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Abstract

Logic synthesis is an important part of electronic design automation (EDA) flows, which
enable the implementation of digital systems. As the design size and complexity increase,
the data structures and algorithms for logic synthesis must adapt and improve in order to
keep pace and to maintain acceptable runtime and high-quality results. Large circuits were
often represented using binary decision diagrams (BDDs) that were rapidly adopted by logic
synthesis tools beginning in the 1980s. Nowadays, BDD-based algorithms are still enhanced,
but the possibilities for improvement are somewhat saturated after some 35 years of research.

Alternatively, the first EDA applications that exploit Boolean satisfiability (SAT) were developed
in the 1990s. Despite the worst-case exponential runtime of SAT solvers, rapid progress in
their performance enabled the creation of efficient SAT-based algorithms. Yet, logic synthesis
started using SAT solvers more diffusely only in the last decade. Therefore, thorough research
is still required both for exploiting SAT solvers and for encoding logic synthesis problems into
SAT. Our main goal in this thesis is to facilitate and promote the further integration of SAT
solvers into EDA by proposing and evaluating novel SAT-based algorithms that can be used as
building blocks in logic synthesis tools.

First, we propose a rapid algorithm for LEXSAT, which generates satisfying assignments in
lexicographic order. We show that LEXSAT can bring canonicity, which guarantees the gen-
eration of unique results, when using SAT solvers in EDA applications. Next, we present a
new SAT-based algorithm that progressively generates irredundant sums of products (SOPs),
which still play a crucial role in many logic synthesis tools. Using LEXSAT, for the first time, we
can generate canonical SAT-based SOPs that, much like BDD-based SOPs, are unique for a
given function and variable order but could relax canonicity in order to improve speed and
scalability. Unlike BDDs, due to its progressive nature, our algorithm can generate partial
SOPs for applications that can work with incomplete circuit functionality. It is noteworthy
that both LEXSAT and the SAT-based SOPs are applicable beyond logic synthesis and EDA.
Finally, we focus on resubstitution, which reimplements a given Boolean function as a new
function that depends on a set of existing functions called divisors. We propose the carv-
ing interpolation algorithm that, unlike the traditional Craig interpolation, forces the use
of a specific divisor as an input of the new function. This is particularly useful for global
circuit restructuring and for some synthesis-based engineering change order (ECO) algorithms.
Furthermore, we compare two existing SAT-based methodologies for resubstitution, which
are used for post-mapping logic optimisation. The first methodology combines SAT-based
functional dependency checking and Craig interpolation that are also used for our carving



Abstract

interpolation; the second methodology is based on cube enumeration and is similar to the
SAT-based SOP generation.

The initial implementations of our novel SAT-based algorithms offer either better performance
or new features, or both, compared to their state-of-the-art versions. As the results indicate,
a further thorough development of SAT-based algorithms for logic synthesis, like the one
performed for BDDs in the past, can help overcome existing limitations and keep up with
growing designs and design complexity.

Keywords: electronic design automation, logic synthesis, Boolean satisfiability, SAT solvers.

ii



Résumé

La synthese logique est une partie importante des flots de conception assistée par ordinateur
pour l'électronique (CAO électronique; electronic design automation, EDA) permettant I'im-
plémentation des systémes digitaux. Laugmentation en taille et en complexité des designs
nécessite I'adaptation des structures de données et des algorithmes utilisés dans la synthése
logique afin de rester compétitif et de maintenir un temps d’exécution acceptable et des
résultats de haute-qualité. Les grands circuits étaient souvent représentés par des diagrammes
de décision binaire (binary decision diagrams, BDDs) qui ont été rapidement adoptés par les
outils de synthese logique au début des années 1980. De nos jours les algorithmes basés sur les
diagrammes de décision binaire sont toujours en développement, cependant les possibilités
d’amélioration se sont quelque peu saturées apres environ 35 ans de recherche.

De maniere alternative, les premiéres applications de CAO électronique exploitant la satis-
faisabilité booléenne (Boolean satisfiability, SAT) ont été développées dans les années 1990.
Malgré le temps d’exécution exponentiel dans le pire cas des solveurs SAT, la progression
rapide de leur performance a permis de créer des algorithmes efficaces qui sont basés sur
SAT. Cependant, la synthese logique a commencé a utiliser les solveurs SAT plus couramment
seulement dans la derniere décennie. C’est pourquoi il est nécessaire d’approfondir encore la
recherche pour trouver des meilleures facons d’exploiter des solveurs SAT ainsi que d’encoder
des problemes de synthese logique en SAT. Notre but principal dans cette thése est de faciliter
et de promouvoir I'intégration en cours des solveurs SAT dans la CAO électronique en propo-
sant et en évaluant des algorithmes novateurs basés sur SAT qui peuvent étre utilisés en tant
que blocs de construction dans les outils de synthese logique.

En premier, nous proposons un algorithme rapide pour LEXSAT qui géneére des affectations
satisfaisantes en ordre lexicographique. Nous montrons que LEXSAT peut apporter de la cano-
nicité, garantie de génération de résultats uniques, lorsqu’on utilise des solveurs SAT dans les
applications de CAO électronique. Ensuite, nous présentons un nouvel algorithme basé sur
SAT générant de facon progressive des sommes de produits (sums of products, SOP) non redon-
dants qui jouent toujours un role crucial dans nombres d’algorithmes de synthese logique.
Avec LEXSAT, nous pouvons pour la premiere fois générer des SOPs canoniques basées sur
SAT qui, tout comme les SOPs basées sur des diagrammes de décision binaire, sont uniques
pour une fonction et un ordonnancement des variables, mais peuvent assouplir la canonicité
afin d’améliorer la vitesse et la scalabilité. Contrairement aux diagrammes de décision binaire,
notre algorithme peut, de par sa nature progressive, aussi générer les SOPs partiels pour
des applications qui peuvent travailler avec la fonctionnalité incompléte d'un circuit. Il est
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Résumé

remarquable que LEXAT et les SOPs basées sur SAT sont applicables au-dela de la synthése
logique et de la CAO électronique. Finalement, nous nous concentrons sur la resubstitution,
qui ré-implémente une fonction booléenne donnée comme une nouvelle fonction dépendant
sur un ensemble de fonctions existantes, appelées diviseurs. Nous proposons 'algorithme
d’interpolation a ciselage (carving interpolation) qui, contrairement a I'interpolation tradition-
nelle de Craig, impose 'utilisation d'un diviseur spécifique en tant qu’entrée de la nouvelle
fonction. Ceci est particulierement utile pour la restructuration globale de circuit ainsi que
pour quelques algorithmes d’engineering change order (ECO) basés sur la synthese logique.
De plus, nous comparons deux méthodologies existantes pour la resubstitution basés sur SAT,
utilisées pour 'optimisation logique apres le technology mapping. La premiere méthodologie
combine la vérification de dépendances fonctionnelles basées sur SAT et I'interpolation de
Craig, également utilisées dans notre interpolation a ciselage; la deuxieme méthodologie est
basée sur I'énumération de cubes et est similaire a la génération de SOPs basée sur SAT.

Les implémentations initiales de nos algorithmes novateurs basés sur SAT offrent soit de
meilleures performances soit de nouvelles fonctionnalités, ou toutes les deux, en compa-
raison a leurs versions de pointe. Comme les résultats I'indiquent, un développement plus
approfondi des algorithmes basés sur SAT pour la synthese logique, comme celui effectué
pour les diagrammes de décision binaire dans le passé, peut aider a surmonter les limitations
existantes et a rester en phase avec la croissance et la complexité des designs.

Mots clefs : conception assisté par ordinateur pour I'électronique, synthese logique, satisfaisa-
bilité booléenne, solveurs SAT.
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Pe3umMe

Jlornukara cunresa (logic synthesis) e 3Ha4aeH JjeJ1 OJf CACTEMUTE 3a aBTOMaTHU3aIu-
ja Ha eJleKTPOHCKU AU33ajH (electronic design automation, EDA), Kou 0BO3MO>KyBaar
13paboTKa Ha AUTUTATHY cucTeMU. Kako 1ITo rosieMrHaTa ¥ KOMILJIEKCHOCTA Ha [TU-
3ajHUTe pacTe, CTPYKTypUTe Ha IIOAAaTOLX U aJITOPUTMUTE 3a JIOTUYKa CUHTe3a Mopa
Jla ce IIpUJIarofyBaar 1 yCOBPIIyBaaT 3a Ja OCTaHAaT KOHKYPEHTHU U 3a Ja OfpsKar
npudamnBo BpeMe Ha U3BPIIIyBambe U pe3yJITaTh CO BUCOK KBaaureT. [onemMure nu-
TUTAJIHU KoJia 0ea 4ecTo MpUKaKyBaHU cO OMHApPHM JujarpaMu 3a ojjiyka (binary
decision diagrams, BDDs) kou 6ea 0p3o npudaTeHu of] aTaTKUTE 3a JIOTUYKA CUHTe-
3a royHyBajku on 1980-ture rogunau. /lenec, BDD-6a3upaHuTe aJITOPUTMH CE YIIITE
ce yHarpejayBaaT, HO MO>KHOCTUTe 33 IO00pyBambe ce IOHEeKale 3aCUTEeHU I10cjIe
OKOJIy 35 TOOUHU UCTPAKYBabE.

AjnTepHartuBHO, ipBUTe EDA aninkanuy Kou KopucraT bysoBa 3a0BOJIUTETHOCT
(Boolean satisfiability, SAT) 6ea pasBueHu Bo 1990-tute ronuHu. 1 nokpaj excmo-
HEHIIWjaJTHOTO HajJI0II0 BpeMe Ha u3BpiryBame Ha SAT pemaBauute (SAT solvers),
O6p3UOT HaIpeJIOK BO HUBHUTE epdOpMaHCU 0BO3MOSKHU CO3/aBabe Ha epuKracHU
SAT-6a3upanm aaroputmu. Cenak, SAT perraBaunTe moyHase ga ce KOpUCTAT Iopac-
IIPOCTPAHETO BO JIOTUYKaTa CUHTe3a IypH BO IocjefHara JeneHuja. [lopagu Toa, ce
yIITe uMa norpeda of TeMeJIHO UCTPasKyBambe 3a UCKOpUCTyBamwe Ha SAT pelaBa-
4YH1Te, KAaKO U 3a IIpeTCTaByBamke Ha IPO0JIeMUTe O IOTUYKa CUHTe3a Kako SAT mpo-
6s1emMu. HamraTa riraBHa 11eJ1 BO OBaa JucepTaliyja e Ja ja oJIeCHUME U IPOMOBHUPaMe
IoHaraMouIHara nHTerpanyuja Ha SAT pemasauute BOo EDA, co Toa mITO IpenJara-
Me U eBasiyupame HOBU SAT-6a3vpaHy aJITOPUTMHU KOU MOSKE [1a Ce KOPUCTAT KaKo
OCHOBHH €JIEMEHTHU BO aJIaTKUTE 3a JIOTMYKa CUHTE3a.

[TpBo, HUE npejJioKyBaMe Op3 anroputaM 3a LEXSAT, koj reHepupa 3aJ0BOJyBay-
KU BPEJHOCTH (satisfying assignments) 1o nekcukorpadgcku pegocien. [TokaxyBame
nexa LEXSAT moske nja OBO3MOKYA KAaHOHUYHOCT (canonicity), Koja rapaiTupa co3za-
Barbe HA YHUKATHU PE3YATATH, OPU KOpUCTewe Ha SAT pemaBaun Bo EDA ansmka-
unu. CienHo, mpeTrcraByBaMe HOB SAT-0a3upaH aJirOpUTaM KOj TIOCTETIEHO TeHEPH-
pa cyma of ipousdBoau (sum of products, SOP) 6e3 peIyHIaHTHOCT, KOU C€ yIIITe UMa-
ar KJIy4Ha yJIora BO MHOI'y ajJIaTKU 3a JIorn4yka cuHTe3a. Co Kopucrewe Ha LEXSAT, 3a
MIPB [1aT, MOKEMe Jla reHepupaMe KaHOHCKU SAT-6a3upanu SOP-a Kou, CIMYHO Ha
BDD-6a3upanute SOP-a, ce efMHCTBEHU 3a JajieHa (pyHKIMja U pefocael Ha Ipo-
MEHJIMBUTE, HO CO MOKHOCT J]a Ce peJjlakcupa KaHOHMYHOCTA 3a J1a ce ogo0pu Op-



Pe3aume

3MHAaTa ¥ IPpUCIOCO0JIMBOCTA. 3a pasJjuka ox BDD-ara, nopau rocrerneHara Ipupo-
Jla, HAIlIMOT aJITOPUTaM MOKe Ja reHepupa napuyjaaau SOP-a 3a aljiuKaluu Kou
MOJKAT J1a paboTaT co Hemes0CHa (PYHKIMOHAIHOCT HA KOJIaTa. 3HAYajHO € IITO U
LEXSAT n SAT-6a3upanute SOP-a ce MPUMEHIMBY MOIITUPOKO OJT JIOTUYKATa CUHTE-
3a u EDA. Ha kpaj, ce bokycupame Ha pecyrncTutyuuja (resubstitution), Koja peum-
nJIeMeHTUpa AajgeHa bymoBa yHKIMja Kako HOBa (PYHKIMja KOja 3aBUCHU OJf MHO-
SKECTBO Off IIOCTOEYKH (PYHKIIMM HapeueH aesauTesau. Hue ro npejjoxyBame ajuro-
pUTaMOT 3a UHTepHoJalMja CO OTCeKyBambe (carving interpolation) koja 3a pasJjnka
o TpaagunnoHaaHara Kperosa unrepnoJianuja (Craig interpolation) ja npuaynyBa
ynorpebara Ha ofpeieH JeJUTes KaKo Bje3 Ha HoBara (pyHknuja. OBa e oco6eHo
KOPHCHO 3a NIO0AJIHO PeCTPYKTYyHparbe Ha KOJIa U 3a HEKOU aJATOPUTMU Oa3npaHu
Ha engineering change order (ECO) anroputmu. [Tokpaj Toa, ciopegyBaMe JiBe MO-
croeyku SAT-6a3upaHu MeTO/I0JIOTUH 3a PECYIICTUTYIMja KOU Ce KOPUCTAT IIPH JI0-
TrMYKa ONITUMU3allyja Iocje TeEXHOJIOIIKO Manupame (technology mapping). IlpBara
MeTopoJI0rHja coeinHyBa SAT-6a3upaHa NpoBepKa 3a (PyHKIMOHAIHA 3aBUCHOCT U
KperoBa nHTeproJalyja KOU UCTO TaKa ce yoTpeOyBaar 3a HalllaTa HHTepIioJanyja
CO OTCEeKyBambe; BTopara MeToA0J0r1ja ce 6asupa Ha HaOpojyBambe Ha KOLKU (cube
enumeration) v € CIMYHA CO CO3/TaBameTo Ha SAT-0asupanu SOP-a.

[TpBOOUTHNTE NMIIJIEMEHTALMU Ha HamuTe HOBU SAT-0a3upaHu aJITOPUTMU HyAaT
nu nogoopu nepdopMaHCcu UM HOBU (PYHKIIMU UJIU U BETE, BO ClIOpe0a co HUB-
HUTE COBpeMeHU Bep3uu. Kako LITo pedyaTarure yKasKyBaar, IIOHATaMOLLIEH TeMe-
JieH pa3Boj Ha SAT-0a3upaHTe aJTOPUTMH 3a JIOTUYKA CUHTE3a, KAKO OHOj Koj Oerre
U3BpIIEH 3a BDD-ara BO MUHATOTO, MOKE a IIOMOTHE [1a Ce HaMUHAT II0CTOCYKU-
Te OrPaHUYyBam-a U J1a Ce OCTaHe BO YEeKOP CO pacTOT Ha IU3ajHUTE ¥ HUBHATA KOM-
IIJIEKCHOCT.

Kayunu 360poeu: aBToMaTu3aiyja Ha eJIEKTPOHCKY TU3ajH, JIOTUYKA CUHTEe3a, by-
JIOBA 3a0BOJUTENHOCT, SAT perniaBayu.



Acknowledgements

Obtaining this thesis was made possible and enjoyable by many people that have left their
footprints in my life.

I am deeply grateful to my advisor, Paolo Ienne, first, for encouraging me to start the PhD stud-
ies and, second, for guiding me through the process. He gave me freedom and vast support in
pursuing projects for which I was passionate. His advices and constructive criticism empow-
ered me to overcome many obstacles. I have learned a lot from him on both professional and
personal level as he had a role of both a mentor and a friend.

Although the logic synthesis community is quite small compared to others, I had the privilege
of working closely with and learning from some of the top people in the field.

First and foremost, I am extremely grateful to Alan Mishchenko for sharing with us many
research opportunities and being always available for discussions both over the Internet and
in person. He provided me with tremendous support, inspiring advices, and profound belief in
my abilities throughout the course of my PhD studies. I would also like to extend my gratitude
to Mathias Soeken who has kindly answered many questions and helped me to verify many
ideas I had in the last years. I am also thankful to him for his help, valuable comments and
discussions while I was writing this thesis. I would like to thank David Novo for his unwavering
guidance and support in the first part of my PhD studies. I also wish to thank Ajay K. Verma
for introducing me to logic synthesis during my internship at EPFL in 2009. I have learned a
lot from all of them, and they all had a major impact on my life as collaborators, colleagues,
(un)official mentors, and friends.

