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Reasoning models are bottlenecked by their KV cache

- Large Reasoning Models (DeepSeek-R1, etc.) generate very long CoT traces.
- Token count grows linearly - KV cache memory dominates inference cost.

- Example: R1-Distill-Llama-8B can generate 32K+ tokens on one complex math
problem; at batch size 10, KV cache becomes ~2.5x larger than the model

weights.
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MLSys

Reasoning models are bottlenecked by their KV cache

- Large Reasoning Models (DeepSeek-R1, etc.) generate very long CoT traces.
- Token count grows linearly - KV cache memory dominates inference cost.

- Example: R1-Distill-Llama-8B can generate 32K+ tokens on one complex math
problem; at batch size 10, KV cache becomes ~2.5x larger than the model

weights.

KV cache compression is essential for deploying reasoning models
at scale — both for memory headroom and decoding throughput.
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. L . MLS
Failure of Token-level Eviction Strategies >

- SnapKV: prefill-only eviction = fail on long CoT generations
- H20: attention-magnitude eviction = blind to semantic structure
- R-KV: token-level redundancy eviction - fragment semantic units

Prefill . Decode : : :
— - — - Evicted with — - Evicted with - - Evicted with
/ low attention score 1 high token redundancy 1 high sentence redundancy
X Y Evicted Token / /
X
X . ¥ Cached Token |4 /
X Current Token X X / X X
X X x| |x|x xIx x
X + x| |x x| [x]x xIx x]x x |
X | x| |x | x| IxIx] Ix | < >
—= =- - = -~ = Small N
' Large N ' Large N ' Large N
(a) SnapKVv (b) H20 (c) R-KV (d) SkipKV (ours)
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Failure of Token-level Eviction Strategies >

- SnapKV: prefill-only eviction = fail on long CoT generations
- H20: attention-magnitude eviction = blind to semantic structure
- R-KV: token-level redundancy eviction - fragment semantic units

Prefill . Decode : : :
— — - Evicted with — Evicted with — - Evicted with
' low attention score 1 high token redundancy 1 high sentence redundancy
X ¥ Evicted Token / /
X
X . P Cached Token [ /
X Current Token X X /£ XX
X X X X | x X|x x
X * x| |x x| [x]x x|x xIx x |
X ‘| x| |x | x| IxIx] Ix | < >
< > < > < > . SmallN
Large N | Large N ' Large N '
(a) SnapKV (b) H20 (c) R-KV (d) SkipKV (ours)

SkipKV: Consider sentences redundancy and property — keep
coherent semantic units and generate concise outputs
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Failure of Token-level Eviction Strategies >

- Observation 1: Accuracy drop on multi-batch decoding

R1-Llama-8B on MATH-500
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Failure of Token-level Eviction Strategies >

- Observation 1: Accuracy drop on multi-batch decoding

R1-Llama-8B on MATH-500
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Failure of Token-level Eviction Strategies >

- Observation 1: Accuracy drop on multi-batch decoding
- Explanation 1: Padding tokens reduce the effective KV budget

R1-Llama-8B on MATH-500 Prefill Lengths in MATH-500
_________ - R —4— Mean + (Min, Max) T
IR S — =75 S
S 600
> 70 | 15% o
g —
;' 60 - -
) Method “a
&) -== FullKV —4— R-KV (S) i ) [
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Failure of Token-level Eviction Strategies >

- Observation 1: Accuracy drop on multi-batch decoding
- Explanation 1: Padding tokens reduce the effective KV budget

R1-Llama-8B on MATH-500 Prefill Lengths in MATH-500
_________ — R —4— Mean * (Min, Max)
BT e =7 S L
> 70 5600 ~700 padding tokens
> -15% E >50% cache budget
«
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Failure of Token-level Eviction Strategies >

- Observation 2: Generation token length increase
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Failure of Token-level Eviction Strategies >

- Observation 2: Generation token length increase
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Failure of Token-level Eviction Strategies

Accuracy (%)

Observation 2: Generation token length increase

Explanation 2: Evicting similar tokens disrupts semantic units in
computation steps, causing repeated self-validation.

