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Parameter Size of LLMs Grows Fast i
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Motivation — Fight with the Memory Wall |}

{(BwAo] Kernelo Kernel1 | H{DMAS] Kernel2 ¢ Intermediate results are communicated
>/DMAT| [DMA2H, »[DMA3| [DMA4H, | 3/ DMA6| [DMA7 H through on-chip ping-pong buffers
’ e [f on-chip memory resources are not enough,
|1 External Memory M | external memory is used
(a) A buffer-based dataflow accelerator e Leadto frequent external me mory access
d_L Stream-based Kernel Fusion
Module 0 | [ DMAO | DMAO | " DMAO:
Dataflow Accelerat Module 1 | | DMAT LOMAT, (DMAT:
Kernel1 F4 alaflow Accelerator Module 2 KernelO | - " Kernelo | i Kernelo :
QA Kernel2 |—|I|}>| DMA2 | Module 3 Kernel1 | Kernell | Kernell
o FIFO6 Moduie 4 Convertero| (Converterd} _____Comverter0:
Module 5 [ Kernel2 | 1 Kernel2 | . Kernel2
v Modle 6 [ bmA2 | DmMA2 i DMA2
External Memory | Data 0 Data 1 Data 2 -
(b) A stream-based dataflow accelerator (c) Schedule of the stream-based dataflow accelerator

Reduce on-chip buffer utilization
Reduce external memory access 4
Reduce overall latency & throughput £



Pitfalls of Stream-based Dataflow Accelerator i

.
Kernel2 I—F%z| DMA2 | e Best external memory layout
matching stream pattern?
v e Widen external memory interfaces
| External Memory | to maximize bandwidth?
Pitfall 2 £ Pitfall 3 £ Pitfall 4 £J
Inter-kernel Correlation Kernel Fusion FIFO Sizing
FIFQ FIFO4 FIFQ FIFO4 FIF FSSLEO4
erne AN erne erne , erne > <X

@ O i FIF) 05

T @ Stream Layout/Order
Kernel Correlated Mismatch Stream Deadlock
e Kernel tiling & parallelization? e Possible to stream? e Latency mismatch on
e Local buffer partition? e Minimal stream buffer size? g|fferc-fnt paths between two
, . ernels
e Kernel loop permutation? e Global fusion strategy?

e Minimal FIFO size to avoid
deadlock or kernel stall?



Dataflow Accelerator Design Paradigm

Hardware .| App-specific
Compiler "| Accelerator
Software - DSA

Compiler | | Executable

L} Paradigm Shift

4 Dataflow Kernels
/
,:;y Layout Converters
Application & _
¥ DMAs and FIFOs
\
Y Dataflow Schedule
—> Automated
-—) Manual ADL/HLS/HDL | DSL
Application 1> Dataflow Kemels
ADL/HLS/HDL | DSL
I
v
Dataflow Kernels
Dataflow Layout Converters
Compiler DMAs and FIFOs
StreamTensor Dataflow Schedule

—> Automated

-=>» Manual
Hardware | App-specific
Compiler | Accelerator
Software > DSA
Compiler Executable

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 lterative Tensor Type

KernelO

tensor(a) .l kemell ~tensor(b) |
Kernel0 Kernel2 Enable D_irect
tensor(a) Streaming
i Kernel1 !
itensor(a)
////;;;::r(a)
;T , itensor(a) "
| KernelO ! ensor(a)
bommoooo- itensor(a)

itensor(b)
tensorﬂk‘

? Kernel1 ?

Kernel2

n incompatible

Y

itensor(b) pe=sssmsemy
i Kernel2

itensor(c)




Motivation of Iterative Tensor Type (Cont.)

?

