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Abstract: Spatial reasoning is a fundamental capability for large language models (LLMs) to support planning, nav-
igation, and embodied interaction. However, producing correct answers on spatial reasoning benchmarks does not
necessarily indicate that a model has developed structured and compositional spatial representations; such behavior
may instead arise from linguistic heuristics, option biases, or adaptation to task formats. To clarify this issue, this paper
adopts a mechanistic analysis perspective and decomposes spatial reasoning into three core computational primitives:
relational spatial reasoning, perspective rotation, and spatial sequence execution. Across English, Chinese, and Arabic

settings, we combine behavioral evaluation, linear probing, sparse autoencoder feature analysis, and causal intervention

"https://github.com/JiyuanAn/LLM-Spatial-Mechanisms



to systematically examine where spatial information is encoded in LLMs, whether it is functionally usable, and how
it depends on language. Experimental results show that task-relevant spatial variables are primarily represented in the
middle layers of the model, and that some spatially selective features exert a causal influence on model outputs. Moreover,
the decodability of spatial information does not necessarily imply its usability, revealing a clear dissociation between
spatial encoding and task behavior in base models. Similar external accuracies may also be supported by different internal
features across languages, suggesting cross-lingual mechanistic degradation and task specificity. These findings indicate
that current LLMs do not rely solely on shallow linguistic cues for spatial reasoning, yet they have not developed
a unified, stable, and transferable spatial cognitive mechanism. This work provides a new empirical perspective for
evaluating the spatial abilities of LLMs beyond benchmark accuracy, focusing instead on internal representations and

causal mechanisms.

Keywords: large language models; spatial reasoning; mechanistic interpretability; linear probing; sparse autoencoders;

causal intervention; multilingual representations
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EN  R?=305/ L=31/MAE=.57 / RMSE=75 R?=-001/ L=17 R?=.168/ L=31 / MAE=2.14 / RMSE=3.27
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AR R?=272/ L=24 / MAE=.59 / RMSE=.76 R?>=-011/ L=0 R?=347 / L=24 / MAE=1.93 / RMSE=2.90
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