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Charles R. Darwin
“The Great Tree of Life”
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Smartphones & Logic Synthesis

Have More in Common than You May Think !

Smartphones Logic Synthesis

Claude E. Shannon

“A Svmbolic Analvsis of Relay and Switching Circuits "

¥ o o o

_ 'y T A e Logic Compiler, ca. 1986
1 . 4 5 1 : o It Optimal Solutions, Inc. a.k.a. Synopsys, Inc.
£ Y/} s et Power Compiler, 1997
Sun, 1 March ' o, _ | 33> Convergence of Logic & [Dynamic] Power Synthesis

Physical Compiler, 1999

Convergence of Synthesis & Implementation

Design Compiler, 2001-2015

The Evolution of Synthesis !

Power

Timing : : Runtime
Dynamic Static

2001 100 100 100 100 100

2005 78 91 82 78 20
2010 65 74 66 49 1.6
| 2015 53 63 66 38 0.6"
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Once Upon A Time...
Samuel F.B. Morse’s Telegraph and George Boole’s Algebra

Dots and Dashes... ...2.eros and Ones

“An Investigation of the Laws of
Thought, on Which are Founded
the Mathematical Theories of
Logic and Probabilities”, 1854

f(4,B,C, D)=
= (ABCD)+(ABCD)+(ABCD)+(ABCD)+
+(ABC D)+(ABCD)+(ABC D)+(ABCD)
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Once Upon A Time...
A. Graham Bell’s Telephone — the “Speaking Telegraph”

© 2015 Synopsys, Inc. 5 Source: A History of Engineering & Science in the Bell System, Bell Labs, 1975 S‘/H[IPSYSQ



Once Upon A Time...
Bell Labs Radio-Telephone — the “Mobile Phone”

©2015 Synopsys, Inc. 6 Source: Bell Labs, Radio-Telephone, 1924 SYNOPSYS



Once Upon A Time...

Almon B. Strowger ‘s Rotary Dial Telephone, and...
Electromechanical Telephone Exchange !

© 2015 Synopsys, Inc. 7 Source: Western Electric, Model 202; Strowger Switch, Fernmeldemuseum, Aachen, Germany SY"['PSYSQa



Claude E. Shannon

“A Symbolic Analysis of Relay and Switching Circuits”
Master s Thesis, MIT, 1937

A SYMICLIC ALALY3TS
o
ARELAY AL SLITCRILG CIRCJITS

I Introduction: Types of Probliems

In the centrol and protective circuits of com=
plex slectrical systems it 13 frequently nscessary to

make intricate intercommections of reslay contacts and

L T The second problem is that of

ettien 30 Partiel Suitiitans of o synthesis. Given certain cha-

e T e racteristics, it is required to
e find a circuit incorporating

these characteristics. The so-

; lution of this type of problem
e is not unique and it is the-
R refore additionally desirable
""" P that the circuit requiring the

© 2015 Synopsys, Inc. 8

least number of switch blades
and relay...

Source: MIT
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The Sampling Theorem

a.k.a. Nyquist-Shannon-Kotelnikov Theorem
The Foundation of Digital Communications

If a function x(t) contains no
frequencies higher than B
Hertz, it is completely
determined by giving its
ordinates at a series of points
spaced 1/(2B) seconds apart.

n 1 oW n
—_— | = — ' a1t 0

Source: LIFE, 1963
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Maurice Karnaugh
“The Map Method for Synthesis of Combinational Logic Circuits”, Bell Labs, 1953
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f(A,B,C,D) = E(6,8,9,10,11,12,13,14) f(A,B,C,D) = E(6,8,9,10,11,12,13,14)
F=AC+AB'+BCD' F=+++AC'AB'BCD'AD’
F=(A+B)(A+C)(B'+C'+D") F=(A+B)(A+C)(B'+C'+D")(A+D")
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Edward J. McCluskey

“Algebraic Minimization and the Design of Two-Terminal Contact Networks”
Ph.D. Thesis, MIT 1956

ALUEERATC MIHIMIZATION AND THE
DESIGN OF TuQ-TIRMIEAL
CONZACT NETWIRKS
ay

EDWARD SOSEPH MeCLUSKEY, JR.

4.B., Bowdcin Ccllsge
(1983}

¢+ o M,8., Massachusatts Tnstizute of Technology

{1953}
SUZMITTED ¥ PAFTIAL FULFILLMENT
OF THE REQUIRZMENTS FOR THE

A systematic method for writing an algebraic ex-
pression which corresponds to a given set of circuit reguire-
ments was presented by Montgomerie [MN1]. He introduced the
idea of a table of combinations (ealled a truth table by
logicians).

Methods for simplifying algebraic expressions were
published by Aiken [SCL1], Veitch [V1], Quine [Ql], and
Karnaugh [K1]. These methods are similar in that they all
result in the same type of expression (the simplest sum of

products form) and they all fail when the expression to be

DEGREE OF DICCTOR OF

SCIENCE simplified becomes sufficiently complex. Karnaugh's method

it zh is a chart method which is a refinement of the methods of
zhe
VASSECUIEEL™E TRSTITILE OF Veitch and Aiken. It is very effective for functicns invelv-
b7 by H-EEHLY) B A
TECHNOLOGT ing few variables but becomes very difficult and unsystematic
]

Jung, 1954

In addition it appears that the
ot i {ngfz method to be presented here
e can be programmed on a
T digital computer without re-
(R quiring excessively large sto-
rage capacity or computing

time.

