذ٭ظ榫ַי僶ַ׊ױ磵冽؅䐂מ״ג׾յⱱ㰢

硌璡ס䳩⛼؅婊㲊׾׌亠嫎؅溿狒׾׌㰢ゖ

̰ ⯆䐒杼鑜׵䍚⴫㰢綗׵泘氳׋⺱ע׊דגյ┉芗מ⯆䐒杼鑜ٚوעך
儔湳ע梪㗞ך䍚⴫㰢綗ך仴湳עع٤

§ 䍚⴫㰢綗מ꡾׍׼յ岐㷺㰢綗ך丗杼ٓגז⛼؅ٜظ䏲յ⯆䐒杼鑜םֹ✳؅
׾׀ך׵כ׆ֹ✳י׎؂⾒ײյ磝ל
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⯆䐒杼鑜 䍚⴫㰢綗
յ⯆䐒㵚霄ع٤ٚو 梪㗞
⯆䐒㉺ ع٤ؘة٭ؙ

⯆䐒⪌ⱱ 车Ⳃ

⯆䐒⯞ 亠瓀
꞊丗عتؤ ❫⡁꞊丗



岐㷺㰢綗עכ
כ׆׾؅䐂ٜظٓי׊؅鋌穒ؠ٭٠عشؾٜٚ٭ٖؼو٭ؔظ
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⪌ⱱ㷺 ꤉׿㷺 ⭳ⱱ㷺

塜鉮ٜٚي
ty

x1(0)

x2(0)

x3(0) 䮇㜊꞊丗Eעׂ׊׵
؅ס׵גׄח塜釨⴫ꯁ؅מ׿א
僃㵸⴫

hעꪜ稗䎬ס孨䓪⴫꞊丗

⭳ⱱ⪌ⱱ



僃鸵⯆䐒ゖ갭؅ꦕ丆⴫׾׌
§ 癨ⶡמ״גס侇ꝴ亠⺸מꦕ丆⴫׾ײי׊

§ 僃鸵⯆䐒ゖ갭؅ꦕ丆⴫כ׾׌

43

<latexit sha1_base64="3SzYx2h8VNrwXeikxaevD6HAyBE=">AAACAXicbVBNS8MwGE7n15xfVS+Cl+AQJspox1AvwsCLxwnuA7pS0jTdwtK0JKk4yrz4V7x4UMSr/8Kb/8Zs60E3H0h48jzvy5v38RNGpbKsb6OwtLyyulZcL21sbm3vmLt7bRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w+uJ37knQtKY36lRQtwI9TkNKUZKS5558OAMT20XXsHQCyr64Z7BVN8nnlm2qtYUcJHYOSmDHE3P/OoFMU4jwhVmSErHthLlZkgoihkZl3qpJAnCQ9QnjqYcRUS62XSDMTzWSgDDWOjDFZyqvzsyFEk5inxdGSE1kPPeRPzPc1IVXroZ5UmqCMezQWHKoIrhJA4YUEGwYiNNEBZU/xXiARIIKx1aSYdgz6+8SNq1qn1erd3Wy416HkcRHIIjUAE2uAANcAOaoAUweATP4BW8GU/Gi/FufMxKC0besw/+wPj8AZDTlQE=</latexit>

x[k + 1] = fd(x[k], u[k])
<latexit sha1_base64="2SsGR7ZbH7E+0jC1B6cNIsY46dk=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxCBSkzpagboeDGZQX7gLaUTJppQzOZIcloy9hPceNCEbd+iTv/xrSdhbYeuHA4597k3uNFnCntON9WZm19Y3Mru53b2d3bP7Dzhw0VxpLQOgl5KFseVpQzQeuaaU5bkaQ48DhteqObmd98oFKxUNzrSUS7AR4I5jOCtZF6dr7TD3UynqJr5BfH5yg+69kFp+TMgVaJm5ICpKj17C/zBokDKjThWKm260S6m2CpGeF0muvEikaYjPCAtg0VOKCqm8xXn6JTo/SRH0pTQqO5+nsiwYFSk8AznQHWQ7XszcT/vHas/atuwkQUayrI4iM/5kiHaJYD6jNJieYTQzCRzOyKyBBLTLRJK2dCcJdPXiWNcsm9KJXvKoVqJY0jC8dwAkVw4RKqcAs1qAOBR3iGV3iznqwX6936WLRmrHTmCP7A+vwBfcKSzg==</latexit>

