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Abstract  

 

Traffic simulation is used to evaluate its effect on the surrounding environment during 

construction. Additionally, in the construction such  as tunnels and dams in mountainous 

areas, traffic simulation is used to evaluate the transportation efficiency of construction 

vehicles traveling on narrow roads. In cases where traffic of large -size vehicles is higher 

than assumed, road improvements will  be required. On roads where traffic increases 

significantly, numerous traffic simulations are conducted to determine appropriate places 

to pass. This is a complicated and time -consuming process. 

This study aims to develop evaluation formulas for passing a nd narrow sections as an 

alternative to traffic simulations and to reduce the time required for iterative simulations. 

The proposed formulas can evaluate cases with large - and small -size vehicles and where 

vehicle arrival distributions demonstrate probabil ity fluctuations. A comparison of the 

proposed formulas to traffic simulations for a single narrow section relative to average 

wait time and the required lengths of passing sections demonstrated that the average 

absolute error difference was minimal. In ot her words, we confirmed that the proposed 

formulas are sufficiently accurate to substitute for traffic simulations.  

For cases that require multiple passing places, we considered the combination of 

widening patterns under constraint conditions based on the evaluation formulas and the 

topographical restrictions as the minimization problem of widening costs. Then, we 



 

 

adopted a genetic algorithm (GA), which is an optimization method based on evolutionary 

computation, and we applied the GA to a case based on a r eal problem. In comparison with 

conventional method using traffic simulations and manual efforts, it was possible to obtain 

an effective solution that reduced the study time from eight hours to four minutes and also 

reduced widening costs and average wait time. Moreover, the characteristics of the trade -

off relation between widening costs and average wait time were clarified using parametric 

studies and multi -objective optimization based on the GA.  

In conclusion, the proposed method can eliminate the compli cations involved in 

optimizing the placement of passing sections while maintaining the prediction accuracy of 

the conventional traffic simulation method. In addition, it can evaluate the trade -off 

between widening costs and wait times. Furthermore, the pro posed optimization approach 

can be expected to contribute the advancement of the planning work using traffic 

simulations in construction projects.  
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1.1. ─  

1.1.1. ⌐⅔↑╢ ≤◦Ⱶꜙ꜠כ◦ꜛfi  

ה ⌐ ╦╢ ⌐⅔™≡│ ℮ ─ ⅜ ⅝ↄ ╛

▬fiⱨꜝ ≤─ ה ⅜ ™ ∕─√╘ ⅛╠ ╛

─ ╛ ┼─ ™╩ ⇔≡ ─ ה ╩ ⇔≡⅔ↄ

↓≤│ ⌂ ⅜№╢ ⌐│ ≤ ⅜№╡ ∕─℮∟ │

╩ ℮ ≢ │ ─ ≤⌂╢ ╛ ─ │

╛ ─ ⌐ ↕╣≡™╢⅜

⌐ ≢│ ╛○ⱨ▫☻ⱦꜟ ⌂≥─╟℮⌂ ⅜ ≢ ∆╢ ╩

™ ≢│ ╛ ♩fiⱠꜟ ♄ⱶ≤™∫√ ─ ╠⇔╩ ⅎ╢√╘─ ▬fiⱨꜝ╩

℮ ⌐⅔↑╢ │ ⌐ ─ ⌐ ╦╢╙─⅜ ↄ

⌐ ∆╢ ╛ ⌐ ∫≡ ─ ╩ ╡ ∆↓≤⅜ ⌂ ≤⌂╢ [1] ─

⌂ ╛ ╩ ∆╢↓≤⌐ ⅎ ⅛╠ √ ─ ╛ ⌐ ⇔√ ╩

∆╢↓≤╙ ≢№╢ ⌐⅔™≡│ ∕─╙─╛∕╣╩ ╡ ↄ ╙

≤⌂╢↓≤⅛╠ ╛ ⌂≥ ╟╡ ⌂╙─⅜ ╕╣╢ 

[2] ╕√ ╛ ⅜ ↄ⌂╢↓≤⅜ ™√╘ ⌂ ╩ ∆╢↓≤

╛ ╩ ╘√ ╩ⱴⱠ☺ⱷfi♩∆╢↓≤╙ ─ ≈≤™ⅎ╢ ↕╠⌐

ה ⌐ ⇔√ ≤⇔≡ ⌐ ∆╢ ╙ ≢№╡ ≢─ ⌐

∆╢ ╛ ⌐ ∆╢ ≢─ ⌂≥⅜ ≤⌂╢  

ה ╩ ℮⌐№√∫≡│ ∕─ ─ ╛ ╩ ⌐ ה ∆╢

√╘─ ≤⇔≡ ₁⌂ ⅜ ╦╣≡⅝√ ⅎ┌ ─ ╩ ╢√╘─

≢│ ─ ⌐ ⇔√ ─ ⅛─ ╛ ⌐╟∫≡│ ─ ⌐

⌐ ⇔√ ≤ ─ ╣╩ ⅎ ╛ ╕≢─ⱪ꜡☿☻╩ ⇔ↄ ∆╢

↓≤≢ ⌂ ─ ╛ ╩ ∆╢ ╕√ ─ ╩ ∆╢√╘⌐│ ⌂

╩ ⇔≡ ⌐ ⅜ √∫√ ─ ╣╩ ╢↓≤≢ ─ ⌐ ∆╢
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™╩ ⇔≡™╢ ⇔⅛⇔ ∞↑≢│ ⌐╙ ⌐╙ ⅜№╢↓≤⅛╠

ↄ⅛╠◦Ⱶꜙ꜠כ◦ꜛfi ⅜ ⌂ ≤⌂∫≡™√ ⌐ →√ ╛ ─

⌐ ∆╢ ╛ ה ⌂≥─ ─╒⅛ ╛ ─ ≤™∫√

◦Ⱶꜙ꜠כ◦ꜛfi⅜∕─ ≢№╢ ╛ ─ │ ─ ⌐ ∆╢ ─╖⌂╠∏

⌐⅔↑╢ ─ ╩ ≤⇔√ ─ ⌐╙ ╦╣≡™╢ ╕√ ╛

─◦Ⱶꜙ꜠כ◦ꜛfi╙ ─ ╩ ∆╢√╘─ ≤⇔≡ ╦╣╢ ─

ה ⌐ ∆╢ ⌐╙ ≢№╢ ↕╠⌐ ⅜ ↄ ⌐ ℮ ◦

Ⱶꜙ꜠כ◦ꜛfi ⌐╙ ╛ ─ ─╟℮⌂ ⌂ ╛ ◦☻♥ⱶ╩ ℮◦

Ⱶꜙ꜠כ◦ꜛfi⅜№╡ ⱴꜟ♅◄כ☺▼fi♩ה◦Ⱶꜙ꜠כ◦ꜛfi╩ ™≡ כ◔╢∆

☻⅜ ⅎ≡™╢ ⱴꜟ♅◄כ☺▼fi♩ה◦Ⱶꜙ꜠כ◦ꜛfi│ ≢№╢ ╛ כ◄╩

☺▼fi♩≤⇔≡ ∕╣╠─ ≥ꜟכꜟ ╩⸗♦ꜟ≤⇔≡ ∆╢↓≤⌐╟∫≡

≤∆╢ ◦☻♥ⱶ╩ ⇔╟℮≤∆╢╙─≢№╢ ⅜ ⇔™ ╩ כ◄─₁

☺▼fi♩─ ╩ ∆╢↓≤≢ Ⱳ♩ⱶ▪♇ⱪ ⌐ ⇔╟℮≤∆╢▪ⱪ꜡כ♅≢№╢

≤╒╣⧵│⌐♩fi▼☺כ◄─ ⌂ │ꜟכꜟ ⇔⌂™⅜ ─♩fi▼☺כ◄─

⌐╟∫≡ ─ ⌐ ∆╢ ≢ ⌂ ╢ ™╩ ∑╢╙─╩ⱴꜟ♅◄

fi♩≤≤╠ⅎ╢↓≤⅜≢⅝╢ [3]▼☺כ ⌐⅔™≡│ ⌐╟╢ ╛

⌐⅔↑╢ ┼─ ─ ─ ⌐ ≢⅝╢  

[4]  ⌐ ≠⅝ ⌐⅔↑╢◦Ⱶꜙ꜠כ◦ꜛfi ─ ╩  1-1⌐ ∆╢  

 

 

 1-1 ◦Ⱶꜙ꜠כ◦ꜛfi ─ ⌐⅔↑╢  

◦Ⱶꜙ꜠כ◦ꜛfi

◦Ⱶꜙ꜠כ◦ꜛfi ◦Ⱶꜙ꜠כ◦ꜛfi

ה ─

ה ה ─

ה ─

◦Ⱶꜙ꜠כ◦ꜛfi
ⱴꜟ♅◄כ☺▼fi♩ה
◦Ⱶꜙ꜠כ◦ꜛfi

ה
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↓─℮∟ ╠│ ה ─ ⌐⅔™≡ 2006 ⅛╠ⱴꜟ♅◄כ☺▼fi♩ ─

◦Ⱶꜙ꜠כ♃╩ ⇔ ₁⌂ ⌐ ∆╢ ╩ ╘≡™╢ │

╛ ⌐ ℮ ─ ה ≡⇔≥ꜟכ♠  [5]  ⅜ ∆╢

─ ꜡☺♇◒⌐ ≠ↄ ⱬכ☻─◦☻♥ⱶ╩ ⇔√ [6] ∕─ ┼

─ ╩ ╘╢ ≢ ה ─ CFD Computational Fluid Dynamics ─ ╩

⌐ ≢⅝╢╟℮ ╩ ∫√ [7] ╛ ─ ┼─ ™⌐

≈™≡│ ─  [8]  [9]  ─ ╩ ╡ ╣√ ╕√ ⌐ ╢

─ ╩ ∆╢√╘  [10]  ─⸗♦ꜟ⌐ ≠⅝ ╩ ⇔√ ⸗♦ꜟ╩

╖ ╪≢™╢ ⌐≈™≡╙⅛⌂╡ ⅛╠ ╡ ╪≢™╢ ◦Ⱶꜙ꜠כ◦ꜛ

fi─ ┼─ ⌐ ⇔≡│ ─ 1.1.2⌐ ⇔ↄ ∆╢  

 

1.1.2. ◦Ⱶꜙ꜠כ◦ꜛfi≤ 1.5  

◦Ⱶꜙ꜠כ◦ꜛfi [11]  [12]  │ ─ ⌐ ∫≡ ⅜ ∟⌐⌂╢

╙ ─ ™ ╩ ≡⇔≥ꜟכ♠─╘√╢∆ ↕╣╢╟℮⌐⌂∫√

⌐ ∆╢ ─ ⌐│₈ ₉╛₈ ₉≤™∫√ ⌂ ⅜ ╦╣

≡⅝√ ≢│ ─ ⌐ ⇔≡ ╩ ∆╢⅛ ⅛│ ≢⅝≡╙

∆╢ ─ ≢─ ╩ ⌐ ∆╢↓≤│ ⇔™ ↕╠⌐ ≢│

╛ ─ ⌐╟╢ ─ ⌂≥ ─ ⅜ ╪≢⅔╡

⌐ ⅜ ₁≤ ╦╢╟℮⌂ ⌐⅔™≡│ ◦Ⱶꜙ꜠כ◦ꜛfi─╟℮⌂ ⌂

⅜ ≤⌂╢ ⌐⅔™≡╙ ─ ⌐⅔↑╢ ╛

─ ─ ⌐ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔≡⅔╡ ↕╠⌐│

≢─ ⌂ ╩ ╗ ⌐╙ ↕╣≡™╢ [13]  

⌐ ≢─ ⌐⅔™≡│ ≢─∆╣ ™╩ ℮

─ ─ ⅜ ⌐⌂∫≡⅔╡ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™≡

∆╣ ™ ─ ─ ╛ ─ ─ ╩ ∫≡™╢ ↓╣⌐ ⇔

≡ ≢№╣┌ 2 ≢ ⇔≡⅝√ ⌐ 1 ╛ 2

⌂≥─ ╩ ⌐ ∑√ 1.5  [14]  ≤ ┌╣╢ ⅜ ≢⅝╢
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╟℮⌐⌂╡ ⌐ ◖☻♩≢ ⌂ ⅜ ⌐⌂∫√ ♩fiⱠꜟ╛♄ⱶ⌂≥─

⌐⅔↑╢ ⌐⅔™≡╙ ─√╘─ ╛ ⌐ ∫≡ ⌂

⌐ ⌐ ─╟℮⌂ ─ ⅜ ∆╢ ⅜№╢ ─ ─

│ ─ ⌂ ≢№╢⅜ ∕╣╕≢ ⌐ ─╖⅜ ⇔≡™√ ⌐

─ ⅜ ╢↓≤⅛╠ ∕─╕╕─ ≢│∆╣ ™⅜ ⌂√╘⌐ ⅜

⇔≡⇔╕℮⌂≥ ─╖⌂╠∏ ┼─ ╙ ╡ ╣⌂™ ≤│™ⅎ ⅜

↕╣≡™≡ ⌂ ─ ≢│⌂™↓≤⅛╠ 2 ≢│ ≤⌂╢

⅜№╢ ∕↓≢  1.5 ─ ⅎ ╩ ⇔≡ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢

╩ ™⌂⅜╠  1-2─╟℮⌂ ⌐╟╢ ╩ ℮↓≤⌐╟∫≡ ◖☻♩≢

∟ ╩ ⌐ ╠∆↓≤⅜ ≤⌂╢  

 

 

 

 1-2 ⌐╟╢ ╩ ™√ ─  

 

1.2. ─ ≤  

1.5 ─ │ ─ ⌐ ∂≡ ─ ™ ⅜≢⅝╢↓≤≢№╢⅜

≢ ─ ⌂≥─ ⅜ ↄ⌂╢↓≤⅛╠ ╟╡ ™ ╩ ╢√╘⌐│

₁⌂ ≤ ↄ─ ⅜ ≤⌂╢ ∕─√╘ ≢│ ╩☻ⱶכ☼⌐ ╘╢√

≡⇔≥ꜟכꜟꜟ◌כ꜡─╘ ●▬♪ꜝ▬fi ⌐╟╢  [15]  [16]  ╩ ⇔≡™╢ ●▬

♪ꜝ▬fi≢│ ▬fiⱨꜝ≤⇔≡─◘כⱦ☻ ⌂≥ ─ ╩ ≤⇔≡™

 

∆╣ ™  

 

∆╣ ™  

 
∟ 

⌐╟╢ ╩ ℮↓≤⌐╟∫≡  

◖☻♩≢ ∟ ╩ ⌐ ╠∆ 
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╢↓≤⅜ ↄ ⌐ ℮ ⌂ ┼─ ╛ ◖☻♩─ ╩ ⇔

√ ⌐│ ╟╡ ⌂ ⅜ ≤⌂╢ ⌐ ⅜ ™ ⌐ ⇔≡│ ─

⌂ ╩ ≢⅝╢ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔≡ ─∆╣ ™⌐ ∆╢

─ ╩ ℮↓≤⅜ ≢№╢  1-3⌐│ ─ ╩ ∆╢ ⌐

╠⅜↓╣╕≢ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™≡ ⇔≡⅝√ ─ ⱨ꜡כ╩ ∆  

 

 

 

 1-3 ─ ⌐ ∆╢ ─ ⱨ꜡כ 

 

(a) ⌐╟╢∆╣ ™  
─  

(c) ┘ ─  
⅜ ⌐⌂╢ №╡  

(b) ≤ ─  

(e) ╩ ⇔√ ◖☻♩─  

─  

─  

∟  

◖☻♩  

 

 

(d) ⌐ ∆╢ ─  
◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢  

(f)
─

╡
⇔
⌐
╟
╢
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↓↓≢ ≤│ ─ ∟ ╩ √⇔√ ≢ ◖☻♩╩ ∆╢

─ ─ ∑╩ ∆╢↓≤≢№╢ │∂╘⌐ ─ ⅛╠ ≤ ╦╣

╢ ≤ ╩ ≤ ╩ ⌐ ⇔√ ≢ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™≡

⌐ ∆╢ ╩ ∆╢ ╙⇔ ⌐ ⇔√ ≢│ ◖☻♩╙⇔ↄ│

∟ ─ ≢ ⌂ ≤⌂∫√ ⌐│  1-3─  (f) ⌐⅔↑╢ ─

⇔≤ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ ╩ ╡ ∆ ⅜№∫√ ⌂ ⅜ ⌐

⌂╢ ⌂≥ ∕─ Ɽ♃כfi│ ⌐ ↄ ⅜⅛⅛╢ ⌐ ≤⌂╢↓≤

≢ ─ ╙ ≤ ╦↨╢╩ ⌂⅛∫√  

∕↓≢ ≢│ ─⅛⅛╢ ◦Ⱶꜙ꜠כ◦ꜛfi─ ≤⇔≡ ╕∏  1-3

─ (d) ⌐ ⇔√ ⌐≈™≡ ה ─ ╛ ─ ╙ ≢

⅝╢ ≢ ⌂ ╩ ∆╢↓≤≤⇔√ ↕╠⌐ ∕─ ⌐ ╩

∑╢↓≤≢ ─ ≤ ≢ ⌂ ─√╘─ ─ ╩ ∆

↓≤≤⇔√ ⌐ ⌂ ╩ ╗ ◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔™≡│ ◦Ⱶꜙ꜠כ

♃─ ╛Ɽꜝⱷכ♃☻♃♦▫─╟℮⌂ ⌂▪ⱪ꜡כ♅∞↑≢│ ⌂ ⌐

⅜№╢ ╙ ⇔√ ⌐ ⌂ ╩℮╕ↄ ∆╢↓≤⅜≢⅝╣

┌ ─ ╛ ╟╡╙ ⌐ ™ ⅜ ≢⅝╢ ⌂⅔ ╡ ⇔ ─ ↕

╣√ ⌐ ⇔≡│ ⌐№╠√╘≡ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ ╩ ℮↓≤╙

≢№╡ Ɽ♃כfi⅜ │≢☻כ◔╢√╦⌐ ⌐╟╢ ─ ─

│╟╡ ⅝ↄ⌂╢ ⅎ┌ ─ 50m ╕≢╩ →╢ ∑─ │ 5m

≢ ⅎ≡ υπυϳ ρπ ╡≤⌂╢⅜ ─ ⅜ 3⅛ №∫√ ↕╠⌐∕─

3 ρπ ρπ ╡≤ ⌐ ⅎ≡™ↄ√╘≢№╢  

 

1.2.1. ≤ ⌐ ∆╢ ─  

◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢⌐№√∫≡│ ─ ⌐ ∆╢ ─№┬╡

⇔╛ ⌂≥─ ≢№╣┌ ─◦Ⱶꜙ꜠כ◦ꜛfi≤ ⌐╟∫≡╙ ⌂

╩ ╠╣╢ ╕√ Ɽꜝⱷכ♃ ─ ⌐ ∆╢ ╩

∆╢ ⌐│ Ɽꜝⱷכ♃☻♃♦▫⌐╟╢ ╩ ℮↓≤⅜ ™ ⇔⅛⇔ ↕∑√



 7 

 

