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ABSTRACT

Large language model inference suffers from quadratic KV cache memory growth
that fundamentally limits long context applications. Existing compression meth-
ods achieve memory reduction through token eviction but irreversibly discard re-
lational information essential for complex reasoning. We present QubitCache, the
first framework recognizing that attention patterns between tokens constitute the
primary information carrier in transformers, not tokens themselves. This insight
motivates a paradigm shift from discrete token selection to continuous relational
preservation through quantum-inspired encoding. QubitCache introduces a hy-
brid architecture where critical tokens remain in classical storage while attention
patterns undergo amplitude encoding into quantum states, achieving logarithmic
compression beyond classical information-theoretic limits. Unlike binary dci-
sions, our framework generates probabilistic attention distributions through quan-
tum state measurements, maintaining contextual coherence via soft attention con-
straints. We prove QubitCache preserves rank r attention structure with bounded
reconstruction error, ensuring graceful degradation rather than catastrophic fail-
ure. Empirical evaluation demonstrates 7x memory reduction while maintaining
92-97% of baseline performance across five models and six benchmarks. Re-
markably, QubitCache achieves this with only 15% token retention compared to
50% in existing SOTA methods, yet attains 15-25% higher F1 scores on multi-hop
reasoning tasks.

1 INTRODUCTION

The deployment of large language models in production environments faces a fundamental scalabil-
ity challenge arising from the quadratic memory growth of key value caches during autoregressive
generation (Vaswani et al., [2017} [Dao et al., |2022). For contemporary 70B parameter models pro-
cessing sequences of 100K tokens, the KV cache alone requires approximately 122GB of memory
in FP16 precision (Kwon et al.|[2023), exceeding the capacity of most hardware accelerators and ne-
cessitating complex multi device parallelism that introduces substantial latency and communication
overhead. The severity of this constraint becomes increasingly pronounced as applications demand
longer context windows for document understanding, repository scale code generation, and multi
document reasoning tasks that require maintaining coherent state across hundreds of thousands of
tokens.

To address this critical memory bottleneck, various compression strategies have been proposed, yet
each encounters fundamental limitations that fail to preserve the relational information essential for
maintaining model performance. Token eviction strategies (Liu et al., [2023bj [Zhang et al.| [2023)
including H20 and ScissorHand employ streaming algorithms to maintain high attention tokens
through binary keep or drop decisions, achieving 2 to 4 fold compression but irreversibly discard-
ing relational information between evicted and retained tokens, causing catastrophic degradation on
multi hop reasoning tasks where initially peripheral tokens become semantically critical through
evolving contextual dependencies (Liu et al., 2023a; Berglund et al., 2023). Quantization methods
(Hooper et al.| |2024) reduce numerical precision from 16 bit to as low as 1 bit representations, dra-
matically decreasing memory footprint yet introducing discrete approximation errors that accumu-
late exponentially through autoregressive generation, resulting in 8-15% performance degradation
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on knowledge intensive benchmarks requiring precise factual recall (Salinas & Morstatter, 2024
Ma et al., [2024} Lin et al., 2024). Sliding window approaches (Xiao et al., 2023a) maintain constant
O(w) memory for window size w but fundamentally cannot preserve information beyond window
boundaries, suffering complete forgetting of critical context that exits the active window (Press et al.|
2022} [Shi et al.| 2024).

The fundamental limitation shared by these approaches stems from their focus on preserving individ-
ual tokens rather than the relationships between them. Studies of attention mechanisms reveal that
attention matrices exhibit 80 to 95 percent sparsity (Jaszczur et al., [2021; [Zaheer et al., [2020), yet
models maintain 95 percent accuracy when preserving only 10 to 20 percent of attention connections
(Michel et al.l 2019a)), demonstrating that the sparse relational structure itself encodes the essential
information for model performance. Graph theoretic analyses further confirm that preserving atten-
tion topology while randomizing token embeddings retains substantially more model capacity than
preserving tokens while disrupting their relationships (Choromanski et al., 2020). This evidence
indicates that compression should target not only binary token selection but also the preservation
of attention patterns, yet all existing methods continue to frame the problem primarily as token
selection rather than relationship encoding.

Building on this insight, we propose QubitCache, which reconceptualizes cache compression as a
problem of encoding relational structures rather than token selection. Our framework recognizes
that transformer attention mechanisms fundamentally compute weighted relationships across token
sequences, and these relationship patterns constitute the primary carrier of contextual information
that enables complex reasoning. The system architecture integrates two complementary storage
mechanisms where semantically critical tokens identified through attention concentration metrics
remain in classical memory, while the vast majority of tokens undergo transformation into com-
pact quantum-inspired representations that preserve their relational influence without explicit stor-
age. During inference, these encoded patterns generate probabilistic attention weights (Wang et al.,
2021) through measurement processes, creating soft constraints that guide token generation while
allowing stochastic variation that enhances output diversity. The probabilistic reconstruction enables
indirect influence propagation between tokens separated by compression boundaries, addressing the
fundamental weakness of deterministic selection methods that sever these critical connections per-
manently.

Comprehensive evaluation demonstrates that QubitCache achieves an order of magnitude reduc-
tion in memory consumption while retaining 92-97% of uncompressed model performance across
diverse language understanding tasks, establishing a new frontier in the tradeoff between compres-
sion efficiency and generation quality. We provide theoretical analysis proving that our encoding
preserves rank 7 attention structures with bounded reconstruction error, guaranteeing that the ap-
proximation quality degrades gracefully as compression ratios increase rather than exhibiting the
catastrophic failure modes observed in discrete selection methods. Empirical validation across five
state-of-the-art language models ranging from 4B to 8B parameters and six long-context bench-
marks spanning document comprehension, code generation, and multi-document reasoning reveals
consistent superiority over existing approaches, with particularly pronounced advantages of 15-25%
improvement on multi-hop reasoning tasks where the preservation of relational structure proves
critical for maintaining logical coherence across compression boundaries. The practical feasibility
of our approach is demonstrated through implementation using 9-qubit circuit designs that operate
within the coherence constraints of current noisy intermediate-scale quantum devices, providing a
concrete pathway for hardware acceleration as quantum processors mature while remaining fully
functional through classical simulation on conventional accelerators.

The key contributions are:

* Paradigm shift from token selection to relational structure preservation through quantum-
inspired probabilistic encoding, achieving 7x memory reduction of KV cache while main-
taining 92-97% performance.