Carnified by -

© 2015 Synopsys, Inc. 11 Source: MIT SY"DPSYS®
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...Multi-Level Minimization,...
IBM, UCB, and University of Colorado at Boulder

Motorola DynaTAC

John Darringer, William H.
Joyner, and Louise H.
Trevilyan, e.g. “Logic
Synthesis ~ Through  Local
Transformations”’, IBM, 1981

Robert K. Brayton, Gary D.
Hachtel, A. Richard Newton,
and Alberto L. Sangiovanni-
Vincentelll, e.g. “Logic

Minimization Algorithms for
VLSI Synthesis”, UCB, 1984

Source: Motorola DynaTAC
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..And, Eventually : Logic Synthesis !
General Electric, and AT&T

Nokia 100 David Gregory, Karen
Bartlett, Aart J. de Geus, Gary
D. Hachtel, e.g. “SOCRATES:
a System for Automatically
Synthesizing and Optimizing
Combinational Logic”, GE
Calma, 1986

Kurt Keutzer, e.g. “DAGON:
lechnology Binding and Local
Optimization by DAG
Matching”, AT&T, 1988

© 2015 Synopsys, Inc. 13
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Logic Compiler, ca. 1986
The Beginning of a New Era ! Just the Beginning...

WHAT IF ...
NV
Z9<
o — R T
High Lavel
Design Description

© 2015 Synopsys, Inc. 14 S‘/"UPSYSW
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Logic Compiler, ca. 1986

Optimal Solutions, Inc. a.k.a. Synopsys, Inc.

What can LOGIC COMPILER do?

Convert equations into working circuits:

.contents pla

-1-0 100
0-1- 100

.contents function

.inputs 4

outputs 3
.inputnames a b c d
.outputnames f0 fl1 f£2

f0 = b d* 4+ a‘c + a’b’;
fl = ¢ + a‘d + a’'b ;

f2 =b c¢c d ;

CONSTRAINTS

Optimal Solutions, Inc

SYNoPSYS'



“MIS: A Multiple-Level Logic Optimization System”, 1987

MIS: A Multiple-Level Logic Optimization System

ROBERT K. BRAYTON, retow, i, RICHARD RUDELL,
ALBERTO SANGIOVANNI-VINCENTELLI, reLiow, Eee, Ao ALBERT R. WANG

Abgrea—MIS b bath an imcractive and o bstch o fcated

logi synthess sad mimimimton surm. MIS imns fom (he combl-
matiasl logic extractad, typieally, from » bigh-kevel descyiption of &
macrecdl. It produces o mulitfievel sef of sptimised bl equations pre-
=rving the Input-eutput bebwrlor. The sysiem indudes both fat snd
tlower but men optimal) vorslen: of sige for the

logic i can be viewed = special s of
more gannl multilevel representations. Hence, a general
famework for logic design should offer mukilevel syn-
thesis tools wlﬂ:h cn select between two-level or mubti-

sres, snd gobsl timing o g s meet iovd

timing comersints. This paper previde s everview of e muem and

® descripfion of the slgaribms med. Induded are some examples ik

lustrating un inpet heguage wed for speeifying logic snd don'vesre.

Partson sa chip have been re wilng MIS with
rads = ' [ sl dedgm .

Keywords M uitiple level logh . log i minimiation, herneh, eurac
them, plobal phasr arcom
pesition, simplification, don't cares.

L IntrooucTion

VER THE past few years, placement and muting
hniques have been developed which parform rea-
songhly well for most block -oriented design styles. How-
ever, the synthesis of the circuit itself—deciding how o
pantition the logic, in what form to implement specific
picces of the logic, and what layout style to usc for im-
plementation —is still largdy a manual process. Often the
control logic pomtion of the chip is the most ti me consum-
ing to design, is genemlly on the critical path for timing,
md is implemented in an inefficient way. In addition,
control and dataflow logic am gencrally scparated wnnat-
unmlly, lading to incfliciencies in layout and timing. Au-
tomated synthesis of the logic, optimized for speed and
area, provides one of the next major challenges for CAD.
Research dou: w:rth: past )ﬂmﬂhs led to efficient
hods for imp = hglnnonmd
two-levd form using pmmrrlbk logic armys (PLA"s).
However, many logic blocks are inappropriate for this
kind of impl ion. For ple, there exist func-
tions whose mini two-devel reg ion has 2* -
1 product terms , where A is the number of primary inputs.
In addition, cven if a two-levd reprosentation contains a
masonable number of terms, there are many c_-u m

which a multilevel rep ation can be impl
lessares and gencnlly as a much faster :unul T-u-lcvd

Mssuscript mca ved Jasasry 26, 1987 revised duly 9, ME7. This work
- apponed o part by e SRC sndes Comt et K2-11-008. the Defonce
Advanced Research Projects Ageacy s nder Contract NODOYS. 86 0365,
e Californis Sinte Micro Program, the Naioasl Science Foundation un
er Suboontract BCS 843041 3, and the Usiversity o f Colomdo,

The suthors e with e of B ks and
Compater Sciences, Univensiy of Calfornis, Berkeley, CA S47T20.