KernelO

Kernel2

tensor(a) .l kemell ~tensor(b) |
KernelO Kernel2 Enable D_irect
tensor(a) Streaming
e By design, all kernels can be
fused in a streaming manner
e Only cost is ping-pong buffer ' Kemell |

size in converters

itensor(b) H

|itensor(a)|

g’ - itensor(a)
”
Y 4
L ensor(a)
|itensor(a)|

tensor(a

n incompatible

tensor(b

. —

Converter0

in

itensor(b)

itensor(c)
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Iterative Tensor Type

Iteration Space

0 1 2, ’3; [4,4]*[2,2] Data Space
4 Hs | 6 ||7 [0,0] [0,0]
— = [@:2] [612]
8 e 1A 10 11 | >
-1 [0,4] Affine Mapping [0,4]
12 _1-3” 14 15 (d@,dl)-)(de,dl)
1 ” ” [0,6] [0,6]
(a) itensor<2x2xf32, [2,@] Element Shape [2,@]
iter_space: [4,4]%*[2,2], 2x2
iter_map: (de,d1)->(de,d1)> [2 2] [2 2]
J J

2x2xf32 = Element Shape & Type
iter_space = lteration Space
= [Tripcounts]*[Steps]

iter_map = lteration Affine Map Same itensor type means same stream layout/order



lterative Tensor Type (Cont.)

0 2 4 6 Iteration Space

Data Space
[4,2]%[2,4] P
7 7 7 [0,0] [0,0]
/ / /
) [0,4] [4,0]
7 J )
/‘ Il / l >
VL VI VI [2,0] Affine Mapping [0,2]
(do,d1)->(d1,do)
[2,4] [4,2]
1 oo s T Element Sh
(b) itensor<4x2xf32, [4, @] emen ape [@,4]
iter_space: [4,2]%*[2,4], 4x2
iter_map: (do,d1)->(d1,de)> [4’4] [4,4]

4x2xf32 = Element Shape & Type
iter_space = lteration Space
= [Tripcounts]*[Steps]

iter map = lteration Affine Map Transposed stream layout/order



lterative Tensor Type (Cont.)

0/2 4/6 8/10 12/14

:__:' ___; T

1/3 5/7 9/11 13/15

(c) itensor<4x2xf32,
iter_space: [4,2,2]*[2,1,4],
iter_map: (de,d1,d2)->(d2,de)>

4x2xf32 = Element Shape & Type
iter_space = lteration Space

= [Tripcounts]*[Steps]
iter_map = lteration Affine Map

Iteration Space
[4,2,2]*[2,1,4]

[0,0,0]
[0,0,4]
[0,1,0]
[0,1,4]
[2,0,0]

[2,0,4]

| D
Affine Mapping
(de,d1,d2)->(d2,de)

Element Shape
4x2

Data Space

[0,0]
[4,0]
[0,0]
[4,0]
[0,2]

[4,2]

Transposed and repeated stream layout/order



lterative Tensor Type (Cont.)

0 2 4 6 0/2 4/6 8/10 12/14
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(a) itensor<2x2xf32, (b) itensor<4x2xf32, (c) itensor<4x2xf32,
iter_space: [4,4]%*[2,2], iter_space: [4,2]%*[2,4], iter_space: [4,2,2]*[2,1,4],
iter_map: (de,d1)->(de,d1)> iter_map: (do,d1)->(d1,de)> iter_map: (do,d1,d2)->(d2,do)>

\\tensorwxsxﬂb //

The minimal buffer size is inferred from itensor types,

which are used as “cost” during kernel fusion

itensor(b) itensor(b)
S > > T
Case1

itensor(b)

itensor(c
s—f

case2 E

@ Insert Buffer

itensor(b) |

[s Pl

itensor(c)