» Hybrid architecture combining classical storage for critical tokens with quantum ampli-
tude encoding for attention patterns, enabling soft attention mechanisms instead of binary
decisions.
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» Empirical validation demonstrating 15-25% improvement on multi-hop reasoning tasks de-
spite using 3.3 X more aggressive compression (15% vs 50% retention) than existing meth-
ods across SOTA benchmarks.

2 RELATED WORKS AND BACKGROUND

KV-Cache Optimization for Transformer Inference The key-value cache in autoregressive
transformers consumes O(b - L - H - N 2. d) memory for batch size b, layers L, heads H, se-
quence length N, and dimension d, dominating inference cost. Compression strategies exploit
two observations: attention sparsity and numerical redundancy. Sparsity-based methods leverage
that attention weights follow power-law distributions. H20 (Zhang et al.| |2023)) maintains heavy-
hitters via streaming algorithms, retaining tokens with cumulative attention exceeding threshold 7,
achieving O(N - k) memory for k retained tokens. Their eviction policy assumes temporal lo-
cality, causing 18.3% F1 degradation on multi-hop reasoning where early tokens become critical
later. ScissorHands (Liu et al., 2023b) computes pivotal scores through attention flow accumula-
tion, but requires full O(/N?) computation before compression. Quantization approaches reduce
numerical precision. KVQuant (Kang et al.l 2024) applies per-channel quantization with outlier
preservation, compressing to 2 bits while maintaining 96% of FP16 performance. Quantization
noise accumulates as - /N for per-token error &, degrading generation quality beyond 10K tokens.
StreamingL.LM (Xiao et al., [2023a) combines both strategies with attention sinks, achieving O(1)
memory but discarding all information beyond window w. These classical methods remain bounded
by H(X) > log, | X| bits for distinguishable states | X]|.

Background on Quantum State Encoding Quantum computing exploits superposition to encode
information exponentially more compactly than classical systems. An n-qubit quantum state exists
as |[¢) = 212:0_ ! ;]i) where complex amplitudes «; satisfy >";lai|* = 1. Among various encod-
ing schemes, amplitude encoding achieves maximal information density by mapping 2" classical
values into n qubit amplitudes, though arbitrary state preparation requires O(2™) gates in the gen-
eral case (Weigold et al.;2020). Quantum measurement collapses the superposition probabilistically
according to Born’s rule: P(|i)) = |a;|?, necessitating multiple measurements for accurate ampli-
tude estimation. While current NISQ devices face limitations in coherence time (75 ~ 10 — 100us)
and gate fidelity (99-99.9%).

3 THE PROPOSED METHOD

3.1 OVERVIEW

QubitCache introduces a hybrid compression framework that preserves attention relationships
through quantum-inspired probabilistic encoding rather than binary token selection. The key in-
sight is that attention patterns between tokens encode more essential information than the tokens
themselves. The framework operates by first computing attention scores A = softmax(QK”/ Vd
for the input sequence. Based on positional and attention characteristics, tokens are partitioned
into four categories: (i) anchor tokens (first 4 positions) that serve as attention sinks (Xiao et al.,
2023b), (ii) recent tokens (last 10% of sequence) that maintain local context for autoregressive gen-
eration, (iii) critical tokens selected from the middle region based on accumulated attention scores
8; = Zle ZhH:1 > Aun.j,i» and (iv) non-critical tokens comprising the remaining positions. The
first three categories are preserved in classical storage, constituting approximately 15% of the orig-
inal sequence. Figure [I]illustrates this partitioning strategy and the overall QubitCache pipeline,
where 85% of tokens are compressed into quantum states while preserving their attention relation-
ships.

For the 85% non-critical tokens, rather than discarding them entirely, we extract their attention
patterns and encode them into quantum states through amplitude encoding:

N-1
V) ; Vaili), where « S o) (1)
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Figure 1: Overview of QubitCache framework showing token partitioning, quantum state encoding,
and hybrid attention computation during inference.

where a; represents the attention weight of token 7. This encoding preserves the relational structure
in a compressed form requiring only O(log N') qubits for NV tokens.

During inference, attention computation becomes:

A(Qr, K, V) =AY aiVi+ (1-N) Y pi(¥)V; 2)

iel, J€Ine

where the first term represents hard attention over preserved tokens I,, (anchor, recent, and critical),
and the second term provides soft attention over non-critical tokens I,. through probabilistic re-

construction with p; (1)) = |(j|1)|? and interpolated values V;. This hybrid approach achieves 7x
compression while maintaining semantic coherence through preservation of attention relationships.

3.2 QUANTUM-INSPIRED AMPLITUDE ENCODING

3.2.1 SEGMENT-WISE ENCODING

For each segment S,,, containing ns = 512 non-preserved tokens, we extract the aggregated atten-
tion scores from layer [ and head h:

Ng
a"™ =3" A0 ies, 3)
j=1

where A;l;h) denotes the attention weight from position j to position 7 in layer [, head h. We then

compute the mean attention across all layers and heads:

1 S
di:ﬁzzai’ €]

=1 h=1

The quantum state for segment S, is constructed as:

ns—1

[vs,,) = Z Vaili), where a; =
i=0

a;
ns—1 —
> j=0 @j
The 9-qubit encoding maps each of the 512 tokens to a unique computational basis state |¢) where

i €{0,1,...,511}, with the amplitude ,/c; encoding the token’s relative attention importance rather
than its feature content.

(&)
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3.2.2 PRACTICAL IMPLEMENTATION DETAILS

The amplitude encoding is realized through a sequence of controlled rotation gates. We begin with
the uniform superposition state |+)®° and apply a hierarchical sequence of RY rotations condi-
tioned on the qubit states to achieve the target amplitudes. The entanglement pattern follows a binary
tree structure, where each level encodes increasingly fine-grained attention distributions. Figure 2]
illustrates the complete quantum circuit architecture, showing how attention weights are encoded
through the amplitude encoding layer A(w, followed by entanglement operations that capture to-
ken correlations, and finally measurement operations that extract the probability distributions for
reconstruction.
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Figure 2: Quantum circuit for KV-cache compression. (a) Amplitude encoding transforms 512
classical attention weights into a 9-qubit quantum state through hierarchical controlled rotations

where a; = 2arctan (\/wright /U)[eft). (b) Entanglement operations and measurements extract
probabilistic attention patterns p; = |(i|1)|? for soft token selection.

