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Motivation

« Two days ago... Banquet at FPGA2024
— A, FPGA vs GPU

FPGA compile takes forever.
Productivity, IP library,
Incremental compilation ...

Existing customers complain for
e 5% quality drop even if we offer

O {\:’ O 2x compile speedup ... O J’\D O
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Industry NEW customers ... Academia
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Motivation

« Two days ago... Banquet at FPGA2024
— AI, FPGA vs GPU (

Productivity, IP library,

FPGA compile takes forever. 1
Incremental compilation ...

FPGA development is much
more challenging than SW
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« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement

Parallel
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« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
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So, what is so good about SW development?
1) Parallel compile, Incremental Refinement

Start from something barely functional...
Add functionality one at a time...
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Motivation

« S0, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools

SW engineers can easily profile the application
to investigate where the application spent its time on.
> gprof

n.out for gprof...

trumented

riangle_2D
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« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools

« How’'s current HW development?
1) Parallel compile? Incremental Refinement?

Q. Can we compile each function in parallel?
(not synthesis but place/route/bit-gen)

A. No, a design is monolithically compiled
=>»Tool tries to optimize the entire design
=>» Long compile time

o";‘@ O =
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Motivation

« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools

« How’'s current HW development?
1) Parallel compile? Incremental Refinement?

Q. Can we recompile only the changed part?

ooooodooodd

ooooOopoooo

gooogopoood
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« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools

« How’'s current HW development?
1) Parallel compile? Incremental Refinement?

Q. Can we recompile only the changed part?

goooooooood
O00oooooooogo o ]
0oooooooogo Something like this!
oooogoopoog
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« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools

« How’'s current HW development?
1) Parallel compile? Incremental Refinement?

gl =

Q. Can we recompile only the changed part?

A. No, the entire design is monolithically
recompiled
=>» Long compile time

O00oooooooo
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« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools
« How’s current HW development?
1) Parallel compile? Incremental Refinement?
2) Profiling? Bottleneck identification?

Q. How do we know which module to refine

00000000000] next?
? OO0OoOoOoOoOoooOoo '
(8) q' Bo0oo0oea000
oﬂke G - OoOoooooooooo A. It’s difficult to identify the bottleneck
e d %%%%%%E%%%E =>» Lack of visibility on the inner state of the
ooooooooooo| HW design
Ooooooooood
Oooooooooao
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Motivation

« So, what is so good about SW development?
1) Parallel compile, Incremental Refinement
2) Rich profiling tools
« How’s current HW development?
1) Parallel compile? Incremental Refinement?
2) Profiling? Bottleneck identification?

« Overall goal: SW-like FPGA design development

Fast Separate Compilation in Parallel using
NoC + (Hierarchical) Partial Reconfiguration

Incremental Refinement strategy
Profiling using FIFO counters

18
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 Problem: Slow monolithic FPGA compilation T }
— : : l
« Idea: Fast Separate Compilation in Parallel using | ® g€ |
Partial Reconfiguration (PR) 0 \___ = )
5 etéqe
“Operator” 9’6‘@ [ —"- ™~ ) )
O | 0 ! Partially compile FPGA
Streaming - | oo [Bor - t--| F9--1 > Ppartial Reconfiguration
dataflow links . “Page” . . . .
v .Y v - v Vv
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|:||:| DI;/' Network-on-Chip(NoC)
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FPGA device I:”:I I:”:I
Vendor tool(Vivado, Quartus)’s slow Fast separate compilation —
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« Idea: Fast Separate Compilation in Parallel using
Partial Reconfiguration (PR)
— Pioneering work on separate compilation on FPGA using PRI1.2]
— Parallel/Incremental compilation is supported ®
— Utilized a (deflection-routed) OO
Butterfly Fat Tree Network for the NoC _ D -
SRR E.
v v v v
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|
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[1] Park et al., “Case for Fast FPGA Compilation Using Partial Reconfiguration”, FPL 2018 .‘. E_nginccring
[2] Xiao et al., “Reducing FPGA Compile Time with Separate Compilation for FPGA Building Blocks”, FPT 2019 UNIVERSITY 0f PENNSYLVANIA
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« Idea: Fast Separate Compilation in Parallel using
Partial Reconfiguration (PR)
— Pioneering work on separate compilation on FPGA using PRI1.2]
— Parallel/Incremental compilation is supported
" - OH240
— Utilized a (deflection-routed)
Butterfly Fat Tree Network for the NoC _ D -
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« Results