ẋ = f(x, u)

<latexit sha1_base64="aQWmZiVoorr//qu5SQDPFgntu9w="></latexit>

minimize
T�1X

k=0

`(x[k], u[k]) + F (x[T ])

subject to x[k + 1] = fd(x[k], u[k]),

x[0] = x0

<latexit sha1_base64="g6vuiNs6/EXm6zLrOHZJxi15qCc="></latexit>

maximize J =

Z tf

0
L(x(t), u(t))dt+ �(x(tf ))

subject to ẋ = f(x, u), x(0) = x0, t 2 [0, tf ]

<latexit sha1_base64="WODLaKbfOQtSUe6kbi9KhRPc+Yg=">AAAB+HicbVDLSgNBEJz1GeMjUY9eFoPgKexqUI8BLx4jmAckS5id9CZDZmaXmV4xWfIlXjwo4tVP8ebfOHkcNLGgoajqprsrTAQ36Hnfztr6xubWdm4nv7u3f1AoHh41TJxqBnUWi1i3QmpAcAV15CiglWigMhTQDIe3U7/5CNrwWD3gKIFA0r7iEWcUrdQtFjoIT5hJrrjkY5h0iyWv7M3grhJ/QUpkgVq3+NXpxSyVoJAJakzb9xIMMqqRMwGTfCc1kFA2pH1oW6qoBBNks8Mn7plVem4Ua1sK3Zn6eyKj0piRDG2npDgwy95U/M9rpxjdBBlXSYqg2HxRlAoXY3eagtvjGhiKkSWUaW5vddmAasrQZpW3IfjLL6+SxkXZvypf3ldK1coijhw5IafknPjkmlTJHamROmEkJc/klbw5Y+fFeXc+5q1rzmLmmPyB8/kDq52Ttg==</latexit>

minimize

<latexit sha1_base64="GFJ+fCX/ohzOx/BNBJH98iYHqvA=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4Klkt6kUoePFYwX7gdinZNNuGZrNLkpWWpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxLBtcH421lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gHRTHDJGoYbwdqJYiQKBGsFw9up33piSvNYPphxwvyI9CUPOSXGSo9o5GH/Bo26uFsq4wqeAS0TNydlyFHvlr46vZimEZOGCqK15+LE+BlRhlPBJsVOqllC6JD0mWepJBHTfja7eIJOrdJDYaxsSYNm6u+JjERaj6PAdkbEDPSiNxX/87zUhNd+xmWSGibpfFGYCmRiNH0f9bhi1IixJYQqbm9FdEAUocaGVLQhuIsvL5PmecW9rFzcV8u1ah5HAY7hBM7AhSuowR3UoQEUJDzDK7w52nlx3p2PeeuKk88cwR84nz/p14+8</latexit>

x[0] = x0

<latexit sha1_base64="KSKg6GiLOkufzn7xyLLUpmq3xz8=">AAACInicbVDJSgNBEO2JW4xb1KOXxiAkiGFGg8st4MVjBLNAJoSenp6kSc9Cd40kDPMtXvwVLx4U9ST4MXYWQRMfNLx6r4rqek4kuALT/DQyS8srq2vZ9dzG5tb2Tn53r6HCWFJWp6EIZcshigkesDpwEKwVSUZ8R7CmM7ge+817JhUPgzsYRazjk17APU4JaKmbv7I9SWjiDtPEhRTbJIpkOMRTdViEY9tlAgiG0omuSmnyU6fdfMEsmxPgRWLNSAHNUOvm3203pLHPAqCCKNW2zAg6CZHAqWBpzo4ViwgdkB5raxoQn6lOMjkxxUdacbEXSv0CwBP190RCfKVGvqM7fQJ9Ne+Nxf+8dgzeZSfhQRQDC+h0kRcLDCEe54VdLhkFMdKEUMn1XzHtE50O6FRzOgRr/uRF0jgtW+fls9tKoVqZxZFFB+gQFZGFLlAV3aAaqiOKHtATekGvxqPxbLwZH9PWjDGb2Ud/YHx9A81qpF8=</latexit>

dx

dt
⇡ x(t+ �t)� x(t)

