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Parameter Size of LLMs Grows Fast
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Parameters

Source: Information is Beautiful
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(c) Schedule of the stream-based dataflow accelerator

Motivation – Fight with the Memory Wall
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(b) A stream-based dataflow accelerator

External Memory

(a) A buffer-based dataflow accelerator
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Stream-based Kernel Fusion

● Intermediate results are communicated 

through on-chip ping-pong buffers

● If on-chip memory resources are not enough, 
external memory is used

● Lead to frequent external memory access

Reduce on-chip buffer utilization 

Reduce external memory access 

Reduce overall latency & throughput 



Pitfalls of Stream-based Dataflow Accelerator
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Pitfall 2 

Inter-kernel Correlation
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Stream Deadlock

● Kernel tiling & parallelization?

● Local buffer partition?

● Kernel loop permutation?

● Possible to stream?

● Minimal stream buffer size?

● Global fusion strategy?

● Latency mismatch on 

different paths between two 

kernels

● Minimal FIFO size to avoid 

deadlock or kernel stall?

Pitfall 1 External Memory Access

● Best external memory layout 

matching stream pattern?

● Widen external memory interfaces 

to maximize bandwidth?



Dataflow Accelerator Design Paradigm
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Paradigm Shift

● Manual dataflow kernels, layout 

converters, DMAs, and FIFOs design

● Difficult to comprehend the optimal 
solutions of the pitfalls

● Low design productivity

● Automate the generation of layout 

converters, DMAs, and FIFOs

● Resolve pitfalls through systematic 
design space exploration

● Support auto-tuned or hand-written 
kernel integration
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Motivation of Iterative Tensor Type
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Motivation of Iterative Tensor Type (Cont.)
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Converter0

● By design, all kernels can be 

fused in a streaming manner

● Only cost is ping-pong buffer 
size in converters



Iterative Tensor Type

(a) itensor<2x2xf32,
iter_space: [4,4]*[2,2],

iter_map: (d0,d1)->(d0,d1)>
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2x2xf32 = Element Shape & Type
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Same itensor type means same stream layout/order



Iterative Tensor Type (Cont.)

4x2xf32 = Element Shape & Type

iter_space = Iteration Space

= [Tripcounts]*[Steps]
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Iterative Tensor Type (Cont.)

4x2xf32 = Element Shape & Type

iter_space = Iteration Space

= [Tripcounts]*[Steps]

iter_map = Iteration Affine Map
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Iterative Tensor Type (Cont.)

S T

itensor(b) itensor(b)

Case1 

S T

itensor(b) itensor(c)

Case2 

S T

itensor(b) itensor(c)

Case2 w/ ping-pong buffer 

(b) itensor<4x2xf32,
iter_space: [4,2]*[2,4],

iter_map: (d0,d1)->(d1,d0)>

(c) itensor<4x2xf32,
iter_space: [4,2,2]*[2,1,4],

iter_map: (d0,d1,d2)->(d2,d0)>

(a) itensor<2x2xf32,
iter_space: [4,4]*[2,2],

iter_map: (d0,d1)->(d0,d1)>

0 1

4 5

2 3

6 7

8 9

12 13

10 11

14 15

tensor<8x8xf32>

0

1

2

3

4

5

6

7

0 / 2

1 / 3

4 / 6

5 / 7

8 / 10

9 / 11

12 / 14

13 / 15

Insert Buffer

The minimal buffer size is inferred from itensor types, 

which are used as “cost” during kernel fusion



Infer Buffer Shape from Iterative Tensor Types
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Infer Buffer Shape from Iterative Tensor Types (Cont.)
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StreamTensor Framework Overview
PyTorch

Torch-MLIR



StreamTensor Framework Overview
PyTorch

Torch-MLIR
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Design Spaces

Linalg Tiling Space
● Tiling factors
● Unrolling factors

● Vectorization factors
● Permutation

Algorithms

● Naive tiling
● Intensity-driven unroll 

and vectorization

● Heuristic permutation
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The design space is exposed at Python level, open for 

auto-tuning or other optimization algorithm
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FPGA On-board Results on GPT-2



FPGA On-board Results on Emerging LLMs

● Achieved higher energy efficiency on Qwen and Gemma.

● Energy efficiency of Llama is lower than GPU because the intermediate results of Llama is larger than other 

models, limiting the design space explorations.



On-chip Memory Reduction through Kernel Fusion

● Only consider intermediate results, i.e., 

activations, in this study.

● Parameters are always stored in external 

memory.

● On-chip memory are reduced to 0.15x -

0.17x through stream-based kernel 

fusion.

● Without kernel fusion, the on-chip 

memory resources are not enough to 

store all intermediate results



RTL Generation Time

● For RTL generation, the downstream HLS synthesis and profiling consume most execution time

● StreamTensor compilation and parameter packing only consume a tiny portion of execution time

● For StreamTensor compilation, the low-level transforms (bufferization, HLS opt., and codegen) consume 

much more execution than high-level transforms (Linalg tiling, kernel fusion, dataflow opt.), showing the 

efficiency of the proposed itensor-based dataflow optimizations.
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