™ ─ ⅜ ↄ ╡ ╢ ╙ ™ ∆═⅝ ∑⅜ ≤⌂╡ ╩

≈↑ ∆↓≤⅜ ≤⌂╢ ∕↓≢   1-3 ─ ↑  (d) ⌐ ⇔√ ╩

≢⅝╢⅛ ⅛╩ ⌐ ∆╢√╘─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢ ≤⇔≡

≤ ─∕╣∙╣╩ ⌐ ≢⅝╢ ╩ ⇔√  │

⌐ ⇔≡∕─ ≢ ∆╢ ∟ ╩ ∆╢ ≤ ⌐ ⇔≡

≢─ ∟ ─ ⌐ ∆╢ ⌐ ⌂ ╩ ∆╢ ⅛╠ ↕╣╢

↕╠⌐ ≤ ─ ╛ ⌂ ╙ ≢⅝╢ ⌂ ≤⇔≡

⇔√ ⌂⅔ ─ ─℮∟ ⅜ ⅝ ⇔≡⅛╠ ⅜ ⅝ ∆╕

≢─♃▬ⱶꜝ◓⌐≈™≡╙ ≢│ ≢⅝⌂™↓≤⅛╠ ⌐ ╡ ╪≢™╢

─ ⌐ ∆╢ ∟ ≤ ⌐⅔↑╢ ⌐≈™≡ ≤◦Ⱶ

fiꜛ◦כ꜠ꜙ ─ ╩ ⇔√≤↓╤ ─ │ ⌐ ↕ↄ ⌐

◦Ⱶꜙ꜠כ◦ꜛfi╩ ≢⅝╢↓≤⅜ ≢⅝√ │ 3 ⌐ ∆╢  

 

1.2.2. ╩ ™√ ─  

─ ↕⅜ ╡⌂™ ⌐│ ╩ ∫≡ ⌂ ╩ ∆╢ ⅜№

╢ ⇔⅛⇔ ⌐ ⅜ ↄ◔כ☻≢│ ─ ∑⅜ ⅎ╠╣╢√╘

∕─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔≡ ∆╢⌐│ ⅜№∫√ ∕↓≢ ≢│

⅜ ⌐ ↄ ⌐ ⇔≡  1-3─ (f) ⌐⅔↑╢ ╡ ⇔╩ ∆

╢√╘ ⌐ ≠ↄ ≤ ⌂ ╩ ⇔√ Ɽ♃כfi─ ∑╩

◖☻♩─ ≤ ⅎ√ ≢ ∑ ⌐ ⇔√ ─ ≈≢№╢

▪ꜟ◗ꜞ☼ⱶ GA  [17]  [18]  [19]  ╩ ⇔√ ─⸗♦ꜟ ⌐ ⇔≡│ ⌐

⌂ ╛ ─ ╩ ∆╢√╘ ─ ⅛╠─ ⌂ ╩ ≢⅝╢

≤⇔√ ⌂⅔ ╠─ ≢№╢  [20]  ⌐⅔™≡╙ ─ ⌐

GA╩ ⇔≡™╢⅜ ─╖╩ ⌐ ⅛≈ ╩ ⌐ ⇔√ ⌂

╩ ™√╙─≢№∫√ 3.2.4⌐ ∆╢≤⅔╡ ⌂ ╩ ⇔⌂™

⌐│ ⇔√ ─ 20 ≤™℮ ⌂ ∟ ╩ ╙☻כ◔√⇔ ⇔≡⅔
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╡ ⌐☻כ◔⌂ ∫√ ⌐⌂╠⌂™√╘⌐╙ ⌂ ╩ ≢⅝╢↓

≤⅜ ≤™ⅎ╢ ─ ⌐≈™≡│ 4 ⌐ ╩ ∆╢  

 

1.3. ─  

2 ─ ⌐≈™≡ ─ ╩ ∆╢  

╕∏ 2 ⌐⅔™≡│ ╩ ∆╢ ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ∆╢ ≤⇔≡

Ⱶꜙ꜠כ◦ꜛfi─ ≤ ∕─ ≢╙ ≢ ∆═⅝ ╩ ╪∞ ⸗♦ꜟ⌐

≠ↄ ◦Ⱶꜙ꜠כ◦ꜛfi⌐≈™≡─ ╩ ∆╢ ╕√ ⌐ ∆╢ ≤⇔

≡│ │∂╘⌐ ╩ ⇔√ ⌐ ▪ꜟ◗ꜞ☼ⱶ╩ ≤⇔√

⌐ ∆╢ ↕╠⌐ ⌐ ∆╢ ⌐≈™≡ ∆╢ ∕─ ◦Ⱶꜙ꜠כ◦

ꜛfi≤ ─ ∑⌐ ∆╢ ⌐≈™≡ ∆╢ ⌐ ─ ⌂ ≢

№╢ 1.5 ⌐ ∆╢ ⌐≈™≡ ∆╢  

3 ≢│ ≢№╢ ⌐╟╢ ◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐≈™≡

∆╢ 3.1≢│ ─ ⌂ ≤⇔≡ ∆╣ ™ ⌂ ─ ∑≤

╛ ─ ⌐ ∆╢ ⌐ ⅎ ≤ ─∕╣∙╣─ ─

⌐≈™≡ ∆╢ ⅎ≡ ⌐ ∂≡ ∆═⅝ ⌐≈™≡ ∆╢

3.2≢│ ≤ ◦Ⱶꜙ꜠כ◦ꜛfi≤─ ⌐≈™≡ ∆╢ ⌐ ∆╢

⌐ ∆╢ ─ ─ ⌐╟╢ ∟

─ ™⌐≈™≡ ∆╢  

™≡ 4 ≢│ ⌐╟╢ ─ ≤ ⌐≈™≡ ∆╢ 4.1⌐

⅔™≡│ Ɽ♃כfi─ ╛ ─ ⌂≥ ⌂ ▪ꜟ◗ꜞ☼

ⱶ─ ⌐≈™≡ ∆╢ ∕─ 4.2 ≢│ ─ ≤ ⌐≈™≡

∆╢ ─ ≤ ≤─ ∟ ⌐ ∆╢Ɽꜝⱷכ♃

☻♃♦▫─ ⌐≈™≡ ∆╢ ↕╠⌐ ╩ ⱨ○♪כ꜠♩√™ ─

╩ ∆╢ 4.3≢│ ─ ◦♫ꜞ○╩ ∆╢  

─ 5 ≢│ ╩ ═╢ ─╕≤╘╩ ℮≤≤╙⌐ ─ ⌐≈™≡

∆╢  
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2   

2.1. ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ∆╢  

↓↓≢│ ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ∆╢ ≤⇔≡ Ⱶꜙ꜠כ◦ꜛfi─ ≤ ∕─

≢╙ ≢№╢ ≢ ∆═⅝ ╩ ╪∞ ⸗♦ꜟ⌐ ≠ↄ ◦Ⱶꜙ꜠כ

◦ꜛfi⌐≈™≡─ ╩ ∆╢  

 

2.1.1. Ⱶꜙ꜠כ◦ꜛfi─  

│∂╘⌐ ⌂ ◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ⇔√ ≢ ⌐⅔™≡ ∆

═⅝ ─ ≤ ∆═⅝ ╩ ∆╢ ◦Ⱶꜙ꜠כ◦ꜛfi─ ≤⇔≡│

⌂ ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─₈Ⱶ◒꜡⸗♦ꜟ₉≤ ⌂ ◦Ⱶꜙ꜠כ

◦ꜛfi⸗♦ꜟ─₈ⱴ◒꜡⸗♦ꜟ₉≤™℮ ⅜⌂↕╣≡⅝√ Ⱶ◒꜡⸗♦ꜟ│

─ ╩ ∆╢↓≤≢ ™ ≢─ ⌂ ╩◦Ⱶꜙ꜠כ◦ꜛfi∆╢↓

≤⅜≢⅝╢⸗♦ꜟ≢№╢ ⱴ◒꜡⸗♦ꜟ│ ╩ ─╟℮⌂ ≤⇔≡ ℮↓≤

≢ ─ ─ ╣╩ ∆╢↓≤⅜≢⅝ №╢ ─ ╛ ꜠ⱬꜟ─ ╩

◦Ⱶꜙ꜠כ◦ꜛfi∆╢↓≤⅜≢⅝╢⸗♦ꜟ≢№╢  

₈Ⱶ◒꜡ ⱴ◒꜡₉⌐╟╢ │ ╩⸗♦ꜟ ∆╢ ─ ⌐ ≠ↄ╙─≢№╢⅜

≢│ ≤ ⌐╟╢ ╙ ↕╣≡™╢  2-1│∕─╟℮⌂ ╩

∫√  [21]  ⌐ ↕╣≡™╢ ╩ ⇔√╙─≢№╡ ₈a) ⌂ b) 

┼─ c) ₉─ 3≈─ ⅛╠ ↕╣≡™╢ ╕√  [11]  ⌐

⅔™≡╙ ⌐ ⇔√ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ≢⅝╢╟℮⌐ ₈Ⱶ◒꜡ ⱴ◒꜡₉≤

│ ⌂╢ ╩ ⇔≡™╢  2-1│∕─ ╩ ⇔√╙─≢№╢⅜₈ᵑ

─ ᵒ ᵓ ⸗♦ꜟ₉─ 3 ≈─ ⅛╠◦Ⱶꜙ꜠כ◦ꜛfi

⸗♦ꜟ╩ 4 ─◒ꜝ☻⌐ ⇔≡™╢ ↓─℮∟ ₈ᵑ ─ ₉│ ─₈Ⱶ

◒꜡ ⱴ◒꜡₉⌐╟╢ ⌐ ™ ♃▬ⱪ⅜Ⱶ◒꜡ ♃▬ⱪ⅜ⱴ◒꜡ ⅜ ↓

╣≤│ ⌐₈ᵒ ₉≤₈ᵓ ⸗♦ꜟ₉─ ╩ ⇔≡™╢  
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 2-1 ⌐╟╢ ◦Ⱶꜙ꜠כ◦ꜛfi─  

 

 2-1 ⌐╟╢ ◦Ⱶꜙ꜠כ◦ꜛfi─  

 

 ᵑ ─  ᵒ  ᵓ ⸗♦ꜟ 

◒ꜝ☻з ♃▬ⱪ ∆╢  

◒ꜝ☻и ♃▬ⱪ ∆╢  

◒ꜝ☻й ♃▬ⱪ ∆╢  

◒ꜝ☻к ♃▬ⱪ ⇔⌂™  

 

≢│ ≢─∆╣ ™ ╩ ℮↓≤⌐⌂╢⅜ ─ ┼─

⌂≥─╟℮⌂ ⌐ ⌂ ⅝╩ ∆╢ ⅜№╢√╘ ₈Ⱶ◒꜡ ⱴ◒꜡₉─

≢│₈Ⱶ◒꜡◦Ⱶꜙ꜠כ◦ꜛfi₉⅜ ⇔≡™╢≤ ⅎ╠╣╢ ╕√ ⌐╟╢ ⌐

⇔≡│ ₈a) ⌂ ₉│₈ ⌂ ₉₈b) ┼─ ₉│₈1 ↔≤

a)

⌂

⌂ b)

┼─

1 ↔≤─
─ ╩

∆╢⸗♦ꜟ ─
┼─ ╩

∆╢⸗♦ꜟ

↕╣√
╛Ⱳ♩ꜟⱠ♇

◒─ ╩ ∆╢⸗♦
ꜟ ─ ┼─

╩ ∆╢⸗♦ꜟ

Ⱡ♇♩
꞉כ◒

c)

∆╢

≢─
╩ ∆╢⸗♦ꜟ

─ ╩ ∆
╢⸗♦ꜟ

⇔⌂™

─
╩ ∆╢⸗♦ꜟ

─
╩ ∆╢⸗♦ꜟ
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─ ₉⌐ ⇔√™─≢ 1 ─⸗♦ꜟ⌐ ↕╣╢ ⌐╟╢ ≢│

₈ᵑ ─ ₉│₈ ♃▬ⱪ₉⅜ ⇔≡™╢⅜ ₈ᵒ ₉≤₈ᵓ

⸗♦ꜟ₉⌐≈™≡│ ⌐ ⇔⌂™─≢ ₈◒ꜝ☻з₉⅛₈◒ꜝ☻и₉≢№╣┌ ™

╠⅜ ─ ≢ ⇔≡⅝√ ◦Ⱶꜙ꜠כ◦ꜛfi₈REST₉ [11]  [12]  [22]  │

♃▬ⱪ─Ⱶ◒꜡◦Ⱶꜙ꜠כ◦ꜛfi≢№╡ ↕╠⌐ ≤ ⸗♦ꜟ╙ ⇔≡™

╢↓≤⅛╠₈◒ꜝ☻и₉⌐ ∆╢ ╕√ ∆╣ ™ ⌐⅔™≡ ─ ⅜ ⅝

∆╕≢─ ⌐│ ─♃▬ⱶꜝ◓⅜ ∆╢⅜ ⸗♦ꜟ≢№╣┌♃▬ⱶꜝ◓╙

≢№╢ ≈╕╡ ⸗♦ꜟ│ ≢─∆╣ ™ ⌐ ⇔√⸗♦ꜟ≤™℮↓≤⅜≢⅝

╢  

 

2.1.2. ⸗♦ꜟ⌐ ≠ↄ ◦Ⱶꜙ꜠כ◦ꜛfi 

≢ ∆╢ ⅜ ⇔╟℮≤⇔≡™╢ ◦Ⱶꜙ꜠כ◦ꜛfi│ ⅜

⅝ ∆╕≢─♃▬ⱶꜝ◓╩ ≢⅝╢ ⸗♦ꜟ⌐ ≠ↄ ◦Ⱶꜙ꜠כ◦ꜛfi≢№╢

♃▬ⱪ─◦Ⱶꜙ꜠כ◦ꜛfi≢│ ≤─ ╛ ⅛╠ ─ ╩ ∆╢

⅜ ↕╣≡⅔╡ ↓╣╕≢ ↄ─ ⅜ ↕╣≡⅝√ ↄ│ 1950 ⌐

╡ ─  [23]  ╛ Chandler Herman ╠⌐╟╢  [24] GM ⸗♦ꜟ

⅜∕─ ↑≢№╢ ↓╣╠─⸗♦ꜟ│ ∕╣╕≢─ ⌐│⌂⅛∫√ ─

╣⅜ ⌐ ╡ ╕╣≡™╢↓≤⅜ ≢№╡ ∕─ Gazis≤ Herman ╠⌐╟∫

≡ (2-1)─ ≢ ↕╣√ [25]  

(2-1) 

↓↓≢ ὼ ὲ ─ ─ ὺ ὲ ─ ─ ὥ ὲ ─ ─ ὸ  

Ὕ ⌐ ∆╢♪ꜝ▬Ᵽכ─ ה ‗ ≢№╢ ∕─ ╙ ↄ─⸗

♦ꜟ⅜ ↕╣≡™╢⅜ ∕─℮∟ Hidas │ ≤─ ⌐ ⇔≡

─ ⅜ ⌐ ⇔⌂™ (2-2)╩ ⇔√ [26]  

ὥ ὸ Ὕ ‗
ὺ ὸ Ὕ

ὼ ὸ ὼ ὸ
ὺ ὸ ὺ ὸ  
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(2-2) 

‌≤‍│ ≢№╡ ╟╡ ⌐│ ⅛╠ ⇔≡ ∆╢ ⅜№╢⅜ ⌐

│ ה ≤╙⌐ 0 ─ ⅛╠‍╩ ⅜ ≢ ⅜

0 ─ ⅛╠‌╩ ∆╢↓≤⅜≢⅝ ⅜ ™ ─ ◦Ⱶꜙ꜠כ◦ꜛfi

₈REST₉≢│ Gazis Hidas ≥∟╠─⸗♦ꜟ⌐╙ ≢⅝╢⅜ ─ ⌐ ⅎ

─ ≢ ⌂ ≤⌂╢ ┘ ─ ╩ ⌐ ≢⅝╢↓

≤⅛╠╙ Hidas ─⸗♦ꜟ╩ ⇔≡™╢ ≈╕╡ ─ ⌐⅔™≡╙ ↓╣╠╩

⇔√ ≢№╢↓≤⅜ ≤⌂╢  

 

2.2. ⌐ ∆╢  

╩ ↄ≤™℮↓≤│ ₈ ⅎ╠╣√ ─ ≢ №╢ ╩ ╙⇔

ↄ│ ∆╢ ╩ ╘╢↓≤₉≢№╢⅜ ─ ⌐ ∂≡ ₁⌂ ה ⅜ ↕

╣≡⅔╡ ╙∕─ ≈≢№╢ ↓↓≢│ ╩ ⇔√ ⌐

≢ ⇔√ ┘ ≢ ⇔√ ⌐ ∆╢ ╩ ∆╢  

─℮∟ ┘ ─∆═≡⅜ ≢ ↕╣╢ │

╕√│ ≤ ┌╣ ™∏╣⅛⅜ ≢⌂™ ⌐│

≤⌂╢ ↕╠⌐ ⅜ ─╟℮⌂ ⌂ ─╖

╩≤╢ ⌐│ ≤⌂╢ ↓╣╠─ │ ⇔≡

≤ ┌╣ ∕─ ╙ ⇔≡ ≤ ┌╣╢ ∕─℮∟ ⌐ ∆

╢ │ ◦fiⱪ꜠♇◒☻ ╛ כ◌כⱴכ◌ ⌂≥ ⌐ ⌂▪ꜟ

◗ꜞ☼ⱶ⅜ ∆╢ [27]  [28] ⌐ ⇔≡│ ─

╩ ⇔√ ╛ Newton ⌂≥⅜ ≢⅝╢ [28]  [29] √∞⇔ ↓

ὥ
Ὕ

‌ϽὝ
ρ
ςὝ

ὺ ὺ
Ὕ

‌ϽὝ
ρ
ςὝ

ὼ ὼ ‌ὺ ‍

ρ
ςὝ

‌ϽὝ
ρ
ςὝ

ὥ  
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╣╠─ │ ⌐ ∆╢√╘ ⅜ ╩ ≈╟℮⌂ ⌐│ ⌂

≢│⌂™ ⌐ ╢ ⅜№╢ ⌐⅔™≡│

╩ ∆╢↓≤⅜≢⅝⌂™↓≤⅛╠ │╟╡ ∆╢ ∕↓≢ ─

╩ ⌐ ⇔≡ ╩ ∆╢ ⌐╟╢▪ⱪ꜡כ♅╛ ⇔√ ╩

⌐ ↕∑╢ꜝ◓ꜝfi☺ꜙ ↕╠⌐ ─ ─╖⅜ ≢№╢

⌐ ⇔≡│ ╩ ↕∑√ ⌐╟╢▪ꜟ◗ꜞ☼

ⱶ⅜ ↕╣≡™╢ [30] [31] ⇔⅛⇔ ⌂ │ ∑ ╩ ↓∆

─№╢ ∑ ≤⌂╡ ≢ ↑⌂™ ╙⇔ↄ│∕╣ ⌐ ⇔™ NP

⌂ ⌐ ∆╢╟℮⌐⌂╢  

∑ ⌐ ∆╢ │ ≤ ∂ↄ ─╒⅛

⅜ ╦╣ ─ ╩℮╕ↄ ℮↓≤≢ ◘▬☼─ ╕≢│ ╩ ╢↓

≤⅜≢⅝╢ ⇔⅛⇔ ─ ⅜╟ↄ ⅛╠⌂™ ╛ ╩ ⅎ╢ ⌐≈™≡│

╩ ╢↓≤⅜ ≤⌂╡ ⌐ ╢ꜞ☻◒╩ ╠⇔⌂⅜╠╙ ⌂ ≢

⌂ ╩ ╢ ⅜ ≤⌂╢ ⌐ ─ ⌐ ⇔⌂™ │₈ⱷ♃ⱥ

≥₉☻◒▫♥☻ꜞכꜙ ┌╣ ╛ ⅜∕─ ≤⌂╢ ⌐│

♃Ⱪ[32] ♅כ◘כ  [33]  ╛◦Ⱶꜙ꜠כ♬▪ה♪♇▫♥כꜞfi◓ [34]  ⅜№╡ ─ ≢

╙ ⌂▪ꜟ◗ꜞ☼ⱶ≤⌂∫≡™╢ │ ─ ╖╩ ⇔√

─▪ꜟ◗ꜞ☼ⱶ≢ ▪ꜟ◗ꜞ☼ⱶ╩│∂╘≤⇔√ ⅜ ↄ ↕╣≡

™╢ [35] ⌐ →√ ≤ ∑ ─ ╩ ∆╢≤  2-2─╟℮⌐

≢⅝╢  

≢ ℮ │ ≢─ ≤ ─ │№╢ ≢⅝╢

╙── ≤ ─ ⅜ ⌐ ⇔ ∫≡ ╩ √↕⌂™ ⅜

⌐ ∆╢ ⅛╠ ⌂ ⅜ ↕╣╢ ╟∫≡ ⌂≥─

╙ ⅎ╠╣√⅜ ⅜ ╩ ≈ ≤ ∆╢ ─ ⅛╠

∑ ≤≤╠ⅎ╢↓≤⅜ ≤ ⅎ√ ∕↓≢ ∑ ⌐ ∆╢

⌂ ≢№╢ ⌐ ≢ ∆╢ ≤╙ ⅜ ™ GA ╩ ∆╢

↓≤≤⇔√  
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 2-2 ─ ≤ ∑ ─  

 

