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1 Problem Statement

Current sequence models face fundamental challenges:
e Quadratic complexity of attention mechanisms
e Limited receptive field in linear transformers
e Inefficient hardware utilization in state space models

e Poor parallelization in sequential processing

Memory bottlenecks in processing long sequences

2 Technical Methodology

Core innovation introduces selective state space models:
h(t) = A@)h(t) + Bla)u(b)y(t) = C(a)h(t)
where:
e A(x) represents selective state matrix
e B(z),C(x) are input/output projections
e A(t) is the hidden state

e r is the input-dependent parameter

3 Implementation Architecture

Core Components:
1. Selective SSM Block:

e Input-dependent state selection
e Parallel state computation

e Efficient hardware mapping
2. Hardware Optimization:

y = SSM(z) = Recurrence(A(x), B(z),C(z), A, x)

3. Memory Management:

e State reuse mechanisms
e Selective state updates

e Optimized memory access patterns



4 Technical Innovations

Linear-time sequence processing

Input-dependent state selection

e Hardware-efficient recurrence

Structured state space parameterization

Parallel state computation

5 Performance Characteristics

Computational Efficiency:
e Time complexity: O(L) for sequence length L
e Memory usage: O(N) for state dimension N
e Hardware utilization: ;90% efficiency
e Throughput: Linear scaling with sequence length
Model Capabilities:
e Long-range dependency modeling
e Efficient parameter adaptation
e Stable gradient propagation

e Scalable architecture

6 Limitations

e Trade-off between state size and model capacity

e Hardware-specific optimizations required

e Complex initialization requirements

e Limited theoretical understanding of state selection

e Training instability in certain configurations

Hardware Considerations:

e Memory bandwidth utilization
e Cache hierarchy optimization
e CUDA kernel design

e Parallel computation patterns



7 Future Research Directions

Architectural Improvements:
e Dynamic state dimension adaptation
e Hybrid attention-state mechanisms
e Multi-scale state representations
e Adaptive computation paths
Theoretical Research:
e Optimal state selection strategies
e Theoretical bounds on expressivity
e Stability analysis frameworks
e Information bottleneck analysis
Applications:
e Multi-modal adaptation
e Sparse computation variants
e Hardware-specific implementations

e Domain-specific optimizations



