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ABSTRACT

ABSTRACT

Human-UAV collaborative systems, which integrate human cognitive and
decision-making advantages with the autonomous execution capabilities of unmanned
aerial vehicles (UAVs), have become an important approach to performing complex
tasks. Appropriate human-machine trust is an important prerequisite for achieving ef-
ficient human-UAV collaboration. However, due to the nonlinear dynamics of UAVs
and the limited environmental and state information available to humans, humans often
find it difficult to accurately assess the actual capabilities of UAVs, which may lead to
trust imbalance. Trust imbalance not only degrades the effectiveness of human-UAV
collaboration, but may also increase task risks. Therefore, it is necessary to quantify the
level of human-machine trust, characterize its dynamic evolution, and further design
trust-integrated human-UAV collaborative methods.

However, existing studies still have limitations in human-machine trust modeling
and collaborative method design. At the trust-modeling level, there is still a lack of
dynamic trust models that are closely associated with machine performance. At the
collaborative-method level, existing approaches have not effectively incorporated trust
states into planning and control processes, making it difficult to mitigate collaborative
conflicts caused by trust imbalance. To address these issues, this thesis investigates
dynamic human-machine trust modeling for human-UAV collaborative tasks and further
designs trust-integrated collaborative methods for landing and search tasks. The main
contributions are as follows:

(1) To address the limited interpretability of existing trust models and their dif-
ficulty in characterizing the influence of machine performance fluctuations on human
trust, a machine performance-driven trust evolution model is proposed. The proposed
model enables the modeling and tracking of human-machine trust dynamics, provid-
ing a foundation for the subsequent design of trust-integrated collaborative methods. It
explicitly distinguishes the machineôs objective capability from the humanôs subjective
assessment, characterizes the evolution process of human-machine trust, and improves
model interpretability by analyzing the physical meanings and related properties of the
core parameters.

(2) To address the lack of a reasonable control authority allocation mechanism in
human-UAV collaborative landing tasks, a trust-integrated minimal-intervention shared
control strategy is proposed. This strategy improves the task success rate and landing
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ABSTRACT

accuracy while preserving human intent as much as possible. Specifically, the ma-
chineôs objective capability and performance are first quantified based on intent infer-
ence, landing accuracy, and task safety metrics, and action-value evaluation and candi-
date action set construction are then performed based on deep reinforcement learning.
Subsequently, the trust state is incorporated into the arbitration process to dynamically
adjust the value-loss threshold of candidate actions. Following the principle of minimal
intervention, the action closest to human control input is selected from the feasible set
as the control output.

(3) To address the insufficient consideration of dynamic trust variations in trajec-
tory planning for human-UAV collaborative search tasks, a trust-integrated human-UAV
collaborative trajectory planning method is proposed. This method improves flight tra-
jectory smoothness while reducing human workload. Specifically, the machineôs objec-
tive capability and performance are first quantified based on flight safety and visibility
metrics. Then, under safety constraints, a motion primitive tree is expanded according
to human control input to construct a candidate trajectory set. Trust is then incorpo-
rated into trajectory selection, and the selected trajectory is further optimized, thereby
generating a trust-aware adaptive flight trajectory.

KEYWORDS: Human-Machine Trust, Human-Machine Collaboration, Shared Con-
trol, Trajectory Planning
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1

