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Cc 2% 2016.fpl.org/#programme

Session S1b: Machine Learning
Chair: Alireza Kaviani

FPL

1| E 10:30am-12:35pm
- Room 1ABC
Zﬁtg ;::::gﬂgg':ﬁ: A High Performance FPGA-based Accelerator for Large-Scale Convolutional Neural Network
Field- 10:30am Huimin Li, Xitian Fan, Li Jiao, Wei Cao, Xuegong Zhou, Lingli Wang
Programmable Fudan University, CN
A L‘I?Q";_a“d DT-CGRA: Dual-Track Coarse-Grained Reconfigurable Architecture for Stream Applications
Sy 10:55am Xitian Fan, Huimin Li, Wei Cao, Lingli Wang
2016 Fudan University, CN
SwissTech Convention Centre Hardware Acceleration of Feature Detection and Description Algorithms on Low-Power
Lausanne, Switzerland 1 1 2oam Embedded Platforms
Onur Ulusel, Christopher Picardo, Christopher Harris, Sherief Reda, Iris Bahar
Home @& Brown University, US
Venue ¥ Optimizing Hardware Design for Human Action Recognition
i3 11:45am Xiaoyin Ma, Jose Rodriguez Borbon, Walid Najjar, Amit K. Roy Chowdhury

Kevnote Talks Q. University of California, Riverside, US

Verilog BB Chisel Caffemmmp PyTorch Manual mm) VLIR/LLVM Fixed Archmmmp DSE

Conversio
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W h y C G RA? Architecture for Reconfipurable Computing

Energy efficiency

Shanghai

TOPS/W

? ? GOPS/W
@ MORS /W ~ N
:':2; g;;";ﬁg General  Fieyibility
@ Next task @ A Efficiencyapproach applicatspecific integrated circuit (AREC)

DFG with 4 nodes DFG with 5 nod d
with = noes energyefficiency

Tz PE2 A Flexibilitcoarsegrained reconfigurability leading to less reconfigu
i time than FPGA
I A Challenge:
'_' - — K A sophisticated compilgeducing programming complexity:
2 x 3 Spatial CGRA 2 X 3 Spatial CGRA k Agood architecture desigmproving compute density and efficiency;

I An endto-end development framewaakowing softwarardware edesign
and exploring new approaches at any development stage

JigjurQin,Tianhu&ia, Cheng Tan, Jeff Zhang, and Sai Qian ZhaR¢CA2Q23J: PHig CGRA Handling Upcoming Nonlinear Operation8$PLIOMs'25

: é% Fudan University, China 12/2/2025 6
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Wh at IS CG RA? Architecture for Reconfigurable Computing shanhel
CGRACoarseGrainedreconfigurablechitecture
A e— e e | — i A2-D Array:
| Coalescing I " Coalescing |

A Reconfigurable Process Element (PE): provide versatile
functionalities:
add, submu)

| ogi c,
Simple Op

MAC, nonlines

A Input/Output Block (IOB): the bridge between memory at

A General Interconnection Blocki@iBYyide flexible
Interconnects, enabling versatile connection patterns

| Coalescing 1 . Coalescing , |

1 : t
| ] |_Muilti-bank | | Scratchpad || |

A Multbank Scratchpad Memory (SPM): for data storage

CGRA Fabric
[1]Kaichuan§hi etc., GIB: A Novel Unidirectional Interconnection Architecture for FPGA (Best Paper Award), FPT2020

é% Fudan University, China 12/2/2025 7
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) ] ) Shanghai
HOW does CG RA Work? Architecture for Reconfigurable Computing
MR Reservation Statio CGRA Controller
_ _ I —  P—— -
A Target workload: computititensive loops RISE/ Load/Store | | |
C P U Controller i CG RA i
A Couple with a CPU, which is responsible for arranging data, patg [ty Lo ¥
iInvoking CGRA and executing the code unsuitable for CGRe—=—— 17 ,
¥ v : i
i = <Npg i I Multi:-bankll Scrat:chpadl i
A WOI’kﬂOW 1 ol i Coalescin i
| Load data/configuration from external melnoaiy ayntroller —= - ! |
B [ ! ||
andDMA controller | o F TN ;
_ Aggregate P 4 i
t  Config the CGRAMYRA controller L oad/Store Controller || ] i
~ [Context] Access Patterg| | I | I '
K CGRA execution “CRL— b |
MBI ADDR‘E = S J i
L. g' Gen. |y 8 i :
kK Writing results back to external meniaoydogontroller M |8 =1 |
N %* m © e : | Coalescing | :
andD MA COﬂ'[I’O”er S Parallel access I0H 3 ) |
@p} S oTv—— ! | Multi-bank || Scratchpad] :
0 ] #IOB Group: 2!
= S 1=F TR i

Fusion SoC, including a RASTPU and a CGRA

é% Fudan University, China 12/2/2025 8
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Wh at We h ave d O n e ? Architecture for Reconfipurable Computing

Shanghai

A Fusion: An opsnurce, erdend Fusedrained Reconfigurable Architecture development framework

@ &)ASPDAC@ 24;
-

LLVM/MLIR' P ACO 2o BaCk End ﬂlkesewation Stationl<—-| FGRA Controller |
based CDFG CDFG Parser RISC-V !

%ALU OPS,' [ risc-v cmo: | ADDR Ilogz B! 10:52 NI
Connection-

Ll

flexibility;
LUT size; 3
@ LUT size b [ s SSme™

el T ADG 25
> |l T = =
@ e DMA |Broadcast [—Banko|

loog_begin (O

for (i=0;i<N;i++}{
/* loop body */

}

loop_end() ; Front Ends [RTuLIR

Load/Store
Controller

Yosys
) —_————.
(PO (@ o) (),

!

Loop Kernel

PDACO 25

; Stream :

FGRA-Mapper TC625 T.\ET\624'_'Aa“dt """ : i

- regate ! !

T ADF [FGRA + RISC-V :g 5 l'::“'“l : |

N J L 2 pmm—— Modeling o |
ost-Mappin ' = | |

Before Boolean Opt.  After Boolean Opt. Conflict Chpepcki?lg A | BO-based | | ] + l i i
Evaluation ] o'| PoBR @ ek |

\ Wwith conflict—y results DSE EPTH % 3 i i

Verilog l TODA — 5 Bankil :

.=’ LDATA Path [+ | — |

J,SOC COde E > = 0B : Coalescing :

RISC-V Exe SoC ASIC Physical 5 ”2 o areess - | [Femak] [Sermichged '

. . . — Loarse-graine! : #IOB GI‘Dup: 2 i

Toolchain Simulator Implementation — b Mgy = 2 banks |

Fusion SoC Architecture and Software Toolchain

: é% Fudan University, China 12/2/2025 9
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What are Our advantageS? Architecture for Reconfipurable Computing

