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Outline

dBackground & Motivation

+DeepSeek Sparse Attention (DSA) & Lightning Indexer
“*High similarity of Cross-Layer Top-k Index
dDesign
<*Main idea : Full & Shared Layer
< Training-Free & Training-Aware IndexCache

dEvaluation

dDiscussion
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Background - DeepSeek Sparse Attention

dSelf Attention
“Every Q attends to all previous tokens — O(N?) compute & memory

softmax X = X
Q K" f======nea ; v
N x d dx N Attention Scores N xd
N x N Matrix
Sparse Attention

<*Each query selects only the most relevant subset instead of attending
to all preceding tokens

+DeepSeek Sparse Attention, or DSA
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Background — DSA & Lightning Indexer

(dDeepSeek Sparse Attention

<+ Pick k most important tokens based
on index score approximation

dLightning Indexer oumtiter e G000 0500
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{[cf; kf OO~ OO0

{qgi} concatenate
KB 00~ 00) {qi,,-} k’t@{%’.f}

partially.  partially
apply RoPE | apply RoPE

> FP8 Quantization
> RelLU Activation Function
» Low-Rank projections

S Attn: O(L?)->0O(kL), k << L
“Indexer: O(al?) a << 1

|
Input Hidden ht[OOOO ------ OOOO]
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Motivation & Challenge

dMotivation:

<*Necessity of all N per-layer indexer computations

» Although cheaper per-FLOP than the main attention computation, its total
cost across N layers is O(NL?)

» Becoming a significant fraction of the total attention budget at long context

o 100 -

%

< —— Prefill 1% The indexer’s share of total latency
C . .
S 80{ ~# Decode < rises sharply with context length,
—_ . .
S particularly during the prefill stage
o 60 A 50%
|-
o
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o 20427% 33%
x
)
©
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Context Length (#tokens)
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Motivation & Challenge

dMotivation:

<*Necessity of all N per-layer indexer computations

» Although cheaper per-FLOP than the main attention computation, its total
cost across N layers is O(aNL?)

» Becoming a significant fraction of the total attention budget at long context

Reducing indexer cost is the key to accelerating long-context DSA inference
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Motivation & Challenge

dGoals:
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Remove the majority of indexers in DSA
et most layers reuse top-k indices from retained indexer layers

Retain quality
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Motivation & Challenge

dGoals:

*Remove the majority of indexers in DSA
»Let most layers reuse top-k indices from retained indexer layers

“*Retain quality

dChallenges:

<+ Stability across consecutive transformer layers in DSA
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Motivation & Challenge

dinsight:
“*Model: GLM-4.7-30B

“+High correlation of top-k selections
across consecutive layers

= High overlap near the diagonal
= Block structure
= Uneven decay

= Early-late distinction

USTC Systems Reading Group

Pairwise top-k index overlap ratio
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Motivation & Challenge

dMotivation:

<*Necessity of all N per-layer indexer
computations

Pairwise top-k index overlap ratio

<+High correlation of top-k selections

across consecutive layers
= High overlap near the diagonal
= Block structure
= Uneven decay

= Early-late distinction
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Most indexer computations are redundant
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Motivation & Challenge

dGoals:

*Remove the majority of indexers in DSA
»Let most layers reuse top-k indices from retained indexer layers

“*Retain quality

dChallenges:

< Algorithm to distinguish whether to reuse

<*Maximum reuse ratio achievable before quality degrades

<*Model adaptation to close the performance gap introduced by
aggressive index reuse
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Design: IndexCache

dindexCache: Reuse top-K masks across layers
+F layers perform the full Indexer topK score computation
S layers inherit the index set from the nearest preceding F layer

Standard DSA L . DSA w/ IndexCache
———————— : {qg j } O . - — 1,F5
2 AN 1 /28
: : ki 1O lieErEr I 2,55 S .
' N ™ | —
A 1 ! g
N}ég ERCT | | > s
\ Mask, / Cached
N x L
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Design: IndexCache

dDSA Inference

< Introduce only one branch statement

dComplexity
+O(NL?) total indexer cost eliminated
<+ O(NLk) core attention unchanged

dKey point
<+Achieve the best pattern
c={c, €{F,S}|1=12,.. N}

USTC Systems Reading Group

(a) Standard DSA Inference

Require: Input X, layers1...N
1: for{ =1to N do

2:

3
4:
5:
6:

1) < INDEXER(X)
T — Top-k(19)
X < SPARSEATTN,(X, T(9)

X <~ FFENy(X) > +norm, residual, etc.

end for

(b) IndexCache Inference

Require: Input X, layers1... N, pattern c

1:
2:

10:

for/ =1to N do
if c) = F then
1)  INDEXER,(X)
T + Top-k(1)
7Ealche — T(E)
else {c; = S}

TE — T e > reuse
end if
X < SPARSEATTN,(X, 79)

X <~ FFNy(X) > +norm, residual, etc.