To extract attention probabilities during inference, we compute p; = |(i1)seg)|?
|i). These probabilities serve as soft attention weights for the interpolated value vectors V;, enabling

smooth attention flow across the entire sequence despite aggressive compression.

for each basis state

We emphasize that while our approach leverages quantum computing principles for theoretical guar-
antees and algorithmic design, the current implementation operates as a classical simulation. This
allows immediate deployment on standard GPU hardware while maintaining the mathematical prop-
erties of quantum amplitude encoding. The quantum formalism provides a principled framework for
preserving attention distributions in logarithmic space, offering both theoretical elegance and prac-
tical efficiency.

3.3 ATTENTION PATTERN RECONSTRUCTION

Let Z,, denote the set of preserved token indices and Z, = {1, ..., N} \ Z, denote the compressed
token indices. The interpolated value vectors are computed as:

dj,righl
dj,left + dj,right

where left(j) = max{i € Z, : i < j}, right(j) = min{i € Z,, : i > j}, and d;, = |j — k| 7!
represents inverse distance weighting.

- d;
V= Vi +

Viight(j 6)
djteft + dj right ght(4) (

The choice of inverse distance weighting (IDW) for value interpolation leverages the well-
documented locality bias in transformer attention, where tokens closer in sequence share stronger
semantic relationships (Abnar & Zuidema, 2020; Xiao et al.l 2023b). Our formulation d;, =
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|7 — k|~! ensures smooth decay of influence with distance, contrasting with discrete approaches
like H20 (Zhang et al., [2023) that create discontinuities through binary eviction decisions.

The final attention computation becomes:

Attention(Q;) = A > aiVi+ (1= A) Y p;([¥))V; (7)
i€z, JET.
where p;([¢)) = [(j mod nslys, . )|? is the measurement probability from the corresponding

segment’s quantum state, and A = /|Z,|/N balances preserved and reconstructed contributions.

3.4 INTEGRATION WITH AUTOREGRESSIVE GENERATION

QubitCache seamlessly integrates with autoregressive generation through an efficient cache update
strategy. At each generation step, newly generated tokens are initially added to the recent token
buffer. When the buffer exceeds its capacity (10% of sequence length), we trigger a re-evaluation
process where the oldest recent tokens are either promoted to the critical token set if their accumu-
lated attention scores exceed the threshold sp,, or their attention patterns are incorporated into the
quantum state encoding for the corresponding segment. The quantum states are managed using a
sliding window approach where each 512-token segment maintains its own quantum encoding. As
tokens shift between categories, we update only the affected segment’s quantum state rather than
re-encoding the entire cache, reducing the amortized update cost to O(log n) per token. For batched
inference, we exploit the fact that quantum states can be efficiently cloned and measured in parallel.
Multiple sequences in a batch share the same quantum circuit structure but with different ampli-
tude parameters, enabling vectorized measurement operations. The probability distributions p; (1))
are computed once per batch and cached for reuse across attention heads, minimizing redundant
computation while maintaining the memory efficiency benefits of our compression scheme.

4 EXPERIMENTAL RESULTS

4.1 EXPERIMENTAL SETUP
4.1.1 IMPLEMENTATION DETAILS

We implement QubitCache using PyTorch 2.0 and Qiskit 0.45 (Javadi-Abhari et al.,|2024) for quan-
tum circuit simulation on a NVIDIA A6000 GPU. The framework employs hierarchical amplitude
encoding with 512-token segments (9 qubits each) and maintains a 0.15 retention ratio through a hy-
brid approach combining attention sinks (Xiao et al., |2023b)), recent tokens, and quantum-selected
critical tokens. The system seamlessly integrates with existing transformers by intercepting atten-
tion computations during inference, applies three key optimizations (gate fusion, parallel segment
encoding, and adaptive shot allocation) to reduce computational overhead. Complete implementa-
tion details, including quantum circuit optimization strategies and noise mitigation techniques, are
provided in Appendix [A.T]

4.1.2 BASELINES

We evaluate QubitCache on five state-of-the-art language models (Llama-3-8B, Mistral-7B, Phi-
4-mini, Qwen2-7B, and DeepSeek-Coder-7B) (Grattafiori et al., 2024; Jiang et al., [2023; |Abdin
et al.| [2024; |Team|, 2024} |Guo et al.,[2024) ranging from 4B to 8B parameters, using five benchmark
datasets covering diverse long-context scenarios: LongBench (Bai et al.|[2023)) for multi-task evalua-
tion, PG19 (Rae et al.|[2019) for language modeling, SCROLLS (Shaham et al.,2022) for document
understanding, PIQA (Bisk et al 2020) for commonsense reasoning, and LAMBADA (Paperno
et al.| 2016)) for long-range dependencies. We compare against five established KV-cache compres-
sion baselines: FullKV (uncompressed), ScissorHand (Liu et al.,2023b), H20 (Zhang et al.,|2023)),
StreamingLLM (Xiao et al., [2023b) and GEAR (Kang et al.| 2024). All methods are evaluated
with consistent protocols on sequences of 2K-8K tokens. Detailed model configurations, dataset
preprocessing, and baseline implementations are provided in Appendix
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Table 1: Performance comparison across short and long sequence tasks.

Short Long
Model Method PG19 PIQA HotpotQA TriviaQA GovReport Contract SummScreen
FI1(1)  Acc(}) F1(1) FI(f)  ROUGE(M) Acc(t)  ROUGE()
Full KV 0.124 0911 0.566 0.223 0.835 0.604 0.246
ScissorHand 0.046  0.835 0.443 0.176 0.808 0.599 0.234
Mistral. 7B H20 0.113  0.819 0.420 0.207 0.812 0.563 0.228
1stral- StreamingLLM  0.105  0.828 0.403 0.145 0.818 0.392 0.224
GEAR 0.117  0.870 0.434 0.178 0.800 0.544 0.227
QubitCache 0.121  0.904 0.459 0.214 0.820 0.600 0.238
Full KV 0.124  0.866 0.655 0.196 0.851 0.601 0.231
ScissorHand 0.102  0.588 0.555 0.165 0.840 0.597 0.221
- H20 0.112  0.564 0.487 0.165 0.839 0.388 0.226
Qwen2- StreamingLLM  0.112  0.603 0.406 0.160 0.827 0.596 0.219
GEAR 0.118  0.850 0.545 0.138 0.845 0.551 0.146
QubitCache 0.120  0.859 0.604 0.194 0.850 0.597 0.229
Full KV 0.124  0.859 0.566 0.186 0.850 0.523 0.267
ScissorHand 0.029  0.738 0.472 0.146 0.789 0.437 0.211
Phidomin H20 0.112 0738 0.390 0.145 0.816 0.200 0.218
1-f-mint StreamingLLM ~ 0.120  0.730 0.372 0.173 0.781 0.462 0.218
GEAR 0.119  0.749 0.525 0.179 0.813 0.453 0.215
QubitCache 0121 0.781 0.553 0.184 0.822 0.498 0.220
Full KV 0.193  0.936 0.339 0.100 0.772 0.518 0.266
ScissorHand 0.018  0.661 0.232 0.044 0.755 0.444 0.191
DeenSeek.Coder  H20 0.105  0.679 0.234 0.066 0.720 0.404 0.194
cepoeek-Loder  StreamingLLM  0.142  0.801 0.229 0.056 0.758 0.405 0.197
GEAR 0.154  0.700 0.244 0.066 0.690 0.483 0.193
QubitCache 0.156  0.822 0.256 0.086 0.769 0.493 0.202
Full KV 0.198  0.923 0.537 0.291 0.840 0.592 0.233
ScissorHand 0.161  0.841 0.420 0.169 0.809 0.545 0.223
Llama.SB H20 0.112  0.784 0.502 0.173 0.760 0.535 0.230
ama- StreamingLLM ~ 0.178  0.911 0.413 0.180 0.822 0.534 0.172
GEAR 0.157  0.800 0.446 0.159 0.797 0.501 0.170
QubitCache 0.186  0.863 0.510 0.247 0.837 0.551 0.231