R1-Qwen-7B on MATH-500
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% intel.
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al Length

i

To

<|User|>Answer the following questions. You should think step-by-step
and put your final answer within \boxed{}.
Question: Evaluate $(1+2i)6-3i$.<|Assistant]|>
[Re-validate for 8 times and generate 1517 tokens in total]
.. So, the result should 6 + 9i.
Wait, let me double-check That seems correct

Alternatively,... Let me write out again

.. Then, subtracting 3 i-31i-=6+ (121 [:::::::]
Just to be thorough, maybe I can represent this in another way. ...
Alternatively, I can think *¥(1 + 21
Another way approach
So, 6 i-31i=6*+ - )i . Yep 's consistent.
I think confident the resu 6 + 9i. Let me [::::::]

seems reasonable.

Alternatively, m So 's another way see it.
Just to recap
+izi G2i 31 -

Just to make sure, let me compute again step by step:

Yep, same result. I think that's solid.

I guess another way ...

So, after all that, I'm pretty confident that the answer is 6 + 9i.
**Final Answer**

The result of evaluating $(1+2i)6 - 3i$ is \boxed{6 + 9i}.
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Motivation of Sentence-level Eviction y

- Observation 3: Wrong reasoning traces have more similar and non-execution
sentences
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Motivation of Sentence-level Eviction y

- Observation 3: Wrong reasoning traces have more similar and non-execution
sentences
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SkipKV: Skip KV Storage MESys

- Skipping KV storage via sentence-primary KV cache eviction
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SkipKV: Skip KV Storage MESys

- Skipping KV storage via sentence-primary KV cache eviction

1. Sentence Segmentation
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SkipKV: Skip KV Storage MESys

- Skipping KV storage via sentence-primary KV cache eviction

1. Sentence Segmentation

2. Sentence Similarity Score

Compute pairwise sentence similarity with last-layer hidden states

e N B
Pairwise scores A; Redundant sentence set P
@) ] p=gin )
V; = 1mean biei)- = A > T < Jp,
' T A =096 ) ;J - P ={s1}
M=V V. where A, ; = v, v;.
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SkipKV: Skip KV Storage

Skipping KV storage via sentence-primary KV cache eviction

1. Sentence Segmentation

2. Sentence Similarity Score

Compute pairwise sentence similarity with last-layer hidden states

MLSys
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Pairwise scores A; Redundant sentence set P
@) ] p=gin )
V; = 1mean biei)- = A > T < Jp,
' T A =096 ) ;J - P ={s1}
M=V V. where A, ; = v, v;.
L) (2 J A2)3 — 0-50 [2¥) J
o AN
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Final Eviction Score
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SkipKV: Skip KV Storage MESys

- Skipping KV storage via sentence-primary KV cache eviction

1. Sentence Segmentation
=)
question /.\r!
12 N LW LS

S1

2. Sentence Similarity Score

Compute pairwise sentence similarity with last-layer hidden states

e N (7 ™ 4 ; g )
Pairwise scores A; Redundant sentence set P Final Eviction Score
A1,2 - 037 hL he P
V; = mean (H[k]bieq,) \ 0.96 P={’L :)\i,j >7-’1'§j}’ P {51} — > Lo = {O’Iuk-—(l—G)R k_)\i,j, ifi € P,
1,3 = U. - ke h By :
A?J = v;rvj_ A ' — 0.50 where >‘i,j = V;_Vj. olx — (1 — )Rk, otherwise.
2,3 = U.

