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ғ ȁ ȁ ȁ ΐ ╠ Ȃ 

ԍ ̆ ץ ֲ ᵬ ҹ ̆ ԅ ᵣ ֲ
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Abstract 

The automation of warfare has become the key to victory. In recent years, with the 

development of swarm intelligence technology, its role and demand in military unmanned 

systems have become increasingly prominent. Swarm intelligence, with its intelligent, low 

cost, large scale, and high combat effectiveness, can achieve intelligent levels that individual 

entities cannot. It is an inevitable trend for the future development of military intelligence. 

Swarm intelligence unmanned systems not only have wide application prospects in military 

fields such as coordinated reconnaissance, joint combat, and battlefield assessment, but also 

in civilian fields such as regional logistics, urban security, disaster relief, and medical health. 

Based on this, this article takes the concept of unmanned aerial vehicle swarm combat 

as a traction, and studies the problem of swarm intelligent robot trapping targets. Specifically, 

the main content and innovation points of the article are mainly divided into the following 

aspects. 

 Firstly, the research background and significance of swarm intelligence are 

summarized, and the current research status of unmanned aerial vehicle swarm actual 

application research and swarm intelligence algorithm are introduced.  

Secondly, in Chapter 2, this article proposes the swarm robots entrapping system-

AGENT system. As a distributed decision-making model for swarm robotics, the system 

achieves autonomous decision-making based on environmental information. At the swarm 

level, the system produces effective force allocation and adaptive force allocation to multiple 

targets. Furthermore, the model can successfully entrap multiple mobile targets without 

colliding with obstacles or neighboring robots. Several capture indicators were designed to 

quantify experimental results, and comparative experiments and indicator analysis proved 

the superiority of the proposed method. The AGENT system was deployed on E-puck2 

robots and its effectiveness and feasibility were verified through real-world experiments. 

Furthermore, in Chapter 3, this article proposes a RE-GRN algorithm. Firstly, the RE-

GRN provides a three-layer framework: trap shape generation layer (upper layer), decision 

layer (transition layer), and motion control layer (lower layer). In the upper layer, the robots 

generate a concentration field of environmental information including target and obstacle 

information through GRN and sample the concentration field to generate a target trap pattern. 

In the transition layer, the swarm robots sample the trap pattern to generate trap points, and 

realize the trap points revolving around the dynamic target while trapping the target. At this 
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point, each robot selects the most suitable dynamic trap point among all trap points. This 

mechanism improves the uniformity of the allocation of forces of swarm robots when 

entrapping multiple targets. In the lower layer, this chapter designs a Vicsek model. Each 

swarm robot can navigate to its target trap point. During this period, the robot can 

autonomously avoid obstacles, not collide with other robots in the swarm, and the entire 

motion process is smooth and natural. The effectiveness of the RE-GRN algorithm is 

demonstrated through simulation experiments, and the RE-GRN algorithm is compared with 

GRN and AGENT. The indicator analysis verifies the superiority of the designed RE-GRN 

algorithm. 

In Chapter 4, this article proposes a method of using gene expression programming for 

homogeneous and heterogeneous co-evolution of speed controllers for robot swarm, 

achieving distributed co-evolution of swarm robots. Environmental factors and some 

constants required for completing the swarm task of robot swarm are encapsulated as 

terminal node library, and mathematical operations are introduced to establish function node 

library to provide raw material for evolution. The design of heterogeneous and homogeneous 

memory pool mechanism for robot swarm facilitates the evolution efficiency of genes and 

promotes the communication among genes in the swarm. It is proposed that different fitness 

evaluation functions should be adopted during heterogeneous and homogeneous evolution 

stages of robots according to the task characteristics of different swarm tasks. The encoding 

and decoding mechanisms are established to realize the conversion between gene expression 

and robot speed controller. The functional discussion is carried out on some basic gene 

expression combinations that can achieve swarm functionality, after analyzing the gene 

expressions generated by evolution. Finally, the swarm speed controllers produced for robot 

swarm are deployed and experimented in complex task scenarios, such as flocking and 

trapping, and their performance is compared with existing methods. Experimental indicators 

show that this model's auto-generated swarm motion controller has superior performance in 

task performance and motion safety. 

In the end, this paper summarizes and gives an imagination on the development 

direction of swarm intelligence. 

 

 

Keywords̔Swarm intelligence̕Flocking̕Trapping̕Distributed cooperation̕Vicsek 

model̕Gene regulatory network̕Gene expression programming 
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1   

ԍҬ ´ (193-A14-226-01-01)̆ ץ

ֲ ῍ Һꜚ ҹ ꜚ̆ ᵣ ֲ └Ҭ ῏ ̆

ῤ ΐ ̆ ԍ ᵣ ֲȂ № ᵣ ֲ

Ҭ ֲ └ ȁ № ҍ ̆ ῤ ҍᴨ

Ȃ 

1.1 ӈ  

ᵣ ҉ ԍᴏ ̆ ԍֲ ꜚ ҹ Ȃ ᵣ

₮ ᵣ ꜚ ̆ ҩᵣӊ ֜ԑᵬ

֟ ᶏ̆ ᵣ ₮ ҩҩᵣ ⌠ Ȃ ᵣ ῏ ῍

Һꜚ Ȃ̓̀ Һꜚ ῤҩᵣ ҹӊ └Ҍ ᵣ ΐ

ȁ └ⱳ ҩᵣ̆ ֟ Ȃῒ ҩᵣ ҹ Ҭ

ῒז ҹ ̆ ֓ ҩᵣ ҹᶏ ᵣ ꜚ ̆ ᵣ

῍ ᵬȂ̓̀ Һꜚ ҹȂ

ΐᵣ № ⅞̆ ῤ ֜ ֽ̆ ֽ ῒז

Ҋ Ḥ ῍ ̆ ꜚȂ ᵣ ӟ ̆ ֲ

Ҭ 1+1ԍ2 Ȃ ᵣ ̂Swarm Intelligencẽ

ԍ Ҭ ᵣ ̆ 1-1 Ȃᴋᵥ ꜚ ᵣ ҹ ̆

ԍ № ҍ ԍ ᵣ [1]Ȃ ᵣ

ңҩ№ ̔ ᵣ ᴨ ᵣ № Ȃ ᵣ ֲ

ԍ№ ᵣ ̆ѿ ΐ Ҋץ ̔№ └̆ ̆ Ḥ̆

̆ҩᵣ ҹ ↕ ̆ Ȃ 

 
1-1 Ҳ ᵩ  

ᵣ ֲ Ҭ ץ ᵣ ᴨ̆ל ῑ ֲΐ ᵬ
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ᴨ̆ל ѿ֓ ᴋⱵȂ ᵣ ´Ԋ ̆