T

Case2 w/ ping-pong buffer



Infer Buffer Shape from Iterative Tensor Types

0 2 4 6
7 7 7
/ 4 /
/ / /
l' l'
/ / /
/ / /
Y Y \ 4 L 4
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(b) itensor<4x2xf32,
iter space: [4,2]*[2,4],

iter map: (do,d1)->(d1,do)>

Element Shape ﬂ

Iteration Dimension ﬂ

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

iter map: (do,d1,d2)-
>(d2,de)>

=

2nd Data Dimension

\ 4

1st Data Dimension

r
|

|
L

\ 4

Traverse each data dimension
from little-endian



Infer Buffer Shape from lterative Tensor Types (Cont.)
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(b) itensor<4x2xf32,
iter space: [4,2]*[2,4],

iter map: (do,d1)->(d1,do)>

Element Shape ﬂ

Iteration Dimension ﬂ

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

iter map: (do,d1,d2)-
>(d2,de)> [

=

2nd Data Dimension

\ 4

4x Reduction

1st Data Dimension

\ 4

Traverse each data dimension
from little-endian



StreamTensor Outline

e StreamTensor Compilation Pipeline



StreamTensor Framework Overview

PyTorch

| Torch-MLIR |




StreamTensor Framework Overview

PyTorch

()] convert_tensor_to_linal
. ' _. g - -y
?B fuse_elementwise_ops* | Torch-MLIR | L.l()alg Tliing Space e Naive tiling
S f°1‘f’—””i§.—exie”:.—fil’“s* ; R * B"ng”.fad?rst o Intensity-driven unroll
- use_linalg fi Linalg Optimization | ¢ —nrofing factors and vectorization
e Vectorization factors L .
e Heuristic permutation

e Permutation

| Linalg Tiling




StreamTensor Framework Overview

PyTorch

Linalg

convert_tensor_to_linalg
fuse_elementwise_ops*
fold_unit_extent_dims*
fuse_linalg_fill

[

convert_linalg_to_kernel
convert_tensor_to_kernel

N\ (
| Torch-MLIR | Linalg Tiling Space o Wt i
- v_ — > U] fact?rs _ | e Intensity-driven unroll
Linalg Optimization | e Unrolling factors <> nd Vestorization
y ° Vectoriza.tion factors e Heuristic permutation
| Linalg TiIing L e Permutation ) L
- L7 e 2\ 4
Linalg to Dataflow | Kernel Fusion Space <—> e Heuristic kernel fusion
e Kernel fusion solution

| Dataflow Kemel Fusion

-




StreamTensor Framework Overview

Linalg

convert_tensor_to_linalg
fuse_elementwise_ops*
fold_unit_extent_dims*
fuse_linalg_fill

convert_linalg_to_kernel
convert_tensor_to_kernel

pack_kernel_interface
lower_pack_unpack
widen_kernel_interface
materialize_kernel
fold_itensor
vectorize_itensor
ensure_itensor_single_use
convert_empty_to_instance
simplify_task_structure

PyTorch

N\ 4
| Torch-MLIR | Linalg Tiling Space « Naive filing
- v- . * Tiling factors ___.| e Intensity-driven unroll
Linalg Optimization | e Unrolling factors <> and vectorization
— * Vectoriza.tion factors e Heuristic permutation
| Linalg Tiling | © Permutation ) L
- v e N\ (
Linalg to Dataflow | S <—> e Heuristic kernel fusion
v e Kernel fusion solution
| Dataflow Kemel Fusion \ ~
p
\+ ) — ST Resource Alloc Space (Profiling-based)
High-dataflow Optimization | | 4 Syeam FIFO sizes || » LP FIFO sizing
— e Memory alloc solution |~ ~| e Heuristic memory alloc
| Dataflow Resource Alloc _ ® Graph partition solution | ® ILP graph partition




StreamTensor Framework Overview

PyTorch

Linalg

convert_tensor_to_linalg
fuse_elementwise_ops*
fold_unit_extent_dims*
fuse_linalg_fill

convert_tensor_to_kernel

[: convert_linalg_to_kernel

pack_kernel_interface
lower_pack_unpack
widen_kernel_interface
materialize_kernel
fold_itensor
vectorize_itensor
ensure_itensor_single_use
convert_empty_to_instance
simplify_task_structure

strategy_merge_task
lower_itensor_to_stream
comprehensive_bufferize
fold_memref_alias_ops*

