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Ⅱ. 배경 지식 및 관련 연구

2.1 강화 학습 모델의 안전성
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2.2 위험원 분석
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2.3 행동 주도 개발
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표 1. BDD 시나리오 구성
Table 1. Structure of BDD scenario
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Ⅲ. 강화 학습 모델의 안전성 평가
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그림 1. 자율 주행 환경
Fig. 1. Environment of autonomous driving
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3.1 평가 프로세스

�ü� �̀� �%�R�� � �̀� �������L�� �c�G�A�R�� �Š�‹�� �1�‚�� �;�ª

�/�� �G� �̃����� �Ò�µ�A�”�� �g���� � �̃®�e�C�� �:�!��������

�l�Ú�¹�[ �����B�¢�A�N�F�� �A�R�� �Š�‹�� �1�‚�/�� �”� �̂#�!�


���� �G� �̃��� �q�r �����Š�‹�� �1�‚�� �x�� �µ�5�� �D�H�#�!�� �§�Å��

�U���f�[ ��

�G� �̃��� �q�r�'�� �Š�‹�� �1�‚�� �;�ª�!�
���� ���&�e�C��

�g������ �õ�¾�A�N�� �$�*�e�#�!�R�� �G� �̃����� �Ò�µ�A�”��

�g���� �Ù��� �� �’�������� �����A�R�� �é���� �d�e�#�!�� �ü

� �̀� �%�/�� �³� �́� �²�C���L�� �Z�ý�� �D�H���� ���� �U���f�[ �����G
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Step 1.���g���4�� �q�r���� �•���� �G� �̃� �c�é�� �0�n�� �õ�¾

Step 2.���>�4�4���”�®�� �G� �̃� �O�§���~�� ����

Step 3.���Ù��� ���� �g���� ���|�� ����

�Š�‹�� �1�‚�'�� �u���_�/�� �®�)���� �•���� �;�ª�/�� �G�˜

���� �a� �̂��� �d�e�#�!�� ���[ �����ü� �̀� �%�/�� �~� �̈ �́� �²�C��

�L�� �Z�ý�� �D�H���� ���� �U���f�[ �����Š�‹�� �1�‚�/�� �È�©�R�� �[

�:�D�� �ó�[ ��

Step 1.���;�ª�¯
Step 2.���;�ª�� �1�‚

Step 3.���;�ª�� �Ù��� 

그림 2. 강화 학습 모델의 평가 프로세스
Fig. 2. Evaluation process of RL model

3.2 안전성 분석

Step 1.���g���4�� �q�r���� �•���� �G� �̃� �c�é�� �0�n�� �õ�¾

���&�e�C�� �g������ �õ�¾�A�”�� �g�Z�� �L���A�=�������*�P�=�h��

�ó�'�� �[�¿���� �g���4�� �q�r�� �”�Ë���� �u���A�Ú�� �Š�‹�� �1

�‚�� �O���G���� ������ �G� �̃� �c�é�� �0�n���� �õ�¾���[ �����õ�¾

�i�� �G� �̃� �c�é�� �0�n�'�� �Š�‹�� �1�‚�� �;�ª���� �G� �̃A�Ü��

�Ý���A�R�5�� ���È�A�”�� �g���� �”�¹�#�!�L�� �u���i�[ ��

�������������� ���� ������ �g���4�� �q�r���� �U�w�A�Ú�� �G�˜��

�c�é�� �0�n���� �õ�¾�A�”�� �g�Z�� �E�&�%�F���L�� �š�C�� �F�Ý� ����

���Z�� � ���5���%�9�%�9�%���”�®�#�!�� ���=�6�=���� �U�w���� �s�D����

�C���A�o�[ ���������� �•�Z �����µ� �̂� �O�ó�Á���•�� �W�V���� �e

���A�”�� �g�Z�� �õ�¾�i�� �G� �̃� �c�é�� �0�n�'�� �Á���%�h�� �ó�[ ��

표 2. Highway에 대한 안전 제약 조건
Table 2. Safety constraints for Highway

ID Content

SC-1
Do not collide with the vehicle when
controlling speed.