. AN / \_ /
3. Skip KV Cache Storage

Drop S1 entirely; partial token-level eviction within S2 and S3
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SkipKV: Skip KV Generation MESys

- Skipping KV generation via adaptively steering the sentence property in the
hidden space

2 Ok
P [N
@ = )
B Eith,\2
i )z
FARR = ey
CAEN L’: L] h I n
<) &
ety ®



SkipKV: Skip KV Generation MESys

- Skipping KV generation via adaptively steering the sentence property in the
hidden space
1. Calibrate (offline)

Compute steering vector from MATH training samples

| Layer k (selected steering layer) at sentence boundaries
[Execution thoughtsJ [ Non-execution thoughts] [ Steering vector ]

HE HO V:HE_HO

explicit computation "Wait", "Alternatively”, ... precomputed once
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SkipKV: Skip KV Generation MESys

- Skipping KV generation via adaptively steering the sentence property in the
hidden space

1. Calibrate (offline)

Compute steering vector from MATH training samples

Layer k (selected steering layer) at sentence boundaries

Execution thoughts Non-execution thoughts Steering vector
T — 3 _> 3 -

Hg Ho v=Hg—Hp
explicit computation "Wait", "Alternatively”, ... precomputed once

2. Inject (during decoding)

At each newline delimiter, nudge the hidden state toward execution

Layer k (selected steering layer) at sentence boundaries

+ ey J—(E]

strength x direction steered hidden state

22



SkipKV: Skip KV Generation MESys

Skipping KV generation via adaptively steering the sentence property in the

hidden space
1. Calibrate (offline)

Compute steering vector from MATH training samples

Layer k (selected steering layer) at sentence boundaries

Execution thoughts Non-execution thoughts Steering vector
e — - H e i
Hpg Hy v=Hgr— Hp
explicit computation "Wait", "Alternatively”, ... precomputed once |

2. Inject (during decoding)

At each newline delimiter, nudge the hidden state toward execution

Layer k (selected steering layer) at sentence boundaries

) e -

: strength x direction Steered hidden state

3. Adapt (during decoding, sample-wise)

Grow steering strength when the model keeps revalidating

Count non-execution thoughts Update steering strength
No —> a; < ag+7v-No
"Wait", "Alternatively”, "again” more revalidates — stronger steering
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SkipKV: Robust Multi-batch Serving MESys

- Recover the effective KV cache budget via reordering samples by prefilling
length
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SkipKV: Robust Multi-batch Serving

- Recover the effective KV cache budget via reordering samples by prefilling
length

[pad]

MLSys

[pad] |[pad]

[pad]

azIs-yojeg

[pad] |[pad] |[pad] |[pad]

<

»< >

Padding length A .4 Valid KV budget B’

|-

J

Original KV Budget B
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SkipKV: Robust Multi-batch Serving

- Recover the effective KV cache budget via reordering samples by prefilling
length

it batch
Sample set f--------- > [pad]
X |ipad]|tpad]

[pad]

[pad]

[pad]

[pad]

[pad]

7

MLSys

azIs-yojeg

relocating sample
to earlier batch

<
Padding length Ap,q
[

»<

>
Valid KV budget B’

J

Original KV Budget B
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SkipKV: Robust Multi-batch Serving MESys

- Recover the effective KV cache budget via reordering samples by prefilling

length
it batch g
Sample set }--------- > fpac| o
X |tpadi|[pad]|[pad] [ipad] [[pad] |[pad |[pad] N
Sort by relocating Szﬁ)'le < Padding length A > Vali / g
increasing to earlier batch - pad alid KV budget B |

order of — S
prefill length Original KV Budget B
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SkipKV: Robust Multi-batch Serving MESys

- Recover the effective KV cache budget via reordering samples by prefilling

length
w
i" patch | | - - %
Sample set  }--------- > tpad]| L] z
X [tpad] [tpad] [tpad] [ipad] [ipad] [ipadi] [fpac] } N
Sortb relocating szg)yle »< >
(o) Yy . . /
increasing to earlier batch Padding length A4 Valid KV budget B .
order of o v
prefill length Original KV Budget B
it" batch
sampleset / > [pad]
V" |(pad]|[pad]
7
<>« >
replacement sample A pod Longer valid KV budget B’
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MLSys
Experimental Setup