1.1 ӎ

ֲ ̂Unmanned Aerial Vehicles, UAVs ᵬ̃ҹ Һ ῖ ף [1]̆

₡Ṣ ȁ ꜚ ᵞ [2]̆ ԍ [3]ȁ̔ ҙ

ᵬҙ [4]ҍ ᶶ [5] ´ ᴋⱵҬ [6]Ȃ ̆ ҍ ᵣ

̆ ף ֲ ѿ ΐ ԅ ≢ [7]ҍ ᵬҙ [8] Һ

‗ ⱬ ׆̆ ֲף ҍ Ҭ ᴋⱵ [9]Ȃ ԍῒ

╠ ҍ ᴇṿ̆ ֲ ҹῃ Һ

Ȃɒ ̆ ȇ ῃ ꜚ ⅞̂ 2023-
2025 Ȉ̃ ֲ ↓ҹ ȁ Ԋ

[10]̕ ȇUnmanned Systems Integrated Roadmap FY
2017-2042Ȉ ⅞ԅ ֲ ῃ Һ [11]̕ ₮

ȇA Drone Strategy 2.0Ȉ ⱬԍ ҍ ̆

ֲ [12]Ȃ

̆ ԍ ᴆ ȁ ץ

̆ ֲ Ҋׅ ץ ῃ ҺᵬҙȂ ᴆ

̆ ֲ ⱬ ᴰ ҍ ̆ └ԅ

ⱬҍ [13]̕ ̆ ̆

ⱬ Ȃ ԅ ̆ Ҍ Ӟ ԅҤ

Ȃ ֲ Ҭ ҳ [14]ҍ [15]̆ ֓

ץ ̆ ᴰ ̆ ᵞ‗

Ȃ └ Һ ֲ ᶭ Ȃ ╠Һ ӟ

Ҍֽΐ ȁ ӎ [16]̆ ҹ Ӟΐ ѿ Ҍ ̕

ꜚ ῒ̆‗ Ὶץ ҍ‰ ׆̆

ⱴԅ ῃ Ȃ

ҹ Һ ֲ ҉ ̆ ֲ ҍ‗ ᴨלҍ ֲ Һ

ⱬ ̆ ֲ- ֲ ̆ ҹ ╠ Ȃ

ѿ Ҋֲ̆ ᴨל ᾢᵣ Ḥ ⱬ҉̆ ԍ

ҍ ᾣ Һ ᴰ ֲ̆ ᾣ ȁ ҍ

ΐ [13]̕ῒ ̆ ‗ ̆Ғҙ ᵬ ₡Ṣ╠ ҍ

‗ ⱬ̆ ╠ 1.5 ∞ [17]̆ῒ Ҋ

ᴨԍ Һ [13]Ȃ ̆ Һ ֲ ᴨלҺ ᵣ

1



1

ꜚ └ ⱬ҉̆ῒ ץ ῗ [18]̆

ῤ Ẓפ ễ ׆̆ Ḡ ῒ̆

ȁ └ Ӟ ԍֲ ꜚ └Ȃ

ֲ- ֲ Ҭ Ḥ̆ᴋ ҍᴋⱵ ῃ ῏ Ȃֲ

ֲ ⱬ ∞ ̆ꜚ ῀׃ ҍ ̆ Ḥᴋ

҉ ԅῒ ֲ ⱬ Ȃ ̆Ḥᴋ

ֲ ֲ ȁᶭ ᵬ ҹ [19]̆ ȁ ῃ ╠ Ȃ

̆ ֲ ΐ ꜚⱬ ғֲ̆

ҍ Ḥ № [20]Ȃ Ḥ Ҍ [21]ᶏֲ ץ

ᵀ ֲ ҍ ׆̆ ᶏῒḤᴋ Ẓ ҍ ֲ ⱬ

̆ Ḥᴋ ̔ Ḥᴋ ᶏֲ ֲ ‗

׆̆[22] ᴋⱵ ̆ ῃԊ ̕ ḤᴋҌ

↕ᴪ ғҌ [23]̆ ⱴ ᵬ ᵞᴋⱵ Ȃ

҉ ֲ̆ Ḥᴋ ҹ└ ֲ- ֲ ҍ ῃ

῏ Ȃ ̆ ֲ- ֲ Ҭ Ḥᴋ ҍ

̆Ҍֽΐ ᴇṿ̆Ӟΐ ӈȂ׆ ̆

ֲ Ḥᴋ ┴ ῒꜚ ̆ ꜛԍ ֲ

֜ԑ └ ̆ҹֲ ᶫ ׆̕ ̆ Ḥ

ᴋ ῀ ̆ Ḥᴋ ᵬ‖ ̆ ֲ- ֲ
ᵣ Ȃ ԍ ̆ ֲ- ֲ Ҭ Ḥᴋ

ῒ ᴋⱵҬ ̆ ₮ԅ ꜚ Ḥᴋ ̆

ֲ- ֲ ᴋⱵ ԅ Ḥᴋ ῍֣ └ ̆ ֲ- ֲ
ᴋⱵ ₮ԅ Ḥᴋ ֲ ⅞ Ȃ

1.2

1.2.1 ָ Ḫᴑ

ֲ ҍ ֲ ̆ ΐ ԅ Һ ᴋⱵ

ⱬȂ ᶏ ҌῬֽֽᵬҹ ΐ ̆ № Һ‗ ҍ ᴋ

Ⱶֲ̆ ῏ Ӟ ᴰ ľҺ-׆Ŀ └ ҹ ᵬ῏ Ȃ ѿ Ҭֲ̆

ᵬ №ᴋⱵ֜ Һ ̆ ֲ Ḥᴋ

Ȃ Ҋ̆ ֲ Ḥᴋ ӈȁ ȁ

ԅ Ȃ

╠̆ ֲ ֜ԑ ̆῏ԍḤᴋ ӈ ѿ [24]Ȃ Ḥ

ᴋ ӈΐᵣ ̆ᵖ Ḥᴋ ҈ҩ ̔Ḥᴋ ȁ

2



1

Ḥᴋ ץ Ҍ [25]ȂLee See ז̆

ױ Ḥᴋ ҹľ ҳҌ Ҋ̆ ҹף ꜛ ҩ

ᵣ Ŀ[26]ȂKok Soh ӈ ԅ ̆ Ḥᴋ ѿ ӈҹ

ľѿҩ ̆ ԊᴆҍḤᴋ Ҍ Ҭ ᶭ

Ḥᴋ ӊ Ҭ׃ᵬ Ŀ[27]Ȃ

ԍḤᴋΐ ̆ ץ Ȃ

ҍḤᴋ ῏ Ḥᴋ Ȃ Һ №ҹץҊ҈ ̔

(1) Ȃ Һ ̆ ╠

ҹ Ḥᴋ Ȃ ԍ ╠ֲ Ḥᴋ ᵀ ѿ ‰̆ ֲ

└ ̆ Ҍ ӊ Ḥᴋ

ȂJian ֲ ԍ № └ԅ 12ҩ Ḥᴋ ̆

╠ ӊѿ [28]ȂSchaefer ֲ ԅ 40ҩ
ֲ Ḥᴋ ̆ ԍ ֲ ֜ԑ╠ Ḥᴋ [29]Ȃ ̆ ױ ₮ԅ

ⱬḤᴋҍ Ḥᴋ Ḥᴋ ץ̆[30] ԍḤᴋ

ꜚ Ḥᴋ [31]Ȃ

Ḥᴋ ̆p ᶭ ҩᵣҺ ∞ ғ̆ ץ ֲ

ȁꜚ Ḥᴋ Ȃ

(2) Ȃ ᴰ ̆ ҹ

ᾟ̆ҹ ֲ Ḥᴋ ᶫԅ Ȃ Һ №

[32]ȁⱳ ῍ Ἕ [33]ȁⱳ ᾣ ץ[34] [35-36]

