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Preliminary



Preliminary: KV cache 

● In a transformer decoder architecture, key and value (KV) are cached to 
avoid redundant computations

● The size of KV cache increases linearly with the batch size and the 
sequence length.

● This leads to huge memory overhead and becomes the main bottleneck of 
LLM inference



Preliminary: Vector Quantization

● A group of values (vector) is quantized by mapping it into an integer index in a 
codebook

● example) quantize an 8-dimensional vector using a codebook of size 256.
○ log(256) = 8 bits are needed to compress a 8-dimensional vector.
○ average bit width = 8 / 8 = 1



Preliminary: Hadamard transform

Hadamard transform: Compute multiplication of the Hadamard matrix in O(n log 
n) complexity.

Known properties:

● suppress outliers 
● yield gaussian-like outputs

Hadamard matrix: recursively defined orthogonal matrix



Motivation



Motivation 1: success of VQ in LLM quantization

● State-of-the-art methods in weight-only quantization: QuIP#, AQLM, VPTQ

● For KV cache: CQ (Coupled Quantization) applies VQ to KV Cache



CQ (Coupled Quantization)

Idea: Generate a codebook to compress “coupled” channels.

● use a small set of data, called calibration dataset to obtain KV distribution.



Motivation 2: failure of CQ in OOD (out-of-distribution) scenario

● CQ builds codebooks using the calibration dataset (16 samples, WikiText-2)

● Although it works well in an ID (in-distribution) scenario, it performs worse in 

OOD scenarios.



Why CQ is susceptible to distribution shift

● We find that the KV distribution relies heavily on the input distribution



Our approach: remove a calibration process from quantization

● CQ: build a codebook that fits well to KV distribution using a small set of data 
(calibration dataset)

● Ours (NSNQuant): align the KV distribution with a well-known prior 
(standard normal distribution) through the normalization 
○ does not rely on any external data



Method



How to align KV distribution to a well-known prior?

● first idea: use Hadamard transform, which yields normal-like (gaussian-like) 
outputs
○ limitation: although the shape of the distribution is normal-like, its 

mean and variance are not controlled



Our approach: 3-step normalization (NSN)

● Hadamard transform: yields normal-like (gaussian-like) outputs

● NSN (Normalize-Shift-Normalize): standardize the outputs, when used with 
Hadamard transform.
1. (Normalize) token-wise normalization: scale each key/value of a token 

to have a scale of sqrt(d)
2. (Shift) channel-wise centering: set mean of each channel to zero
3. (Normalize) token-wise normalization: scale each key/value of a token 

to have a scale of sqrt(d)

Put together: output distribution is aligned with the standard normal distribution!



Visual illustration of effects of NSN



Codebook construction

● KV distribution is aligned with the standard normal distribution
○ we can build a single reusable codebook tailored for the standard 

normal data, using the synthetic data

● Build a codebook using K-Means algorithm with further fine-tuning



NSNQuant: overall structure

A detailed explanation of attention computation and other components is provided in the paper



Experimental Results



PPL evaluation



LongBench evaluation



LM-eval results



Efficiency analysis
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Donghyun Son, Euntae Choi, Sungjoo Yoo