Shanghai

Fusion

Featrues CGRA-ME! | Pillars? | OpenCGRADP! | CCF4! | Morpher®

©ws) 1] CGRME 2.0, IPDPSW 20

| | Pt | | cor | |
| LLVM based | | | ' | | [2] Pillars, WOSET 2020.
Front-end Tool | MLIR-based | X | X | | X | X |
| Dynamic Loop Boundary | X | X | X | P | X | [3] OpenCG RA‘CCD 2020.
| Control Flow | X | X | | | | [4] CCF, 2018.
| Data-dependency Analysis | X | X | | | | [5] Morphe“CCAD 2025.
| Memory Partition | X | X | X | P | |
Back-End Tool | Data Layout Aware Mapping | X | X | X | X | |
|  Support DFG with Recurrence Edges | X | X | | P | |
Architecture | Flexible Design with Different Granularity | X | X | X | X | X |
Modeling | Highly Parameterized Design | X | X | X | X | X |
| Design Space Exploration | X | X | | X | |
| SoC Implementation | X | X | X | X | X |
System-Level | SoC-level Simulation | X | X | X | | X |
| Open-source FPGA Prototype | X | X | X | X | X |

Comparison with other cgmmce CGRA frameworks

: é% Fudan University, China 12/2/2025 10




BXXAETT RSN TRERLE s
S p e ake r I n fo rm ati O n Architecture for Reconfipurable Computing ,,

NameJiahand.ou ( ) NameXYuan Dai () NamedJingyuahi ( )

Ph.D. student @ Fudan University, Ph.D. student @ Fudan University, Ph.D. student @ Fudan University,
Research Are€£GRA architectures, Al Research Are&econfigurable Research Are&lardwaiiesoftware €o
compilergpolyhedraVILIR. Architectures, Software toolchain, Systelasign, compiler optimization techniqu
GitHubgithub.comfONkb on Chip design. and advanced Al algorithms.

Fudan University, China 12/2/2025 11
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Architecture for Reconfigurable Computing

Fusion SoC: A Fusésarained Reconfigurable Architecture for Efficient Edge
Computing Acceleration Workshop

Part 2: Fronénd Tools of Fusion

NnFrom .c¢c to .doto

Speaker:JiahangLou

Fudan University, China 12/2/2025 12



Fusion SoC Workshop:

A Fused-Grained Reconfigurable Architecture for Efficient Edge Computing Acceleration

Part 2

Frontend Tools of
Fusion

Outline
Alntroduction

ALLVM Toolchain
AMLIR Toolchain
ADemo

é% Fudan University, China

12/2/2025 13
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Fronend Toolchain For Fusion CGRA Architecturefor Reconfgurable Compring

S

loop_begin () ;

for (i=0;i<N;i++}{ LLVM/MLIR- Back End X, [Reservation station[+{  FGRA Controller |
/* loop body */ T
} oop o based CDFG CDFG Parser RISC-V Load/Store
loop_end () ; Front Ends JRTULIR CPU Controller
Loop Kernel Yosys Design
L/’”_—_! Parameters DALU Ops; RISC.v cvD: | ADDR | log, B logz N R '
4 0 f N\ ( Memory \ - (®Connection- ¥ 3 i
O ° ° Partition flexibility; % w :
Y @) LUT size; 2 i
@ e @ Graph Coloring | S GO 'y<¢> I i
H K 2 1
@ e @ ﬂlm%‘g— @@ /—-’ sDMA Broadcast ‘__'IBa_"kOI i
tream 1
) and . :
FGRA-Mapper Aggregate |
T aDF [ FGRA + RISC-V . :gs - c"_’| ”I‘Ia""?" i
k J k J Post-Ma in MOdeIing :)natem{Acf::ierno?gero (::N i i
Before Boolean Opt.  After Boolean Opt. Conflict leep::ki%ig A~ BO-based * . i
L=y . o) I 1
K Mith conﬂict—y Evaluation DSE £ == :
results e l g i
erilog SEndf i
lsoc code A . Parallel access IOB I ¥ —— 3 ! E
RISC-V Exe. Soc ASIC PhySIcal - e | Multi-bank ][ Scratchpad | :
. > . B — LOarse-graine #IOB Group: 2 I
Toolchain Simulator J | !Mmplementation Ny =2 banks |

Fusion SoC Architecture and Software Toolchain

; é% Fudan University, China 12/2/2025 14
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Architecture for Reconfipurable Computing

FPT 25
Ell

What is AFRONT-END COMPILER?

Highlevel
Language
Source Cod
\ Frontend
g Lexical Analysis ) posﬁ-?opt
Syntax Analysis ﬂ[ Optimizer ]—9[ Backend ]ﬁ Machine code
N IR Generation |)
LLVM/clang is already mature!
—> Typical Compilation Flow

é% Fudan University, China 12/2/2025 15




FPT'25
Shanghai

What is A FROI\EIT-END COMPILER?

Highlevel
Language
Source Cod

Frontend of CGRA compiler

Front—énd

N

Syntax Analysis

U

IR Generation

Backend

-

/ Memory“

Optimization Towards CGRA DFG/CDFGE N Partition y

DataFlow Graph Generation

1| Schedule

ptimizer |—

EKMa ing |
\ PP gy

| Backend |% Machine code

L/

LLVM/clang is already mature!

—> Typical Compilation Flow
— CGRA Compilation Flow

é% Fudan University, China

12/2/2025 16
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Architecture for Reconfipurable Computing

What is AFRONT-END COMPILER?

Memory ]

for (inti=0;1< n; +1)
c[i] = aj] + bi];

DFG/CDFG

L c[O:n] |
Application code An example of CGRA

é% Fudan University, China 12/2/2025 17
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Wh at iS DFG /CDFGL'J Architecture for Reconfigurable Computing 7’

Multibank Scratchpad

A Source Code
for (inti=0;i < n; +4) 0| (IO

{ cll =al]l+bj];

A Data Flow Graph(DFG)

A Control-Data Flow Graph(CDFG)

A Input/Output Node map to 10 Block
A Computing Node map to PE

Multibank Scratchpad
0 — Reconfigurable Interconnect

é% Fudan University, China 12/2/2025 18
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onfigurable Computing

Archite

Part 1 Compiler Frent: From .cpp to .dot

FPT 25
Ell

AWhat is needed for A FRONT-END COMPILER?
AJoint between application codes and target hardware

ATo cover a wide category of applications
ATo support many useful analysis and extraction of the
loop kernel

Arbitrary
level

Control
Flow

Loop
kernel

Dedicated
Operators

é% Fudan University, China

12/2/2025
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Our Front-end: LLVM and MLIR

=X EETT B4 TRERLE

Architecture for Reconfipurable Computing

FPT'25

Shanghai

ALLVMUI

C/C++
Source Code

v

: ] l built-in ]
clang
passes
v

SoftwareHardware Partition

v LLVM IR

(- N

DataFlow Analysis

v ,
ControlFlow Analysis

M
GEP Node Resolution

v
Memory Access Analysig

CG RkpeCJI(TIC Operator |

\ Extraction /

CDFG

é% Fudan University, China

[1] Lattner C, Adve V. LLVM: A compilation framework for lifelong program analysis & transformation. CGO 2004

12/2/2025

20
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Our Front'end: LLVM and MLIR Architecture for Reconfipurable Computing ;

ALLVM AMLIR®2
C/C++ C/C++
Source Code Source Cod@TensorFlow O PyTorch
; built-in Backend v v )
clang i J - \ Polygeist! onnxmlirs!
: SoftwareHardware Partition _ Partition | Kernels Identification
v LLVM IR Schedule v MLIR IR
/ \ \ ) 1IN Affine Loop Transform
DataFlow Analysis Mapping o D y
ControLFléw Analysis \& 4 / DataFlow Analysis \
2 / :
GEP Node Resolution Branch Analysis
v y

Memory Access Analysis Memory Access Analysis

CG RkpeCJI{TIC Operator |

\ Extraction / CDEG

<0 [2]Lattner C. MLIR: Scaling compiler infrastructure for domain specific computation. CGO 2021
.é%. Fudan University, China[3]Moses W S. Polygeist: Raising C to polyhedral MLIR.PACT 2021 12/2/2025 21
95* [4]Jin T. Compiling onnx neural network models using mlir. arXiv:2008.08272, 2020.

