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Introduction



Modern FPGA Macro Placement Challenges

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

Massive Design
» Millions of cells in a single FPGA design

Highly Heterogeneity

» Various cells types (macros & standard cells)
» Cascaded macro

» Cascaded macro group

Highly Discrete
» Clock region
» Fence region constraint



FPGA Architecture (I)

Various Instance Type
» Heterogenous resources & columnar distribution
» LUT & FF (standard cell, placed in CLB)
» DSP, BRAM (Macro)
» IO, etc.
» Clock Region

Fence Region Constraint
» Cells s.t. the constraint must be placed within the region

» Stem from clock regions or can be user-defined
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FPGA Architecture (II)

Cascaded Macro (CM)

» Cells must be placed in continuous columnated sites in a prescribed
sequence

» Constraints on two macro types
» Cascaded DSP Macros

» Cascaded BRAM macros

Cascaded Macro Group
» definition: cascaded macros + the standard cells closely connected to them

» e.g., I/O signals of cascaded DSP macros are often connected to
numerous FFs (~100)

FPGA macros significantly impact the overall routability of the design!
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Contribution

We propose OpenPARF 3.0, a robust FPGA macro placer considering both fence region constraints and
cascaded macro constraints.

>

We propose a novel accompanied by a footprint compression
technique to effectively handle the discontinuity in the fence region.

We propose a scheme which can effectively addresses
robustness issues.

We propose a to address the imbalance issue of cascaded macro
sizes.

Experiments demonstrate that OpenPARF 3.0 can achieve overall score improvement as
well as speedup compared with Xilinx Vivado 2021 .1 and other SOTA academic FPGA

macro placers.



The OpenPARF 3.0 Framework



Circuit Architecture
Netlist Constraints
)] 4

Data Initialization

Density Weight Init.

Macro Shredding Init.

Overall Flow of OpenPARF 3.0

Two-stage FR-aware &
CM-aware Macro LG

Area Adjustment (if needed)

A

Look-ahead 10O IG (if needed)

Global Placement Model
Wirelength Model

Multi-Elec. Density Model

Multi-Elec. Region Model

Opt. Algorithm

Grad. Preconditioning

Nesterov Opt.

Macro Shredding

v

Placement
Results




Global Placement Model

Resource Tpye Set T

T ={LUT,FF,DSP,BRAM,I0}.

Multi-Electrostatics-based Global Placmment Model

considering fence region constraints and cascaded macro constraints,

rgcliynL(xr Y) = VT/(x, y) + Zs €S ASDS/
s.t. Dy = O + g?scbg,vS e SP y Sk,
Cascaded macro Constraints,

where S denotes the multi-electrostatics density model as OpenPARF ,
Sp = {SLur, Sk Sgsp» SgRAM' S?o}-

Multi-Electrostatics-based Region Model

Sr denotes our proposed multi-electrostatics region model to resolve fence region constraints.



Multi-Electrostatics Region Model (I)

Multi-Electrostatics-based Region Model
For each resource type t € T within each fence region f € F, we construct an electrostatics system S/

In other words, we construct |[S¥| = |T||F| more potential energy terms as the density objective.
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Multi-Electrostatics Region Model (II)

1. Placement Instances
All placement instances are firstly categorized as movable instances, fixed instances, and fillers.

Fillers are artificially created for the purpose of target density control for each electrostatics system.
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Multi-Electrostatics Region Model (I1I)

2. Assigned Instances

The placement instances are then assigned to electrostatics systems based on 1) their resource type and 2) the
constraints imposed by the fence region they subject to.

Region-free Instances will be discarded.
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the background density is set to zero, indicating the permissibility of placing instances
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For sites without capacity, the background density is set to the non-zero target density.

3. Background Density Maps
For sites with capacity,

on those sites.
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Footprint Compression Technique

Memory allocation is required to store the sizes of placement instances under different electrostatics systems.

Space Complexity of previous approach: O(#nodes x #eSystems)

Three Observations

Redundant Zeros! Duplicated Sizes!

» Each movable and fixed instance subject to at most one fence region N /\ ‘
constraint. il o .
S . . . . A E
» Each filler is exclusively associated with one electrostatics system. . ki
I I [ I

» Filler sizes within the same electrostatics system are consistent.
Footprint Compression Technique

» For movable and fixed instances

o 1} : the electrostatics system to which instance i is assigned

o K : the size of the instance

» For fillers 3 M < lo
o If : the electrostatics system to which instance i is assigned 7" = ... -
: : oy : V O .. i gl o s R
o K{': the size of the filler within electrostatics system - TR K 7

Space Complexity of our approach: O(#nodes + #eSystems)

Reduce the GPU memory usage from 21.4GB to 3.9GB on case Design 142 with 22 fence regions!