I would also like to express my gratitude to Robert K. Brayton, Luca Amaru, Pierre-Emmanuel
Gaillardon, and Giovanni De Micheli with whom I had the pleasure to collaborate on various
publications, some of which are used in this thesis. I also had great pleasure of working on
challenging logic synthesis projects with some brilliant students, including Grégoire Hirt,
Mertcan Temel, Polina Zablotskaia, and Sun Chenfan.

I would like to especially thank the members of my thesis committee Alan Mishchenko, Igor
Markov, Giovanni De Micheli, and Viktor Kuncak for the time that they dedicated to this task,
as well as for their constructive feedback and for the insightful discussions we had.

I would also like to thank Sahand Kashani-Akhavan and Chantal Schneeberger for providing
and reviewing the French version of the abstract. Likewise, I would like to thank Andrew
Becker and Biljana Voros for proofreading parts of this thesis.

vii



Acknowledgements

The time spent at Processor Architecture Laboratory (LAP) has been so valuable because of the
people comprising it. I was fortunate to interact and spend amazing time with some former
and present members of LAP, including Ajay, Ali, Andrew, Chantal, David, Grace, Hadi, Lana,
Madhura, Mikhail, Mirjana, Nithin, Paolo, René, Sahand, Thomas, and Xavier. I would like
to express my deep gratitude to Chantal Schneeberger, Grace Zgheib, and Nithin George for
their friendship and constant support from the beginning of my PhD; but especially to Grace
Zgheib with whom I was lucky to share the office and work with, and who became a close
friend on whom I could always rely.

The Macedonian crew—including Ana, Biljana, Darko, Dino, Emil, Filip, Gorica, Igor, Jovanche,
Marjan, Paulina, Slavica, Stefan, and many others—made the stay in Switzerland fun and less
homesick. I am especially grateful to Gorica for being always there for me. Since the beginning
of my PhD studies, I have shared with her joyful and hard moments, both from my personal
and professional life.

Finally, my deepest gratitude goes to my family. The unconditional love and selfless support
of my parents, Vesna Stefanovska and Borcho Stefanovski, made me the person I am today
and enabled me to achieve many goals in life, including finishing these PhD studies. Their
passion for learning, teaching, and new technologies, which they have been transferring to
me since the day I was born, have lead me where I am now. I would like to thank them for
everything they have done for me. I am thankful to my sister, Eva Stefanovska, for her love and
support, and for being there for me whenever I need her. Last but not least, I will be eternally
thankful to my husband, Vase Petkovski, who agreed to undertake this journey with me. His
love, devotion, and support bring warmth and vividness every day of my life; whereas his
patience, care and encouragement give me strength and make it easier for me to go through
hard periods and overcome many challenges while actualising my aspirations.

Lausanne, July 17, 2017 Ana Petkovska

viii



Contents

Abstract (English) i
Abstract (Francais) iii
Abstract (MakeZ0HCKH) v
Acknowledgements vii
Table of contents xi
List of abbreviations xiii
List of figures XV
List of tables xvii
1 Satisfiability Solvers for Electronic Design Automation 1
1.1 From Truth Tables to SAT Solvers: The Evolution of Logic Synthesis Algorithms 3

1.2 SAT Solving in EDA Applications . . .. .. ... ... ... ... .. ... ..... 7

1.3 Challenges of Exploiting SAT Solvers . . . . . . .................... 9

1.4 Thesis Contribution and Organisation. . . . . . ... ... ............. 11

2 Background Information 15
2.1 BooleanFunction . . . ... ... ... . .. .. .. e 15
2.2 Representation of Boolean Functions . . ... ... ... .............. 16
221 TruthTables . . ... ... .. .. . . 17

222 SumsofProducts . . ... ... ... .. ... 18

2.2.3 BinaryDecisionDiagrams . . . . . .. ... ... ... ... . 0 .. 19

2.24 And-InverterGraphs . . . .. ... ... ... ... 20

2.3 Boolean Satisfiability . . . .. ... ... ... ... 21
24 FunctionalDependency . . ... .. ... ... .. ... 23
2.5 CraigInterpolation . . ... ... ... ... .. .. ... 25
2.6 ShannonExpansion ... ... ... .. ... ... .. .. e 27

ix



Contents

3 Fast Generation of Lexicographic Satisfying Assignments
3.1 Lexicographic Boolean Satisfiability . . . ... ... ... ..............
3.2 LEXSAT for EDA Applications . . . . . . ... ... it
3.3 LEXSAT for SAT Algorithms . . . . .. ... ... ... .. . ...
3.4 Generating Lexicographic Satisfying Assignments . . . . . .. ... ........
3.4.1 SimpleVersion . . ... ... . ... .
3.4.2 BinarySearch-Based Version . . ... .............. ... ...
3.4.3 Runtime Improvement for Consecutive LEXSAT Assignments . . . . . . .
3.5 ExperimentalResults . . . .. ... ... ... ... .. ..
3.5.1 Runtime Comparison . ... ... ... ... ...
3.5.2 Influence of the Variable Order on the Runtime . . ... ....... ...
3.5.3 Evaluation of the Methods for Runtime Improvement . .. ... ... ..
3.6 On Integrating the LEXSAT Algorithmsina SAT Solver . . ... ..........

3.7 Conclusion . . . . . . . . e e e e

4 Progressive Generation of Canonical Irredundant Sums of Products

4.1 SAT-Based SOP Generation . . ............. ... .. .. .. .......
4.1.1 GenerationofMinterms . . . . . . ... .. ... .
4.1.2 Expansion of MintermsintoCubes . ... ..................
4.1.3 RemovingRedundantCubes ... .......... .. ... ........
4.14 ImprovingtheRuntime . ............ ... ... ...........

4.2 ExperimentalResults . . . . . ... ... ... ...
4.2.1 ExperimentalSetup . ............ ... .. .. .. ...
4.2.2 SAT-Based vs. BDD-Based SOP Generation . . . . ..............
4.2.3 Case-Study: SAT-Based SOPs for Multi-level Implementation of Circuits

43 Conclusion. . .. ... .. .. e

5 Constrained Interpolation for Guided Logic Synthesis
5.1 MotivatingExample . ... ... ... . .. ... .
5.2 The Standard Interpolation Method . . . .. ... ... ... .. ..........
5.3 The Carving InterpolationMethod . . . . . . ... ... ... ... ... .. ....
5.3.1 Deficiency of the Standard Interpolation Method . . . . . ... ... ...
5.3.2 CarvingOutaBaseFunction . .........................
5.3.3 Carving Outa Setof Base Functions . . .. ..................
54 ExperimentalResults . . . . . .. .. ... ... ..
5.4.1 ExperimentalSetup ... ... ... .. .. ... .. .. e
5.4.2 ImposingaSingle Base Function . . . ... ... ... ............
5.4.3 ImposingaSetof Base Functions . ......................

5.5 Conclusions . . . . . . . . e e



Contents

6 Comparison of SAT-Based Algorithms for Resubstitution

6.1 Technology Mapping as Motivation . .. ... ...............
6.2 SAT-Based Algorithms for Resubstitution . . . ... ... ... ......

6.2.1 Resubstitution Using a Resubstitution Miter and Interpolation

6.2.2 Resubstitution Based on Cube Enumeration . . . . ... ... ..
6.3 ExperimentalResults . . . . ... ... ... ... ... ... .. .. ...,
6.3.1 ExperimentalSetup . .............. ... .. .. ...,
6.3.2 Minimisation and Feasibility Check of a Set of Divisors . . . . . .
6.3.3 Generation of Resubstitution Function . . .............
6.4 Conclusion . . . . .. ... ... . ... .. e

7 Conclusions

7.1 Towards Faster SAT-Based Applications . . .. ................
72 FinalRemarks . .. ... .. ... ... .. ...

Bibliography

Curriculum Vitae

xi






List of abbreviations

#SAT counting satisfiability

AIG and-inverter graph

AlISAT all solutions satisfiability

ASIC application specific integrated circuit
BBDD biconditional binary decision diagram
BDD binary decision diagram

CNF conjunctive normal form

DAG directed acyclic graph

DLN dependency logic network

DNF disjunctive normal form

ECO engineering change order

EDA electronic design automation

FPGA field-programmable gate array

ISOP irredundant sum of products

LEX-UNSAT lexicographic unsatisfiability

LEXSAT lexicographic satisfiability

LUT look-up table

MAX-SAT maximum satisfiability

MIG majority-inverter graph

NPN negation-permutation-negation
PI primary input

PLA programmable logic array

PO primary output

QBF quantified Boolean formula

ROBDD reduced ordered binary decision diagram

xiii



List of abbreviations

SAT
SMT
SOoP
SPFD

TBDD
TFI
TFO

UNSAT

VLIW

ZDD

Xiv

Boolean satisfiability

satisfiability modulo theories

sum of products

sets of pairs of functions to be distinguished

transformation binary decision diagram
transitive fanin
transitive fanout

unsatisfiable
very long instruction word

zero-suppressed decision diagram



List of Figures

1.1
1.2
1.3
1.4
1.5

2.1
2.2
2.3
24

3.1
3.2

3.3

3.4

3.5

3.6

3.7
3.8

4.1
4.2
4.3
4.4
4.5

4.6

Evolution of the best SAT solvers from 2002t0 2011 . . .. ... ... .......
Design flows for ASICsand FPGAs . . . . . .. ... ... . . . . ...
The logic synthesis process fora2-bitadder . . . ... ... ............
Comparison of SAT and BDDs for functional verification. . . . . ... ... ...
Connection of the main contributions of the thesis . . . . . ... ... ......

Representation of the Boolean functionsofafulladder. . . . . ... ... ....
Representation of a target function with a set of base functions . . . . . ... ..
A miter for checking if a target function depends on a set of base functions . . .
Computing an interpolant from a refutation proof by using the McMillan’s algo-
rithm ...

Profiling the success of the first SAT calls . . ... .. ... .. ...........
Performance of the LEXSAT algorithms when generating 1000 consecutive as-
SIGNMENTS . . . . . . . e e e e e
Performance of the LEXSAT algorithms when generating 1000 consecutive as-
SINMENTS . . . . . . . e e e e e
Influence of the variable order on the runtime of the LEXSAT algorithms when
generating a single assignment . . . ... ... ... L Lo L L.
Influence of the variable order on the runtime of the LEXSAT algorithms when
generating 1000 consecutive assignments . . . ... ... ... ... ... ..
Runtime variation for the benchmark frisc from the MCNC set for different
variableorders. . . . . . ... L
Effect of the methods for runtime improvement on small benchmarks . . . . .
Effect of the methods for runtime improvement on large benchmarks . . . . . .

Flowchart of the algorithm for minterm generation . . . . ... ... .......
Flowchart of the algorithm for expansion of minterms into cubes . . ... ...
An example for minimum SOP . . . . ... ... ... ... ... o .
Difference in the size of the smallest SOP generated by each method . . . . ..
The number of generated cubes in the partial SOPs when the time limit is set
betweenland10seconds . . . . ... .. ... ... .. o
Comparison of the best circuit implementations, in terms of area-delay product,
derived byeachmethod . . ... ... ... ... .. .. ... .. .. . .. ...

xR G N

26

43

45

46

47

48

49

50
51

60
62
63
68

72



List of Figures

5.1

5.2

5.3

5.4
5.5

5.6

5.7
5.8

59

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

6.9

The process for computing a single-output dependency function using the stan-
dard interpolationmethod . . .. ... ... .. .. .. L L oL
The process for imposing the first base function g; from a set of base functions
G= {gl, g2,g3} .......................................
Difference between carving multiple base functions one by one and simultane-
ously . . . e
The setup for imposing the base function g; using the carving method . . . . .
The relative execution time to generate a dependency function for a base func-
tion set composed of a single base function and essential identity functions . .
Non-overlapping 3-input cuts and the formed layers for the most significant bit
ofad-bitadder ... ... ... . ... ...
Area and delay of the MSB of a 14-bit adder, reconstructed using 10 layers . . .
The percentage of disconnected base functions among all layers for the three
methods . . . . .. ..
Comparison of the execution time of the interpolation methods when generating
a dependency function for a set of base functions . . . . ... .. ... ... ...

Typical flow of a resubstitution algorithm . . . . . . ... .. .. ... .......
Overview of the framework for SAT-based logic optimisation ... ..... ...
The resubstitutionmiter . . . . ... ... ... ... .. . . .
A miter for representing the care setofatargetnode . ...............
Flow of the algorithm for feasibility check based on cube enumeration . . . . .
Number of removed divisors by the resubstitution algorithms for minimisation
Reduction in runtime achieved by pushing and popping of assumptions . . . .
Reduction in runtime for the algorithms based on a resubstitution miter com-
pared to the algorithm based on cube enumeration . . . . .. ... ... ... ..
Comparison of the average runtime per node of the resubstitution algorithms
for sets of divisors with differentsize . . . . . ... .. ... .. .. .. .. L.

6.10 Runtime of the interpolation algorithms for generation of the resubstitution

miter relative to the runtime of the algorithm based on cube enumeration . . .

78

81

82
85

86

87
88

90

91

94
96
98
102
103
106
107

108

109

110



List of Tables

4.1

4.2

4.3

5.1
5.2

Number of benchmarks for which activating or deactivating an option for SATCLP
results in the smallest SOP in terms of number of cubes or the best area-delay
product . . . . .. e e e e
Comparison of the number of combinational outputs in the used benchmarks
and the number of isomorphicclasses ... .....................
Runtime results for the combinational industrial benchmarks when SOPs are
generated with BDDCLP and SATCLP . . . . . . .. .. . ...,

Failure rates of the interpolation methods for a single base function . . . . . ..
Failure rates of the interpolation methods for a set of base functions . . . . . . .

xvii






1§ Satisfiability Solvers for
Electronic Design Automation

Electronic design automation (EDA) tools ease the implementation of  The design complexity
digital systems by providing an automated process for translating a s growing, EDA
high-level description of a design into its final chip implementation. should keep up the
Research and development in EDA began in the 1960s, soon after the pace
development of the integrated circuit [Wang et al., 2009]. Later, an
extensive academic research was initiated and accelerated the advance-

ment. As a consequence, the EDA tools have followed the continuous
growth in design size and can implement digital systems with more

than a billion transistors. This growth in design size and complexity is
mainly attributable to advancements in hardware. The revised Moore’s

law predicts that transistor density doubles approximately every two

years [Moore, 1975]. Despite the fear that this rate of growth might

be impossible to maintain any further, the prediction has remained
largely accurate. Many experts, including Moore himself [Courtland,

2015], are convinced that this can be continued at least through the
following decade. Moreover, more complex technologies such as field-
programmable gate arrays (FPGAs) and 3D integrated circuits are in-
creasingly prevalent in the market. Today, we have a commercially
available single-chip processor with about 7.2 billion transistors [Al-

corn, 2016] and an FPGA with about 30 billion transistors implementing

5.5 million logic elements [Altera, 2016; Rubenstein, 2016]. In order to

use them efficiently, EDA tools have to be upgraded with scalable tech-
niques to keep up with the size and complexity of modern designs, while
maintaining the tools’ performance and ideally achieving an improved
quality of the final design implementations. This would enable the EDA

tools to further accomplish their goal of producing high-quality complex
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Figure 1.1 - Evolution of the best SAT solvers from 2002 to 2011. The performance of the given solvers is
compared using benchmarks from the SAT 2009 competition. For each solver, the cumulative number
of solved problems (x-axis) within a specific amount of time (y-axis) is given [Jarvisalo et al., 2012].

The performance of
SAT solvers is
continuously

improving

circuits without design defects in relatively short design time, which al-
lows meeting time-to-market and cost requirements [De Micheli, 1994].

On a different note, the Boolean satisfiability (SAT) problem, which
determines if there exist a variable assignment for which a given propo-
sitional formula evaluates to true, received great attention from both a
theoretical and a practical point of view. Theoretically, it is unlikely to
find an algorithm for solving the SAT problem with a polynomial worst-
case time complexity as it is an NP-complete problem [Cook, 1971].
Although the NP-completeness currently leaves us with only determin-
istic algorithms with worst-case exponential runtime, in practice many
modern SAT algorithms, which are implemented in SAT solvers, can
solve complex instances of real world problems in a reasonable time.
We have witnessed a tremendous improvement of the performance of
state-of-the-art SAT solvers in the last two decades—SAT problems that
could not have been solved in more than an hour are now solvable in
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less than a second [Marques-Silva, 2007]. For example, Figure 1.1 shows
the evolution of the best solvers from 2002 to 2011 [Jarvisalo et al., 2012].
This continuous advancement of SAT solvers can be tracked through
the SAT competitions that have started in 1992 and have been organ-
ised annually since 2002 [Balyo et al., 2017; Jarvisalo et al., 2012]. Their
main goal is to stimulate the innovation and development of techniques
for SAT solving. Considering the success of and interest in these com-
petitions, it is expected that this trend of improving SAT solvers will
continue in the coming years. Another reason for improving SAT solvers
is that SAT has already a wide variety of practical applications across a
number of domains [Gu et al., 1996; Marques-Silva, 2008], such as artifi-
cial intelligence, bioinformatics, software verification, and automated
theorem proving, as well as EDA [Claessen et al., 2009; Marques-Silva
and Sakallah, 2000].