J

(&

(.

reduce_stream_depth
generate_directive
convert_linalg_to_loops*
affine_loop_normalize*
affine_simplify_structures*
materialize_directive

J

LA

N\ 4
| Torch-MLIR | Linalg Tiling Space « Naive filing
- v- . * Tiling factors ___.| e Intensity-driven unroll
Linalg Optimization | e Unrolling factors <> and vectorization
M * Vectoriza.tion factors e Heuristic permutation
| Linalg Tiling | © Permutation ) L
Y
( (
Linalg to Dataflow | T, o Heuristic kernel fusion
v e Kernel fusion solution
| Dataflow Kemel Fusion ~
\+ ) — ST | Resource Alloc Space (Profiling-based)
High-dataflow Optimization o Steam FIFOszes || o LPFIFO sizing
— e Memory alloc solution |~ e Heuristic memory alloc
Dataflow Resource Alloc _ ® Graph partition solution | | ® ILP graph partition

Bufferization |

Y

Low-dataflow Optimization |

J




StreamTensor Framework Overview

PyTorch
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convert_linalg_to_kernel g s i
[ convert_tensor_to_kernel | L'nalg T’I'ng - o [PENTIAE o J - J
Y
N . ( 4
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convert_empty_to_instance | Dataflow R Al e Memory alloc solution e Heuristic memory alloc
simplify_task_structure ataflow Resource Alloc _ ® Graph partition solution _ ® ILP graph partition

strategy_merge_task
lower_itensor_to_stream
comprehensive_bufferize

J v
\/+ Bufferization |
v

Low-dataflow Optimization |

fold_memref_alias_ops*

v

v

|

reduce_stream_depth ) * HLS Codegen |

Runtime Codegen

| Connectivity Codegen |
Y

convert_linalg_to_loops*
affine_loop_normalize*
affine_simplify_structures*
materialize_directive

generate_directive Y
HLS C++

convert_dataflow_to_func
generate_connectivity

convert_memref_to_pointer
generate_runtime_host

J

Link Connectivity
Configuration

Y Y
[ Host e+ |
Binary
Model
Parameters




StreamTensor Framework Overview

Linalg
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Bufferization |
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Low-dataflow Optimization |
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HLS Codegen

Runtime Codegen
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Y

convert_dataflow_to_func
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Host
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generate_runtime_host | L Device Executable / Bitstream |
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Linalg Tiling Space

Linalg Tiling

HIDA IA+CA Algorithm

Parallel Factor

Loop Unroll Factors

Node Intensity

wiolA w/lA IA+CA 1A CA Naive
t AL321016); . . Noded 512 32 4 [2,2] [8.4] | [4.8]
NODE@_I: for (int i=0; i<32; i++) Nodel 256 32 2 [1,2] [4.8] | [48]
NODE@.K: for (int k=0: k<16 k+4)  Nodez 4,096 32 32 |[4,8, 1] |[4,8 1] [4.8 1]|[4 8 1]
ACil[k] = ...; // Load array A l l
t BL161[16];
MODET1_K: for (int k=0; K<16; k++) Intensity-aware (IA) Naive
MODE1_J: for (int j=@; j<16; j++) Connectedness-aware (CA) ScaleHLS
B[kILj]l = ...; // Load array B. HIDA DSE DSE
t C[161C16]; \ f
MODE2_I: for (int i=@: i<16; i++
NODE2_J: { {‘.,f j=B: jcm? jL) Array Array Partition Factors Bank Number
NODEZ_K: for (int k=b; k<ih; W+*) IA+CA 1A CA Naive IA+CA IA CA Naile
CLilCj] = ACi#2]Ck] = BLKIL]j1;
A [8.1] [82] [8.4] [8 8] 8 | 16 32 | 64| 8x
B [1,8] [2.8] [4.8] [& 8] B 16 32 | 64 8x
C [4,8] [4.8] [4.8] [4,8] 3z 32 32 32 1x

The design space is exposed at Python level, open for
auto-tuning or other optimization algorithm



Kernel Fusion Space

Dataflow Kemel Fusion |
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Kernel Fusion Space (Cont.)