SC-2
Do not collide with the vehicle during lane
change control.

SC-3
Do not accelerate when the distance from
the previous vehicle is close.
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Step 2.���>�4�4���”�®�� �G� �̃� �O�§���~�� ����

�ü�� �[�: �����G� �̃� �c�é�� �0�n���� �a�"�������������#�����������*�������b

�/�� ���&���� �u���A�R�� �>�4�4���O�§���~�!�� �¥�W���[ ����

�>�4�4���O�§���~�/�� �����'�� �°�Ì�� �W�V�-�"���������.���L�� �°�Ì��

�w�Ý�-�#�������.���� �Û���ò�� �¢�X�Û�� �s�D �-�*�������.���� ���Z�� �C�Q

�A�”�� �ò�&���� �	�H�� �W�V���� �S� �̈� ����� �̃ �/�� �w�Ý�D��

�ü�� �s�D���� ���Z�� �Ò�µ�� �Œ���q�r�Û�� �U���f�[ �������� ��������

�S�T� �̧� �s�D �-�*�������.���� ������ �g�®�'�� �â�� �G� �̃� �c�é�� �0

�n���� �_�?�A�5�� �º�è�[�R�� �/�†�!�� �Z�r�Û�� �U���f�[ �����Á��

�&�'�� �þ�L�� �õ�¾�i�� �G� �̃� �c�é�� �0�n���� ���Z�� �>�4�4���O�§

���~�!�� �¥�W���� �s�D���[ ��

�E�&�%�F���L�� �¤�,�§�� �O������ ������ ���÷�e�C�� �U�à����

�c�À�A�5�R�� ���”�� �ò�&�� �����Á�� �&���� ���Z�� �a�"���������b���L��

�[� �̈� � � �̂��� �"�]�!�� �C�õ�A�R�� �”�¹�'�� ����� �̃ ����

�”�¹�#�!�� �þ�÷�R�� �6�.�� �é�� �&�®����� �.�'�� �g�7�…�� �A�§
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표 3. 안전 제약사항에 대한 BDD 시나리오
Table 3. BDD scenarios for safety constraints

ID Context Content

SC-1

Given
there’s another vehicle in front or
behind.

When
when controlling the speed of the
vehicle.

Then
it must be prevented from
colliding.

SC-2

Given
there’s another vehicle in the
mearby lane.

When
when controlling the lane change
of the vehicle.

Then
it must be prevented from
colliding.

SC-3

Given there’s another vehicle in front it.

When
when controlling the speed of the
vehicle.

Then it must not accelerate.

Step 3.���Ù��� ���� �g���� ���|�� ����

�¥�W�i�� �>�4�4���O�§���~� �́'�� �Š�‹�� �1�‚�� �;�ª�/�� �G

� �̃����� �Ò�µ�A�”�� �g���� �Ù��� �� �’�����!�W�� �u���i�[ ����

�Ù��� ���� �U�w�A�”�� �g���� ���|���� �����Û�� �ò �����>�4�4��

�O�§���~�/�� �������� �×���!�� �Ä�U���� �������[ �����Ý����

� �́° �������3�1�$�/�� ������ �/�u�� ���|�R�� �ü� �̀� �&�D���ó�[ ��

// given('there'a another vehicle in front of begind')
func other_vehicles_in_front_or_begind():
if near_the_same_lane() == true:
return true

else return fasle

// when('when controlling the speed of the vehicle')
func speed_controlling_vehicle():
if acceleration_vehicle() == true \

or deceleration_vehicle() == true:
return true

else return false

// then('it must be prevented from colliding')
func not_crash_between_vehicles():
if not crash_vehicle():
return true

else return false

그림 3. SC-1 기반 BDD 시나리오에 대한 의사 코드
Fig. 3. Pseudocode for SC-1 based on BDD scenario

