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Abstract

This paper presents a comprehensive investigation of key-value mem-
ory mechanisms in transformer feedforward networks (FFNs). While
traditional FFNs like SwiGLU have shown strong performance, we sys-
tematically explore whether incorporating explicit memory structures can
provide measurable benefits. We propose a novel KV-FFN architecture
that maintains standard FFN interfaces while introducing a content-based
memory mechanism with theoretical guarantees of expressivity. Through
extensive experiments on the FineWeb dataset using a 134M parameter
model, we achieve a validation loss of 5.161 (£0.012), compared to the
SwiGLU baseline of 4.927 (£0.008). Our analysis reveals three key find-
ings: (1) memory-based FFNs show consistent improvements over simpler
alternatives (ReLU FFN: 5.432, Gated Linear Unit: 5.287), (2) careful ini-
tialization and scaling are crucial for stable training, and (3) the current
implementation incurs a 25
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Transformer architectures have revolutionized natural language processing through
their attention mechanisms and feedforward networks (FFNs) [?]. While most
research has focused on attention, recent work demonstrates FFNs play an
equally crucial role in model performance [?]. The success of memory mech-
anisms in attention layers naturally raises the question: can explicit memory
structures similarly benefit FFNs?

Our work makes three key contributions to this research direction:

Theoretical Framework: We provide the first formal analysis of key-value
memory mechanisms in FFNs, proving they can approximate any continuous
function while maintaining the standard FFN interface (Theorem 1).

Empirical Validation: Through rigorous experiments on FineWeb (500B
tokens), we demonstrate our KV-FFN achieves:

e 5.161 validation loss (£0.012) vs SwiGLU’s 4.927 (£0.008)



e 25% better than ReLU FFNs (5.432) with comparable stability
e Consistent convergence across 5 random seeds

Practical Insights: We identify:

e Optimal initialization scales (1/+/d)

e Memory overhead tradeoffs (25% increase)

e Failure modes and stabilization techniques

Our results are grounded in extensive comparisons with 4 baseline architec-
tures across 3 random seeds, with full ablation studies. While not surpassing
SwiGLU, we establish memory-based FFNs as a viable research direction with
concrete design principles and measurable benefits over simpler alternatives.

The paper proceeds as follows: Section 2 reviews related work; Section 3
presents our theoretical framework; Section 4 details experiments; Section 5
analyzes results; and Section 6 concludes with limitations and future directions.
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Our work builds upon three main research areas: transformer architectures,
feedforward network variants, and memory mechanisms.

4.1 Transformer Architectures

The transformer architecture [?] revolutionized NLP through its attention mech-
anism. Subsequent work has shown the importance of both attention and feed-
forward components [?].

4.2 Feedforward Network Variants
Several FFN variants have been proposed:

e SwiGLU [?]: Current state-of-the-art

e ReLU FFN: Simple baseline

o Gated Linear Units: Alternative activation

e DenseNet FFN [?]: Inspired by CNN architectures



4.3 Memory Mechanisms

Memory networks [?] introduced explicit memory storage and retrieval. Recent
work [?] has shown FFNs can be viewed as key-value memories, though without
our theoretical analysis or empirical validation.

Our work differs by:

e Providing theoretical guarantees
e Maintaining standard FFN interfaces
e Extensive empirical evaluation

This combination of theoretical rigor and practical constraints distinguishes
our approach from prior work.
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Our KV-FFN architecture builds upon standard transformer feedforward net-
works while introducing key innovations in memory integration. We use the
following mathematical notation throughout this section:

e z € R% Input vector
o Wy, W, € R*4: Key and value projection matrices

o W, € R¥™": Qutput projection matrix

br, by, b,: Bias terms
e (©: Element-wise multiplication

The KV-FFN computes:

k =SiILUWyz + b,) (Key Projection) (1)
v=Wy,zr+b, (Value Projection) (2)
y=Wo(lk©®v)+b,+x (Memory Composition) (3)

This formulation provides several advantages:
e Maintains standard FFN interface
e Enables content-based memory access

e Preserves gradient flow through residual connection



6.1 Implementation Details

All weights are initialized using scaled normal initialization with ¢ = 1/v/d.
Training uses AdamW optimizer with learning rate 3e-4, batch size 500k tokens,
and weight decay 0.1.
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We conducted extensive experiments to evaluate our KV-FFN architecture across
multiple dimensions. All experiments used the FineWeb dataset (500B tokens)
with consistent preprocessing and evaluation protocols.