ֲ ҹ ֲ ѿҩ ̆ ᵬ̆ ֲ

ᵣ ᵣץ ₮ ֲ ȁ Һ ⱬȂ

ȇ ֲ 2005ĺ2030Ȉ Һ⌠ Һ

̆ ֲ Һ └ №ҹ 1~10 ̆ Һ̂ ȁ

ȁ ḱ ȁ ⅞ ȁ̃ Һ̂ ȁ

⅞ȁ ȁ̃ Һ̂№ └ȁ ȁῃ Һ

̃3ҩ [2]̆ 2025 ֲ ΐ ῃ Һ ⱬȂ20165 17

̆ ´ ȇ ֲ ⅞ 2016ĺ2036Ȉ[3]̆ ׆

ֲ ╠ ᴇṿ̆ ⅞Ҭ ľ Ŀȁľ Ŀȁľ Ἢ Ŀ3 ᵬ

ԅ ̆ῒҬľ Ŀ ֲ ֲ ľ̆ Ἢ Ŀ ֲ ľ̆ Ŀ ̆

ᶷ׆ ԅ ֲ Ȃ Ҭ Ⱶ 20177 ȇ ѿף

ֲ ⅞ȈҬ̆ ⌠ԅľֲ Ŀ̆ ľֲ ῍ Ŀᵬҹ

ѿֲף ῏ ῍ ᵣ ᴋⱵӊѿ[4]Ȃ 

1.2  

1.2.1 ֲ  

´ ץ̆ ҹᶛ̆ ⱬԍ ֲ ̆ ´ 50 

ֲ ȁľ Ŀ̂Gremlins̃ ȁľ Ҭ ᵬ Ŀ̂CODẼ

ȁľᵣ Ŀ̂SoSITẼ ȁľᵞ ֲ Ŀ̂LOCUST̃

ȁľ ᶏ ₯ Ŀ̂ OFFSET̃ [15]Ȃ ´ ѿ Ạľ

ֲ Ŀ̂ JUMP̃ ֲ ̆ ꜛ´ ᵬ Ҭ ȁ ≢

₯ Ȃ ̆ ѿ Ạľ ֲ Ŀ̂FACTS̃

ֲ ̆ Ҭ ₯Ȃ Ҭ ̆

ֲ № ᵣ ȁ ᴋⱵ ⅞ ԅ

̆ 201712 ԅ21 ֲ ̆ Ҭ

ᶶ ᴋⱵȂ20176 ̆Ҭ ȁ

֤ Ὲ ᵬ̆ ԅ119 ֲ ̆

ⱳ ԅ ȁ Ҭ ȁ № ȁ ȁ ꜚ ꜚᵬȂ 

̆ ≠ ῌ Tam̈s Vicsek 2014 ԅ10

Ҋ Һ [5]Ȃ2018̆ ≠ ῌ G̈bor Vs̈̈rhelyi

ԅ 30 ֲ Ҭ ̆ ֲ ץ ₮

[6]̆2020 ̆ Һ ֲ ԅ 52 [7]Ȃ
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2022̆ GPS ȁ ᾢ ‰ Ҋ ⱳ

ԅ10 ֲ Ҭ └ [8]Ȃ Ҋ

ֲ ҍ ᵣ ҍ ⌠ԅ Ҭ̆ ֲ

ֽᶏ ȁ ’Ҋ̆ ԅ Ҋ

ȁ ᵝ ᵝ ȁץ ᵣ ῏ Ȃ 

1.2.2 ᵣ  

╠ ᵣ ̆ ᵣ ₮Ҍ Ȃ ᵣ

№ ̆ Һ Ҋ₃ץҹ№ץ ̔ ȁ ȁ

ԍל ȁ Ȃ 

ֲ ᵣ ҹ ҩ ↨ ̆ ᴰ ҩ ֲ

└ Ȃ [9]₮̆ ᵬ ֲ ѿҩ῏ ꜚ Ҭ₃ᵥ

Ḡ Ȃҹԅ ‗ ҩ ̆ ῀ԅ ̆ ₮ └ Ȃ

└Ҋ̆ ᵣ ֲἝ ῀ ҩ↨ Ҭ Ȃ [10]≠

ֲҍ ֲӊ ̆ ᵣ ֲ ꜚ ⅞ Ȃ

῏ ̆ ֲ ױ ӊ ꜚ ⇔

Ȃ ԍ ֓ ӊ ̆ ץ ҍץֲ

№ Ȃ [11]₮ԅѿ └ Ḡ

Ҍ ӊ ֜ ꜚ Ȃ ԅ ֲ ᵣῤ

ץ̆ ֲ Ҭ ӊ Ȃ

҉̆ ԍ ⅞ ֜ Ȃ 

ԍ └ ֲ ῒ̆ ҍ ᵝ

ᵝȂ [12] ԅΐ ҩ ᵣ ↓ ̆ ₮ԅ

ΐ ҩ ᵣ ᾟ ᴆ̆ ₮ԅ

Ȃ [13]Ҭ ᵣῤ ҩ ֲ ῒ Ḥ ̆ Ḥ

’Ҋ̆ └ Ҭ ԅ ᵝ Ȃ≠ ₱

ῤ ⌠ ̆ └ Ḡ

ӊ ᾧ Ȃ [14] Ҭ ̆

₮ԅѿ └ ̆ ԍ № - ᵝ-

ԍ № - Ȃ ↓ ꜚ Ҭ̆ ֲ ̆

№ - ᵝ- Ḡ ῏ ̆ ̆ № -

ץ ᾧ Ȃ 

ԍל ᵣ ⌠ԅ Ȃ ԍ ֲ

ץ⅞ ‗ ̆ ҹ ᵣ № └ Ȃ
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Һ ᴨ ⁞ ԅ └ Ḥ ̆ ᶭ ԍ Ҭ ᵣӊ ̆ └

Ȃ ѿ ̆ ῤ ῀

ṿ Ȃ [15]₮ԅѿ ԍל ̆ ץ ꜛ ֲ ל₮

ṿ Ȃ≠ ֟ ⱬ ⱬ Ḇ̆ᶏ

ֲ ṿ Ȃ [16] ₮ԅѿ ԍל ֲ ᵣ

↓ └ ȂḠ ֲ ̆ ᾧҍ Ҭ ̆

Ȃҹԅ ̆ ῀ԅֲ Ȃ ᴨ ѿ ̆

Ȃ [17]₮ԅѿ ֲ ל ̆≠ Ḥ

ל ⅞ Ȃ ԅΐ ꜚⱬ ֲ ל

Ȃ ᾢ ῃ ⅞ ⅞̆ ₮ԅ └ȁ

҈ל ֲ ל ץ̆ Ȃ 

└ ᴰ └ ̆ ∆[18] ₮ԅѿ №

̂GRÑ ̆ ԅң ̆ ҉ Ḥ

ṿ ̆ Ҋ ֲ ꜚ⌠ ҉Ȃ

GRN ᴨ Ȃ [19-20] ₮ԅѿ ԍ ᾝ ᾝ GRN

(EH-GRN)̆ ̆ ԍ ֲ

Ҭ Ȃ ᾣ[21] ₮ѿ GRN ̆ ԅ Ḥ

ץ Ḥ Ḥ ̆ ᴆҊ ᵣ ֲ ҩ ꜚ

Ȃ [22] ῀ԅѿ ԍ ᵬ GRN ̆ ᵣ ֲ ץ ῤῒ

ז ֲ ῃ ᵝ Ḥ ̆ ῤ ֲ№ ᵝ ’Ҋ ̆

Ȃ [23] ₮ԅѿҩ ꜚ ̆ ꜚ

GRN Ȃ GRN ꜚ Ҭ ₮ ֲ Ғ

Ȃ 

ԅ҉ Һ ӊ ̆ ᵣ ᴋⱵҬ̆ ᵣ ֲ ꜚ └

ᶭ ԍֲ Ғ Ȃ ѿף ֲ ̆ ֲ └

ꜚ ₮ ԅֲף Ғ Ȃ ╠ Һ̆ ֲ ꜚ

ӟ Ȃ ֲ Ҭ̆ ᵣ ӟ(MARL)

ԍ ᵣ ̆ Ҍ ֲ └ Ȃ ӟᾛ

ᵣ Ҍ ӟ ҹ̆ Ȃ ᵣ

ӟҬ ף ӟ ץ ӟ ⱬ ӟ

‗ ⱬ ̆ ԍ ֲ ꜚ └ ꜚ Ȃ 

ץ ꜚ Ҭ̆ [24] ₮ԅѿ ԍ ᵣ ֲ ᵣ ҹ

ӟ Ȃ ֲ Ḥ ̆№֣ ⱴץ ӟ Ȃ
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[25]₮ԅң ̔ Ȃ ᵣ ץ