( CGRAspecific Operator )
K Extraction /

CDFGs
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Shanghai

LLVM VS I\/I LI R Architecture for Reconfipurable Computing =
Comparison LLVM MLIR
Abstraction Low-level, close to machine IR Multi-level, from graphs to

Level machine IR
Advantages Mature toolchain; strong Supports optimization at any
profiling & control flow abstraction level
Scalability Limited extensibility Highly extensible via custom
dialects
Role Traditional programming Infrastructure for Al, DSLs, and
language compiler accelerators
Relationship MLIR lowers to LLVM IR. MLIR is part of the LLVM project.

é% Fudan University, China

12/2/2025
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ProgreSS Tlmellne Architecture for Reconfipurable Computing = (

AX. Gao A CGRAX.RienfNHFDRA: Ag¥FrgdaewdtKkwards EF

< | Extraction of General Reconfigurable Accelerator Constraint Satisfaction and

3 Control and Dedicated | sy Bortmg Multi-Level Gr a p h Col 0-DACR024.0
So|§peratorbato 4 Aok el i 20240 [TRET -
- 5 : 2024.3 2025.6

2024.2 2024.3 ‘ 2025.2 ‘ >

AJ. Lou AAn Agil dJDepbayifindor a

c
3 Approach for Large-Scale End-to-End Optimization for
XS Workloads on CGRA-CPU High-Efficiency Dataflow
3’ § Architect @24, 0 D Actderation and Task
Pi pelining on (
2025.

é% Fudan University, China 12/2/2025 23




Fusion SoC Workshop:
A Fused-Grained Reconfigurable Architecture for Efficient Edge Computing Acceleration

Part 2 Outline

Frontend Tools of
Fusion ALLVM Toolchain

J6[EF Fudan University, China 12/2/2025 24
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Shanghai

LLVM TOOIChain FIOW Architecture for Reconfigurable Computing
El C/C++ clanglgl-(lz -emit-llivm S—OZ -fno-tlllree-vectorize -fno-
Source Code unroll -loops src.c-S -0 src.
v .
built-in
clang > | opt -gvn -mem2reg-memdep-memcpyopt-lcssa-
pa\lslses loop-simplify -licm -loop-deletion -indvars -
SoftwareHardware Partition 2|rrglp$|\%c;‘lg -mergereturn -indvars src.ll -S-o
v LLVM IR -

/ DataFlow Analysis . | opt -load libCDFGPass.socdfg src_gvn.ll-S-o
c N - src_cdfg.ll
2 ControlFlow Analysis _ _
© 1 Snippet of the frontend usage script
% GEP Node Resolution
O ¥ _
) Memory Access Analysis
Y .
S| CGRﬂspec‘lﬁlc_ Operator )

\L Extraction /

Q% Fudan University, China Lo lii aatad Op draenn o o maqtonof General Controland 12/2/2025 25
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I n p ut &_ D ata_fl OW An aIyS I S Architecture for Reconfipurable Computing

AClang to compile C/C++ to
LLVM IR

ALLVM IR uses Static Single @ __________
Assignment (SSA)

Alnstructions become nodes:

%addr_A = getelementptr %A, %i, %j
%addr_B = getelementptr %B, %i, %k
%addr_C = getelementptr %C, %k, %j
%elem_A = load %addr_A

%elem_B = load %addr_B

%elem_C = load %addr_C

%reg_mul = mul %elem_B, %elem_C
%reg _add = add %elem_A, % reg_mul
store %addr_A, %reg _add

ADependencies become edges

é% Fudan University, China 12/2/2025 26
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Shanghai

ContrOI fIOW extraction Architecture for Reconfipurable Computing =
AControl flows in LLVM IR bescBodd (Enr)
ABranch * |
APhi instruction BasicBlock]
. reg0 = phi [initi,BBO] [regl,BB3]
AExtraction Ly
ADescribe the effects by true false
SELECT nodes >
AAnalyze accurate control =addregon
sighal according to the — .
dOmInatOI‘ tree (DT) unconditional BasicBlock3
regl = phi[vl,BB1] [ ~,BB2]
br ExitLoop BB4 BB1

Y

BasicBlock4 (Exit)

é% Fudan University, China 12/2/2025 27
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CO ntrOI fI OW eXtraCtI O n Architecture for Reconfipurable Computing

Shanghai

BasicBlockO (Entry)

br BB1
BasicBlock1 Initi

|nt reg :i n |t| . reg0 = phi [initi,BBO] [reg1,BB3]-f... | P T T T T T
.. i . vl =add regd m B '
for (|nt 1= 0:i<N; +-|){ br cond BB2 BB3 LoopStart ISEL :
if(cond) { true false i

. A 4 n m
reg +: n, BasicBlock?2 Y @ i
= add reg0 n ADD !
} else{ br BB3 :
reg += m; I | .
unconditional L _ Y e '
} BasicBlocks | | . :
} regl = phi [v1,BB1] [v7,BB2] -} o ______1

X br ExitLoop BB4 BB1 Partlal

rediction !

y

BasicBlock4 (Exit)

An example of extractingontrol flow from LLVM IR

: é% Fudan University, China 12/2/2025 28




EXEEIT LG TRERLE Prgeh

Shanghai

LLVM TOOlChain FIOW Architecture for Reconfigurable Computing
C/C++ clang-c -emit-llvm -O2 -fno-tree-vectorize -fno-
El Source Code unroll -loops src.c-S -o src.li
v
built-in
clang > | opt -gvn -mem2reg-memdep-memcpyopt-lcssa-
pa\f‘ses loop-simplify -licm -loop-deletion -indvars -
SoftwareHardware Partition simplifycfg -mergereturn -indvars src.ll -S-o
TTIVMR src_gvn.ll
/ DataFlow Analysi{ opt -load libCDFGPass.socdfg src_gvn.ll-S-o
v _ src_cdfg.ll
S ControtFlow AnalyJ 3= _
= 1 Snippet of the frontend usage script
3 GEP Node Resolution
o L
8 Memory Access Analysis
LQL CGRZ‘spec‘lﬁlc Operator |
O \ Extraction /
Q% Fudan University, China Lo lii aatad Op draenn o o maqtonof General Controland 12/2/2025 29
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G E P N Od e R eSOI utl O n Architecture for Reconfipurable Computing = ,,

int A[5][10]

Ali][j] = res

Per-
(@) dimension
Base ptr offsets

%addr_A = getelementptr inbounds|[5 x [10 x i32]]} (@A, 0. %i, %j
store %addr_A, %res Array shape

(c)
An example of handling GEP node from LLVM IR

(ElEF Fudan University, China 12/2/2025 30




GEP Node Resolution

=17

= XX Be

1t B4SNTRERLE

Architecture for Reconfipurable Computing

FPT'25
Shanghai

Base ptr

_ Per—_
dimension
offsets

@A

, 0,

%i, %j

int A[5][10]
Ali][j] = res
(a) (b)
%addr_A = getelementptr inbounds|[5 x [10 x i32]]}
store %addr_A, %res Array shape
(c)