- Setup: 1 x A100 40GB GPU, Batch-size=10

-  Benchmarks: GSM8K, MATH500, AIME-24, LiveCodeBench

- Models: DeepSeek-R1-Distill-(Qwen-7B, Qwen-14B, Llama-8B)
- Baselines: H20, R-KV, SEAL

- Metrics: accuracy, cache memory (GB), generation token length, throughput
(samples/min)
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Experimental Results: Accuracy vs KV Budget

—— FullKV H20

—+— R-KV —*— SkipKV (ours)
R1-Qwen-7B on AIME-24

R1-Qwen-7B on LiveCodeBench R1-Qwen-7B on MATH-500
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Experimental Results: Accuracy vs KV Budget

—<— FullKV H20 —— R-KV —*— SkipKV (ours)
Rl-Qlwen-"/'B on AIME-24 R1-Qwen-7B on LiveCodeBench Rl-Qwerll-'?B on MATH-500
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KV Budget KV Budget KV Budget

SkipKV vs FullKV:

e 6.7xless KV cache w/ same accuracy
e 2.5xless KV cache w/ +10% accuracy
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Experimental Results: Token Length vs KV

Budget

————— FullKV
R1-Qwen-7B on AIME-24
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Experimental Results: Token Length vs KV /

Budget

----- FullKV H20 -4-- R-KV --%-- SkipKV (ours)
R1-Qwen-7B on AIME-24 R1-Qwen-7B on LiveCodeBench R1-Qwen-7B on MATH-500
= < 8.0k =
£512.0k ®-------- S _ 5 453.51{ .
= T I U A 4 = o = e oTIise.
) ) ) o
| — 7.5k o RGP
— 10.0k *e = e, S = 3. Ok ————————————————————————————————————
° R 2 7.0k ° .
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1536 2220 3072 4096 1536 2000 3072 3854 768 1024 1260 1536
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e SkipKV vs FullKV: -28% tokens
e SkipKV vs R-KV: -48% tokens
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Experimental Results: Throughput

Metric Batch-size 10 50 100 120 140
FullKV 324 | 500 | OOM | OOM | OOM
Total Latency SEAL 178 | 192 | OOM | OOM | OOM
(min) | R-KV 227 96 66 73 70
SKipKYV (ours) | 136 | 58 52 66 68
FullKV 407 | 2.64 | OOM | OOM | OOM
Throughput SEAL 741 | 6.87 | OOM | OOM | OOM
(samples/min) T R-KV 5.81 | 13.7 | 20.0 18.1 18.8
SkipKYV (ours) | 9.70 | 22.7 @ 254 20.0 19.4
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Experimental Results: Throughput

Metric Batch-size 10 50 100 120 140
FullKV 324 | 500 | OOM | OOM | OOM
Total Latency SEAL 178 | 192 | OOM | OOM | OOM
(min) | R-KV 227 96 66 73 70
SKipKYV (ours) | 136 | 58 52 66 68
FullKV 407 | 2.64 | OOM | OOM | OOM
Throughput SEAL 741 | 6.87 | OOM | OOM | OOM
(samples/min) T R-KV 5.81 | 13.7 | 20.0 18.1 18.8
SKipKYV (ours) | 9.70 | 22.7 254 20.0 194

e SkipKV vs FullKV: 9.6x higher throughput

e SkipKV vs SEAL: 3.4x higher throughput
e SkipKV vs R-KV: 1.7x higher throughput
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ML
Takeaways 38

- Token-level scores ignore generation coherence and harms CoT reasoning.
- Sentence-aware KV eviction and steering can achieve better accuracy with lower
generation token lengths at the same KV budget.

- Batch grouping further boost the performance of KV eviction methods via
increasing the effective KV budget

Code: https://qithub.com/TTTTTTris/SkipKV
E Email: jiayi_tian@ucsb.edu
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https://github.com/TTTTTTris/SkipKV
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