Ḥ ̆ ᵀֲ Ḥᴋ Ȃ ΐᵣ Ҭ̆Dong ֲ

ⱬҍ ֲ ̆ Ḥ № ̆ ԅҌ Ҋֲ

Ḥᴋ ̆ ԅ≠ Ḥ Ḥᴋ [37]ȂAkash ֲ≠

ԅ ꜚ Ḥᴋ ̆Ҍֽ ԅḤᴋҍҌḤᴋ

ԋᾝ№ ̆ ѿ ԅ ꜚ ᴨ ֲ ֜ԑ [35]Ȃ

̆Gupta ֲ Ҭ ҍҺ ᴇ ̆ ԅ

ֲ ᵣ Ḥᴋ̆ ᵣ‰ Ḥᴋ ΐ

[38]Ȃ ғ ᵀ̆ᵖ ̆ ╠ׅ ץ

Ḥ ҍḤᴋ ӊ ῏ Ȃ ̆ ᴰ Ḥ ΐ

̆ ᴰ ӟ№ ԍ Ẋ ̆ ᶏ №

ҍ ҳ Ȃ

(3) ҹ Ȃ ֜ԑ Ҭ ҹ ҍ‗

̆ Ḥᴋ Ȃ ̆Ḥᴋ ҹ ҹֲ

Һ ᶭ ΐ̆ᵣ ҹ ᶏ ȁ Ḥᴋ ֟ ץ

ӎḤᴋ ῖ ҹ [26]Ȃ ΐᵣ ҉̆Ҍ

3



1

֜ԑ Ҍ ҹ Ȃᶛ ̆Hu ֲ≠ ֜ԑҬ

ԋᾝ‗ ̆ ῒ ҹ № ׆̆ ԅḤᴋꜚ

[39]ȂHudspeth ֲ ῍֣ ֲ ֜ԑᴋⱵҬ̆ ԅҌ

ҍ └ Ḥᴋ ̆ ҍ ҹ ̆ ᵀ

ԅֲ ֲ Ḥᴋ [40]Ȃ ҹ ֲ ӊ

ҍ֜ԑ ̆ᵖῒ ԍ ץ Ḥᴋ ῤ Ȃ

Ḥᴋ ҹ Ḥᴋ ᶫԅ Ȃ Ḥ

ᴋ ҍ Ҍ ̆ Һ №ҹץҊ҈ ̔

(1) ↓ Ȃ № ↓̆┴ Ḥᴋ

ץל Ԋᴆ Ḥᴋ ȂLee Moray ꜚ └ Ҭ̆

ԍ ҍ ԅ ꜚ ̆№

ֲ Ḥᴋ [41]ȂSadrfaridpour ֲ ᵬ└ Ҭ̆ ԍֲ Ꞌ

ҍֲ ԅ ↓Ḥᴋ ̆ ꜚȁ Һ ҈ ֲ

└ ̆ ֲ Ḥᴋ [42]Ȃ

(2) ԍ №/ № ꜚ Ȃ ԍ └ ҍ

̆ Ḥᴋ ҹ Ҭ ȂHoogendoorn ֲ

№≢ ԅֲ Ḥᴋꜚ № ̆ ᴏ

№ ԅῒꜚ ҹ [43]ȂGao Lee ԅ‗ ̆ ԍ ֲ ᶭ

ꜚ ‗ ҹ Ḥᴋ [44]ȂAkash ֲ≠

̆ ԍ ҹ ԅ҈ ̆ ԍ ֲ

ᴰ Ḥᴋ [45]ȂHu ֲ ԅ ֲ Ḥᴋ ̆ Ḥᴋ

ҹ ȁ Ḥᴋ Ẓ ₱ ̆ ԅ ҍ Ḥᴋ

Ҍ [39]Ȃ

(3) ԍ ҍ ӟ Ȃ ᶷ ԍ ֜ԑ Ḥᴋ

Ҭ Ҍ ̆ ᵀ ȂXu Dudek≠
ꜚ ԅ ̆ ԍ ֜ԑ ֲ

Ḥᴋ [46]ȂAkash ץֲ № ‗ ҹ ̆ Ḥᴋ

ҍ ᵬ ҹ ̆ ԅֲ ֜ԑ Ҭ ꜚ [47]Ȃ

Hu ֲ ӟ№ Ḥ № ̆ ԅ Ḥ

ᴋ № [48]ȂAkash ֲ↕ ѿ ₮ԅѿ № ̆

‗ ҍ ԋ ∞≢ ̆ ≠ ҍ ҹ

̆ ԅ Ḥᴋ [35]Ȃ

Ḥᴋ ꜛԍ ֲ ׆̆ ᵞḤᴋ

Ȃ ╠ Ḥᴋ ῀ֲ Һ Ҭ Ҋңҩץ

̔

4



1

(1)≠ Ḥ Ḥᴋ ‰Ȃ Һ ȁᴨ

֜ԑ ᶫ ̆ꜚ ‰ֲ Ḥᴋ ȂHuang ֲ

̆ ֲ ᴋⱵ ῏ Ḥ ꜛῒ ‰

׆̆ Ḥᴋ [49]ȂRezvani ֲ ꜚ ֜ԑ

Ҭ ̆ Ḥ Ḥᴋ̆

Ҍ ᴪ ֜ԑᵣ [50]ȂOkamura ֲ ₮

ԅ Ḥᴋ ‰ ̆ ᶭ ҹ̆ ≢⌠ Ḥ

ᴋ ḤᴋҌ Һꜚ ᶫ Ḥ ׆̆ Ḥᴋ ꜚ

‰ [51]Ȃ

(2)≠ Ḥᴋ ֲ Ȃ ԍֲ Ḥᴋ ̆

Һ └ ֲ ꜚ ȂZahedi ֲ ֲ Ḥᴋ

῀ ֲ ᴋⱵ ⅞ Ҭ ᶏ̆ ֲ ╠ Ḥᴋ ҹ

ҍ ӊ ꜚ [52]ȂLi ֲ ԅֲ Ḥᴋ

̆ └ ԅ ꜚ ֲ ꜚ ꜚ [53]ȂHu
ֲ ҍ ӊ Ẓ ᵀ Ḥᴋ ̆

ꜚ ⅞ ̆ ԅ └ ꜚ № [54]Ȃ

҉̆ ֲ Ḥᴋ ȁ ҍ ԅѿ ̆ᵖ

ֲ ᴋⱵ Ḥᴋ ׅ Ҍ Ȃ ֲȁ ꜚ

ѿ ꜚ ̆ ֲ ᴋⱵҬ ȁ ץ ֲ

Ҍ ̆ ץ Ȃ ̆ ѿ ԍ

ֲ ᴋⱵ Ḥᴋ Ȃ

1.2.2 ָ- ָ

ꜚ Ҋ ᴋⱵ ̆ ⌠ ѿ └

̆ ֲ- ֲ ᴨלԑ ‗ Ȃ Һ ᵥ

ֲ ҍ‗ ᴨל ῀ ֲ └ҍ ⅞ Ȃ ᵬ

Ҍ ̆ ῏ Һ №ҹ ᵬ └ҍ ⅞ңҩ Ȃ