3.3 강화 학습

Step 1.���;�ª�¯
�;�ª� �̄� �È�©���L�R�� ����� �̃ �����W�V�����™�²�†���� �C

�H���€�� �Ó�j�� � �̃/�� �;���� �¹�2�� �D�H���� ���Ä���[ �����Á�� �@

�R��� �̀� �������� �u���i�� �W�V���� �u���i�� �l� �̂� ���0���� �l

�Ú�¹�[ �����”� �̀e�#�!�� �$���� �¤�,�!�� �x�w�A�O�§�� �µ����

�~� �̈ �́� � �.���� �•�Z�� �x�w�Û�� �ò�� �l� �̂��� �6�#�> �����[�¨��

� � �̂D�� �_�ÿ�Û�� �ò�R�� �}�•������ �6�,�'�� �����i�[ ��

표 4. Highway 보상 구조
Table 4. Reward structure of Highway

Reward Content
collision_reward
(default: -1)

The reward received when
colliding with a vehicle.

right_lane_reward
(default: 0.1)

The reward received when
driving on the right-most lanes,
linearly mapped to zero for
other lanes.

high_speed_reward
(default: 0.4)

The reward received when
driving at full speed, linearly
mapped to zero for lower
speeds.

lane_change_reward
(default: 0)

The reward received at each
lane change action.
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���‹�A�”�� �g�Z�� �k� �e�#�!�� �0�à���� �ñ�A�R�� �W�V���L��
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      �� �-�$�.

Step 2. �;�ª�� �1�‚

�þ�L�� �U�w���� �;�ª� �̄��� �”�®�#�!�� �1�‚���� �O����
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Step 3. �;�ª�� �Ù��� 
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// Given
if other_vehicles_in_front_or_behind() == true:
// When
if speed_controlling_vehicle() == true:
// Then
if not_crash_between_vehivles() != true:
// SC-1 violation

그림 4. SC-1 위반에 대한 의사 코드
Fig. 4. Pseudocode for SC-1 violation

Ⅳ. 실험 결과

4.1 실험 모델

� �̀� �������L�R�� �ó�'�� �W�V���� ������ �Ú�Å�� �µ�5�� �;�ª

�/�� �G� �̃����� �2�-�A�”�� �g�Z�� �l� �̂� ���0�§�� ���
�� �«�N

���É�'�� �¥�V�A�5�� ���N�� �A���n�� �™�²�†���I�� �0�H�A�Ú��

�$�8�µ�5�/�� �;�ª���� �X���A�o�[ �����Á�� �'�R��� �̀� �������� �g

�Z�� �0�H���� �;�ª�/�� �A���n�� �™�²�†������ �l�Ú�¹�[ ��

표 5. 하이퍼 파라미터 설정
Table 5. Configuration of hyper-parameters

Model Total timesteps Learning rate
1 10,000 0.0001
2 10,000 0.0002
3 10,000 0.0003
4 10,000 0.0004
5 10,000 0.0005
6 20,000 0.0001
7 20,000 0.0002
8 20,000 0.0003
9 20,000 0.0004
10 20,000 0.0005

4.2 결과 비교 분석

�1�‚���� �•�œ�i�� �;�ª���� ���Z�� �Ù��� �� ���|���� �e��

�A�Ú�� �Â�� �$�8�8�¤�/�� ���ð�~�|���� �•�Z�� �s�D���� �p�©�A�o

�[ �����Á�� �9�'�� �G� �̃� �c�é�� �0�n���� �g�®���� ���©�h�� �Ò�Ô��

�l� �̂��� �l�Ú�¹�[ ��

표 6. 주행 시뮬레이션 안전성 평가 결과
Table. 6. Driving simulation safety assessment results

model SC-1 SC-2 SC-3 mean rewards
1 51 1 223 19.03
2 20 12 109 23.82
3 33 21 75 18.40
4 26 30 73 17.57
5 7 20 42 23.39
6 51 5 179 17.11
7 37 4 172 18.22
8 11 20 42 23.69
9 34 0 173 20.80
10 26 13 117 21.87
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(a) 안전 제약 조건 위반 평균
(a) Average number of violations for each safety constraint

(b) “Given”, “When”, “!Then”의 발생 비율
(b) Percentage of occurrence for “Given”, “When”, and

“!Then”
그림 5. 모델 2, 5, 8의 안전성 비교

Fig. 5. Safety comparison of models 2, 5, and 8
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