11: end for
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IndexCache: Training-Free

dNotions:
“*Input: Pretrained DSA model
< Output: Pattern ¢ with a given ratio of S layers
+Goal: Minimize LM loss

dUniform interleaving strategy
“*Retain every r-th layer's indexer and skip the rest

+e.g.c = { FSSSFSSS. . .} forr=4

USTC Systems Reading Group
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IndexCache: Training-Free

dUniform interleaving strategy g
«Retain every r-th layer's indexer and skip the rest E
+e.g. c = { FSSSFSSS... } forr =4 g

dSub-optimality
< Indexer importance varies significantly across layers

“*Remove a critical indexer while retaining a redundant one

Layer i

0246 81012
Layer |
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IndexCache: Training-Free

dUniform interleaving strategy g
«Retain every r-th layer's indexer and skip the rest E
+e.g. c = { FSSSFSSS... } forr =4 g

dSub-optimality
< Indexer importance varies significantly across layers

“*Remove a critical indexer while retaining a redundant one

Redundant
g F[S{S|S|F|S|S|S|F{S|S|S|F
=1 1 1 1
: Incorrectly Incorrectly
2o B Removed Removed

Layer |
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IndexCache: Training-Free

dLayer Selection Algorithm
<+ Greedy search to convert F Layers to S ones

<+Using B mini-batches cached from the training data as calibration set
Tentatively Flip

~

Init: All F Layers

\
Y

- ™
%%

N
S e
K& } Evaluate LM Loss e % : Y

U &
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IndexCache: Training-Free

dLayer Selection Algorithm
<+ Greedy search to convert F Layers to S ones

<+Using B mini-batches cached from the training data as calibration set
Tentatively Flip

N\ Evaluate LM Loss

Iterate over
F Layers

~

™ Commit Lowest Loss

Y

Repeat K = St 0. Steps

‘| ()
N\
7
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IndexCache: Training-Free

dLayer Selection Algorithm

<+ Complexity
» O(N2/P) forward passes with P stage Pipeline Parallelism

“*Properties
» Outperforming uniform interleaving at the same retention ratio

1/8

» A natural ordering of indexer importance
> Stable results across different calibration sets 0571

1/4

0.570

Validation loss

1/2

0.569 ’ . , i
10 20 30 40

Num (S Layers)
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IndexCache: Training-Aware
dStandard DSA Training

< Distilled via KL divergence against aggregated attention distribution

01
= ZtDKL(PE || a ))
>p) =3I iagp: Aggregated attention distribution

> qP = Softmax(I”): Indexer’s output distribution
<+*Each indexer was originally trained to serve only its own layer

dServe multiple layers simultaneously

USTC Systems Reading Group
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IndexCache: Training-Aware

dMulti-layer distillation
Lol = Zm—|—1 ( 7 ”qt )

“+Predict a top-k set that |SJ0|ntIy useful for all layers it serves
> ¢: aretained F layer with m following S layers reuse its index set
< Training: Identical to standard DSA

»Warm-up phase
» Sparse-training phase

/ Top-k Selector \ dhafh]
Indexer
)@@ «@en@
partially.  partially
ly RoPE | apply RoPE
(0000 _ , apply RoPE | apply

Input Hidden ht[OOOO l OOOO]
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Evaluation: Experimental Setup

dBase Model: GLM-4.7-Flash MoE (30B-A3B) with DSA
dContext Length: 200k max

dBenchmarks:
<5 Long-Context Tasks, e.g., MRCR v2, RULER, LongBench v2
4 General & Reasoning Tasks, e.g., AIME 2025, LiveCodeBench

dHardware: NVIDIA H100 nodes

USTC Systems Reading Group

26



Evaluation: Inference Speedup

(a) Prefill (time)

== DSA (baseline)
180% - I IndexCache (1/2 indexer)
[l IndexCache (1/4 indexer)

182%

10K 60K 120K 200K
Context Length

Prefill : At 200K tokens, IndexCache (1/4) achieves a 1.82x speedup

USTC Systems Reading Group
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Evaluation: Inference Speedup

Relative Speedup (%)

Decode : At 200K, DSA'

160% 1 |mmm IndexCache (1/4 indexer)

(b) Decode (per request throughput)

=71 DSA(baseline)
I IndexCache (1/2 indexer)

148%

140% 1
120% 1

100% 1= —~— - (RN

10K 60K 120K 200K
Context Length

s decode speed is 58 tok/s, while IndexCache

(1/4) achieves 86 tok/s, a 1.48x speedup

USTC Systems Reading Group
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Evaluation: Inference Speedup

(c) Decode (full throughput)