ᵬ └ ֲ̆- ֲ Һ ᵬ ץ῀ ֲ

Һ └ȁ ⱬ̆Ṣꜛ ῃ ȁ῍֣ └ └ ᵬ ῃ ҍ

Ȃ ᶭ ȁֲ ᴋⱵ ῃ ̆

҉ └ ῀ ḱ ץ̆ ᾧ Ẓ ᴋⱵ ȂNieuwenhuisen ֲ

ԅ ᴰ ҍ Ҭ ῃ ̆ ԅ

ץ̆ ֲ Ҭ ῃ [55]ȂOdelga
ֲ ᵬ ֲ ῤ ᴋⱵ̆ ҍ ̆

₮ԅ ԍ └ ̆ ḱ ᵬ
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1

׆̆פ ᾧ [56]ȂGhaffari ₮ԅ ԍ № ҍ └

ꜛ ̆ ῃ€ ḱ ᵬ ⱴ ̆פ

ῃ ᵬ [57]ȂBackman ֲ ֲ ᴋⱵҬ № ҍ

TD3̆ ᵬ ꜛ └ ῀̆ ꜛ Ҍ ᵬ

ῃ [58]Ȃ

⅞ ֲ̆- ֲ Һ ῏ ֲ ῀ ҍ

̆ ꜚⱬ ҍ ᴆҊ ⅞ ῃȁ Ȃ

Yang Michael ֲ ҹ ᴇ̆ף Ẓ ꜚᵬ ҍ

ѿ ғ [59]Ȃ ҉̆Yang ֲ

ѿ ₮ԅ ᵬ ̆ ῃ ᵬ ҉

̆ Ὶ ῃ ҍꜚⱬ [60]ȂWang ֲ

≠ Ḥ ֲ ̆ ѿ ᴨ Ὶ ῃ ȁ

ҍ [61]ȂShi ֲ↕ ₮ԅֲ

ꜚ ⅞ ̆ ∆ ҍ ᴨ ̆ Ὶ Ḡ ҍֲ

ѿ [62]Ȃ

҉̆ ᵬ └ҍ ⅞ ֲ- ֲ ̆

ῃ ⁞ ᵬ ԅ Ȃ ̆ ᶷ ԍ

ῃ ᵬ ̆ ֲ Ḥᴋ ̆ ҉

ֲ Ḡ Ȃ ̆ ֲ- ֲ ֲ Ḥᴋ

ׅ ѿ Ȃ

1.2.3

҉̆ №≢ ֲ Ḥᴋ ֲ- ֲ
ѿ ̆ᵖԋ ӊ ׅ Ҍ ̆ ֲ Ḥᴋ ῀ֲ- ֲ

Ȃ ╠ ̆ ╠Һ Ҋ҈ҩץ

̔

(1) Ḥᴋ ֲ ᴋⱵ Ҭ ҍ ׅ Ȃ

ꜚ ֲȁ ꜚ ̆ ֲ ᴋⱵ

ΐ ҍ ᴆ̆ ῏ ץ

ԍֲ- ֲ Ȃ ѿ ̆ Ḥᴋ

῀ Ҭ̆p ӈ ῒꜚ ӎ ῀№ ̆

ץ Ḥᴋ ῤ Ȃ ѿ ҉ └ԅ Ӟ̆└

ԅῒ ֲ └ Ҭ Ȃ

(2)ֲ └ № └ׅ ӎ ꜚ Ȃ Һ ᶭ

ῃ ֲ ֲ └ № ץ̆ ֲ └ ῀ ҍḱ Ȃ

6



1

Ḥᴋ ῀῍֣ └ ̆p ׅ ȁ

ṿ ↕ └ ̆ Ḥᴋ ≠ ׅ ҹ Ȃ

ץ Ḥᴋ ꜚ ׆̆ Ḡץ

Ȃ

(3) ⅞ ֲ Ḥᴋꜚ ׅ Ҍ Ȃ Һ

ᶭ ҍֲ ̆ ԍḠ ῃ ֲ ̆p

ᴋⱵ Ҭֲ Ḥᴋ ῀ ⅞ ̆ ץ Ḥ

ᴋ ⅞ Ȃ ֲ ḤᴋẒ ̆

⅞ ҍῒҺ ӊ ֟ Ẓ ׆̆ ѿ ҍ

Ȃ

1.3 Ὺ ғ

1.3.1 Ὺ

҉ ̆ ₮ԅ ꜚ Ḥᴋ ̆ ҉№

≢ ҍ ᴋⱵ ԅ Ḥᴋ ֲ- ֲ Ȃ ᵣ

1.1 ̆Һ Ҋ҈ҩץ ̔

1.1 ᵣ

(1) Ḥᴋ Ҍ ̆ ᾟ№ Ҭ

ꜚ ֲ Ḥᴋ ̆ ₮ԅ ꜚ Ḥᴋ Ȃ

№ԅ ⱬҍֲ Һ ̆№ ԅ Ḥᴋꜚ

̕ ҉̆ ԍ Ḥᴋ ҍꜚ ̆

┴ ԅֲ Ḥᴋ ̕ ̆ № ӈ ῏

̆ ԅ Ȃ

(2) ֲ- ֲ ᴋⱵҬ └ № ӎ ꜚ └

̆ ₮ԅ Ḥᴋ ῍֣ └ Ȃ ᾢ ԍ ȁ

ҍᴋⱵ ῃ ᴇ ̆ ԍ ⱬҍ ̕

7



1

̆ ԍ ӟ ꜚᵬᴇṿ ᵀ̆ ꜚᵬ Ҭ

Ṝ ꜚᵬ Ῥ̆ᶭ ᴇṿ ⌠ ꜚᵬ ̕

҉̆ ֲ Ḥᴋ ῀῍֣ └ᴂ ̆ Ḥᴋ ꜚ Ṝ

ꜚᵬ ᴇṿ ṿ̆ ׆↕ ꜚᵬҬ

ҍֲ ῀ ꜚᵬᵬҹ └ ₮Ȃ

(3) ֲ- ֲ ᴋⱵҬ ⅞ Ḥᴋꜚ Ҍ

̆ ₮ԅ Ḥᴋ ֲ ⅞ Ȃ ᾢץ ῃ

ҹ ᴇ ̆ ᴋⱵҊ ҍ ⱬ̕ῒ ̆ ֲ

῀ ꜚ ᾝ̆ ῃ Ҋ ꜚ ᾝ ̆ Ṝ ̕

̆ ╠ ȁṜ ҍֲ ѿ ץ Ṝ

Ḥᴋ ̕ ̆ Ḥᴋ ῀ ᴨ ̆

ᴨ Ḥᴋ Ȃ

1.3.2

1.2 ̆ΐᵣ Ҋ̔

1.2
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1