In the following sections of this chapter, we first present a short his-
tory on the evolution of the algorithms for logic synthesis, which is
the research subject of this thesis. Next, we provide algorithms from
logic synthesis and other EDA stages as examples that already use SAT
solvers as the core machinery. Then, we discuss the main challenges
of exploiting SAT solvers in logic synthesis. Finally, we summarise our
contributions and present the thesis organisation.

1.1 From Truth Tables to SAT Solvers: The
Evolution of Logic Synthesis Algorithms

EDA flows differ depending on the target technology for implementing  The vital role of logic
the given design. For example, Figure 1.2 shows side-by-side the typ- ~ synthesis as part of

ical stages of the EDA flows for application specific integrated circuits EDA flows
(ASICs) [Smith, 1997] and FPGAs [Betz et al., 1999]. Regardless of the
target technology, logic synthesis is part of any EDA flow and has a vital
role because its operation has a major impact on the performance of
the final implementation. It receives as input a gate-level netlist that
is composed of basic Boolean logic gates, such as AND, OR, and XOR
gates, and inverters. Its main goal is to convert the received netlist into
a high-quality mapped netlist of technology blocks without modifying
the functionality. This is achieved with the two main steps of logic
synthesis. First, it performs technology-independent logic optimisation
of the gate-level description: it reduces the area and delay [Brayton
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Figure 1.2 - Design flows for ASICs and FPGAs. Although some of the stages are different, logic synthesis
is always required. It receives a gate-level netlist from the high-level synthesis stage and outputs a
netlist of technology blocks for the floorplanning or packing stage for ASICs and FPGAs, respectively.

et al., 1990]. For a gate-level netlist, its area represents the size of the
netlist in terms of number of logic gates used to implement it, and its
delay represents the number of logic levels on the critical path. Once
an implementation with a good gate-level area and delay is produced,
technology mapping algorithms transform the gate-level netlist into
a netlist of larger logic blocks whose structure depends on the target
technology [De Micheli, 1991]. For example, for ASICs, the logic gates
are mapped into a netlist of ASIC blocks that usually represent stan-
dard cells, which are predesigned logic components that implement a
Boolean logic function or a memory element. Whereas, for FPGAs, it
creates a netlist of look-up tables (LUTs) [Cong and Ding, 1994] or LUT
structures [Ray et al., 2012]. As with logic optimisation, the objective is
to generate a circuit implementation with a minimal area or a minimal
delay by considering the area and delay of the used technology blocks.
Figure 1.3 shows the netlist of a 2-bit adder before and after logic op-
timisation, and after technology mapping. But, this small circuit is an
easy target for logic synthesis, and it can even be easily processed by
hand. Modern logic synthesis methods work with large circuits whose
size varies from a few thousand to several million gates.

The evolution of logic synthesis is triggered mainly by the growth in the
design size. The main role in this evolution belongs to the data struc-
tures for representing digital circuits along with the tools and algorithms
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(c) The netlist after technology mapping.

(b) The netlist after logic optimisation.

Figure 1.3 — The logic synthesis process for a 2-bit adder. The initial gate-level netlist, which is com-
prised of 18 AND gates and has 5 levels, is shown on Figure 1.3a. Each internal (oval) node represents an
AND gate and gives its ID number. Figure 1.3b shows the netlist after an algorithm for logic optimisation
is run. Both area and delay are optimised, so the new netlist has only 11 AND gates and 4 levels. Finally,
Figure 1.3c presents the network after technology mapping into 3-input LUTs. Each internal node

represents a LUT and gives its ID number and SOP representation.

for their processing. The data structures that are used in this thesis are
described in more detail in Section 2.2.

In order to produce an optimal two-level circuit implementation, logic
synthesis started by proposing optimisation algorithms that use rep-
resentations such as truth tables [Karnaugh, 1953; McCluskey, 1956;
Quine, 1952; Veitch, 1952] and sums of products (SOPs) [Brayton et
al., 1984]. Some algorithms operating with these representations are
still used as building blocks of more complicated logic synthesis ap-
plications. For example, in technology mapping, the state-of-the-art

Once upon a time,
minterm-based
representations and
algorithms were
introduced
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Transition to the more
scalable DAG-based
representations and

algorithms

SAT solvers as a
promising way to
overcome the current
limits of logic
synthesis

algorithms for negation-permutation-negation (NPN) classification use
truth tables for classifying and matching functions [Huang et al., 2013;
Petkovska et al., 2016a]. But in general, truth tables are impractical
for functions with more than 16 inputs, whereas SOPs are inefficient
for some practical circuits that are rich with XOR logic and for which
the size of the minimal two-level representation is exponential in the
number of primary inputs.

Due to these limitations, the attention was redirected to algorithms
for multi-level logic optimisation [Brayton et al., 1987; Gregory et al.,
1986] in which the circuits are represented as a directed acyclic graph
(DAG) of logic gates. For example, ABC [ABC], which is a widely-used
academic open-source software system for logic synthesis and formal
verification, heavily relies on and-inverter graphs (AIGs) [Hellerman,
1963; Kuehlmann et al., 2002], but a rising interest exists also for the
more recent majority-inverter graphs (MIGs) [Amaru et al., 2014a]. At
the same time when the first multi-level logic optimisation algorithms
appeared, algorithms that use binary decision diagrams (BDDs) started
to emerge [Bryant, 1986; Coudert et al., 1993a]. The use of BDDs spread
fast because their canonicity enables an efficient processing of two
Boolean expressions once the BDDs are constructed. However, for
some practical functions, such as multipliers, the BDD construction
suffers from the BDD memory explosion problem—the BDD size has
an exponential lower bound in the number of input variables—hence,
using BDDs is often impractical [Bryant, 1991].

In contrast, SAT solvers can be initialised in linear time to the circuit size
and can immediately start solving the given problem. By not using a
canonical representation, algorithms using SAT can avoid the exponen-
tial space blow-up of BDDs. Hence, the SAT-based algorithms are more
scalable and offer better runtime and memory consumption in many
cases. In the following section, we discuss the introduction and role
of SAT solvers in logic synthesis in more detail. We also demonstrate
that SAT solving has already been shown to be (1) a good option for im-
plementing traditional logic synthesis algorithms, and (2) appropriate
as an alternative or a replacement for BDDs. Moreover, by using the
existing SAT-based algorithms, new applications can be easily built.

Example 1.1.1. Soeken et al. [2016] proposed a SAT-based algorithm
for computing a dependency matrix that combines SAT-based algo-
rithms from combinational equivalence checking [Mishchenko et al.,
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2006b] and automatic test pattern generation [Larrabee, 1990], with
some SAT-solver features such as incremental solving. Their algorithm
also outperformed the BDD-based algorithm from ABC [ABC] for 13
out of 14 benchmarks—the BDD-based implementation did not solve
4 benchmarks due to a time limit and 5 benchmarks due to a memory
limit, for 4 it has a higher runtime, and it is faster for only one bench-
mark that has a simple structure.

Exploring and analysing further which algorithms and features of SAT
solvers are suitable specifically for logic synthesis and other EDA stages,
as well as proposing new ways to implement and use SAT solvers, would
ease the development of SAT-based logic synthesis applications and
would enable problems, which were intractable before, to be solved.

The algorithms for logic synthesis also differ depending on whether Logic synthesis for
they optimise the combinational logic of the circuit or the sequential ~ combinational and
one. In this thesis, the proposed algorithms work only with combi- sequential circuits
national logic, whereas sequential circuits are handled by assuming
all inputs and outputs of the sequential logic as primary outputs and

inputs, respectively.

1.2 SAT Solving in EDA Applications

SAT solvers have been deployed in almost all stages of EDA flows. Shift- EDA algorithms based

ing towards SAT solving is encouraging because the improvement of ~ ©n SAT solvers are
proposed for every

the performance of state-of-the-art SAT solvers brings immediate bene-
part of the tool flow

fit to the applications that use them. Furthermore, beside the regular
improvement in SAT solvers, SAT algorithms have been proposed specif-
ically for solving EDA problems and have been tuned to target distinct
properties and structures of the digital circuits [Aloul et al., 2006; Gold-
berg and Novikov, 2002; Marques-Silva and Sakallah, 1999; Oh et al.,
2004]. The interest in applying SAT to EDA began in the 1990s when SAT
solvers were introduced in algorithms for routing in FPGAs [Nam et al.,
1999; Wood and Rutenbar, 1998], placement [Devadas, 1989], timing
analysis [Silva et al., 1998], fault diagnosis and logic debugging [Chen
and Gupta, 1996; Smith et al., 2005], but also for logic synthesis and
verification, as described next. The success of these initial algorithms
showed the potential of SAT solvers in these stages of EDA, and the
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Figure 1.4 — Comparison of SAT and BDDs for functional verification. The benchmarks are Boolean for-
mulas for verifying 100 buggy versions of a VLIW microprocessor. The used SAT solver Chaff [Moskewicz
etal., 2001] evaluates only one correctness criterion. BDDs evaluate 16 easier criteria in parallel, and
as soon as one of them finishes, the rest are terminated and the verification time of the one that
finished is reported. The benchmarks are sorted in ascending order of their times for the BDD-based
experiment [Velev and Bryant, 2003].

research in these areas is still active [Fraisse et al., 2016; Fujita and
Mishchenko, 2014; Nadel and Ryvchin, 2016].

SAT as an alternative  The biggest motivation for developing SAT-based logic synthesis algo-
to BDDs: the success  rithms came from their success in formal verification [Velev and Bryant,
story from verification 2003], especially in automatic test pattern generation [Fujita et al., 2015;
Larrabee, 1990; Stephan et al., 1996], equivalence checking [Goldberg
et al., 2001; Mishchenko et al., 2006b], and model checking [Biere et al.,
1999; McMillan, 2003]. All these algorithms work also with Boolean
logic, and are thus similar to logic synthesis. These applications proved

that SAT-based methods can easily outperform existing BDD-based
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methods, hence SAT solvers and algorithms using them became crucial
components of most verification tools [Claessen et al., 2009].

Example 1.2.1. Velev et al. [2003] compared the runtime of procedures
based on SAT solvers and BDDs by evaluating benchmarks that rep-
resent Boolean formulas for formal verification of correct and buggy
versions of a very long instruction word (VLIW) microprocessor. In this
case, first, they proved that the SAT solver Chaff [Moskewicz et al., 2001]
has the best performance among other SAT solvers at that time. Next,
they compared Chaff to a fast BDD-based method [Velev, 2000]. As
Figure 1.4 shows, the difference between BDDs and Chaff is up to four
orders of magnitude when verifying the buggy designs. When verifying
correct designs, Chaff required 1.6 seconds, whereas the BDD-based
method required 31.5 hours (about five orders of magnitude).

This success in formal verification triggered a similar trend in logic syn-  The wide and active
thesis. For example, more scalable SAT-based versions were proposed ~ use of SAT solvers in
for the BDD-based algorithms for functional dependency [Jiang et al., logic synthesis
2010; Lee et al., 2007], functional decomposition [Lee et al., 2008; Lin
etal., 2008], logic don't-care-based optimisation [Mishchenko and Bray-
ton, 2005], and dependency matrix computation [Soeken et al., 2016c].
The algorithms based on SAT solvers are more scalable because they
can process problems for which the size of BDDs is exponential, and
they are faster when solving large and hard problems. However, the in-
tegration of SAT is not limited to replacing BDDs. SAT is shown efficient
also for many other logic synthesis applications, including Boolean
matching [Safarpour et al., 2006; Soeken et al., 2016a], technology map-
ping [Ling et al., 2005], and combinational delay optimisation [Soeken
et al., 2017]. Due to the wide use of SAT in logic synthesis, but also in
other stages of the EDA flow, SAT solvers became a standard part of
the EDA tools, similarly to how BDD packages were integrated in the
past. This facilitates the development and inclusion of new SAT-based
algorithms in the flow.

1.3 Challenges of Exploiting SAT Solvers

Despite the wide use of SAT solvers in EDA and other applications, there
are still many challenges that have to be addressed in order to facilitate
and enable efficient implementation of some specific applications. In
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this chapter, we present challenges that are among the most important
for logic synthesis, and we therefore tackle most of them in this thesis.

Although modern SAT solvers can often solve hard structured problems
with over a million variables and several million constraints [Gomes
et al., 2008], there are still some hard problems that cannot be solved
within several hours of computing time. The required time for SAT
solving depends mostly on the size and complexity of the problem, but
other factors can also affect the ability to find a solution for a given
problem. First, there are different encoding techniques that determine
the translation into a propositional representation given as input to
the SAT solver. Choosing an appropriate encoding is important as the
quality of encoding often determines whether the problem is solvable or
not [Bjork, 2009]. Second, the SAT competitions have different competi-
tion tracks in order to accommodate different types of SAT solvers [Balyo
etal., 2017]. Thus, although some SAT solvers might be unsuitable for
solving some particular problems, others can demonstrate an excep-
tional runtime. An additional challenge is that it is impossible to predict
the runtime and final result of a single call of the SAT-solving procedure.
In this aspect SAT solvers are similar to BDDs, for which the termination
time and the quality of results are unknown until the complete BDD is
build. However, in this thesis, we show that in some cases SAT-based
algorithms can be more scalable than their BDD-based versions. This
scalability is achieved by structuring the algorithms to solve the problem
gradually by issuing multiple easier calls of the SAT-solving procedure.
The gradual problem solving also enables estimating the progress of the
solving and the total required runtime.

For a given problem, SAT solvers return a canonical answer in terms of
whether the problem is satisfiable or unsatisfiable (UNSAT). However,
the previously mentioned factors also affect the choice and quality of
the received proof for the final evaluation, which is either a satisfying as-
signment or a proof of unsatisfiability, respectively. For example, when
the problem is satisfiable, the choice of the satisfying assignment re-
turned by the SAT solver depends on the encoding of the problem, the
implementation of the SAT solver, and the underlying operating system.
Moreover, in logic synthesis, the runtime and results are affected by
the initial implementation of the circuit from which the SAT problem is
derived. Thus, SAT solvers are often considered as non-canonical. This
makes them unsuitable for applications requiring canonicity; hence,
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Figure 1.5 — Connection of the main contributions of the thesis. All algorithms are based on SAT solving.
The LEXSAT algorithm is used for the SAT-based SOP generation to generate canonical SOPs. The
methods used for resubstitution include, as first option, a method that is based on cube enumeration,
similar to the one for SAT-based SOPs generation, and as second option, methods that are used as part
of the carving interpolation algorithm. The last line of each box gives the chapter number that covers

the corresponding topic.

such applications usually rely on canonical BDDs that also face scalabil-
ity issues for some particular problems despite being the most scalable
canonical representation. Similarly, even when canonicity is not re-
quired, different satisfying assignments and proofs of unsatisfiability
can lead to results with different qualities in the applications that use
them. In this thesis, we demonstrate that it is possible to achieve canon-
icity in SAT-based applications that utilise the returned satisfying as-
signments. We also propose a fast algorithm for this purpose. Moreover,
despite having no control over the returned proofs of unsatisfiability,
we obtain results with the wanted properties by calling the SAT-solving
procedure multiple times with specific values for some inputs.

1.4 Thesis Contribution and Organisation

With this thesis, we facilitate the development of logic synthesis applica-
tions that use SAT solvers as a main engine of computation. We extend
the set of available SAT-based methods with three novel approaches.
Each method is an algorithm that functions as a key building block in
different logic synthesis applications. Some proposed methods are not
even restricted to logic synthesis and can be used as building blocks for
other applications. Finally, we compare two SAT-based methodologies
that are used for the resubstitution of a given function. Figure 1.5 illus-
trates the connection between the proposed methods and the compari-

Facilitate the
development of
SAT-based logic
synthesis applications

11
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son. Next, we give the outline of the thesis, as well as a short description
of the chapters containing the main contributions.

First, Chapter 2 comprises the background information to support the
following chapters.

Chapter 3 introduces a new fast algorithm [Petkovska et al., 2016b] for
the lexicographic Boolean satisfiability problem, called LEXSAT, when
the satisfying assignments are generated in a lexicographic order. Given
a variable order, LEXSAT finds a satisfying assignment whose integer
value under the given variable order is minimum (or maximum) among
all satisfying assignments. If the formula has no satisfying assignments,
LEXSAT proves it unsatisfiable, as does traditional SAT. We also pro-
pose methods that use the lexicographic properties of the assignments
to further improve the runtime when generating consecutive satisfy-
ing assignments in lexicographic order. Finally, we promote the use
of LEXSAT in a wide range of EDA applications, especially because it
enables canonicity in SAT-based algorithms.

Next, Chapter 4 proposes an algorithm [Petkovska et al., 2017] that pro-
gressively generates canonical irredundant SOPs for completely and
incompletely specified Boolean functions by using a SAT solver. For the
first time, we can generate canonical SOPs using a SAT solver, which
is enabled by the LEXSAT algorithm described in Chapter 3. Canonic-
ity is a key component in applications, such as constraint solving and
random assignment generation, which traditionally rely on methods
based on BDDs. However, in contrast with BDDs, our algorithm can
relax canonicity when it is not required in order to improve speed and
scalability. Moreover, unlike the BDD-based methods for SOP gener-
ation, our progressive generation enables real time monitoring and
early termination, as well as generation of partial SOPs for incremental
applications.