An example of handling GEP node from LLVM IR

é% Fudan University, China

12/2/2025
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Architecture for Reconfipurable Computing

FPT 25
Ell

Linear Memory Access Pattern

AN-dimension memory access in an M-level loop
(where values of N and M are both arbitrary)

int A[7][10];

for(int 1=1; 1<6; 1=1+2){
for(int j=2; j>=0; j--){

} /evel 1
y /level 2

A code segment of linear memory access

é% Fudan University, China 12/2/2025 32




Linear Memory Access Pattern

XX ul'I'EfEiﬂﬁ b4

Architecture for Reconfipurable Computing

FPT 25
Ell

ALinear memory access:

AThe step value of each loop index is loop-invariant

AThe bounds of each loop index are loop-invariant
AMemory address is the affine transformation of loop indices

int A[7][10];

for(int 1=1; 1<6; 1=11+2){
for(int j=2; j>=0; j--){

+ /evel 1
} /level 2

int access = A[i+1][2*j+i];

( [ € [1,5], step; = 2

j €10,2], step; =—

L Addrldx =11i+ 2j + 10

é% Fudan University, China

12/2/2025
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Llnear Memory Access Pattern Architecture for Reconfipurable Computing = ;

Loop Level 1 | Loop Level 2
start . .

stride | count | stride | count
25 -2 3 26 3

int A[7][10];

for(int 1=1; 1<6; 1=1+2) {

for(int j=2; j>=0; j--){ 0-9
oo . o 10-19
int access = A[i+1][2%j+i];
20-29 - .
v /level 1 30-39 T .
} /level 2 40-49 - -
50-59 T
~
60-69 = B

An example of linear memory access

é% Fudan University, China 12/2/2025 34
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Llnear Memory Access Pattern Architecture for Reconfigurable Computing

Shanghai

i Linear memory access
Original MUL-ADD tree for address calculation

2 J

>

CMuL>

@ Load A
with pattern
D

Effection of computing resources saving

é% Fudan University, China 12/2/2025 35




E’ﬁ ul‘l‘Efﬁﬂﬁ b4

Architecture for Reconfipurable Computing

FPT 25
Ell

Dedicated Operator Extraction

ADedicated operators are important to enhance the flexibility and
performance of CGRA
AWe extract dedicated operators on the CDFG level, including:

A Accumulation series operators
A Conditional memory access
ALinear memory access

é% Fudan University, China 12/2/2025 36
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Architecture for Reconfipurable Computing

FPT'25

Shanghai

A Accumulation series operators

InitVal InitVal

———————

InitVal

' Initval

e Bl
CADD) *i

Condl
Condl &
SELE Cond2

m

Condl
Condl—b‘«q@ &
Cond?2

é% Fudan University, China
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Architecture for Reconfipurable Computing

FPT 25
Ell

Dedicated Operator Extraction

A Conditional memory access

Int reg =initi;
for (inti=0;i < N; +H{
If(cond) {
All] = reg;
} else{
Bll] = reg;
}
reg +=m;

}
X

A code segment of conditioned memory access

é% Fudan University, China 12/2/2025 38




Dedicated Operator Extraction
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Shanghai

Architecture for Reconfipurable Computing

A Conditional memory access

int reg =initi;
for (inti=0;i < N; +H{
if(cond) {

BasicBlockO (Entry)

br BB1

l—l

A 4

BasicBlockl

reg = phi [initi,BBO] [inc,BB3]

All] = reg; br cond BB2 BB3
fal
} else{ i true alse i
Bl]] = reg, BasicBlock2 BasicBlock3
} reg Store BJi] reg
br BB4 br BB4
reg +=m; L__j ;___J
} BasicBlock4
inc=addregm
X br ExitLoop BB5 BB1

h 4

BasicBlock5 (Exit)

cond

1

cond

Fudan University, China
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Architecture for Reconfipurable Computing

int A[2*NI], B[NJ+NK], C[NJ*NJ];
int D[NIJ[NJ][NK], E[NJ][NK];

Func(\ o
void* din_addr[4]={(void*)A+16, B, C, E};

void* dout_addr[1]={(void*)D+2048};
cgra_execute(din_addr, dout_addr);
void cgra_execute(void** din_addr, void**_dout addr){
static unsigned short cin[39][3]__attribute__((aligned(16)))={
{0x70f0,0x6000,0x0018}, ...
}
load_cfg(cin, 0x40000,234,0,0);
load_data(din_addr[0], 0x10000, 52,0, 0);
load_data(din_addr[1],0x14000,124,0,0);
load_data(din_addr[2],0x18000,1024,0,0);
load_data(din_addr[3],0x8000,1024,0,0);
config(0x0,39,0,0);
execute(0x7c,0,0);
store(dout_addr[0],0xc000, 7168, 0, 0);

for (inti=2;i<NI;i=i+2) {
for (intj=NJ-1;j = 0; j--) {
for (int k = 0; k < NK; k=k+3) {
if(A[i*2] > 8)
DIi][j][k] = A[i*2] + B[j+k];
else
DLil[j1k] = CL*JT*Ef]IK];
Y

(a) Source code

(c) Executable
code on host

(b) CDFG

Fudan University, China 12/2/2025 40
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Shanghai

LLVM TOOlChain FIOW Architecture for Reconfigurable Computing
C/C++ clang-c -emit-llvm -O2 -fno-tree-vectorize -fno-
El Source Code unroll -loops src.c-S -o src.li
v .
built-in
clang > | opt -gvn -mem2reg-memdep-memcpyopt-lcssa-
pa\f‘ses loop-simplify -licm -loop-deletion -indvars -
SoftwareHardware Partition simplifyc;‘lg -mergereturn -indvars src.ll -S-o
src_gvn.
v LLVM IR -9

/ DataFlow Analysis J opt -load libCDFGPass.soecdfg src_gvn.lI-S-o
c v : src_cdfg.ll
o ControlFlow AnaIyS|s\J _ _
= 1 Snippet of the frondend usage script
3 GEP Node Resolutio
O )
© Memory Access Analygg
e "
O | [ CGRApecific Operator
Ol | Extraction

\ / CDFG

6P Fudan University, China 11, X 8ag 1 sendiomoer Enabling Extraction of General Control and 12/2/2025 41




Fusion SoC Workshop:
A Fused-Grained Reconfigurable Architecture for Efficient Edge Computing Acceleration

Part 2 Outline

Frontend Tools of
Fusion

AMLIR Toolchain
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MLIR Toolchain Flow

EXEEIT LG TRERLE Prgeh

Architecture for Reconfipurable Computing

Shanghai

CDFG Generation

v

C/C++

SW cgeist -O2 -Im -lgcc src.c-S -o src.mlir
¥ v #i# or

[ Polygeist] [ onnxmlir

]

Kernels Identification

v MLIR IR

Affine Loop Transform

/

’ N

DataFlow Analysis

/

T opt.mlir

v

Branch Analysis

v

C_GR/Aspecific Operator )
Extraction )

>cgra-opt --cgra-kernel-dfg-gen opt.mlir

onnx-mlir bert_bfl16.onnx -o src.mlir --EmitONNXIR

cgra—opt --cgra-extract-affine-for-to-kernel  --simplify -
Ioadstore--cgra—loop -tile --cgra-loop-unroll src.mlir -S-o

(ol

o-Ead Gptimizationl faz High-Efficrecy Dataflow Acceleration and

on

CGRAs, 0 DAC 2025.