Ҭ ӟ⌠ ⌠ Ҭ̆ ӟȂ [26] ₮ԅѿ

ԍ№ ṿ ῀ ᵣ ӟ Ȃ ᵣ ҹ ̆

῀ᵬҹ№ ῀Ȃ [27] ₮ѿ ꞉ ᵣ ꜚ

ӟ ᵣ └Ȃ ԍ ᶏ̆ ӟ

ᴪ ֲ ꜚᵬ Ҭ ꜚȂ 

ᵣ ֲ ῏ ᴋⱵҌ׆ № [28-35]ȁ

[36-42]ȁ [43-49]ȁ [50-56]ȁ [57-62]ȁ ҍ [63-69]ȁ [70-

76]ȁ ᵬ[77-83]ȁᴋⱵ‗ № [84-89]Ȃ ╠ ̆ ҉

̆ Һ ץ ᴋⱵҹᶛ̆ ᵣ ֲ ꜚ └ ԅ Ȃ 

1.3 Һ ῤ  

ԋ ₮ѿ Vicsek(AGENT)ԅ Ȃ

῀ԅ ‗ № └̆ ֲ Һ‗ ̆ ᵣ ₮

ҩ ῑⱬ№ Ȃ ԅ ̆ AGENT ԅ

№ ̆ AGENT ⌠ԅ E-puck2 ֲ҉ ԅ Ȃ ҈ ̆

₮ѿ RE-GRN ̆ ԍ ᵣ ֲ Ҭ ҩ

̆ ץ Ὲ ̆ ⱴ Ȃ

№ ̆ ᴏ ᴆҬ ԅ ѿ ᴏ Ȃ ̆

ѿ ҹ̆ԅ ᵣ ֲ ꜚ └ ꜚ ̆ ₮ѿ ԍ

- ֲ Ȃ ᵣ ֲ № №

ҹ Ȃ ₱ ҍ ̆ ҍ

└ ӊ ץ└ ∞ └̆ ᵣᴋⱵ

ᵀ₱ ᴇȂ

└ ֲ҉ҍῒז ᵣᴋⱵ └ ̆

Ȃ 
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2  AGENT:̔ ῙⱵⅎ  

ԍѿ Vicsekѿ ῑⱬ№ └[90]Ȃ ԍ ᵣ

ֲ№ ̆ Һ ̆ ₮ ῑⱬ№ ҩ ꜚ ꜚ

Ȃ ҩAGENT №ҹ҉ Ҋ Ȃ ᾢ̆ ҉ ₮ԅѿ ‗ └̆

ᵣ ֲ Ҭ ᵝ Ḥ ץ ֲ Ḥ ‗ ̆ ҩ

ֲ ̆ ̆ ̆ Ḥ

ꜚ ̕ Ҋ ̆ ֲᶭ VicsekҬ ᵣ ῏‰↕̆ Һ ̆ ᾧ

ֲ ̆ ԍ ғҍ Ḡ ѿ ᾧҍ ̆ ₮

Ȃ ⱴѿ ץ ⱳ ̆

Ὲ ̆ Ȃ ׆ ᴋⱵ ץ ᵣ ֲ ῃ

ԅ ҩ ῏ Ȃ MATLAB ԅAGENT

̆ ₮ԅҍῒז ̆ E-puck2 ֲ҉ ԅ

Ȃ 

2.1  

ץ ֲ ҹᶛ̆ ѿ֓´Ԋ Ҭ ֲ

₯ Ṝ̆ ֲ Ḡ Ȃ Ҭ̆ ֲ

ᾧҍ ֲ ̆ ᾧ ̆ ᾧ ⌠ ’Ҋ

Ȃ ֲ ҩ ̆ ҩ ꜚ

’Ҋ̆ ֲ Һ‗ ҩ ̆ ῑⱬ

№ Ȃ ̆ ҹ№ ̆ Ҭ ̆ ᴴ ⱬ̆

ᵬ Ȃ 

ֲ Ҍ ’Ҋ̆ Ḥ ҍ Ḥ ӞҌ Ȃ

ѿ Ȃ AGENT Ҭ ֲ ץ

GPS ῃ Ḥ ̆ ץ Ḥᴰ ȁ ᵝ Ḥ Ӟ̆ ᶭץ

Ḥ ᴰ Ḥ Ḥ ᴆҊ ΐ̆ ⱬ

ⱬȂ 

ῒᵩ № Ҋ̔ 2.2 ׃ ԅAGENT └ └ҍ

‗ └Ȃ 2.3 ԅᴏ ҍ № Ȃ 2.4 ԅ

AGENT E-puck2 ֲ Ȃ 2.5 ῤ ԅ

Ȃ 
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2.2 ῤ  

2.2.1 └ └  

₮ѿ Vicsek̆ ᵣ ꜚ ↕̆ ᵣ(ף ᵣ ֲ)

ᵣҬ ᴋⱵ ̆ ᵣӊ ̆ ᵣҍ ӊ Ḡ Ȃ ᵣӊ

̆ ᵣ ֟ ѿҩ ԑ ᵬ ̆ ᾧ Ȃ ̆

ᵣ Ȃҹԅ ̆ ᵣ ҍ

Ḡ ѿ Ȃ ̆ Ҭ̆҉ ꜚ ֲ ꜚҬ ꜚ

̆ └ Ҭ ᵣ ꜚ Ȃ 

ᾢ̆ ᵣ Ḥ ῒ Ṝ̆ ᵣ

̆ ѿ ẢҊȂҹԅ ⱴ ꜚ ̆

ᵣ ⁞Ȃ ( , , )D r a p ѿ └ꜚ ̆

҉ΐ ⁞₱ [6]Ȃ ₱ ( , , )D r a p Ҭ r̆ ᵣ⌠ῒ Ả

Ȃ p ‗ ԅңҩ⁞ ֜ ̆aҹⱴ Ȃ 

2 2

0  if 0

( , , )  if 0 /

2 /  otherwise 

r

D r a p rp rp a p

ar a p

ë ¢
îî
= < ¢ì
î

-îí

               (2-1) 

≠ ⁞ ̆ ᵣ ץ Ҭ ⁞̆ Ἕֲ

Ҭ ⌠╠ ┤ Ȃ Ҋ└ꜚ ̆ Ҋ

└ꜚ ᵬȂ 

( )t t t

it entrap , ,fv C D r R a pè ø= + Ö - Ö
ê úit tiv r                 (2-2) 

Ὲ 2-2Ҭ̆ ԅ ᵣ ∆ fv ̆ fv ץ ҹ0Ȃ tC ᵣ

Ȃ itr ᵣ Ὥ ᵣ ӊ Ȃ ta ҹ└ꜚ

( , , )D r a p ᾛ ⱴ Ȃ ṿ ץ ᵣ└ꜚ ̆p ᴪ ᵣ

ῤ֟ ̆ ᵣ Ȃ
tp ҹ ᾛ

ᶃ└ꜚ ̆ ṿ ↕ᴪᶏ└ꜚ ᵌԍ ⱴ Ȃ
tir

ᵣ ᵝ ̆ ᵬҹ Ȃ
entrap R ᵣ

Ȃ 

ῒ ̆ ᵣ ᾧ ԑ ̆ ᵣ ԍ ῃ ṿ Ṝ̆

֟ ᵣ ᵣ ᵬ Ȃ Ẋ ᵣӊ ῃ ṿҹ

arep r ̆ ҩ ῃ ṿӊῤ̆ ᵣ ԑ ᵬ rep

ij
v ᵬ ̆ᶏ

ᵣ ԑ Ȃ arep r ̆ ᵣ ᵣ ̆ ᵣӊ Ҍ

Ȃ 
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( ) ( )rep

a arep ij ij arep  if 

0  otherwise 

p r r r rë - Ö <î
=ì
îí

ijrep

ij

r
v                  (2-3) 

