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Motivation

Wele]le

HLS Abstraction level Synthesis

* Mapping
» Datapath clustering
* (Gate minimization

« Scheduling
* Loop opt.
* Tiling
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Motivation

Behavioural Synthesis
Behavioural RTL — Synthesis Friendly RTL

, Logic
Abstraction level Synthesis

* Scheduling ( o \ * Mapping
« Loop opt. Whose jobiis this? « Datapath clustering
* Tiling (@?b Ks:b)+(a?c:c<Ks) * (Gate minimization
Not optimized ((a ?b:c) K S) + (a?c:b) Not optimized b
imiz y

by Stratus . :
Design Compiler
Manual RTL
‘@_’ Optimization @
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Motivation

Behavioural Synthesis
Behavioural RTL — Synthesis Friendly RTL

Logic
Synthesis

* Scheduling ( o \ * Mapping
« Loop opt. Whose jobis this? « Datapath clustering

* Tiling (@?b Ks:b)+(a?c:c<Ks) * (Gate minimization

‘ Abstraction level

Not optimized ((a ?b:c) K S) + (a?c:b)

by Stratus Not optimized by

Design Compiler
Manual RTL
@ Optimization @
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E-Graphs ® egg: e-graphs good 2
= Compact representation of equivalent designs (CVCS,
* Maintains history f tl

= Combine program analysis & rewriting as Y

= Constructive rewrite application — phase ordering

a=1xa=(1x*(1x*a))

2 ax*s ax*1 Extract ‘best’
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E—Syn:| E-Graph Rewriting|with Technology-Aware Cost Functions
for Logic Synthesis

Chen Chen’ Guangyu Hu' Dongsheng Zuo
HEUST(GZ) HEKUST HKUST{GZ)
cchen099@connect. hkust-gz.edu.cn ghuae@connectust.hk dzuo72li@connect hkust-gz edu.cn

Equality Saturation|for Datapath Synthesis:
A Pathway to Pareto Optimality

Ecenur Ustun!, Cunxi Yu?, and Zhiru Zhang!

ESFO:|Equality Saturation|for| FIRRTL Optimization
Yan P1 Hongji Zou Tun Li

There and Back Again:
A Netlist’s Tale with Much Egraphin’

Gus Henry SmithT, Zachary D. Sisco¥, Thanawat Techaumnuaiwit¥, Jingtao Xia¥, Vishal
Canumalla®, Andrew Cheung*, Zachary Tatlock, Chandrakana Nandi$, Jonathan Balkind¥

T University of Washington ¥ University of California, Santa Barbara § Certora, Inc.
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ROVER - RTL Opt. via Verified E-Graph Rewriting
a b

b

\‘Q/ = Datapath d ¢

ARITH o Ex“ac“’” @
2022

Looks like 2 CPA Just1CSA

Rewrite

ROVER Front-End / ROVER Back-End

egg Extraction
.—).—> VeriLang — —— E-Graph —)?—> VeriLang —— ——
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ROVER - RTL Opt. via Verified E-Graph Rewriting
a b

C
New: power \Q‘;/

optimization rewrites o L ooks like 2 CPA Just1CSA

Rewrite I

Datapath
Extraction

ROVER Front-End cqg ROVER Back-End

Extraction
— —— VeriLang — — E-Graph —— —— VeriLang —).—».
: T

Measuring Power

RTL/Netlist/...

N ey Y| Dynaricponer
Gate level activity y P
Workload
RS | crmmmeaET intel.
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ROVER - RTL Opt. via Verified E-Graph Rewriting
a b

b
New: power SB  Dotapath @ c
New: power T Extraction
optimization rewrites
= — Looks like 2 CPA Just1CSA

Rewrite I

—— —

egg IExtraction I

—— —— VeriLang — — E-Graph —I—>.—I> VeriLang ——

| |_T_
. é _ Switching
’ ~Activity

ROVER Front-End ROVER Back-End

R

Simulation

— New: efficient
e-graph simulation

RTL/Netlist/...

N ey Y| Dynaricponer
Gate level activity y P
Workload
RS | crmmmeaET intel.
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Don't Cares — hardware is not software

if a:
£0x) Software — lazy evaluation:
- f(x) only computed if a=true
else: :
Hardware — eager evaluation:
gy) f(x) and g(y) always evaluated
» Muxes introduce potential redundancy DAC 2023 - exploit don't

* Redundant computations = wasted power care for performance

a?f(x):g(y) »a?f'(x):gl)

Don't care
a=false
Such that: -
o _[fG ifa Care
o0 {don’t care else a=true
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Redundant Computation & Wasted Watts

mis_lg0[14:0]

T~
/”'\J_/

minarrayeliment
[14:0]

AYE

cube

Ny
™0
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if buffer=1

* redundant
computation

Ny *  wasted power
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Redundant Computation & Wasted Watts

cube buff if buffer=1
e redundant
i )
mis_lq0[14:0] A ; computation

\/l\ >0 5 Ny * wasted power
16 < 7

" —31—»0
I /@H1 ;}5 .
minarrayeliment 1

[14:0] face[2:0] qgstride[16:2] Redundant if
shift[3]=1

vaddr”