ѿ ̔ Ȃ׃ ԅ ̆ ԅ ֲ- ֲ ᴋⱵҬ

῀ֲ Ḥᴋ ӈȂ ԅ ֲ Ḥᴋҍֲ- ֲ
̆ ҉ ₮ԅ ῤ ҍ Ȃ

ԋ ̔ ῏ Ȃ׃ ԅ ῏ ҍ ̆ ֲ

└ ȁ ӟ ץ Ȃ

҈ ̔ ꜚ Ḥᴋ Ȃ ԅ ֲ ֜ԑ Ҭ̆ ᵥ

ҍֲ └ ┴ץ̆ ֲ ⱬ Ẓ

Ḥᴋ ꜚ Ȃΐᵣ ֲ Ḥᴋ ӈȁ ⱬ ┴ ȁֲ Ḥᴋ

ȁ̓͂ № ץ ֲ ֜ԑ ҹ̆ Ḥᴋ

ᶫ ᶭ ҍ Ȃ

̔ Ḥᴋ ῍֣ └ Ȃ ԅ ֲ ᴋⱵ

Ҭ̆ ᵥ ֲ Ḥᴋ ҍ ↕ ᴂ └ ץ̆ Ḡ └ №

Ȃΐᵣ ᴋⱵҊ ⱬ ȁ ԍ ӟ ꜚᵬᴇṿ ᵀ

ҍṜ ꜚᵬ ȁḤᴋ ꜚ ᴂ └ ץ̆ ֲ ᴏ

Ȃ

ԓ ̔ Ḥᴋ ֲ ⅞ Ȃ ԅ ֲ ᴋⱵ

Ҭ̆ ᵥ ֲ ҍḤᴋ ῍ ῀ ȁ ҍᴨ ׆̆

Ḥᴋ ⅞Ȃΐᵣ ᴋⱵҊ ⱬ ȁ Ṝ

ҍ ȁ ԍḤᴋ ᴨ ץ̆ ֲ

ᴏ Ȃ

Έ ̔ ҍ Ȃ ῃ ̆№ Ҭ Ҍ ̆

ץ Ȃ
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2 ῏

2 ῗ

׃ ԅ ῏ ҍ Ȃ ᾢ ׃̆ ԅֲ Ҭ

ң ῖ └ ̆ ῍֣ └ҍ׃῀ └̕ῒ ̆ ԅ ӟ

̆ ‗ ȁ ԍᴇṿҍ ԍ ץ ӟ̕

׃̆ ԅֲ Ҭ ң ̆

Ȃ

2.1 ָ ┼

Һ‗ ⱬ ̆ᴰ └ ץ ᴋⱵ

̆ ֲ └ ⌠ ῏ Ȃֲ └ ԍ ᴋⱵ

ҍ ̆ ֲҍ ӊ № └ Ȃ ԍΐᵣ

ῃ ѿ № ‰̆p ׆ └ ֜ԑ ҍ№ └₮ ̆ ῏

№ҹ῍֣ └ҍ׃῀ └ң Ȃ

2.1.1 ΐ֩ ┼

῍֣ └ ֲ ҍ ҍ ѿ └ᴋⱵ ֲ ᵬ [63]Ȃ

2.1 ̆̓̀ ֣ └ ԍֲ └ҍ └ӊ Ȃ Ҋֲ̆

Ҍ ℗ № └ ̆ ץ ῍ ҍ └

[64]Ȃ῍֣ └ ֲ ҍ ᴨ̆ל ѿ └

ᴋⱵҬ Ҍ Ȃ

2.1 ֲ Ҭ Һ ҍ └ [65]

῍֣ └ Ҭ̆ ԍ ᴂ └ ץ̆ ֲ

└ ῀ҍ └ ӊפ ῏ Ȃᴂ └ ῍֣ └ Ҭ ֲ פ
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2 ῏

ҍ‖ ꜚ └̆ ԍ ֲ ῀ҍ └ӊ ᵬ

ץ̆ ᵣ Ȃ ῍֣ └ Ҭ̆ᴂ └ ꜚ └

̆ ֲ └ ῀ҍ └ פ ⱴ Ȃѿҩ ῖ ᴂ

ҹ̔

̂2.1̃

ῒҬ̆ ҹ ₮ └ ̆פ ҍ №≢ └ ҍֲפ

└ ῀ ̆פ ҹ └ № ̆ ԍ ῍֣ └Ҭ ҍ Ȃ

̆ ץ ֲ ᶫ

ꜛȂ

2.1.2 ῇב ┼

Ҍ ԍ῍֣ └Ҭֲ ȁ ҍ └ ῀׃̆ └Һ ῏

ᴆ Ҋ └ ҍ Ȃ 2.2 ̆ Ҋ̆ └

ѿ Һ ̆ ᴆ ℗ Ȃ Һᵣ Ҍ ῀׃̆

└ ѿ ⅞№ҹľ ֲ῀׃ Ŀҍľֲ ῀׃ Ŀң ῖ Ȃ

2.2 ῀׃ └Ҭ ֲ └

ѿ ̆ ľ ֲ῀׃ Ŀ Ҭ̆ ֲ ῀ҍ Ȃ

∞ ╠ פ ᶏ ῃ ̆ ᴪ ֲ

₮ └ פ ḱ ̆ └ ̕ ̆Ῥ

└ ֜ ֲ Ȃ ᴆҊ ֲ └ ҹ ̆ Ḡ

ῃ Ḡ ֲ Һ ᵬ Ȃ

ѿ ľֲ̆ ῀׃ Ŀ ₮ ꜚ ֲ ₮

ҬȂ ֲ ᴋⱵ֜ Һ ֲ̆ Һ

11



2 ῏

Ȃѿ ₮ ̆ ᴰ ȁ

’̆ Ḃᴪ ֲ ₮ ̆ ֲ └ Ȃ

ѿ ῀׃̆῀׃ ῃ ῏ Ȃ

ҹ̆ └ Ҭֲ̆ ҳ Ҋ ῒ Ȃ

≢ ľֲ ῀׃ Ŀ Ҭֲ̆ ׆

└ ̆ ѿ ҍ Ȃ ῀׃ ֲ̆

ᾟ№ ’ҊדḆ ̆ ᵬ ̆ ̕

῀׃ ̆↕ ֲ ⱬ Ҍ Ȃ ῀׃̆

ֲ ̆ Ḡ └ ҍֲ

ӊ Ȃ

2.2 ӥ

ӟҺ ᵣ ᵥ ҍ ֜ԑ Ҭ̆ ꞉

Ҍ ץ̆ Ȃ ֲ ᴋⱵҬ̆ Һ‗

ӟ ῒ̆Ҭ ᴋⱵ ȁ ץ ֜ԑ

Ȃ ԍ ≠ ֜ԑ Ҍ ᴨ ̆ ӟ ԍ

Ҭ ‗ ҍ └ Ȃ

2.2.1 ”