҉ Ҭ̆ ijr ᵣ Ὥ ᵣ Ὦ ӊ ̆
rep

ap ҹ ᵣ ⱬ

̆ ijr ҹ׆ ᵣj ⌠ ᵣ ὭȂ 

̆ ԍ ᵣ Ҭ ̆ ⱬ ᵬ ԍ

ᵣҍ ӊ Ȃ ᵣҍ ӊ ԍ trep r ̆↕ ᵣ ֟

rep 

itarget v Ȃ 

( ) ( )rep 

t trep it it trep rep 

itarget 

 if 

0  otherwise 

p r r r r
v

ë - Ö <î
=ì
îí

it r
                (2-4) 

Ὲ 2-4Ҭ̆ it r ᵣ Ὥ ҍῒ ӊ Ȃ
rep 

tp ҹ ᵣҍ ӊ

Ȃ it r ׆ ᵣ Ὥ ̆ ҩ ᵣ

ⱬ Ȃҹ ⌠ῒᵩ ᵣ ⱬ ̆ 2-3 2-

4Ҭ ῀ ⱬ ԑᵬ : 
rep rep rep 

i ij itarget 

target j i

v v v
¸

= +ä ä                      (2-5) 

ѿ֓ Ҭ̆ ᵣ ᴋⱵ ѿ ῤ ̆ ֲ

Ҭ̆ GPS └Ȃ Ҭ AGENT Ҋ ꜚ └

ԅ Ȃҹԅ ᾧ ᵣ₮ ̆ Ẋ ᵣ№ ҉Ȃ

ᵣ ̆ ᵣᵝԍ ҉ ῒ ᵝ ̆ ᵣ ᵝ ץ

ᵣ ꜚ Ȃ ᵣ
wall 

idv Ҋ ; 

( )d d d d d

id id wall id id wall wall 

id 

( ( , , ))  if ( , , )

 otherwise0  

C v D r r a p v D r r a p
v

ë Ö - - Ö > -î
=ì
îí

idv
   (2-6) 

ῒҬ dC ҹ ̆ id r ҹ ᵣ Ὥ ⌠ ̆ wall r ҹ ᵣ

ῃ Ȃ da dp ҍῈ 2-2Ҭ ta tp ⱳ ҉ ӈ ̆

ᵣ ҬȂ d v ҹ ᵣ ̆ ԍ

ῤ ̆ ᵣҍ ᵣ = -id i dv v v ̆ ⌠ ᵣ

̆ id v ҹ ᵣҍ ᵣ ṿȂ 

ᵣ ꜚ └ ᵌ ׆̆ ҉ ̆ ԍ

ᵣ Ӟ ѿ ꜚ Ȃ ̆ ᵣᶏ ҍ ᵬ └

Ȃ ᵣ №
obs

idv ӈҍ 2-8 ᵌȂṿ ̆ ᵣҍ

ӊ ῃ wall r ץ ᵣ ῃ ̆≠

҉ ץ ᾧ ᵣ ῀ ᵝ Ȃ 

ѿ֓´Ԋ Ҭ̆ ᵣ ̆
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̆ ᴪ ץ̆ ֲ Ҭ ҹᶛ̆

Ҭ Ả̆ Ҭ ֲ ҹԅḠ Ӟ

Ả̆p ᴪᶏ ֲ Ҧ ∆ ̆ ҹẠⱴ

ꜚ̆ ֲ Ҧ ̆ Ҍ≠ԍ ֲ ҹ Һꜚ ̆

̆ ֓ ̆ ᵣ Ṝ ѿץץ Ὲ ̆

ᵬ ҹ └̆ ҍץ ꜚ Ṝ ꜚ

ץ̆ Ҍ׆ ֲ ᴰ ᵬ Ȃ

ῒҬ tanv ҹ ᵣҍ ᵝ ᵝ ( ṿҹ 1)Ȃ rv ҹ ᵣ

ṿȂ └ҹ Ҭ ѿҩ └̆ ץ ᴋⱵ ‗ ῀

└Ȃ 
revolve . i rv v= tanv                            (2-7) 

ԅ ץ└ ̆ ꜚ̆ ᵣ ҉

Ȃ ₮ ⱴ Ὲ 2-8 ̆ ֓

: 
desire rep wall obs

i it id idiv v v v v= + + +                      (2-8) 

ҹԅᶏ ̆ ῀ԅ └̆ Ὲ 2-9 Ȃ ҉

Ҭ ⌠ └ṿ limitv ̆ Ҍ
desire 

iv ’Ҋ

ҹ limitv Ȃ 

{ }
desire 

desire desire 

limit desire 
min ,i

i i

i

v
v v v

v
= Ö                    (2-9) 

2.2.2 ‗  

Ҭ̆ ᴋⱵҬ ҩ ꜚ ̆ ᵣ Һ‗ ῑⱬ№

ҩ ̆ ₮ ᵣ № ȂAGENT Ҭ̆ ᵣ

ҹ ᵣ Ҍ Ȃ

ᴋⱵҬ̆ ѿ ’Ҋ̆

ᵣ ᵣҍ ̆ ֓ ᵬҹ ῀

Ҭ ץ ᴰ Ḥ Ȃ 

ҩ ῑⱬ ӎ̆ Ӈ ᵣ ҩ ץ̆ ᵣ

ҩ ҉ ̆ ᵣӞ ̆

ᵣ ҩ ̆ ᶏ ᵣ ⌠ ̆

Ӈ ᵣ Ӟ ῒז ҹ ᴨ ȂӞ ̆ ᵣ

ԑӊ ץ ᵣ ңҩ ̆ ңҩ

̆ ₮ᵣ ң ᵀ Ȃ Ὲ 2-10 Ȃ nitr ᵣ
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Ὥ⌠ ὲҩ ̆ itnN ὲҩ ᵣ Ȃ 

( )( ) 1 2 it 

1 2

1 2 it 

Seq Seq Seq
it it n

n

it it n

r r r
a b

N N N

»å õ
» = Öæ ö

»ç ÷
             (2-10) 

Ὲ 2-10Ҭ( )  a b ҹ ̆ Ҭңҩ ̂ ᵣ⌠

ץ ᵣ Ȃ̃ ᵣ ᵀ ̆

̆ ίὩήṿ ᵬҹ Ȃ

ᵣ Һ‗ ῑⱬ№ Ȃ 

ץ ⱴ Ȃ ҬҌ

Ҍ Ӟᴪ Ҍ Ȃc Ҭ Ȃ

̆ ץ ᴨ Ȃ Ὲ 2-11Ҭ̆ itnP Ҍ Ҍ

ᴨᾢ Ȃ Ҋ ᴋⱵ ̆ ꜚ ⁞ ᾝ ץ ᴋ

Ⱶ ȂAGENT Ҭ‗ └ ץ ԍ ̆ΐ Ȃ 

( ) (

1 2

1 2

1 2

1 2

Seq Seq S q  e   )

it it itn

it it itn

n

it it itn

r r r

N N N
a b c

P P P

»å õ
æ ö

»æ ö» = » Ö
æ ö» » » »
æ ö

»ç ÷

          (2-11) 