Chapter 5 provides a new method [Petkovska et al., 2014] that can be
particularly useful when rewriting circuits in some synthesis-based
algorithms for which a dependency function & should be generated. The
function h reimplements a given target function f as f = h(G), where G
represents a given set of base functions. The problem with the existing
Craig interpolation, which can also provide the dependency function, is
that it selects random base functions and, in particularly, omits some
base functions potentially required for an optimal implementation of
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the target function. Therefore, we propose a method, called carving
interpolation, that forces a specific base function as a primary input
of the dependency function by building the dependency function as
a Shannon expansion of two constrained Craig interpolants. We also
introduce an efficient method that iteratively imposes a predefined set
of base functions.

Chapter 6 compares side-by-side two SAT-based methodologies for re-
substitution, which replaces a function of a given farget node using a
resubstitution function that has other nodes as inputs, called divisors.
Both methodologies were proposed as a substantial part of different
algorithms for post-mapping optimisation and resynthesis, but they
have never been compared to each other. Each methodology includes
algorithms that can minimise the set of divisors while ensuring that
the target node can be reimplemented with the minimised set, and can
generate the resubstitution function. The first methodology combines
methods that are also part of the carving interpolation presented in
Chapter 5. First, it creates a minimal set of divisors by using a circuit
structure similar to the one for obtaining an interpolant; it then gener-
ates a resubstitution function by using Craig interpolation. The second
methodology is based on cube enumeration and is similar to the SAT-
based SOP generation from Chapter 4. Its strength is that it directly
provides the resubstitution function at the end of the minimisation.
Lastly, we conclude that a hybrid approach that combines algorithms
from the two methodologies represents an optimal solution for some
applications.

Finally, Chapter 7 concludes the thesis and provides ideas for future
research that can build upon and extend the presented work.

Comparison of
methods for
resubstitution
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¥4 Background Information

In this chapter, we provide background information on the basic terms
and concepts that are used in the thesis. First, we introduce Boolean
functions and their most commonly used representations. Then, we de-
fine satisfiability solving and describe the features available in modern
SAT solvers that play a crucial role in the algorithms proposed in this
thesis. Finally, we define the terminology associated with functional
dependency, Craig interpolation and Shannon expansion, which are
required for Chapter 5 and Chapter 6.

2.1 Boolean Function

For a variable v, a positive literal represents the variable v, whereas
the negative literal represents its negation . A cube, or a product, c,
is a Boolean product (AND, -) of literals, c =1} ----- l;.. If a variable is
not represented by a negative or a positive literal in a cube, then it is
represented by a don’t-care (—), meaning that it can take both values 0
and 1. A cube with i don’t-cares, covers 2/ minterms. A minterm is the
smallest cube in which every variable is represented by either a negative
or a positive literal.

Example 2.1.1. Consider the set of variables X = (xj, x2,x3). A cube
— X X3, which can be simply written as x, X3, covers the two minterms
X1x2X3 and x; x2X3 because the variable x; is represented by a don’t-
care.

Each minterm is associated with a given input assignment. An assign-
ment to a finite set of Boolean variables, X = (x1,..., xx), is the mapping

Boolean function

Assignment
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X — {0, 1}*. In the minterm, a variable is represented with the positive
or negative literal if it assumes a value of 1 or 0, respectively.

Example 2.1.2. Consider the set of variables X = (x1,x2,x3). An as-
signment 010 denotes that x; = 0, x» = 1, and x3 = 0. The minterm
associated with this assignment is ¥ x, X3.

Let f(X):B" —{0,1,-}, B € {0,1}, be an incompletely specified Boolean
function of nvariables X = {x,..., x,}. The support set of f is the subset
of variables that determine the output value of the function f. The
on-set of f is defined by the set of minterms for which f evaluates to
1. Similarly, the off-set and the don’t-care-set of f are defined by the
minterms for which f evaluates to 0 and don’t-care, respectively. In a
multi-output function F = {fi, ... fi}, each output f;, 1 <i < m, has its
own support set, on-set, off-set and don’t-care-set associated with it.

Similarly, f(X):B" — {0,1}, B € {0,1} is a completely specified Boolean
function of n variables X = {xy,..., x;}. For completely specified func-
tions, the minterms belong either to the on-set or to the off-set of f.

Example 2.1.3. Consider the function f(x;, X2, x3) = (x1 + X2) X3. For the
assignment 010, the function f(xy, x», x3) evaluates to 1. Thus, its corre-
sponding minterm Xx; x» X3 belongs to the on-set of f. On the contrary,
the minterm X; X, x3 belongs to the off-set of f, because the function
evaluates to 0 for the corresponding assignment 001.

In a multi-output Boolean function F = {fi,... f;;} defined over a set
of input variables X = {x1,..., x,}, the input variables x;, 1 <i < n, are
called primary inputs (PIs), and the variables of the outputs f;, 1< j <
m, represent the primary outputs (POs). The PIs and POs represent the
external connections of the network.

2.2 Representation of Boolean Functions

In this section, we define four possibilities for representing Boolean
functions that are used in the following chapters of this thesis. First, we
introduce the minterm-based representations truth tables and sums
of products. Then, we introduce two representations based on di-
rected acyclic graphs (DAGs): binary decision diagrams and and-inverter
graphs. Figure 2.1 illustrates the different representations through the
sum and carry function of a full adder.
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¢ a b|c s
0O 0 0|0 O
0 0 1|0 1 Co s
0O 1 0|0 1 -11 001
0O 1 1|1 O 1-1 010
1 0 0|0 1 11- 100
1 0 1|1 O 111
1 1 0|1 O
1 1 1|1 1

(a) A truth table. (b) An SOP.

(c) ABDD. (d) An AIG.

Figure 2.1 — Representation of the Boolean functions of a full adder. The carry output is represented
with the function ¢, = ab + c;(a® b), and the sum output is represented with the function s=a® b & c;.

Some representations of Boolean functions are canonical. A canonical
representation is a unique representation for a function under certain
conditions. For example, the BDD structure of a Boolean function
depends only on the input variable order and is independent of the
original representation of the function. Canonicity is an important

Canonicity

feature for some applications, such as functional equivalence checking.

2.2.1 Truth Tables

A single-output Boolean function f with n inputs can be represented
with its truth table, which is a string composed of 2" bits. The i-th bit of
the truth table gives the output value of the function f when its inputs

Truth tables
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are assigned to the minterm defined with the binary digits of the n-bit
binary number i. For example, the bit in position 0 gives the value of the
function when all PIs are assigned to 0. The bitstring representing the
truth table can be observed as the binary expansion of a non-negative
number trelo, 2™). For example, the truth table of any 5-input function
can be encoded with a 32-bit integer. As shown on Figure 2.1a, 8 bits
are required to represent the truth table of each full-adder output that
has 3 inputs.

Example 2.2.1. The truth table of the two-input function f(x;, x2) = x; -
X is 0001 and ¢ = 7. The three-input function g(xy, x2, X3) = X1 - X2 + X3
has the truth table 10101011 and ¢ = 171.

The truth table of a given function is always canonical. They provide a
simple way to represent and manipulate Boolean functions. However,
they are not practical for functions that have more than 16 inputs, due
to their exponential growth in size in terms of the number of inputs.

2.2.2 Sums of Products

Another more compact minterm-based representation is the two-level
sum of products (SOP), which is a Boolean sum (OR, +) of cubes, S =
c1 + -+ cx. Assume that a Boolean function f is represented as an SOP
S¢. The SOP can be also represented as the set of cubes that comprise
the sum of cubes by representing the positive, negative and don't-care
variables of the cubes with 1, 0 and —, respectively.

Example 2.2.2. Consider the functions f and g from Example 2.2.1. The
on-set SOP of the two-input function f, Sy = x1 X2, can be also written
as Sy = {11}. The on-set SOP Sg = x1 X2 + x1 X3 + X1 X3 of the three-input
function g the can be also written as Sg = {11-,1-0,0-0}.

A cube is prime, if no literal can be removed from the cube without
changing the value that the cube implies for f. A cube that is not prime,
can be expanded by substituting at least one literal with a don’t-care.
The SOP is irredundant if each cube is prime and no cube can be deleted
without changing the function.

Typically, a canonical SOP refers to the canonical disjunctive normal
form that represents a sum of minterms and is canonical for a given
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function, but these SOPs are redundant. However, for a given function,
some algorithms [Minato, 1992] can generate canonical irredundant
SOPs that depend only on the input variable order. The disadvantage of
SOPs is that their two-level representation leads to an ineffective ma-
nipulation of large logic nodes. Moreover, they are inefficient for some
arithmetic, error correcting, and telecommunication circuits that are
rich with XOR logic. For example, Figure 2.1b shows that the SOP of the
sum output, which implements a 3-input XOR gate, is composed of four
complete cubes (i.e., minterms), and the carry output is represented
with 3 cubes, each composed of only 2 literals.

2.2.3 Binary Decision Diagrams

One of the fundamental representations of Boolean functions are the
BDDs that were first introduced by Lee et al. [1959] and Akers [1978].
A binary decision diagram (BDD) is a DAG with decision nodes repre-
senting the input variables of the Boolean function and terminal nodes
representing either a constant 1 or 0. One of the decision nodes is the
root node of the DAG. Each decision node has two output edges labelled
with 0 and 1, and it actually represents a 2-to-1 multiplexer. Any path
from the root node to any terminal 1 or 0 node defines a cube for which
the represented Boolean function evaluates to 1 or 0, respectively. For
example, Figure 2.1c shows the BDD of the full adder in which some
decision nodes are shared among the two outputs.

Several refinements of the BDDs have been proposed in the litera-
ture [Wegener, 2000], such as transformation binary decision diagrams
(TBDDs) [Goldberg et al., 1997], biconditional binary decision diagrams
(BBDDs) [Amaru et al., 2013], and zero-suppressed decision diagrams
(ZDDs) [Mishchenko, 2014]. In general, the term BDD refers to the most
commonly used form, called reduced ordered binary decision diagram
(ROBDD) [Bryant, 1986], that is canonical for a particular function and
variable order.

A BDD is ordered [Bryant, 1986] if the input variables appear in the
same order on all paths from the root to the terminal nodes. The size
of the BDD for a given function highly depends on the chosen variable
order. As finding the best variable order is NP-hard problem [Bollig
and Wegener, 1996], many efficient heuristics were developed [Rice and
Kulhari, 2008].

Binary decision
diagrams

Refinements of BDDs

Variable order in
BDDs
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Structural hashing

BDDs are typically canonical for a given variable order. However, due
to their canonicity, the size of the ordered BDDs is exponential, re-
gardless of the variable order for some practical functions where the
same inputs serve as both control and data [Bryant, 1991], which makes
BDDs often impractical for use. An example for such functions are
multipliers, floating-point alignment units, and the hidden weighted
bit function [Knuth, 2009]. There are some refinements that can relax
canonicity, but they are usually harder to manipulate.

2.2.4 And-Inverter Graphs

Another graph-based option for the representation of a Boolean func-
tion is a multi-level Boolean network. The Boolean network is a DAG
in which the internal nodes correspond to components implementing
a given logic function, such as gates or LUTs, and the directed edges
correspond to wires connecting these components. Incoming edges of
anode are called fanins and outgoing edges are called fanouts. The PlIs
of the network are represented as source nodes without fanins, and the
POs are represented as sink nodes without fanouts. A transitive fanin
(TFI) or transitive fanout (TFO) cone of a node is a subset of network
nodes that are reachable through the fanin or fanout edges of the node,
respectively. A cut of a node n, called the root, is a set of nodes, called
leaves, such that each path from a PI to n passes through at least one
leaf. A cut is k-feasible if the number of leaves is less or equal to k.

One of the simplest and most commonly used Boolean networks is the
and-inverter graph (AIG) that is composed of two-input AND gates and
inverters [Brayton and Mishchenko, 2010; Hellerman, 1963; Kuehlmann
et al,, 2002]. All internal nodes of the DAG are two-input AND gates,
whereas inverters are represented as attributes on the edges. The AIGs
have a special constant node that has no inputs, either representing a
Boolean 1 or 0. Any logic network can be converted to an AIG imple-
menting the same Boolean function of the POs in terms of the PIs.

One of the most important methods for AIGs is structural hashing. It
ensures that no two AND nodes in the AIG have the same two fanins,
including the inverters. Structural hashing is usually applied during the
creation of the AIG. It reduces the number of nodes in it and increases
the logic sharing in the network. For example, Figure 2.1d shows the
structurally hashed AIG of the full adder.
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AIGs enable short runtimes and high-quality results for synthesis, map-
ping and verification due to their simplicity and flexibility, hence it is a
common data structure in many academic and industrial systems for
logic synthesis and verification. Their main disadvantage is that they
are not canonical.

2.3 Boolean Satisfiability

A disjunction (OR, +) of literals forms a clause, t = I +---+ lx. A propo-
sitional formula is a logic expression defined over variables that take
values in the set {0, 1}. To solve a SAT problem, a propositional formula
is converted into its conjunctive normal form (CNF) as a conjunction
(AND, -) of clauses, F =7 -+--- tx. Algorithms such as the Tseitin trans-
formation [Tseitin, 1983] convert a Boolean function into a set of CNF
clauses.

Definition 1. A Boolean satisfiability (SAT) problem is a decision prob-
lem that takes a propositional formula in CNF form and returns that the
formula is satisfiable if there is an assignment of the variables from the
formula for which the CNF evaluates to 1. Otherwise, the propositional
formula is unsatisfiable (UNSAT).

A programme that solves SAT problems is called a SAT solver. SAT
solvers provide a satisfying assignment when the problem is satisfiable.
Otherwise, modern SAT solvers, such as MiniSat [Eén and S6rensson,
2003], can provide a proof of unsatisfiability, also called a refutation
proof. To define refutation proof, we need to first define the resolution
principle.

Definition 2. Let ¢c; = x+ R; and ¢ = X + R, be any two clauses, such
that if there is a literal x in c;, then its complement, X, is a literal in c,.
The resolution principle says that the resolvent of the clauses c; and c;
is the disjunction R; + R, given that R; + R, is non-tautological. The
literal x is called a pivot variable.

Definition 3. A refutation proof I1 of a set of clauses C is a directed
acyclic graph (Vf1, E), where Ef is set of edges connecting the vertices
with their predecessor vertices, and V7, the set of vertices, presents a
set of clauses such that

Pros and cons of AlGs

Conjunctive normal
form

Boolean satisfiability

SAT solvers

Resolution principle

Refutation proof

21



Chapter 2. Background Information

Incremental SAT
solving with
assumptions

A set of assumptions

22

for UNSAT

 for every vertex c € V7, c is either a root clause, such that c € C, or
c is an intermediate clause and represents the resolvent of its two
predecessors ¢; and ¢, and

 the unique leaf vertex is an empty clause.

Essentially, the resolvent is a necessary clause for the conjunction of the
original clauses to be satisfiable, and the refutation proof shows how
to pair clauses in order to derive necessary conditions for satisfiability
until the result is a contradiction. In Section 2.5, we show how the
refutation proof is used for building an interpolant.

Example 2.3.1. Consider the UNSAT set of clauses of Figure 2.4, which
is further discussed in Section 2.5: the refutation proof asserts that the
last two clauses can only be satisfied if b = 0 and, therefore, can be
replaced with their resolvent (a + ¢). Next, the clauses (@ + d) and (a + ¢)
can be replaced by the resolvent (¢ + d), and so on, until we obtain the
leaf clause 0, which proves that the original set of clauses is UNSAT.

Modern SAT solvers can also determine the satisfiability of a problem
under given assumptions. Assumptions are propositions that are given
as input to the SAT solver for a specific single invocation of the SAT
solver and have to be satisfied for the problem to be SAT. The process of
determining the satisfiability of a problem under given assumptions is
called incremental SAT solving. Some SAT solvers support an internal
stack of assumptions, which enables adding and removing assump-
tions between consecutive SAT calls via a push/pop mechanism. With
this, the state of the SAT solver is preserved between incremental runs,
whereas incremental runs themselves enable reusing learned clauses
from previous calls of the SAT-solving procedure. Thus, both incremen-
tal SAT solving with assumptions and incremental adding/removing of
assumptions lead to flexibility and efficiency in SAT-based applications.

Example 2.3.2. For the function f(xj,x2,x3) = (x1 + x2) X3, which is
satisfiable for the following assignments of the inputs {010,100,110}, a
SAT solver without assumptions can return any of the given assignments.
But, if we give as input to the SAT solver the assumption x; = 1, then
it returns either 100 or 110, because those two assignments satisfy the
given assumption.

The subset of root clauses from the proof of unsatisfiability, which
belong to the original SAT problem, are called UNSAT core. Most appli-
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cations do not require the full proof of unsatisfiability nor the complete
UNSAT core. Thus, when the problem is UNSAT under a given set of
assumptions, some modern SAT solvers can return an abstraction of
the core as a subset of assumptions used in the proof of unsatisfiability,
which we call a set of assumptions for UNSAT. For example, the SAT
solver MiniSAT [Eén and Sorensson, 2003] provides a dedicated proce-
dure, called “analyze_final”, that returns a set of assumptions for UNSAT
in the form of a final conflict clause [Eén et al., 2010]. This feature is very
practical because it enables calls that evaluate to UNSAT to be as useful
as the ones that evaluate to satisfiable, without logging and traversing
the complete proof of unsatisfiability.