12/2/2025
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Shanghai

%429 = "onnx.Dim"(%Y_3): (tensor<?x14x768xbf16>) -> tensor<1xi64>

@ %430 = "onnx.MatMul" (%Y 3, %297) : (tensor<?x14x768xbf16>, tensor<768x768xbf16=) -> tensor<?x14x768xbf16=>

%431 = "onnx.Add" (%430, %179) : (tensor<?x14x768xbf16>, tensor<768xbf16>) -> tensor<?x14x768xbf16>

%432 = "onnx.Dim"(%431) : (tensor<?x14x768xbf16>) -> tensor<1xi64=>

%433 = "onnx.Concat" (%432, %38, %150, %149) : (tensor<1xi64>, tensor<1xi6d>, tensor<1xi64=, tensor<1xi64=>) -> tensor<4xiod >
%434 = "onnx.Reshape" (%431, %433) : (tensor<?x14x768xbf16>, tensor<4xi64d=) -> tensor<?x14x12x64xbf16=

%435 = "onnx.Transpose"(%434) : (tensor<?x14x12x64xbf16=) -> tensor<?x12x14x64xbf16=>

@ %436 = "onnx.MatMul" (%Y 3, %298) : (tensor<?x14x768xbf16>, tensor<768x768xbf16>) -> tensor<?x14x768xbf16>

%437 = "onnx.Add" (%436, %180) : (tensor<?x14x768xbf16=>, tensor<768xbf16>) -> tensor<?x14x768xbf16>

%438 = "onnx.Dim"(%437) : (tensor<?x14x768xbf16>) -> tensor<1xi64 >

%439 = "onnx.Concat" (%438, %38, %148, %147): (tensor<1xi64d =, tensor<1xi64d =, tensor<1xi64d =, tensor<1xi64=) -> tensor<4xic4 >
%440 = "onnx.Reshape"(%437, %439) : (tensor<1x14x768xbf16>, tensor<4xi64 =) -> tensor<1x14x12x64xbf16>

@ %441 = "onnx.MatMul"(%in, 9%299) : (tensor<1x14x768xbf16>, tensor<768x768xbf16=) -> tensor<1x14x768xbf16=>

%442 = "onnx.Add" (%441, %181) : (tensor<1x14x768xbf16>, tensor<768xbf16>) -> tensor<1x14x768xbf16>

An ONNMMLIR snippet of the QKV computation in attention

; é% Fudan University, China 12/2/2025 44
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Ke r n e I I d e n t Ifl Catl O n Architecture for Reconfipurable Computing

%430 = "onnx.MatMul" (%Y 3, %297) : (tensor<?x14x768xbf16>, tensor<768x768xbf16>) -> tensor<?x14x768xbf16=>
%431 = "onm.Add" (%430, %179) : (tensor<?x14x768xbf16>, tensor<768xbf16>) -> tensor<?x14x768xbf16>

Loweronnx.Matmul Op toaffine.for loop

affine.f arg2=0to1{
affine.for %arg3 = 0to 14 {
affine.for %arg4 = 0 to 768 {
%0 = affine.for %arg5 = 0 to 768 iter_args(%arg6 = %cst) -= (bf16) {
%1 = affine.load %arg0[%arg2, %arg3, %arg5] : memref¢1x14x?58xbﬂﬁ}|
%2 = affine.load %arg1[%arg5, %arg4] : memref<768x768xbf16=>
%3 = arith.mulf %1, %2 : bf16
%4 = arith.addf %arg6, %3 : bf16
affine.yield %4 : bf16 BFADD169

¥
affine.store %0, %alloc[%arg2, %arg3, %arg4] : memref<1x14x768xbf16=>

3 Outputs )

CDFG of thifor loop

=0

: é% Fudan University, China 12/2/2025 45
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Loop Transforms Architecture for Reconfipurable Computing (

——0ptimize the kernel 0s executi on

Loop Unrolling . Loop Tiling ~ Loop Reorder

A Partition the data block to fit the size A Reorder nested loops

of the on-chip scratchpad. A Data Locality
Unroll factor = 4

12/2/2025 46
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Architecture for Reconfipurable Computing

CDFG Generation

Oneonnx. Matmullayer: %430 = "onnx.MatMul"(%Y 3, %297) : (tensor<?x14x768xbf16>, tensor<768x768xbf16>) -> tensor<?x14x768xbf16>

I P
(Inputdd )

( Input82 )

/""_ _""-\ T ~~
‘\V-Vl_nputSt-Sr-/‘ ! : 83
— o -

6p=1

bo-1 oo0 = op-1
BFADD1616 BFADD1618 @ BFADD1622
p-1 op=0  pp-1
—
BFADD1625 @ ¢ DEINTLV493 @ BFADD1629 BFADD1627 @ BFADD1631
_DEINTLV493 _
[Dp=1

o (Topuos )

Optimal CDFG: PR A S T W
;
BFADD1634 BFMUL1642 BFMUL1646 BFMUL1644 BFADD1638

Op=1 p=0
BFADD1647 ‘ BFADD1645

BFADD1640
Op=

0p=0 p=1

BFADD1643 BFADD1649

Op=0 p=1
Op Dp=0 Op=1
Op=1 0Op=0 Op=0 p=1 Op=1 p=0 Qp=0 fOp=1
=0 =0 p=0

Op=0

= P
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O O C a I OW Architecture for Reconfipurable Computing

= | C/IC++ —
= SW cgeist -O2 -Im -lgcc src.c-S -o src.mlir
v ¥ v #i# or
[ Polygeist] [ onnxemlir __ 1o onnx-mlir bert_bf16.onnx -o src.mlir --EmitONNXIR
Kernels IdentlflcatlorJ \K cgra-opt --cgra-extract-affine-for-to-kernel  --simplify -
v MLIR IR :§Ioadstore--cgra—loop-tile --cgra-loop-unroll src.mlir -S-o
Affine Loop TransforrJ T opt.mlir

y

c

'% / DataFlow Analysis %\ /‘ >cgra-opt --adora-kernel-dfg-gen opt.mlir
3 v

8 Branch Analysis

of ¥ __ ,

a CG R/‘speuflq Operator

O L EXxtraction )

\_

o-Ead Gptimizationl faz High-Efficrecy Dataflow Acceleration and
on CGRAs, 0 DAC 2025. 12/2/2025 48
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Al-Focused ONNX Deployment Framework mXRE T RS R

Architecture for Reconfipurable Computing

High- level Extract Generate

Map to Executable
CDFG =»

File

Language Computing
Inputs CINES
b S| wpanrxk b Pdgxdoo| dgr wdwh

CGRA

b whqveronnor zb D xextract

resnetl8 =
torchvision.models.resnet18() .onnx()

1- Iayer resnet CO nvl —> pOOI — Convz —_— norm SN Su m
convl p00| conv2 norm sum
Inference process reconfig reconfig reconfig reconfig reconfig
load data |—% loaddata T>' |paddata | loaddata |™ load data
compute compute compute compute compute
| write back write back | write back write back write back
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Shanghai