2.3 ᴏ ҍ№  

2.3.1 ᴏ  

Ҭ̆ MATLABᴏ ԅ AGENT Ȃҹԅ

AGENT ̆ ԅҌ 2-1 ̆

ҹ250m*250mȂ ᵣҹ ̆ ҹ Ȃ ᵣ ᴋⱵ Ҍ ῒז

ᵣץ ╠ Ҋ ꜚ Ȃ ᵝ ̆ ᵣ ץ ᵣҬῒז

ᵣ ᵝ Ḥ ̆ ץ ῤ ᵝ ץ̆ ѿ ῤ

ᵣ Ȃ ֓Ḥ Ҭ ץ ᴰ Ḥ Ȃ

ᴏ Ҭ̆ ҹ2.6m/̆ ᵣ ҹ0-4m/Ȃ 2-1Ҭ ԅ ҍ ᵣ

ꜚ Ȃ 

 
2-1 ᵩ 3үҒ  
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׆ 2-1 ץ ₮ ӂ Ҭ̆ ᵣӞ ץ

Ҍ̆ҍῒז ᵣ Ȃ ᵣ ’Ҋ

Ӟ Ȃ 

ҹԅ ѿ AGENT ‗ ⱬ̆ ԅ Ȃ

ᵬҹ ꜚ └Ȃ ׆ № ̂

20ҕ ף30 ₮ ѿ № ̃ └̆

ӊ ֜ ῒ̆Ҭ ̆

ꜚ ̆ Ḥ Ȃᴏ Ҋ: Ҭ ꜚ

(250m*250m)̆ ҹ2.6m/̆ ᵣ ҹ0-4m/Ȃ ᵣ

̆ ᴪ ῒ Ȃ 

 
ЃaЄ               ЃbЄ              ЃcЄ              ЃdЄ 

2-2 GRN Ґ ᵩⅎ ҩү ꜠ ЃaЄt=0s(b)t=14s(c)t=240s(d)=266s 

 
ЃaЄ               ЃbЄ              ЃcЄ              ЃdЄ 

2-3 AGENT Ґ ᵩⅎ ҩү ꜠ ЃaЄt=0s(b)t=14s(c)t=240s(d)=266s 

2.3.2 №  

ҹԅᶏ ̆ ԅ Ȃ ֓

ң Ȃ ᾢ̆ ᵣ ᵝ № ̆

ӈҹ ᵣ Ȃῒ ̆

’Ҋ̆ ᵣ ҩ ῑⱬ№ Ȃ ̆ ᵣ

ῤ ̆ ץ ᵣ ᴋⱵ ̂ ᵣ

ҹ6/6 ҹ ⱳ̃ ᵬҹ Ȃ ԅ ᴋⱵ ⱬ

҉ ᴇ ₮̆ԍ ᵣ ᴋⱵ ῃ ̆ ԅ ᵣ

Ҭ ץ̆ ң ᴋⱵҬ ῃ Ȃ ̆ Ҭ̆
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ᵣ ꜚ Ҍ̆ ▲ ̆ ᵣ

ꜚ Ҭ ῏ Ȃ 

҉ ↕̆ ₮Έҩ Ҋ: 

1ȁ ᵣ ᵣ ҩ ῑⱬ№ Ȃ 

2ȁ ᵣ Ȃ 

3ȁ ᵣ ѿҩ ̂ ҹ6/6

ҹ ⱳ Ȃ̃ 

4ȁ ᵣ ᵣ ѿ Ȃ 

5ȁ ҩ ꜚҬ ᵣ Ȃ 

6ȁ Ҭ ᵣ ┴ ꜚ ῏ Ȃ 

Ҭ̆12ҩ ᵣ ңҩ Ȃ ңҩ ≠

└ ҉ Ȃ ҹ 1.8m/Ȃ AGENT Ҭ ᵣ

̆ ҹ4m/Ȃ GRNҬ̆ ᵣ ҹ3.6m/Ȃ

Ҋᶏ ҉ AGENTGRN ̆ 2-4 ~2-10

Ȃ 

 
2-4 ᴑꜙҲ ᵩ ү  
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2-5 ᵩ ҩү  

 
2-6 ᵩ ҅ү װ  

 
2-7 ᵩ ꜠  

 
2-8 ᵩ Ҳ ᵩ  
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2-9 GRN Ґ ᵩ ָ ╔ ῗ  

 
2-10 AGENT Ґ ᵩ ָ ╔ ῗ  

׆ 2-4 ץ ₮  ̆AGENT Ҋ ᵣ ҩ ΐ ‗

ⱬ̆ ҉№ Ȃ ₮ ҩ № ⌠ 6ҩ ᵣ ῑⱬ№

̆ Ӈ ץ ҹ ᵣ№ ’ ⌠ Ȃp ԍ ᵣҍ ᵝ

̆ῒ№ Ҍѿ ԍ Ȃ ҍGRN Ҭ̆

ҍ ꜚ ’Ҋ ѿץ̆ ԅ Ҭ ҩ

’̆ 2-4 ĂGENT Ҋ ᵣ ҩ ῑⱬ№ Ȃ 

ԅ 6ҩ ҉ѿ ῤ ᵣ№ ’̆ ץ ᵬҹ

ᵣ Ȃץ ᵝ ҹ ץ̆ ҹ Ạ

̆ ҩ № 6ҩ Ȃ ᵣ Ҭ

ᵣ ̆ ᵣ 6↕ ᵣ

Ȃ׆ 2-5 ץ ₮̆ AGENT Ҭ̆ ᵣ №

ҹ Ȃ ̆ ԅң Ҋ ᵣ ңҩ ⌠

6/6 Ȃ 2-6 ̆AGENT Ҋ ᵣΐ

Ȃ 2-7 ᵣ ̆ AGENT Ҋ

ᵣ ꜚ Ȃ ԍ ᴋⱵ ’ ₃ҩ

̆ ₮ AGENT ӊ╠ GRN ᴋⱵҬ ⱴ₮ Ȃ 

₮ԍ Ҭ ᵣ ᴋⱵ ῃ ̆ ₮ҍ ꜚ

ῃ ῏ ᴇ Ȃ ᾢ̆ ᵣӊ Ҍ ̆ ᵣ

ᵣ ҹȂ ᵣ ᵬҹ ꜚ ῃ

ᴇ ̆ 2-8 Ȃҍ ̆ ᵣ Ạ ꜚ ̆
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ᵣ Ҍ ₮̆ Ԋ ̆ ᵣ ⁞ ҉

̆ ⱴ ῃ Ȃ ԅ ᵣ ┴ ῏

Ȃ ῏ Ὲ ҊȂ 

corr 1

1

i i

i i

v v

v v
f -

-

Ö
=                            (2-12) 