Divergence-aware Density Weight Scheduling

Igcliyn L(x,y) = W(x: ¥) + Xses AsDs,
s.t. Dy = b + gPScbg,vS € Sp U Sk

The update strategy for density weight 4 also plays a crucial role in the result quality and optimization stability.

Two additional auxiliary variables
wi™ =" oW /ozi1, Vse S
1E€EN
dit) = |\vDP|;, Vse s

where JV; represents all the nodes within the electrostatics system s.

Divergence-aware weight
0t — max (1, d(t+1)/'w(t+1)) /)\(t)

AL (t+1) o D) ,y/e(t-l-l))

min(w

When the optimization comes to the final stage, the large density gradient (|d| > |w]) is likely to cause the
optimization to diverge.

|4
d§t+1) /W§t+1)'

0 can effectively govern the growth rate of A not to surpass a upper bound



Cascaded Macro Shredding Technique

Pesudo Net Weighting within Cascaded Macro Group

Enlarge the weight of nets within the cascaded macro groups by a factor of two.

Macro Shredding

1. substitute large cascaded structures with multiple individual macros.

2. shred the cascaded macros into individual macros and update the placement

3. At the end of each iteration, arrange the shredded macros in a columnar shape based on the
horizontal coordinates of their center of gravity.
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Experimental Results



Experimental Setup (I)

Implementation

» C++ & Python

» Build upon OpenPARF for agile development with GPU acceleration
Machine

» Intel(R) Xeon(R) Silver 4210R CPU (2.40 GHz, 10 cores)

» 512GB RAM

» One NVIDIA RTX 2080Ti GPU

Benchmark Suite

» MLCAD 2023 FPGA Macro Placement Contest

Macro Placers for Comparison
» Vivado 2021.1: arepresentative FPGA placement commercial tool

» UTDA, SEU, and MPKU: top three winners in MLCAD 2023 FPGA Macro Placement Contest



Experimental Setup (II)

Evaluation Flow

>

for macro placer = Vivado 2021.1
Macro Placement

+ Standard Cell Placement

Checkpoints > MBI H BT > > Results

for macro placer =
UTDA / SEU / MPKU /
OpenPARF 3.0

Evaluation Metrics

Metrics Indication

Score Overall evaluation of placement runtime, routing runtime, and routability
Routability Short, long, and global congestion

#ripup Detailed routing overflow

RTyp; Macro placement runtime




(0T X) S@dUBISUI# (0T X) S9dUBISUI#
n o
~ o
©o ©o

7.00
6.75
6.50 —

[ 6.25
6.00
5.75
7.00
6.25

I 6.00
5.75

AV

38%-47%
90%

0%-44.29%
12,5, 7, 10, 60} x
12,5, 7, 10, 30} x

80%-90%
80%-
0.65-0.72
0-22
0-285K

2.4K-2.7K
70%-84%

Statistics
140
558K-711K

Design (24 clocks)
Design (38 clocks)

Designs
Number
#Instances
#DSP+#BRAM
LUT (%)
FF (%)
BRAM (%)
DSP (%)
Rent’

#Regions
#Instances within Regions
Instances within Regions (%)
Cascaded DSP Macros Size
Cascaded BRAM Macros Size

—#— #instances

o o
o o
S un
N -

SOIDeN# SOJDOBN#

2500
1000
500
2500
2000
500
1000
500

#BRAM

(0T

X

) SedueISUl# (s0TX) s

0

7.00
6.75
6.50
6.25
6.00
5.75
I 7.00
6.75
6.50 —
6.25
6.00
5.75

#DSP

Design (1 clock)
Design (30 clocks)

iculty

(1, 24, 30, 38)
o Rent’s Exponent (0.65, 0.67, 0.7, 0.72)

istics

o #clocks

-
=
Q.
-
)
Q
e
©
1
-
Q
5
—
Q
Q.
<
(]