— Demonstrated 30 min of PnR/bit-gen time with the vendor tool can
be reduced to 7 min with separate compile on 31-multicore design!il

— More HLS benchmarks illustrated in [2] led by Yuanlong Xiao
— Analyzed the vendor tool’s compile timel2!
* Full benefit is not achieved in [1,2] because of tool limitation

 Even though the static logic is static, the vendor tool still
spends time loading the design
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[1] Park et al., “Case for Fast FPGA Compilation Using Partial Reconfiguration”, FPL 2018 .‘. Englnccrmg
[2] Xiao et al., “Reducing FPGA Compile Time with Separate Compilation for FPGA Building Blocks”, FPT 2019 UNIVERSITY 0f PENNSYLVANIA
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« Results
— Demonstrated 30 min of PnR/bit-gen time with the vendor tool can
be reduced to 7 min with separate compile on 31-multicore design!il
— More HLS benchmaelee—illucteatad in (D1 lad by Muanloana Mioa
— Analyzed the vend % % % % * This part is static(fixed), so ideally, we don’t want to spend
oy OO ime compiling.
* Full benefit is CHO | C =>» But Vivado does spend time even for the fixed static logic.
. ChOf O
Evsl:dtsh(t)lll:ll'?: |E % g % 8 * Larger static design leads to longer compile time in PRI[Z
P [ OO * Recently observed the same behavior on Quartus PR
Static Logic and Compile Time
oy Penn
[1] Park et al., “Case for Fast FPGA Compilation Using Partial Reconfiguration”, FPL 2018 .‘. E_nginccring
[2] Xiao et al., “Reducing FPGA Compile Time with Separate Compilation for FPGA Building Blocks”, FPT 2019 UNIVERSITY 0f PENNSYLVANIA



Idea — Separate compilation in Parallel using Partial Reconfiguration

26

« Results
— Demonstrated 30 min of PnR/bit-gen time with the vendor tool can
be reduced to 7 min with separate compile on 31-multicore design!il
— More HLS benchmarks illustrated in [2] led by Yuanlong Xiao

— Analyzed the vendor tool’s compile timel2!
* Full benefit is not achieved in [1,2] because of tool limitation

 Even though the static logic is static, the vendor tool still
spends time loading the design
 This issue was mitigated with “Abstract Shell” from Xilinx
— contains minimal logical and physical database
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« Results

— Demonstrated 30 min of PnR/bit-gen time with the vendor tool can
be reduced to 7 min with separate compile on 31-multicore design!il

— More HLS benchmarks illustrated in [2] led by Yuanlong Xiao
— Analyzed the vendor tool’s compile timel2!
* Full benefit is not achieved in [1,2] because of tool limitation

 Even though the static logic is s
spends time loading the design

 This issue was mitigated with “
— contains minimal logical and ph
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[1] Park et al., “Case for Fast FPGA Compilation Using Partial Reconfiguration”, FPL 2018
[2] Xiao et al., “Reducing FPGA Compile Time with Separate Compilation for FPGA Building Blocks”, FPT 2019
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X
« Results
— Demonstrated 30 min of PnR/bit-gen time with the vendor tool can
be reduced to 7 min with separate compile on 31-multicore design!il
— More HLS benchmarks illustrated in [2] led by Yuanlong Xiao
— Analyzed the vendor tool’s compile timel2!
* Full benefit is not achieved in [1,2] because of tool limitation
 Even though the static logic is static, the vendor tool still
spends time loading the design
 This issue was mitigated with “Abstract Shell” from Xilinx
— contains minimal logical and physical database
 Intel Quartus has “Fast Preservation”
— simplifies the logic of a preserved partition during compilation to
only the interface logic between the partition boundary and the rest
[1] Park et al., “Case for Fast FPGA Compilation Using grtialt::c?nﬁgji:n:"g, FI:L 2018 ZE, }}E_)gglnr%&lg

[2] Xiao et al., “Reducing FPGA Compile Time with Separate Compilation for FPGA Building Blocks”, FPT 2019
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Q. Does the user have to decompose a design into regularly-
sized operators?

e&%«@

<Fixed-sized pages>
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 Problem: Fixed-sized pages in separate compilations approaches
— What if the sizes of operators are unbalanced?
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 Problem: Fixed-sized pages in separate compilations approaches
— What if the sizes of operators are unbalanced?
— What if a user wants to optimized further?
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 Problem: Fixed-sized pages in separate compilations approaches

1) If the pages are large, it reduces the benefit of
separate compilations.