Redundant

£ S=0 Redundant

if en=0 Redundant

if m=0

Muxes Enabled Regjisters Masking/Saturating
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1) Data Gating/Operand Isolation — Zeroing Datapath

= Create a mask from select signal Original
= Bitwise AND with datapath inputs

FRl Zero multiplier
Input
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1) Data Gating/Operand Isolation — Zeroing Datapath

= Create a mask from select signal Original
= Bitwise AND with datapath inputs

s?b:c s?(b & {wp{s}}) : (c & {w.(5}})
(a op b) & {w,{s}} (a & {w,{s}}) op (b & {wp{s}})
(a &{walsi}}) & {walsy}) (a &{wa{s1&s,}}) Nl Zero multiplier

input
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1) Data Gating/Operand Isolation — Zeroing Datapath

= Create a mask from select signal Original
= Bitwise AND with datapath inputs

s?b:c s?(b & {wp{s}}) : (c & {w.(5}})
(a op b) & {w,{s}} (a & {w,{s}}) op (b & {wp{s}})
(a &{walsi}}) & {walsy}) (a &{wa{s1&s,}}) Nl Zero multiplier

input

~

/Considerations:

* Togglerate of selectsignal S
* Togglerate of datasignals A,B
N Timing impact & gate count )
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2) Transparent Latch/Register — Operand Isolation

€1

= When enabled is transparent en  Enabled

Transparent
p Register (REG)

Reg (TREG)D

= \When disabled input is “frozen” —no D
power consumed in datapath
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2) Transparent Latch/Register — Operand Isolation

= When enabled is transparent

= \When disabled input is “frozen” —no
power consumed in datapath
So

$2Go+ SoS1G1. So

Low Power

ACCELERATED COMPUTING
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€1

Transparent

en. Enabled
Reg (TREG),, '

Register (REG)
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2) Transparent Latch/Register — Operand Isolation

€n

= \When enabled is transparent Transparent

en. Enabled
Reg (TREG),, '

Register (REG)

= \When disabled input is “frozen” —no D
power consumed in datapath
So

A

s?b:c s?TREG(b,s):TREG(c,S)
TREG(aop b, s) TREG(a,s) op TREG(b, s)
$2Go+ SoS1G1. So
REG(a,en) REG(TREG(a,en),en)

Considerations:
* Clockgating available?
Low Power * Timingimpact & gate count
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.
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3) Clock Gating — Switching off Datapath

= Modify register enable signals

= Construct observability don’t care conditions

d 1 d2
din
dou
vid I I
vid 1 vid_2
Non-optimized
d_1 d_2
din
dou
vid L_
vid_1 vid_2

With clock gating Combinational analysis \Aequential analysis

Siemens White Paper
AY(E
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3) Clock Gating — Switching off Datapath

= Modify register enable signals TREG(REG(A,en), REG(B,en)) - REG(A,en & B)
= Construct observability don’t care conditions enkB
d_1 d.2 A—1
din I p— Oul
dou 0 A
vid ] ]
B B
vid vid_2
Non-optimized - 1 out "Gated Reg/\
d 1 d2 ’
din
dou
vid L_
vid_1 vid_2

With clock gating Combinational analysis \Aequential analysis

Siemens White Paper
AY(E
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3) Clock Gating — Switching off Datapath

TREG(REG(A,en), REG(B,en)) —» REG(A,en & B)

= Modify register enable signals

= Construct observability don’t care conditions

d 1 d2
din
dou
vid I I
vid 1 vid_2
Non-optimized
d_1 d_2
din
dou
vid L_
vid_1 vid_2

With clock gating Combinational analysis \Aequential analysis

Siemens White Paper
AY(E
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@ out
|

en& 3
A 1
p— oul
0 A

"Gated Reg”

Considerations:

* Availability of clock gating signals
* Timingimpact & gate count

intel.
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Disclaimer:

Evaluating the Methods Highly dependent

upon context!

Transparent
Larger | xLatch
Performance/Area xData Gating
Penalty
Clock
xGating
Smaller R
Smaller Larger

Power Benefit
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Combining Power and Arithmetic Optimization

Arithmetic rewrites — associativity, carry-save
Logic rewrites — mux tree rearrangement
Logic arithmetic exchange

All rewrites applied and

combined during exploration

Rewrite I
ROVER Front-End cag ! A% Extracti ROVER Back-End
Xlraction ..
Input : . Optimized
: ——> —— VeriLang — — E-Graph —— —— VeriLang — —— .