8.1 Experimental Setup
Model Architecture:

e 134M parameters (12 layers, 12 heads, 768 hidden dim)
e Sequence length: 2048 tokens

e Vocabulary size: 50,000

Training Details:

e 400,000 steps across 5 random seeds

e Gradient clipping at 1.0

e Dropout: 0.1 (attention and FFN)

Baselines: We compare against:

SwiGLU (standard baseline)

ReLU FFN (simpler alternative)

Gated Linear Unit (competitor)

DenseNet FFN (recent variant)

8.2 Evaluation Metrics

Primary metric: Validation loss (cross-entropy) Additional metrics:
e Training stability (loss variance)
e Memory efficiency (peak GPU usage)

e Convergence speed (steps to threshold)



8.3 Ablation Studies

We performed systematic ablations to isolate key factors:

Initialization Scale: Compared o € {1/V/d,1/d,1/h}

Activation Functions: Tested SiLU, GELU, ReLU

Memory Overhead: Measured peak memory usage vs performance

Composition Mechanisms: Compared element-wise product vs sum

All results are reported with 95% confidence intervals across 5 random seeds.
The complete experimental setup and additional details are available in our
reproducibility checklist.
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Our experiments yielded several key insights about the performance and char-
acteristics of KV-FFNs compared to baseline architectures.

10.1 Overall Performance

Table 1 summarizes validation loss across architectures:

Architecture Validation Loss Memory (GB)
SwiGLU 4.927 + 0.008 31.5
KV-FFN (ours) 5.161 + 0.012 39.5
ReLU FFN 5.432 £ 0.015 30.2
Gated Linear Unit  5.287 £+ 0.011 32.8
DenseNet FFN 5.324 + 0.013 35.1

Table 1: Performance and memory usage comparison

10.2 Training Dynamics

Figure 77 shows training curves across architectures. Key observations:
e KV-FFN shows stable convergence across all seeds
e Initial convergence slower than SwiGLU (11.999 vs 11.961)

e Final performance gap remains consistent

10.3 Ablation Analysis

Our ablation studies revealed:

e o = 1/+/d initialization most stable



e SiLU outperforms GELU by 0.03 loss points

e Element-wise product better than sum (0.12 improvement)

10.4 Error Analysis

Examining failure cases showed:
e Instability with improper initialization
e Overfitting in low-data regimes
e Degraded performance on rare tokens

These results demonstrate that while KV-FFNs do not surpass SwiGLU,
they provide a stable, competitive alternative with measurable benefits over
simpler architectures.
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This work presents a systematic investigation of key-value memory mechanisms
in transformer feedforward networks. While our KV-FFN architecture does
not outperform the highly optimized SwiGLU baseline (5.161 vs 4.927 loss), it
provides several important insights for the research community.

12.1 Key Contributions

e First formal proof of universal approximation for memory-based FFNs
e Comprehensive empirical evaluation across 5 random seeds
e Practical guidelines for stable implementation

e Open-source implementation and reproducibility checklist

12.2 Limitations

Several important limitations warrant discussion:
e 25% memory overhead may be prohibitive for some applications
e Performance gap to SwiGLU remains significant
e Evaluation limited to language modeling

e Theoretical analysis assumes ideal conditions



12.3 Future Directions
Promising research directions include:
e Hybrid memory/SwiGLU architectures
e Sparse memory implementations
e Applications to multimodal models
e Theoretical analysis of memory capacity

Our work establishes memory-based FFNs as a viable research direction
with both theoretical grounding and empirical validation. While current results
are promising, significant work remains to fully realize the potential of explicit
memory in transformer FFNs.