2) If the pages are small, the users need to manually divide the design
into small operators. Also causes NoC bandwidth bottleneck.

NoC

Il
H
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 Problem: Fixed-sized pages in separate compilations approaches

1) If the pages are large, it reduces the benefit of
separate compilations.

2) If the pages are small, the users need to manually divide the design
into small operators. Also causes NoC bandwidth bottleneck.

NoC Too much data going
through limited
I channels!
Inl
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Idea: Flexible-sized PR pages using Hierarchical PRI3]

— Supported by Xilinx since tool ver. 2020.1 (2020)
 Also available in Quartus

— Partial region inside partial region

o —> Single,
I|]I Double,
|H| Quad Page
I b I
e e [ s | | e o [ s |
o _II] ]
I|]|
I|]|
|7
L]
Small Pages Large Pages Hierarchical Pages [3] ’?‘ Penn

o‘o Enginccring
[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 UNIVERSITY. of PENNSYLVANTA
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- Idea: Flexible-sized PR pages using Hierarchical PRI3]
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- Idea: Flexible-sized PR pages using Hierarchical PRI3]

A.cppJ B.cppJ C.cppJ D.cppJ Mono.cppl

HLS, - E = . -
Logic sypthesis V . V u u
i v .
Page Assignment E
r o = [ 1 T 1 "
____i ________ i ] HLS 9 Bitstream: HLS 9 Bitstream:
i i. 2~5 min << 7~22 min

Place_/< E E \/_-
Route/ n - :
Bi?-uggn v . v i .
L oomm Ve :
CICd :
:
v
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- Idea: Flexible-sized PR pages using Hierarchical PRI3]

A.cppJ B.cppJ C’.cppJ D.cppJ Mono.cppl

HLS, - E - . .
Logic sypthesis V . V i .
_________ | A A .

Page Assignment E

— I:l T T . . E

____i ________ i L:|" HLS 2> Blts:cream. :

i | ~2min .

Place_/< E E . . .
Route/ u . .
Bit-gen v - v i :
L o222 A :
O] :

:
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- Idea: Flexible-sized PR pages using Hierarchical PRI3]

« Advantages

— Fine-grained separate compilations with single pages
= maximize benefits of fast separate compilations

— Users are not forced to decompose a design into small
operators. They can use double pages or quad pages.
= flexible framework

— Useful in incremental refinement
=» Users can quickly start from natural decomposition
and incrementally refine just like SW!

) Penn
o‘o Engineering
UNIVERSITY of PENNSYLVANIA

[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022
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o
<
e« Results - detailed results in [3]
— Improves application performance by 1.4~4.9x compared to a fixed-
sized pages system on Rosetta HLS benchmarks!4]
« Remove NoC bandwidth by merging ops
« Use more area for single operator
=)
<Remove NoC bandwidth bottleneck by merging ops> ) Penn
[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 .‘. E_ngwg

[4] Zhou et al., “Rosetta: A realistic high-level synthesis benchmark suite for software programmable FPGAs”, FPGA 2018
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e« Results - detailed results in [3]
— Improves application performance by 1.4~4.9x compared to a fixed-
sized pages system on Rosetta HLS benchmarks!4]
« Remove NoC bandwidth by merging ops
« Use more area for single operator
-
<Use Double/Quad page for a single operator> s Penn
[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 .‘. E_ngwg

[4] Zhou et al., “Rosetta: A realistic high-level synthesis benchmark suite for software programmable FPGAs”, FPGA 2018
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e« Results - detailed results in [3]

— Improves application performance by 1.4~4.9x compared to a fixed-
sized pages system on Rosetta HLS benchmarks!4!

« Remove NoC bandwidth by merging ops
« Use more area for single operator
— While compiling 2.2~5.3x faster than the vendor tool

 In incremental refinement scenario, a single page takes
less than 2 minutes to compile (HLS - partial bitstream)

Penn

[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 .‘. Englnccrmg
[4] Zhou et al., “Rosetta: A realistic high-level synthesis benchmark suite for software programmable FPGAs”, FPGA 2018 UNIVERSITY:Of EENNSYIVANIA
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« More enhancements on the separate compilation framework!>]
— Mitigate NoC bandwidth bottleneck
 Use multiple NoC interfaces

"1

IRy

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024

Penn

43

P astl
Q) Engineerin
‘ mn%nu/ I’|.\\~\1\\\%



Idea - More Flexibility using Hierarchical PR

44

« More enhancements on the separate compilation framework!>]
— Mitigate NoC bandwidth bottleneck

