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HARD-KV: Head-Adaptive Regularization
for Decoding-time KV Compression
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Background: Decoding-time Compression

Memory-Time-Integral: the standing-point to think of latency-throughput trade-offs
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Natural Dynamic Budget: Top-P budget
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Challenge: Static-Dynamic Mismatch

Algorithm side

Head-adaptive Top-p selection
lets each head keep the tokens it
needs.

Budgets fluctuate by context, layer, and head;

this is exactly what protects long reasoning
trajectories.

Top-p Head-
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probability fine-grained
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System side

PagedAttention, continuous
batching, and CUDA Graphs want
stable block layouts.

Irregular per-head indices create metadata
work, fragmented loading, and graph-breaking
dynamic shapes.
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Intuition: Sequential-hybrid of
linear and full KV cache
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Inference Engine Adaptations

Three metadata levels
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Index Regularization: unifying indices across layers
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Rewrite

contiguous cache
read selected blocks, write
regularized physical layout

Sparse load

mask at kernel
regularize indices by carrying
unused cache positions

Flatten

head/layer index
choose max or sum depending on
cost trade-offlayout

Rewrite: a naive but
efficient approach

Can catch-up counterparts
in 1 step by MTI
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Experiment Takeaway
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