2.2.1. ▪ꜟ◗ꜞ☼ⱶ 

─ │ ─ ≤ ⅜ ⌐ ⇔ ∫√ ⌐ ╩

≈ ⌂ ⌐⌂╢ ⅜№╢ │ ╩ ≈ ⌐⅔™≡╙

⌐╟╢ ╩ ≢⅝╢ ╩ ∫≡™╢ ⅛╠╙ ⌐ ⇔≡™╢ ↓↓≢│

─ ┘ ≢ ⇔√ ▪ꜟ◗ꜞ☼ⱶ─ ⌐≈™≡ ╣╢  

⌐│ ▪ꜟ◗ꜞ☼ⱶ GA ⌐ ↕╣╢ ╛ ≤ ┌╣╢

⅜№╢ ↓─℮∟ ≤│ ⌂ ⅜ ⇔≡ №╢ ╩ ╖ ∆

─ ╩ ⇔√╙─≢ ∕─ ≢№╢ PSO │ ─ ╣⅜ ─ ╡

⅛╩ ∆╢─╩ ⇔≡ ⌐⅔↑╢ ≤ ─ ⌂ ─ ╩ ⇔⌂⅜

╠ ↄ ∆╢ ≢№╢ [36]  [37]  [38] GA│ ─ ╩ ∆╢√╘

─ ≢№╢ ה ה ≤™∫√ ─ ⅛╠ ╩ √▪ꜟ

◗ꜞ☼ⱶ≢№╢ [17]  [18]  [19] ≢ ₁─ ─ ™ ╩≈⌂→≡↕╠⌐ ™ ∑╩

∑

ⱷ♃ⱥꜙכꜞ
☻♥▫♇◒☻
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╖ ⇔√╡ ≢∕╣╕≢ ⇔≡™⌂⅛∫√ ⇔™ ∑╩ ≈↑√╡⇔⌂⅜╠

⌐ ⌐ ↄ ∆╢ ≢№╢ ≤ ⌐ ─ ╛

⌐ ∆╢ ⅜⌂™ ≢╙ ─ ⅛╠ ╩ ≢⅝╢ ╩

∫≡⅔╡ ⌂ ╩ ℮ ∑ ╛ NP ⌂ ╩ ≈ ⌐╙ ↄ

↕╣≡™╢  2-3⌐│ GA⌐⅔↑╢ ─▬ⱷכ☺╩  2-4⌐│ GA─ ▪ꜟ◗ꜞ

☼ⱶ╩  2-5⌐│ ≤ ─ ╩ ⌐ ⇔√╙─╩ ∆╢  

⌐⅔↑╢ GA─ ⌐ ⇔≡│  [39]  ≢ ⇔ↄ ↕╣≡™╢ ∕─

≢│ Ⱡ♇♩꞉כ◒⌐⅔↑╢ ─  [40]  ╛ ─

─  [41] ◖Ⱶꜙ♬♥▫Ᵽ☻─ ◓fiꜞכꜙ☺◔☻╢↑⅔⌐  [42]  ⌂≥

─ ⅜ ╡ →╠╣≡™╢ ╠╙  [43]  ⌐⅔™≡ ─ ─◖

☻♩ ┘ ─ ⌐ GA ╩ ⇔√ ╩≥─╟℮⌂ ◦♫ꜞ○

≢ ∆╣┌◖☻♩⅜ ⌂ↄ ⅛≈ ⌂ ≢ ╩ ≢⅝╢⅛≤™℮

∑ ⌐ ⇔√╙─≢№╢ ≢ ∫≡™╢ ─ ≢─◖

☻♩ ≤ ⇔√ ╙ ™ ╕√ ╩ ≢⅝╢ ⅜ ≢⅝╣

┌ ⌐ ⅜ ≢№╡ ↕╠⌐ ─ 2.2.2 ≢ ∆╢ ⌐╙ ⇔√

╩ ∆╢↓≤⅛╠ ≢│ GA╩ ∆╢↓≤≤⇔√  

 

 

 2-3 GA ⌐⅔↑╢ ─▬ⱷכ☺ 

 

☻כ◔  

ủ 

 

 
 

⌐  

× 

 

 

× × 
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 2-4 GA ─ ▪ꜟ◗ꜞ☼ⱶ 

 

 

 

 2-5 GA ⌐⅔↑╢ ⌐ ∆╢  

 

─  

 

 

 

 

 

Yes 

No 

 

─

╩

 

 

1 

™  

™  

⇔™ ∑  

  

 

0 1 0 0 0 1 0 1 0 1 0 0 0 0 0 

0 1 0 1 0 1 0 0 

0 1 0 1 0 0 1 1 

™  

0 1 0 1 0 0 1 1 

0 1 0 1 0 1 0 0 

™  

∑ B─  

∑ A─  

∑ E─  ⇔™ ∑ F─  

⇔™ ∑ D─  

⇔™ ∑ C─  
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2.2.2.  

⌐⅔™≡│ ◖☻♩ ⌂≥─ ⌐ ⇔√ ∞↑≢⌂ↄ ∕╣≤│

∆╢ ≤─Ᵽꜝfi☻╛♩꜠כ♪○ⱨ ╩ ⇔⌂⅜╠ ╩ ℮↓≤⅜≢⅝╣┌

╩ ⇔√ ─ ™ ╩ ℮↓≤⌐≈⌂⅜╡ ≢№╢ ↓↓≢│

─ ≤ ─ ⌐ ⅎ ≢ ∫√ ⌐≈™≡ ═╢  

╕∏ ⅜ ≈≢№╢ ─ ≢│ ⌐ (2-3)─╟℮⌐ ↕╣╢

↓↓≢ ─ ╩ ℮ ⌐│ Ὢ●╩ⱴ▬♫☻ ∆╣┌ ™ ╕√ ὢ│

ɱ─ ≢№╡ ™ↄ≈⅛─ ╙⇔ↄ│ ╩ √∆ ⅜ ≤⇔≡

ⅎ╠╣╢↓≤⅜ ™  

(2-3) 

⌐⅔™≡│ ─ ╩ ⌐ ℮↓≤⅛╠ (2-4)─╟℮⌐

≢⅝╢ √∞⇔ ⱬ◒♩ꜟ ╩≤╢ ─ │ (2-5)─ ⌐ ≠™

≡ ∆╢ ╕√ ⌐ ⇔≡│ ─ ╩ ⌐∆╢  

(2-4) 

(2-5) 

↓↓≢ █●Ṋ█◐⅜ ╡ ≈≤⅝ ●│◐╩ ∆╢≤™™ ●╩ ∆╢ ⅜

ὢ⌐ ⇔⌂™ ⌐ ●╩Ɽ꜠כ♩ ≤™℮ ↓─╟℮⌂ │ №╢

─ ╩↕╠⌐ ↄ∆╢√╘⌐│ ─ ─ ╩ ∑↨╢╩ ⌂™╟℮⌂ ≢№╡

⌐ ≈≤│ ╠∏ ⅛╠⌂╢ ≤⌂╢ Ɽ꜠כ♩ │ ─ ⌐ ⇔≡

Ᵽꜝfi☻─≤╣√ ≢№╡ Ɽ꜠כ♩ │ ≢│Ɽ꜠כ♩ⱨ꜡fi♩≤

┌╣╢ Ɽ꜠כ♩ⱨ꜡fi♩╩ ∆╢↓≤≢ ─ ⱨ○♪כ꜠♩╢↑⅔⌐

Ὢ●ᶰὙ ᴼ   

●ɴ ὢṖɱ 

█● Ὢ●ȟȣȟὪ ● ᶰὙ  ᴼ   

●ɴ ὢṖɱ 

█●Ṋ█◐  ᶅ ὭḊ Ὢ●ḶὪ◐ ᷈  ɱὭḊὪ● Ὢ◐  Ὥ ρȟȣȟά  
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─ ╩ ∆╢↓≤⅜≢⅝╢ ≈╕╡ ⌐⅔↑╢ ≤│ Ɽ꜠כ♩ⱨ꜡

fi♩⌐ ∆╢Ɽ꜠כ♩ ╩ ≈↑ ∆↓≤≢№╢  

⌐⅔↑╢ ─ ≢│ ─ ╩ ╖ ⅝ כꜝ◌☻╢╟⌐

≢ ⇔ כꜝ◌☻≈⅛ ⌐⅔↑╢ ╖ ↑╩ ⇔⌂⅜╠ Ɽ꜠כ♩ ╩

∆╢ ⅜ ≢№∫√ ⇔⅛⇔⌂⅜╠ כꜝ◌☻ ⌐╟╢ │  2-6⅛╠╙ ⅛╢

╟℮⌐ ⌐╟╢ ⌐ ⇔ↄ ⌂ ≢─Ɽ꜠כ♩ ╩ ∆╢↓≤⅜ ≢№∫√

⌂⅔ ⌐⅔↑╢ ⇔™ ─ ╩ ≤⇔≡ ⱪ꜡◓ꜝⱵꜟכ◗╢∆

fi◓ [44]  ╙ ─▪ⱪ꜡כ♅─ ≈≢№╢ ↕╠⌐ │↓─ ≢№╣

┌ ™≤∆╢ ≤─ ╩ כꜝ◌☻≡™ ∆╢ ≤⇔≡ ♪כ꜠♩

○ⱨ  [45]  ⌂≥⅜ ↕╣≡™╢  

 

 

כꜝ◌☻ 2-6  ⌐╟╢ ≤  

 

─╟℮⌐ ─ ╩ ⇔≡ ≈└≤≈╩ ∆╢↓≤⌐│ ⅜№

╢√╘ │ GA ─ ⌐ ⇔≡ ─Ɽ꜠כ♩ ╩ ⌐

∆╢ ⅜ ⇔≡⅝√ ⅎ┌ VEGA 1985 MOGA 1993 NSGA  

[46] 1994 SPEA 1999 NSGA-II 2000 SPEA2 [47] 2001 ⌂≥ ₁⌂Ᵽꜞ◄

⅜fiꜛ◦כ ∆╢ [48] ↓─℮∟ SPEA2 │ ≢ ⇔√ ≢№╢

 2-7│  [49]  ⅛╠ ⇔√ SPEA2 ─ ▪ꜟ◗ꜞ☼ⱶ≢№╢ SPEA2 ─

≤⇔≡│ ∕╣╕≢⌐ ≈⅛∫√ ╩ ⌐Ⱪ▬◌כ▪─ ∆╢ ╛ ─ ╩

∆╢√╘─◒ꜝ☻♃ꜞfi◓ה▪ꜟ◗ꜞ☼ⱶ≢№╢ ╡○Ɑ꜠כ♃╩ ∆╢ ╩ →╢↓≤

ƀmin  

1 

ƀ
m

in
 2

 

╖ ⅝ ⌐╟╢ 

כꜝ◌☻  

כꜝ◌☻ ≢│ 

─ ⅜  

 

Ɽ꜠כ♩ⱨ꜡fi♩ 
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⅜≢⅝╢ ∕─ ≢─ ⌂≥╩ ╡ ╣√ SPEA2+ [50]  ╛ ─ ▪

ꜟ◗ꜞ☼ⱶ⌐⅔™≡ ╟╡ ≢Ᵽꜝfi☻─ ╣√ ╩ ∆╢√╘─ ⅜ ↕╣√

SPEA3 [51]  ╙ ↕╣≡™╢⅜ ≤ ─ ↕╩ ⇔≡ │ ∫√ ⌂

⅔ │╙≤╙≤ ≢№╡ ∕─ ╩ ™√ ╙

≢№╢ ⌐ ─ ⌐⅔™≡│ ∕─ ≢ ─Ɽ꜠כ♩ ╩ ╠╣≡™╢

│⌂ↄ ─ ≤│ ⇔≡ ≤ ┌╣╢ [52]  [53] ⌐⅔™≡│ ⌐

⇔⌂™ ⌐│ Ɽ꜠כ♩ │ ≢№╡ Ɽ꜠כ♩ⱨ꜡fi♩╙ ⅛╠

↕╣╢ ⱨ꜡fi♩╩ ∆↓≤≤∆╢  

 

 

β1 ╩ ⌐ ≠™≡ ⌐ ⇔√ ⌐ ∆╢

─ ╩ ∫≡ ╩ ⅝ ⅎ╢ Ɽ꜠כ♩ ─ │ ⌐ 0  

β2 ╡○Ɑ꜠כ♃│ ─ │ ⇔⌂⅜╠ ╙ ╡ ℮ ─ ↕™

⅛╠ ⌐ ∆╢ ╖⌐⌂∫≡™╢ ∕─ ╟╡ ↕╣√ ⅜

╠╣╢  

 2-7 SPEA2 ─ ▪ꜟ◗ꜞ☼ⱶ 

Step 1 ὖ≤ ╩Ⱪὖ▬◌כ▪─ ∆╢ ⌂⅔ ὔ│ ─

ὔ│▪כ◌▬Ⱪ─ ≤∆╢  

Step 2 ≡ ὖ≤ὖ⌐⅔↑╢ ╩ ∆╢β1  

Step 3 ὖ⌐⅔↑╢∆═≡─ ╩ὖ┼◖Ⱨכ⇔ ὖ ≤∆╢ √∞

⇔  ȿὖ ȿ ὔ─ ⌐│ ╡○Ɑ꜠כ♃β2╩ ™≡ὖ ╩ ∆╢

╕√ ȿὖ ȿ ὔ─ ⌐│ ὖ⌐⅔↑╢ ὔ ȿὖ ȿ ╩ὖ ┼◖

Ⱨכ⇔ ὖ ─ ╩ὔ⌐∆╢  

Step 4 ╙⇔ὸ Ὕ╙⇔ↄ│∕─ ─ ⅜ √↕╣√ ὖ ─

─ ⅜ ⌂ ≤⇔≡ ↕╣ │ ∆╢ ∕℮≢⌂↑╣

┌ Step 5┼ ╗  

Step 5 ⱷ▬♥▫fi◓ ὖ ⅛╠Ᵽ▬♫ꜞ♩כ♫ⱷfi♩ ⌐╟∫≡ὔ ─

ὖ ╩ ∆╢  

Step 6 ὖ ⌐ ⇔≡ ≤ ○Ɑ꜠כ♃╩ ∆╢ Step 2┼  
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⌐⅔↑╢ ─ ≤⇔≡│ ─ ⌐ ⇔√

 [54]  ╛ Ⱡ♇♩꞉כ◒─ ⌐ ⇔√  [55]  ⌂≥⅜№╢ │

─ Ɽ♃כfi╩ │ ─ ╩ ≤⇔≡⅔╡ │ ⌂╢⅜

≥∟╠╙ ─ ≤ ╙⇔ↄ│ ─ ⌂≥─ ∆╢ ─ ╩

⌐ ⅔℮≤⇔√╙─≢№╢ ⌐⅔™≡╙ ∟ ─ ⅜ ─

◖☻♩─ ⅜ ─ ≤⌂╢↓≤⅛╠ ⱨ○♪כ꜠♩─ ╩ ≤⇔√

≤ ⅎ╢↓≤⅜≢⅝╢  

 

2.3. ◦Ⱶꜙ꜠כ◦ꜛfi≤ ⌐ ∆╢  

◦Ⱶꜙ꜠כ◦ꜛfi≤ ⌐ ∆╢ ≤⇔≡│ ≤ ⌂╢▪ⱪ꜡כ♅─╙─⅜™

ↄ≈⅛ ∆╢ ↓↓≢│ ▪ⱪ꜡כ♅─ ╩ ∆╢≤≤╙⌐ ╩ ∆╢  

◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢⌐№√∫≡│ ─ ⌐ ∆╢ ─№┬╡ ⇔╛

⌂≥─ ≢№╣┌ ─◦Ⱶꜙ꜠כ◦ꜛfi≤ ⌐╟∫≡╙ ⌂

╩ ╠╣╢ ⇔⅛⇔ Ɽꜝⱷכ♃☻♃♦▫⌂≥⌐⅔™≡ ↕∑√™ ─ ⅜ ™

╛ ╡ ╢ ⅜ ™ ⌐│ ∆═⅝ ∑⅜ ≤⌂╡ ╩ ≈↑ ∆↓≤⅜

≤⌂╢ ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ⇔≡Ɽꜝⱷכ♃╩ ↄ ∆╢√╘─ ─

⌐ ∆╢ ≤⇔≡│ ⅎ┌ ⸗♦ꜟ⅜ ↕╣≡™≡ ⅜ ⌂ ╩

⌐ ╕√│ ≤ ┌╣╢ ⅜№╢

≢│ ◦☻♥ⱶ╩ ∆╢ ≤◦☻♥ⱶ─ ╩ ∆╢ ╩ ∑≡

╩ ⇔≡ ╩ ∆╢ │ ≤⇔≡ ℮ ╕√ ╩ ╘

╢ ⌐│ ╛ Lagrange ⌐╟╢ ⌂≥⅜ ™╠╣╢ [56] [57] ↓

╣╠│ ─ ≤ ⅎ╠╣╢↓≤⅛╠ ⅜ ╩ ≈ ─№

╢ ╛ ∑ ⌐│№╕╡ ⇔≡™⌂™≤™ⅎ╢  

◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ⌐ ∆╢√╘─▪ⱪ꜡כ♅─℮∟ ה

◦Ⱶꜙ꜠כ◦ꜛfi─╟℮⌂ ⌐ ∆╢ ה ╩ ℮ ≤⇔≡│ ⅜

⌐⅔™≡◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ⱨ꜠כⱶ꞉כ◒ ⌐ ∆╢ ╩ ⇔≡™╢ 

[58] ⌂⸗♦ꜟ ꜟ♦⸗♩fi▼☺כ◄ ─ ╘≥╕≡⇔≥fi₉כ♃Ɽהꜟ♦⸗₈╩
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╢≤≤╙⌐ ⸗♦ꜟ⌐ UML Unified Modeling Language  [59]  ╩ ™╢↓≤≢

⌐ ─ ™ⱪꜝ♇♩ⱨ◊כⱶ╩ ∆╢╙─≢№╢ ⇔⅛⇔ UML ⌐╟╢⸗♦ꜞfi◓

│○Ⱪ☺▼◒♩ ╩ ≤⇔⌂™◦☻♥ⱶ ≢│ ⌂ ⌐│ ∫≡⅔╠∏

─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ╩ⱪꜝ♇♩ⱨ◊כⱶ⌐ ⇔≡ ∆╢⌐│ ─ ⅜

≢№╢ ╕√ ╙ ♩♇ⱪ◄☻▬כⱪ꜡☺▼◒♩─ ⌐⅔™≡

◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ⌐ ꜠ⱬꜟ─⸗♦ꜟ ╢№≢ꜟכ♠ Java PathFinder  [60]  ╩