ῒҬ iv ᵣ , 1iv-ף ᵣ ҉ѿ ┴ Ȃ
corr f

1̆ ↕ ᵣ ңҩ ┴ ꜚ ̆ ꜚ ̆ ̆
corr f

-1, ᵣ ▲ Ȃ 2-9 2-10 ̆ ץ ⌠̆

ҍGRN ̆AGENT ᶏץ ᵣ ⱴ Ȃ 

׆  2-8 ĂGENT Ḡ ᵣӊ ῃ

ῤ̆ ԅ ᵣ ꜚ ῃ Ȃ׆ 2-9 ץ ₮̆ ᵣ GRN

Ҭ ᴪ₮ ѿ֓ ( )̆ Ҍ≠ԍ Ȃ

Ҭ̆ ꜚҌֽ ԅ ꜚ ̆ ғ׆ ꜚ ῃ ᵣ ֲ

Ȃ 2-10 ̆ Ҭ ᵣ ꜚ Ȃ 

Έҩ҉ץ Ҍ׆ ԅ ᵣ AGENT

ᴨ Ȃ ̆ AGENT ᶏץ ᵣ ᵣ

№ ץ ꜚ Ȃ 

2.4  

ҹԅ AGENT Ҭ ̆ E-puck2ֲ

ᴋⱵȂ Ҭ 1̆0ҩE-puck2ֲ AGENT

ңҩ Ȃ ץ ᵬҹ └ Ҭ Ȃ ῃ Ḥ

Ҋ ̆ ֲ ץ ֲҍ ᵝ Ḥ ȁ Ḥ ȁ

Ḥ ̆ ᵣҬ ֲ WiFi ԑ Ḥ ץ ԑ֜ Ḥ Ḥ ῤ

Ạ₮ Ȃ 

Έҩ ̆ ԅE-puck2ֲ ңҩ ( 1)Ȃ

׆ 2-1Ҭ ץ ₮ ̆E-puck2ֲ AGENT Ҍ

ᴋⱵȂ 2-11 2-12 ңҩ ף Ȃ ֲᵝ №

№ ’Ҋ̆E-puck2ֲ ץ ᴆ №

₮ῑⱬ№ ̆ ץ ץ Ҍ̆ᴪҍ ֲ

̆ ᶏ ̆E-puck2ֲ Ӟ ץ ̆

Ȃ҉ ѿ ԅAGENT ̆

Ȃ 
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2-1 6 Ҭ ֲ ’ 

 1 2 3 4 5 6 

ѿҩ  35s 47s 30s 67s 34s 57s 

ῃ  64s 52s 46s 72s 59s 67s 

 

 
2-11 12ү E-puck2 ָ ҩү Ѓ ҅Є 

 

 
2-12 12ү E-puck2 ָ ҩү Ѓ ԑЄ 

2.5  

₮ѿ № ᶏץ ᵣ ֲ № Ȃ ₮

ѿ ‗ └ Vicsek ᴋⱵ Ȃ ᵣ

ֲ ѿ Vicsek ̆

Ạ₮ ̆ ꜚ Ḡץ ̆ΐ Ȃ

‗ №Һ ֲ ╠ Ḥ ⱬ№ ̆ ΐ

ᵈ Ȃ ₮ Vicsekץҍ‗ └ ᶏץ ֲ

₮ ῑⱬ№ Ȃ ̆ ᴋⱵ׆ᴋⱵ ̆
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ῃ ңҩ ₮ ԅѿ ↓ ̆ ₮ AGENT ҍGRN

ԅ ̆ ԅAGENT ᴋⱵ ᴨ Ȃ

E-puck2ֲ ҉ ԅ ̆ ԅAGENT ΐ

Ȃ 
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3  ԓ ᵩ ָ  

ԍ ȁ ‗ └ Vicsek₮ѿҩ ԍ ᵣ

ֲ ᴋⱵ ҈ ̆ ԍ ᵣ ֲ ҩ ᴋⱵ[91]Ȃ ѿ ̆

ᵣ ֲ≠ Ҭ ᵝ Ḥ ̆ ̆

⅞№ ҩ ̆ ҍ ֲ Ȃ ԋ

̆ ₮ԅѿ ‗ └̆ ֲ ᵝ ҉

̆ ֓ ᵝ ꜚꜚ Ȃ ҈ ̆ ԅѿ

Vicsek̆ ֲ ╠ Ҋ ꜚ⌠ Ȃ ̆ ᵣ

ֲ ԅ № ̆

Ὲ Ȃ 

3.1  

└ └Ȃ ᵣ ҈ҩ D̔NA

ȁ └ └̕ ᶏῒף ̕

№ ȁ ҩᵣ Ȃ ҬGRNҺ Ṣ

ף ץ └Ȃ Ҭ ┬

ῒ ̆ ₮ ᴆ Ȃ 

Ҭ └ ԍ ᵣ ֲ └Ȃ Ḥ

֟̆ ᴪ ⌠ Ḥ ̆

Ȃ Ȃ ҹ

⌠ ᵣ ֲȂ ᵣ ֲ ᵝ Ḥ Ḥ ̆

ᵝ Ḥ ṿ ꜚ ̆r ⱬȂץ ≠ GRN

[18-23] Ḥ ̆ ԅ ᵣ ֲ

Ȃ 

3.2 ῤ  

RE-GRN Һ ԍ ѿҩ№ ᵣ ֲ ̆ ҩ

Ȃ 3-1 ̆ ҈ ̔҉ ȁ Ҋ Ȃ ҉ ̆

ᵣ ֲ ᵝ Ḥ Ḥ Ḥ ȂὫ

Ҭ῏ԍ ᵝ Ḥ Ὣ̆ Ҭ῏ԍ ᵝ Ḥ ̆

Ὣ ԅ Ҭ Ḥ Ȃ ᵣ ֲ №Ὲ

Ὣ Ὣ̆ Ὣ̆ ⌠ ᵣ ֲ ╠ Ҋ Ḥ Ȃ № ԍ
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Ҭ ̆ ᵝ Ḥ ץ ̆

( ) ֲ Ғ ѿ֓ ꜚ

Ȃ Ҭ GRN [23]Ȃ

ᵣ ֲ ⌠ Ḥ ӊ ̆ Ḥ ѿ ṿ ̆

⌠ ὓȂ 

ԋ Ȃ╠ ⌠ ҉ ̆ ᵣ ֲ GRN ԅ

̆ ҹԅḠ ᵣ ֲ ̆ ᵣ ֲ ҉

ᵬ̆ҹῒ ᶏץ̆ ᵣ ֲ ꜚ⌠ ֓ ҉

Ȃ ԍ ֲ№ ҹ ̆ ֲ

№ Ȃ ᵬ̆ ₮ҍ ᵣ

ֲ Ȃ ̆ҹԅ ̆ ᵣ ֲ

̆֟ ᵌ ꜚ ̆ ѿ ꜚ ( Ҭ

ꜚ )Ȃ 3-1Ҭ̆ ᵣ ֲ ‗ Ὀ Ȃ 

RE-GRN ҈ ᶫԅѿ └ └̆ ᵣ ֲ Vicsek

⌠ ᵝ Ȃ ₮ѿ Vicsek̆ ԅ ҩ ᵬ :

ᵣ ֲ⌠ῒ ᵬ (ὸ )ȁ ᵣ ֲ ᵬ (έ )

ᵣ ֲҍ ӊ ᵬ (ὶ)Ȃ ̆ ҩ ᵬ №

ⱴȂ ⌠ ̆ ҉ └Ȃ └ ̆ ᵣ

ֲ ץ ꜚ⌠ ̆ ᵌԍ ꜚ ҹȂ 

RE-GRN ԍ҉ ҈ Ȃ҉ ҈ ΐᵣῤ ᴪẠ

׃ ȂRE-GRN 3-1 Ȃ 

 
3-1 RE-GRN  
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3.2.1 RE-GRN҉ : ֟  

GRN҉ Ҭ ᵝ Ḥ ᵝ Ḥ ̆ Ḥ

Ȃ ≠ ᴰ ꜚ ᴨ GRN҉ Ȃ ₱

↕̆ ᴨ GRN Ȃ Ҭ GRN҉

Ȃ῏ԍRE-GRN ҉ ̆ ץ [31]Ȃ 

GRN҉ ̂ ṿ ̆ ᵌԍѿ

̃̆ ⌠ GRN № Ȃ ⌠ GRN ̆ GRN

ȁ ȁ ȁ № № Ȃ №

№ ȂRE-GRN ҉ └ GRN № ҹ №

Ȃ Ẋ ֲ ᴋⱵ ⌠ ȁ Ҭῒז

ֲ ᵝ Ȃ ֓ ֲ ԑץ ֜ ̆ Ḥ№֣ ᵝ Ḥ Ȃ

ԍ ῤ ᵣ ֲ ᵝ Ḥ ̆ RE-

GRN └ ̆ ᵣ ֲᴪ Ḥ Ȃΐᵣ ̆RE-GRN ҉

Ҋ: 
2(t 1) (t)j jp p+ =Ð                          (3-1) 