TEEE Log Mumber 716754

level imp o ding on the arca andjor speed
that can be obtained Hweva. to be able © explore the
design tradeoffs, such a system should also offer a variety
of both clectrical design styles (e.g,., domino logic, static
CMOS) and layout design styles (e.g., Weinberger ar-
mys. galc matrix, standand cells, and gate amays).

Optimal multilevel logic synthesis is a known difficult
problen which also has been studied since the 19507,
However, much work still remains to be done in order to
achieve the same levd of advancement & for two-level
logic synthesis. In recent years, an increasing level of re-
scarch has been spparent in multilevel logic synthesis.
One of the first of the modem developments is the Logic
Synthesis System (LSS) [9), [10] at IBM, which has as
target technology a varety of gate arrays snd standard
cells. The Yorktown Silicon Compiler [6], which auto-
matically synthesizes and lays out CMOS dynamic logic,
is based complacly on multilevel logic and has domino
CMOS logic as its primary taget technology. The
SOCRATES system [11] is & multilevd logic synthesis
system which uses gate armys and standard cells, and is
one of the carliest o emphasize optimized timing perfor-
mance. The recently developed MIS system [7], which is
the subject of this paper, is targeted o both ara and tim-
ing optimization and uses static CMOS complex gates or
macmcells, but, similar © the logic synthesis in the York-
town Silicon Compiler, its algorithms can casily support
a variay of target iechaologics.

Atndr.ly m:qmd qnmmncmrmn for mdu.lntl

is o minimize the area 4 by the
logic equations (which is d a5 3 function of the
number of pates, trmnm lsﬂ nets luﬂu:lindﬂd
quations) while si the timing
construints derived from a mm-le\rd nlly-su of the
chip. Comsiderations such as testability should also be in-
cluded: however, in most current systems, testability is
only considered i ndimctly as a side effect of 2 less redun-
dant implemontat ion.

For multilevel design, two basic methodologies have
evolvad: 1) **global™ optimization, where the logic func-
tions are **factored’’ into an optimal multilevd form with
little considerstion of the form of the original description
(e.g. . the Yorktown Silicon Compiler, pant of Angel [17].
SOCRATES, and FDS [13]): 2) “'pecphole™ optimiza-

0278-0070/87/1 100-1062501.00 & 1987 IEEE

© 2015 Synopsys, Inc. 16

Source: 18t A. Richard Newton Technical Impact Award in Electronic Design Automation, DAC 2009

Robert K. Brayton, Richard L. Rudell, Alberto L. Sangiovanni Vincentelli, Albert R. Wang
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Binary Decision Diagrams (BDD)
Randal E. Bryant = Olivier Coudert, and Jean-Christophe Madre
Logic Synthesis (and Formal Verification)

Graph-Based Algorithms for Boolean Function
Manipulation

RAKDAL 1L HIEY AR, sy, e
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Implicit and Incremental Computation
of Primes and Essential Primes
of Boolean functions
0. Coudert and J. C. Madre
Bull Corporate Resoarch Center
Rue Jean Jaurds
78340 Les Clayes-sous-bois, FRANCE

Abstract

Recently introduced implicit set manipulation tech-
niques bave made it possible to formally verify fnite
state machines with state graphs too large to be bl
This paper shows that these techniques can also be wed
with sucoess to compute and manipulate implicitly ex-
tremely large sets of prime and of essentinl prime impli-
eants of incompletely specified Boolean functions. These
setx are denoted by m-ra;nuhru that -rrrwrrmuwl
with binary decision diagr This paper d W
procedurss. One is based on the standard BDI) opers-
tors, and the other, more officent, takes adwantage of
the structural properties of BDDs and of meta-products
to handle s lnrger class of functions than the former one.

Introduction

We have recontly introdueed a technique (4] for verifying
finite state machines that can deal with machines with
state graphs too large to be built. The key concepts that
make this verification possible are to denote subsets of
{0, 1}* with their chamcteristic functions, and represent
these Boolean functions with binary decision dmg;ru'ns

This paper is divided in 6 parts. Section 2 presents
the elementary concepts that will be used to solve the
problem treated here. Section I introduces the eanomi-
eal meta-product rejresentation of sets of products built
out of finite sets of Boolean wariables. Section 4 gives the
expressions that define the sets of prime and of esential

prime impl s of pletely specified Boolean func-
thons, and shows that these equations can be evaluated
with the dard BDD of Section 5 & b

how this [proced can be d into &

more efficient incremental procedure. Section 6 gives ex-
perimental results obtained with these procedures and
dincussn them

2 Definitions

A Boolean function f from (0,1}~ i
unique subset 5, of {0,1}~, made of
of {0,1}™ such that f(r} = 1. Com
of {0,1}™ can be represented by &
tion X5 from {0, 1}® into (0,1}, eall
Junction, such that Xg(z) = | if and
acteritic functions are a very interesting representation
of Bool sets becsnse Boolean operatons cormespond

(BDDs) that sre s very compact graph reg
such functions _:!I Since there is no relation between llu'
size of & sct and the size of the BDD that denotes it, the
computation cost of this technique = completely inde-
pendent. from the number of states of the machines [4].
In this paper we show that these concepts can be wed
with success to implement smplici! computation proce-
dures of the sets of prime and of essential prime impli
eants of incompletely specified Boolean functions. These
procedures have costs that are independent of the sizes
of these sets, and thus they overcome the Emitations of
methods based on explicit prime manipulations (3, 8, 11,
12|

with set operntors [4]