⇔≡ ╩ ∆╢ ◦Ⱶꜙ꜠כ◦ꜛfiⱨ꜠כⱶ꞉כ◒╩ ⇔√ [61] ◦

Ⱶꜙ꜠כ♃╩ ⅛╠ ה ⇔ Ɽꜝⱷכ♃╩ ↕∑╢↓≤≢ ⸗♦ꜟ─

╛ ╩ ∆╢≤™℮╙─≢№╢ ↓↓≢╙ ⸗♦ꜟ⌐UML ╩ ™≡⅔╡

│◦Ⱶꜙ꜠כ◦ꜛfi ⌐ ⇔≡≢│⌂ↄ ⌐ ╦╢ ─╖╩ ╡ ⇔√

◦Ⱶꜙ꜠כ♃⌐ ⇔≡ ∆╢⌂≥ ─√╘─ ╩ ╡ ╣≡™╢⅜ ⌂

╕≢ ∆╢≤ ⌂ ≢ ⌂ ─◘▬☼⌐ ⅜№∫√ ⌂⅔ ה

│ ╩ ™√◦Ⱶꜙ꜠כ◦ꜛfi─ ◦☻♥ⱶS3 Simulation  System╩

⇔≡⅔╡ ⌂ ╙ ↕╣≡™╢ [62] ♁ⱨ♩►▼▪≤⇔≡╙ ⇔≡™

╢⅜ ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ ╛ ╩ ⇔√╕╕ ◦☻♥ⱶ ⌐ ∆╢

↓≤│ ─ ≤ ⅜ ℮  

∕─ ⌐╙ modeFRONTIER  [63]  ╛ Optimus  [64]  ⌂≥ ─ ♁ⱨ♩►▼▪⅜™

≈ↄ⅛ ∆╢ ↓╣╠─♁ⱨ♩│ꜚכ◙⅜ ∆╢ ─◦Ⱶꜙ꜠כ♃≤─ ⌐ ▬

fi♃כⱨ▼▬☻╩ ∆╢↓≤≢ ◦Ⱶꜙ꜠כ♃╩ ⇔⌂⅜╠ ╩ ℮

╖╩ ⇔≡™╢ ▬fi♃כⱨ▼▬☻╩ ∆╢ │№╢⅜ ◦Ⱶꜙ꜠כ♃

─ ╩∕─╕╕ ∆╢↓≤⅜≢⅝╢√╘ ─Ɫכ♪ꜟ│ ™ ╕√ ↓─╟℮⌂♁

ⱨ♩►▼▪─ ≈≢№╢ HEEDS  [65]≢│ ▪ꜟ◗ꜞ☼ⱶ⌐ SHERPA [66]  ≤™℮

╩ ╡ ╣≡™╢ SHERPA │ ≤ ╩ ╖ ╦∑ ⌂™

≢ ╩ ╟℮≤∆╢▪ꜟ◗ꜞ☼ⱶ≢№╢ ─ ≢╙ ╣≡™╢⅜ ™∏╣─

♁ⱨ♩►▼▪╙⅛⌂╡─ ≢№╢↓≤⌐ ⅎ ⌂ ╙ ╗ ≡™≈⌐☻כ◔⌂

◦Ⱶꜙ꜠כ♃∕─╙─≢ ╩ ℮↓≤│ ─ ─ ╩╙∫≡⇔≡╙

⅜№╢  
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─ ≤∕╣∙╣─ ╩  2-2⌐ ∆╢ ↓╣╠─ ╩ ∆╢√╘⌐│

◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢ ⌂ ⌐ ╩ ∑√ ─▪ⱪ꜡כ♅⅜

≢№╢≤ ⅎ╠╣╢  

 

 2-2 ◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ ∑⌐ ∆╢ ≤  

 

ה ה    

ה

 

─ ≢

⸗♦ꜟ⅜ ↕╣≡™≡

⅜ ⌂ ⌐ ⇔≡™╢ 

⅜ ╩ ≈ ─

№╢ ╛ ∑ ⌐

│ ⅝ 

─ ה  ◦Ⱶꜙ꜠כ◦ꜛfi⌐

⇔≡ ה ╩ ℮√╘─

ⱪꜝ♇♩ⱨ◊כⱶ─  

─ ╩ ⇔√╕

╕ ⸗♦ꜟ≢№╢ UML ≢

∆═≡╩⸗♦ꜟ ∆╢─│  

─♩♇ⱪ◄

כ▬☻  

⸗♦ꜟ─ ╛ ╩

∆╢ ◦Ⱶꜙ꜠כ◦

ꜛfiⱨ꜠כⱶ꞉כ◒╩  

⌂ ╕≢ ∆╢≤

⌂ ≢ ⌂

─◘▬☼⌐  

ה ─

 

╩ ™√◦Ⱶꜙ

─fiꜛ◦כ꜠ ◦☻♥ⱶ─

⌂ ⌐╙  

─ ╩ ⇔√╕

╕ ◦☻♥ⱶ ⸗♦ꜟ≢

∆╢─│ ─ ⅜  

─ ♁

ⱨ♩►▼▪ 

◦Ⱶꜙ꜠כ♃╩ ⇔

⌂⅜╠ ─ ▪ꜟ

◗ꜞ☼ⱶ╙  

⌂ ╙ ╗ כ◔⌂

☻╩ ◦Ⱶꜙ꜠כ♃∕─╙─≢

╩ ℮↓≤│  
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2.4. 1.5 ⌐ ∆╢  

─ ⌂ ≢№╢ 1.5 │ ─ ╩ ╡⌂⅜╠ ─

⌐ ∂≡ ─ ™ ⅜≢⅝╢↓≤⅜ ≢№╢ ⇔⅛⇔ ⌐ ╩ ℮⌐№√∫

≡│ ─ ⌂≥─ ⅜ ⌂ ╙№╡ ☻ⱦכ◘╢∆≥ ╩

≢⅝╢⅛≥℮⅛─ ⅜⌂™≤™℮ ⅜№∫√ ∕↓≢ ╩ ∆╢

≤⇔≡ ⅎ┌ ╠ [67]  │ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™≡ ≤ ⅛╠

⌂ 2 ─ ╩ ╘╢ ╩ ⇔ ⅜ ⌂ ─ ╩ ⇔≡

™╢ ◦Ⱶꜙ꜠כ◦ꜛfi≢│ 2 ─ ╩ ↕∑√◔

╩☻כ ⇔≡ ∕╣∙╣─ ≤ ─ ╩ ⇔≡™╢ ∕─ ≢

─ ≢ ☻ⱦכ◘ ╩ ∆╢─⌐ ⌂ 2 ─ ╩ ⇔≡

≤⇔≡╕≤╘≡™╢ ╩ ∆╢ ⌂ ≢№╢⅜ ─ │

≤∆╢↓≤⅜ ╕⇔™≤⇔≡⅔╡ ⌂≥╩ ⇔√ ⌂ ─ │

≤⌂╢  

╕√ ⌐ ⇔√ ─ 1.5 ה ⱴ♬ꜙ▪ꜟ [15]  ─  [68]  

⌐⅔™≡│ ≤─∆╣ ™─ ╩ ⇔√ ╩ ∆╢√╘─ ⅜

↕╣≡™╢ ≢│ ┼─ ≤⇔≡

┘ ─ ╩ →≡⅔╡ ⌐☻כ◔ꜟ♦⸗√⇔ ⇔≡∕

╣∙╣─ ╩ ↕∑⌂⅜╠ ╩ ∫≡™╢ ₁⌂Ɽ♃כfi⅜ ↕╣≡™≡

⌂ ≢№╢⅜ ─ 1.5 ⅜ ↕╣╢ │ ─ ⅜ ⌐ ⌂

™ ≤⌂╢√╘ ⌂ ─ ⌐≈™≡│ ─∆╣ ™╩ ⇔√

⌂ │ ╦╣≡™⌂™ ⇔⅛⇔⌂⅜╠ ⌐ ╦╢ ╩ ⇔√ ⌐│

⅜ ╟╡╙⅛⌂╡ ↄ⌂╢↓≤⅜ ↕╣╢ ↓─↓≤⅛╠ ⌐╟

╢ ─ ─╖⌂╠∏ ⌐ ⇔≡╙ ─ ⌐ ∫√ ≢№╢

⅛ ⅛╩ ≢⅝╢↓≤⅜ ≤⌂╢  

⅛╠ ⌂≥ ─ ╩ ⇔√ ⌂ ─ ⅜ ≢

⌐ ∆╢ ⌐╙ ⇔√ ─ ╩ ℮⌐ ∫√  
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3  ≤ ⌐ ∆╢ ─  

3.1. ─  

↓─ ≢│ ─⅛⅛╢ ◦Ⱶꜙ꜠כ◦ꜛfi─ ≤⇔≡ ─  1-3─ (d) 

⌐ ⇔√ ╩ ∆╢ ↓↓≢ ◦Ⱶꜙ꜠כ◦ꜛfi≢│ ╩

≤∆╢─⌐ ⇔≡ ≢│ ╩ ≤ ╩ ⇔√ ≢ ∕╣∙╣─

⌐ ∆╢ ╩ ⌡ ╦∑╢↓≤≢ ╩ ∆╢ ─ │

⌐ ⇔≡ ≢ ∆╢ ∟ ╩ ⇔ ─ ∟ │ ─ ╩ ∆

╢ ─ ≢│ ⌐ ∆╢ ∟ ─ ↕╩ ⇔

─ ⅜ ≢⅝╢ ↕⅛≥℮⅛╩ ∆╢  3-1│ ◦Ⱶꜙ꜠כ◦ꜛfi≤

⅜≥─╟℮⌂ ⌐№╢⅛╩ ⇔√╙─≢№╢ ⌂⅔ ≤ │ ⌐ ⌐

↕╣╢  

 

 

 3-1 ◦Ⱶꜙ꜠כ◦ꜛfi≤ ─  

₈ ◦Ⱶꜙ꜠כ◦ꜛfi₉│ ⅜  

 

 

  
 

 

≤ │ ⌐ ↕╣╢  

₈ ₉│ ≤ ╩ ⌐  

─ ⌐ ∆╢ ∟  

 ─ ∟ │ ─  

─ ⌐ ∆╢ ∟ ─ ↕ 

 ─ ⅜ ≢⅝╢ ↕  
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↓↓≢ ╩ ∆╢√╘─ ╩ ⌐ ∆╢  

 

ᵑ ─ ─♃▬ⱶꜝ◓╩ ∆╢⌂≥ ⸗♦ꜟ⌐╟╢ ╩ ⌐

⇔≡™╢↓≤ 

ᵒ ⌐ ∂≡∆╣ ™⅜ ⌂ ─ ∑⅜ ⌂╢↓≤⅛╠ ≤

─ ⌐ ⇔√ ╖≢№╢↓≤ 

ᵓ ⌂◔כ☻⌐ ∫√ ⌐⌂╠⌂™╟℮⌐ ─ ⌐ ╩ ⇔≡

™╢↓≤ 

ᵔ ≤ ─ ⌐≈™≡ ⌂ ─ ⌐ ⇔≡ ≤

≢ ≢⅝╢↓≤ 

 

≢│ ↓╣╠─ ⌐ ⇔√ ─ ⌐≈™≡ ═╢↓≤⌐∆╢  

 

3.1.1. ∆╣ ™ ⌂ ─ ∑≤  

╩ ∆╢⌐№√∫≡ ╕∏│∆╣ ™⌐ ⌂ ⌐≈™≡ ⅎ╢

─ │ ₈ ─ ≤ ₉ [14]  ⌐ ⇔≡ ─ ↕≢ ⇔√ ╕√ ◌

♇◖ │ ≢─ ≢№╢  

 

V 1.7m 1.9m  

V ♄fiⱪ◌כ Ᵽ☻ 2.5m 3.3m  

 

↕╠⌐ ╛ ╩ ℮╟℮⌂∆╣ ™─ ╩ ∆╢√╘ ∆╣ ™ │

≤─ ╩ 0.5m ─ ╩ 0.25m ∆╢↓≤≢∆╣ ™─ ╩

∆╢↓≤≤⇔√  3-2│ ∆╣ ™⌐ ⌂ ╩ ⇔√╙─≢№╢  
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 3-2 ∆╣ ™⌐ ⌂  

 

↓↓≢ ⅜ ≈ ─∆╣ ™⌐ ∆╢ ╩

≤ ⌐ ∂≡ ∆╢≤  3-1 ─╟℮⌐ ∆╢↓≤⅜≢⅝╢  1-3

─ (a) ≤ (b) ⌐⅔↑╢ ─ ≤⌂╢╙─≢№╢ ⌂⅔ ⇔⅜ ↄ ╛Ⱶꜝכ

⌐╟∫≡ ─ ⅜ ⌂ ∆╣ ™ ⌐ ⇔≡│ ⌂

╩ ⇔≡ ╢ ╡ ∆╣ ™ ⌐ ∆╢↓≤╩ ≤⇔√ ≈

╕╡ ─ ⌐⅔™≡│ ♪ꜝ▬Ᵽכ│ ─ ╩ ≢⅝╢╙─≤

ⅎ╢ ╕√ ⅜  3-1─ ⌐ ™ ™ ≢ ∆╣ ™ ─

⅜ ↕╣╢ ⌐│ ≢ ∆╢ ─ ╩ ╟╡╙ ↄ ∆╢↓≤

⌐╟∫≡ ∆╢  

⌂⅔ │ ⌐ ⅜ ⌂₈ ₉─╒⅛⌐₈ ₉₈ ₉₈ ₉╩ ⅎ√ 4

≤⌂╢⅜ ⅜ ⌂╢≤ ∆═⅝ ─ ╙ ∆╢ ⅎ┌

∞↑⅜∆╣ ™≢⅝⌂™ ₈ ₉⌐⅔™≡│ ─ │ ─

⅜ ⌐ ∆╢↓≤╩ ⇔⌂™─≢ ∕─ ─ │ ∆╢ ⅜⌂™

≢╙∆╣ ™⅜ ≤⌂╢ ₈ ₉≢│ ה ∆═≡─

╩ ⇔⌂ↄ≡│⌂╠⌂™ ≤ ─∆╣ ™⅜≢⅝⌂™ ─╖⅜∆╣

™≢⅝╢ ₈ ₉⌐ ⇔≡│ ∆═⅝ ─ ╩ ⇔≡

℮↓≤⅜≢⅝╢ ─ ─ ≢│ ≤ ─ 2 ─ ╩ ╡

℮─≢ ⅜ ≢№╢ ⌂ │ 3.1.5≢ ∆╢  

 

0.25m 0.5m 0.25m 

≤─ 

 
  

∆╣ ™⌐ ⌂  
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 3-1 ∆╣ ™ ⌂ ─ ∑≤  

 

β1 

─ ∑β2 
 

 
 

 

≤ 

 

 

 

6.0m  
ủ ủ ủ  

7.6m  

5.2 6.0m 
× ủ ủ  

6.2 7.6m 

4.4 5.2m 
× × ủ  

4.8 6.2m 

4.4m  
× × ×  

4.8m  

β1  

β2 ủ ∆╣ ™ × ∆╣ ™  

 

3.1.2. ─  

─ │ ⅜ ⌂™ ⌐│ ⱳ▪♁fi ⌐ ™

⅜ ↄ ─ ⅜ ╦╣╢≤ ⅛╠ ↕╣╢ ⅜ⱳ▪♁fi ╩ ∆▪

fiꜝכ ⌐ ℮≤↕╣╢ [69]⅜ ╟╡ ╩ ∆╢√╘⌐ ─ 4 ─ ╩

∆╢  

 

V ▪כꜝfi  

V ▪כꜝfi ⌐⅔↑╢ Ὧ ρ  

V ▪כꜝfi ⌐⅔↑╢ ὯO Њ  

V  
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╕√  3-3─╟℮⌐ Ὢὼ⌐ ⅎ 1 №√╡─ ὔ╛ ─

ὍὉ σφππȾὔ Ὢὼ─ Ὂὼ ╕√∕─ Ὂ ὴ⅛╠ ⇔√Ɽ

♩fi☿כ ╩ ™≡ ─ ⌐ ∆╢ ╩ ℮↓≤≤∆╢  3-2  3-4

⌐│ ⌐ ∆╢ ╩ ∆╢ ↓↓≢ ‘│ ─ ὍὉ▪כꜝfi

⌐⅔↑╢ Ὧ│ ↕╣╢ ─ ─ʎ│ ≤∆╢  

 

 

 

 3-3 ⌐ ∆╢ ▬ⱷכ☺ 

 

 3-2 ⌐ ∆╢ ∕─ 1  

 

   

 

 
Ὢὼ

ρ

‘
Ὡ ϳ  

ὼ πȟ‘ π 

 Ὂὼ ρ Ὡ ϳ  

Ɽכ☿fi♩  
Ὂ ὴ ‘ÌÏÇρ ὴ 

π ὴ ρȟ‘ π 

 

ὴ πȢω 

ρ ὴ πȢρ 

ὍὉ σφππὔϳ  

Ὢὼ 

Ɽכ☿fi♩ Ὂ ὴ 

Ὂὼ Ὢὼ─  
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 3-3 ⌐ ∆╢ ∕─ 2  

 

   

fiꜝכ▪  

 
Ὢὼ

ὼ Ὡ ϳ

‘ Ὧ ρȦ
 

ὼ πȟὯᶰᴓ πȟ‘ π 

 Ὂὼ ρ
ὼ‘ϳ

ὭȦ
Ὡ ϳ  

Ɽכ☿fi♩  
Ὧ π⌐ ↕╣√ 

●fiⱴ ╩  

 

●fiⱴ  

 
Ὢὼ ὼ

Ὡ ϳ

ῲὯ‘
 

ὼ πȟὯ πȟ‘ π 

 

Ὂὼ
‎Ὧȟὼ‘ϳ

ῲὯ
 

‎‌ȟὼ ὸ Ὡ Ὠὸ 

ῲ‌ ὸ Ὡ Ὠὸ 

Ɽכ☿fi♩  
⌐│ Newton ⌂≥─ 

▪ⱪ꜡כ♅⌐≡  

 

  
Ὢὼ ρ ὼ ‘

Ὢὼ π ὼ ‘
 

  
Ὂὼ π ὼ ‘

Ὂὼ ρ ὼ ‘
 

Ɽכ☿fi♩  
Ὂ ὴ ‘ 

π ὴ ρȟ‘ π 
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 3-4 ⌐ ∆╢ ∕─ 3  

 

   

 

 
Ὢὼ

ρ

Ѝς“„
Ὡ  

„ π 

 

Ὂὼ
ρ

ς
ρ ÅÒÆ

ὼ ‘

Ѝς„
 

ÅÒÆὼ
ς

Ѝ“
Ὡ Ὠὸ 

Ɽכ☿fi♩  
⌐│ Newton ⌂≥─ 

▪ⱪ꜡כ♅⌐≡  

 

3.1.3. ─ ∟ ─  

╩ ∆╢ ≤⇔≡ ╛ ∟ ⅜ ⅎ╠╣╢

⌐⅔↑╢ ╛ │ ─ ╩ ≤∆╣┌ ∟ ⅛╠ ≢№

╡ ─ ⅝↕⅜ ⌂ ≤⇔≡ ⇔╛∆ↄ ╙ ⇔╛∆™↓≤⅛╠

≢│ ∟ ╩ ≤⇔≡ ℮↓≤≤⇔√ ╕√ ─ ⅛╠ ∟

╙ ⌐ ∆╢√╘ ≤ ─ 2 ─ ╩ ╘╢↓≤≤⇔√  3-4 ⌐│

─ ⌂Ɽꜝⱷכ♃╩ ⇔≡⅔ↄ  

↓↓≢ ─ 1 №√╡─ ὝὭ ρȟς│ (3-1)≢ ∆╢↓≤⅜≢⅝╢

╩ ↄ ╕√ ὰ⌐≈™≡│ (3-2)─╟℮⌐ ─ ὰ≤

─ ὰ╩ ≢ ⇔√ ╩ ™╢  

(3-1) Ὕ
ὒ Ὠ ς ὰ

ὺ
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(3-2) 