Verilog T Verilog
Input l . Switching
Stimuli ’ " Activity

Simulation

AXE | seemmpsumie intel.
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Computatlonally Efficient E-Graph Simulation

Simulate one node per e-class

: . o 1,000
— per class switching activity

800

-------------------
“““

60O

400

o
----------------------

.
Number of Designs

200
E-graph simulation scales with

. . 0
classes notimplementations

15 20 25 30 35 40 45
Number of E-Classes

Extraction:

« Nodesinan e-class use more/less energy

» Estimate node cost based on switching activities and operator area
* ExtractbestusingILP

Untapped simulation/
testing opportunities?

ACCELERATED COMPUTING
SYSTEMS AND GRAPHICS

XPU Architecture and IP Engineering — GFx Numerical Hardware Group
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Datapath Extraction Aware Case Study

Power:-18%
Area :+37%
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Datapath Extraction Aware Case Study

C— S
D—(h
A — D — :D_’
o — 5 |j
(o

B
\‘ S E ;D_'
4-*EJ Power:-27%

J— Area :+15%

w = 5,Go,2z = G15:S,

Power: -18%

Area :+37% Push adders through muxes

Use 3 input carry-save adder

ACCELERATED COMPUTING
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ReSUItS Up to 34% less power, 24% on average, 5% average area overhead

20 Do Area ! Power N

10| I I -
0+ - - - || _
—10 I u .
20 |
—30 |- N

Sub
a&h ‘:? e

% Change vs Baseline

. " U _ et
ad Tree ‘a‘\oﬂ o ‘“\oﬂ ad Tree AL A r
Co . M\“ﬁ A Add[ess ene wg\%h\ Ca\c ?\pe N'I“’L A Du'd»\ 09 Se q“e“‘,\ D“al P

L A J
I 1

Intel Open Source
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ReSUItS Up to 34% less power, 24% on average, 5% average area overhead

E 20 |- Do Area ! Power N
L |
Z 0 - [} = || |
g 10 E il
5
e =20+ -
30+ N
Tre \ ! Tre ALV A Reg Sub
comd Mur Add Address net® et cale® _y Mux Add puat OF Lentid pual pah ¥
\ Y N Y |
Intel Open Source
Future Work
So
UNREACHABLE!!

* Resource sharing —not expressible as
local equivalence preserving rewrites...
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Backup

ACCELERATED COMPUTING
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Results

Benchmark

Nodes

Baseline

Area Optimized

Power Optimized

Area (um?)  Power (uW) Area (pum?) Power (uW) Area (pum?) Power (uW)
Comb. Mux Add Tree 20 329 98.2 328 (- 0.4%) 98.8 (+ 0.5%) 31.0(- 7.4%) 83.2 (-15.5%)
Address Generation 22 58.5 4219 571 (- 0.2%) 4192 (-0.6%) 572 (+ 2.2%) 301.2(-28.7%
Weight Calculation 81 51.6 11414 464 (-10.2%) 10723 (-6.1%) 533 (+ 3.2%) 871.5(-23.7%)
Pipe. Mux Add Tree [9] 23 38.6 8523 38.6( 0.0%) 8523 ( 0.0%) 44.1 (+14.9%) 6153 (-27.2%)
Dual Op ALU [10] 17 6.5 186.9 65( 0.0%) 1869 ( 0.0%) 7.5 (+15.1%) 146.8 (-21.3%)
Sequential Reg [13] 13 124 5796 124 ( 0.0%) 5796 ( 0.0%) 128 (+ 2.9%) 383.0 (-33.9%)
Dual Path FP Sub [4] 62 27.8 1097.1 278 ( 0.0%) 1097.1( 0.0%) 29.0(+ 3.5%) 9294 (-14.9%)
Muxes Registers Total Power (mW)
Cfg. So 5 Sy, Gy Gy Baseline ROVER
| IR . 1 0.1 1.09 0.76 (-30%)
2 RO O 08 08 1.09 0.95 (-14%)
3 08 08[08]08[08] 130  1LI15¢11%)
4 08 | 0.8 8 0.1 0.1 1.29 1.03 (-20%)
\
Data Nothing Transparent
Gate Register
@ | grear intel

XPU Architecture and IP Engineering - GFx Numerical Hardware Group
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Clock Gate Proof

L; = TREG(REG(a;, en;), REG(b;, en;)) and
R; = REG(a;, en;&b;)

for all clock cycles 7 via induction. First, let

pi = REG(a;, en;) and ¢; = REG(b;, en;).

Suppose Vi < k L; = R;, then if eny = 1: Now if en = 0. then Ryy1 = R = L. and
Trt1 = bg Pk+1 = Qg Qk+1 = qk Pk+1 = Pk
Liy1r = qry1 ?Pryr o Li L1 =qr?pr : Li
= bk ?(Lk . Lk qr = 1= Lk = (L ?Pk : Lk—l = Pk

Therefore Ly, = L = Rp4; and hence Ry, = Ly
Then, since eny = 1 and Ry = Ly, for all values of enjy. Under the zero register initialization
) assumption it is trivial to prove Lo = Ry.
Ry, = eng&br ? ar : Ry

— bx?ax : Ry = Ly

ACCELERATED COMPUTING
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