Comparison Between LLVM and MLIR Toolchains Architecture for Reconfigurable Computing =
LLVM toolchain MLIR toolchain
Advantages A Built-in optimizations; A Multi-level IR:
A mature loop analysis A supports C programs and Al
models
common Similar CDFG workflow: Dataflow Y Control flow Y Memory access Y

CGRAopsY CDFGY s a Bezkend

Difference A CDFG generated A Focus on affine loops

A Ri c h-flawdeattreso | A Customized affinle loop transforms
A Limited branch support

A CDFG generated at affine dialect

a)

é% Fudan University, China 12/2/2025 50




Fusion SoC Workshop: FPT'25
A Fused-Grained Reconfigurable Architecture for Efficient Edge Computing Acceleration

Shanghai

Part 2 Outline

Frontend Tools of
Fusion

ADemo

J6[EF Fudan University, China 12/2/2025 51
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Our Front'end: LLVM and MLIR Architecture for Reconfipurable Computing ;

ALLVM AMLIR®2
C/C++ C/C++
Source Code Source Cod@TensorFlow O PyTorch
; built-in Backend v v )
clang i J - \ Polygeist! onnxmlirs!
: SoftwareHardware Partition _ Partition | Kernels Identification
v LLVM IR Schedule v MLIR IR
/ \ \ ) 1IN Affine Loop Transform
DataFlow Analysis Mapping o D y
ControLFléw Analysis \& 4 / DataFlow Analysis \
2 / :
GEP Node Resolution Branch Analysis
v y

Memory Access Analysis Memory Access Analysis

CG RkpeCJI{TIC Operator |

\ Extraction / CDEG

<0 [2]Lattner C. MLIR: Scaling compiler infrastructure for domain specific computation. CGO 2021
.é%. Fudan University, China[3]Moses W S. Polygeist: Raising C to polyhedral MLIR.PACT 2021 12/2/2025 52
95* [4]Jin T. Compiling onnx neural network models using mlir. arXiv:2008.08272, 2020.

( CGRAspecific Operator )
K Extraction /

CDFGs
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Architecture for Reconfipurable Computing

Q & A?
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rchitecture for Reconfigurable Computin,

Fusion SoC: A Fus&sarained Reconfigurable Architecture fo
Efficient Edge Computing Acceleration Workshop

Part 3: Fusion SoC Architecture and
Optimizations

Speaker: Yuan Dai
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Architecture for Reconfipurable Computing

FPT 25
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Part 3: Outline

A Overview
A Optimizatiort Why a fusegtained design?
A Optimizatiort How to improve data parallelism?

A Fusi orridgoolb ac k

A Q&A

é% Fudan University, China 12/2/2025 55
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Architecture for Reconfipurable Computing

FPT'25

Shanghai

1 loop begin() ;

for (i=0;i<N;i++}{

/* loop body */
}
loop_end() ;

Loop Kernel

> &

\.

°°
©

J

Before Boolean Opt.

D

LLVM/MLIR-
based
Front Ends

CDFG

Back End

CDFG Parser
lRTLIL IR

Yosys

=

& &

.

f\
©

J

After Boolean Opt.

(DALU Ops;

CMD
~—r| Reservation Station |<—-|

FGRA Controller |

RISC-V

—

( Merpgry \ (@Connection-
Partition flexibility;
v @) LUT size;
Graph Coloring r |l
Scheduling @@
IS
FGRA-Mapper
ADF | FGRA + RISC-V
— IVi - Modeling
ost-Mapping
Canflict Checking rrrredh — BO-based
Mith conflict—y results DSE
Verilog l
J,SoC code _
RISC-V Exe. SoC ASIC Physical
Toolchain Simulator Implementation

Fusion Framework

| RISC-V CMD: | ADDR Ilogz B!lo'gz N|

v
<< X
f(@)| | alé) -— &

[ 2 v

DMA |Broadcast ‘_"IBa_“kOI
Stream and ......

Aggregate .__,ml

Load/Store Controller

-]
= c
_g Gen. E
] o
S N ©
= Parallel access IOB
7

— Coarse-grained

ontext:] Access Pattern | log, B |log, N
k1
_>| : i—v |
ADDR

Load/Store | | i

Controller | ! FG RA i

CPU E—
! ¥

| Multi-bank || Scratchpad |

¥
1 Coalescing |

e

Coalescing |

I Scratchpad I
#10B Group: 2
Niax = 2 banks

Multi-bank

Fudan University, China
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CMD
<—>| Reservation StationH CGRA Controller |

oad/Store ‘ ' """"" hosmmsnees \ ' | A Build upo@hipyarét RISG/ CPURocket FGRA
L(:o:t/rii;ler E CGRA i p py

----------- ¥ | Load data/configuration from external mehuary tyntrolland
DMA controller

1 Config the FGRAHIyRA controller

Shanghai

| risc-v cmp: | ADDR I logé B! 1052 N| r

=|=ka
[ - ] <<] X
B« || o) S

k 4 Y

Broadcast ‘_"IB"_""OI

A e |
| ad | - i w K FGRA execution
kK Write results back to the external merstwyebyontroller

| Multi-bank || Scratchpad |
E ] E ]

| Coalescing |

Load/Store Controller

Aggregate.__,lml
andDMA controller

ADDR p{f(®
Gen.

8(9)

DATA Path ancp
| Coalescing |
Parallel access |I0B

| Multi-bank || Scratchpad |

\x_lc_zl
S
i | B
1
s
[ Coalescing |

A Optimization Opportunities:

K Why a fusegdrained design?
e Ny = 2 banes | k How to improve data parallelism?
Fusion SoC

¥
wczf
Synchronizer
1

— Coarse-grained

[
-

[1] A. Amid et al., CHIPYARD: Integrated design, simulation, and implementation framework for custom s0g%o.|BFEpMi@b, 20204
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Shanghai

A Why a fusegrained design? it AR BT O3

void irregular_example () {
for(inti=0;i<3;i++){
int temp = C[i] + 2;
for(intj=0;j<BJ[i];j++){
if(i1=18&&j<5){
temp+=1; = Ctl_1istrue
}elseif(j>7 && j<10){

#define N 32 temp +=2; = ICtl_1 & Ctl_2is true
int A[N][N]; lelse{
void example () { p continue; = Ctl_2 is false } }
for(inti=1;i<N;i++) ) Ali] = temp; }}
forlinti=1;j<N;j++) = Branch Divergence
Ali[i] = Ali-1][j] + Ali-1][j-1]; .
} int A[2] = {2, 3};
for(inti=0;i<2;i++){Level2
Perfect nestetbop for(intj=0;j<2;]j++){Level 1
for(int k = 0; k < A[j]; k++){Level 0
Loop structuresimple == complex ¢ = k + 2; loop body
1

Dynamic Loop Boundary

é% Fudan University, China 12/2/2025 58
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Optimizations: Fu-@‘dlned DeSign Architecture for Reconfipurable Computing

A Why a fusegrained design?

int A[3], B[3], C[3];
void irregular_example () { . : .
for(inti=0;i<3;i++){ _@ . Ctl 1 fme'gra”}e.d Slgnal
int temp = C[i] +2; /’ > AND = —» coarsegrained signal
for(intj=0;j<B[i];j++ _@
if(il=18&8&j<5 @
temp+=1; = Ctl_1istrue
}elseif(j>7&&j<10ﬂ/\_’@ @

temp +=2; & ICtl_1 & Ctl_2 is true

}else{ _>®

continue; = Ctl_2is false } }
Ali] = temp; }}

Branch Divergence | t s a was t-grainedPE toii(:
execute the fingrained Boolean operatids¢