We note P, the set of products that can be built out of
the set of wriables (r),...,2a). A product is o formuls
of the form (ly...M), k < n, whose literals [; are built
out of distinet variables. The product p contains the
product p (p = ) if and only if S, 2 Sy. The relation
“»" is & partial order on Pl

An scompletely specified Boclean function f., also
called & function with & came set, is defined by & cou
ple (C, f), where f is a function from (0,1}~ into {0, 1},
and the care set C is a subset of {0,1}™. This function
is defined by f(x) = f(z) if 2 € C, and [ (z) = » if
z ¢ C, where the symbol *s” can be either 0 or | [2]

The product p of F, b a cube of the function [,
(C, ff) ¥ mad only ¥ the set 5, NC is not empty, and for
any clement of this set, the function [ evalustes to 1.
The cube p of [, s & prome tmplicont or preme of [, if
and only if p s a maximal clement of the set of cubes
of f. with respect to the partial order *>~. Finally the

A New Viewpoint on Two-Level Logic Minimization

Olivier Coudert Jean Christophe Madre Hepri Fraisse

Bull Corporate Research Center
Rue Jean Jaurés
T8MO Les Clayes-sous-bois, FRANCE

The computational cost of this
new procedure is independent of
the number of minterms of the
nction f and of its number of
e implicants, which allows us
to treat functions for which these
numbers are so large that it has
never been possible to perform a

2-level minimization.

idea here is to build, nu'ﬁ'""uue“ e core ‘Dote A th n?gFH;m that can be built from
mpﬂ.ﬂiau,thﬂl)l&dthdm_nu jons, and the set of varables {zy,...,2,), The mbset relation

then toextract from these BDDs s reduced covering ma- C is a partial order on the set 7. Elements of sets of
trix. Though this procedure is able to treat 2 of the 20 products P, Q will be noted p,p' ¢, 7. A set of products

CMAEEE Desk -
w nm:::’- “d --’:I‘t—-wu :—-ﬂ:hﬁdhlm
e g tlan ) g Lot A 5+ e by s*:ﬂ%mﬂ*ﬁ
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A Synthesis and Optimization Procedure for Fully
and Easily Testable Sequential Machines
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Convergence Of Logic And Test Synthesis

Srinivas Devadas, Hi-Keung Tony Ma,
A. Richard Newton, Alberto L. Sangiovanni-Vincentelli

FOR IMMEDIATE RELEASE

MOMENTUM BUILDS FOR SYNOPSYS TEST SYNTHESIS

Test Compiler orders surpass 32 miflion since announcing the product —

“Our goal was to solve the problem
of developing highly testable
designs with minimum penalties Iin
chip speed and size,” said Aart de
Geus, co-founder and senior
vice-president of marketing at
Synopsys.

design for speed and size with the test structures in place. As a result, designers are able 1o hand
aver a highly testable design to the manufacturing test engincer and help reduce the risk of
undeteeted manufacturing defects.

SYNOPSYS



Convergence Of Logic And Power Synthesis

L. Benini, P. Siegel, G. De Micheli, “Automatic Synthesis of Gated Clocks for
Power Reduction in Sequential Circuits”, Stanford University, 1994

STATE| || J
Combinational
IN - Logic |
GCLK
Automatic Syuthesis of Gated Clocks
o e b LY &
for Power Reduction in Sequential Circuits >
L. Beuini . Siegel G, De Micheli T CLK

Center for Integrated Systems

Stanford University, Stanford CA 92305

Abstract

With the proliferation of portable devices and increasing levels of chip inteeeation. re

ducing power consusnption is beeoming of paramcunt mportance. We describe a technigue () l‘igill‘dl ( : ﬂ-t e(i 1)0 wer

Lo uutomitically synthesiee gited clocks for finitestute muachines (FSAMs) to reduce power

i the fimal Emplementation, This techniyue recopniees self-lowps in the FSM (dither from

the state disgron or from o synchrowous network) and wees the function deseribed by Circuit Size Power Size Power Reduction ( (% )

the self-loops to gate the clock. The cdock activition Tunction is then wsed as dont-rare

infermation to minkmize the logic in the FSAM fur additivnal power saviozs. We applicd

ex 128 | 51lpgW || LIR | 27uW A8%
bhsse || 966 | 212u¢W || 1002 | 190W L1%

tleese techuiyues to standard MONC beochmurks and found an average reduction in power

disipution of Y59, ut the cost of w 5% Dncesase in ures.

1 Introduction

bbara || 348 | 328uW || 390 | 127uW 61%

As portable devices proliferate and device sizes continue to shrink, allowing more devices to

fit on a chip, power consumption has taken on increased importance. Much recent work has I) I)t as l T("% ()ZH \’\ ll‘%l"% 5 [],U \’\ lg(?(

focused on accurate estimation of power consumption and on its concomitant reduction at all .