Example 2.3.3. Assume that a SAT solver was initialised with the func-
tion f from Example 2.3.2. If we call the SAT-solving procedure with the
assumptions x; = 1 and x3 = 0, then the problem evaluates to UNSAT
as there is no satisfying assignment that satisfies the given assumptions.
If we ask for the set of assumptions for UNSAT, the SAT solver will re-
turn either the complete set {x1, X3} or the subset {¥3} depending on the
SAT-solving algorithm.

2.4 Functional Dependency

The check for functional dependency ensures that a given function f
can be expressed by a given set of base functions G. Additionally, the
necessary and sufficient condition of functional dependency helps to
define the construction of the circuits from which an interpolant is built.

Definition 4. A function f(X), defined over the variable vector X =
(x1,...,Xm), functionally depends on a set of Boolean functions G =
{g1(X),...,gn(X)} if there exists a Boolean function # such that f(X) =
h(g1(X),...,gn(X)) [Jiang et al., 2010].

The functions f, g;, and h are called target function, base functions, and
dependency function, respectively.

Example 2.4.1. Consider the carry function of a 2-bit adder c;
c1=(a1-b1)+(ap-bo-(ar + b)),

which is defined over the variable vector X = (ay, by, a1, b1), as a target
function. Given is a set of base functions G = {g1, g2, 3, g4}, where

Functional
dependency
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Figure 2.2 — Representation of a target function with a set of base functions. The target function ¢;
from Example 2.4.1 is implemented using the set of base functions G and the dependency function h3.
A dependency function h; exists if and only if the target function c¢; functionally depends on the set of

base functions G.
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g1=a1 9 b,

g2 = aO'bOv

g3 =aj, and
84 = by.

As the target function ¢ can be rewritten as any of the dependency
functions

h1=(g3-84)+(g2-(g3+81),
hy =(g3-84)+ (g2 (g3 g4)), Or
hs =1(g3-84) +(82-81),

it follows that f functionally depends on the set of base functions G.
Figure 2.2 shows the target function c¢; implemented using the set G
and its dependency function hs.

A base function g; € G is an essential base function, if f functionally
does not depend on G when g; is removed from the set G. Otherwise,
gi is an auxiliary base function. In Example 2.4.1, given c; as target
function and the set G ={gy, ..., g4}, the base functions g», g3 and g4 are
essential, whereas g; is an auxiliary base function.

Next, we give the necessary and sufficient condition for functional de-
pendency that is used to construct the circuit for checking if a function
f functionally depends on a set of base functions G.

Theorem 1. Let f(X) be a target function and let G be a set of Boolean
functions G = {g1(X), ..., g,(X)}, all defined over the variable vector X.
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Figure 2.3 — A miter for checking if a target function depends on a set of base functions. The miter
constructed for checking if the function fi,, with two outputs f; and f,, and two inputs a and b,
functionally depends on the set of base functions G = {g;, g2}. Functional dependency exists if and only
if the miter evaluates to 0 for any two assignments of the primary inputs, that is, the miter is UNSAT.

For any two assignments P and Q of X, when f(P) # f(Q), then the set
G contains at least one base function g;(X), for i = 1,..., n, such that
gi(P) # gi(Q), if and only if, the function f functionally depends on the
set G [Jiang and Brayton, 2004].

Following Theorem 1, to check if a function f functionally depends  Constructing a miter
on a set of base functions G, we construct a miter circuit that we can ~ for functional
transform to CNF clauses and give to a SAT solver. The miter evaluates dependency check
to 1 if and only if two assignments for the primary inputs P and Q
exist, for which each g; € G evaluates to the same value and at least
one output of the function f evaluates to a different value. The output
that evaluates to a different value cannot be represented as a function
of G, and there is no functional dependency. Otherwise, if the miter
evaluates to 0 for all possible assignments of the primary inputs, then
f functionally depends on G. As an example, Figure 2.3 shows a miter
constructed for a multiple-output target circuit.

2.5 CraigInterpolation

In this section, we present the Craig interpolation theorem that was first ~ Craig interpolation
proved by W. Craig [1957], and we show the method for constructing
interpolants proposed by McMillan [2003].

Theorem 2. Let (A, B) be a pair of sets of clauses, such that A- B is
unsatisfiable. Then, there exists a formula P such that

25
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Figure 2.4 - Computing an interpolant from a refutation proof by using the McMillan’s algorithm.
The given refutation proof is for the pair of clauses A = (d)-@-(@+d) and B=(a+b+c)-(b). The
intermediate clauses are derived using the resolution principle defined in Section 2.3. In square
brackets, we give the Boolean formulas p(c) assigned to each clause and the one assigned to the leaf
clause, p(0) = a- ¢, is the interpolant.

e Aimplies P,
e P.Bisunsatisfiable, and
¢ P refers only to the common variables of A and B [Craig, 1957].

The formula P represents an interpolant of A and B. Given the pair (A4,
B) and their refutation proof, a procedure called interpolation system
constructs an interpolant in linear time and space in the size of the
proof [McMillan, 2003; Pudlak, 1997] .

McMillan’s  Next, we explain the construction of the interpolant through McMillan’s
interpolation system  gystem [McMillan, 2003].

Definition 5. Let (A, B) be a pair of clause sets and let I be their refuta-
tion proof. To all clauses ¢ from II, we assign a Boolean formula p(c),
such that

e if cisaroot clause, and
- if ¢ € A, then p(c) is the disjunction of c’s global literals,
whose variable appear in both A and B, or
- ifc¢ A, then p(c) =1;
¢ and if c is an intermediate clause, then let ¢; and ¢, be the prede-
cessor clauses of ¢, and let x be their pivot variable. Then,
- if x € B, then p(c) = p(cy) - p(cp), or
— if x ¢ B, then p(c) = p(c1) + p(c2).

The I1-interpolant of (A, B) is the Boolean formula assigned to the leaf
clause p(0) [McMillan, 2003].
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The Boolean circuit representing the interpolant is constructed by sub-
stituting the intermediate vertices and the leaf with gates corresponding
to the executed operation between their predecessors. Figure 2.4 shows
how the interpolant for A = (d)- (&) -@+d) and B= (a+b+c)-(b)is
constructed by following McMillan’s algorithm.

2.6 Shannon Expansion

Shannon expansion [Shannon, 1949] is a fundamental theorem used  Shannon expansion
for simplification and optimisation of logic circuits.

Theorem 3. Any Boolean function f defined over a variable vector
X = (x1,...,X,), can be written in the form

f:xi‘ffc,-"'xi'fxi;
where f%, = f(x1,...,0,...,x,) and fy, = f(x1,...,1,...,x5).

The expressions fx, and fy, represent, respectively, a negative and posi-  Cofactors of a circuit
tive cofactor of f with respect to the control variable x;.

Example 2.6.1. Consider the function f(x;,x2, x3) = (x1 + x2)X3. The
cofactors of f with respect to the variable x3 are f3, = f(x1,x2,0) =
x1+xp and fy, = f(x1,x2,1) =0. Thus, the function can be reconstructed
as

f(x1,%0,x3) = X3+ fr, + X3+ fiey = X3(x1 + X2) + x3-0 = (%7 + x2) X3.
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8] Fast Generation of Lexicographic
Satisfying Assignments

Lexicographic satisfiability (LEXSAT)is a decision problem similar to the =~ LEXSAT returns the
SAT problem: for a given SAT formula it returns a satisfying assignment, ~smallest or greatest
if the problem is satisfiable, or otherwise it returns UNSAT. The only satisfying assignment
difference is that SAT can return any satisfying assignment, whereas

LEXSAT returns deterministically the one whose integer value under a

given variable order is the minimum (or maximum) among all satisfy-

ing assignments. The assignments with the minimum and maximum

integer values are called the lexicographically smallest and lexicograph-

ically greatest assignment, respectively. For simplicity, we assume that

LEXSAT always generates the lexicographically smallest assignment,

but the same principles apply when generating the lexicographically

greatest one.

Example 3.0.1. Assume a 4-input function f(x, x2, X3, x4) with the sat-
isfying assignments for the inputs {0001,0101, 1010,1011,1101}. SAT can
return any of the given assignments, whereas LEXSAT always returns
either the lexicographically smallest assignment 0001 or the lexicograph-
ically greatest assignment 1101, depending on the user preference.

Knuth [2015] mentions two implementations of an algorithm for gen-  Two LEXSAT
erating satisfying assignments in a lexicographic order. The first one  2lgorithms by Knuth
calls a SAT solver multiple times [Knuth, 2015, Ex. 7.2.2.2-109]: the first

call generates a satisfying assignment that is iteratively minimised with

the successive SAT calls. The second one implements the same concept

by modifying the decision heuristic of the SAT solver in order to per-

This chapter is based on the work of a paper published at the 2016 International
Conference on Computer Aided Design [Petkovska et al., 2016b].
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form decisions on the input variables in a given order, whereas for the
other variables decisions can be performed in any order [Knuth, 2015,
Ex. 7.2.2.2-275]. However, Knuth does not evaluate the performance of
these two algorithms.

Nadel and Ryvchin [2016] propose, independently, Knuth’s LEXSAT al-
gorithm, which they call 0BV-BS, in the context of satisfiability modulo
theories (SMT) solving. They also propose another algorithm integrated
in a SAT solver. Their results are two-fold: First, the two proposed algo-
rithms are faster than algorithms based on SMT solvers. Second, they
show that the 0BV-BS algorithm, which uses the SAT solver repeatedly,
is slower than the one integrated in the SAT solver but it is more robust:
it succeeds in finding solutions for difficult instances for which the in-
tegrated one exceeds the given time limit. A generalisation of Knuth’s
algorithm is also proposed by Marques-Silva et al. [2011].

In this chapter, we propose our first SAT-based method—a scalable and
fast LEXSAT algorithm that also repeatedly uses the SAT solver. But,
instead of starting from a satisfying assignment that is iteratively min-
imised, we start from a potential assignment that is the lexicographically
smallest assignment that might be satisfying. Then, for each variable,
we iteratively either confirm that its assignment is identical to the one
in the lexicographically smallest satisfying assignment, or we increase
it, if possible. To achieve a good performance, we also propose a ver-
sion of the algorithm that is based on the concept of binary search.
Moreover, we propose methods that use the lexicographic properties
of the assignments to further improve the runtime when consecutive
satisfying assignments are generated in lexicographic order, which is re-
quired in applications such as the canonical SAT-based SOP generation
presented in Chapter 4. For all algorithms, we propose to use incremen-
tal SAT solving to mimic the alternative implementation that modifies
the SAT solver, which leads to a good performance while maintaining
the SAT solver unmodified for general use. The experimental results
show that our algorithm is faster than the first algorithm proposed by
Knuth [2015], both for generation of non-consecutive and consecutive
LEXSAT assignments.

We also identified that LEXSAT can be especially useful for a variety
of EDA applications that require canonicity. One example for such an
application is our generation of canonical SOP using SAT solvers, which
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is presented in Chapter 4. In addition, Section 3.2 gives a summary of the
applications that already use LEXSAT, as well as potential applications
that can benefit from it in the future.

LEXSAT can be applied in other domains for applications that require = The widespread
canonicity, the smallest or largest satisfying assignment, or consecutive ~ application of

satisfying assignments. As presented in Section 3.3, the variations of LEXSAT
the SAT problem MAX-SAT, AlISAT, and #SAT can also be solved by a
LEXSAT-based algorithm. These algorithms are used in a wide range of
domains and expand the potential applicability of LEXSAT. Moreover,
by using the concept of LEXSAT, we propose an algorithm LEX-UNSAT

that can enable canonicity when the problem is UNSAT.

In the rest of the chapter, in Section 3.1, we give the formal definition
of LEXSAT. In Section 3.2 and Section 3.3, we explain how we can use
LEXSAT for EDA applications and for solving other SAT problems, re-
spectively. In Section 3.4, we describe two versions of our algorithm
and the methods for improving the runtime. We present our experimen-
tal setup and results in Section 3.5. In Section 3.6, we argue that our
implementation with repetitive SAT calls is expected to be as efficient
as an implementation that modifies the SAT solver. We conclude this
chapter and present ideas for future work in Section 3.7. The required
background information is provided in Section 2.1 and Section 2.3.

3.1 Lexicographic Boolean Satisfiability

The lexicographic satisfiability (LEXSAT) problem is a variation of the  Definition of LEXSAT
SAT problem that takes a propositional formula in CNF form and a given

variable order, and returns a satisfying variable assignment whose inte-

ger value under the given variable order is minimum (maximum) among

all satisfying assignments. If the formula has no satisfying assignments,

LEXSAT proves it unsatisfiable.

Recall that Knuth [2015] proposes two solutions for generating a LEXSAT  State-of-the-art
assignment. In this chapter, we compare our algorithms to the first so- ~LEXSAT algorithm
lution that calls the SAT solver multiple times. Assuming a function

f(x1,...,xp), with the first call, the algorithm generates an initial satis-

fying assignment a ... ay, or terminates if the problem is UNSAT. Then,

if the problem is SAT, it minimises the assignment iteratively. For this,

a pointer d is set to 0 before the first iteration, and later points to the
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next variable that is assigned to 1 and can be flipped to 0 in order to
decrease the assignment. Assignments for the variables x; for1 <i < d
are considered to be fixed. Thus, to minimise the assignment, first, d is
set to the index of the next variable that is assigned to 1. If d > n, then
no variable in the assignment can be flipped, and the algorithm returns
ay ...ay. Otherwise, using the assumption mechanism, the SAT solver
is called again with the assumptions x; = a;, for1 <i <d, and x5 =0. If
the problem is SAT, the assignment 4; ... a, is updated with the newly
received assignment; otherwise, the old assignment is kept. Finally, it
performs another iteration for minimisation to find the next non-fixed
1 to be flipped.

Example 3.1.1. For a function f(x1, X, X3, X4, X5), assume that the as-
signment 00101 is received with the first SAT call. Then, in the first
iteration for minimisation, the pointer d is set to 3, because x3 is the
first variable that can be flipped from 1 to 0. Next, the SAT solver is called
with the assumptions x; = 0, x» = 0, x3 = 0. If the problem is UNSAT,
the value of x3 remains 1, because there is no satisfying assignment that
satisfies the given assumptions (i.e., that starts with 000); thus, the old
assignment is kept and in the second iteration for minimisation d is set
to 5. Otherwise, assuming that the SAT solver returns the assignment
00010, it is considered as a potential assignment in the second iteration,
so d =4.

3.2 LEXSAT for EDA Applications

Although LEXSAT has emerged only recently, it has already been shown
useful for several EDA applications. For example, Soeken et al. [2016]
show that LEXSAT enables heuristic NPN classification of large func-
tions with up to 194 variables. The same heuristic algorithm was previ-
ously limited to functions with up to 16 variables, for which truth tables
could be computed [Huang et al., 2013]. However, LEXSAT enables
comparing two functions f(X) and g(X), where X is a set of variables
X ={x1,..., x5}, by solving the SAT problem defined with the formula
f(X) ® g(X), which is commonly used for equivalence checking of two
circuits [Brand, 1993]. Thus, if the problem is UNSAT, then the functions
are identical, i.e., f = g. Otherwise, if the problem is satisfiable, then the
smallest LEXSAT assignment defines the most significant bit for which
the truth tables of f and g differ. By simulating this assignment for one
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of the functions, it can be determined which one has a truth table with
a larger value. For example, if LEXSAT returns an assignment A and if
f(A)=0,then f < g.

LEXSAT is also used for fixing a cell placement during the physical
design stage of an industrial EDA flow [Nadel and Ryvchin, 2016]. By
finding the maximal value of a bit-vector, which encodes that a potential
violation is solved, a fixer tool generates a placement that has as few
violations as possible while giving preference to fixing high-priority
violations that are encoded with the most significant bits of the bit-
vector.

Another example is the work presented in Chapter 4, where LEXSAT
enables generation of canonical SOPs by using a SAT solver because
it generates assignments in a deterministic lexicographic order. For
a given function and a variable order, an SOP generated by using this
method is unique and is independent of the input implementation of
the function, the used SAT solver, and the encoding of the problem.

Moreover, assuming a function f(x,..., x,), if the assignments of the d
most left variables x;, where 1 < i < d for some d < n, are fixed to some
value, LEXSAT would generate an assignment that is lexicographically
closest to the value defined when the d most left variables are assigned
to the fixed values and the rest of the variables x;, whered+1< j<n
are assigned to 0.

Example 3.2.1. For the function f(x, x2, x3, x4) from Example 3.0.1, if
we fix the most left variable x; to 1, then LEXSAT returns the assignment
1010 as lexicographically smallest because it is the satisfying assignment
with the smallest integer value after the assignment 1000.

With this, LEXSAT enables generating canonical simulation vectors
used to generate canonical signatures for Boolean functions using a SAT
solver. Similarly, applications such as constraint solving [Yuan et al.,
2004] and random assignment generation [Nadel, 2011] can benefit
from LEXSAT, because it can derive the closest satisfying assignments
for random valuations of inputs.

In general, because LEXSAT generates deterministic assignments, it
enables canonicity in SAT-based applications with two important con-
sequences: On the one hand, the result of computation depends only
on the Boolean function and the user-specified variable order (and
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is independent of the SAT solver and the problem representation, in
particular, of the CNF generation algorithm). On the other hand, sub-
problems encountered during SAT solving can be cached in a way sim-
ilar to how BDD-based applications cache the results of intermediate
computations, resulting in runtime reduction. To this end, BDD-based
applications maintain a hash table mapping BDD nodes into results of
computation for these nodes. Similarly, a SAT-based application can use
LEXSAT to compute a canonical representation of Boolean functions
(such as the canonical SOP mentioned above). This canonical represen-
tation can be used as a hash key in a table of computed results, similarly
to how BDD nodes are used as hash keys in BDD-based applications.