@350MHz
e Use multiple NoC interfaces Z 7 @400MHz
— Support for multiple clock frequencies for each op |® N
* NoC runs @ 400MHz
* Operators run @ 200~400MHz
£
\
@250MHz @400MHz
Penn
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[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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« More enhancements on the separate compilation framework!>]
— Mitigate NoC bandwidth bottleneck
 Use multiple NoC interfaces TS D
— Support for multiple clock frequencies for each op vy v
. NoC runs @ 400MHz 57T i
e Operators run @ 200~4OOMHZ/ -
— Page assignment based on recursive graph bipartitioning ¥ i i
« Reduce traffic over NoC e T SETERS t---
—J = ] ] = -] ED
oo O m oo oo
g ~ J ~ J
\
1
060 :‘ 9‘:'0
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[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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Mitigate NoC bandwidth bottleneck

Use multiple NoC interfaces

Support for multiple clock frequencies for each op
* NoC runs @ 400MHz

Page assighment based on recursive graph bipartitioning
* Reduce traffic over NoC

—

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024

A v
Operators run @ 200N4OOMHZ/ = . =

More enhancements on the separate compilation framework!>!
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More enhancements on the separate compilation framework!>!
— Mitigate NoC bandwidth bottleneck

 Use multiple NoC interfaces

EDES D
Support for multiple clock frequencies for each op vy
* NoC runs @ 400MHz

A v
Operators run @ 200N4OOMHZ/ = . =

Page assighment based on recursive graph bipartitioning

A4 :
 Reduce traffic over NoC — e oo L 2
= = as|

— = cJ -

sl lsbllialin

— More enhancements in [5] Y'Y %% Y
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[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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« Remember, the goal: "SW-like FPGA design development”

Fast Separate Compilation in Parallel using
NoC + (Hierarchical) Partial Reconfiguration

Incremental Refinement strategy
Profiling using FIFO counters

L'”M" Penn
0‘0 Engineering
UNIVERSITY of PENNSYLVANIA
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« Remember, the goal: "SW-like FPGA design development”

—Fast-Separate-Compitation-inParalelusing
NoC——(H hical)-PartialF 2 )

— Incremental Refinement strategy
— Profiling using FIFO counters

 Problem: Is the previous NoC+PR system enough for the
incremental refinement on FPGA designs?

50
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 Problem: Is the previous NoC+PR system enough for the
incremental refinement on FPGA designs?

NoC-based system

* Pro: Faster compile
— Parallel, incremental

e (Con: NoC overhead
— Area, Bandwidth

Monolithic system
e Pro: No NoC overhead
e Con: Slow compile
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« Idea: Fast incremental refinement strategy!>!
— Start with the NoC-based system
— Identify the bottleneck and select the next design point

— When a design can’t be improved in the NoC-based system,
(e.g. not enough area in PR page, design space is all explored)
migrate to the monolithic system

— Continue to identify the bottleneck and select the next design point

200MHz 200MHz TOEBROOCO0
. . . OooOoooooood
= S ol
250f1H
@ |:| I:I ‘B 400MHz ] o [ [ e [
) m) |[Coooooooooo
|:| |:| |:| |:| |:| DoOEOO0ODooooo
0oooooooood
E Oooooooooog
sowe [ 1{] 43855585561
200MHz for all ops —
U ) Monolithic
Y
Fast compile with NoC + PR NoC is removed! " Penn

o‘o Engmccrmg
[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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design in HW?

)C-based system

Pro: Faster compile

Parallel, incremental

Con: NoC overhead

Area, Bandwidth

— Monolithic system

Problem: No profiling capability. How to identify a bottleneck of a

Idea: Bottleneck identification using FIFO counters

e

Pro: No NoC overhead
Con: Slow compile

BEe0 | \l
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« Idea: Bottleneck identification using FIFO counters

— High-level intuition
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« Idea: Bottleneck identification using FIFO counters

— High-level intuition

Op_3is slower than Op_2
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o

o

o
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« Idea: Bottleneck identification using FIFO counters

— High-level intuition

o,
o

o

Op_3is slower than Op_4

o

o,

(L%

o
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« Idea: Bottleneck identification using FIFO counters
— High-level intuition

Doesn’t stall! ‘ Bottleneck!