╕∏ 1⅛╠ ⌐ ⇔√ ⅜ 2⅛╠ ╢ ─ ╩ ≈

╩ ⅎ╢ 1─ ⅜ ⌐ ∆╢√╘⌐│ 2⅛╠ ╢ ─

┼─ ⅜ 2 ─ Ὕ╩ ⅎ⌂↑╣┌⌂╠⌂™ ∕↓≢ ─

ὍὉ σφππὔ ὔϳ ╩ ≤⇔√ Ὂ⅛╠ ⅜Ὕ ≤⌂╢ 

 

 

 

 3-4 ─ Ɽꜝⱷכ♃ 

 

ὰ
ὔ ὰ ὔ ὰ

ὔ ὔ
 

1 2 

ὪȟὊ 

 

ὔ  

ὔ ὔ  

ὪȟὊ 

 

ὔ  

ὔ ὔ  

Ὕ  

ὲ 

ὲ 

ὒ  Ὠ 

ὰ Ὣί 
 

Ὠ ὰ Ὣὶ 

Ὕ  

ὒ   m  
ὝȟὝ   
ὔȟὔ   /h 
ὔȟὔ   /h 
ὔ ȟὔ   ⌐ ∂√ /h 
ὲ  1  
ὲ  2  

ὪȟὪ   
ὊȟὊ   
ὰȟὰ  m  
ὫÓ  m  2 m 
Ὣὶ  m  15 m 
Ὠ  m  5 m 
ὺ  m/s 4.2 m/s15 km/h 
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ὴ Ὂ Ὕ ╩ ╘╢ ↓↓≢ ─ ⌐│ ⌐ ∂√

ὔ ╩ ™╢↓≤⌐ ∆╢ ↓─≤⅝ ὲ ⅜ ⇔≡ὲ ρ ─ ⅜Ὕ

╩ ⅎ╢ ─ │ὴ ρ ὴ ≤⌂╢ ╕√ ∕─ ─ │ὲ ÍÉÎὝȟὍὉ≢

№╢─≢ 1─ ─ ∟ │ (3-3)≢ ∆↓≤⅜≢⅝╢  

(3-3) 

↓─ │ ρ ρ ὴϳ ⌐ 1 ─ ≢ ⌂ ⅜ ↄ≤⇔≡ρ ρ ὴϳ ρ

ὴ ρ ὴϳ ⅜ ∆╢ ≢№╢≤╙ ⅎ╢↓≤⅜≢⅝╢ ∟ ─

▬ⱷכ☺╩  3-5⌐ ∆  

 

 

 

 3-5 ─ ∟ ─  

 

⌐ ↓─ὡ ╩ ™≡ ∟ ╩ ∆╢ ὡ ─ ⌐ 1─ ⅜ὲ ╕╢≤

⇔√ │ὡ ὲϳ ≢№╡ ─ ∟ │ ⅛╠ ∆╢ ≢№╢╒

≥ὡ ὲϳ ∏≈ ⌂ↄ⌂╢≤ ⅎ╠╣╢─≢ ∟ ─ │ὡ ὲϳ ὲ ὲ ρ ςϳ≤⌂

╢ ╕√ ⅜ ⅝ ⇔≡⅛╠ 2 ─ ⅜ ⅝ ∆╕≢─♃▬ⱶꜝ◓│

⅜ ⌐ ⅜╢╕≢─ ≢№╢√╘ ∕─ ╙ ⇔≡ ⇔ ╦∑╢≤

∟ ─ │ὡ ὲ ὡ ὲϳ ὲ ὲ ρ ςϳ Ὣὶ ὫίȾὺ ὲ ρ ὲ ςϳ≤⌂╢

⌐ 2─ ⅜ ⌐ ∆╢╕≢─ 1─ │ ─

≤ ⌐ ὍὉ σφππὔ ὔϳ ╩ ≤⇔√ Ὂ ⅜Ὕ ≤⌂╢

ὡ ὴ ρ ὴ ὲ ÍÉÎὝȟὍὉ
ὴ

ρ ὴ
ÍÉÎὝȟὍὉ 

1 2 

Ὕ  

Ὕ  ─ ∟ ὡ  Ὕ  Ὕ  Ὕ  

ρ ρ ὴϳ  
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ὴ Ὂ Ὕ ⅛╠ ὅ ὴ ρ ὴϳ ≤ ∆↓≤⅜≢⅝╢ ↓↓≢ ὍὉ─ ⌐ ™╢

│ ─ ὔ≢№╢ ⌐ ὲ ⅜ ⇔≡™╢↓≤╩ ∆╣┌

│ὲ ≤⌂╢ὅ─ ⌐⌂╢ ⌂⅔ ⅜ ⅝ ⇔≡⅛╠ ⅜ ⅝ ∆

╕≢─♃▬ⱶꜝ◓╙ ⇔≡ ∕─ ⌐ ∆╢ Ўὲ Ὣὶ ὫίȾὺ ὲ ρ ὍὉϳ

╩ ∆╢ ╕√ ⌐ ∂≡ ⇔√ Ўὅ ὔ ὔ Ⱦὔ │ 2 ⅜

┼─ ╩ ⇔≡╙ ≢№╢ ⅛╠ ⌐⅔↑╢ ≤⌂╢

ὅ ὲ ≤ ∟ ὡ ὲ │ (3-4)≤ (3-5)≢ ∆↓≤⅜≢⅝╢ ↓↓≢ÃÅÉÌÉÎÇ

│ ╩ ⌐ ╡ →╢ ≢№╢ ╕√ ∟ ─ ─

╩  3-6⌐ ∆  

(3-4) 

(3-5) 

 

 

 

 3-6 ∟ ─ ─  

 

ὅ ὲ Ὦ ὅ Ўὅ  ίȢὸȢ  Ὦ ÃÅÉÌÉÎÇὲ Ўὲ ὅϳ  

ὡ ὲ ὡ ὲ ὅ ὲϳ  

1 2 

Ὕ  

─ ∟ ὡ  Ὕ  Ὕ  Ὕ  

ὅ─  

ὲ  

ὡ ὲϳ  

ὡ ὲ  

↕╠⌐  

Ўὅ ╙  

Ўὲ  

ὅ ὲ  

ὫὶὫί

ὺ
 

ὲ ρ ὲ ςϳ  

Ὣί 

Ὣὶ Ὣὶ 

Ὣί 

♃▬ⱶꜝ◓╩ ╗ 
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ὲ ⅜ ∆╢ │ Ὢ╩ὲ ⇔ ╦∑√ ╖ ╖ Ὣȟ ─

Ὃȟ ╩ ™≡ ὴ ὲ Ὃȟ ὡ Ὃȟ ὡ ≤ ⅎ╢↓≤⅜≢⅝╢ ↓↓≢ ὲ ρ

─ ⅜ὡ ≤⌂╣┌ ∕─℮∟─ὲ ─ ╙ὡ ≢№╢─≢

ὴ ὲ │ 0 ≢№╢ ╕√ │ ─ ≢№╢ ὰ Ὣὶὺϳ╟╡╙

↕ↄ⌂╢↓≤│⌂™─≢ ὲ─ │ὅ ὡ ὺ ὰ Ὣὶϳ ≤⌂╢ ╟∫≡ ─

∟ ὡ │ ὴ ὲ ╩ ⇔√ ≢ὡ ὲ ≤─ ─ ╩ ∫√ (3-6)≢ ⅎ╠╣╢  

(3-6) 

™≡ ∟ ╩ ⅎ╢ ⅜Ὕ ─ ╩ ↑∏⌐ Ὧ ∆╢

│ ─ 1 ╩ ™≡ ρ ὴ ≤⌂╢ ↓─ ⅜Ὕ ─ ╩ ↑≡ ∆╢

ὴ ⌐⌂∫√≤⅝─Ὧ⅜ ─ ≤ ⅎ╠╣╢ ╟∫≡ ρ ὴ

ὴ╩Ὧ≢ ⅝ Ὧ ÌÏÇὴȾÌÏÇρ ὴ ρ╩ ╢ 1─ ∟ │Ὧ ─ ─

⌐ ∆╢⅜ ∕─ ⅜Ὕ ⌐⌂╢ ⅜ 0 ≢⌂™ ⌐│

⅜ ↄ⌂╣┌⌂╢╒≥ ∟ ╙ ⌐ ↄ⌂╢ ∕↓≢ 2 ─ Ὢ╩Ὧ

⇔ ╦∑√ ╖ ╖ Ὣȟ╩ ⅎ ↕╠⌐ ╩ ─Ⱨכ◒ Ὕ⌐ ⇔

≡ ∕─ ≢─ ╩ ⅎ╢ Ὧ ─ ⅜Ὕ ⌐ ∆╢ │ά

ὔ ὔ Ὧϳ Ὕ σφππϳ ≢№╡ Ὣȟ─ ╩Ὃȟ≤∆╢≤ ά ─

─ │ ά ⅜ ⅝ↄ⌂╢≤ ≢№╢Ὃȟ ρ ράϳ ⌐ ∆╢ [70]

─ │ ≤ ⌂╢⅜ ≢│ ≤⇔≡─ ╩ ∆╢

⅛╠ ╩ ∟ ─ ≤⇔≡ ∆╢ ∫≡ ∟ ὡ │

(3-7)⌐≡ ∆╢↓≤⅜≢⅝╢ ∟ ⌐⅔↑╢ ─ ▬ⱷכ☺

╩  3-7⌐ ∆  

(3-7) 

2 ⌐ ⇔≡╙ 1 ≤ 2 ─ ⅎ ╩ ⇔≡ ⌐ ≢⅝╢ ╟∫≡ ∟

ὡ ⌐≈™≡│ ⌐ ∂√ (3-8) ╩ ∟ ὡ ⌐≈™≡│≥∟╠⅛

⅝™ ─ (3-9) ╩ ∆╢↓≤≢ ⌐ ∆╢ ╩ ∆╢  

ὡ ὴ ὲ ὡ ὲ ὴ ὲ  

ὡ ÍÉÎὋȟ ρ ράϳ ȟὯ Ὕ  
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 3-7 ∟ ⌐⅔↑╢ ─  

 

(3-8) 

(3-9) 

 

3.1.4. ─ ─  

≢│ ∟ ╩ ≤⇔√⅜ ⌐ ⇔≡│ ∟ ─ ⌐ ∆

╢ ─ ≤ ⌂ ⅜ ≤⌂╢ │∂╘⌐ ⌐ ⌂ ╩

∆╢ ⌐≈™≡ ⅎ╢  3-8⌐│ ─ Ɽꜝⱷכ♃╩ ∆╢  

╕∏ 3.1.3≤ ⌐ ὡ ─ ⌐ 1─ ⅜ὲ ╕∫√ ╩ ⅎ╢ ⅛╠

√ ─ ∟ │ ⅛╠ ∆╢ ╒≥ ⅎ≡™ↄ↓≤⅛╠ ⌐ ↕╣╢

╕√ ὲ ─ ⅜ ⅝ ∆╕≢─♃▬ⱶꜝ◓─ ⌐ ∆╢ │Ўὲ≢№∫√

─≢ ὲ ─ ∟ ὅ ὲ ≤ ὒ ὲ │ (3-10) ┘

(3-11)⌐≡ ∆╢↓≤⅜≢⅝╢  

(3-10) 

Ὕ  Ὕ  Ὕ  

Ὧ 

Ὕ  

─ ⅜ ╖ ╖ ⌐ ℮ 2 

ὡ
ὔ ὔ ὡ ὔ ὔ ὡ

ὔ ὔ ὔ ὔ
 

ὡ ÍÁØὡ ȟὡ  

ὅ ὲ
ὲ Ўὲ ὲ Ўὲ ρ

ς ὅ ὲ
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 3-8 ─ Ɽꜝⱷכ♃ 

 

(3-11) 

⅛╠ ∟ ≤ ὲ ⅜ ∆╢ ≤ ↑ ╦∑≡ ╩≤╢↓≤⌐╟∫

≡ ─ ∟ ὅ≤ ὒ╩ (3-12) ┘ (3-13)≢ ∆╢↓≤

⅜≢⅝╢  

(3-12) 

(3-13) 

ὒ   m  
ὝȟὝ   
ὒȟὒ  m  
ὲȟὲ   

ὔȟὔ   /h 
ὔȟὔ   /h 
Ὣί  m  2 m 
Ὠ  m  5 m 

1 2 

 

ὔ  

ὔ  

 

ὔ  

ὔ  

Ὕ ρ ὲ  

ὲ  

ὒ  

Ὠ Ὠ 

 

ὒ 1 

Ὕ ς 

ὒ ς 

 

Ὣί 

ὒ ὲ ὰ ὅ ὲ Ὣί ὅ ὲ ρ 

ὅ ὴ ὲ ὅ ὲ ὴ ὲ  

ὒ ὴ ὲ ὒ ὲ ὴ ὲ  
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™≡ ∟ ≢№╢⅜ ╕∏│ ∟ ─ ⌐ 1 ⌐ ∆╢ Ὧ╩

∆╢ ─ ὡ │ ╩ ™≡ ⇔√⅜ ⌐ ⇔≡│╟╡

╕∫≡ ∆╢ ╩ ⇔≡ ╩ ℮↓≤≤∆╢ ≤ ⌐

1 ─ Ὢ╩Ὧ ⇔ ╦∑√ ╖ ╖ Ὣȟ╩ ⅎ ↕╠⌐ ╩

─Ⱨכ◒ Ὕ⌐ ⇔≡∕─ ≢─ ╩ ⅎ╢ Ὧ ─ ⅜Ὕ ⌐

∆╢ │ά ὔ ὔ Ὧϳ Ὕ σφππϳ ≢№╡ Ὣȟ─ ╩Ὃȟ≤∆╢≤ ά

─ ─ │ ≢№╢Ὃȟ ράϳ ⌐ ∆╢ [70] √∞⇔

Ὧ│↓─ ≢ ≢№╢⅜ Ὃȟ ράϳ │Ὧ⌐ ⇔≡ ≢№╢√╘

∟ ὅ │ (3-14)≢ ∆╢↓≤⅜ ≢№╢  

(3-14) 

↕ ╠ ⌐ ─ ⅜ ⅝ ∆ ╕ ≢ ─ ♃ ▬ ⱶ ꜝ ◓ ╩ ⇔ ≡ Ўὅ

ὅ ρ Ὣὶ Ὣί ὺ ὍὉϳ ╩ ⅎ╣┌ ∟ ὅ ≤ ὒ╩

(3-15) ┘ (3-16)≢ ∆╢↓≤⅜≢⅝╢  

(3-15) 

(3-16) 

⌐ 2⌐ ⇔≡╙ ⅎ ─ 1≤ 2╩ ╣ ⅎ≡ ⌐ ⇔ ∟ ὅ≤

ὒ⌐≈™≡│ ⌐ ∂√ (3-17) (3-18) ∟

ὅ ≤ ὒ⌐≈™≡│≥∟╠⅛ ⅝™ ─ ╩ (3-19) (3-20) ∆╢↓

≤≢ ─ ╩ ∆╢  

(3-17) 

(3-18) 

ὅ ÍÁØὯ  ίȢὸȢ  Ὃȟ ράϳ ὡ  

ὅ ὅ Ўὅ  

ὒ ὰ ὅ Ὣί ὅ ρ 

ὅ
ὔ ὔ ὅ ὔ ὔ ὅ

ὔ ὔ ὔ ὔ
 

ὒ
ὔ ὔ ὒ ὔ ὔ ὒ

ὔ ὔ ὔ ὔ
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(3-19) 

(3-20) 

 

3.1.5. ⌐ ∂≡ ∆═⅝  

3.1.1≢ ╣√≤⅔╡ ⌐ ∂≡ ∆═⅝ ─ │ ∆╢ ⌐

─╖⅜∆╣ ™≢⅝╢ ₈ ₉⌐≈™≡│ ─ ⌐╟∫≡╙

⅜ ⌂╢ 1 ⅛╠ ╢ ⅜ 2 ⅛╠ ╢ ≤ ℮ │ 1╩ ⌐∕╣

∙╣⅜ ╩ ╡ ↑╢─⌐ ∆╢ ⌐ ∆╢ ╩ ↑ ╦∑√ ≈╕╡

ÍÉÎρȟὔ ὝȾσφππὔ ὝȾσφππ≢ ⅎ╠╣╢ ╟∫≡ ↓─ ⌐ ─ ╩

↑√ ⅜ ⅜₈ ₉─ ⌐ ∆═⅝ ≤⌂╢  3-5⌐ ⌐

⇔√ ─ ╩ ∆╢  

 

 3-5 ∆═⅝  

 

 ∆═⅝  

₈ ₉ 

─╖ 

∆╣ ™  

ὔ π 

₈ ₉ 

─╖ 

∆╣ ™  

ὔ ὔ ÍÉÎρȟὔ
Ὕ

σφππ
ὔ

Ὕ

σφππ
 

₈ ₉ 

╙ 

∆╣ ™  

ὔ ὔ  

 

ὅ ÍÁØὅ ȟὅ  

ὒ ÍÁØὒȟὒ  
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3.2. ≤ ◦Ⱶꜙ꜠כ◦ꜛfi≤─  

≤ ─ ─ ╩ ∆╢√╘ 2,000m─ ─ ⌐

╩ 1 ⅛ ∞↑ ↑√ ⸗♦ꜟ╩ ⇔≡ ◦Ⱶꜙ꜠כ◦ꜛfi≤─ ╩

∫√ ─ │ ─ ╩ ™√ ⅜ ⌂ ≢╙№╢√╘ ─ ◦

Ⱶꜙ꜠כ◦ꜛfi─ ╩ ≤⇔≡ ∕─ ≤─ ⌐╟∫≡ ╩ ⇔√ ╕√

⸗♦ꜟ│ ≢ ∆╢⅜ ⌐╟╢ ╩ ∆╢↓≤≢ ─ ╙

∆╢ ◦Ⱶꜙ꜠כ◦ꜛfi◦☻♥ⱶ⌐│ ∆╣ ™꜡☺♇◒─ ╖⅜ ≢№╡

 [69]  ⌐⅔↑╢ ╩ ╖≢№╢₈REST₉╩ ™√ ◦Ⱶꜙ꜠כ◦ꜛfi ─

╩  3-9⌐ ╖ ╪∞∆╣ ™꜡☺♇◒─ ⱨ꜡כ╩  3-10 ⌐ ™√Ɽ

ꜝⱷכ♃╩  3-6 ⌐ ∆ ↓↓≢ │ ≤ ─ ╩ 60 /h ≤⇔

≡ ─ ╩ 10 ╖≢ ↕∑√ ╕√ ╩ ⇔≡ 60 ∆═≡⅜

╙☻כ◔─ ⇔√ ⌐≈™≡│ 200m⅛╠ 600m╩ 50m ≢ ↕∑

√ ╙ 3 ∆═≡ ⇔√─≢ ☻כ◔ │ 7×9×3 ╢⌂≥☻כ◔189 ╕√

⌐│ ╩ ⇔ ╖ ╖ ⌐│ ╙⇔ↄ│ ╩ ≤∆

fiꜝכ▪╢ ╩ ™≡ ⇔√ ⌂⅔ ◦Ⱶꜙ꜠כ◦ꜛfi≢│ ╩ ⇔≡™╢

↓≤⅛╠ ≢─ ─ ⌐⅔™≡╙ ╩ ⇔√ ╩ ∫√ ◦Ⱶꜙ

fiꜛ◦כ꜠ │ ─ ╩ ∆╢ ─ ╩ ☻כ◔ 100 ∏≈ ⅎ

≡ ⇔ ∟ ≤ ─ ≤ ─ ─ ╩ ⇔√ ╕√

─Ⱨכ◒ ╩ 1 ≤∆╢√╘ 1 ─◦Ⱶꜙ꜠כ◦ꜛfi≢ ∆╢ ╩ 1

15 ≤⇔≡ ∕─℮∟ ╘─ 15 │ ≤ ⅎ≡ ⅛╠ ⇔√  

 3-7│ ◦Ⱶꜙ꜠כ◦ꜛfi ─℮∟ ⅜ 200m ≡™≈⌐☻כ◔─ ∟

⌐ ∆╢ ╩╕≤╘√╙─≢№╢ ≤⇔≡│ ↔≤─ ⌐

∆╢ ≤ ⌐ ∆╢ ↕╠⌐ ⌐ ∆╢ ╩ ⇔√ ↓↓≢ ₈

─ ₉≤│ ↔≤─ ─ ≢№╡ ⌐╟∫≡ ⅜ ⌂╢↓≤⅛

╠ ₈ ─ ₉≤│ ⅜ ⌂∫≡™╢ ₈ ─ ₉╙ ↔≤─

─ ≢№╢⅜ №ↄ╕≢╙ ≢№╢↓≤⅛╠₈ ─ ₉≤ ∏ ∆╢

╕√ ₈ ─ ₉│₈ ─ ─ ─ ₉⌐╟∫≡
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⇔√╙─≢№╡ ⅜ ⌐ ⇔≡≥─ ─ ╩ ∫≡™╢⅛╩