In addition, algorithms for approximate computing [Soeken et al., 2016b;
Venkatesan et al., 2011] can use LEXSAT to compute the worst-case er-
ror by finding the lexicographically greatest solution for the difference
between the approximate output and a correct reference version for all
possible inputs. In formal verification, LEXSAT can analyse bugs that
the SAT solver finds when solving verification instances. Suppose, for
example, a satisfying assignment is found that indicates a mismatch
between the specification and the implementation of a hardware design.
LEXSAT can determine the lexicographically closest correct minterms
before and after the buggy minterm. The difference between the two
correct minterms outlines the region of the input space where the bug
is present. When one bug is characterised in this way, a question can
be asked: Are there other bugs before and after the given one in the
lexicographical order? Repeatedly calling LEXSAT enables exploring
the input space step-by-step, and understanding the distribution and
the size of buggy regions, which could provide crucial information for
debugging.

In summary, an appealing aspect of LEXSAT is that it enables canonicity
in SAT-based applications, which leads to the same benefits BDD-based
applications reap from the canonicity of BDDs that are unique for a
given function and for a given variable order. Furthermore, there could
be practically important applications of LEXSAT in verification, such
as “canonical” random simulation based on evenly-distributed input
patterns, or bug characterisation based on the exploration of input
space performed by LEXSAT.
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3.3 LEXSAT for SAT Algorithms

In this section, we present ideas for solving variations of the SAT prob-
lem by using LEXSAT or its concept: first, for solving the existing AIISAT,
#SAT, and MAX-SAT, and then for the novel LEX-UNSAT problem. Fu-
ture work can be focused on implementing and evaluating these ideas.

The AIISAT and #SAT problems are closely related. On the one hand, for
a given CNF formula, the all solutions satisfiability (AIISAT) problem,
which is also called model enumeration, generates partial satisfying
assignments that form a logically equivalent disjunctive normal form
(DNF) formula; a DNF formula F is a disjunction (OR, +) of cubes,
F=cy+- -+ cp, where ¢; for 1 < i < n represent cubes. The AIISAT
problem has many diverse applications including data mining [Jabbour
et al., 2013] and formal verification [Toda and Soh, 2016]. On the other
hand, the counting satisfiability (#SAT) problem, which is also called
propositional model counting, returns the total number of satisfying
assignments. The #SAT became an important component in domains
of artificial intelligence, planning, model checking, and hardware test-
ing [Belle, 2016; Burchard et al., 2015].

To solve these two problems, we could identify regions in the Boolean
space with successive satisfying assignments. First, we have to initialise
two SAT solvers, one with the on-set and another with the off-set of
the problem; for convenience we call them on-set SAT solver and off-set
SAT solver, respectively. Then, we have to find, in an alternating fash-
ion, LEXSAT assignments from the on-set and the off-set: By using the
on-set SAT solver, we could first find the smallest LEXSAT assignment
from the on-set, My, that comes after the last generated off-set assign-
ment; by using the off-set SAT solver, we could then find the smallest
LEXSAT assignment from the off-set, Mg, that comes after the last gen-
erated on-set assignment. The integer difference Mg — Mon, represents
the number of on-set assignments in the Boolean space in the range
[Mon, Mose). Thus, to solve #SAT, we should sum up the integer differ-
ences My — Moy of all computed (Mg, Mygr) pairs. Whereas, to solve
AlISAT, we should generate DNF cubes that would represent the on-set
assignments in the range [Mon, Mof).

Example 3.3.1. Assume a 4-input function f(x, x2, X3, x4) with the sat-
isfying on-set assignments {0011,0100,0101,1100,1101,1111}. First,
with the on-set SAT solver, we can find the smallest on-set LEXSAT as-
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signment that is greater than or equal to 0000, which is My, = 0011.
Next, using the off-set SAT solver, we can find the smallest off-set
LEXSAT assignment greater than 0011, which is Myg = 0110. The integer
difference between Mg — Moy, is 3, because there are three assignments
in the range [0011,0110). Thus, for #SAT, we should add 3 to the final
count of assignments. Whereas, for AlISAT, we should add to the DNF
the disjoint cubes 0011 and 010— that cover the three assignments.

These LEXSAT-based methods can be particularly useful for problems
that satisfy the following two conditions. First, obtaining the CNF de-
scription of the off-set should be easy. For a problem that represents a
Boolean function, this can be performed by just negating the primary
output. Unfortunately, if only the CNF is available, complementing it
might be hard when the CNF is too large. Second, the on-set should
be sparse but not fragmented. This method would be impractical if
the onset is very fragmented, such as in the case of a multi-input XOR,
when we would need to switch an exponential number of times between
on-set and off-set.

For a given propositional formula in CNF form, the maximum satisfi-
ability (MAX-SAT) problem returns an assignment for the variables of
the formula that satisfies the maximum number of clauses. MAX-SAT is
usually executed for UNSAT problems, because in satisfiable problems
all clauses are satisfied by the returned satisfying assignment. There
are several variations of MAX-SAT, among which the most used are
weighted MAX-SAT and partial MAX-SAT. For a given set of weights for
the clauses, weighted MAX-SAT returns an assignment that maximises
the sum of weights of the satisfied clauses. For a given division of the
clauses into hard and soft clauses, the partial MAX-SAT returns an as-
signment that satisfies all hard clauses and the maximum number of
soft clauses. Both the original problem and its variations are used in a
wide range of domains, such as EDA [Chen et al., 2009; Le et al., 2013],
data analysis and machine learning [Berg et al., 2015], and automotive
configuration [Walter et al., 2013].

LEXSAT can be used as yet another solution for the MAX-SAT problem,
and notably, it can be easily extended to solve its variations. First, we
have to add a variable that evaluates to 1 when the clause is satisfied.
Next, these new clauses can be connected either with a sorting network
or with an adder structure that would sum up that total number of
satisfied clauses. A sorting network can be used only if all clauses have a
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unit weight; whereas to solve the weighted MAX-SAT problem, for each
clause, we can add a 2-to-1 multiplexer an input to the adder structure.
This multiplexer outputs the weight of the clause when the clause is
satisfied, or 0 otherwise. Finally, similarly to the approximate computing
application from Section 3.2, we could then find an assignment for the
variables of the original formula that maximises the output of the sorting
network or the adder structure.

Finally, LEXSAT brings canonicity only for applications that rely on
satisfiable calls. A solution is still required for applications that rely on
UNSAT calls, because the received proof of unsatisfiability and the set
of assumptions for UNSAT are non-canonical. By using the concept of
LEXSAT, we can define and solve a new problem, called LEX-UNSAT,
that brings canonicity whenever a set of assumptions for UNSAT is used.

The lexicographic unsatisfiability (LEX-UNSAT) problem takes as input
a propositional formula in CNF form, a given variable order, and a set of
assumptions. If the problem is UNSAT, LEX-UNSAT returns a bit-stream
in which each bit represents if the corresponding assumption belongs to
the set of assumptions for UNSAT, and whose integer value is minimum
(maximum) under the given variable order and assumptions. If the
formula is satisfiable, LEX-UNSAT proves it satisfiable.

Compared to LEXSAT in which the returned bit-string represents an
assignment for the input variables, LEX-UNSAT returns a bit-string in
which each bit encodes if the corresponding assumption is used in the
proof of unsatisfiability. An assumption represented with 1 is used and
thus included in the set of assumptions for UNSAT, whereas an assump-
tion represented with 0 is not included. Consequently, to minimise the
returned bit-stream, LEXSAT that uses satisfying assignments, whereas
LEX-UNSAT uses the set of assumptions for UNSAT.

Example 3.3.2. Assume a 5-input function f(xy, X2, x3, X4, X5) with the
satisfying assignments for the inputs {00110,00111,01001,11011}. If
we call LEX-UNSAT for f with the assumptions x; x» x3 %4, which would
be encoded with the bit-string 11110, it would return the lexicograph-
ically smallest solution 00110 that proves that there is no satisfying
assignment that satisfies the assumptions x3x;. Note that the set of
assumptions for UNSAT X, X5 that has globally the lexicographically
smallest bit-string 00011 is not returned, as the returned solution also
depends on the assumptions given as input.
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3.4 Generating Lexicographic Satisfying
Assignments

In this section, we first describe a simple and a binary search-based ver-
sion of our algorithm for generation of LEXSAT assignments. Then, we
describe several methods that improve their runtime when generating
consecutive LEXSAT assignments.

3.4.1 Simple Version

Instead of using a SAT solver to find the initial assignment, our algo-
rithm receives as input an initial assignment a; ... a, that, in this case,
is smaller or equal to the next LEXSAT assignment. When generating
consecutive LEXSAT assignments, this enables the search to start from
the last generated LEXSAT assignment. For the first assignment or when
generating non-consecutive assignments, for a function f(xy,...,x,),
the initial assignment is a; = 0 for 1 < i < n. Having this initial assign-
ment, our algorithm iteratively verifies if the assignment of each variable
can be fixed or if it should be increased. With this, it converts the initial
assignment into the LEXSAT assignment that is returned as output.

A simple version of our algorithm fixes the assignments of the variables
one by one. A pointer d, which is initially set to 1, gives the index of the
first non-fixed variable whose assignment should be fixed, whereas for
the previous variables the assignments x; = a;, for 1 < i < d, are already
fixed. To fix the assignments, a SAT solver is called iteratively with the
assumptions x; = a;, for 1 < i < d. If the problem is SAT, then there is
a satisfying assignment that starts with a; ... a; and d is incremented.
Otherwise, if there is no satisfying assignment that starts with a; ... ag,
the problem is UNSAT. In this case, if az = 0, we set a; = 1, set a; =
0 for d < i < n to keep the assignment the smallest possible for the
future iterations, and perform another iteration. But, if the problem is
UNSAT when a; = 1, then there is no satisfying assignment both when
ag =0 and a4 = 1, hence the algorithm returns UNSAT. Once d > n,
the assignments for all variables are fixed and a; ... a, is returned as a
LEXSAT assignment.

Example 3.4.1. To generate the first LEXSAT assignment for a function
f(x1, %2, x3, X4, X5), the received initial assignment is 00000. Initially,
d =1 and the first SAT call assumes x; = 0. If the problem is SAT, then d
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is incremented to d = 2, and in the next iteration the SAT call assumes
x1 = 0 and xp = 0. Otherwise, if the problem is UNSAT, we flip a; =1,
and iterate with the assumption x; = 1. This time, if we receive SAT,
we increment d, and in the next iteration the SAT call assumes x; =1
and x, = 0. But, if we receive UNSAT again, it means that there is no
assignment both with x; = 0 and x; = 1, and thus we return UNSAT.

Similarly to the algorithm by Knuth [2015] described in Section 3.1,
when the SAT solver returns a satisfying assignment, we can learn some
variable assignments from it. Thus, we always save the last satisfying as-
signment, and use it as follows. First, same as before, if the first variable
assigned to 1 after d is on position d + f, where 1 < t < n—d, then we can
learn and fix to 0 the £ —1 variables between d and d + t. Moreover, in our
case, the potential assignment a ... a, is the lexicographically smallest
assignment that might be satisfying. Thus, if the potential assignment
for a variable x; is a; = 1, then we cannot flip it to 0 in order to minimise
the assignment as in the algorithm by Knuth. This enables us to learn
from the SAT solver and fix all assignments up to the first variable for
which the potential assignment and the assignment returned by the
SAT solver differ. Assume that the last satisfying assignment returned
by the solver is v; ... v,. Instead of incrementing d by 1, we can set it to
the index i, such that a; = vj for 1 < j <i and a; # v;. Finally, same as
Knuth’s algorithm, for a given literal x4, where 1 < d < n, with v; =1, if
we get UNSAT when assuming x; = 0, we can immediately fix x; to 1,
as this value is confirmed by the last satisfying assignment.

Example 3.4.2. For a function f(xi,...,xg), assume that 101000 is re-
ceived as an initial assignment. When the SAT solver is called with the
assumption x; = 1, it returns a satisfying assignment 101101, which is
saved as a last satisfying assignment. Besides fixing x; = 1, from this
assignment, we can learn and fix x, = 0 and x3 = 1, because their initial
assignments are confirmed by the last satisfying assignment. The vari-
able x, is the left-most variable for which the assignments differ and
might be flipped to 0, so for the next iteration we set d = 4 and call the
SAT solver with the assumptions x; =1, x, =0, x3 =1 and x4 = 0. If the
problem is SAT, we fix x4 to 0 and update the last satisfying assignment.
But, if the problem is UNSAT, from the last satisfying assignment 101101,
we already know that the problem is satisfiable when x4 = 1, we can
additionally fix x5 = 0, and set d = 6 for the next iteration.

Improving
performance by
learning from
satisfying assignments
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3.4.2 Binary Search-Based Version

To further enhance the simple version of our algorithm, instead of fixing
the assignments of variables one by one, we propose to set the pointer
d using binary search. Two additional pointers [ and r show the first
and last variable with non-fixed assignments, respectively, and initially
are set =1 and r = n. Then, d is set to the middle variable in the array
of variables bounded by x; and x;,. This assumes the assignments of the
left half of the variables x;, where 1 < i < d, in the first iteration. Later,
whenever the SAT solver returns SAT, it confirms that a satisfying assign-
ment that starts with a, ... a, exists. As shown in Section 3.4.1, from
the returned satisfying assignment, we can confirm and fix ¢ additional
assignments from the potential assignment, where 0 < < n—d. After
this step, the assignments for the variables x;, where 1 <i < d + t are
fixed. For the next iteration, we set [ =d + t+1 and r = n to assume
the assignments for the non-fixed variables in the right half. Otherwise,
if the problem is UNSAT, if a; = 0, then we proceed as in the simple
version of the algorithm: we set a; = 1, set a; = 0 for d < i < n for the
future iterations, and perform another iteration; whereas, if a; = 1, for
the next iteration r = d — 1 to assume fewer non-fixed variables.

Example 3.4.3. To generate the first LEXSAT assignment for a function
f(x1, X2, X3, X4, X5, X6), the initial assignment 000000 is received as input.
Initially, / =1, r = 6 and d = 3. Thus, the first SAT call would assume
x1 =0, x =0, and x3 = 0. If the problem is SAT and the satisfying
assignment 000010 is returned, then the assignment x4 = 0 is learned as
it is the same in the initial assignment, and the values of the pointers
are updated to [ =5, r =6 and d =5 for the next iteration. Otherwise, if
it is UNSAT, we would first try the assumptions x; =0, x =0, and x3 = 1.
This time, if we receive SAT we would proceed same as before; whereas,
if we receive UNSAT again, for the next iteration, we would update the
values of the pointersto [ =1, r =2 and d = 1 to assume fewer variables.

3.4.3 Runtime Improvement for Consecutive LEXSAT
Assignments

Applications such as the SAT-based generation of canonical SOPs, which
is presented in Chapter 4, generate consecutive satisfying assignments
in lexicographic order. To enable the generation of new satisfying as-
signments, each generated assignment is added to the SAT solver as a
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blocking clause, which is an additional clause that blocks known solu-
tions of the SAT problem.

Example 3.4.4. For the function f(x1, X2, x3, x4) from Example 3.0.1, the
first LEXSAT call returns the assignment 0001. If we add this assignment
as a blocking clause to the SAT solver, with the next LEXSAT call the
assignment 0101 is generated because it is the lexicographically smallest
satisfying assignment that is not blocked.

For these types of algorithms, we present three methods that improve  Methods for runtime
the runtime of the newly proposed algorithms. These methods benefit ~ improvement

from (1) the lexicographic properties of the assignments and (2) the fact

that, after the first LEXSAT call, the received initial assignment is the

last generated LEXSAT assignment.

When generating consecutive LEXSAT assignments, after some time, Fixing leading 1s
assignments that start with one or more consecutive 1s are generated.
Generating a lexicographically smallest satisfying assignment that starts
with one or more consecutive 1s implies that all unblocked satisfying
assignments are greater than the generated one, hence they also start
with the same number of 1s. Thus, when generating a LEXSAT assign-
ment, assume that a; =1 for 1 < i < t, for some ¢ < n (i.e., the received
initial assignment starts with ¢ consecutive 1s). Then, we can fix these ¢
assignments for the corresponding variables x;, and the initial value of
[ (or of d in the simple version) is set to ¢ + 1 to point the first variable
that is assigned 0.

Example 3.4.5. For a function f(x1, x2, X3, X4, X5), assume that the last
generated LEXSAT assignment is 11010 and it is received as an initial
assignment. As the next LEXSAT assignment has to be greater than the
last generated assignment, we know that it also starts with 11. Hence,
we can skip assuming assignments for x; and x», and directly fix them
to 1. Initially, / is set to 3, r to 5, d is computed to be 4, and thus, the
first SAT call would be with the assumptions x; =1, x» =1, x3 =0, and
xg=1.