KernelO

tensor‘ﬂv

Kernel1 %’:(b) tensor*yy

tensor(a)

KernelO

Kernel1

/

Dataflow Kemel Fusion

i3

ConverterOr
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Kernel3 wf(d )

Kernel2
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% }{ Kernel2
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KernelO Ke

I—OCalKerneIO

rnell

LocalKernel1

A

tensor(c) Kernel4
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Kernel Fusion Space (Cont.)

Dataflow Kemel Fusion

tensor(a)y Kernell ~tensor(b) tensor(c)y Kernel3 Ntensor(d) TOPOIogica
/ \ / \ I Order
KernelO tensor(a) * Kernel2 tensor(c) ¥ Kemneld Traversal
N[5
Kernel1 g/v Kernel3 Group0
KernelO Kernel2 /E On-chip
ConverterQ g M‘;’Z;"y
Group0 n
L
Group0 Group1
KernelO Kernel1
Kernels
Kernel2
I—OCalKerneIO LocalKernel1
Cost

Converter0 Localkerner



Kernel Fusion Space (Cont.) i

tensor(a)y Kernell ~tensor(b) tensor(c)y Kernel3 Ntensor(d) TOPOIogica
/ \ / \ | Order
Kernel0 tensor(a) ? Kemel2 tensor(c) ? Kerneld Traversal
4 ™ : R
Kernell g/v Kernel3 N
g@ PR \QD\) Select the
KernelO %i Kernel2 % Kernel4 Nearest
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Cost
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Kernel Fusion Space (Cont.)

Dataflow Kemel Fusion

tensoryv Kernel1 w(b) tensoryv Kernel3 w(d)
KernelO tensor(a) » Kernel2 tensor(c) » Kernel4
O3
Kernel1 S Kernel3 \QD\
KernelO %i %}{ Kernel2 ‘5§ Kernel4
ConverterO %
Group0 ) E L Group1
Group0 Group1
KernelO Kernel1 Kernel3
Kernels
Kernel2 Kernel4
I—OCalKerneIO LocalKernel1 LOCalKerneL’:}
Cost
Converter0 Localkerner Localkernels

Topologica
| Order
Traversal

Intra-group:
Streaming

Inter-group:
External
Memory

Each Group

o

One Kernel

o

One Bitstream
(if on FPGA)



Resource Allocation Space - FIFO Sizing

Dataflow Resource Alloc

longest_latency

A
4 N\

source_latency
A

Ve

Tokens

Source

Time

Source Token Production Curve
(Push Imm. FIFO)

token = Atomic element passed between dataflow kernels

longest_latency = The longestlatency among all the dataflow
kernels in the accelerator, determining the maximum throughput

O0000O
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Imm. FIFO
(Immediate)

Y

Target
Kernel

Output FIFO




Token Behavior Modeling

Dataflow Resource Alloc
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Q] Time

Source Token Production Curve
(Push Imm. FIFO)

token = Atomic element passed between dataflow kernels

longest_latency = The longestlatency among all the dataflow
kernels in the accelerator, determining the maximum throughput
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Token Behavior Modeling (Cont.)

Dataflow Resource Alloc

Tokens

longest_latency
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4 N\

source_latency
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Ve

Source

Q Time

Source Token Production Curve
(Push Imm. FIFO)

token = Atomic element passed between dataflow kernels

longest_latency = The longestlatency among all the dataflow
kernels in the accelerator, determining the maximum throughput
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Token Behavior Modeling (Cont.)