=1 DSA(baseline)
I IndexCache (1/2 indexer)
160% - mmE IndexCache (1/4 indexer)

140% 1 137%

120% 1

Relative Speedup (%)

-
o
N
5

10K 60K 120K
Context Length

151%

200K

When KVCache is fully saturated, IndexCache brings a 1.51x increase

USTC Systems Reading Group
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Evaluation: Training-Free Accuracy

Training-free IndexCache at 1/2, 1/4 and 1/8 indexer retention
with uniform interleaving

Long-ContextLong-ContextLong-ContextLong-ContextLong-Context General &  General & General & General & 0
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-MRCR -GW -LB2 - RULER -LCR Reasoning - Reasoning - Reasoning - Reasoning - Original DSA 1/2 Unif. 1/4 Unif. 1/8 Unif.
AIME GPQA LCB IFB IndexCache  IndexCache  IndexCache
B Original DSA ®1/2 Unif. IndexCache ® 1/4 Unif. IndexCache ® 1/8 Unif. IndexCache B Averages - Long B Averages - G&R

Uniform interleaving strategy results in maximum 0.3 X precision losses
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Evaluation: Training-Free Accuracy

Training-free IndexCache at 1/2, 1/4 and 1/8 indexer retention
with search pattern
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Long-Context Long-ContextLong-Context Long-Context Long-Context General &  General &  General &  General & 0
-MRCR -GW -LB2 -RULER -LCR Reasoning - Reasoning - Reasoning - Reasoning - Original DSA  1/2 Unif. 1/4 Unif. 1/8 Unif.
AIME GPQA LCB IFB IndexCache  IndexCache  IndexCache
B Original DSA ®1/2 Unif. IndexCache ™ 1/4 Unif. IndexCache ® 1/8 Unif. IndexCache B Averages - Long B Averages - G&R

Search pattern strategy can maintain accuracy at 1/4 indexer retention

USTC Systems Reading Group



Evaluation: Training-Free Accuracy

Average with uniform interleaving Average with research pattern

<0 80
70 70
60 60
50 50
40 40
30 30
20 20

10 10

0 0

Original DSA 1/2 Unif. 1/4 Unif. 1/8 Unif.

IndexCache  IndexCache  IndexCache Original DSA  1/2 Unif. 1/4 Unif. 1/8 Unif.

IndexCache IndexCache IndexCache

® Averages - Long ™ Averages - G&R m Averages - Long M Averages - G&R

Long chain-of-thought reasoning capabilities are preserved

USTC Systems Reading Group
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Evaluation: Training-Aware Accuracy

Averages - Long Averages - G&R

52 74.6
74.4

51.5
74.2

51
74
50.5 38
50 73.6
49.5 734
49 73.2

48.5 73 . . .
Original DSA  1/2 Unif. w/ searched  w/o cross- 1/4 Unif. Original DSA 1/2 Unif. w/ searched  w/o cross- 1/4 Unif.
IndexCache pattern layer loss  IndexCache IndexCache pattern layer loss  IndexCache

dPattern search is redundant: Joint training makes simple uniform
interleaving sufficient.

dCross-layer loss is critical: Removing it degrades performance,
proving the necessity of multi-layer optimization.

USTC Systems Reading Group

33



Evaluation: Scaling Up

Long Avg MRCR v2 GraphWalks LongBench v2 RULER AA-LCR

Original DSA 78.4 71.1 92.7 64.5 97.7 66.2
1/2 Unif. IndexCache 78.1 72.8 90.2 65.1 97.6 64.6
+Searched pattern 78.7 72.3 90.8 66.0 97.3 67.2
1/4 Unif. IndexCache 72.7 65.8 74.9 62.2 96.2 64.6
+Searched pattern 78.0 70.8 90.3 63.7 97.6 67.6

dScaling Up: Evaluated on the production-scale GLM-5 (744B total,
40B active parameters).

dPerformance: Long-context average remains virtually unchanged

dSpeed: Deliver ~1.2x end-to-end speedup at 1/2 retention.
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Discussion

dGiven a DSA model with N layers compute the cosine
similarity between (i > j):
+The core attention output at layer i when using its own indexer
+The core attention output at layer i when reusing layer j’ s indexer

dSeek the pattern c+ that maximizes the total similarity

E 3
¢’ =arg  max Z S¢ sre(t
C: |{IIC1‘:F}|:M ¢ Cf:S ( )

Avg MRCRv2 GraphWalks RULER

Original DSA 54.0 24.5 49.6 87.9
1/2 Unif. IndexCache 50.7 22.0 46.6 83.6
+Searched pattern ~ 49.8 229 43.5 82.9

USTC Systems Reading Group
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Doubts

1Greedy search suboptimality

dForward-only index reuse

dWeights in multi-layer distillation
Chas = 7 E0w (6 1)

USTC Systems Reading Group
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