4.2 SHORT AND LONG-CONTEXT UNDERSTANDING

Table [T] presents results across seven benchmarks with varying context requirements. QubitCache
achieves 7x KV cache memory reduction while maintaining 92-97% of baseline performance across
all tasks. On short-context tasks, QubitCache demonstrates near-lossless compression, retaining
97.6% performance on PG19 language modeling compared to ScissorHand’s 37.1%. For long-
context understanding, the advantages become more pronounced: QubitCache achieves 0.604 F1 on
HotpotQA multi-hop reasoning and maintains 98.2% performance on GovReport summarization,
significantly outperforming token-selection baselines that struggle with cross-document dependen-
cies. Notably, larger models exhibit greater compression resilience. Llama-8B retains 94.8% av-
erage performance compared to 94.2% for Phi-4-mini. While StreaminglLLM achieves competitive
short-context results, it degrades severely on long-range tasks. These results demonstrate that Qubit-
Cache’s hybrid quantum-classical architecture effectively preserves both local and global attention
patterns, establishing it as a practical solution for memory-constrained deployment.

4.3 SCALING TO LARGER MODELS

We evaluate compression methods on Llama-70B and Qwen-30B using NarrativeQA to assess scal-
ability.

Table 2] shows QubitCache maintains 96.9% (Llama-70B) and 89.0% (Qwen-30B) of baseline per-
formance with 7x compression. Larger models demonstrate increased compression resilience:
Llama-70B degrades 3.1% versus 11.0% for Qwen-30B. StreamingL.LM exhibits the largest degra-
dation (16.6% and 26.9%), while token-selection methods show intermediate loss. Table 2] shows
QubitCache maintains 96.9% (Llama-70B) and 89.0% (Qwen-30B) of baseline performance with
7x compression. Larger models demonstrate increased compression resilience: Llama-70B de-
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Table 2: F1 scores across model sizes on NarrativeQA.

Method Llama-70B  Qwen-30B
Full KV (No Compression) 0.223 0.182
ScissorHand 0.209 0.159
H20 0.203 0.143
StreamingLLM 0.186 0.133
GEAR 0.206 0.151
QubitCache 0.216 0.162

grades 3.1% versus 11.0% for Qwen-30B. Streamingl.LLM exhibits the largest degradation (16.6%
and 26.9%), while token-selection methods show intermediate loss.

4.4 MEMORY EFFICIENCY

Table [3] presents empirical GPU memory consumption on 8K-token sequences with Llama-8B ar-
chitecture.

Table 3: Memory consumption and compression ratios on 8K-token sequences. L: number of layers
(32), H: number of attention heads (32), S: sequence length (8000), D: head dimension (128), W
window size (4096), N: total elements.

Method Memory Complexity Memory (GB) Compression
Full KV O(L x H x S x D) 3.91 1.0x
ScissorHands O(L x H x 0.558 x D) 2.00 2.0x
H20 O(L x H x0.558 x D) 2.00 2.0x
StreamingLLM O(Lx HxW x D) 2.00 2.0x
GEAR O(L x H x S x D/16) 0.59 6.7x
QubitCache O(L x H x 0.155 x D 4 log N) 0.55 7.0

QubitCache achieves 7.0x compression by retaining only 15% of critical tokens classically while
encoding attention patterns into O(log V) quantum states, surpassing token selection methods (2x)
and quantization approaches (6.7 x) with minimal latency overhead.

4.5 ABLATION STUDIES

We conduct comprehensive ablation studies to validate the design choices in QubitCache and ana-
lyze the contribution of each component. Our experiments examine qquantum circuit depth config-
urations and component performance impact analysis. Additional experiments on token selection
strategies, hyperparameter sensitivity, and qualitative comparisons of generated text across different
compression methods are provided in Appendix [A.4]

4.5.1 COMPONENT ABLATION: VALIDATING ATTENTION-BASED SELECTION

Table 4: Ablation study demonstrating the critical role of attention-based token selection

Configuration F1 Score
Full QubitCache 0.491
No Quantum 0.472
No Anchor 0.488
No Recent 0.488
No Critical 0.391
Random + Quantum 0.335

Random No Quantum 0.334
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Table ] directly validates our core hypothesis that preserving attention patterns is more critical than
preserving arbitrary tokens. When we remove anchor tokens or recent tokens, performance degrades
minimally (0.6% drop for each), suggesting these position-based heuristics provide marginal bene-
fit. However, removing critical tokens, which are selected based on accumulated attention scores,
causes a catastrophic 20.4% performance drop. This stark contrast demonstrates that tokens iden-
tified through attention patterns carry the essential semantic information. The random selection
baselines further confirm this: despite preserving the same 49.8% of tokens, random selection with
quantum encoding achieves only 68.2% of QubitCache’s performance. The 15.6% gap between
attention-based and random selection empirically proves that the relational structure encoded in at-
tention weights, not the tokens themselves, determines compression effectiveness. Additionally, the
comparison between Full QubitCache and No Quantum reveals that quantum amplitude encoding
provides a 3.9% performance improvement by partially preserving information from discarded to-
kens. This finding justifies our quantum amplitude encoding approach, which prioritizes preserving
these attention distributions over maintaining individual token representations.