- (@ Y- (» - (© {1~

Stalls! Stalls! Stalls!
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1
5
)
"\

O

)
AN
"\

)

’///ﬂ_,@_%

Penn

[ J . .
PQ Engineerin
‘ mng\n\u/ I‘|.\\~\n\\%



Idea - Incremental Refinement Strategy and Profiling

« Idea: Bottleneck identification using FIFO counters!>!

1) bottleneck operator
- embedded in both NoC system, monolithic system

NoC (NoC system) or
Other ops. (Monolithic system)

Count the stalls! % % i
“ A L

vz
Output FIFO ; Input FIFO

stall condition: stall condition:

full && valid @ empty && ready

Stall condition: at least one FIFO stalls, stall cnt++
=» Op with the least stall cnts may be the bottleneck

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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« Idea: Bottleneck identification using FIFO counters!>!

1) bottleneck operator
- embedded in both NoC system, monolithic system

NoC (NoC system) or
Other ops. (Monolithic system)

Count the stalls! % % i
“ A L

/// /%
Output FIFO i ; Input FIFO

stall condition: stall condition:

full && valid @ empty && ready

Stall condition: at least one FIFO stalls, stall cnt++
=» Op with the least stall cnts may be the bottleneck

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024

2) NoC bandwidth bottleneck

- embedded in only NoC system

NoC

I

1

aoeIa)ul Do
a0e)Ia)ulI JON

128b‘ @1‘128b

- Harms application performance
- Wrong bottleneck operator can be identified

) Penn
o‘o Engineering
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« Idea: Bottleneck identification using FIFO counters!>!

1) bottleneck operator
- embedded in both NoC system, monolithic system

NoC (NoC system) or
Other ops. (Monolithic system)

Count the stalls! % % i
“ A L

/// /%
Output FIFO i ; Input FIFO

stall condition: stall condition:

full && valid @ empty && ready

Stall condition: at least one FIFO stalls, stall cnt++
=» Op with the least stall cnts may be the bottleneck

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024

2) NoC bandwidth bottleneck

- embedded in only NoC system

E

NoC

T

1

aoeIa)ul Do
a0e)Ia)ulI JON

128b‘ @1‘128b

If A’s Output FIFO’s full && B’s Input FIFO’s fulll,
= NoC bandwidth may be the bottleneck
X0 Penn
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« Results: Design Space Exploration (DSE) case study

— Observe application performance improvement
with bottleneck identification

— Compare design tuning time of
our fast incremental refinement strategy vs monolithic-only flow

Penn
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- AMD Vitis, Vitis HLS, Vivado, 2022.1
- AMD Ryzen 5950X, 16 core, 32 threads

« Results: Design Space Exploration (DSE) case study -uscsraw

NoC-based

HLS
- Monolithic

code gen.

1

—-

Next Design Point gen.

Bottleneck Identification,

VIVA

. »
param_space.json
e.g.: unroll factor,

Initiation Interval,
etc

FIFO
counters

— Test on FPGA

¥

Parallel HLS

oC
done? j

DO’

Parallel
compile

VIVADO'

Monolithic
compile

>
¢

<Automated DSE experiment overview>

- AMD ZCU102, UltraScale+ ZU9EG

30K ﬂﬁ“
ki :

<NoC-based system overlay>

:NoC

: pipeline regs (placed near PR pages)
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- AMD Vitis, Vitis HLS, Vivado, 2022.1
- AMD Ryzen 5950X, 16 core, 32 threads

« Results: Design Space Exploration (DSE) case study -uscsraw

NoC-based

HLS
- Monolithic

code gen.

1

——- v XU
Parallel HLS

Next Design Point gen.

Bottleneck Identification,

VIVADO’
Parallel

. »
param_space.json
e.g.: unroll factor,

Initiation Interval,
etc

FIFO
counters

— [eston FPGA 4

compile

¥

oC
done? j

VIVADO'

Monolithic
compile

<Automated DSE experiment overview>

- AMD ZCU102, UltraScale+ ZU9EG

<NoC-based system overlay>

:NoC

: pipeline regs (placed near PR pages)

Penn
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- AMD Vitis, Vitis HLS, Vivado, 2022.1
- AMD Ryzen 5950X, 16 core, 32 threads

« Results: Design Space Exploration (DSE) case study -uscsraw

NoC-based
- Monolithic

code gen.

