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Modern FPGA Placement Challenges

The modern FPGAs come with advanced technologies along with more challenges.

Massive Design

» Millions of cells in a single design

Highly Heterogeneity
» SLICEL-SLICEM Heterogeneity
» CARRY Chain Alignment

Highly Discrete
» Clock Region Constraints
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Modern FPGAs contain heterogeneous resources, including CLB, DSP, BRAM, 10, etc.

Two Categories of Slices: SLICEL and SLICEM

A Configurable Logic Block (CLB) is further categorized to SLICEL and SLICEM with asymmetric compatibility.

SLICEL

SLICEM

DSP

I0

BRAM

SLICEM

SLICEL
EEE 2 :
: :
o[ S :
CLB Distributed
Slice | LUTs | FFs | CARRY RAM SHIFT
SLICEL | 8 16 1 NA NA
SLICEM | 8 16 1 512 bits |512 bits

Logic Resource on One CLB Slice

FPGA Layout
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Distributed RAM or SHIFT as SLICEM

Three LUT-like instances: regul:c}r LUT, distributed RAM and shift registers (SHIFT).

SLICEL SLICEM

x 8 + x1+ G« 16 — x 8+ =1+ [ = 16

Distributed RAM

» LUT can only be used for logic (not memory) » LUT can only be used for logic and
» Has Carry chains » Has carry chains
> between LUTSs, distributed RAMs, and

SHIFTs in a SLICEM is allowed.

. : DESIGN
1SRL (Shift Register Lookup table). t
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Clock Constraints

: The clock demand of each clock region is at most 24.

: The number of clock nets within the half column is at most 12.

Half‘Column
DED REEpRER anEp =25/ )
EEW EEEN RN S =y
sLIceL |1 Clock Tl b ==/ :
Eos wealues meD N A,
| - " L/ IV .

[ ] ool poollioEzl T YAy, =7 lllustrations of the
SLICEM DDDIDDIDIDDDDI v=/ / i/ 1 clock demand of
DED BEEDY ( DED EEE A =/ / i

ppn applopEn EEE /é /"/5/? a clock region.
op |HEE IDDIDIDDDDI Vw7 =
CENEE (ECENMEEE L T/
poE speloEn BB G2 Z )
B oD DEgEED | DED Ay A AR
0 EDE EoEllEoEE EEE o
pEE mpnlpEs EEm | /'1 e /:0/'
S REEEREEE T EEEREEE : .
IEE Sl DEE EEE | / 1
BRAV HEE EnElEEn  nEE (2 /2 /1Y
FPGA Layout
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Cascaded CARRY Chain

Cascaded CARRYs and the immediate LUTs and FFs should be placed in

CLBs in the same column.
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Prior Work Taxonomy

Placer Clock LUT, FF, BRAM, CARRY, SHIFT, distributed GPU- Algorithm

Constraints DSP Supported RAM Supported Acceleration Category
RippleFPGA X \/ X X Quadratic
GPlace X \/ X X Quadratic
UTPlaceF X \/ X X Quadratic
elfPlace X \/ X \/ Nonlinear
GPlace 3.0 X \/ X X Quadratic
RippleFPGA Clock-Aware \/ \/ X X Quadratic
UTPlaceF 2.0 & 2.X v v X X Quadratic
NTUfPlace \/ \/ X X Nonlinear
Ours \/ \/ \/ \/ Nonlinear
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Our Contributions

A heterogeneous FPGA placement algorithm considering SLICEL-SLICEM
heterogeneity and clock feasibility

» A new multi-electrostatic formulation for asymmetric slice compatibility from
heterogeneity

> A alignment technique to achieve the hard constraint in an iterative
manner

> A technique to eliminate violations of the discrete clock
constraints

> A Lagrangian relaxation-based technique for wirelength, routability, and
clock optimization with a preconditioning technique to

stabilize the convergence

A DESIGN g\
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Proposed Algorithm
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Multi-Electrostatics based FPGA Placement

Analogy between placement of a single resource type and an

system,

Layout

Instances

>

Electrostatics System

Instance Density
p(z,y)

Electric Earticles

Density Penalty
D(z,y)

Charge Density
p(z,y)

Electric Potential Energy

Density Gradient
N 2,4 D

Electric Force

VAR
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Multi-Electrostatics based FPGA Placement

Layout Electrostatics System
Instances - Electric Particles
3 >
Instance Density |, Charge Density
p(z,y) p(z,y)
Density Penalty - Electric Potential Energy
D(SL‘, y) D = ZZ ;s
Density Gradient - > Electric Force
Va,yD YV w,y P
Each resource type has a electrostatic system,

min W (x, y),

Xy

s.t.d.(x,y) =0,Vs € S ={LUT,FF,DSP, BRAM}.
W (-): Weighted-Average (WA) wirelength

< ® DES|
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Unconstrained Problem Formulation

Formulate with constraints and alignment constraints,
min W(x,y),
X,y
s.t. &.(x,y) =0,Vs €5,

clock penalization term: I'(x,y) = 0

Carry chain alignment constraint.

