
How Graphs Ground Large Language Models –
Counterfactuals for Subgraph Verbalizations

GraphRAG improves factual 
accuracy by grounding LLMs in 
knowledge graphs.

But which nodes are actually relevant?
Individual node contributions to the 
output remain unclear. 

We aim to quantify how individual 
nodes influence LLM outputs  and 
provide explanations of their effects.

Evaluation and Results

RQ1: How stable are node relevance values under different LLM runs?
𝑅𝑆: stability of node relevance value rankings across LLM runs
𝑅𝑆1: stability of the top-ranked nodes
𝑊: Kendall‘s concordance
• Top-ranked nodes are highly stable
• Lower-ranked nodes show lower stability and increasing variability
• Agreement of node rankings within a graph decreases with graph size

RQ2: Are node relevance values approximately additive?
𝑀𝐴𝐸: deviation between observed ∆ 𝑁; 𝐺′, 𝑞  and predicted

σ𝑛 ∈𝑁 𝛿 𝑛; 𝐺′, 𝑞 , 𝑁 ⊆ 𝑉′ semantic change
• Additivity holds approximately across datasets and models
• Only few cases showing interaction effects between nodes

RQ3: Can minimal node subsets be identified that determine the output?
𝐶𝑅1: how often greedy finds a minimal solution
𝑆𝑅:  fraction of single-node explanations
• Greedy search is near-optimal in most cases
• Often a single node is sufficient to determine the output semantics

”Which hero appeared with 
Spider-Man in the comic 
Avengers 11?“

User Query   

”Spider-Man 
appeared with Iron-
Man in the comic 
Avengers 11.“

”No one appeared 
together with Spider-
Man in this comic.“

Output

Perturbed Output

Grounding 
Subgraph 𝐺 via 
GraphRAG 

What if Iron-Man were removed? Semantic 
Change
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occlusion of the 
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Key Findings

❖ Important nodes are consistently identified across LLM runs
→ node rankings are reproducible, especially for top-ranked nodes

❖ Semantic influence is highly concentrated on few nodes
→ a small subset of nodes accounts for most output changes

❖ Minimal counterfactual explanations are frequently achieved by a single 
node → greedy search finds near-optimal solutions, often of size one

Limitations and Future Work 

− Explanations rely on node interventions limited to occlusion 
      → explore richer interventions (replacement, perturbation)

− A fixed threshold 𝜏 may not reflect task-specific sensitivity to semantic change 
→ adapt thresholds based on task and data 

− Evaluation is based on embedding similarity, not human judgment
→ validate explanation quality via user study

Data Tales

Input: query 𝑞 +  subgraph 𝐺 with nodes 𝑉, retrieved   
  via GraphRAG

Performing node occlusion by removing individual 
nodes 𝑛 ∈ 𝑉 → 𝛼 𝐺, 𝑛

LLM generates original/perturbed answer: 
           𝑎 = 𝜙 𝐺, 𝑞 , 𝑎𝑛= 𝜙 𝛼 𝐺, 𝑛 , 𝑞

Outputs are mapped to embeddings 𝜓 𝑎 , 𝜓(𝑎𝑛)

Measuring the resulting semantic change 𝛥 using a 
dissimilarity function 𝑑

∆ {𝑛}; 𝐺, 𝑞 ≔ 𝑑(𝜓 𝑎 , 𝜓 𝑎𝑛 )

Overview of the Method

Node Relevance Distribution for 𝐺, 𝑞  with
𝛿 𝑛; 𝐺, 𝑞 ∶= ∆ {𝑛}; 𝐺, 𝑞  ∀ 𝑛 ∈ 𝑉, 

  𝜋 𝑛; 𝐺, 𝑞 ≔ ቐ

𝛿(𝑛;𝐺,𝑞)
σ𝑚 ∈𝑉 𝛿(𝑚;𝐺,,𝑞)

,  𝑖𝑓 σ𝑚 ∈𝑉 𝛿 𝑚; 𝐺, 𝑞 > 0 
1

|𝑉|
,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

 

Counterfactual Explanation of 𝐺, 𝑞  for a 
dissimilarity threshold 𝜏 > 0, is

𝑁∗ ∈ arg min
𝑁 ⊆𝑉

𝑁  subject to 𝛥 𝑁; 𝐺, 𝑞 ≥  𝜏.

Model comparison 
across datasets

𝑅𝑆 : mean rank stability 
(all nodes);

𝑅𝑆1: mean rank stability 
for first-ranked nodes; 

𝑊 : mean Kendall's 
concordance; 

𝑀𝐴𝐸: mean absolute 
error of relevance 
scores; 

𝐶𝑅1: minimality rate; 

𝑆𝑅: sufficiency rate.

Minimal counterfactual explanations are identified 
using greedy or exhaustive search

LLM  

LLM  
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Example for Ranking Reproducibility (gpt-oss:120)
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