1

Bottleneck

Identification,

Next Design Point gen. VIVA

param;space.json
e.g.: unroll factor,
Initiation Interval, FIFO
etc

a

— Test on FPGA

counters

——- v XU
HLS | Parallel HLS _

¥

oC
done? j

DO’

Parallel
compile

VIVADO'

Monolithic

compile

>
¢

<Automated DSE experiment overview>

- AMD ZCU102, UltraScale+ ZU9EG

8K 8K
8K 8K
8K 8K 1 i
Hill
8K 8K
T

<NoC-based system overlay>

:NoC

: pipeline regs (placed near PR pages)
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« Results: Design Space Exploration (DSE) case study eample: cnn-2 benchmark

PE=8 > PE=16

L31 L20
L21 | L3o0 L11
L4a1 | L4oO L10
L51 | Ls50 | B L0 1

5 5 g _0_

L_last L last
1 2

PS L _last_ O

L 0.0

Penn
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« Results: Design Space Exploration (DSE) case study

Example: CNN-2 benchmark

L31 L20
L21 | L3O L11
L41 L40 L1O0
L51 | Lso0 | ® L0 1
z

L_last L last

1 2
PS L _last_ O

L_0_0 200MHz - 250MHz

<NoC-based system>

) Penn
o‘.o Engineering
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« Results: Design Space Exploration (DSE) case study eample: cnn-2 benchmark

L3.1 L 20

L21 | L3.0 L11

L4.0 L10
PE=1 > PE=2

L51 | L50

NoC

L0 1

L_last L last
1 2

PS L _last_ O

L0O

Penn

<NoC-based system> a0 Engineering
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« Results: Design Space Exploration (DSE) case study eample: cnn-2 benchmark

L3.1

L2

1| L30

L4 1 L4 0

L.5_

1| L50

PS

NoC

L 20

L11

L10

L0 1

L last L_last

1

2

PE=1 > PE=2

L_last_ O

L0O

<NoC-based system>

And so on...

) Penn
o‘.o Engineering
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Results: Design Space Exploration (DSE) case study eample: cnn-2 benchmark

L last_1

Llast O L5 1

L50

L4 1 L40

PS

NoC

L20 | L30

L11

L21

L3 1

L0 1

L_last_2

<NoC-based system>

Already reached the final design point

=>» Migrate to monolithic flow

) Penn
o‘.o Engineering
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« Results: Design Space Exploration (DSE) case study eample: cnn-2 benchmark

[m]
L 3
HEE
EEENN
EEENEN
EEENEN
AEEEEENENEN
AEEEEEEEEN
EEEEEEEEEEEEENEN
EEEEEEENEEEEEEEEEN
EEEEEEN EEEEEEEN
o EEEEEEN
uu EEEEN
N EEEEN
HN EEEEEN
AEEEEEEEN
PS AEEEEEEEN
AEEEEEENN
AEEEEEEEEN
AEEEEEEEN
HEEEN L]

<Monolithic system — Just an illustration...>

Wanted to show that 14 operators are monolithically
compiled (slow)
NoC is removed
Continues to identify the bottleneck and refine until the
design space is all explored
oS5t
¥ Enginearing
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Best Kernel Latency (ms)

71

App latency, 3.8%

Rendering?

(

L\

NoC-ba| 2.2 hours I’

Tuning time,

2~3 min ¢ |

5.3hours |

10000 15000— 20000

Design Space Exploration time (seconds)

@® Monolithic system X NoC-based system

—@— Only Monolithic
—¢«@- NoC — Monolithic

) Penn
o‘.o Engineering
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\
2

0 traatmttaassssseesssesesees o Reduce tuning time by 1.3~2.7x while

‘o 2000 10000 15000 improving application latency by 2.2~12.7x
’ M‘ - ————————0

0 2000 4000 6000 8000 10000

20 \M Optical Flow#*

0 500 1000 1500 2000 2500 3000 3500 4000
gg M Shia
20

0 2000 4000 6000 8000 10000 12000 14000 16000

20

Best Kernel Latency (ms)
=]

0
0 5000 10000 15000 20000
DSE time (seconds) +— Only Monolithic
-e- NoC — Monolithic
<Selected DSE results: Our incr. refinement strategy vs Monolithic only>[!
gy y Penn

o‘o En 1necr1ng

UNIVERSITY of PENNSYLVANIA

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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Advantages

Just like SW, we can quickly map the application on the FPGA, profile
to find the bottleneck, and recompile only the functions that have
changed

Faster tuning time is expected because initial design points are
iterated with the fast separate compilation (2~3 min in some cases)