Transfer the constrained problem into an one,
min L(x,y; A, A,n) = W(x,y) + z ADg +nl'(x,y)
X,y
SES

Dy = By +5CP2,Vs €.
G 25 |
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Electric Field Setup

Define the field type set S with special field setups to handle SLICEL-SLICEM
heterogeneity, S = { ) , FF, CARRY, DSP, BRAM}

wn
—
H
(@)
m
—

LUTL

Electric field for the LUT resource (both SLICEL and SLICEM)

SLICEM
LUTM-AL — -
Electric field for the Additional Logic resource (SLICEM only)
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Special Field Mechanism

Fields LUT and LUTM-AL form an combination mechanism together.
SLICEL SLICEM
. LUt . SHIFT I:I Column |:| Column
LUTL Field LUTM-AL Field Two Fields
Crur
PLUT Drur PLUTM_AL |Prurm_ AL +
Prurm_aL
Initial 1.07 _ 1.01 - -
|| oob—s 0.0 l»x
Solution H | |
| 1.01 Low 1.01 Low Low
_E 0.0—L 0.0 Lx
Solution [ [
I 1.07 Low 1.07 [ High High x
E 00— 0.0-—
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5% AUTOMATIG:. |



Two-Stage Clock Network Planning

1. Generate instance-to-clock region mapping using the branch-and-bound method

|II

2. Introduce bowl-like and “gravitational” attraction terms for optimization

min L(x,y; A, A,n) = W(x,y) + Z AsDg +nl(x,y)

x,y
S ES

HOE DEEgEDEDE DOONEOE DOEE
DO DNESD0EL DOOePOEL OFEE
I o o oo o [
DO0 DEEOFEDOE DOONEOOe EHEE
HEE OEESEEE | DEESE L | EEEE
OO0 | DEOF N iREees 0 OO0
OO0 DEOFEEE ERRgfOn OO0
DNEL DOD0N AR EEER OO0 OROE
DDDDDDDDDDDDIDDDDDD

DDDDDDDDDDDDDDD[DDW
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OO0 OEES NS aeEs000n  OEEE
DO DEEpEDE EEOgEOEO DNEN
HOE DEEFEDOE DOONE0E DEE
DO DEEEEEEL DOOEEOE DOEE
DOO | DEOpD0DE DOOgEOEO DOEH
DOE DEEOFEODE DOONE0OE DOOE
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Divergence-aware Preconditioning

Stabilizes convergence by preconditioning the gradient VL® by

Improve elfPlace’s approaches using the divergence-aware weighting method

¢ dx?

_|e|—1'

-1 °W(x,y) w _
» elfPlace: ?.(t)~max(1,[?iw+/1§t)uq{] ),wevs,PiW=—y~ z ‘_VieV
€E;

-1
» Ours: PO ~ max (1, [?iW +Yses Agt)u‘lf] )

Divergence-aware
®  Preconditioning
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Divergence-aware Preconditioning

balances the ratio of the gradient norms from density and wirelength

The fast increasing of this ratio indicates the divergence

ﬁs(t) = max (1, >,Vs €S,
Zievs’"| |
— Zievr SDLW
PV = S Vs ES,
* |V |
=90 O PV,

Divergence-aware
® Preconditioning
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Overall Flow: Nested Optimization Framework

Architecture
Constraints

Circuit Netlist

A | 4
SLICEL-SLICEM Heterogeneity-aware Global Placement
( B . )
Multiplier Initlization Clock-Aware Legalization
P & Detailed Placement
| Ly : CR-wise Direct
: Clock Penalty Satisfy clock . Legalization
Updating constraints?

! Clock-aware
: Multi-stage ISM
I |’_£2_ ______ Detailed Placement
[ Instance Area Any routing \ )
L Adjustment Congestion?
: : A\
Lz Placement
: : | Density Multipliers Is overflow Result
1 ! Updating small enough?

|
I —
(| T r
: Y Diverge-aware
| : I Nesterov Optimization

I 1
Py :_Carry Chain Alignment |
: : ] Correction
\ ;IJ>

J

Y
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Overall Flow: Nested Optimization Framework

Clock Opt.