1

(t 1) (t 1)
tN

j

j

p p
=

+ = +ä                         (3-2) 

҉ Ὲ Ҭ Ҭ ̆ ץ ᵬ ԅ Ҭ

Ȃ ѿ ̆ (t)jp Ҋ ̔ 

2 2(t) (t) (t)j

vp x ye-= +                              (3-3) 

1

(t 1) (t 1)
tN

j

j

p p
=

+ = +ä                               (3-4) 

(t)x (t)y ԋ Ҭ ᵣ ֲ⌠ Ȃ ԍ

ҩ ̆ ҹ ₱ Ȃὺҹ ̆ ԍ

ҍ ῏ Ȃ (t)jp Ὦҩ ᵝ Ḥ Ḥ Ȃὴ

ᵣ ֲ ╠ Ҭὔҩ ֟ Ḥ Ȃ 

( )1 1(t 1) sig , ,g p kb+ =                      (3-5) 

( )2 2(t 1) 1 sig , ,g p kb+ = -                    (3-6) 

( )3 1 2 3(t 1) sig , ,g g g kb+ = +                   (3-7) 

( )

1
sig( , , )

1 k r
r k

e b
b

- -
=
+

                   (3-8) 

ᵣ ֲ ᵝ Ḥ ̆ ҉ Ḥ Ὣ̆

Ὣ ὫȂ RE-GRN ҉ Ҭ Ὣ̆ Ὣ№≢ ᵝ Ḥ ῀̆

Ḥ ҹὫ̆ ᵣ ֲ ╠ Ҋ Ḥ Ȃ 
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ᵣ ֲҍ ( )ӊ Ȃ sigmoid₱ b ץ

ҩ Ȃkҹ ̆k ṿ ̆ ̕k ṿ

̆ Ȃb ṿ ҹ0-1̆ k ṿ ҹ0-1Ȃ 

  

 
3-2 ᵣ Ḫ  

3.2.2 RE-GRN :‗  

҉ Ҭ R̆E-GRN ҉ Ḥ ̆ Ḥ

ṿ ̆ ֲ ╠ ’ Ӟ̆

̆ Ҭ̆ ҩ ̂ҍ ᵣ ֲ ̃̆

̆ ѿ ֲ‗ └ ᶏ̆ ֲ ҉

ץ̆ ₮ ᵣ ֲ № Ȃ └ ᴺ

ף Ҋ̔ 

3.1: ᵣ ֲ ҩ ꜚ ᴋⱵҬ ֲ №  
Input: ᵝ ȁ ֲ ȁ ֲᵝ ̕ 
Output: ҉ ֲ  

1̔ ֲ ӈҹ Nr Ȃ Np ( ҩ ̆

ᴪ ) 

2̔ ╠ ҩ m= Nr / Np 

3̔ ֲ i ᵣῤᴨᾢ ̆↕ ҉ ̆ ↕

Ḥ ᵝ ̆ ץ ҹ ѿҩ ̕ 

׆ 4̔ 1⌠mȂ ֲ i № ⌠ѿҩ

̆ 0Ȃ ֲ i № ⌠ԅ ̆↕ Ữ ̆ ῒ

ᵝ ҹ Ȃ 

5̔ ҩ ⅞№ Nҩ ̆N ֲ m ṐȂ ֲ i ץ
ҹ ѿҩ ץ /N m ҩ ̆ ⌠ mҩ ᵬҹ

ֲ  

6̔ ֲ i ↓ Ҭ ̆ ⌠ ѿҩȂ ֲ

ᵝ ⌠  

7̔ for j =1: Nr  
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8̔    if ֲ iҍ ֲ j ᵝ όӞ ̆ ңҩ ֲ ԅ

̆ ҩ ҹ  e ύғ  e ֲ i ԍ  e
ֲ j  then 

9̔ ֲ iҍ  e ῏  

10̔     else 
11̔  ֲ iҍ  e ῏ Ȃ ֲ i  e ↓׆ Ҭ−

̕goto 6 

12̔     end if 
13̔  end for 
14̔  ֲ i ԍ ₮ Vicsek ῒ  

ҹԅḠ № Ҭ ֲ Ḥ ̆ ֲ

Ḥ ( ѿҩ )Ȃ Ҭᴨᾢ ֲ( )

Ҭ ̆ Ҍ ῒז ֲ ᵝ Ȃ

Ҭᴨᾢ ֲ ̆ᴨᾢ ֲ ῒ ץ̆ Ȃ

ῤ ֲ ᴪ ⌠ ᵝ Ḥ Ȃ ̆ ⌠ ↓

Ȃ └Ҭ̆ ֲ ↓ Ȃ ҩ ֲ Һ

╠ᵝ ( )Ȃ └̆ ֲ

҉ ԅ № ̆ ᵬҹ Ȃ 

ᵣ ֲ Ҭ̆ ֲ ꜚ⁞ ԅ Ҍҍ

ᵣ ֲ ’Ҋⱴ Ȃ ₮ԅѿ ֲ Ҭ

└̆ ԍ ᶭ ̆ ץ ҹ └Ȃ ̆

( ѿҩ ) ᶏ Ȃҹԅ ѿ └̆

̂ Ҭ ‰ ̃Ҭ Ȃ

ᴪ ꜚ ᵝ Ȃ ֲ ԅ ≠

̆ ֲ Ҋѿ ┴ ҹҊѿ ┴ ҉ ҉ѿ

┴ῒ Ὡ Ὡ Ὡ̆ ҹῒ ( ᵣᵝ

ꜚ ̆ ҉ ᵝ Ӟᴪ ӊ )̆

ꜚ Ҍ ѿ Ȃ 3-3 ̆ ң ┴ ᵝ ҍ ᵝ ҍ

ꜚ ѿ Ȃ ӈ ң ҍ ꜚ ҹ (t)q ҍ

(t 1)q+ Ȃ 
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3-3 ָ ‼ Ҳ⅓  

̆ ҹ └Ҋ̆ ֲ ҹҌ Ȃ ꜚҌ

’Ҋ̆ ⌠ ꜚ ҍ ֜ (ί) ̆↕

ί Ҭ ί̆ ί⌠ί׆ֲ ꜚ ԍ ꜚ Ȃ

̆ ֲẢ ҹ̆ ѿ ꜚȂҹԅ

ҹ̆ ֲ ᵝ └ ѿҩ (ὧḐὧ)ӊῤȂ 

 
3-4 ָ ‼ Ҳ⅓  

3-4 ץ̆ ҹ ҹᶛ ̆ Ҭ ̆

ҹ0Á ̆ ҹ( ԍ׃( “ẗ
ᶼ

“ẗ
ᶼ

ӊ Ȃ

ὔ ὔ̆ ֲ Ȃ ∆ ᴨ̆ᾢ ᵣ ֲ

ѿҩ ᵬҹ Ȃ ҩ “ẗ
ᶼ

̆ ⌠ “ẗ
ᶼ

Ȃ ѿ Ҍ ץ̆

Ȃ ̆ 3-9 3-10ҹ ֲ

ף Ȃ 

2 2(t 1) 2 cos( (t))rv r r v rv q+ = - + -                 (3-9) 
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2 2

cos( (t))
(t 1) arcos

2 cos( (t))

v r

r v rv

q
q p

q

å õ-
+ = - æ ö

+ -ç ÷
            (3-10) 