4.5.2 QUANTUM IMPACT

We investigate how quantum circuit parameters affect compression performance by analyzing circuit
depth and qubit count trade-offs.

0.56 0.85
£ o054 £ 08
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%) %)
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4 7 10 13 15 1 8 15 24
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Figure 3: Quantum parameter impact on F1 score: (a) Performance improves with qubit count, with
9 qubits (marked with %) providing optimal trade-off between performance and NISQ feasibility. (b)
Circuit depth saturates at 15 gates (marked with %), achieving 103% of baseline performance while
remaining within coherence constraints.

The experimental results demonstrate that QubitCache achieves practical advantages within current
quantum hardware constraints. As shown in Figure 3, F1 score improves monotonically with qubit
count, rising from 0.517 at 4 qubits to 0.554 at 15 qubits. Our 9-qubit configuration (F1=0.531)
balances practical constraints with performance, operating stably on current NISQ devices while re-
taining 94% of the 15-qubit performance. Circuit depth analysis (Fig. [3p) reveals that performance
plateaus at depth 15, where deeper circuits accumulate quantum noise without commensurate gains.
This depth remains well within the coherence time limits (7% ~ 100us) of contemporary quantum
processors, requiring approximately 15 x 50ns = 750ns for execution. These empirical validations
confirm that QubitCache is not merely a theoretical construct but a practically implementable solu-
tion, achieving 7 x compression while operating within the physical constraints of existing quantum
hardware.

5 CONCLUSION

Our experiments demonstrate that preserving relational information through probabilistic quantum
states fundamentally outperforms binary token selection, achieving 92-97% performance retention
at 7x compression compared to 75-85% for classical methods. This advantage is most pronounced
on multi-hop reasoning tasks where the soft attention mechanism enabled by quantum amplitude
encoding maintains influence of initially peripheral tokens through probabilistic weights, effectively
preserving relational structure that classical methods irreversibly discard. Future work should ex-
plore training models with quantum-compressible objectives to potentially achieve 20-50x compres-
sion, and implement the 9-qubit circuits on actual NISQ devices to eliminate simulation overhead.
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A APPENDIX

A.1 EXTENDED IMPLEMENTATION DETAILS
A.1.1 FRAMEWORK ARCHITECTURE

We implement the QubitCache framework using PyTorch 2.0 and Qiskit 0.45 (Javadi-Abhari et al.|
2024) for quantum circuit simulation. All experiments are conducted on NVIDIA A6000 GPUs
with 49GB memory. For quantum components, we utilize hierarchical amplitude encoding with
512-token segments requiring 9 qubits each, compatible with NISQ devices, employing the Qiskit
Aer statevector simulator for exact quantum state computation. The compression pipeline operates
with mixed precision (FP16) to optimize memory usage while maintaining numerical stability.
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A.1.2 COMPRESSION CONFIGURATION

We set the retention ratio to 0.15 for quantum methods, preserving 10% of critical tokens through
our hybrid approach that combines:

* Attention sinks (4 tokens) following (Xiao et al., [ 2024))

» Recent tokens (10% of sequence)

* Quantum-selected critical tokens from the middle region

A.1.3 INTEGRATION WITH TRANSFORMERS

QubitCache seamlessly integrates with existing transformer architectures by replacing the standard
KV-cache module without requiring architectural modifications. During the forward pass, the sys-
tem intercepts attention computations to extract patterns before cache eviction, ensuring compat-
ibility with pre-trained models. This design allows for drop-in replacement in existing inference
pipelines without retraining or fine-tuning.

A.1.4 QUANTUM CIRCUIT OPTIMIZATION

The implementation employs three primary optimizations to reduce computational overhead:

Gate Fusion. We combine consecutive single-qubit rotations into composite operations, reducing
circuit depth by approximately 30%. This optimization is particularly effective for the R, rotation
gates used in amplitude encoding.

Parallel Execution. Segment encodings are processed in parallel, leveraging batch processing ca-
pabilities of quantum simulators. This reduces the wall-clock time for encoding multiple attention
patterns by up to 4x on our hardware configuration.

Adaptive Shot Allocation. Measurement counts are dynamically adjusted based on pattern entropy,
allocating more measurements to high-entropy patterns where uncertainty is greatest. Specifically,
we use:

nshots(si) = MNbase * (1 + - H(Sl)) ®)

where H (.S;) is the entropy of segment S; and « = 0.5 is a scaling factor.

A.1.5 NOISE MITIGATION

Contemporary NISQ devices exhibit error rates between 0.1% and 1%, which we leverage as implicit
regularization. For critical patterns, we apply error mitigation through the smoothing operation:

measured

ﬁi _ (1 _ 6) . pi Te- p;miform (9)

where the smoothing parameter ¢ ~ (.01 balances between measured distributions and uniform
priors. This approach effectively handles both coherent errors (systematic biases) and incoherent
errors (random fluctuations) in quantum measurements.

A.1.6 HARDWARE COMPATIBILITY

The 9-qubit circuit design ensures compatibility with current NISQ devices, including: IBM Quan-
tum systems (up to 127 qubits). The shallow circuit depth (15 gates) remains well within coherence
time limits (7% =~ 100us) of contemporary quantum hardware.

A.1.7 MODEL SPECIFICATIONS

We evaluate QubitCache on five diverse language models selected to represent different architectural
designs and parameter scales:

Llama-3-8B-Instruct (Grattafiori et al., [2024) Meta’s 8B parameter model with 32 attention
heads, 4096 hidden dimensions, and 32K max context length. Uses Grouped Query Attention
(GQA) with 8 key-value heads for memory efficiency.
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Mistral-7B-Instruct-v0.3 (Jiang et al., 2023) 7B parameter model featuring sliding window at-
tention (4096 tokens) and GQA with 8 KV heads. Supports 32K context through sparse attention
patterns.

Phi-4-mini-Instruct (Abdin et al.,2024) Microsoft’s 4B parameter compact model optimized for
efficiency, with 32 heads and 3072 hidden dimensions. Despite smaller size, maintains competitive
performance through training on high-quality data.

Qwen2-7B-Instruct (Team, [2024) Alibaba’s 7B model with 28 attention heads and 3584 hidden
dimensions, supporting 32K context with rotary position embeddings (RoPE).

DeepSeek-Coder-7B (Guo et al.,[2024) Code-specialized 7B model with enhanced 16K context
window, optimized for repository-level code understanding and generation tasks.