levels of abstraction, from high level synthesis down to physical layout [1.2, 3,4, 5, 6, 7. s8e g 12 lT—)ﬂ V\ g 1 () l—)[]ﬂ V\ l')(ﬁ
Most power reduction techniques have emphasized reducing the level of activity in wome

portion of the circuit. We extend this research by concentrating on reducng the activity H:;g(j :’%,’j() ngll \/\ 882 ll[)[ﬂ V\ Zl(%

level of the clock by selectively stopping the clock, Because many sequential machines are

implementations of reactive systems which wait for a certain event to occur before changing Cse J_,;Z[] lz,'jp{ \/,\‘_.- J_ 1[]() T[]’u \»\ ]_ ‘]_(Z:

state, much power is wasted during this waiting period [8]. Latches are still clocked and the

mext state function is computed, consuming unnecessary power since nothing can change until d_l\;l ]_ T,-)H le'u \\«" (Q,,—)Z 2 lj_'u \,'\ 1(7(:

the requisite event arrives. Iy stopping the clock daring this period, we can realize substantial

savings in many finite state machines [FSMs), 527 ll() ()[]‘u V\ lTH 5 1,([ \”\ l[](?‘"
' me 182 | T3uW || 225 | 61uW 17%
sandl || 2220 | 2650 W 180pW 32%

[N
—
%
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Convergence Of Logic And Power Synthesis
Power Compiler, 1997

_‘

—

o

o
]

SNNSNSNN SN\

e
o
O
Q

N o

o -
1Y

i O

q o

H o~
-
-

Area
m Power

No Clock
Clock Gating
Gating

Wireless Application, 250nm
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Convergence

TIMEPDORT

© 2015 Synopsys, Inc. 22

Source: Motorola Timeport; M.

of Synthesis And Implementation

Physical Compiler, 1999

Physical Compiler

Evaluation Vehicle #1

0 Evaluation Objective
+ Stress mobustness, capacity and
limits of the tool
0 Design Characteristics
250 Nanometers
Transmission application

220K placeable instances, ~B0OK
gates, 18 RAMs

70% ufilization, irregular, non-
rectilinear floor-plan
70+ Clocks, fastest @ 65 MHz
Traditional flow converged after 4
weeks
0 Evaluation Results

« Compiledin 27 hours

+« Mettiming in one pass

+ Designroutable, no congestion

e 35 combinatorial levels between 2
sequential stages on the critical path

» 2Clocks, fastest@ 80 MHz
« Traditional flow converged after 2
weeks
o Evaluation Results
« Compiledin 10 hours

e 300ps worst negative slack post-
routing afterone pass

Casale-Rossi, STMicroelectronics, 1999

SYNoPSYS'



Convergence Continues, 2005
‘Some” Placement in Synthesis: Same Critical Paths, Correlation +5%

Design Compiler I1C Compiler
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Convergence Continues, 2007
“Some” Global Routing In Synthesis: Improving Planarity in a Graph

© 2015 Synopsys, Inc. 24 S‘/“DPS‘/S



Convergence Continues, 2014
Congestion Analysis Pre-Synthesis Technology

Detects RTL Structures Causing Congestion down in the Implementation Flow

Large
ROMs

i
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Y _vub 906§

&

YHYYY Y

© 2015 Synopsys, Inc. 25

Large
Data Switches

Large
MUXSs

Large
Selectors

2
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SYNoPSYS'



Congestion Analysis Pre-Synthesis Technology

E.g. Large MUX Structures
Same-Inputs Sharing & Connectivity-Based Decomposition

Before After

© 2015 Synopsys, Inc. 26 Source: Synopsys Research, 2014 S\/"["JS\/S



Design Compiler, 2001-2015
The Evolution of Synthesis !

. Power _
Timing _ _ Runtime
Dynamic Static
2001 100 100 100 100 100
2005 78 91 32 78 20
2010 65 74 66 49 1.6

2015 52 63 66 38 0.6

(1) Design Compiler Multicore

Source: Synopsys Research 2015 SYI'IIJPS\/S”



Where Do We Stand ?

Well, Telephones Have Made a Great Deal of Progress !

H 5 LY e [ Joe Kleinon I|
L B The Obama-

Clintton ,.‘w}

FERSON OF THE YEAR

Special Section

.BG T

@P[IIEJE

Burt seriously, we're running out of
awards for this thing.

© 2015 Synopsys, Inc. 28 SYNOPSYS



Smartphones

A Revolutionary... Evolution : Convergence !
50 Things We Won’t Do/Use Anymore (Mostly Because of/Thanks to Smartphones)
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Where Do We Stand ?
Even Synthesis Went Far Beyond Logic, Isn't It ?

© 2015 Synopsys, Inc. 30 SY"I]PS‘/S°



Logic Synthesis

A Revolutionary... Evolution Too : Convergence !

Logic Compiler Design Compiler
Look-Ahead & Physical Guidance
What can LOGIC COMPILER do? : 1 Mx, 2 My, and 2 Mz (Almost Only P&G)
o S > 80% Routing Utilization, > 10% Smaller Die
Convert equations into working circuits:
DC-T + ICC not Routable DC-G + ICC Routable

0-1- 100
.contents function e T H
.inputs 4 o BRI 1
.outputs 3 5 :
.inputn abed b :

CONSTRAINTS

Optimal Solutions, Inc

From Equations to Gates, to... “Placed” and Routable Gates

© 2015 Synopsys, Inc. 31 SynUPS‘/Sa



From Telephone To Logic Synthesis...
...And from Logic Synthesis to... Smartphones
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©2015 Synopsys, Inc. 32 Apple APL1022 TSMC 16 Nanometers (left) and APL0898 Samsung 14 Nanometers (right): Courtesy of ChipWorks, Inc., OCT/2015 SYNOPSYS



The Evolution Of Logic Synthesis

Convergence !