�t
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<latexit sha1_base64="ZqFq/kvFVEN9NQQJYPL2IB3ky8M=">AAACAHicbZBNS8MwGMdTX+d8q3rw4CU4hIky2jHUizDw4nGCe4GulDRNt7A0LUkqjrKLX8WLB0W8+jG8+W1Mtx5084GEH///85A8fz9hVCrL+jaWlldW19ZLG+XNre2dXXNvvyPjVGDSxjGLRc9HkjDKSVtRxUgvEQRFPiNdf3ST+90HIiSN+b0aJ8SN0IDTkGKktOSZh4/O6Mx24XXoBVXN7nmqr9OyZ1asmjUtuAh2ARVQVMszv/pBjNOIcIUZktKxrUS5GRKKYkYm5X4qSYLwCA2Io5GjiEg3my4wgSdaCWAYC324glP190SGIinHka87I6SGct7Lxf88J1XhlZtRnqSKcDx7KEwZVDHM04ABFQQrNtaAsKD6rxAPkUBY6czyEOz5lRehU6/ZF7X6XaPSbBRxlMAROAZVYINL0AS3oAXaAIMJeAav4M14Ml6Md+Nj1rpkFDMH4E8Znz8WuZTB</latexit>

x[k + 1] = fd(x[k], u[k])

<latexit sha1_base64="LoanPVOqTXDy7/IeQuMaFeYguZY=">AAACFnicbVDLSgMxFM3UV62vqks3wSK0aMtMKeqmUBBEXFXoC9pxyKRpGyaTGZKMWIb5Cjf+ihsXirgVd/6N6WOh1QMJJ+fcy809bsioVKb5ZaSWlldW19LrmY3Nre2d7O5eSwaRwKSJAxaIjoskYZSTpqKKkU4oCPJdRtqudzHx23dESBrwhhqHxPbRkNMBxUhpyckWr2EV9mTkO7FXNZPbuFG0kh5hLH/f9eyTSF8FeAwv9bNhF5xsziyZU8C/xJqTHJij7mQ/e/0ARz7hCjMkZdcyQ2XHSCiKGUkyvUiSEGEPDUlXU458Iu14ulYCj7TSh4NA6MMVnKo/O2LkSzn2XV3pIzWSi95E/M/rRmpwbseUh5EiHM8GDSIGVQAnGcE+FQQrNtYEYUH1XyEeIYGw0klmdAjW4sp/Satcsk5L5ZtKrlaZx5EGB+AQ5IEFzkANXIE6aAIMHsATeAGvxqPxbLwZ77PSlDHv2Qe/YHx8A0nknOQ=</latexit>

J =
T�1X

k=0

`(x[k], u[k]) + F (x[T ])

<latexit sha1_base64="uxbMBfSAnwrxT824lBqqR1hv40o=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahXkpSinoRCoJ4rNDWQhrKZrtpl242YXcihtCf4cWDIl79Nd78N27bHLT1wcDjvRlm5vmx4Bps+9sqrK1vbG4Vt0s7u3v7B+XDo66OEkVZh0YiUj2faCa4ZB3gIFgvVoyEvmAP/uRm5j88MqV5JNuQxswLyUjygFMCRnJTfI1vq09u2zsflCt2zZ4DrxInJxWUozUof/WHEU1CJoEKorXr2DF4GVHAqWDTUj/RLCZ0QkbMNVSSkGkvm588xWdGGeIgUqYk4Ln6eyIjodZp6JvOkMBYL3sz8T/PTSC48jIu4wSYpItFQSIwRHj2Px5yxSiI1BBCFTe3YjomilAwKZVMCM7yy6ukW685F7X6faPSbORxFNEJOkVV5KBL1ER3qIU6iKIIPaNX9GaB9WK9Wx+L1oKVzxyjP7A+fwBU0Y/y</latexit>

y = F (x[T ])
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