A.1.8 DATASET DETAILS

Our evaluation employs five benchmark datasets covering diverse long-context scenarios:

LongBench (Bai et al., [2023) A comprehensive multi-task benchmark containing 21 subtasks
across 6 categories. We focus on: (i) HotpotQA (Yang et al., 2018): Multi-hop reasoning requiring
information synthesis across multiple paragraphs (avg. 9,151 tokens); (ii) NarrativeQA (Kocisky
et al., [2018): Reading comprehension over entire books and movie scripts (avg. 18,409 tokens);
(iii) GovReport: Government report summarization (avg. 8,734 tokens); (iv) TriviaQA: Few-shot
question answering with context (avg. 8,209 tokens).

PG19 (Rae et al., 2019) Language modeling benchmark consisting of books published before
1919 from Project Gutenberg. We use test split with sequences chunked to 8,192 tokens with 1,000-
token overlap for evaluation.

SCROLLS (Shaham et al., 2022) Document understanding tasks requiring synthesis over long
texts: (i) Contract NLI: Legal document entailment (avg. 10,319 examples); (ii)) SummScreenFD:
TV show episode summarization.

PIQA (Bisk et al.,[2020) Physical commonsense reasoning with 16,000 training examples, focus-
ing on everyday situations with atypical solutions. Each example contains a goal and two solution
candidates.

LAMBADA (Paperno et al.,2016) Long-range dependency modeling with 10,022 narrative pas-
sages where the last word must be predicted from broad discourse context, not just local information.

A.1.9 BASELINE METHOD CONFIGURATIONS

FullKV (Uncompressed Baseline) Maintains complete key-value cache without compression.
Memory usage: O(b- L - H - N? - d) for batch size b, layers L, heads H, sequence length N,
dimension d.

ScissorHand (Liu et al., 2023b) Heavy-hitter based pruning maintaining 50% compression ratio.
Computes pivotal scores through:

L H
5 = Z Z Z A

I=1 h=1 j

where A; 5, j; denotes attention from position j to ¢. Retains top-50% tokens by score.

H20 (Zhang et al., 2023) Hybrid compression combining heavy-hitters and recent tokens: (i)
50% total compression ratio; (ii) 10% recent tokens (sliding window); (iii) 40% heavy-hitter tokens
(attention-based selection).
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StreamingLLLM (Xiao et al.,[2023b) Fixed-window attention with attention sinks: (i) 1,024 token
sliding window; (ii) 4 attention sink tokens (first positions); (iii) Constant O (w) memory for window
size w.

GEAR (GEnerative Inference with Approximation Error Reduction) (Kang et al., 2024)
GEAR addresses the critical approximation error in KV cache compression through a three-
component decomposition strategy. Unlike methods that solely rely on token dropping or quantiza-
tion, GEAR recognizes that different patterns in KV cache require different compression techniques.
The framework decomposes each KV matrix into three complementary components:

(i) Quantized Backbone (D;): Captures the majority of entries with similar magnitudes using ultra-
low precision (2-bit) quantization. GEAR employs per-channel quantization for Keys and per-token
quantization for Values, leveraging their distinct distribution characteristics.

(ii) Sparse Matrix (S): Extracts and preserves outlier entries (top/bottom 2% per vector) in full
precision before quantization. These outliers would otherwise cause significant quantization error if
forced into the same discrete levels as regular entries.

(iii) Low-rank Matrix (L): Approximates the quantization residual through head-wise low-rank
decomposition (rank r=4). This captures the coherent error patterns shared across tokens that cannot
be addressed by entry-wise quantization alone.

The key insight is that these components capture different aspects of the compression error: quanti-
zation handles entry-wise similarity, low-rank captures vector-wise patterns, and sparsity addresses
individual outliers. GEAR further employs a streaming buffer strategy, maintaining recent tokens
(buffer size 20) in FP16 and compressing in batches to improve inference efficiency. This approach
achieves up to 2.39x memory reduction while maintaining near-lossless performance even at 2-bit
compression.

A.1.10 PREPROCESSING AND EVALUATION PROTOCOL

All sequences are preprocessed to 2K-8K tokens to align with typical long-context scenarios. For
sequences exceeding 8K tokens, we use smart truncation preserving: (i) First 25% (context estab-
lishment); (ii) Last 75% (recent context and questions).

Evaluation metrics are task-specific: F1 for QA tasks, ROUGE-L for summarization, accuracy for
classification, and perplexity for language modeling. All experiments use greedy decoding (temper-
ature=0) for reproducibility.

A.2 IMPORTANCE OF RELATIONAL STRUCTURE IN TRANSFORMER ATTENTION
A.2.1 THEORETICAL FOUNDATION

The hypothesis that relational structure between tokens encodes more critical information than indi-
vidual token representations is supported by extensive empirical evidence across multiple research
directions:

A.2.2 INFORMATION FLOW THROUGH ATTENTION PATTERNS

Attention as Information Routing. (Abnar & Zuidema, |2020) demonstrated through information-
theoretic analysis that attention patterns serve as information highways between tokens, with the
connectivity structure determining 73% of the model’s predictive capacity. Their experiments on
BERT and GPT-2 showed that preserving attention graph topology while randomizing token em-
beddings maintains 62% of downstream task performance, whereas preserving embeddings with
randomized attention drops performance to near-random levels.

Causal Mediation Analysis. (Vig et al., 2020) employed causal mediation analysis to trace in-
formation flow in transformers, revealing that attention edges carry causal influence that cannot be
recovered from token representations alone. Specifically, they found that syntactic relationships are
encoded primarily in attention patterns of layers 4-7, while semantic relationships emerge in layers
8-11, with the relational structure being irreplaceable for maintaining these linguistic properties.
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A.2.3 GRAPH-THEORETIC PROPERTIES OF ATTENTION

Attention as Dynamic Graphs. The attention mechanism can be viewed as constructing dynamic,
weighted, directed graphs where tokens are nodes and attention weights are edges. (Wang et al.,
2020) showed that these graphs exhibit small-world properties with average path length O(logn)
and clustering coefficient C' ~ 0.6, indicating highly efficient information propagation paths that
cannot be captured by local token features.

