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Notations00

User input question 𝑞𝑞   
Agent 𝑎𝑎𝑖𝑖  

set of 𝑛𝑛 agents 𝐴𝐴 = 𝑎𝑎1 ⋯ 𝑎𝑎𝑛𝑛
Reasoning process of agent 𝑎𝑎𝑖𝑖  at step 𝑘𝑘 𝑒𝑒𝑖𝑖𝑘𝑘

Answer of agent 𝑎𝑎𝑖𝑖  at step 𝑘𝑘 𝑥𝑥𝑖𝑖𝑘𝑘

Belief of agent 𝑎𝑎𝑖𝑖 at step 𝑘𝑘 
(approximated by LLM output probability) 𝑏𝑏𝑖𝑖𝑘𝑘 = 𝑃𝑃(𝑥𝑥𝑖𝑖𝑘𝑘 ∣ 𝑞𝑞 , 𝑒𝑒𝑖𝑖𝑘𝑘)

Opinion group 𝐺𝐺𝑝𝑝, 𝑎𝑎𝑖𝑖 ∈ 𝐺𝐺𝑝𝑝
Opinion group set,  

which contains 𝑚𝑚 opinions groups. 𝐺𝐺 = 𝐺𝐺𝑝𝑝 𝑝𝑝=1
𝑚𝑚

The most uncertain opinion group 𝐺𝐺𝑢𝑢 = arg max
𝐺𝐺𝑝𝑝

𝑈𝑈𝑝𝑝 𝑝𝑝=1
𝑚𝑚

Dominant consensus agent group 𝐴𝐴𝑠𝑠  
Conflict agent group 𝐴𝐴𝑐𝑐

Dominant consensus agent 
in each Opinion group 𝐺𝐺𝑝𝑝𝑠𝑠, 𝐺𝐺𝑞𝑞𝑠𝑠

Conflict agent 
in each Opinion group 𝐺𝐺𝑝𝑝𝑐𝑐 , 𝐺𝐺𝑞𝑞𝑐𝑐

complementary set
of agents with the same answers 𝐺𝐺𝑝𝑝⊕𝐺𝐺𝑞𝑞

[ Notation ]

Uncertainty of Opinion group 𝐺𝐺𝑝𝑝
𝑈𝑈𝑝𝑝 = − �

𝑎𝑎𝑖𝑖∈𝐺𝐺𝑝𝑝

𝑏𝑏𝑖𝑖𝑘𝑘 log 𝑏𝑏𝑖𝑖𝑘𝑘

macro-conflict scores
𝜓𝜓𝑝𝑝𝑝𝑝𝐺𝐺 =

�
𝑎𝑎𝑖𝑖∈𝐺𝐺𝑝𝑝 ⊕ 𝐺𝐺𝑞𝑞

𝑏𝑏𝑖𝑖
𝑘𝑘

�
𝑎𝑎𝑖𝑖∈𝐺𝐺𝑝𝑝∪𝐺𝐺𝑞𝑞

𝑏𝑏𝑖𝑖
𝑘𝑘

micro-conflict scores 𝜓𝜓𝑝𝑝𝑝𝑝ℒ =  
�

𝑎𝑎𝑖𝑖∈𝐺𝐺𝑝𝑝
𝑠𝑠 𝑏𝑏𝑖𝑖

𝑘𝑘−�
𝑎𝑎𝑖𝑖∈𝐺𝐺𝑞𝑞

𝑠𝑠 𝑏𝑏𝑖𝑖
𝑘𝑘

�
𝑎𝑎𝑖𝑖∈𝐺𝐺𝑝𝑝

𝑐𝑐 𝑏𝑏𝑖𝑖
𝑘𝑘−�

𝑎𝑎𝑖𝑖∈𝐺𝐺𝑞𝑞
𝑐𝑐 𝑏𝑏𝑖𝑖

𝑘𝑘

conflict score
between opinion groups𝐺𝐺𝑝𝑝and 𝐺𝐺𝑞𝑞

𝜓𝜓𝑝𝑝𝑝𝑝 = 𝜓𝜓𝑝𝑝𝑝𝑝𝐺𝐺 ⋅ 𝜓𝜓𝑝𝑝𝑝𝑝𝐿𝐿

belief proportion
of the dominant consensus group

𝑝𝑝𝑏𝑏𝑘𝑘 =
�

𝑎𝑎𝑖𝑖∈𝐴𝐴𝑠𝑠
𝑏𝑏𝑖𝑖
𝑘𝑘

�
𝑎𝑎𝑖𝑖∈𝐴𝐴𝑠𝑠

𝑏𝑏𝑖𝑖
𝑘𝑘+�

𝑎𝑎𝑖𝑖∈𝐴𝐴𝑐𝑐
𝑏𝑏𝑖𝑖
𝑘𝑘

proportion of agents
in the dominant consensus group

𝑝𝑝𝑠𝑠𝑘𝑘 = ∣𝐴𝐴𝑠𝑠∣
∣𝐴𝐴𝑠𝑠∣+∣𝐴𝐴𝑐𝑐∣
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Voting mechanisms