Synthesis _ _
Synthesufl.ﬁ Synthesis Synthesis Synthesis
Design
Planning
Design
_ »Planning Pi
Physical > dCe
Synthesis =8 P v : : Place : & Route
" Place & Route
‘ & Route
2003 2005 2007 2009 2011
90 Nanometers 65 Nanometers 45/40 Nanometers 32/28 Nanometers 22/20 Nanometers
“Interoperability” “Correlation” “Look Ahead” “In-Design” “Convergence”

© 2015 Synopsys, Inc. 33 S‘/"UPSYS®



The Evolution Of Logic Synthesis

Convergence... But Not Done Yet : Still Differences !

F—r
7!

- dx'dy’

fen=—=[ | D)

k
T

-7

DRC / LVS

© 2015 Synopsys, Inc. 34 SYNOPSYS



i Loo o
There Is Gl’e...f‘. b ”Ib

gy Ahead !

-
sl
i
25




Looking Into The Next Decade

1T Transistors per Die by the End of This Decade, “1” nm by the End of the Next
Infinitely Large, Infinitely Small, Infinitely Many

S Ta013 | 2016 | 2017 | 2019 | 2021 | 2023 | 2025 | 202K
Rl A T T

““““
MPU Printed Gate Lengt (vm) | 28 | 22 | 18 | 14 | 11 | 9 | 7 | 5
MPU Physical Gate Length (m) | 20 | 17 | 14 | 12 | 10 | 8 | 7 | 5
Theoretcal Integration Capacity (BT) |64 | 128 | 256 | 512 | 1024 | 2048 | 4096 | 8192

(Assuming 450mm Wafers in Production m 2018, and EUV 1n Production after 10nm)

2013 [ 2015 | 2017 | 2019 | 2021 | 2023 | 2025 | 202

Size of Interet (PAddresses) | /258 | ~50B______100B

© 2015 Synopsys, Inc. 36 Source: ITRS, 2014; G.-Q. Zhang, et al. “Evolution of the Internet and its Cores.” New Journal of Physics, 2008 S‘/”UPS‘/S



Looking Into The Next Decade
Making the Transition to High-Level Design... Again !

C/C++/ M/ SystemVerilog

R ——

—_—

—— ' -
ormal | A4~\High-Level .
Verification.
e

</ Synthesis

-

A ——

Malzing the Transition Formal

to High-Level Design Verification Sylizels

&

SYNIOPSYS: Gates

I’-,_—-—_..._ ——
- b
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Looking Into The Next Decade

Evolving Towards Two, Closely Connected “Sub-Systems”

Explore & Analyze, then Implement

RTL \ RTL
Exploration Synthesis

Design

Exploration Planning

Feasibility Implementation

Physical

SYNOPSYS
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Looking Into The Next Decade

Evolving Towards Two, Closely Connected “Sub-Systems”

Explore & Analyze, then Implement

* Until now :
—Mostly “preserve’” the gates
—“Change” placement, and/or routing to close timing, power, ...
—Very, very time consuming, and
—Leads to an infinite number of iterations

* In the future :
—Once the objective is “within reach” ...
—"Hold” placement and routing
—Systematically “change” the gates

— Same footprint, different timing, power, temperature inversion
point, etc.

—The richness of the library is fundamental

39

SYNoPSYS'



Looking Into The Next Decade

RTL Exploration Is ~ 6X Faster Than Full Synthesis
Slack Distribution Comparison, Correlation +8%

Floorplan Information Slack Histogram
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Looking Into The Next Decade

Today Libraries Contain Thousand of Elements
Many Variants with the Same Footprint but Different “Performance”

40 - 0.8 40 0.8
— o — " L]
T=125°C T = Temperature Inversion Point

35 L 0.7 35 - 0.7
— 30 06 __ — 30 06
Q. Q.
— < = <
Q@ = QL | =
w 25 - + 05 — w 25 05 —
(v} | - (4] | .
@ @ QL @
5 3 G 2
c 20 - 04 O c 20 04 ©
; a. ; (a8
5 15 0.3 % = 15 0.3 %
@ ' e @ ' .
o % () ar.:u
— 7] o (+J]
Q@ QL
O 10 - L 02 O 10 - 02 —
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0 0 0 0
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Vt/CD Cell Variants Vt/CD Cell Variants
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Looking Into The Next Decade

Extending the Use of Multi-Bit Structures Will Save Area and Power,
and Will Alleviate Congestion, Simplifying Routing

Multi-bit Flip-Flop (MBFF) (n2)  Non-MBFF vs. MBFF - Area Results (sn:2)
Fewer pins for the router to connect Syoepapn e trep 1.75% Area Savings Symopaye Usarn Grous

ICC
DE-G t-CTS
2 Single-bit Scan Flops 2-bit Multibit Scan Flop (post-CTS)

Sl Qo Sl Qo Register Area -7.3% -7.10%
> o0 Overall Std-cell Area 26% 1.75%
(2 | |
pins [ 1=
removed LK—‘;‘_
C - Total Area 1
S Q1 Q1 ‘
D1, D1 V‘)
SE_| SE
et =
CLK_4‘_ CLK
10 pins for router to connect 7 pins for router to connect

single-bit MBFF

SNUG 2014 8 SNUG 2014 24

© 2015 Synopsys, Inc. 42 Source: K. Umino, Hyon Han, Samsung, SNUG Austin 2014 S‘/ﬂ[IPSYS”