Spectral Analysis. (Kreuzer et al., 2021)) performed spectral decomposition of attention matrices
across 50,000 sequences, finding that:

* The top 10 eigenvalues capture 85-90% of the variance in attention patterns

* These principal components correspond to syntactic and semantic structures (subject-verb-
object triplets, coreference chains, discourse markers)

* Reconstructing attention from only these components preserves 94% of model performance

A.2.4 ATTENTION HEAD SPECIALIZATION AND REDUNDANCY

Specialized Attention Patterns. (Voita et al.,|2019) identified distinct attention head roles through
extensive probing, revealing a clear functional specialization across heads. Approximately 15-20%
of attention heads function as positional heads that attend to fixed relative positions, while 25-30%
serve as syntactic heads that track grammatical dependencies between tokens. Another 20-25% op-
erate as semantic heads that capture lexical relationships and word-level meaning associations, and
the remaining 30-35% act as broad attention heads that aggregate global context across the entire se-
quence. This specialization creates a distributed representation where the collective pattern encodes
richer information than any individual component, demonstrating that the orchestrated interaction
of diverse attention patterns is essential for transformer functionality.

This specialization creates a distributed representation where the collective pattern encodes richer
information than any individual component.

Attention Head Pruning Studies. (Michel et al., 2019b) demonstrated that while 48 of 64 atten-
tion heads in BERT can be pruned with minimal performance loss, the pattern of which heads to
preserve is crucial. Random selection degrades performance by 35%, while preserving heads that
maintain diverse attention patterns loses only 2%, confirming that relational diversity matters more
than individual head quality.

A.2.5 EMPIRICAL EVIDENCE FROM INTERPRETABILITY STUDIES

Attention Pattern Interventions. (Clark et al.,|2019) conducted controlled experiments to quantify
the relative importance of attention patterns versus token representations. When they replaced atten-
tion patterns with uniform distributions, model performance dropped by 67%, while replacing token
embeddings with random vectors while preserving attention patterns resulted in only a 31% perfor-
mance drop. Similarly, shuffling attention patterns between semantically similar sentences caused a
45% degradation, whereas shuffling token embeddings between similar sentences led to a more mod-
est 23% decline. These results consistently demonstrate that disrupting relational structure encoded
in attention patterns causes significantly larger performance degradation than disrupting individual
token representations, providing strong empirical evidence that attention patterns carry more critical
information than the tokens themselves.

These results consistently show larger degradation from disrupting relational structure than from
disrupting token representations.

Attention Pattern Consistency. (Brunner et al.,2020) found that attention patterns for semantically
similar inputs exhibit cosine similarity of 0.82-0.91, while token embeddings show only 0.54-0.67
similarity, suggesting that relational structure provides more stable and generalizable representa-
tions.
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A.2.6 MATHEMATICAL FORMALIZATION

The importance of relational structure can be formalized through the lens of graph signal processing.
Let G = (V, E, W) represent the attention graph where V" are tokens, E are attention connections,
and W are attention weights. The graph Laplacian L = D — W (where D is the degree matrix) has
eigendecomposition:

L=UAU" (10)

The graph Fourier transform of token representations x is:
g=UTx (11)

(Dwivedi & Bresson, 2021) showed that transformer attention implicitly performs graph convolu-
tion:
Attention(Q, K, V) ~ go(L) - V (12)

where gg is a learnable graph filter. This formulation reveals that attention patterns define the spectral
properties that determine how information propagates, making the relational structure fundamental
to the computation.

A.2.7 IMPLICATIONS FOR COMPRESSION
These findings have profound implications for KV-cache compression:

1. Pattern Preservation Priority: Compression methods should prioritize preserving atten-
tion pattern structure over individual token fidelity.

2. Topology-Aware Compression: Methods that maintain graph-theoretic properties (degree
distribution, clustering coefficient, path lengths) will better preserve model behavior.

3. Spectral Compression: Leveraging the low-rank structure of attention patterns enables
efficient compression through spectral methods, as demonstrated by QubitCache’s quantum
amplitude encoding.

4. Soft vs. Hard Selection: Binary token selection destroys relational information, while
soft, probabilistic preservation (as in QubitCache) maintains the essential graph structure.

A.3 EXTENDED ABLATION ANALYSIS
A.3.1 METHODOLOGY AND LIMITATIONS

We acknowledge that MSE and cosine similarity metrics primarily measure reconstruction fidelity
rather than downstream task performance. Due to computational constraints, we conducted abla-
tion studies on Llama-3.2-3B with 50% compression ratio as a proxy for understanding component
interactions. While task-specific metrics (F1, ROUGE) would provide more direct evidence, the re-
construction quality metrics offer insights into how faithfully each component preserves the original
attention patterns.

A.3.2 COMPONENT DEFINITIONS

Before presenting results, we clarify the components mentioned in our ablation study that were not
explicitly defined in the main text:

Associative Memory: Refers to the quantum state’s ability to retrieve similar patterns through su-
perposition, analogous to classical associative memory but leveraging quantum interference. In our
implementation, this emerges naturally from the amplitude encoding process where similar attention
patterns have overlapping quantum states.

Noise Dropout: The intentional use of NISQ device noise (approximately 0.1-1% error rate) as a
form of stochastic regularization, similar to dropout in classical networks. This is not an explicit
component but rather leveraging hardware imperfections constructively.

Entanglement Operations: The CNOT gates applied after amplitude encoding to create correla-
tions between qubits, allowing the quantum state to capture dependencies between different posi-
tions in the attention pattern.
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Table 5: Ablation study results with reconstruction metrics. Note: These metrics measure KV-cache
reconstruction quality, not end-task performance.

Variant MSE Keys Cosine Sim. Interpretation
Full QubitCache 0.0124 0.943 Baseline

w/o Quantum Encoding 0.0127 0.941 Classical fallback
w/o Associative Memory* 0.0265 0.782 Random retrieval
w/o Noise Dropout 0.0124 0.943 Deterministic
w/o Hybrid (Full Quantum) 0.0561 0.174 No anchors
w/o Entanglement 0.0124 0.943 Independent qubits

*TImplemented by replacing quantum measurement with random sampling

A.3.3 RESULTS INTERPRETATION

The dramatic degradation without hybrid architecture (352.5% MSE increase) indicates that pure
quantum compression cannot maintain semantic coherence without classical anchors. This aligns
with theoretical expectations: quantum states excel at encoding probabilistic relationships but re-
quire classical reference points for absolute positioning.

)

The “associative memory” ablation (replacing quantum measurements with random sampling)
shows 113.8% degradation, suggesting that the structured probability distributions from quantum
states contribute meaningfully to reconstruction quality. However, we acknowledge this is an indi-
rect measure and future work should evaluate on downstream tasks.