⇔ ╢ ≤⇔≡™╢  

 

 

 3-9 ◦Ⱶꜙ꜠כ◦ꜛfi ─  

 

 

 3-10 ∆╣ ™꜡☺♇◒─ ⱨ꜡כ 

 

 

╩ ≈ ─  

⌐│ ╩  

1 2 

   

⌐ №╡  

⌐ ∂√ ќa1 

─  

─√╘─ ќa2 

─  

⌐ №╡  

∆╣ ™ ⌂ ∑  

min(a1,a2)╩ ⌐  

a1╩ ⌐  

⌂⇔ 

№╡ 

⌂⇔ 

№╡ 

∆╣ ™  

∆╣ ™  



42 3  ≤ ⌐ ∆╢ ─  

 

 3-6 ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ™√Ɽꜝⱷכ♃  

 

Ɽꜝⱷכ♃   

ὰ  8 m 

ὰ  5 m 

ὔ   0 60 /h 

ὔ   60 ὔ  /h 

ὺ  15 km/h  

  3 km/h/s  

ὫÓ  2 m 

Ὣὶ  15 m 

ὒ   200 600 m 

Ὠ  5 m 

 ─   

 

⅜ 0 /h─◔כ☻≢│ ─╖⅜∆╣ ™ ≤⌂╢ ₈ ₉

≤ ─╖⅜∆╣ ™≢⅝╢ ₈ ₉⌐≈™≡│ ⌐ ╩ ∆╢

⅜⌂™√╘ ∟ │ ⇔≡™⌂™ ∆═≡─ ⅜ ≤⌂╢

60 /h │≢☻כ◔─ ≥─ ─ ≢╙∆╣ ™⅜ ≤⌂╢√╘ ╙

∆═≡ ∂ ≤⌂∫≡™╢ ™≡ ╩ ⌐ ≡╖╢≤ ₈ ₉≢│ ─

⅜ ⅎ╢⌐≈╣≡ ∟ ╙ ⇔∏≈ ⅎ≡⅔╡ ₈ ₉⌐⅔™≡│

30 /h≢─ ─ ⅎ ⅜₈ ₉╟╡ ≢№╢ ╕√ ╙∆╣ ™⅜ ≤

⌂╢ ₈ ₉≢│ ∆═≡─ ⅜ ─ ≤⌂╢√╘ ─

⅜ ⇔≡╙ ⌐ ⅝⌂ ™│ ⇔≡™⌂™ ⌂⅔ ─ │ ⇔≡

4.2 ≢№∫√ ↓╣│ ∟ ─ ⅜ ∟ ⌐ ─ 4.2 ╩ ⅎ√

№√╡⌐ ⇔≡™╢↓≤╩ ⇔≡⅔╡ ∟ ─ ─ ∟ ⅜ ∆╢

│∕╣╒≥ ↄ⌂™↓≤⅜ ⅛╢  
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 3-7 ◦Ⱶꜙ꜠כ◦ꜛfi ─ ∟ ⌐ ∆╢ 200m  

 

 
∟ ⌐ ∆╢ 

 

/h  

0 60 30 30 60 0 

₈ ₉ 

─  0.0 4.4 18.3 

─  0.0 0.1 9.1 

─  0.0 4.3 18.1 

─  0.0 13.0 29.0 

─  0.0 215.4 323.7 

─  0.0 11.8 80.1 

─  0.0 83.8 168.0 

─  0.0 215.4 323.7 

─  0.0 15.0 35.2 

─  0.0 5.3 4.2 

₈ ₉ 

─  0.0 13.7 18.3 

─  0.0 5.3 9.2 

─  0.0 13.5 18.1 

─  0.0 22.3 29.1 

─  0.0 260.0 323.7 

─  0.0 60.0 80.1 

─  0.0 144.6 168.3 

─  0.0 260.0 323.7 

─  0.0 29.0 35.2 

─  0.0 4.5 4.3 

₈ ₉ 

─  17.8 18.0 18.3 

─  9.0 9.2 9.2 

─  17.6 17.8 18.1 

─  28.5 28.8 29.1 

─  323.9 322.6 323.7 

─  80.3 79.0 80.1 

─  166.8 166.4 168.3 

─  323.9 322.6 323.7 

─  34.8 34.9 35.2 

─  4.3 4.2 4.3 

 

⌂⅔ A⌐│ ⅜ 400m ≤ 600m ╩☻כ◔─ ╘√◦Ⱶꜙ꜠כ◦ꜛfi

─ ≤⇔≡ ─☻♫♇ⱪ◦ꜛ♇♩ ◐ꜗⱪ♅ꜗ ≤ ╩

∆╢  
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3.2.1. ⌐ ∆╢  

 3-11≤  3-12│ ─ ≢№╢ ∟ ⌐≈™≡ ≤◦Ⱶꜙ꜠כ◦

ꜛfi ╩ ⇔√╙─≢№╢ ⌂⅔ ─ │ (3-21) ┘ (3-22)≢ ⇔

√ ≢№╡ ↓─℮∟ὡ ≤ὡ │ ☻כ◔ 100 ─◦Ⱶꜙ꜠כ◦ꜛfi ─ ≤

╩ ⇔√╙─≢№╢  

(3-21) 

(3-22) 

∟ ╩ ⇔√  3-11─℮∟ ⅜₈ ₉─ ─╖⅜∆╣ ™≢

│≡™≈⌐☻כ◔™⌂⅝ ─ ⅜ ↄ⌂╢╒≥ ∟ ⅜ ⅎ≡⅔╡ ≤◦Ⱶ

─fiꜛ◦כ꜠ꜙ │╒╓ ∂ ╩ ⇔≡™╢ ─ │ 3.6 ≢№╡ ◦

Ⱶꜙ꜠כ◦ꜛfi─ ╩ ⌐ ≢⅝≡™╢ ⅜₈ │≢☻כ◔─₉ ─

⅜ ⌂™ ⌐⅔™≡ ⅛™ ⅜№╢╙── │ 7.5 ≤⅔⅔╟∕ ⇔

≡™╢ ⅜₈ │☻כ◔─₉ ⌐ ╠∏ ∂ ≤⌂╢⅜ ─ ╙

∕─ ⌐ ⌂∫≡⅔╡ ⇔√ ╩ ⇔≡™╢ │ 3.2 ⌂⅔ כ◔

☻≢─ ╙ 4.8 ≢№╡ ⌐ ↕⌂ ⌐ ╕∫≡™╢  

∟ ╩ ⇔√  3-12≢│ ⌐ ⅜ ™◓ꜝⱨ ⌐☻כ◔─

⅔™≡ ⅜◦Ⱶꜙ꜠כ◦ꜛfi ╟╡╙ ⅝⌂ ╩ ⇔≡™╢ ⌐│⌂

╢╙── ≢─ ⅜ ≢№╢≤ ⅎ╠╣╢ ⅜₈ ₉≢│ ⅜◦Ⱶ

─fiꜛ◦כ꜠ꜙ ╩ ╙☻כ◔╢™≡∫ ↑╠╣╢⅜ ₈ ₉ ₈ ₉ ≢

─ │ 147.7 2 ≢№╡ ∟ ─꜠ⱬꜟ╩⅔⅔╟∕ ∆╢

⌐│ ⌂ ≤™ⅎ╢ √∞⇔ ∟ │ ∟ ─ 7 8 ─ ⅝↕⅜№╡

─ ⌂™ ∟ ⌐ ≠™√ │ ≤⌂╢ ⅜№╢↓≤⅛╠

│ ╩ ≤⇔ │ ≤∆╢↓≤⅜ ≢№╢≤ ⅎ╠╣╢

∟ ─ ὡ ὡ

☻כ◔

☻כ◔  

∟ ─ ὡ ὡ

☻כ◔

☻כ◔  
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 3-7⌐⅔™≡╙ ╣√╟℮⌐ ∟ ─ │ ∟ ⌐ ─ 3.3

200 600m ─ 200m ≢│ 4.2 ╩ ⅎ√№√╡⌐ ⇔≡⅔╡

│∕╣╒≥ ↄ⌂™↓≤⅜ ≢⅝╢  

 

3.2.2. ⌐ ∆╢  

 3-13≤  3-14│ ≤◦Ⱶꜙ꜠כ◦ꜛfi─ ─ ╩ ⇔√╙─

≢№╢ ─ │ (3-23) ┘ (3-24)⌐╟╡ ⇔√ ╕√ ὒ ≤ὒ ⌐

≈™≡│ ∟ ≤ ⌐ ⇔√  

(3-23) 

(3-24) 

⌐⅔↑╢ │ ≢№╢ ∟ ⌐ ╩ ↑≡ ⇔≡™

╢↓≤⅛╠ ─◓ꜝⱨ≤⌂∫≡™╢ ⌐ ─ ⅜ ↕™ ◓ꜝⱨ  

3-13 ─ ⅜ ⌐∕─ │ ™⅜ │ 3.3m ₈ ₉≢ 3.3m

₈ ₉≢ 2.8m ₈ ₉≢ 3.7m ≤ ─ ⌐⌂∫≡⅔╡

⅛⌂╡─ ≢ ⇔≡™╢  

 3-14─ ≈™≡│ ∟ ≤ ∂≡ ─ ⅜◦Ⱶꜙ

fiꜛ◦כ꜠ ╟╡╙ ⅝⌂ ╩ ⇔≡™╢ ≤│™ⅎ ─ │ 24.4m

3 ≤⌂∫≡⅔╡ ─ ╩ ╗ ≢│ ⌐ ⌂꜠ⱬꜟ≤™ⅎ╟℮  

⌂⅔ B ⌐│ ≤ ◦Ⱶꜙ꜠כ◦ꜛfi≤─ ⌐≈™≡ ╩

╘√ ╩ ∆╢  

 

─ ὒ ὒ

☻כ◔

☻כ◔  

─ ὒ ὒ

☻כ◔

☻כ◔  
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 3-11 ─ ∟ ─ ◓ꜝⱨ 
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 3-12 ─ ∟ ─ ◓ꜝⱨ 
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 3-13 ─ ─ ◓ꜝⱨ 
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 3-14 ─ ─ ◓ꜝⱨ 
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3.2.3. ─  

⇔√ 1 ⅛ ─⸗♦ꜟ⌐≈™≡ ╩ ⇔√  3-8 ─≤⅔╡

◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ ☻כ◔1 1 15 × 100 №√╡─

│ 12 ≢№∫√⅜ ⌐╟╢ │ 100 Ⱶꜞ ≢№∫√

Intel Core i7 2.6GHz ⱷ⸗ꜞ 16GB ─ ⅜ ─ ╩ ◦Ⱶꜙ꜠כ◦ꜛfi

─ 7 ─ ─ ≢ ≢⅝╢ ⌐⌂╢ ⅜ ⌐⌂╣┌ ⇔√™◔

☻כ │ ⌐ ⅎ≡™ↄ√╘ ─ ─ ≤™℮ ⅛╠╙ ╩ ™╢

ⱷꜞ♇♩│↕╠⌐ ⅝ↄ⌂╢ ⌂⅔ ◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐│ Ᵽ♇♅ ≤

⇔≡Ᵽ♇◒◓ꜝfi♪≢ ⇔≡™╢↓≤⅛╠ ─ ⌐ ∆╢ │ ╕╣≡™⌂™  

 

 3-8 ◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ ─  

 

  

◦Ⱶꜙ꜠כ◦ꜛfi 12  

 100Ⱶꜞ  

 

 

3.2.4. ─ ⌐╟╢ ∟ ─ ™ 

↓↓≢ ─ ⌐ ⇔≡ ╩ ∆╢⅛ ⅛≢◦Ⱶꜙ꜠כ◦ꜛfi ⅜≥

─╟℮⌐ ℮⅛╩ ⇔≡⅔ↄ  3-9│ ₈ ₉⌐⅔↑╢ ─ ≢№╢ ◦

Ⱶꜙ꜠כ◦ꜛfi─ │ 3.2─│∂╘⌐ ⇔√ ≤ ∂⌐ ⇔√ ⅜

№╡ ⅜ ⌂⇔─ ∟ ≢№╢⅜ ─ ⅜ ™╒≥ ╕√│

─ ⅜ ™╒≥ ∟ ─ ⅜ ⅝ↄ⌂∫≡™╢↓≤⅜╦⅛╢ ⌐

⅜ ╩ ⅎ╢ │≡™⅔⌐☻כ◔─↑ ∕─ ⅜ ≢№╢ ╩

⇔⌂™ ⌐│ ─ │ ⌐⌂╢⅜ │≢☻כ◔─↑ ╩

─ ⅜ ⇔ ⅎ╢ ⌐ ⅜ ⇔≡⇔╕™ ─ ⅜™≈╕≢╙

⌐ ≢⅝⌂™≤™℮ ⌐ ⌂ ⅜ ⇔≡⇔╕℮√╘≢№╢ ⌐│
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⅜ ™ ≢№╢↓≤│ ≢№╡ ⅜ ≢⅝╢♃▬Ⱶfi◓│ ⌐ ∂≡ ⌂

⅛╠∏ ∆╢│∏≢№╢ ╟╡ ⌐ ™ ╩ ∆╢√╘⌐│ ─ ⌐⅔

™≡ ╩ ∆╢↓≤│ ≤™ⅎ╢  

 

 3-9 ─ ⌐╟╢ ∟ ─ ₈ ₉  

 

 
m ⌐ ∆╢ ∟  

200 300 400 500 600 

0 
0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

10 
0.4 1.3 2.9 6.5 7.7 

0.6 2.2 3.5 6.4 8.8 

20 
1.8 5.6 11.5 21.0 34.4 

2.8 10.1 15.3 35.7 44.2 

30 
4.4 11.8 25.6 43.6 67.0 

6.9 26.1 37.0 99.6 113.4 

40 
7.9 21.4 43.1 73.2 113.1 

12.9 58.4 74.3 224.6 238.2 

50 
12.6 32.3 65.1 105.8 169.4 

20.3 131.0 143.8 572.7 578.7 

60 
18.3 46.1 90.2 149.5 246.3 

27.6 985.7 985.3 983.2 984.9 

№╡ ⌂⇔ 

↑ ⅜ ╩ ⅎ╢◔כ☻ 

 

  



52 3  ≤ ⌐ ∆╢ ─  

 

3.3. ─ ⌐ ∆╢  

⇔√ ⌐ ∆╢ ╩ ⌐ ∆╢  

 

ᵑ ─ ─♃▬ⱶꜝ◓╩ ∆╢⌂≥ ⸗♦ꜟ⌐╟╢ ╩ ⌐

⇔≡™╢↓≤ 

ᵒ ⌐ ∂≡∆╣ ™⅜ ⌂ ─ ∑⅜ ⌂╢↓≤⅛╠ ≤

─ ⌐ ⇔√ ╖≢№╢↓≤ 

ᵓ ⌂◔כ☻⌐ ∫√ ⌐⌂╠⌂™╟℮⌐ ─ ⌐ ╩ ⇔≡

™╢↓≤ 

ᵔ ≤ ─ ⌐≈™≡ ⌂ ─ ⌐ ⇔≡ ≤

≢ ≢⅝╢↓≤ 

 

↓╣╠─ ─℮∟ ᵑ⌐≈™≡│ ⸗♦ꜟ≢╙ ⌂ ≤⌂╢ ⅜ ⅝ ∆

╕≢─♃▬ⱶꜝ◓╛ ╩ ⇔√↓≤≢ ◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ │

∟ ≢ 4.8 ≢ 3.3m≤ ⌐ ↕ↄ ─ │╒╓ ⇔

√╙─≤⌂∫√ ↕╠⌐ ─ ╩ ◦Ⱶꜙ꜠כ◦ꜛfi─ 7 ─ ─ ≢

≢⅝╢↓≤╩ ⇔√  

ᵒ⌐≈™≡│ ⌐ ∂≡ 4 ─∆╣ ™ ⌂ ─ ∑╩ ≤⇔≡

⇔ ∆═≡─ ∑⌐≈™≡ ⇔√ ╕√ ᵓ⌐≈™≡│▪כꜝfi ╩│∂╘≤⇔

√ 4 ─ ╩ ⇔√ ─ᵔ⌐≈™≡╙ ⌐≈™≡│

≢│№∫√⅜ ≤ ∕╣∙╣ ≤ ⌐╟╢ ⅜ ⌐⌂∫√

⅛╠ ⇔√ │╒╓∆═≡ ∆╢ ╩ ∆╢↓≤⅜≢⅝√  
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4  ╩ ™√ ─  

4.1. ▪ꜟ◗ꜞ☼ⱶ─  

↓─ ≢│ ⅜ ⌐ ↄ ⌐ ⇔≡ ─  1-3─ (f) ⌐⅔↑╢

─ ╡ ⇔╩ ⇔≡↓╣╕≢─ ↕╩ ∆╢√╘ ─ ╩

∆╢ ≤⌂╢ │ ⌐ ≠ↄ ≤ ⌂ ╩ ⇔√ Ɽ♃כ

fi⌐ ∆╢ ◖☻♩─ ≢№╡ ─ ╩ √∆ ╩ ⅎ╢  

 

ᵑ ⌐ ∂≡ ╛ ⅜ ≢⅝╢⌂≥ ─ ≢ ℮

⌐ ⇔√⸗♦ꜟ⌐⌂∫≡™╢↓≤ 

ᵒ ─ ⌐╟╢ ≤ ⇔≡ ╟╡ ⌐ ⅛≈⌂╢═ↄ ◖☻♩─ ™

╩ ≢⅝╢↓≤ 

ᵓ ⌐⅔™≡ ∟ ≤ ◖☻♩─Ᵽꜝfi☻╩ ∆╢ ─ ⌐ ⌂

╩ ≢⅝╢↓≤ 

 

≢│ ↓╣╠─ ⌐ ⇔√ ─ ⌐≈™≡ ═╢  

 

4.1.1. Ɽ♃כfi─ ≤  

⌐⅔™≡│ ⌐ ⌂ ─ ╩ ∆╢↓≤╩ ⇔ ─

╩ ≤⇔≡ ─ ⌐≥─ ╩ ≢⅝╢⅛╩

ⅎ╢ ∕─ ∆╢ ╩ ─ ⌐ ∆╢ 5m≢ ∆╢↓≤⌐╟∫≡

─ ∑ ╩ ⅎ╢↓≤≤∆╢ ↓╣⌐╟╡ ─ Ɽ♃כfi│ ╩

∕─ ≢ ∫√ Ⱪ꜡♇◒ ≢ ≢⅝╢ ╕√ ≤ ≢│ ≢⅝╢ ╛

⅜ ⌂╢↓≤⅛╠ ╩ ╩ ⌂⇔╩ 0 ≢ ⇔√ ↓╣⌐

╟∫≡ ─ ≢ ℮ ⌐ ⇔√⸗♦ꜟ ⅜ ≤⌂╢ ⌂⅔ ─ ⌐≈

™≡│ 3.2 ≢ ⇔√ ─∆╣ ™⅜ ⌂ ≢ 6m ≢

7.6m ╩ ≤∆╢ ⅛╠ ─ ⌐ ∆╢ ─ Ɽ♃כfi─ ∑
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│ ─ ≤ ⌐ ⇔√ ╩ ⌐ ═√ ─ ≤⇔≡