Convergence Of Synthesis And Implementation

RC Variation Among the Many Metal Layers Makes Estimates Extremely Difficult
Forcing to Bring Global Routing, and Probably Detailed, into the Synthesis Picture

Interconnects

lﬁllé

AAAAR
c e High
Performance

Dense # < Mz, RC Delay = 2ps/um

BEN <&Mz, RCDelay =5ps/um

a M RC Delay = 7ps/um
Eare O =P
wwwwww o Mx | RC Delay = 8ps/um

i
i

Multiple interconnect stack offerings to optimize for cost, density, or performance

IDF14

©2015 Synopsys, Inc. 43 Source: M. Bohr, Intel, IDF 2014; ITRS Edition 2013 SYNOPSYS



Looking Into The Next Decade

Today MPU Have 4-8 Cores, 16 Cores Are Just Around the Corner
Logic Synthesis Algorithms Must Be Suitable for Fine Parallelization

TR

© 2015 Synopsys, Inc. 44 Intel 61" Gen Core, Skylake, 14 Nanometers; Source: Intel, 2015 SYHI]PSYS”



Looking Into The Next Decade

Buffers Insertion Optimization

A 2003 Estimate... A 2010 Data Point...
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Looking Into The Next Decade

Temperature-Aware Synthesis

+90nm = 65nm 245nm = 32nm
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Looking Into The Next Decade

Andreas Kuehlmann, Robert K. Brayton, Alan Mishchenko,
[ uca Amaru, Pierre-Emmanuel Gaillardon, Giovanni De Micheli

DESICGN OF INTECRATED CIRCUTTS AND SYSTEMS, VOL 21, M0 12, DECEMBER a2 nm

Robust Boolean Reasoning for Equivalence Checking

and Functional Property Verification
Andreas Knehlmann, Semior Member, IEEE, Viresh Paruthi, Flonan Krobm, and Malay K. Gana, Member, [EEE

A mosolithic integration of SAT and BDD-based techniques
could combine their individual strengths and resalt in a pow-

analysis, requre Bookean i

(SAT) methods are wsed to solve different problem imstances
Each of these offer specific streagths that make them
efficient for problem stroctures. However, neither
structaral bated on SAT, nor functiomal methods wrmg

h
i
!
!
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i
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i
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3
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erful solution for 3 wider range of applicaions. Additionally,
by inchuding random simmilstion ity efficiency can be further
1 for p ‘with magy ssusfying solunons

A larpe fraction of practical problems derived from the
above-mentioned spphications heve 3 high degree of structural
first, the primary metlist produced from a register tramsfer
level (RTL) specification ; i d by
language parsng aad p mg. For example, @ industmial
designs. between 30% and 50% of penerated nedist gates are
redundant [1]. A second source of structural redumdancy is
inherent to the actual problem formmlstion. For example, a
miter strocture [2], built for equivalence checking is globally
recundsnt It also contums many kocal redundancies m werms of
identical substructures used in both desipne to be compared A
ithird source of structural ¥ origi from rep

of Bool on similar p derrved
from overlapping parts of the design For example, the indi-
vidual pathe checked during falve paths snalyss are composed
of shared subpaths which get repeatedly inchuded in subseqn
checks. Similarly, a combinational equivalence check of large
designs s decomposed mto a senes of indiidual checks of
output and next-sate fancrions which often thare 3 larpe part of
their stracture. An approach that detects and reuses structural
and local functions] redundancies during pr ;
could significantly reduce the overhead of repeated processing
of identical swucmures Further, a tight imtegration with the
actual ressoming process can incresse its performance by

providing a mechamism to efficientdy bandle local decisions.

In this paper, we present an incremental Boolean reasoming
approach that mmegrates structural cirowt tansformation, BDD
sweeping [3], 2 circuit-baved SAT procedurs  and random wm-
ulstion in one framewaork. All four techniques work on a shared
ANDINVERTER. graph [3] representstion of the problem BDD

make them applicable to different classes of practical problems.

Masuacript mecaived December 28, 2001; swrised Al 18, 2002 Thin papar
s recommmended by Assocas Ediwr ] H Eslala
A Esshimans is with the Cadencs Barkaloy Labn. Backaley. CA 84704 USA
(ol sl G adancs com).
V. Paratis is with the [5M Exserprise 5 ysmms Grosp. Amisa, TX 7758 USA
F Emben i with the M Muroslectron: Devuon, Hopewall fuacten, NY
13433 mp—ﬂ.w&_}
M E Ganxi n with the C&C Rassarch Labs, Praceton, NJ 05340 USA.

(ormul malryiEnec-ish com)
Diigitnl Chpect IdensSar 10,1 109 TCAD 2002 54186

eping and SAT search are spplied in an intertwined manner
both controlled by resource limits that are increased during each
[4). BDD sweeping inc ity simplifies the graph
structure, which efectively reduces the search space of the SAT
solver until the problem can be solved The set of circuit trans-
formations pet imvoked when the yweeping causes 3 structural
change, potentially solving the problem or further simplifying
the graph for the SAT search. F random st ?
can efficiently handle problems with dense solution spaces.
This paper is stroctured as follows. Section II summarizes
previous work in the area and contrasts it 10 our contributions.
Section I p the VEKTER. graph rep 3