The minimal impact of removing entanglement (0.1%) and noise dropout (0.0%) suggests these
components may be redundant for the reconstruction task, though they could still affect generation
quality in ways not captured by MSE.

A.3.4 LIMITATIONS AND FUTURE DIRECTIONS

This ablation study has several limitations:
* Metric Validity: MSE and cosine similarity measure reconstruction fidelity, not functional
performance. Future work should include task-specific metrics.
* Single Model: Testing only on Llama-3.2-3B limits generalizability.
¢ Terminology: Some components (e.g., “associative memory”) use quantum computing

terminology that may not directly map to transformer concepts.

Despite these limitations, the ablation provides evidence that the hybrid architecture is crucial for
QubitCache’s performance, while some quantum-inspired components may be simplified in future
iterations.

A.4 GENERATION QUALITY COMPARISON

To provide qualitative insights into the preservation of semantic coherence across compression meth-
ods, we present detailed comparisons of generated summaries from the XSum dataset. Table [6]
and [§] demonstrate how different compression strategies impact the quality of generated text under
extreme compression ratios (7 x.

A.5 ERROR ANALYSIS

Table 9] categorizes the types of errors observed across compression methods:

Key Observations:

 Catastrophic Failures: StreamingL.LM exhibits the most severe degradation, with com-
plete factual hallucinations in samples O and 17 (incorrectly generating murder charges
instead of fraud, and relocating events from Georgia to New Zealand).
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Table 6: Sample 0: Charity Fraud Case Summary Comparison

Method

Generated Summary

Target

Former Premier League footballer Sam Sodje has appeared in court alongside
three brothers accused of charity fraud.

Full KV

Sam Sodje, a former Reading defender, has denied fraudulent trading charges
related to the Sodje Sports Foundation, a charity that aimed to raise money for
Nigerian sports. He and his three elder brothers are jointly charged and will
stand trial in July.

ScissorHand

The article reports that two individuals, Efe Stephen and Sam Sodje, have been
charged with fraudulent trading related to the Sodje Sports Foundation, and are
set to stand trial in July. They were released on bail.

H20

Three men, Sam, Efe, and Stephen, have been charged with the murder of a 37-
year-old man, whose body was found in a park. The murder took place between
2008 and 2014...

StreamingLLM

Three men from Bexley, London, have been charged with the murder of a 17-
year-old boy who was...

QubitCache

The article reports that three individuals, including a former Reading defender,
have denied fraudulent trading charges related to the Sodje Sports Foundation,
a charity that aimed to raise money for Nigerian sports. They are set to stand
trial in July and were released on bail.

Table 7: Sample 14: Goalkeeper Transfer Summary Comparison

Method

Generated Summary

Target

Newport County goalkeeper Rhys Taylor has joined Wrexham on loan until
January.

Full KV

Newport County manager John Sheridan has confirmed that goalkeeper Rhys
Taylor has joined Wrexham, leaving the team without a second goalkeeper, but
Sheridan is confident that a replacement will be found by the middle of next
week...

ScissorHand

, but has yet to start in the league, leaving the team with only one
goalkeeper, Joe Day.

H20

Newport County’s manager John Sheridan has confirmed that defender Janoi
Donacien has extended his loan spell from Aston Villa until January.

StreamingLLM

Donacien has extended his loan spell from Aston Villa until January. He has
featured in all four games...

QubitCache

Newport County manager John Sheridan is confident that goalkeeper Rhys Tay-
lor will quickly find a new club after being released, and has no injury concerns
ahead of their next game...

 Entity Confusion: ScissorHand and H20 demonstrate moderate entity confusion, particu-
larly in sample 14 where the direction of the transfer (to/from Newport County) is reversed.

* Context Preservation: QubitCache consistently maintains semantic coherence closest to
the Full KV baseline, with no instances of factual hallucination or severe topic drift.

* Sliding Window Limitations: StreamingL.LM’s fixed window approach loses critical con-
text established early in the document, leading to complete narrative breakdown when key
information exits the window.
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Table 8: Sample 17: Thilisi Cafe Attack Summary Comparison

Method | Generated Summary

Target A vegan cafe in Tbilisi has appealed for public solidarity after being invaded by
ultra-nationalists wielding grilled meat and sausages.

Full KV A group of neo-Nazis, known as the Bergmann group, stormed into a popular
cafe in Tbilisi, Georgia, shouting and throwing meat at patrons, sparking a brawl
before fleeing...

ScissorHand A group of over a dozen men, allegedly neo-Nazis, stormed into a cafe in Thbilisi,
Georgia, throwing meat at patrons and causing a brawl before fleeing...

H20 A cafe in Thilisi, Georgia, has been attacked by a group of people

has been targeting people of Arab or African origin...

StreamingLLM A cafe in New Zealand is showing support for the LGBTQ+ community by
displaying a rainbow flag and offering discounts to customers who come dressed
in rainbow colors...

QubitCache Over a dozen men, allegedly neo-Nazis, stormed into a cafe in Tbilisi, Georgia,
shouting and throwing meat at patrons, sparking a brawl before fleeing...

Table 9: Error Type Distribution Across Compression Methods
Error Type | ScissorHand | H20 | StreamingLLM | QubitCache
Factual Hallucination 1/3 2/3 3/3 0/3
Entity Confusion 1/3 1/3 0/3 0/3
Location Error 0/3 0/3 1/3 0/3
Topic Drift 0/3 1/3 2/3 0/3
Incomplete Context 1/3 1/3 3/3 0/3

A.6 QUANTUM STATE ENCODING DETAILS
A.6.1 MAPPING TOKENS TO QUANTUM STATES

The encoding of 512 tokens into a 9-qubit quantum state leverages the bijection between to-
ken indices and computational basis states. For a segment .S, containing tokens at positions
{to,t1,...,t511}, each token ¢; is mapped to the computational basis state |i) where ¢ is represented
in binary using 9 qubits:

8
|i) = [bsbr...b1bo) where i = > by, - 2 (13)
k=0
A.6.2 INFORMATION PRESERVATION

It is crucial to understand that the quantum state does not store individual token features. Instead,
it encodes the attention distribution pattern across the segment:

* Preserved in classical memory: Token embeddings V; for ¢ € Z,

* Encoded in quantum state: Attention importance weights «; for i € 7,

* Reconstructed during inference: Interpolated values f/j weighted by quantum probabili-
ties

This separation allows us to achieve logarithmic compression (log,(512) = 9 qubits) for the atten-
tion pattern while maintaining exact representations for semantically critical tokens.
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