
vSystem Challenges: Latency,memory, heterogeneity
ü Latency: large end-to-end runtime; symbolic critical path bottleneck

ü Memory: symbolic memory-bound; low ALU util, low cache hit rate
ü Heterogeneity: neuro (GEMM, conv), symbolic (vector, circular conv)

CogSys: Efficient and Scalable Neuro-Symbolic 
Cognition System via Algorithm-Hardware Co-Design 

MOTIVATION: WHY NEURO-SYMBOLIC AI? SYSTEM CHARACTERISTICS AND CHALLENGES
vCompositional system to enhance cognitive capability
ü Applications: complex QA, abstract reasoning, math proving, etc

ü Neuro-Symbolic AI bridges neural learning & symbolic reasoning
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METHODOLOGY: SOFTWARE-HARDWARE CO-DESIGN FOR REAL-TIME AND EFFICIENT NEURO-SYMBOLIC AI

CROSS-LAYER OPTIMIZATION: ALGORITHM, HARDWARE ARCHITECTURE, SYSTEM SCHEDULING

EVALUATION RESULTS

vHardware: Reconfigurable neuro-symbolic architecture
ü Overview: scalable compute array

vAlgorithm: Efficient symbolic factorization
ü PE: reconfigurable N/S modes
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Visual Perception (Neuro) Logical Reasoning (Symbolic)

Question Understanding (Neuro)

Neuro-symbolic accuracy: 99%
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(c) Reconfig. Neuro/Symbolic PE
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GEMM Mode (Neuro, Symbolic)

 Reconfig. Neuro/Symbolic PE Operation Mode

ü Dataflow: bubble streaming dataflow; adaptive spatial-temporal mapping

vSystem: Adaptive workload-aware scheduling

Reconfigurable
Array

16 32x32 PEs

Custom
SIM

D Unit

SRAM

Ctrl

Technology

#Arrays

#SIMD PEs

SRAM

28 nm

16

512

4.5 MB

Frequency

Voltage

Power

Area

800 MHz

1 V

1.48 W

4.0 mm2

Layout of Proposed CogSys Accelerator Accelerator Specs

32x32

DRAM BW 700 GB/s

Size of Each
Array

ü Layout: 28nm node ü Latency & Energy: 90x speedup vs. edge GPU ü Compared with ML accelerators: 1.7-15.9x speedup
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Neuro-Only
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End-to-End Neuro+Symbolic
NVSA LVRF MIMONet
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Vector-Symbolic Circular Convolution Example (CircConv #1): 
(A1, A2, A3)     (B1, B2, B3) = (A1B1+A2B2+A3B3, A1B3+A2B1+A3B2, A1B2+A2B3+A2B1)
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CogSys: Bubble Streaming Dataflow

TPU-like Systolic Array: Implement as three GEMV Multiplication

Vector-Symbolic Circular Convolution Example (3 CircConv): 
(A1, A2, A3)    (B1, B2, B3); (C1, C2, C3)    (D1, D2, D3); (E1, E2, E3)    (F1, F2, F3) 
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Cycles:

CircConv #1 CircConv #2 CircConv #3

This work: Finish at (n+5) = 8 cycles(a)
(n=3: array 
prefill time)
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TPU: Finish at (3n+15) = 24 cycles