0273-007002117.00 © 2002 [FEE

© 2015 Synopsys, Inc. 47

ABC: An Academic Industrial-Strength Verification Tool

Robert Brayton  Alan Mishchonko

EECS Departmens. Usiversity of California, Berkeley, CA 84720, USA
(oewvion, alarsms | oiaecy berkeley ol

d’hlyhu.:u:-msmn whﬁut ABC combmes
scalable lop mansiormatons based oo And-Inverer Graphs [AlGr). with 2 vanety

of moovative alporithes A foos on the synerpy of sequensial synthess and

sequennal verificanon leads to ingrovemenss in both domases Thes paper merodaces

ABC. motivaes its development and 5 use in formal verificari
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1 Introduction

Proges in both academic ressarch and industrial products citically depends on the
wvalabiliry of curting-edpe open-source tools i Se pven doman of EDA. Such wels can be
msed for education They provide 2 shared platform fior
expermments and cm belp usplly te of new Ecually © fox

and
serneg prototype: for 3 Lrge mummher of rynrheans vools developad by mduury

In the domain of formal venifiction. a similar public system has beem VIS [0] stared &
UC Berkeley around 1995 and cootimued at the Us of Colorado, Boulder. and Univeruty

of Tems, Awtn. In paracular, VIS feasares the lawest alporths for amplicit sae
[15] with BDDs [11] using the CLIDD package [36].
While SIS reached a platess in e middle 90's, represeananor. ad

simmulation of AIGs and Boolsan sassfiability (SAT) [25].
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TegULArCOmplemen
Graphs (ADIGS), themfore contsining also AlGS [§]. To provide
malive mantpulation of MiCs, we introduce & novel Bookean algebra,
based exclusvely on majonty and iwerier operations. A set of fve
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(LSI), EPFL,

a squence of sach primithe mioms, Il I5 possible I explore the
entire MIG 2p space. This ksbie property opens up
sl opp m logic and W showcase

the polential of MIGs by proposing a delay-onentad opimirstion
ftechnoique. FExperimental results, over the MONC benchmark sume,
show that MIG optimiration dacresses the nmmber of logic lavels
by 19%. om werge with mspect o ANG opomiration run by

ABC academic ool Applied in 3 standand optimisetion mapping
circuit synthests flow, MIC optimization ensbies 2 reduction in the
estimated {delay. sea. power] meincs of {12%. 14%. 11%]. on
wverage beforr physical destgn. as companed 10 acadrmic/commencial
synthests Bows.

The sindy of majonity-mverer logic synthesis Is also mothvaied
by the design of cirulls In emerping echaologies. In e quest
fof ICTeasing CoOMputational PTTOMMANCE PET Wil Area (9], major-
Myminonly gakes are nathely bmp d mn dimerent b
mologies [10H-{12] and also extend the Munctonality of raditonal
NAND¥NOR gates. In this scemario, Mics and thew alpebr ropmsent
the natwral methodology to syntestre majorily logic circults in
emerging echoologies. itn this paper, we focws on standard CMOS,
© st showcase the nierest of MIGs in an ordinary design fow.

The remainder of this paper is organtred as follows. Section 11 pro-
vides & back ground on logic rep d op Section
111 presents MIGs and their new associaied Bookan aigebra. Section
1V describes the optimization of MiCis using primitive ransformation

Il BACKGROUND AND MOTIVATION

This sxtion preents relevant backgr on logk
and optmtration for logk synthests Notations snd defnitions for
Boolean algebra and logic networks s also mtroduced.

A Logic Represemtation and Optimigation

Virtmally, all digital grated circults are sy nth d thanks
0 emcient logic ey forms and 7
aigonthms [1) Esry dats srctes sad relsed opamizaSion algo-
rithms [2] are bawd on two-level of Bookan

N Sum Of Produc (SOP) form, which & & digunction (OR) of
conjuctions (AND) where variables can be complemenied (INV)
Another pioncering daia strochure is the Himary Decision Diagram
(BDD) 6] a canonical mpresentation form based on mested M-
then-etse (MUX) formutss. Later on, multi-level logic networks (3],
[4] emerged, employing AND, OR. INV, MUX operstions s basis
fnctions, with mos scalable optimiration and synthests tools [4].
(7). To deal with the continuos incresse in logic destgns complexity,
a siep Narther is enabled by [5]. where malt-evel logic networks are
made homogenous, Le., comikiting of oaly AND nodes imkerconnected

by (INV) edges. The ool ABC [B]. which is
based on the AND-iaverter Graphs (AlGS), Is considered the state-
of-ar academic softwae for (Wge) optimization and synthests

Wi propose, in fhis paper, & iew logic optimization paradigm that
mms o exiending the capabuiies of modern syathests ols.
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Back To Charles R. Darwin
Things Don’t Happen Overnight !

Ox

THE ORIGIN OF SPECIES

BY MEANS OF NATURAL SELECTION,

PRESERVATION OF FAVOURED RACES IN THE STRUGGLE
FOR LIFE,

By CHARLES DARWIN, M.A.,

LOXDON:
JOHN MURRAY, ALBEMARLE STREET.
1850,

“It may be said that natural selection is
daily and hourly scrutinizing .... every
variation, even the slightest; rejecting that
which 1s bad, preserving and adding up
all that 1s good ... silently and insensibly
working [...] at the improvement of each
[...]. We see nothing of these slow
changes in progress, until the hand of
time has marked the long lapses of ages,
and then [...] we only see that the forms
of life are now different from what they

formerly were.”
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