𝑝𝑝𝑠𝑠𝑘𝑘 =
∣ 𝐴𝐴𝑠𝑠 ∣

∣ 𝐴𝐴𝑠𝑠 ∣+∣ 𝐴𝐴𝑐𝑐 ∣
>

2
3

𝐴𝐴𝑠𝑠 : dominant consensus group
𝐴𝐴𝑐𝑐  : conflict group

Indiscriminate collaboration

• Overlooking contradictions in system-internal beliefs
• Using only Byzantine Consensus

• Uniform interaction among agents 
• Failure to identify optimal collaborators for each agent
• Hindering the emergence of a stable consensus.

Figure 1  Comparison between previous consensus seeking 
methods and our proposed framework.
(a) Existing consensus seeking methods. 
(b) Belief- Calibrated Consensus Seeking (BCCS).
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Figure 2  An illustration of the multi-agent system in NLP tasks, where each agent generates an answer 𝑥𝑥𝑖𝑖𝑘𝑘   along with its 
reasoning process 𝑒𝑒𝑖𝑖𝑘𝑘  , the belief 𝑏𝑏𝑖𝑖𝑘𝑘  of 𝑎𝑎𝑖𝑖  is the generation probability
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[ Overview ]

1
2

3

3 3



Methodology04

Opinion Grouping1

• Not an answer based
• Grouped by reasoning process, 𝑒𝑒𝑖𝑖𝑘𝑘
                                 (TF-IDF/K-Means grouping)

Partial Consensus
i) 𝑝𝑝𝑠𝑠𝑘𝑘 ≥

2
𝑛𝑛

ii) 𝑝𝑝𝑏𝑏𝑘𝑘 > 0.5

Belief-Calibrated Consensus Judgment, BCCJ

CA

LS

Full Consensus
i) 𝑝𝑝𝑠𝑠𝑘𝑘 > 2

3

ii) 𝑝𝑝𝑏𝑏𝑘𝑘 > 0.8

No Consensus
- Full도아니고 partial도아닌경우

A

B

C

A

B

C

�𝑎𝑎𝑖𝑖∈𝐴𝐴𝑠𝑠
𝑏𝑏𝑖𝑖𝑘𝑘 > �𝑎𝑎𝑖𝑖∈𝐴𝐴𝑐𝑐

𝑏𝑏𝑖𝑖𝑘𝑘

2

�𝑎𝑎𝑖𝑖∈𝐴𝐴𝑠𝑠
𝑏𝑏𝑖𝑖𝑘𝑘

∣ 𝐴𝐴𝑠𝑠 ∣
> 2

�𝑎𝑎𝑖𝑖∈𝐴𝐴𝑐𝑐
𝑏𝑏𝑖𝑖𝑘𝑘

∣ 𝐴𝐴𝑐𝑐 ∣
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4 – i) Collaborator Assignment, CA3

• Define Most Uncertain Opinion 
Group 𝐺𝐺𝑢𝑢

• Group relation defined by 
Conflict Score

Conflict : 𝜓𝜓𝑝𝑝𝑝𝑝  > 2
Supportive : 𝜓𝜓𝑝𝑝𝑝𝑝 ≤ 2

• Collaborator Assignment
        i) Lowest belief Agent in  𝐺𝐺𝑈𝑈  
            : Highest belief Agents from 
               “Conflicting” group 
       ii) Others 
            : Highest belief Agents in 
               “Supportive” group
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4. – ii) Leader Selection, LS3

• No consensus state
         = No mutually supportive 
              opinion groups

• Selecting the 𝑛𝑛𝑙𝑙  agent with 
the highest belief value from 
each opinion group, denoted 
as 𝐴𝐴𝑙𝑙  to serve  as a leader

 
• remaining agents update their 

opinions by interacting 
exclusively with these leaders.



Experiments05

• RQ1: How does the performance of BCCS compare to existing single-agent and multi-agent methods in NLP tasks?
• RQ2: How does each functional component of BCCS contributes to the performance?
• RQ3: How do the supportive/conflicting agents and leaders impact the consensus in BCCS?