Dataflow Resource Alloc
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(Push Imm. FIFO)

token = Atomic element passed between dataflow kernels

longest_latency = The longestlatency among all the dataflow
kernels in the accelerator, determining the maximum throughput
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Token Behavior Modeling (Cont.)

Input FIFO
O
longest_latency Y
r A N\ O
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source_latency o ernel
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. O Imm. FIFO
g O (Immediate)
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=
) y
Dataflow Resource Alloc init_de ],éy :
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——0 Target
(\  Time Kernel
Source Token Production Curve
(Push Imm. FIFO)
Output FIFO

token = Atomic element passed between dataflow kernels

longest_latency = The longestlatency among all the dataflow
kernels in the accelerator, determining the maximum throughput




Token Behavior Modeling (Cont.)

Dataflow Resource Alloc
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Token Behavior Modeling (Cont.)

Dataflow Resource Alloc
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FPGA On-board Results on GPT-2

[Input Len: Ours Allo [15] (Ratio of ?;;lros DFX [29] (Ratio of g%?)
Output Len] Latency TTFT Speed Latency TTFT Speed Latency TTFT Speed
(ms) (ms) (token/s) (ms) (ms) (token/s) (ms) (ms) (token/s)
[32:32] 19499 3459 19951 | 238.32(0.82x) | 81.50 (0.42x) | 204.05 (0.98%) | 350.00 (0.56x)  177.20 (0.20x)  185.19 (1.08x)
[64:64] 35824 6127 21551 | 476.64 (0.75%) | 162.99 (0.38x) | 204.05 (1.06x) | 694.70 (0.52x)  349.10 (0.18x)  185.19 (1.16x)
[128:128] 696.65 12535  224.05 | 953.28 (0.73%) | 325.98 (0.38x) | 204.05 (1.10x) | 1384.00 (0.50x)  692.80 (0.18x)  185.19 (1.21x)
[256:256] 138776 27285  229.61 [ 1906.56 (0.73x) | 651.96 (0.42x) | 204.05 (1.13x) | 2800.00 (0.50x) 1417.60 (0.19x)  185.19 (1.24x)
Geo. Mean - - - 0.76x 0.40x 1.06x 0.52x 0.19x 1.17x
[Input Len: Ours A100 (Ratio of 91'1‘503 2080Ti (Ratio of 2‘3;(’)}51.
Output Len] Latency TTFT Speed Latency TTFT Speed Latency TTFT Speed
(ms) (ms) (token/s) (ms) (ms) (token/s) (ms) (ms) (token/s)
[32:32] 19499 3459 19951 | 291.16 (0.67x) | 8.72 (3.97x) | 113.30 (1.76x) | 518.46 (0.38x)  24.98 (1.38x)  64.85 (3.08x)
[64:64] 35824 6127 21551 567.41 (0.63x) | 8.76 (6.99x) | 114.56 (1.88x) | 1010.81 (0.35x)  25.23 (2.43x)  64.94 (3.32x)
[128:128] 696.65 12535  224.05 [ 1118.28 (0.62x)| 8.65 (14.49x) | 115.35 (1.94x) | 3969.76 (0.18x)  25.26 (4.96x)  32.45 (6.90x)
[256:256]  1387.76 27285  229.61 [2227.79 (0.62x)| 8.53 (31.99x) | 115.35(1.99x) | 7914.23 (0.18x) 25.23 (10.81x)  32.45 (7.08x)
Geo. Mean - - - 0.64x 10.65x 1.89x 0.25x 3.67x 4.73x




FPGA On-board Results on Emerging LLMs
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(a) Qwen. (b) Llama. (c) Gemma.
e Achieved higher energy efficiency on Qwen and Gemma.
e 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
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activations, in this study.
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memory resources are not enough to
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RTL Generation Time
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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
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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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