(t 1)
r

v + (t 1)q + №≢ҹ Ҭ ֲ Ȃṿ

̆  qҹ ̆ t 1+ ̆ ֲ № ҉ ̆ 3-

9 3-10ῃ Ȃ ԍ  qҹ ̆ ꜚ Ẋ ҹ ꜚ

̆  q ӈ̆  qׅҹ ̆ 3-9 3-10ׅ Ȃ ≢ ̆  q

̆ ף 3-11̔ 

2 2(t 1)rv r v r+ = + -                     (3-11) 

3.2.3 RE-GRNҊ : ꜚ └ 

╠ ׃ ԅRE-GRN ╠ң (҉ )Ȃ ҉ ̆ ֲ Ḥ

̆ ֲ ̆ ̆ ̆ ̆

ᵝ ̆ Ȃ ԅ҉ └̆ ֲ ꜚ⌠ῒ

ᵝ Ȃҹ ̆ ₮ԅѿ ԍVicsek ꜚ └ Ȃ

RE-GRN ҉ ԅ ᵝ Ḥ ̆p ֲ ׅ

ԍ Ȃ ᴋⱵ ̆Ҋ Ҋ₃ץ ̔

ֲ ῒ ̆Ҍҍ ֲȁ Ȃ

̆ №ҹ ⱬȁ ȁ ҈ҩ №Ȃ 

ԋ ⌠̆ ֲ ꜚ ̆ ֲ ꜚ ҍ

̆ ῀ ֲӊ ᵬ Ȃ arepr ῃ ṿ̆ ṿ ̆

ᵣῤ ֲ Ȃ ֲӊ ԍ arepr ̆ ֲ ֟

ᵬ Ḡץ̆ ҍ ῃ Ȃ 

( ) ( )rep

a arep ij ij arep.  if 

0  otherwise 

p r r r rë - <î
=ì
îí

ijrep

ij

r
v               (3-12) 

ijr = -i jr r ֲὭҍ ֲὮӊ Ȃ
ijr

-
=

i

ij

jr r
r ֲὮ

ֲὭ ( ᵝ )Ȃ
rep

a
p ҹ ֲ ⱬ Ȃ 

ֲ ῒ Ȃҹԅ ֲҍ ̆

ֲҍ ӊ ԅѿҩ ⱬ ( ֲ Ҭ̆ ҹ

Ҍ ֲ )Ȃ ֲ ӊ ԍ trep r ̆ ֲᴪ֟ ѿҩ

Ȃ 

( ) ( )rep

t trep it it trep.  if 

0  otherwise 

p r r r rë - <î
=ì
îí

itrep

itarget

r
v                   (3-13) 
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itr = -
ti

r r ֲὭҍ ֲὮӊ Ȃ
itr

-
= i

it
tr r

r ֲὭ

ⱬ (ᵝ )Ȃ rep 

tp ҹ ֲὭҍῒ ӊ ⱬ Ȃ

ҩ ֲ ⱬ Ȃ ֲὭ ̆

ᵬ ̔ 

target j i̧

= +ä ärep rep rep

i ij itargetv v v                        (3-14) 

╠ ⌠̆ ֲ ҉ ᴪ ⌠ Ȃҹԅ

ֲ ≠ ̆ ֲ └Ȃ ֲ ҍ

ֲ ῏̆ ֲ ⌠ ῒ̆ ׆ ⌠ ̆

׆ ⌠ Ȃ ( , , )D r a p ₱ ᵬҹ ֲ ⁞ ̆ῒҬὶҹ ֲҍ

Ả ӊ ̆ὴ‗ ԅң ⁞ ֜ ̆ὥҹ ֲ ⱴ Ȃ 

 

2 2

0  if / 2

( , , )  if / 2 /

2 /  otherwise 

r a p

D r a p rp a p rp a p

ar a p

ë ¢
îî
= < ¢ì
î

-îí

           (3-15) 

Ẋ ҉ ֲ ҉ ѿҩ ᵣȂ ҩ ֲ

ѿҩ ᵣ̆ ᵣ ᵝ ֲ ᵝ ꜚ

Ȃ 

( )d d d d d

id obs id id obs( ( , , ))  if ( , , )

0  otherwise 

idC v D r r a p v D r r a pë Ö - - Ö > -î
=ì
îí

 idobs

id 

v
v            (3-16) 

d
C ֲ Ȃ obsr ֲ ӊ ῃ Ȃ

idr = -dir r ף ֲὭ ӊ Ȃ idv = -div v ᵣ

ԍ ᵝ Ȃ ( idv= -id i dv v v )/ ̆ idv

ֲҍῒ ᵣӊ ᵝ Ȃ da └ꜚ ҉ᾛ

ⱴ ̆ dp └ꜚ ̆ dp └ꜚ ᵌԍ ⱴ Ȃ 

̆ ֲ ῒ Ȃ ╠ ̆ ( , , )D r a p ₱

ֲ ῒ Ả ҍ ӊ ῏ Ȃ Ҭ≠ ₱ ҹ ֲ

ῒ ₱ 3-17 Ȃ 

( )g g g

ig , , . . C D r a pè ø= +
ê úig f giv v r                  (3-17) 

fv ֲ ∆ ̆ ’ ̆ ҹץ Ȃ gC ֲ

ᵝ Ȃ
igr = -gir r ֲ i ӊ

Ȃ ga ᾛ ⱴ ̆ gp └ꜚ Ȃ g
a

g
p ╠ Ҭ ⌠ d

a  ᵙ
d

p ̆

ԍ ֲ ԍ Ȃ
ig

r-=
g igi

r r r( ) / ̆ gir ֲ i  ᵝ (

ᵝ )Ȃṿ ̆ itr
igr Ҍ ̆ itr ׆ ֲ i ⌠ ӊ
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̆ igr ֲ i⌠ ҉ῒ Ȃ 

ֲ ֓ № ̆ ԑᵬ ̔ 

= + +desire rep obs

i i id ig
v v v v                       (3-18) 

Ҭ̆ ֲ ’̆ limit v ᵬҹ Ȃ

҉ └ ṿ limit v ↕̆ Ҍ ’Ҋ ῒ ṿ

ҹ ֲ limit v Ȃ 

{ }limit min ,v= Ö
desire 

desire desire i
i idesire 

i

v
v v

v
                (3-19) 

3.4 №  

3.4.1 ᴏ  

ԍMATLABCoppeliaSimᴏ ̆ ᴏ ԅ ₮ RE-

GRN Ȃ ῃ Ḥ Ҋ̂ ֲ ѿ Ҋ

ᵝ Ḥ ̃̆ MATLABᴆ Ȃ №≢ᶏ GRN ȁAGENT

RE-GRN 5 Ҍ Ҋ ̆ ֓

Ȃ RE-GRN Ҭ̆ ֲӊ ץ ԑ Ḥ ᵝ ̆

ᵝ Ȃ Ҋ̔ 

(1) Ȃ12ҩ ֲ 2ҩ ̆2ҩ ѿҩ Ạ

ꜚ( 1)Ȃ 

(2)15ҩ ֲ 2ҩ ꜚ Ȃ Ҭ 2ҩ ( 2)Ȃ  

(3)10ҩ ֲ 1ҩ Ȃ ҩ ( 3)Ȃ  

(4)14ҩ ֲ 2ҩ ꜚ Ȃ Ҭ ṕ ( 4)Ȃ 

(5)12ҩ ֲ 2ҩ ꜚ Ȃ Ҭ ₃ҩ ̆2ҩ

Ҭ ꜚ( 5)Ȃ 

 

3-5 12ү ָ GRN( )ЇAGENT(Ҳ) RE-GRN ( ) Ҳ 2ү

( 1)  










































