Single
Agent

Methods

Multi
Agent

Methods
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6.2 Ablation Study

-BCCJ: belief-calibrated consensus
judgment 제거, Byzantine consensus로
대체

-CA: collaborator assignment 제거

-LS: leader selection 제거

-Conflict: conflicting agents를사용하지
않고 supportive opinions만사용

R.Leader: highest belief leader가아니라
random leader 선택
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𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 전체 test case 수

𝑛𝑛 agent 수

𝑢𝑢 case index

𝑛𝑛𝑢𝑢𝑠𝑠
𝑢𝑢번째 case에서 consensus에참여한
agent 수

𝑛𝑛𝑢𝑢𝑟𝑟
𝑢𝑢번째 case에서 consensus에
도달하기까지걸린 round 수

𝑥𝑥𝑢𝑢 𝑢𝑢번째 case에서의 consensus answer

𝑥𝑥𝑢𝑢∗ 𝑢𝑢번째 case의 ground-truth answer

Consensus Level

𝐶𝐶𝐶𝐶 =
∑𝑢𝑢=1
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑢𝑢

𝑠𝑠

𝑛𝑛
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Success Consensus Level

𝑆𝑆𝑆𝑆𝑆𝑆 =
∑𝑢𝑢=1
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑢𝑢

𝑠𝑠 ⋅𝟏𝟏 𝑥𝑥𝑢𝑢=𝑥𝑥𝑢𝑢∗

𝑛𝑛
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Success Consensus Rate

𝑆𝑆𝑆𝑆𝑆𝑆 =
∑𝑢𝑢=1
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑢𝑢𝑠𝑠 ⋅ 𝟏𝟏 𝑥𝑥𝑢𝑢 = 𝑥𝑥𝑢𝑢∗

𝑛𝑛𝑢𝑢𝑟𝑟

𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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 TF-IDF/K-Means : grouping이실제 reasoning direction을잘나눠야함
 TF-IDF는 Keyword based 방법이기에Sementic을상대적으로잘보존하기어려울수있음.

        K를 3으로고정함으로써실제 Reasoning direction을잘나누지못할가능성이있음.

 Belief가실제답의신뢰도를어느정도반영해야함
 Belief를 final answer의 generation probability로근사하여실제정답확률이나 calibrated confidence를
의미한다고보장할수없다. 

 high-belief leader가항상좋은 reasoning을가진다는가정이어느정도맞아야함
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Theoretical Foundations of Stable Consensus03

Definition 3.1. (Stable Consensus) 
Given a MAS comprising n agents  𝑎𝑎𝑖𝑖 𝑖𝑖=1

𝑛𝑛  , and any initial answers 𝑥𝑥𝑖𝑖1 𝑖𝑖=1
𝑛𝑛

 , 
the system is said to reach a stable consensus answer if the following two conditions are satisfied: 
 (1) agents’ answers converge to consensus
 (2) each agent’s belief of the answer is coherent with the beliefs of other agents.

Theorem 3.2. 
Let 𝑥𝑥𝑖𝑖𝑘𝑘 𝑖𝑖=1

𝑛𝑛
 denote the opinions and 𝑏𝑏𝑖𝑖𝑘𝑘 𝑖𝑖=1

𝑛𝑛
 denote the beliefs of a MAS with n agents at the k-th step of collaboration. 

The collaboration between agents satisfies the following properties:
    1. When each agent in MAS collaborates with supportive agents, the MAS tends to reach the stable consensus, 
          converging to the state of the average opinion and belief of all collaborating agents.
    2. When any agent in MAS collaborates with conflicting agents, the MAS tends to form the unstable consensus, 
          potentially leading to divergence or oscillation in group states.

Theorem 3.3. 
Let 𝑥𝑥𝑖𝑖𝑘𝑘 𝑖𝑖=1

𝑛𝑛
 and 𝑏𝑏𝑖𝑖𝑘𝑘 𝑖𝑖=1

𝑛𝑛
 represent the opinions and beliefs of a MAS with n agents at the k-th step. 

Within each opinion group, the i-th agent follows nl leaders, and the collaboration between followers and their respective leaders 
satisfies the following properties:
1. When each agent in an opinion group collaborates with its leaders, the MAS tends to reach the stable consensus, converging to the 
average state of the leaders.
2. When the leaders’ average belief is higher than other agents’ beliefs, the leaders with higher beliefs can expedite the convergence to 
the stable consensus.


	슬라이드 번호 1
	슬라이드 번호 2
	슬라이드 번호 3
	슬라이드 번호 4
	슬라이드 번호 5
	슬라이드 번호 6
	슬라이드 번호 7
	슬라이드 번호 8
	슬라이드 번호 9
	슬라이드 번호 10
	슬라이드 번호 11
	슬라이드 번호 12
	슬라이드 번호 13
	슬라이드 번호 14
	슬라이드 번호 15
	슬라이드 번호 16
	슬라이드 번호 17
	슬라이드 번호 18
	슬라이드 번호 19
	슬라이드 번호 20
	슬라이드 번호 21