» 16nm single-die UltraScale+ xcvu3p
» 140 synthetically generated designs

» Varying levels of diff

Benchmark Overview

Benchmark Stat

o o o o o o o o o o o o
o © o o o o © o o o
n O w1 O I n O 1 O I
N N A A N N = A
SOIDeN# SOJDBN#



s Zs
oY o2
B %«@\O | N\N [od
%% e %,
B % 4\/«\ Q
K .\,MW i &9
5 ,«\%Q nvﬂ\/ @Q
ﬂ//.\%eQ I 4 Q%Nwz
L o&% \\N%Q
% L
\/«\ [% o
- % 2, 0
%, 0 <, %,
B «\mw% EoN%
% o r S
L 2 9B, %
. % | 2% ¢
%, O B,
- % So,
S 2, [%4
%, O t 2N
- ), o, N
N .\ezo 2 O
N . s,
L 12 2
(@] 5 % %%,
% O . 12
. L % o %
o % R%
(49] %, © L 2
L S, %,
<o >, Q@
[x L % @ . 2
@ % %,
o' i % L %
< T PR & %
~ @ x| %7
Dl. OFr %. (@] S
o @ % O O
g ot %, Sf “
) 23 Y
o < %O 9 (Y
p (2 i wo\zoa aor 0&9
@, o~ %0
o g e .
ap <, O .20 %N
0k < ol 2% Q
5} R, O %
> "0 o)
a (@) %, ©

better than UTDA
better than MPKU
MPKU

Q | ”
= . 0, /. S,
% L %
- “, O, By
2 B 0
s A | o %
RO
% > O
< \ezO o
L 5 %, ' 9
o O RN
I %, t 9
St %%
L o&e L 12
e, o %
t L N . s
N @Q Aﬂ@
o) 7
F = =) = L o v o 1w o
n e x — N S . [}
A A - -
I 24008 94095
o o o
L 2 L 2
2 <oy 8 <y
e, 0 2, 0
L ‘s, L %
t O N L%
%,«\ (o >, O
| @\ i % [ 2, %
SRS 2.
e i % [ o %
<q C 0 KNS
i Ke wma [l < owo\,w
A P2 2,0
— 3 P &w& [l o %
— B R % C @ ,c%zo
) o % %
e h L 0 @, %
L ‘s, L %
,onv Oy b% KON
t ™, Q@ 7, ©
— i e % T 2. %
. amv,«\ © %, o
i o %, I 2 %
— €0 KA
t B P A.wuv il 2 owo\,mo
ﬁD (Q\ ©u 0 %40
- o o«we i Q Q%Nw
() Ww,«\%zo % % ©
- d ‘s,
PN %
o (Q\ | A G 0
On s 8
2, %%
h ~ i w«%o | B O
- O . o .0
o — = 50 2} %0
oy §©) v} %% O %,
0p)] Q) of %" OF “,
. a l®) o \xnu . O \m/.ezQ
> D —I 0% ot %
— Nz i S a,%
© S 3 (S &ezo <[ @ %
=y % 1 %
p V U2 1@ 9] 9y Wo % %,
al W«&O oL Q&Q
S g © %, % O %, %
L PN L %
O © © > o % % %,
. <, K
© g g aJ % | %
o8 S5 = £ =
i 2. % [l %
C 1 — — %, o %, o
L 2 L 2Y
L Q @ o, <,
0 S P : B S
-— -— Br S
a r Q Q - @x«&ao I N
NN %, 0
p O b b [ @ o&ez [ & c&ae
Cr. " \
I % | N
3, S,
c ) o
I ‘% | T4
3, S,
S %, o %
I 60 | Gy
<5, B P
Lo L %} %40
o — =
a i 5 N&%O [ K Q&ez
on R N
] L Y O I ©%s @
S, KN
<) A A A @y, 0
i % A.wee [ 2 o&é
V B x«\ooo - ,0«%0
0N Y
O ’ ’
o o o o o S o <o o o
» F ® & 9= D » X —



N
.
b
@)
©
A
)
—
<
U
o
)
—
7
QU
)
©
)
vp
<
e

1SON wi

Compar

Routability Comparison on MLCAD 2023
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OpenPARF 3.0

Design (24 clocks)
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Design (38 clocks)
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Robustness Evaluation

Overflows and HPWL Comparison on the Design 156
» The density weight updating method in

—— BRAM — 10 —— Norm. HPWL
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Conclusion & Future Work



Conclusion & Future Work

Conclusion

» OpenPARF 3.0:arobust FPGA macro placer considering cascaded macro groups
and fence regions

» We resolve the by a novel multi-electrostatics region
model to handle the discontinuity of the solution space

» We propose a macro shredding technique to mitigate the

» We propose a dynamic density weight scheduling scheme to address
issues of divergence

Future Work

» Timing-driven / Routability-driven FPGA Macro Placement
» Reinforcement Learning for FPGA Macro Placement
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