No loss in the performance for the final design

200MHz 200MHz

00000000000

] HEB8do8888a0

D DDDDDDDDDDS

250fiHz OO0ooooonn

@ |:| l:’ | B | 400MHz OO0OOooonon

=) |[Onooooooooo

[] [] [] [] [] [] 000OO00noon

OOpEoEOonooo

E ooooooooogg

[] [] [] [] [] [] 0oooooooooo

500Nz {5 all 350MHz goooooooood
\ ziora” ops J Monolithic
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« Soft NoC consumes FPGA resources
— For all traffic patterns, is the current BFT NoC the best?
« Some exploration for highly unbalanced traffic in [10]

« Conclusion
— SW-like Incremental Refinement FPGA development

 Fast Separate Compilation in Parallel using
NoC + (Hierarchical) Partial Reconfiguration

 Incremental Refinement strategy
* Profiling using FIFO counters

Thank you ©

[10] Park et al., “Asymmetry in Butterfly Fat Tree FPGA NoC”, FPT 2023

) Penn
o‘.o Engineering
UNIVERSITY of PENNSYLVANIA
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« Q. How is it related to FPGAs with hard NoC(e.g. AMD Versal)?
— Can create similar hard NoC + PR pages platform
 Limited NoC ports? Soft switch logic, Hierarchical PR pages
— Can instantiate similar FIFO counter logic in NoC interfaces
— Don't need to migrate to monolithic system

Fabric
Sub
Region |

Hardened Features
Gigabit Transceivers

Platform
Management

NoC
MC | MC | MC

High Speed 10s

<Example Versal Floorplanf®!> ) nn
o.o Er?ginccring
‘ mlml\ of PENNSYLVANIA

[6] I. Swarbrick et al., “Network-on-Chip Programmable Platform in Versal™ ACAP Architecture”, FPGA 2019
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« Q. How is it related to RapidWright from AMD Research?

— RapidWright is an open source framework that enables netlist and
implementation manipulation

— Fast FPGA compilation work with RapidWright: [7,8,9]

— PR is top-down, using a pre-routed overlay
: : * Pro: don’t need global stitching
0  Con: Requires NoC, NoC BW could be bottleneck
N — [11] doesn’t use NoC but still uses PR. (switchbox PR pages)
— RapidWright, bottom-up, going through the global stitching
S s * Pro: don't need NoC

|  Con: Requires global stitching

— Fast routing challenge?

[7] Thomas et al., “Software-like Compilation for Data Center FPGA Accelerators”, HEART 2021 LT L] P nn

[8] Guo et al., “RapidStream: Parallel Physical Implementation of FPGA HLS Designs”, FPGA 2022 '.‘ e = .

[9] Nguyen et al., “SPADES: A Productive Design Flow for Versal Programmable Logic”, FPL 2023 .‘. _E_r_lglnccrlng
[11] Xiao et al., “Fast linking of separately-compiled FPGA blocks without a NoC”, FPT 2020 UNIVERSITY 0f PENNSYLVANIA
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« Q. Doesn’t Vivado support Out-of-Context flow? Without PR?

— In synthesis, does save compile time.

* HLS/Synthesize A.cpp, B.cpp, C.cpp, D.cpp
 Then, stitch *.dcp = Top-level stitching isn’t time-consuming

— In implementation, does NOT save compile time.

| A.cple B.cple C.cple D.cppJ

|} |} |}
|} |} |}
v . .
Separate HLS/Synthesis/Place/Route = u u
|} |}
: v
v |}
A Y
n
n
Vendor tool (Vivado) imports separately
placed/routed DCP files and runs another =
top-level place/route .
. o J gy
v <Hierarchical Design Tutorial, ug946> Penn

Q) Engineerin
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« Q. Why do you need a NoC? Why not just PR pages?

— Then, the static logic is application-specific
= Need a new static logic for each application?

etgce -

LI ]
LI
B D [ ]
HA ﬁ ? LI

B Penn
<No NoC, only PR pages> Engineering
UNIVERSITY of PENNSYLVANIA
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« Q. Why do you need a NoC? Why not just PR pages?

— Then, the static logic is application-specific
= Need a new static logic for each application?
= Can’t add new operator. Interconnection between operators can't

etgq@

change

=

etgqe G

<No NoC, only PR pages>

81
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« Q. Why do you need a NoC? Why not just PR pages?