≢⅝╢ ⌂⅔ 1⅛ ─ ╙⇔ↄ│ ─ ⌐⅔™≡│ ™

≢ ≤ ─ ╩ ⌐ ℮↓≤│ ⅛≈ ≢№╢↓≤⅛╠ ⅛ ≥∟

╠⅛╩ ⇔≡ ∆╢↓≤≤⇔ ⅜ │☻כ◔⌂℮╟╢∆ ⇔⌂™ √∞⇔

≤ ≢│ ⌂╢ ─ ╩ ℮↓≤⅜≢⅝╢╙─≤∆╢ ⌂⅔ ∕╣∙╣─

⌐│ ≢⅝╢ ⌐ ∂√ ─ ≤ ⅜ ↕╣╢ ─▬ⱷכ☺╩

 4-1⌐ ∆  

 

 

 4-1 Ɽ♃כfi─  

   

│ ╩ ∫≡ 

40m ⌂ ≢ 

15m─ ╩  

│ 10m  

20m─ ⅜ ⌂ ≢   

5m─ ╩  

1 

 

0 0 +5 0 é -3 +1 é -2 -3 0 +2 

1 

2  

 

Ⱪ꜡♇◒ 5m  

≈─ ⌐│ ─ ×2 ─ ⅜ ↕╣╢ 

n 

 

 

 

 

-3 +1 

⅜ 

╡ ╢ ─  
-8 0 -4 +2 

≈─ ≢ 

2 ─ β╩  

2 

 

─  

⌐ ⇔√  

β 1 ─ ┼─  

 2 ─ ┼─  
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⌐ ⇔≡│ ╕∏ ⌐⅔™≡ ⌐ ⇔≡ 3 ⅛ ⌐ ⅜

╦╣╢↓≤╩ ⇔√ ╩ ⇔√ ─ ╩№╕╡ ↄ ⇔≡

⌐ ↕╣√ ⌐ ™ ∑╩ ∆↓≤⅜⌂™╟℮ ⇔™ │№╢ ╕≤╕

∫≡ ↕╣╢↓≤⌐ ⇔√ ⌐│ ⅜ 5 ⅛ ≢№╣┌ │

ÒÏÕÎÄυσϳ ρ ρ ⅜ 10⅛ ≢№╣┌ │ÒÏÕÎÄρπσϳ ρ ς≤™∫

√ ≢№╢ √∞⇔ ─ │ ╩ ™≡┌╠≈⅝╩ ∫≡ ⇔≡™╢√╘

3 ⅛ ─ ⅜ ⌐ ⌐ ↕╣╢ │⌂™  4-2 ⌐│ ─

≤ ─ ╩ ⇔√ ╩ ∆╢  

 

 

 

 4-2 ─ ≤ ─  

 

╕√ ⌐⅔™≡╙ ─ ╩ ⇔√ ╖╩ ╡ ╣╢↓≤≤⇔√

⌐⅔™≡│ ╩ ╩ ≢ ∆↓≤≤⇔√√╘ ∂

≢╙ ─ ≤ ─ ≢│ ⅜ ⅝ ⅞≡ ⅜ ⌂╦╣╢ ⅜№╢

∕↓≢ ≤│ ⌐ ≤ ─ ≤™℮Ɽꜝⱷכ♃╩ ↑≡

⌐ ≠™≡ ╩ ℮↓≤⌐⌂∫√ ⌐ ⇔≡│ ∕─ ≢ ─

─╖╩ ™ ∕℮≢⌂™ ⌐ ∫≡ ─ ╩ ∆╢ ╖╩ ⇔√ ≈

╕╡ ≤ ─ ╩ ™╛∆ↄ∆╢↓≤≢ ∕─ ╩ ↑≡ ─ ╩≢⅝╢

╡ ╠∆↓≤╩ ∫√╙─≢№╢ ⌐ ∆╢ ╩  4-3⌐ ∆  

│ 1⅛  

ÒÏÕÎÄυσϳ ρ ρ  

0 4 -2 1 0 -6 3 1 

⅜ 5⅛  ☻כ◔─

│υ ς ρπ  

0 0 

0 4 -2 1 0 -6 3 1 0 0 

│ 2⅛  

ÒÏÕÎÄρπσϳ ρ ς  

0 4 -2 1 0 -6 3 1 

⅜ 10⅛  ☻כ◔─

│ρπς ςπ  

0 0 

0 4 -2 1 0 -6 3 1 0 0 

2 5 -1 0 0 1 -3 -5 0 1 

2 5 -1 0 0 1 -3 -5 0 1 

1 -3 -4 0 2 0 0 -6 2 1 1 -3 -4 0 2 0 0 -6 2 1 -2 0 4 1 -2 0 0 -2 2 -1 

  

C 

D 

A 

B 
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 4-3 ⌐ ∆╢  

 

4.1.2. ─  

│ ◖☻♩≢№╡ ─ ⌐⅔™≡│ Ⱪ꜡♇◒ ⌐

─ ╩ ↑≡ ⇔ ∑╢↓≤≢ ◖☻♩─ ╩ ⇔≡ ∆╢ √∞⇔

⌐≈™≡│ ∟ ─ ⅜ ⇔√ ⌐ ╕∫≡™╢↓≤ ⌐≈™≡

│ ≢─ ∟ ─ ⌐ ∆╢ ⌐ ⌂

≢№╢↓≤╩ ≤⇔≡ ∆╢ ─ ≢│ 3.2≢ ⇔√ ╩

™╢ ⌐ ⇔≡│ ╕∏ ⌐ ↕╣√ Ⱪ꜡♇◒ ⅛╠ ≤

╩ ⌐∕╣∙╣─ ⌐ ∆╢ ↓─≤⅝ ↓╣╟╡ ™ │

╦⌂™ ╛ ↓╣╟╡ ™ │ ≤ ╦⌂™ ╙ ⇔≡

∆╢ ⌂⅔ │ ⌐ ≤ ─ ╩ ≢⅝╢ ≤⇔√⅜ ≢

꜠ⱬꜟ⅜ ∆╢ │∕╣╒≥ ↄ⌂™↓≤╙ ⇔≡⅔╡ ⌐⅔™≡│

⌐⌂╠⌂™╟℮ ╩ ™≡ ∆╢↓≤≤⇔√  

╩ ⌐ ∆╢≤ ⌐≈™≡│ ⌂ ╩ ⇔√ (4-1)

⌐╟╡ ∟ ╩ ∆╢ ↓↓≢ ὡ │ 1 ─ ─╖⌐ ⇔√ ∟

≢ ὡ ὲ │ 1─ ⅜ ≢ὲ ╕∫√ ─ ∟ ὅ│ὲ⅜

╡ ╢ ─ ≢№╢ ╕√ ὴ ὲ │ ⅜ὲ≤⌂╢ ≢№╡ 1 ─

Ὢ╩ὲ ⇔ ∑√ ╖ ╖ Ὣȟ ─ Ὃȟ ≤ ─

─ ∟ ὡ ─ ⅛╠ ╩ ™≡ ὴ ὲ Ὃȟ ὡ

0 4 -2 1 0 -6 3 1 

╩ ℮↓≤⅜ 

⇔√  

0 0 

0 4 -2 1 0 6 3 1 0 0 

0 4 -2 1 0 1 3 1 0 0 

─ ╩  

─ ╡ ╢ ⅜ ≢  

╩  

 ─ 0 1  ÉÐɴ πȟρ 

 ⅛╠ ⇔√  Òɴ πȟρ 

Ò ÉÐ─  

ÒḷÉÐ─  
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Ὃȟ ὡ ≤⇔≡ ∆╢↓≤⅜≢⅝╢ ⌐│ 1─ ὔ≤

ὔ ∂ↄ 2 ─ὔ≤ὔ╩ ™≡ ∕╣∙╣─ ∟ ⌐ ∆╢

╩≤╢↓≤⌐╟∫≡ ─ ∟ ὡ ╩ ∆╢  

(4-1) 

⌐≈™≡│ (4-2)⅛╠ ∆╢ ⌐ ∆╢ ╩ ⇔√ ≢

≢№╢⅛ ⅛╩ ∆╢ ↓─≤⅝ ⅛╠ ⅜ ╣≡⇔╕

™∕℮⌂ ⌐│ ≈ ─ ⌐ ╕∫≡ ─ ≢│ ⇔⌂™╙─≤∆

╢ ↓↓≢ ὅ ὲ │ ὲ⌐ ⇔≡ ⅜ ⅝ ∆╕≢─♃▬ⱶꜝ◓╩ ⇔≡

⇔√ ≤∆╢ (4-3) ⌂⅔ ─ (3-10)≤(3-12)≢ ⇔√ὅ ὲ ὅ│ ⅜

⌐ ⇔√ ─ ╩ ╕╠∏⌐ ⇔√ ╙ ╘ (3-4)≢ ⇔√

ὅ ὲ ≢ ⇔√ ≢№╢ ─ ╩ ⅎ╢ ⌐│ ╕╠∏

⌐ ⇔√ │ ─ ⅛╠ ⇔≡ ╟╡ ≢ ⌂ (4-3)╩ ™╢↓≤≤⇔

√ ∕─ ≢ ὴ ὲ ╩ ↑ ∑≡ ╖ →╢↓≤≢ 1─╖⌐ ⇔√ ὅ╩

⇔ 2≤≤╙⌐ ╩≤╢↓≤≢ ─ ὅ╩ ∆╢ (4-2)  

(4-2) 

(4-3) 

⌐ ─ ∟ ─ ⅜№╠⅛∂╘ ⇔√ ∟ ╩ ⅎ╢⅛

™∏╣⅛─ ⅜ ⌐ ⇔⌂™ ⌐│ ∕─ ⌐ ╩

⇔√↓≤⌐ ∆╢ ⅝⌂Ɑ♫ꜟ♥▫╩ ⅎ≡ ⌐│ ╠⌂™ ⌐ ∆╢  

ὡ
ὔ ὔ ὡ ὔ ὔ ὡ

ὔ ὔ ὔ ὔ
 

 ύὬὩὶὩ ὡ ὴ ὲ ὡ ὲ ὴ ὲ  Ὥ ρȟς 

ὅ
ὔ ὔ ὅ ὔ ὔ ὅ

ὔ ὔ ὔ ὔ
 

 ύὬὩὶὩ ὅ ὴ ὲ ὅ ὲ ὴ ὲ  Ὥ ρȟς 

ὅ ὲ ὲ Ўὲ 
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4.2. ⌐╟╢  

4.2.1. ─  

─ ╩ ∆╢√╘ ⌐ ╩ ∫√ ╩ ⌐ ─

╩ ⇔√ ─ │ 2,000m 19⅛ ─ ⅜ ∆╢ ─

⅛╠ ⌂ A C ╩ ⌐ ⇔√╙─╩  4-1⌐ ∆ ⌐│

⅛╠ ─ ╕≢⌐ ≢⅝╢ ╩ ⇔√ ∑≡ ⇔√ ─ ⌐

∂√∆╣ ™ ⌂ ─ ∑⌐≈™≡╙ ≤⇔≡ ⇔√ ╕√ Ⱪ꜡

♇◒ ╩ 5m ≤⇔√≤⅝─ ⅛╠─ Ⱪ꜡♇◒ │  4-2─≤⅔

╡≢№╢  4-1≢ ⇔√ ─ ⌐│ ⅜ ⌂ ╙ ╕╣╢⅜

─ │  4-2─ ≤ ⅛╠ ∆╢ ⌂⅔ ⅛╠ ─ ⅜ ⌂

⌐≈™≡│ №╠⅛∂╘ ≤⇔≡ ⌐ ╘╢↓≤≤⇔√ ╕√ ↓

↓≢│ ⌐⅛⅛╦╠∏ ∆╢ ╕≢│ ⇔≡™⌂™⅜ ⌐ ∂

≡ ◖☻♩ ⌐ ∆╢↓≤╙ ≢№╢  

 

 4-1 ─ ≤  

 

 

m  

β1  
β2 

 

m  

β1  
β2     

0 A B  1,130 A C  

470 A C  1,250 A B  

570 A B  1,310 A C  

620 A C  1,410 A B  

640 A B  1,500 A C  

800 A C  1,710 A B  

840 A B  1,730 A C  

880 A C  1,960 A B  

1,030 A B  1,980 A C  

1,090 A B   

β1 │ A 150 /5m B 80 /5m C 120 /5m 

β2 ≢⌂↑╣┌∆╣ ™ ─╖⅜∆╣ ™  

≢╙∆╣ ™  
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 4-2 ≤ Ⱪ꜡♇◒  

 

 

 

 

m  

 

m  

β β 

    

1 40 50 -8 +8 -2 +4 

2 220 250 -22 +16 -6 +6 

3 280 290 -6 +6 0 +12 

4 360 380 0 0 -18 0 

5 470 480 -18 0 -4 0 

6 500 520 -4 0 -14 0 

7 590 620 -14 0 -16 0 

8 700 710 -16 0 -4 0 

9 770 800 0 0 -14 0 

10 870 900 -14 0 -20 0 

11 1,000 1,010 -20 +4 -14 +4 

12 1,080 1,090 -14 0 -8 0 

13 1,130 1,160 -8 0 -8 0 

14 1,200 1,210 -8 0 -28 0 

15 1,350 1,380 -28 0 -22 0 

16 1,490 1,500 -22 0 -10 0 

17 1,620 1,650 0 0 -26 0 

18 1,780 1,790 -26 0 0 +24 

19 1,910 1,920 0 +24 -16 0 

β ≤ │ ⅛╠─ ⌂Ⱪ꜡♇◒  

 0  

 

∕─ ─Ɽꜝⱷכ♃│  4-3─≤⅔╡≢№╢ ⌐≈™≡│ ─ ⌐

≠™≡ ⇔≡⅔╡ │ 10t ♄fiⱪ♩ꜝ♇◒╩ ⇔√ │ Ⱪ꜡♇

◒ ⌐ ╦∑ │ 2 ⅜ ≢⅝╢ ↕╩ ⇔√ ─

⌐ ∫≡│ ╩ ⇔√ √╡ ⅜ ⌂ ╩™ↄ≈⅛ ⇔√

≢ ┼─ ╩ ⌐ ⇔√ ⌐ ∆╢Ɽꜝⱷכ♃│  [71]  [72]  

[73]  ╩ ⌐ ─ ≤ ─ ⅛╠ ⌐ ⇔≡ ⇔√ ↓

↓≢ ◑ꜗ♇ⱪ│ ⌐⅔™≡ ╣ ⅎ╩ ℮ ─ ≢№╡ ─
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┼─ ╩ ⇔√╙─≢№╢ ╕√ ─ ─ 5│ 4.1.1⌐ ⇔√

ⅎ ⌐ ™ 19⅛ ─ ╩ 6 ∆╢↓≤≢ 3⅛ ⌐ ⅜ ╦╣╢

↓≤╩ ⇔√ ≢№╢  

 

 4-3 ∕─ ─Ɽꜝⱷכ♃  

 

Ɽꜝⱷכ♃   Ɽꜝⱷכ♃   

 8 m Ⱪ꜡♇◒  5 m 

 5 m  5 m 

 40 /h  25 m 

 20 /h ∟  120  

 15 km/h   1,000  

 3 km/h/s  ◑ꜗ♇ⱪ 80 % 

 2 m  80 % 

 15 m  5  

─ 

 
 

 1 % 

 50 % 

 200  

 

4.2.2. ≤ ≤─  

 4-4 │ ⌐≈™≡ 400m ╩ 1 ⌐ ∫√ ≢ ╛

╩ ↑⇔√ ⌐ ⌐⅔↑╢ ⌂ ─

≤ ⌂ ╩ ⅎ√╙─≢№╢ ╕√  4-4⌐│ ⌐☻כ◔√⇔ ∆╢

◖☻♩≤ ∟ ╩ ⇔√╙─╩ ∆╢ │☻כ◔ 3 №≢☻כ◔

╡ ☻כ◔∟℮─⧵ 1│ ≢№╢ ⌐ GA ╩ ∑√ ≢№╢

│ 70m ◖☻♩│ 1,310 (4-1) ─ ≢№╢ ∟ 1 №√╡─

⌐ ∆╢ ∟ ─ │ 119.4 ≢№∫√ ⌂⅔ ↕╣√

│ ⅛╠─ ≢ 380 390m 1,065 1,080m 1,090 1,095m 1,470 1,490m  
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☻כ◔ 4-4  1 3 ⌐⅔↑╢ ⌂ ≤ ⌂  
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 4-4 ≤ ─  

 

☻כ◔   

 

 

m  

 

◖☻♩ 

 

 

∟  
β 

 

 

☻כ◔ 1 +GA 70 1,310 119.4 4  

☻כ◔ 2 
◦Ⱶꜙ꜠כ◦ꜛfi+  

15 450 231.2 50  

☻כ◔ 3 60 1,320 130.4 8  

β ∟ ⅜ ∟ ≢№╢ 120 ╩ ⅎ⌂™╟℮⌂ ─ ∑╩

√∞⇔ ☻כ◔ 1 │ 120 ≤⌂╢ ∑⌐│ ╠⌂⅛∫√  

 

1,765 1,780m 1,790 1,795m ─ 6⅛ ≤⌂∫√ ─√╘ ☻כ◔ 1≢ ╠╣√ Ɽ

─fiכ♃ ∑⌐≈™≡ ∆╣ ™ ╩ ≢⅝╢ 3.2 ≢ ™√ ◦Ⱶꜙ꜠כ◦ꜛfi─

⸗♦ꜟ⌐ ⇔≡ ─ ╩ ⇔√≤↓╤ ⅝⌂ ╛ ⅝ ╕╡⌂≥─ │

╠╣∏ ∟ │ 116 ≢№∫√ ↓─ │ ∟ ≤⇔≡ ⇔√ 120

╩ ∫≡⅔╡ ↕╠⌐ ─ 119.4 ≤─ ╙ 3.4 ≤ ↕ↄ │╒╓

⇔√ ≤⌂∫√  

™≡ ─ ≢№╢ ◦Ⱶꜙ꜠כ◦ꜛfi≤ ⌐╟╢ ╩ ⇔√

≢│ ⌐╟╡ ╛ ◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ה ⌐ ⇔⌂⅜╠

─ ╩ ╡ ∆↓≤⌐⌂╢ ☻כ◔ 2⌐│ ─ 1 ─ ╩

∆╢ ≢│ ⅜ ─ ╩ ╢ ─ ╩

⇔ ∕─ ↕╩ ⌐ ╩ ⇔√ ⌐│ ⅜₈ ₉─ ≢│

350m ₈ ₉≢│ 230m ≢№╡ ⅜↓─ ╩ ⅎ⌂™╟℮⌐ ⌂╢═ↄ ⌐

╩ ⇔√ ≤⇔≡│ ⅜ 1,790 1,805m ─ 15m ◖☻♩╙ 450

≤ ⌂™⅜ ∟ ⅜ 231.2 ≤ ∟ ≢№╢ 120 ╩ ⅝ↄ ⅎ╢↓≤

≤⌂∫√  

☻כ◔ 3│ ☻כ◔ 2⌐ ⇔≡ ─ ™≤↓╤╩ ⌐◖☻♩╩ ⅎ⌂⅜╠

╩ ™ ↕╠⌐ 9 ─ ╩ ∫√ ≢№╢ ∟ ⅜ 130.4 ╕≢ ↕ↄ⌂∫√
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╙── 120 ⌐│ ╠∏ │ 380 390m 1,110 1,130m 1,380 1,390m