ӟ ‗ ̂Markov Decision Process, MDP̃ Ҋ

ȂMDP ԅѿҩ ‗ ̆ῒ Ẋ ֽᶭ

ԍ ╠ ҍ ꜚᵬ̆ ҍ ῏Ȃѿҩ ‰ MDP ԓᾝ

̔

Å ̂State Space, ̃̔ Ҭ Ȃ ῖ

└ Ҭ̆ ᵝ ȁ ȁ ꜚ Ḥ Ȃ

Å ꜚᵬ ̂Action Space, ̃̔ ᵣ Ҋ ꜚᵬ ̆ №

ҹ ꜚᵬ ҍ ꜚᵬ Ȃ

Å ̂Transition Probability, ̃̔
̆ ҹ ̆ ╠ Ҋ ꜚᵬ Ҋѿ

Ȃ

Å ꞉₱ ̂Reward Function, ̃̔ ᵣ ꜚᵬ

Ḥ ̆ ҹ ̆ ᴨ Ȃ

Å ̂Discount Factor, ̃̔ ṿ ҹ ̆ ԍ ꞉ҍ

꞉ Ȃ
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2 ῏

MDP Ҋ̆ ӟ ᴨ ̆ᶏ ᵣ

Ȃ ӈҹ̔

̂2.2̃

2.2.2 ԓᴍẅғ ԓ ӥ

ҹԅ ᴨ ̆ ӟ №ҹң ̔ ԍᴇṿ ҍ ԍ

Ȃ

ԍᴇṿ ᵀ ïꜚᵬ ᴨ

Ȃꜚᵬᴇṿ₱ Ҋ ꜚᵬ ̆

̆ῒ ӈҹ̔

̂2.3̃

҉̆ ᴨꜚᵬᴇṿ₱ ᴨ ̔

max ̂2.4̃

ԍᴇṿ ף ҉ ᴨ ᴨ Ȃ ̆

₮ └ꜚᵬ ꜚᵬ Ҭ ᶏ ṿ ꜚᵬ̆ ץ

ԍ ғ ꜚᵬ Ȃ

ҍ Ҍ ̆ ԍ ₱ ̆

ᴨ ₱ Ȃῒ ̆

ꜚᵬ Ҋ Ȃ ῖ ҹ̔

ln ̂2.5̃

ԍ ꜚᵬ ̆ ԍ ‗ └

Ȃᵖ Ҭ̆ ᵀ ȁ ≠

ᵞ ׆̆ └ԅ ҍ Ȃ

2.2.3 ӥ

ᴰ ӟ ԍᵞ ‗ ̆ᵖ ȁ

ꜚᵬ ғ ꜚⱬ Ҋ̆ ץ

ҍ Ȃҹ └ᴋⱵ̆ ӟ̂ Deep Reinforcement
Learning, DRL̃ ῀ ӟ ̆≠ ᴇ

ṿ₱ ₱ ץ̆ Ҋ ‗ ҍ └ Ȃ

ӟҬ̆ ԍᴇṿ ץ Q ̂Deep Q-Network,
DQN [̃66]ҹף ȂDQNᶏ ꜚᵬᴇṿ₱ ̆ ҍ

13



2 ῏

└ ῏ ᴨ Ҍ Ȃ ̆DQNׅ
ꜚᵬ Ҭ ᶏ ṿ ꜚᵬ̆ ץ ⌠ ꜚᵬ └ Ȃ

ӊҊ̆ ԍ ӟ ≠

₱ ̆ ꜚᵬ Ҋ └ Ȃᵖ ᴋⱵ

ȁ ̆ ׅ ҳ ᵀ ץ ҹ

Ȃ

ActorïCritic ᴇṿ₱ ᵀ ҍ ̆ ᴇṿ ᵀҹ

ᶫ ̆ ԍ └ Ȃ Ҭ̆

Actor ╠ ₮ └ꜚᵬ ꜚᵬ № ̆

̕Critic ᵀ ╠ ïꜚᵬ ̆ ᴇṿ

ȂṢꜛ Critic ᶫ ᴇḤ ̆Actor ᵀ

׆̆ Ҭ Ȃ

ԍActorïCritic ᴨ Ҭ̆ ᴨ ̂Proximal
Policy Optimization, PPO [̃67] ΐ ⌠ ȂPPO

῀ ◄ └ └ ӊ ץ̆ ᾧ

Ȃῒ ף◄ ₱ ҹ̔

min clip ̂2.6̃

ῒҬ̆ ₮ꜚᵬ ṿ̆ ҹᴨל₱ ᵀ ṿ̆ ҹ

└ ◄ Ȃ ₮ ̆ ₱ ̆

׆ └ Ȃ

2.3

ֲ Ҭ̆ ╠ ԍ ‰ ֲ

ᵬ Ȃ ̆ Ҭ̆ ֲ ̆ ᶏ

‰ץ ∞ ֲ ᴋⱵ Ȃ ֲ ץ ֜ԑ

̆ᵖ ̆ҍֲ׆ ᵬ ҹҬ ̆

Ҍ≠ԍ ᵬ [58]̆ғ ᴪ ⱴ ֜ԑ Ȃ

̆ Һ ֲ Ҭ̆ ᶭ ֜ԑ ̂

└ פ ꜚ ̃ ֲ Ȃ ѿ Ҭ̆ ‰

ҍֲ ֜ԑ Ȃ ∞ֲ

ῒ̆ ꜛ ҹ ҍֲ Ҍѿ ̆ ᶏֲ ῀ ḱץפ

ҹȂ Ҍֽ ⱴԅֲ ҍ ̆ ֲ ‗ ‖ ̆

╝ ֲ ᵣ ᵬ Ȃ

ΐᵣᴋⱵ Ҍ ̆ №ҹ ҍ
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2 ῏

ң Ȃ

2.3.1

ӈ Ҭ̆ ֲ ⌠

ᵝ ΐᵣᴋⱵȂ [68]