When generating consecutive LEXSAT assignments, for the first LEXSAT  Correcting the initial
assignment, the initial assignment received as input assigns all vari- assignment

ables to 0. Afterwards, for the following LEXSAT assignments, the initial

assignment is equal to the last generated LEXSAT assignment. But, the

first unblocked assignment is the one whose integer value is one unit
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greater than the last LEXSAT assignment. Thus, assuming that the last
LEXSAT assignment ends with ¢ 1s, for some ¢ < n, i.e.,, a,—; =1 for
0 <i < t, we flip the most right 1s by setting a,_; = 0 and the first 0 from
the right by setting a,_; = 1.

Example 3.4.6. For a function f(x, x2, X3, X4, X5), assume that the as-
signment 11011 is generated with the previous LEXSAT call and received
as an initial assignment. As the next lexicographical assignment has to
be greater than the last generated, the first possible satisfying assign-
ment is 11100. Thus, we flip the 1s and the first 0 starting from the right
to get the potential assignment 11100.

For the LEXSAT algorithm, we consider satisfiable SAT calls as successful
because they confirm the assumed assignments, and unsatisfiable SAT
calls are considered unsuccessful. Furthermore, we propose to profile
the success of the first SAT call from the LEXSAT algorithm and use this
profile to alter the percentage of assumed assignments in the first SAT
calls in the subsequent invocation of the LEXSAT algorithm based on
binary search. This method does not apply to the simple version of the
algorithm.

The binary search-based version always sets the pointer d to point the
middle variable of the array of variables bounded by x; and x,. Thus,
with the first SAT call, we always assume the non-fixed assignments for
the first 50% of the variables between x; and x,. In the next iterations,
with every satisfiable SAT call, we increase the number of assumptions
and add 50% more of the right subarray. With every unsatisfiable SAT
call, we decrease the number of assumptions and the next time we use
only 50% of the assignments of the left subarray; for example, assuming
75% of the assignments in the first SAT call is equivalent to having two
consecutive iterations with successful SAT calls.

To profile and alter the percentage of assumed assignments in the first
SAT call, we keep a variable w that tells us how many iterations to
perform at once and in which direction we should perform them. We
iterate |w| times to decrease or increase the percentage when w < 0 or
w > 0, respectively. Initially, w = 0, which means that we should assume
50% of the assignments. If the first SAT call is satisfiable, we increase
w for 1 when w = 0 or we set w = 1 when w < 0. If the first SAT call is
unsatisfiable, we decrease w for 1 when w < 0 or we set w = 0 when
w > 0. Figure 3.1 shows how the percentage of assumed variables for
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Figure 3.1 — Profiling the success of the first SAT calls. The percentage of assumed variables for the first
SAT call of LEXSAT is changed depending on the success of the previous first SAT calls. In this case, at

most three iterations of binary search are performed at once.

the first SAT call and the value of w changes with the success of the first
SAT calls. In this example, at most three iterations of binary search are
performed at once.

Example 3.4.7. For a function f(x,...,Xx10), assume that the assign-
ment 0000110000 is received as an initial assignment and w = 0. As
[ =1, r=10and w = 0, for the first SAT call d is computed as d =
[(1+10)-0.5] =5. Thus, we assume x; =0, x =0, x3 =0, x4 = 0 and
x5 = 1. If this call is satisfiable, then w is set to 1 for the next LEXSAT
assignment. Assume that with the following SAT calls the LEXSAT as-
signment 0000110001 is generated. Then, when generating the next
LEXSAT assignment, for the first SAT call, d = [(1+10)-0.75] = 8 because
w = 1, so instead of assuming the initial assignments only for the first
five inputs as before, we assume the assignments for the first eight in-
puts. For the remaining SAT calls of the current LEXSAT assignment,
we always use the regular binary search algorithm that always assumes
50% of the assignments.

3.5 Experimental Results

In this section, for convenience the algorithm from Knuth [2015] is
called KLEX (Section 3.1), and the simple and binary search-based ver-
sions of our algorithm are called SIMPLE and BINARY, respectively (Sec-
tion 3.4). We implemented in ABC [ABC] the three algorithms KLEX,
SIMPLE, and BINARY, as well as the methods for improving the runtime
from Section 3.4.3. ABC features an integrated incremental SAT solver
derived from an early version of MiniSAT [Eén and Sérensson, 2003].

Algorithms
implemented in ABC
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Also, this SAT solver supports interfaces for pushing and popping of
assumptions that we use in our implementations.

To evaluate the runtime of the algorithms and the speedup achieved
from the additional methods, we use the set of large MCNC benchmarks
and a set of logic tables from the instruction decoder unit [BenchIBM],
which we denote with LT-DEC. The names of the LT-DEC benchmarks
are given in the form “[Npi].[Npo]”, where Npj is the number of pri-
mary inputs and Npg is the number of primary outputs. For a given
benchmark, each algorithm generates a user specified number of con-
secutive LEXSAT assignments for each combinational output that is
each primary output and each latch input. However, to avoid repeatedly
calling the procedure for output functions with isomorphic circuit struc-
ture, we divide the outputs into equivalence classes. An equivalence
class contains outputs that implement an identical function expressed
over different inputs. Hence, for each benchmark, we actually generate
LEXSAT assignments only for the representative of each class.

For a given function and a variable order, the LEXSAT assignments are
deterministic and must be generated in the same order when generating
consecutive LEXSAT assignments. The correctness of our algorithms is
validated by generating assignments with each algorithm, and compar-
ing them to ensure that all algorithms generate the same assignments in
the same order. For generating a given number of LEXSAT assignments,
the number of SAT calls depends on how often the algorithm calls the
SAT-solving procedure.

Next, we compare the runtime of KLEX and the two versions, SIMPLE and
BINARY, of our algorithm that are enhanced with the methods described
in Section 3.4.3. We evaluate the three algorithms for both generation
of non-consecutive and consecutive LEXSAT assignments. Then, we
show the influence of the variable order on the runtime. Afterwards, we
evaluate the speedup achieved by each of the additional methods.

3.5.1 Runtime Comparison

Applications such as the NPN classification [Soeken et al., 2016a] require
multiple LEXSAT assignments, but they are not in a consecutive order
or they are for different functions. Therefore, we evaluate the runtime
and number of SAT calls required by each algorithm for generating a
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Figure 3.2 — Performance of the LEXSAT algorithms when generating 1000 consecutive assignments.
We show the speedup and reduction of the number of SAT calls achieved by our algorithms SIMPLE
and BINARY compared to the KLEX algorithm when generating a single LEXSAT assignment per combi-
national output. Next to each bar is the actual runtime (in milliseconds) and the number of SAT calls,
respectively. Next to the name of the benchmark, we give the number of LEXSAT calls in brackets.

single LEXSAT assignment. For each benchmark, the smallest LEXSAT
assignment is generated per combinational output. As the algorithms
generate these assignments in few milliseconds, to compare them pre-
cisely, we generate each LEXSAT assignment 1000 times, and then divide
the total runtime by 1000. As Figure 3.2 shows, both versions SIMPLE
and BINARY perform better than KLEX for almost all benchmarks. Be-
cause the algorithmic steps of SIMPLE are very similar to those of KLEX
when generating a single assignment, SIMPLE makes only 9.7% less calls
to the SAT solver, and thus is only 14.7% faster than KLEX. On the con-
trary, assuming more assignments at once with BINARY leads to about
2x less SAT calls and 2x faster runtime than SIMPLE. Finally, BINARY is
2.4x faster than KLEX and makes 2.1x less SAT calls.

Some applications, such as the LEXSAT-based generation of canonical  Generation of
SOPs, which is presented in Chapter 4, require consecutive LEXSAT ~ consecutive LEXSAT
assignments. In this case, the methods described in Section 3.4.3 also assignments
contribute to reducing the runtime of SIMPLE and BINARY. For this ex-

periment, we generate at most 1000 consecutive LEXSAT assignments

for each combinational output. For each output we perform the experi-

ment 5 times, thus the presented results represent the average over 5
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Figure 3.3 — Performance of the LEXSAT algorithms when generating 1000 consecutive assignments.
We show the speedup and reduction of the number of SAT calls achieved by our algorithms SIMPLE and
BINARY compared to KLEX when generating 1000 consecutive LEXSAT assignments per combinational
output. Next to each bar is the actual runtime (in seconds) and the number of SAT calls (in thousands),

respectively. Next to the name of the benchmark, in brackets, is the number of LEXSAT calls (in
thousands).

runs. As Figure 3.3 shows, both SIMPLE and BINARY outperform KLEX:
SIMPLE makes 2.3x less SAT calls on average, which reduces runtime
5.1x; whereas, BINARY makes 2.7x less SAT calls on average, which re-
duces runtime 6.3x. Regarding the two proposed versions of our algo-
rithm, on average, BINARY has 16.1% less SAT calls that contribute to
18.9% better runtime than SIMPLE.

Thus, BINARY has the best performance both when generating non-
consecutive and consecutive LEXSAT assignments.

3.5.2 Influence of the Variable Order on the Runtime

The results and the  The results of LEXSAT depend on the used variable order. As illustrated
runtime might differ if by Example 3.5.1, the smallest LEXSAT assignment might be different

the variable order is for different variable orders.
changed

Example 3.5.1. For the function f(x1, x2, x3, x4) from Example 3.0.1, the
smallest LEXSAT assignment for the original variable order (x1, x2, X3, X4)
is 0001. In contrast, for the reverse variable order (x4, X3, X2, X1), the

46



3.5. Experimental Results

MCNC LT-DEC
bigkey clma des dsip tseng 12855 | 128.69 = 128.94  128.104 = 128.160

b 5

- O§
g 4 - 2 gi b4
~ ~ 0 2
z
] & 1 2 2 <
2 = -?-1.92 £ g - -
- ﬁﬂz 2;&4 i ARk ] - & k4
121 4 £ £ 3 e
0
Sozlisalisclszlszltzlz8ztsataz
4 QO g Jd 0 g J0 g Jd 0 g J0 g d g de g0 g ade g da g
" m " m " m " m " m " m " m " m " m n m

Figure 3.4 — Influence of the variable order on the runtime of the LEXSAT algorithms when generating
a single assignment. For the ten selected benchmarks, we show the runtime of KLEX, SIMPLE, and
BINARY for ten different variable orders. Each circle represents the runtime (in milliseconds) for one
variable order, and the box-and-whisker plots show the median and the quartiles.

smallest LEXSAT assignment is 0101, which is equivalent to 1010 when
considering the original variable order.

Although some applications have to use one specific variable order,
other applications are more flexible and can change the variable or-
der to improve the runtime. In particular, from the described LEXSAT
applications in Section 3.2 and Section 3.3, NPN classification, correc-
tion of cell placement, approximate computing, and MAX-SAT have
a restriction in the variable order and cannot change it; whereas, the
applications for generation of canonical simulation vectors and canon-
ical signatures, bug characterisation, AlISAT, and #SAT can work with
different variable orders.

In this section, we evaluate the influence of the variable order on the run-  Experimental setup
time when generating both non-consecutive and consecutive LEXSAT
assignments. Similarly to the experimental setup from Section 3.5.1, for
non-consecutive LEXSAT assignments, we generate a single assignment
for each combinational output and the reported results are average over
1000 runs; whereas, for consecutive LEXSAT assignments, we generate
1000 assignment for each combinational output and the reported re-
sults are average over 5 runs. For each benchmark, we use ten different
variable orders: the pre-defined variable order from the benchmark file
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Figure 3.5 — Influence of the variable order on the runtime of the LEXSAT algorithms when generating
1000 consecutive assignments. For the ten selected benchmarks, we show the runtime of KLEX, SIMPLE,
and BINARY for ten different variable orders. Each circle represents the runtime (in seconds) for one
variable order, and the box-and-whisker plots show the median and the quartiles.
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Results for ten
different variable
orders

and four randomised variable orders obtained by swapping variables,
as well as their five reversed versions. Note that the runtime results
presented in Figures 3.4, 3.5 and 3.6 do not match with the absolute
runtime presented in Figures 3.2, 3.3, 3.7 and 3.8 because the experi-
ments are executed on different machines with different configuration
and performance.

For most benchmarks, the variable order does not have a significant
influence on the runtime. Figure 3.4 and Figure 3.5 show the results
for ten benchmarks when generating non-consecutive and consecutive
LEXSAT assignments, respectively. From each set, we show the five
benchmarks with the highest number of PIs; if two benchmarks have
equal number of PIs, we show the one with the highest number of POs.
From all benchmarks, we observe the largest difference in runtime for
the benchmark frisc from the MCNC set, which can be seen in Figure 3.6.
These results reveal that, from the three algorithms, KLEX is the most
sensitive to the variable order and BINARY is the least sensitive, which is
yet another advantage of the algorithm BINARY.

Note that the reported results in Section 3.5.1 are generated by using
the pre-defined variable order from the benchmark file.
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Figure 3.6 — Runtime variation for the benchmark frisc from the MCNC set for different variable orders.
Each circle represents the runtime of the given LEXSAT algorithm for one variable order, and the
box-and-whisker plots show the median and the quartiles.

3.5.3 Evaluation of the Methods for Runtime Improvement

Section 3.4.3 presented the following methods for runtime improvement — The three methods for
when generating consecutive assignments. runtime improvement

1. Fixingleading 1s.
2. Correcting the initial assignment.
3. Profiling the success of the first SAT calls.

As the method for fixing the leading 1s affects the runtime only when  Evaluation by

generating assignments in which the most significant bits are assigned ~ generating the

to 1, we evaluate the methods by generating the complete truth table complete truth table
of small benchmarks

(i.e., generating all assignments for which the function evaluates to 1)

for a subset of the MCNC benchmarks. The selected benchmarks have

at most 16 combinational inputs, which means that, for each combina-

tional output, we can have at most 65536 minterms when the function

is 1. As in Section 3.5.1, the presented results represent the average

over 5 runs. Figure 3.7 shows the runtime and number of SAT calls for

four of the selected benchmarks. First, it shows the results when the

algorithms SIMPLE (S) and BINARY (B) are used without the additional

methods. We can see that fixing the leading 1s (S+1, B+1) decreases

the runtime moderately. On the contrary, if we additionally correct the

initial assignment (S+1+2, B+1+2) then the runtime decreases by 32%,

on average. Finally, for BINARY, although the method for profiling the

49



Chapter 3. Fast Generation of Lexicographic Satisfying Assignments

WS HB 8 Y
S+1 MB+1 SE o N3
- 10 S+1+2 0 B+1+2 —
~ B+1+2+3 o
2 32 89 o | BE
E > 185 . o © =
[ 5o — N~ o o e &=
S RZon N353 oz} o O
N A e R SR P N s g |
hal I =
NTHT T I
300K- ‘v A
) 6 xx e &
= o © ~ 0 2 0
3 2% 88 x X x
200K- 1 [} 0 ™
= ~ oS o
s X < 55 = ==
%) XX v SXXxx v S o ™ — —
K9S X&inXx P oo S® < o
4#100 mm".omowggmo‘oduﬁ ~ ~ I~
im£¢¢§gl mmmgq- [ ]
0K "
alu4 (14.8) misex3 (14.14) pdc (16.40) spla (16.46)

Figure 3.7 — Effect of the methods for runtime improvement on small benchmarks. The runtime and
number of SAT calls of SIMPLE (S) and BINARY (B) are shown when different methods for improving
the runtime are used for 4 benchmarks from the MCNC set. Next to the name of the benchmark, we
give the number of combinational inputs and outputs, respectively.
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success of the first SAT calls in general decreases the number of SAT
calls, for functions with small number of inputs it slightly increases the
runtime.

We have observed, however, a reduction of runtime for benchmarks with
alarge number of combinational inputs. Figure 3.8 shows the runtime
and number of SAT calls required to generate 1000 minterms for a single
output of 4 large MCNC benchmarks. The considered outputs have
more than 70 combinational inputs. In this case, the method for fixing
leading 1s does not affect the number of SAT calls because the most
significant bits of all generated assignments are 0s.

Note that in Section 3.5.1 the results for SIMPLE and BINARY are ob-
tained when all methods are used (i.e., with S+1+2 and B+1+2+3, respec-
tively).

3.6 OnIntegrating the LEXSAT Algorithms in a SAT
Solver
The algorithms presented and evaluated in this chapter repeatedly use

the SAT solver. Another option is to modify the SAT solver such that it
generates LEXSAT assignments. For convenience, we call them OUTSAT
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Figure 3.8 — Effect of the methods for runtime improvement on large benchmarks. The runtime and
number of SAT calls of SIMPLE (S) and BINARY (B) are shown when different methods for runtime
improvement are used for one of the outputs from 4 benchmarks from the MCNC set. Next to the name

of the benchmark, we give its number of combinational inputs.

and INSAT, respectively. Knuth [2015, Ex. 7.2.2.2-275] suggests an INSAT
implementation of KLEX. Nadel and Ryvchin [2016] show that an INSAT
algorithm is faster than an OUTSAT implementation of the KLEX algo-
rithm, but unlike the OUTSAT implementation, it is not scalable for
difficult instances. In this section, we discuss the difference in these two
implementation options.

Generally, in an INSAT implementation, the SAT solver performs deci-
sions on the input variables in the order and with the values given by
the LEXSAT algorithm, whereas for the other variables decisions can
be performed in any order. With this solution, to generate LEXSAT as-
signments for a function, a single SAT solver instance is created and, for
each LEXSAT assignment, the procedure for SAT solving is called only
once, with a given order for the input variables. Note that the concepts
of the algorithms SIMPLE and BINARY can also be used to determine the
order of issuing decisions and the values for the input variables.