>
» Two-stage clock network planning

Density Multipliers
Updating

Diverge-aware

Nesterov Optlmlzatlon

.w l\ M

DESIGN
AUTOMAﬂ&




Overall Flow: Nested Optimization Framework

Clock Opt.
>

» Two-stage clock network planning

Routability Opt.
>

» Area adjustment scheme

Any routing
Congestion?

Diverge-aware
Nesterov Optimization

Carry Chain Alignment |
Correction
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Overall Flow: Nested Optimization Framework

Clock Opt.

» Two-stage clock network planning

Routability Opt.

v|

» Area adjustment scheme

Wirelength Opt.
>

» Weighted Average (WA) wirelength model

Diverge-aware
Nesterov Optimization

DESIGN 44\
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Overall Flow: Nested Optimization Framework

Clock Opt.

» Two-stage clock network planning

Routability Opt.

v|||

» Area adjustment scheme

Wirelength Opt.

‘|||

» Weighted Average (WA) wirelength model

Diverge-aware
Nesterov Optimization

:_Carry Chain Alignment |
Correction

Subproblem Opt.

» Divergence-aware Preconditioning

DESIGN __ A\
» CARRY chain alighment after each descending step =
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Experimental Results
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Experimental Setup

Machine
» Intel Xeon Silver 4214 CPUs (2.20 GHz and 24 cores)
» One NVIDIA TITAN RTX GPU
» C++ and Python with Pytorch for GPU acceleration

Benchmark suites
» ISPD 2017 clock-aware FPGA placement benchmarks with 0.4M — 0.9M cells
» Industry benchmarks with heterogeneous cells, i.e., SHIFTs, distributed RAMs and CARRYs

Placers for comparison
» UTPlaceF 2.0

RippleFPGA

UTPlaceF 2.X

NTUfplace

vwvyy

¢
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Routed Wirelength Comparison

> better than UTPlaceF 2.0 > better than UTPlaceF 2.X

> better than RippleFPGA > better than NTUfplace

I UTPlaceF 2.0 I UTPlaceF 2.X EE Ours (GPU)
1 RippleFPGA B NTUfplace

=
N
o

=
=
(9

Norm. Routed WL
= -
o =
L{'I (@)

=
o
o

Designs with {LUT, FF, DSP, BRAM, 10} DESIGN
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Runtime Comparison

> faster than UTPlaceF 2.0 > faster than UTPlaceF 2.X

> faster than RippleFPGA > faster than NTUfplace

I UTPlaceF 2.0 I UTPlaceF 2.X B Ours (GPU)
@ RippleFPGA B NTUfplace

10 | | | | | | | | | | | | |
9.
) 8
£ 7
=
-}
£ 4]
2 ]
1 ]
I
TS P COIN O S S R @ 0 Y 3
<X < <° < <° < <° < < < < <° <
o o o o o o o o o o o o o
speedup with GPU acceleration ! BESIAN__ A\
AUTOMATIC: |




Ablation Study on Heterogeneous Industrial Benchmarks

w/o precond or chain align w/o precond w/o chain alighment
> designs diverge > designs diverge » No divergence
> routed wirelength > routed wirelength > routed wirelength
= runtime > runtime » Almost the same runtime
1 w/o precond & w/o chain align 3 w/o chain align 1 w/o precond & w/o chain align 3 w/o chain align
I w/o precond E= Ours I w/o precond E= Ours
1.35 I T T I I I I 3 I | | | T T
1.30]
|
= 1.25] 0
© =2
£1.20 E
21.15] o
; _ £
% 1.10 S 1
1.00]
INDO1 INDO2 INDO3 INDO4 INDO5 INDO6 INDO7 O™—7NDOI INDO2 INDO3 _INDO4 _INDO5 INDO6 INDO7

Designs with {LUT, FF, DSP, BRAM, IO,

DESIGN &i / \»
Distributed RAM, SHIFT, CARRY} 122
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Conclusion & Future work
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Conclusion & Future Work

» A multi-electrostatic FPGA placement algorithm, considering SLICEL-SLICEM heterogeneity

» A nested optimization paradigm for wirelength, routability, and clock feasibility
» Divergence-aware preconditioning technique

» Smooth clock penalization technique

> better wirelength with speedup

» Timing-driven placement

» Parallelize legalization and detailed placement
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Thank Youl!
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