ῖ Ȃ ҹ ᵀ ̆ΐ ̆

ԍ ᵞ Ȃ

ѿ Ҋ̆ Ẋ Ҭ ̆

ῒҬ ┴ ֲ Ȃ ֲ └ ῀

↓ ҩ Ḥ ȂḤ ӈ

ҹ ᵬ ῀Ҋ̆ ┴ ֲ ҹ ̔

̂2.7̃

̆ Ẋ ̆ ץ ҹᵌ ҍᾢ

ӗ Ȃ≠ ῃ Ὲ ᾢ ̆ ⌠Ḥ ‰

̔

̂2.8̃

ῒҬ̆ ҹᵌ ₱ ̆ ԅ ╠ ֲ̆ ╠

ᵬ פ ̕ ҹ ̆ ԍ ֲ

ᴋⱵ Ҭ҉׆ѿ ┴ ⌠ ╠ Ȃ

̆ ᵀ ֲ

̔

argmax ̂2.9̃

ҹԅ ̆ ῀ Ḥ ̆ ҍ

ṿ Ḥ Ȃ Ḥ ṿ ᴆ ̆ ꜛ

Ȃ

2.3.2

Ҍ ԍ῏ ≢ ̆ Һ

╠ ᵬ ῀̆ ѿ ῤ ꜚ ↓ ׆̆

ҹ ꜚ └ҍ ⅞ ᶫ╠ Ḥ Ȃ

ҹѿҩ ↓ ȂẊ

ҹ ̆ ҹ ̆↕ ׆ ҍ
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2 ῏

ᵬ ῀ ⌠ ↓ ῏ ̔

̂2.10̃

ԍֲ └ ҹΐ ̆ ᵄ ᶭ ῏ ̆D

ꜚ ץ ῤḠ Ȃ ̆

Ҭ̆ ₱ ҹ ↓ ̆ [69-70] ԍ

ⱬ └ [71]Ȃ ̆ ӟֲ └

ҹҬ ׆̆ ғ ꜚ ל Ȃ
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3 ꜚ Ḥᴋ

3 ꜠ Ḫᴑ

ֲ Ҭ̆ ֲ Ḥᴋ [72]Ȃ

̆ ᴋⱵ Ҭ̆ Ҍ ֲ Ḥᴋ

Ȃ ֲ ΐ ꜚⱬ ғֲ̆ ᵬ

ҍ Ḥ Ȃ ֲ̆ ‰ץ ץ

ᴋⱵҬ ׆̆ ᶏῒ ⱬ ∞ ₮ Ẓ Ȃ

ҹԅ ѿ Ẓ ץ Ḥᴋ ꜚ ̆

ԅѿ ꜚ ֲ Ḥᴋ ̆ ֲ Ḥᴋ ӈȁ

ⱬҍҺ ⱬ ȁḤᴋ ȁ ӈҍ

№ ץ̆ ᴏ ҍ ῤ Ȃ

3.1 ָ Ḫᴑ ӎ

ֲ Ҭֲ̆ Ḥᴋ ԍ ⱬҍҺ

ⱬӊ ῏ Ȃ ⱬ ΐ ⱬ̆‗ ԅ

⌠ ̕Һ ⱬ ֲ ֜ԑ Ҭ ⱬ Һ ̆

‗ ԅֲ ҹ ⌠ Ȃ ̆ ֜ԑ Ҭ̆Һ ⱬ

ҍ ⱬӊ Ẓ ̆ᶏ ֲ ᵀ ᵞᵀ ⱬ̆

ᶏֲ ԍ Ḥᴋ ӎḤᴋ Ȃ

ӈ 3.1 (ֲ Ḥᴋ) ҹ‰ ┴ ֲ ⱬ Ẓ ῒꜚ

̆ ꜚ ֲ Ḥᴋ ӈҹֲ Һ ⱬ ҍ

ⱬ ṿ̔

̂3.1ã

̂3.1b̃

ῒҬ̆ ҹֲ Һ ⱬ ┴̆ ҹ Ҋ ┴

Ḥᴋṿ̕ ȁ ȁ №≢ҹ ┴ ḤᴋṿȁҺ

ⱬҍ ⱬȂ ̂3.1b̃ ̆ ӈ ֲ Ḥᴋҹ№ ṿ₱ ̆

ῒṿֽ ┴ ̆ ң ӊ Ḡ Ȃ

ѿ ҉׆̆ ӈ₮ ̆ ץ ₮ֲ Ḥᴋ ₃ҩҺ ̔

Å Ḥᴋ ꜚ Ȃ ֲ Ḥᴋ

[72]Ȃ ҉ Ḥᴋ ӈҊ̆ ⱬ ₮̆Һ

ⱬ↕ ԍֲ ҍ ᵀȂ ̆ ⱬ
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3 ꜚ Ḥᴋ

ҍҺ ⱬ ץ ҹ ̆Ḥᴋ ҍ ҉

ꜚȂ

Å Ḥᴋΐ ҩᵣ ȂҌ ֲ ҩᵣ ҍ ᵀ ⱬ

̆ ѿ Ḥᴋ Ҭⱴץᵣ Ȃ ῀Һ ⱬ̆ҩᵣ

ⱬ Ẓ ץ Һ ⱬ҉̆׆ ᶏḤᴋ ӈΐ

ҩ ̆ Ҍ ҩᵣ Ȃ

Å Ḥᴋ ꜚ Ȃ ԍ ᴪ ҍᴋⱵ ̆

ꜚ Ḥᴋ ᴪ ᴋⱵҍ ꜚ Ȃ

Å Ḥᴋ Ȃ ҉ Ḥᴋ ӈҊ Һ̆ ⱬ ΐ ѿ Һ ̆p

ΐᵣ Ȃ ҩᵣ Ẓ ӊ ̆ ץ ֲ Ḥ

ᴋ ̆ Ḥᴋ Ḥᴋ ׆̆ל ҹֲ

ᶫᶭ Ȃ

ԍ҉ ֲ Ḥᴋ ӈ ῒ ̆ ץ ѿ ֲ ֜ԑҬ

Ḥᴋ ⅞№Ȃ ֜ԑҬֲ̆ Ҍ ḤᴋҺ ҹң

̔ѿ Ḥᴋ̆ ֲ ᵀԅ ⱬ̕ԋ ӎḤᴋ̆ ֲ

ᵞᵀԅ ⱬȂ Ҋ̆ Һ ⱬҍ ⱬ ῃ

̂ ̃ ̆Ḥᴋ ԍ Ȃ ̆ ֲ ֜ԑ Ҭ̆

ԍ ҍᴋⱵ ꜚ ̆ ԋ Ҥ Ҍֽ ץ ̆ ғ

ҬӞ ӎ ȂԊ ҉̆ Һ ҍ ⱬӊ Ẓ