Conventional PE Design

é% Fudan University, China 12/2/2025 59
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Shanghai

A Why a fusegrained design?

int A[3], B[3], C[3];
void irregular_example () {
for(inti=0;i<3;i++){ —>@ Ctl 1 flne gralned Slgnal
int temp = C[i] + 2; /’ > — coarsegrained signal
for(intj=0;j<B[i];j++ _@
if(i'=1&&j<5 @
temp +=1; Ctl 2
}elseif(j>7&&j<10ﬂ/ ‘

temp += 2;
}else{
continue; }}
Ali] = temp; }} Oneto One Mapping to LUT
Branch Divergence
) Ct'_l Boolean Ct'_l
0 3-LU Opt. 3-LU
3-LU 0 3-LU
o0 Ctl_2 Ctl_2
Without Boolean Optimization ~ With Boolean Optimization
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A Why a fusegrained design?

int A[2] ={2, 3};
for(inti=0;i<2;i++){Level2
for(intj=0;j<2;j++) {Level 1
for(int k = 0; k < A[j]; k++){Level 0]
c =k + 2; loop body

1}

Dynamic Loop Boundary

For loops with dynamic boundaries, a certain amoBobtéan operations can also be executed by LUTS!

é% Fudan University, China 12/2/2025 61
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Architecture for Reconfipurable Computing

Fuseehgrained PE Design

A Fusedgrained unit¥ : FPE
é\‘erJX'/ \'M‘ux;] wD° @

Mapping

...... F [ B

I Synchronizer |
v v o
@ =feu |/

Fusedgrained PE (FPE) Design

f Hardware Hardware
(I(f((a && b) I ICR\ PE Resource 11=1-% Resource
5 elect|..... =
. . Jelsef partial, PBe| B oo PF | B
Conventional PE Design PredicationPEs | EEEEo02 - EPEs PP ADD] -
} PE, OR | = PE { DD-2|
e / PE; JAND|AND |- . gl EXi .
time time

Execution example of the FPE

12/2/2025 62
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Fuse@rained IOB Design Architecture for Reconfipurable Computing = (

A Fusedgrained unit& :10B

intA[M]1={1,2, ..}

il .l{. @ @ for(inti=0;i<N;i++){
Ali*il=a+b; . nrs
} int temp —..__{-\[I];
\ fo [\ Milx / if( ‘){
Synchronizer ‘t}['].f 0;
@ —_— P } y T
, 0B Controller Altemp] = Alil * 3 ;}
CSTORE (A) - (F:gg
D AChallenges:
Motivation: Control flow : : K How to handle intigeration dependency
. Fusedgrained 10B Design
in memory access J J (blue dashed lind@
k How to handle intéteration dependency
(red ling?
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Architecture for Reconfipurable Computing
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Shanghai

A Fusedgrained unit& :10B

int A[M] ={1, 2, ... };
for(inti=0;i<N;i++){
int temp = A[i];
if(cong){
Alil = 0;
y
Altemp] = Ali] * 3 ;}

-- " i

CLOAD (A[i])

intra-iteration
inter-iteration

LOAD (A[i]) ) .* [

] |

| (]
&

.4'

L

STORE (A[temp])

t=1 g SPM /
£ A A
‘ PM /.,
A —
P
=5

*3"'— No violation!

P D

/ )

\ Mux [ \ Mux [

I0B Controller
= CGU

\ @
Aintraiteration depender

K Backend tool ensures the memory
access order
k No need to route the control explic

Aintesiteration depender

K Finegrained signal controls the
memory access order

k Backend tool routes this signal
explicitly

é% Fudan University, China
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A FusedGrained Reconfigurable Architecture (FC

—]./

- b

| Coalescing 1 . Coalescing , |
I I 'y 'y
| Il multi-bank || scratchpad || l

\

mm Coarse
Fine

FPE
\ Mux / \ Mux /
I0B Controller
= CGU
FGU

SRAM Interfacg

=

| QO Track |
| Orport 1
1 |
|
|
|
|

OB
[1]Kaichuanghi,Xuegong@hou, Hao Zhou, amaglMWang. An Optimized GIB Routing Architecture with Bent:Wires for
FPGA. ACM Trans. Reconfigurable Technol. Syst (TRETS). 16, 1, Article 2, 2023.

ﬁ
O—0

I FineGrained GIB

R

A Fuseejrained GIB
3 types interconnects:
| Tracko-Track

t Por#to-Track;
K Portto-Port
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SHCI TR s
FG RA: A highly parameterized deSign Architecture for Reconfipurable Computing

p: Parameters) extends Laz

fusion _spec filename
fusion spec filename

]I Multi-bank || Scratchpad ||
1 1

1 1
| Coalescing 1 __Coalescing |

SoC and FGRA fabric design parameters

| + CoalescmgI 11 + Coalescmgi | ) GIB deS|gn
] e o | |IOB design parameters FPE design parameters parameters
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AL TH ISR © FPT25
Fusion So@GSOTA Architectures Arebitctur forReconfgurable Comprting |

Iu_E-CGRA .COEFA-HH

A Fusedgrained reconfigurable architecture (FGRA)

w

[Rocket lBoom [WEFPGA COFFA-CG [WWICOFFA-HM [ COFFA-HT

Performance
[ 4% ]

bf dither fft susan

Performan
o wond
(=] =

CNN csr_matvec Idpc polar dwt_sym idwt_per idwt_sym taylor .chube .COFF A-H M

(a) Comparison of Performance. -

gemm ay_cond gm_cond conv2d

-~

Energy Efficiency

e w 3

Performance
N

CNN csr_matvec Idpc polar dwt_sym idwt_per idwt_sym taylor
(b) Comparison of Energy Efficiency.

A Fusion SoC vs. Other architectures:

K 13.3,5.0, 4.5 performance improvements compared Ritbketin-order RIS& CPU),
Boom(outof-order RIS&/ CPU) and FPGA (ANMilnx Versal);
k 2.5 ,3.5 performance improvements compared witCGRA antlycubg SOTA CGRAS)

o

[1] Y. Dai et al., "COFFA:-B&3ign Framework for R@eahed Reconfigurable Architecture Towards Efficient IrreiguidinggdpEEE Transactions on Computers,
vol. 74, no. 9, pp. 33323, 2025.
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Optimizations: Data Parallelism

AT B IREE

Architecture for Reconfipurable Computing

A How to improve data parallelism?

mapping
N)))  —

DFG with 4 nodes 2 X 3 Spatial CGRA

II: Initialization Interval between two
consecutive iteration

SPM Scratchpad Memory

PE working

&y

K Data consistency across
all the banks

With 1-bank memory

PE stalling
iy

With 3-bank memory

Fudan University, China
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EXEEIT LG TRERLE Prgeh

Proposed Approach: Memory Partition Architecture for Reconfipurable Computing
N T B ) - o
A How to improve data parallelism”.é‘ Memory E?{EE':W@ =LlglaN;: 9(¢) =g gl B+onB
Hdefine size 32 cycle [t=llt=21t=3[t=4lt=51t=6lt=7] ----- {t =61}t = 62|t = 63