1,790 1,810m ─ 4⅛ ◖☻♩│ 1,320 ≤ ☻כ◔⅜╢№│≢ 1─ ╩ ⅎ

╢ ≤⌂∫√ ◖☻♩╛ ∟ ╩↕╠⌐ ∆╢√╘⌐│ ∕╣╠─ ─ ⌐

⇔⌂⅜╠ ─ ⇔ ⅝⌐╟╢ ⌂ ╩ ∆╢↓≤⌐⌂╢ №╠√╘≡

╩ ∆╢≤ 3 ≢☻כ◔ ⌂╢ │ ™╙── ☻כ◔─ 1 │ ─◖☻♩

╩ ⅎ⌂⅜╠╙ 1,065 1,095m ╛ 1,470 1,500m ─ ⌂≥─ ╩℮╕ↄ ⇔≡

™╢↓≤⅜ ⅛╢ ☻כ◔ 1 ⅜ ⇔√ │ ⅜ ↄ ∕↓╩ ∆

╢≤ ◖☻♩⅜⅛↕╗╟℮⌐ ⅎ╢⅜ │≢ꜟ♃כ♩ ≤⌂∫√ ─ ⌐ ↕╣

⌂™ GA─ ⅜ ╣√ ≤™ⅎ╢  

⌐ ⇔≡│ ◦Ⱶꜙ꜠כ◦ꜛfi≢│ 1 15 ─ ⌐≈™≡

╩ ∆╢ ─ ╩ 100 ⇔≡ ⇔≡⅔╡ ─╡√№☻כ◔1 

⅜ 36 ≢№∫√ Intel Core i7 2.6GHz ⱷ⸗ꜞ 16GB ╩

∆╢ ╩ ╘╢≤ 1 ─ ⌐ 50 ☻כ◔ 3╕≢≢ 8 ╩ ⇔√

GA ─ │ 200 ╕≢─ ≢ 4 ≢№╡ ⌐ ™

≢╟╡ ™ ╩ √ ⌐ ⇔≡│ ≢│⌂ↄ ◦Ⱶꜙ꜠כ◦ꜛfi╩∕─

╕╕ ∆╢ ╙ ⅎ╠╣╢⅜ 3.2.3─ ─ ⌐⅔™≡╙ 7 ─ ™⅜№╢↓

≤╩ ⇔≡⅔╡ ⅜↕╠⌐ ↕╣√ ≢╙ ≢⅝╢ ─ │

⅝™ ─ │ ╩ ⇔√↓≤⌐╟╢ ⌐ ⅎ≡

∕─╙── ⅜ ⇔√ ≤™ⅎ╢ ─ ⌐№√∫≡│ ♃כ♦ ⌂

≥ ≢⅝╢ ⌐⅛⅛╢ │ ⇔≡™╢ ╕√ ◦Ⱶꜙ꜠כ◦ꜛfi│Ᵽ♇

♅ ≤⇔≡Ᵽ♇◒◓ꜝfi♪≢ ⇔≡™╢↓≤⅛╠ ⌐ ∆╢ ╙ ╕╣≡™⌂™  

⌂⅔ ─ ≤⇔≡│ ╩ ∆╢√╘─ ╩

™≡ ⇔≡™╢ ⌐│ ╩ ⅎ╢ ╙ ⅎ╠╣╢⅜ 4.1.2⌐╙ ⇔√╟℮⌐

⅛╠ ╣≡⇔╕™∕℮⌂ ⌐│ ≈ ─ ≢ ∆╢╙─≤⇔≡

─ ⌐ │☻כ◔⌂℮╟╢∆ ⇔⌂™↓≤≤⇔√ ≢│ ≈ ─

┼─ ╕≢│ ⌐ ≢⅝≡™⌂™↓≤⌐⌂╢⅜ ≤⇔≡│ ⌂ↄ ≢⅝≡⅔

╡ Ⱨכ◒ ╩ ∂≡ ≤⇔≡ ↕╣√╙─≤ ⅎ╠╣╢ 3.2.2≢ ⇔√

─ │ ∟ ≤ ⌐ ─ ⅜ ⌐
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─ 3.5 ╩ ⅎ√№√╡⌐ ⇔≡⅔╡ ⅜☻כ◔⌂ ↓╢ │∕╣╒≥ ↄ⌂ↄ

⌐╟╢ ≢ ⌂ ⅜≢⅝≡™╢≤™ⅎ╟℮ √∞⇔ ⅛╠ ╣√

─ ┼─ ⌂ │ ─ ≤⇔≡ ∆╢↓≤⌐∆╢  

 

4.2.3. ∟ ⌐ ∆╢Ɽꜝⱷכ♃☻♃♦▫ 

≢ ⇔√ ∟ │ ⅜ ⌐ ≢⅝╢Ɽꜝⱷכ♃≢№╡

│ 2,000m ─ ╩ 8 ⅛╠ 10 ⌐ ↕∑╢ ╙⇔ↄ│ ╩ 15km/h ⅛╠

12km/h ⌐ ↕∑╢ ─ ∟ ≤⇔≡ 120 ╩ ⇔√ ◖☻♩╩ ⅎ╣┌ ∟

⅜ ⅎ ⌐ ∟ ╩ ⅎ╢√╘⌐│ ⌂ ⅜ ≤⌂∫≡◖☻♩⅜ ∆╢

≈╕╡ ◖☻♩≤ ∟ ─ ─ⱨ○♪כ꜠♩│⌐ ⅜ ≢⅝╢ ∕↓≢ ∕─

╩ ╠⅛⌐∆╢√╘⌐ ─ ∟ ╩ 60 ⅛╠ 60 ╖≢ ╛⇔⌂⅜╠

◖☻♩⌐ ∆╢Ɽꜝⱷכ♃☻♃♦▫╩ ∫√ ↓↓≢ ∟ ─Ɽꜝⱷכ♃

│  4-3─╕╕≤⇔√  

 4-5│ ∟ ⌐ ∆╢ ╩ ⇔√╙─≢№╡  4-5│ ∟ ⌐

∆╢ ◖☻♩≤ ∟ ─ ╩ ⇔√╙─≢№╢ ∟ 60 ≢☻כ◔─

│ 17⅛ ─ ⅛™ ⅜ ⌐ ╦╣≡⅔╡ ∟ ╩ ↄ ⅎ≡™╢ ─

⌐≈™≡│ ≢™ↄ≈⅛─ ⌂╢Ɽ♃כfi╩ ╠╣≡™╢⅜ ◖☻♩─

│ 7,470 ≤⅛⌂╡ ≤⌂∫√ ∟ 120 │≡™≈⌐☻כ◔─

≤╙⌐ ☻כ◔─4.2.2 1≤ ∂╙─≢№╢ ∟ 180 ≢│ ◖☻♩⅜ 960

≤⌂∫√ 120 ≢☻כ◔─ ↕╣√ ⅛ ─ ╩ ⇔√ ╦╡⌐ ─

╩ ∆╢↓≤≢ ∟ ╩ ⌐ ⅎ≡™╢ ─ ∟ 240

┘ 300 │☻כ◔─ ≥∟╠╙ ◖☻♩⅜ 800 ∟ ⅜ 186.7 ≤⌂∫

√ ╩ ⇔√≤↓╤ ∟ │ 180 ╩ ⅎ√№√╡⅛╠╒≤╪≥ ⅎ⌂ↄ⌂

∫≡⅔╡ ◖☻♩╩↕╠⌐ ╠∆√╘⌐ ╩ ↄ∆╢≤ │ ⌐ ∆

╢ ∆╢ ⌐ ∆╢ ⌐ ⌂ ≢№╢↓≤ ⅜ ≢

⅝⌂ↄ⌂╢↓≤⅜ 240 ≤ 300 ─ ⅜ ∂⌐⌂∫√ ≢№╢  
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 4-5 ∟ ⌐ ∆╢ ⌂ ≤ ⌂  
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 4-5 ∟ ⌐ ∆╢  

 

∟ 

 

 

 

 

m  

◖☻♩ 

 

∟ 

 

60 17 400 7,470 59.7 

120 6 70 1,310 119.4 

180 5 50 960 174.6 

240 
5 40 800 186.7 

300 

 

 4-6  4-10 ⌐│ ∟ ⌐ ∆╢ ╩ ⇔√ ─ ▪ꜟ◗ꜞ☼ⱶ⌐

⅔↑╢ ◓ꜝⱨ─ ╩ ∆╢ ⌐╟∫≡ ⌐ ∆╢ │ ⌂

╢⅜ │╒╓ ∂≢№╢ ∟ ₈60 ₉⌐⅔™≡│ 86 ≢ ⌐

⇔√⅜ ─ │ 100 ╩ ⅎ╢№√╡╕≢ ⇔≡™⌂™ ∟ ⅜₈120

₉ ₈240 ₉≢│╟╡ ↄ ⇔ ↕╠⌐₈300 ₉≢│ 36 ≤™℮⅛⌂╡ ™

≢ ⌐ ⇔≡™╢ ↓╣│ ─ ™ ∟ ₈60 ₉≢│ ╩ √

↕⌂™ ⅜ ↄ ∆╢ ≢ ─ ™₈300 ₉≢│ ⅜ ⌂ↄ

⌂ ⅜╟╡ ↄ⌂╢↓≤≢ ⅜ ╕∫≡™╢ ⅜ ⅎ╠╣╢ ∟

₈60 ₉⌐⅔↑╢ ─ ⌐ ∆╢ ─ │ 9.8%≢№∫√─⌐ ⇔≡

₈300 ₉≢│ 5.8% ╕≢ ↕╣≡™╢  
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 4-6 GA ⌐⅔↑╢ ◓ꜝⱨ ∟ ₈60 ₉ 

 

 

 

 4-7 GA ⌐⅔↑╢ ◓ꜝⱨ ∟ ₈120 ₉ 
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 4-8 GA ⌐⅔↑╢ ◓ꜝⱨ ∟ ₈180 ₉ 

 

 

 

 4-9 GA ⌐⅔↑╢ ◓ꜝⱨ ∟ ₈240 ₉ 

 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

0 50 100 150 200

◖
☻
♩

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

0 50 100 150 200

◖
☻
♩



 69 

 

 

 

 4-10 GA ⌐⅔↑╢ ◓ꜝⱨ ∟ ₈300 ₉ 

 

4.2.4. ╩ ⱨ○♪כ꜠♩√™  

ⱨ○♪כ꜠♩ ─ ╩↕╠⌐ ╘≡ ◖☻♩≤ ∟ ─ ≈─ ╩

⌐ ℮ ╩ ∆╢↓≤≤⇔√ ≢│ №╢ ─ ╩↕

╠⌐ ↄ∆╢√╘⌐│ ─ ─ ╩ ∑↨╢╩ ⌂™╟℮⌂ ─ ₈Ɽ꜠כ♩

₉╩ ℮ Ɽ꜠כ♩ ⅜ ≢ ∆╢Ɽ꜠כ♩ⱨ꜡fi♩╩ ∆╢↓

≤≢ ─ ⱨ○♪כ꜠♩╢↑⅔⌐ ─ ╩ ∆╢↓≤⅜≢⅝╢ ╕√

Ɽ꜠כ♩ │ ≢│⌂ↄ ─ ⅛╠ ↕╣╢ ≢№╢↓≤⅛╠ ─

╩ ∆╢ │ ≤─ ╙ ™ ≢│ ∕─╟℮⌂

⌐╟╢ ─ ≈≢№╡ ─ ╩ ∆╢√╘─◒ꜝ☻♃ꜞfi◓ה

▪ꜟ◗ꜞ☼ⱶ ╡○Ɑ꜠כ♃ ╩ ∆╢ SPEA2 [47]  ╩ ⇔≡ Ɽ꜠כ♩

⌐│ ≤⌂╢√╘ ─ ╩ ∫√ ⌐≈™≡│ 2.2.2╩ ↕╣√™

SPEA2 ⌐⅔↑╢ ≢│ 4.1.1 ⌐ ⇔√ ⸗♦ꜟ╩∕─╕╕ ⇔√ √∞

⇔ ∟ ╩ ≤∆╢↓≤⅛╠ ∟ │№╠⅛∂╘ ∑∏⌐

0
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╩ ∆╢↓≤≤⇔√ ⌐ ∆╢∕─ ─Ɽꜝⱷכ♃│  4-6─≤⅔╡≢

№╢  

 

 4-6 ⌐ ∆╢Ɽꜝⱷכ♃  

 

Ɽꜝⱷכ♃   Ɽꜝⱷכ♃   

1 ◖☻♩  80 % 

2 ∟   5  

 2,000   1 % 

◑ꜗ♇ⱪ 80 %  500  

 

 

 4-11 ⌐⅔↑╢ 500 ×4  

0

60

120

180

240

0 2,000 4,000 6,000 8,000

2
∟

1 ◖☻♩

∟

240 300ה ─ (800, 186.7)

180 ─ (960, 174.6)

120 ─ (1,310, 119.4)

60 ─ (7,470, 59.7)

─ ─

Ɽ꜠כ♩ⱨ꜡fi♩ ⱨ꜡fi♩

(960, 167.1)─

120

90
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 4-11 │ ─ ╩ ≈─ ─ ⅛╠◓ꜝⱨ ⇔√╙─≢№╡

500 ╕≢─ ⌐≈™≡ ╩ ⅎ≡ 4 ⇔√ ≢ ─ ╩ ⌡ ∑

√╙─≢№╢ │ ─ ⅛╠ ↕╣≡⅔╡ ◓ꜝⱨ ─ ─ ≢ ─

⌐ ∆╢ ⅜Ɽ꜠כ♩ ≢№╢ Ɽ꜠כ♩ⱨ꜡fi♩ ⱨ꜡fi♩ │

◖☻♩⅜ ↄ⌂╢≤ ∟ ⅜ ↄ⌂╡ ⌐ ∟ ⅜ ↄ⌂╢≤ ◖☻

♩⅜ ↄ⌂∫≡⅔╡ ─ⱨ○♪כ꜠♩⌂ ╩ ⇔≡™╢ ↕╠⌐ 4.2.3≢ ⇔√Ɽ

ꜝⱷכ♃☻♃♦▫─ ◓ꜝⱨ │ ≢ ╩ ≤ ⇔√≤↓╤

∟ 60 120 240 300ה ─ ⌐ ∆╢╙─⅜ ⌐ ╕╣≡™╢↓

≤⅜ ≢⅝√ 180 ─ │ ⌐│ ╕╣≡⅔╠∏ Ɽꜝⱷכ♃☻♃♦▫

─ ≤ ∂ ◖☻♩ 960 ─ │ ∟ ⅜ 174.6 ≢│⌂ↄ 167.1 ≢№∫

√ Ɽꜝⱷכ♃☻♃♦▫≢│ ∟ ⅜ ≢№╢ ∟ ≢№╣┌

ↄ ╠╣√ │∕╣╩ √⇔≡™√ ⇔⅛⇔ ≢│ ∂ ◖☻♩≢╙↕╠

⌐ ∟ ─ ™ ∑╩ ∆╢√╘ Ɽꜝⱷכ♃☻♃♦▫─ ⌐ ═≡ ∟

⅜ 7.5 ╒≥ ™ ╟╡ ™ ╩ ≈↑ ⇔√↓≤⌐⌂╢  

╕√ Ɽ꜠כ♩ⱨ꜡fi♩│ ⅛╠ ⌐⅛↑≡ ╩ ⌐⇔√ ╣ ╩ ™≡™╢

⌐ ∟ ≢ 120 ≤ 90 №√╡─ 2 ⅛ ≢ ⅝ↄ ╣ ⅜∫≡™╢ ⅛╠

∟ ╩ →≡™ↄ≤ 120 ↄ╠™╕≢│ ◖☻♩⅜№╕╡ ⅜╠⌂™⅜ 120

╩ ╢№√╡⅛╠ ⌐ ╣ ⅜╡ 90 ≢│↕╠⌐ ⌐ ◖☻♩⅜ ⅎ≡™ↄ

╩ ╢↓≤⅜≢⅝╢ ↓─↓≤⅛╠ ◖☻♩┼─ ╩ ↄ ⅎ╢√╘⌐│ ∟

╩ 120 ≢ ∆╢↓≤⅜ ≢№╢≤ ⅎ╢↓≤⅜≢⅝ ⌐ ⇔√ ∟

120 │∟╞℮≥∕─ ⌐ ⇔≡™╢ ⌂⅔  4-7│ ╩ ∟

120 ≤ 90 ─ 2 ⅛ ≢ ╡ ─ ╩ ⇔≡ ⇔√╙─≢№╢

∟ ⅜ 120 ─ A ≢│ ⌂ │ ≢ 5.8 ⅛ ≢№╢─⌐ ⇔≡

90 120 ─ B ≢│ 8.2 ⅛ 90 ─ C≢│ 15.1 ⅛ ≤ ⌐

ⅎ≡™╢ ↕╠⌐ ∟ ╩ 1 ╠∆─⌐ ⌂ ◖☻♩ ┘ ─ ╙

⇔√≤↓╤ ─ ⅜ ≢⅝√ ∟ ╩ ╠⇔≡™ↄ≤ ₁⌐ ─ ™

╩ ∆╢ ╩ ∑↨╢╩ ⌂ↄ⌂╢↓≤╩ ∆╢≤ ◓ꜝⱨ⌐ ⅎ╢ │

⌂ ╛ ─ ⅝⌂ ≢№╢≤ ⅎ╠╣╢  
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 4-7 ─  

 

 Aβ1 Bβ1 Cβ1 

─  

∟  186.7 - 120.6 119.4 - 90.2 87.3 - 60 

◖☻♩  800 - 1,280 1,310 - 2,720 2,800 - 7,400 

m  40 - 70 70 - 135 140 - 400 

 

─  

 5.8 8.2 15.1 

◖☻♩ ÷ ∟

/ β2 
32.2 103.5 297.5 

÷ ∟

m/ β2 
0.1 7.7 14.5 

β1 ∟ 120 ╩ A 90 120 ╩ B  

90 ╩ C≤∆╢  

β2  ∟ ╩ 1 ╠∆─⌐ ⌂ ◖☻♩ ┘ ─  

 

 4-12  4-18│ ─ ⌐ ∂√ ─ ╩ ⇔√╙─≢№╢ 0 ≢

│ ⌐┌╠≈™≡™√ ⅜ ₁⌐ ⌐ ⇔ ┌↕╣ ⱨ꜡fi♩⌐ ⌂∫≡™

ↄ ⅜ ≡ ╣╢ ∟ ₈60 ₉─ ≤₈120 ₉─ │ 100 ≢ ⌐ ╣

╢⅜ ∕─ ─ │ 500 ⌐ ⅛⌂™≤ ╣⌂™ ≢─ ⌐ ⇔≡│

4.2.3 ⌐⅔™≡ ⇔√≤⅔╡ ∟ ₈60 ₉─ ⅜ ⌐ ⅜⅛⅛∫≡⅔╡

₈240 ₉₈300 ₉─ ⅜ ↄ ⇔≡™√ ≢│ ∟ ╩ ↑≡™

⌂™√╘ │ ─╖≤⌂╢ ╩ √∆ ╩ ∆╢√

╘⌐│ ⌐│ ◖☻♩╩ ↑╢↓≤⅜ ≢№╢ ∕─√╘ ◖☻♩─ ™ ⅜

⌐⌂╡ ™↓≤⅛╠ ─ ⌐⅔™≡│◓ꜝⱨ ╡─ ⅜ ⇔╛∆™↓

≤⌐⌂╢ ↓─↓≤⅜ ─ ⌐ ∫≡◓ꜝⱨ⅜ ⅛╠ ⌐ ┘≡™ↄ↓≤─ ≤

ⅎ╠╣ ≤│ ─ ╩ ⇔≡™╢ ⅜ ™≤≤╙⌐ ⅜ ⌐

⇔≡™╢≤™℮ ≢│ ⅜ ≤™ⅎ╢  
































































































