ᾛ ῤֲ̆ ḂҌᴪ֟ Ҍ └ ҹ̆ ᶭ

Ȃ

ӈ 3.2 (Ḥᴋ ) ҉ ’̆ ῀ѿҩ ṿ ̆

ҹ Ḥᴋ ԍ ῤ ̆ ԍ Ḥᴋ Ȃ ҉̆

Ҋ ֲ Ḥᴋ ⅞№ҹץҊ҈ ̔

Ḥᴋ

Ḥᴋ

Ḥᴋ

ӎḤᴋ

̂3.2̃

3.2 Ⱶ╔

3.2.1

ֲ Ḥᴋ ԍ ⱬ̆

‗ԍֲ ֜ԑ Ҭ ҍҺ ∞ Ȃ ̆

̆ᵬҹḤᴋ ᶭ Ȃ
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3 ꜚ Ḥᴋ

ԍҌ ֲ ᵬᴋⱵ ȁ ҍֲ ῏ ̆

ᴇ ӞҌ Ȃץ ֲ ᴋⱵҹᶛ̆ ΐᵣ ᵝ

Ԋᾢ ’Ҋ̆ ֲ ֲ ῀ ῒ ̆

ᴋⱵȂ ̆ ᴋⱵҬ Һ ᵣ ȁ

Ȃ ԍҌ ᴋⱵ̆ ΐᵣᴋⱵ ֜ԑ ᴇ

Ȃҹ Ҍ ᴋⱵҊ ̆ ᾢ ₮ ѿ

Ȃ

Ḥᴋ ┴ ̆↕ ң Ḥᴋ ӊ ҹ̔

̂3.3̃

ԍ ѿΐᵣᴋⱵ̆ ҩ ᴇ Ȃ

ҩ ᴇ ῤ ᴇ ҹ ̆ῒҬ ̆ғ

Ȃ ΐᵣ ӈ ᴋⱵ Ȃ

⌠ֲ ֲ ֜ԑ Ҭ ᵣ ҹ ̆ Ӟ

ᴪ ֲ Ḥᴋ [26]̆ ⁞ └ ῤ ᴇ

ᴇ ꜚ ⱴ Ȃ ҹ ̆ ⁞ ҹ ̆↕

ҩ ᴇ ҩ ҉ ӈҹ̔

min

min
̂3.4̃

ῤ ҹ ̆ῒ ӈҹ̔

̂3.5̃

ῒҬ̆ ҹ ҩ ᴇ ̆ ̔

̂3.6̃

̂3.4̃ï̂3.6̃̆ ⌠ ѿ Ȃ ΐᵣ

ᴋⱵ ₮ ᴇ ῒ ̆ ⌠ Ҋ Ȃ

3.2.2 Ⱶ

ԍ҉ѿ ӈ̆ ѿ ₮ ⱬ

ӈȂ ⱬ ԍ ᴋⱵ ᴆҊ ⌠ ⱬ

̆ ȁ ԍֲ Һ ⱬ Ȃ ᴋⱵ
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3 ꜚ Ḥᴋ

Ҭ ⱬ ׆ ҩ ̆ᵖ ֲ ⱬ └̆ ֜ԑҬ̆

ֲ ῏ ῏ ̆ ⱬ

ҹ Ȃ

ⱬ ң Ḥ ̔ ╠ ᾢ ҍ

Ҭ Ȃ ᾢ Ḥ ᾟ№ ̆ Ҋ҈ ῖ ̔

Å ᾢ ᾟ№ ̔ ҉ ╠ ᾟ№ ҍ ̆ ᴋⱵҊ

ⱬ ⌠ ҹ ᵀ̆↕ ⱬ ҹ ̆ ҹ

Ҋ ̔

̂3.7̃

Å ᾢ ̔ ӎ ᾢ Ḥ ̆ ⱬ ╠ ⌠

ᵀ̆↕ ≠ ⌠ ⱬ ᵌ̆ ҹ Ҋ

̔

̂3.8̃

ῒҬ̆ ҩ ῤ ⌠ Ȃ

̆ ᵌ ⱬ Ȃ

Å ᾢ ҍ ̔ ᾢ ᵖ Ҍᾟ№̆∆ ᵀΐ ѿ ᴇ

ṿ̆ᵖׅ Ҍ ḱ ̆↕ ⱴ ̔

̂3.9̃

ῒҬ̆ ҹꜚ ̆ ԍ ᵀ ҍ ╠ ӊ

Ȃ

ᴋⱵҬ̆ ⱬ Ḡ ̆Ҍᴪ₮ ▲ ꜚȂ

ԍ ѿԊ ̆ ⱬ ₮ ҊẊ ̔

Ẋ 3.1 ( ⱬ ) ⱬ ̆ῒ

̔

̂3.10̃

ῒҬ̆ ҹ ̆ ᵀ ∆ ꜚ Ȃ

₮ ̆ ̂3.10̃Ҭ ҍ

ⱬ̆ ̂3.8̃ï̂3.9̃ ₮ ↕ ῒᵀ ȂẊ 3.1
ⱬ ῤ ̆ ῒᵀ ṿӞҌ ₮ Ȃ ̆

ꜚ ̆ꜚ ѿ ṿ̆ץ ᾧ ╠ ꜚ

ᵀ Ẓ Ȃ
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3 ꜚ Ḥᴋ

3.2.3 Ӏ Ⱶ

Һ ⱬ ֲ ֜ԑ Ҭ ⱬ Һ

ҍ ᵀȂҍ ⱬҌ Һ̆ ⱬ ѿ Ҍ ῤ

̆ῒ ҍ ⌠ҩᵣ ȁᾢ ̆ ΐ

ҩᵣ Ȃ ԍ╠ ⱬҍ ӈ̆ Һ

ⱬ ⅞№ҹңҩ ᾢ̔ ҍꜚ Ȃ╠ ֲ ᴋ

Ⱶ ╠ ⱬ ∆ ̆ ֲ ֜ԑ Ҭ ԍ

Ҍ ḱ Ȃ

ѿ ҹᾢ Ȃ ᴋⱵ ӊ╠ֲ̆ ȁ

ᶏ ҍ ⱬ ῏ ᾢ Ḥ Ȃ ҉ֲ̆

ᴪ ȁ Ғҙ ҩᵣ ̆ ⱬ ∆

Һ ∞ Ȃ ԍҩᵣ ̆ ѿᾢ ⱬ ‰

̆ ᵄ ѿ Һ Ẓ Ȃҹ ̆ ῀∆ ֲ ץ ֲ
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