- i=2

[ i=1 »
int A[2* size][size]; PE1  [Banko[ Y Banko [ Y Banko Y Banko] - - - (Banict [N Bani2)

void example () {

for(inti=1;1i<size;i++) PE3  |Bankof ¥ BankollBankol ] - -
for(int j=1; j<size; j++)

o A . . . Bank2 an ank2[ e Bank3

Ali][j] = A[i-1][j] + A[i-1][j-1] PES - -

+AT2][j-1]; - T T T A Problemeind a
; validNandB to

Bank0 Bank1 I Bank2 Bank3 I Bank index = llx_ﬁj % 4 o .
A[0][0 ~ 15][A[0][16 ~ 31]JATLI[0 ~ 15][A[1][16 ~ 31]| .
A[21[0 ~ 15][a[2]116 ~ 31JJA[3]10 ~ 15]|a[3][16 ~ 31 * i\:ller(:;lr_ei?f data minimize thél.
@ LD, : AJi-1][j] ST o
:LD1 PA[-1][j-1] Py ={¢(LDy), $(LD4),$(LD2),$(STo)} LD, : Ali-1][j]
LD, : Ali+2][j-1] .. « ATi115s
®sT, : Ali][j] Partition parameters: N =4, B = 16 LD, : Ali-1][j-1]

LD, : A[i+2][j-1]

STy : Alillj]
, pl—{0¢(L01),¢(STo)}

Coloring Scheduling” 4 —

P} = { p(LDy), p(LD,)}

Graphcoloring Schedule -

 dist=31

2

dist=32
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Motivating Example: Variable Dependency Distance

=X EETT B4 TRERLE

Architecture for Reconfipurable Computing

FPT'25

Shanghai

A How to improve data paralle”~—""
define N 32 iteration [i=1]i=2]i=3]i=4]i=5]i=6]i=7]i=8]i=9}i=10 -
int A[4*N]; load: A[i]| A1l A[2]  A[3] A[4] A[5] | Al6] | A[7] = AI8] | A[9]  A[10]
int B[N]; gise=3"" distog o
void example () { e s
for(inti=1;i<N;i++) store: A[4%*i] A[4] AI3] Al12] | A[16] | A[20] | Al24] | A[28] | Al32] | A[36] | Al40] |
A[4*i] = A[i] + B[i] + 2;
} Recll — max cycle_delc.ty(c)
ceC | dependency_distance(c)
@LD, : Ali]
LD . : .
®Lp, : 5[] A Requirements:
©ST, :A[4*i]

ADD

K Check the partition scheme after
mapping

k Calculate the dependency distanc

carefully to improve performance

é% Fudan University, China
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ST DR o
PrOposed ApproaCh: Dependency DIStance CaICulation Architecture for Reconfigurable Computing

Shanghai

A Requirement: A Definition 1. Affine Address Access
k Calculate the dependency distance carefully, I
thereby improving performance ¢ (7) = [ASy AS;... AS; 1] 4 BA
iteration i=1]i=2]i=3]i=4]i=5]i=6]i=7]i=8]i=9Ji=19 -~
[ -1
load: AT At | aizi | ais | Mol | Ais) | alol | A7) | Aisi | Al |Altal) A Definition 2. Affine Address Access (All the accesses for one array
dist=3 ............. dist=6 _ g R
store: A[4*i]| Al4] AIB]_...;EI-Z] ALL6] | Al20] | Al24] | Al28] | A[32] | Al36] | Al40] | Pa=A{¢1(i1), s $rm (im) }
¢ /gx A Definition 3. Dependency Distance, which describes how many iterat
=2 operation accesses the same memory address after another operatiol
Yy A OLD, : Al Via,ig € M, Voo (ia),9s(ip) € Pa, pa(ia) = ¢s(is),
@®LD, :BJi] = 1—2
®sT, : A[a*i] &;%/7 Dyt = (ia —ip) - (1,ico, ..., | [ ict)
7 dist = 3 t=0

dist=3 Gy
> _7 A Problem Formulatiofind the minimum value gty for each memory

ﬁ'ﬂ access pair ,h” , with loopcarried dependency to improve the

performance. [ eyele._delay(c) -‘
@

Recll = max _
dependency_distance(c)
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Architectural Support for Data Parallelism

=17

=X EETT B4 TRERLE

Architecture for Reconfipurable Computing

FPT'25

Shanghai

if(cond){
cMb Reservation Statio FGRA Controller } Ali*il=a+b;
3 | ————— t ---------- =1
R I S Q/ Load/Store | | i
C P U ontroller | ! FG RA i
§ i i
DMA Controller | — @
) Finegrained
" & Control
RIsev cmD:] ADDR] | | || f(('b) - \-EJ%N’ g(('i)) = LWJ ) B+¢)%B
<< N - 4; B o 16 | [ContexAccess Patier§l 1T @1 T €] ﬁ |
— . v ] ’6 e U= I
& BankO Bank1 Bank2 Bank3 I o—E}{ADDR | |2 f I
e /’ A[O][0 ~ 15] A[0][16 ~ 31]ATL][0 ~ 15] A[1][16 ~ 31] | o TEeend) @ [
g;ﬂo’g\ng oI . X X A[Z])[(Oi 15] A[2¥L1>6< ~31 A[3])[(O)Z 15] A[3£L1>€2 ~31 | I DATA Path ||« c’c>) X |
tr Aggregate | — Coarsegrained I
Load/Store Controller ' | |
I Parallel access I0B l
e o o oo oo e s e mm mm mm mm mm mm e = - |
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EXEEIT LG TRERLE Prgeh
Optimizations: Fu-@‘dined DeSign Architecture for Reconfipurable Computing

Shanghai

A Dependencgware Data Parallelism on Fusion SoC

MRocket [WcoFFa [MDPRA-MP MRocket [WicoFFA DPRA-MP
50- : : ———  30- T T =
g 40 g 9 8"
E 30 E 2 E 20 % 10
€20 £ > >
g g 210 2 5
10 o o
c =
0 i HE NN Y o
gemm hydro 2mm adi oconv dct 2-d-ehf eq-of-f iir jacobi QSE gesummv gemm hydroe 2mm adi oconv  det 2-d-ehf eq-of-f lir jacobi QSE gesummv
Comparison of Performance Comparison of Energy Efficiency

AComparison Results:

K 1.19 (up to 1.68) performance improvement over the baseline Fusion SoC without data parallelism;
k 1.18 (upto 1.65) energy efficiency improvement over the baseline Fusion SoC without data parallelism.

[1] Y. Dai et al., "Towards Efficient Data Parallelism on Spatial CGRA via Constraint Satisfaction and @ndfb@blBacdit Assign Automation Conference
(ASPDAC), pp. 1023030, 2025.

[2] Y. Dai et al., "Depend@ém@re Data Parallelism on Spatial CGRA via Constraint Satisfaction and Graph Colsaaghd BEECorapdteled Design of
Integrated Circuits and Systems (TCAD), 2025.
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F u S i O mﬁdSTOOB a C k Architecture for Reconfipurable Computing

Shanghai

Simulated Annealing (S#9sed Mapping Algorithm

[1] Y. Dai et al., "COFFA:-B&3ign Framework for R@eahed Reconfigurable Architecture Towards Efficient Irreiguidlingndm IEEE Transactions on Computers |
vol. 74, no. 9, pp. 33993, Sept. 2025.
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