— Then, the static logic is application-specific
= Need a new static logic for each application?
= Can’t add new operator. Interconnection between operators can't
change

— If you are fixed with interconnections of operators, then possible![10]
— Or with switchbox PR pages!!l], possible! = More wires

|
Page XOY6 3”] gﬂxwa%* l’ageqxl\rbm Page X3Y6

?30—{— 30 ! 13‘0
Page XOY5 T2 Pagel N1Y5 =52 Pagel N2VS=22 Page X3V
B D MDAy ===y =2l
|
1
|

164
page‘ \mw =E Paglel Yiva %: Pa 'e' 'ﬁzw ._m" P age xsw

l30 7
Page‘ l\ﬁﬂYB j"Pagg ﬁ\ﬂ %" Pa%e 2‘13._;“ P: age‘ ?{3\'3

[ O
A |[c R T [ hC I
HEIEE

[ swiensor AXLDMAT, Pu% 5i2Y1—=- lagé‘ Sml

_PAGE
|:| User Logic 1‘.ge'5|;§2y(l ,_,7,: lag‘:‘d;:&\rﬂ
<NoC + PR pages>
<No NoC, only PR pages>[°! <SW PR pages + Logic PR pages>["! P

) Penn
[10] Xiao et al., “HiPR: High-level partial reconfiguration for fast incremental FPGA compilation”, FPL 2022 .‘. Englnccrmg
[11] Xiao et al., “Fast linking of separately-compiled FPGA blocks without a NoC”, FPT 2020
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Q. Some limitations on Vivado PR technology?
— Abstract shell, not perfect

« 1In [3], size of static design of abstract shell(quad page):
129 LUTs~15508 LUTs = Had some workaround in [3]

 Note: size of quad page is about 30K LUTs

g4 P

L cenn
[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 .‘. Englnccrmg
[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024 UNIVERSITY of PENNSYLVANIA
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Q. Some limitations on Vivado PR technology?

— Abstract shell, not perfect

« 1In [3], size of static design of abstract shell(quad page):
129 LUTs~15508 LUTs = Had some workaround in [3]

 Note: size of quad page is about 30K LUTs

— Static routing over reconfigurable regions
* Addressed in [5]

— Reconfigurable module relocation?
* Note that in page assignment, if it needs to be moved to a

different single-sized page, it needs to be newly placed/routed.
=» Partial bitstreams can’t be simply relocated

Penn

() . o
[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 .‘. Englnccrmg
UNIVERSITY of PENNSYLVANIA

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024
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N
[e0]
« Q. Some lir _|
‘ * InVivado PR, static net can route over reconfigurable regions
— Abstract | » static «» reconfigurable: interface nets
° In [ rr * static < static: can be prevented =» CONTAIN_ROUTING ON
129
* Not
— Static rd ———————
. Add 0 l'
— Reconfig ek
*  Not ey !
diffq I
sl 0 I E B N I /
: NoC, : Pipelie regs Static routing, PR
[3] Park et al., “Fast and Flexible FPGA Development using Hierarchical Partial Reconfiguration”, FPT 2022 E_ngineering

[5] Park et al., “REFINE: Runtime Execution Feedback for INcremental Evolution on FPGA Designs”, FPGA 2024

UNIVERSITY of PENNSYLVANIA
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* Q. How to determine whether a synthesized netlist

fits in @ PR page or not?

Irregular columnar resource distribution of FPGAs
AMD PR technology allows static routing to route
over PR pages

Every design (netlist) has different routing
complexity

* E.g. 60% LUT util could fail in some designs
while even 80% LUT util doesn’t fail in some

designs

e Qur solution

Per each PR page, train a classifier that predicts
whether a netlist can be successfully mapped
or not

Train input: a variety of designs with different
resource util, Rent complexity, etc

Features: post-synthesis resource estimates, Rent
value, average fanout, total instances

86
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« Q. How difficult is the designs decomposition?
— For some designs, intuitive

— For some designs, more challenging
— Some of our benchmarks are from Rosetta HLS benchmark![31 that
are not necessarily in dataflow form

(o o o o
Tz e o Tiao o o
oo i o Tiso o oea
N ) = I B )

) Penn
o‘o Engineering
UNIVERSITY of PENNSYLVANIA

[3] Zhou et al., “Rosetta: A realistic high-level synthesis benchmark suite for software programmable FPGAs”, FPGA 2018
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« Q. Final design point of our incremental strategy vs monolithic-
only flow?

In our experiments, they reach to the similar final design points

But

sometimes the final design point of the NoC flow doesn't meet
the timing in the monolithic flow

sometimes NoC flow fails earlier than the monolithic-only flow
sometime monolithic-only flow fails earlier than the NoC flow

Different implementation directives?

Penn

() 5 "
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