In our OUTSAT implementations, incremental SAT solving also enables
generating multiple LEXSAT assignments of a function by using only
a single SAT solver instance. Moreover, for each LEXSAT assignment,
the interfaces for pushing and popping assumptions, which we suggest
to use, preserve the internal state of the solver between consecutive
invocations of the SAT-solving procedure. With this, on a higher level,

Characteristics of an
INSAT implementation

Characteristics of an
OUTSAT
implementation
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we mimic the solution based on modifying the SAT solver. With such
implementation, and by using the algorithm BINARY, we expect our
OUTSAT implementation to be as fast as an INSAT implementation, but
confirming this experimentally is left for future work.

Moreover, assume a function with 7 inputs for which the assignments of
the first d inputs are already fixed, from some 1 < d < n. In the QUTSAT
implementation, the SAT-solving procedure can and do change the or-
der of decisions for the least significant n — d — 1 variables whose value
is not yet fixed, when running the query to fix the value of the variable
d + 1. However, the INSAT implementation always makes the same deci-
sions in the same order, and cannot change the order, even if this would
lead to faster UNSAT calls during LEXSAT solving. Hence, for difficult
instances, such as functions with large number of variables when differ-
ent variable orders affect the efficiency of the SAT-solving procedure, as
well as when all calls are not satisfiable, an OUTSAT implementation is
more scalable than an INSAT implementation.

3.7 Conclusion

In this chapter, we have presented a novel variation of the Boolean sat-
isfiability problem, called LEXSAT. In addition to determining the status
of a problem (satisfiable or unsatisfiable), LEXSAT returns satisfying as-
signments that are minimum (maximum) considering a given variable
order. We demonstrate that LEXSAT enable the development of SAT-
based algorithms that share desirable properties with BDDs but are less
likely to suffer from the scalability problems that beset BDD-based com-
putations in many EDA applications. In particular, LEXSAT can achieve
canonicity of the computed results: For a given Boolean function and a
given variable order, the result is deterministic and independent of the
SAT solver and the CNF generation algorithm. In the next chapter, we
demonstrate how this property of LEXSAT can be used for generation of
canonical SOPs.

We have also proposed a fast binary search-based algorithm for the
generation of LEXSAT assignments: it is 2.4 times faster than the state-
of-the-art LEXSAT algorithm. Furthermore, it proposes several improve-
ments to the LEXSAT algorithms for situations when it is applied it-
eratively and the resulting satisfying assignments are monotonically
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increasing. For such use, our proposed algorithm enhanced with the
new features is 6.3 times faster than the state-of-the-art LEXSAT algo-
rithm. Finally, to improve the performance without modifying the SAT
solver, we have proposed a way of using incremental SAT solving with
pushing and popping of assumptions.

We expect LEXSAT to be applied in many EDA applications, such as
those presented in Section 3.2. Future work on LEXSAT could also focus
on exploring several other promising applications: SAT-based constraint
simulation, SAT-based factoring, SAT-based exclusive sum-of-product
minimisation, etc. Finally, as discussed in Section 3.3, other variations
of the SAT problem can be implemented by using LEXSAT, and future
work could implement and evaluate them.

Future applications of

LEXSAT
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Irredundant Sums of Products

Minimisation of the two-level sum of products (SOP) representation
is well-studied due to the wide use of SOPs. In the past, SOPs were
principally used for mapping into programmable logic arrays (PLAs);
now SOPs are supported in many tools for logic optimisation and are
used for multi-level logic synthesis [Brayton et al., 1984; Rajski and
Vasudevamurthy, 1992], delay optimisation [Mishchenko et al., 2011a,
2017], and test generation [Ghosh et al., 1991], but they are also used for
fuzzy modelling [Gobi and Pedrycz, 2007], data compression [Amarl
et al., 2014b], photonic design automation [Condrat et al., 2011] and in
other areas.

These publications show that, contrary to popular belief, research in
SOP minimisation and its applications are not outdated. For example, a
recent work uses SOPs for delay optimisation in technology indepen-
dent synthesis and technology mapping [Mishchenko et al., 2011a]. In
this work, improved quality is achieved by enumerating different SOPs
of the local functions of the nodes, factoring them, and finding circuit
structures balanced for delay.

Another important application of SOP minimisation, which is used as
a case-study in this chapter, is global circuit restructuring. If a multi-
level circuit structure for a Boolean function is not available, or if the
circuit structure is of a poor quality, then a new circuit structure with
desirable properties, such as low area, short delay, good testability or
improved implicativity (if the circuit represents constraints in a SAT

This chapter is based on the work of a book chapter that will appear in a book published
by Springer [Petkovska et al., 2017].

Using SOPs in a
variety of applications

SOPs for delay
optimisation

SOPs for global

circuit restructuring
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solver) should be derived. The best known and widely used method for
global circuit restructuring is computing SOPs of the output functions
in terms of inputs, factoring the multi-output SOPs, and deriving a new
circuit structure from the shared factored form. The main drawback of
this method is the lack of scalability of the algorithm for SOP generation
and minimisation.

Starting with the Quine-McCluskey algorithm [McCluskey, 1956; Quine,
1952], many algorithms and heuristics for SOP generation and min-
imisation have been developed. Prior research falls into two broad
categories: BDD-based algorithms and ESPRESSO-style algorithms.

In order to generate an SOP for a given Boolean function, techniques
based on BDDs, such as those of Minato-Moreale [Minato, 1992] and
SCHERZO [Coudert, 1994; Coudert et al., 1993b], first build a BDD
or a ZDD, then minimise the BDD/ZDD size by using some heuristic
approach to obtain a smaller SOP, and finally convert the BDD/ZDD to
an SOP. If building a BDD is feasible, then an SOP, even a suboptimal
one, can be generated. However, as previously explained, using BDDs
is often impractical due to the BDD memory explosion problem. An
additional drawback is that BDDs are incompatible with incremental
applications as they require building a BDD for the complete circuit
before converting it to an SOP. Despite these issues, to our knowledge,
the BDD-based method for SOP generation and minimisation is used
in most of the industrial tools, therefore scalability improvements of it
are highly desirable.

The ESPRESSO-style algorithms are inspired by the first version of
ESPRESSO [Brayton et al., 1984]. For example, the logic minimiser
ESPRESSO-MV [Rudell and Sangiovanni-Vincentelli, 1987] is a faster
and more efficient version of ESPRESSO. But, although these techniques
avoid the memory explosion problem inherent in the use of BDDs, they
still incur impractical runtimes for large Boolean functions and only
minimise existing SOPs.

Although SAT solvers were proposed as an alternative for many EDA
applications, to the best of our knowledge, there is still no complete
SAT-based method for SOP generation similar to the irredundant sum
of products (ISOP) algorithm for incompletely specified functions us-
ing BDDs [Minato, 1992]. Existing methods for SOP generation us-
ing SAT solvers are based on the enumeration of satisfying assign-



ments [Morgado and Marques-Silva, 2005]. Sapra et al. [2003] proposed
using a SAT solver to implement part of ESPRESSO’s procedures for SOP
minimisation in order to speed them up. But, as they largely follow
the traditional ESPRESSO style of SOP minimisation, they operate only
on existing SOPs and do not consider generating a new SOP from a
multi-level representation of a Boolean function. Moreover, its runtime
and end results significantly depend on the SOP received as input.

Accordingly, our main contribution in this chapter is our second SAT-
based method—a new engine for SOP generation and minimisation,
completely based on SAT solvers. Our method generates an SOP progres-
sively, building it cube by cube. We guarantee that the generated SOPs
are irredundant, meaning that no literal and no cube can be deleted
without changing the function. As we show with the experimental re-
sults, our algorithm generates SOPs with the size similar to that of the
BDD-based method [Minato, 1992]. Interestingly, for some circuits, we
generate smaller SOPs (up to 10%), which is useful in practical applica-
tions. For example, when a multi-level description of the circuit is built
using an SOP produced by the proposed SAT-based method, the area-
delay product of the resulting circuit, assuming unit-area and unit-delay
model, often decreases (up to 27%), compared to global restructuring
using BDDs.

Two main features characterise our SAT-based SOP generation and make
it desirable in various domains.

First, we generate an SOP progressively, unlike BDD-based methods that
attempt to construct a complete SOP at once. The progressive computa-
tion enables generating a partial SOP for circuits whose complete SOP
cannot be computed given the resource limits. The partial SOPs can be
exploited by other applications that do not require the complete circuit
functionality, but work with partially defined functions [Chang et al.,
2010; Verma et al., 2009]. Moreover, for circuits with large SOPs, the
progressive generation enables predicting whether it is feasible to build
an SOP for a circuit, and checking if the SOP size is within the limits of
the methods that are going to use it. For this, at any moment, we can re-
trieve the number of outputs for which the SOP is already computed, as
well as the finished SOP portion of the currently processed output. We
can also easily compute an estimate or a lower-bound of the percentage
of covered minterms, considering a uniform distribution of minterms
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functions

in the space or considering the size of the truth table, respectively. In
contrast, the termination time and the quality of results of the BDD-
based methods are unpredictable because the complete BDD has to be
built before converting it to an SOP.

Second, for the first time, we show that a SAT-based computation can
generate canonical irredundant SOPs. To this end, we combine (1) the
LEXSAT algorithm presented in Chapter 3 that, under a given variable
order, generates consecutive satisfying assignments in a lexicographic
order, and (2) a deterministic algorithm that expands the received as-
signments into cubes. For a given function and a variable order, the
assignments (i.e., the minterms) are always generated in the same or-
der, and each assignment always results in the same cube. Thus, the
resulting SOP is canonical: it is unique and independent of the input
implementation of the function. The canonical nature of the resulting
SOPs can be useful in the domains where previously only BDDs could
be used. For example, as suggested in Section 3.2, canonical SOPs can
be used for caching of intermediate results, similarly to how BDDs are
used. Also, canonicity brings regularity in the SOPs, hence the results
after using algorithms for factoring [Rajski and Vasudevamurthy, 1992]
are in some cases better.

The rest of the chapter is organised as follows. First, we describe our
algorithm for SAT-based progressive generation of irredundant SOPs in
Section 4.1. In Section 4.2, we give our experimental setup and discusses
the experimental results. Finally, we conclude and present ideas for
future work in Section 4.3. The required background information is
provided in Section 2.1 and Section 2.3.

4.1 SAT-Based SOP Generation

In this section, we describe our SAT-based algorithm that progressively
generates an irredundant SOP for a single-output function. For multi-
output circuits, each output is treated separately. In this chapter, we
focus on completely specified functions, but the algorithm can be easily
used for incompletely specified functions by providing both the on-set
and off-set as an input to the algorithm. In the case of a completely
specified function, one of them is derived by complementing the other.
The given SAT-based formulation works for incompletely specified func-
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tions without any changes. Indeed, after extracting the first cube and
blocking it in the on-set of the function, the rest of the computation
is performed for an incompletely specified function, even if the initial
function was completely specified.

The presented algorithm iteratively generates minterms, expands them
into prime cubes, and adds these cubes to the SOP. The SAT-based
heuristics for minterm generation and cube expansion are described in
Section 4.1.1 and Section 4.1.2, respectively. Finally, to guarantee that
the resulting SOP is irredundant, it is post-processed to remove redun-
dant cubes, as described in Section 4.1.3. Additionally, Section 4.1.4
describes several techniques that reduce the runtime.

The algorithm can be implemented with one SAT solver parameterised
to store both on-set and off-set. Alternatively, it can use two solvers,
one for on-set and one for off-set, which for convenience we call on-set
SAT solver and off-set SAT solver, respectively. In our implementation
of the algorithm, we use four different SAT solvers: for both on-set and
off-set, one is used to generate satisfying assignments, the other to
expand assignments to cubes. By employing four solvers, we ensure
that assignment generation and expansion do not interact with each
other during the SOP computation.

The procedures described in the following subsections assume that
we are generating the on-set SOP. The same procedures are used to
generate the off-set SOP, by substituting the on-set SAT solver with an
off-set SAT solver and vice versa.

4.1.1 Generation of Minterms

In order to generate minterms for the on-set of a function f, we ini-
tialise a SAT solver with the CNF of f. Then, to discard the trivial case
when the function has a constant on-set, we solve the SAT problem by
asserting that f = 0. If the problem is UNSAT, then f is a constant 1, and
we return an SOP with one constant cube. Otherwise, if the problem is
SAT, we continue with one of the following methods for minterm gener-
ation. Figure 4.1 shows the flowchart of these methods, as well as their
connection with the other methods of the SOP generation algorithm.
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Figure 4.1 — Flowchart of the algorithm for minterm generation. Minterms are generated either as
satisfying or LEXSAT assignments. If the problem is satisfiable, the generated minterm is passed to
the cube expansion algorithm to generate a cube that would cover the minterm. Once all minterms
are covered by the generated cubes, the SAT problem becomes UNSAT, and the SOP is returned after
removing the redundant cubes.
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To generate an on-set minterm, we call the SAT-solving procedure of an
on-set SAT solver. If the problem is SAT, an assignment for the inputs is
returned for which the function evaluates to 1. From the assignment,
we can generate a minterm for the function f in which the variables
assigned to 0 and 1 are represented with the negative and positive literal,
respectively. For example, for a function f(x, y, z), the assignment 110
implies the minterm xyZz. Once a minterm is obtained, we expand it into
a cube using the heuristic procedure from Section 4.1.2. Next, we add
the cube with its literals complemented to the SAT solver as a blocking
clause, which is an additional clause that blocks known solutions of the
SAT problem. Thus, the next call of the SAT-solving procedure generates
a new minterm that is not covered by any of the previously generated
cubes. As long as the problem is SAT, we iteratively obtain a minterm,
expand it to a cube, and add the cube both to the SOP and to the SAT
solver as a blocking clause. The unsatisfiability of the problem indicates
that the generated SOP is complete and covers all on-set minterms.

Generating minterms from satisfying assignments received from a SAT
solver does not guarantee canonicity as SAT solvers return minterms
in a non-deterministic order that depends on the design of the solver
and the CNF generated for the function. Thus, to obtain canonicity,
we iteratively use the binary search-based LEXSAT algorithm BINARY
presented in Section 3.4.2. The algorithm BINARY receives as input a po-
tential assignment that is the lexicographically smallest assignment that
might be satisfying. This potential assignment is an assignment with
all 0s when generating the first minterm, and afterwards it is assigned
to the last generated minterm. Then, BINARY tries to verify and fix the
assignment of each variable defined with the potential assignment start-
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ing from the leftmost variables and moving to right. We also use the
proposed methods for runtime improvement, which are presented in
Section 3.4.3, fixing the leading 1s, correcting the initial potential as-
signment, and profiling the success of the first SAT call. Similarly to the
non-canonical SOPs, once we obtain a minterm, we expand it into a
cube and add it to the SAT solver as a blocking clause.

Example 4.1.1. For example, assume that for the function f(x,...,
xg), the last generated minterm 11000001 is received as an initial po-
tential assignment. As this minterm is covered by the last cube, this
assignment is not satisfying, so we can increase its value for 1 to get
the smallest assignment that might be satisfying 11000010. Next, we
fix the assignments of the leading 1s x; = 1 and x, = 1, because the
next lexicographically smallest assignment has to start with the same
leading 1s. Hence, we should only check the assignments for x;, for
3 < i = 8. Due to using binary search, with the first SAT call we assume
half of the unfixed assignments, and we give to the on-set SAT solver
the assumptions (x,...,x5) = (1,1,0,0,0). Assume that the problem was
satisfiable and the SAT solver returned the assignment 11000011 for the
input variables. This assignment proves that an on-set minterm with
the assumed values exists, but we can also learn that the assignments
from the potential minterm xg = 0 and x7 = 1 are correct. Next, to check
if the assignment for the last input xg can be set to 0, we call the SAT
solver with the assumptions (x,...,xg) = (1,1,0,0,0,0, 1,0). If it returns
SAT, we return the potential assignment as a minterm because all as-
signments are verified and fixed. Otherwise, we flip xg to 1 to increase
the potential assignment before returning it.

4.1.2 Expansion of Minterms into Cubes

In this subsection, we describe our SAT-based procedure that receives
a minterm and transforms it into a prime cube by iteratively removing
literals (i.e., substituting them with don’t-cares). For the on-set SOP, a
literal can be removed, if after its removal all minterms covered by the
cube do not overlap with the off-set. Figure 4.2 shows a flowchart of the
algorithm.

The following deterministic algorithm expands a minterm into a cube
by ensuring that, after removing each literal, the cube covers only on-set
minterms. As the literals are removed always in the same order, which
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Figure 4.2 — Flowchart of the algorithm for expansion of minterms into cubes. The algorithm for
canonical expansion ensures that all generated cubes are prime. After a cube is generated, it is added
as a blocking clause to the SAT solver used for minterm generation, and another minterm is generated.
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can be specified by the user, the algorithm is deterministic and pro-
duces canonical cubes when the given minterms are canonical. Hence,
to remove a literal, first, we assume that the literal is removed from the
cube, and an off-set SAT solver is run with assumptions for the remain-
ing literals of the cube. On the one hand, if the problem is UNSAT, then
no minterm covered by the cube belongs to the off-set, so we can extend
the cube by removing this literal. On the other hand, if the problem is
SAT, we cannot extend the cube because the SAT solver found an off-set
minterm that is covered by the extended cube.

Example 4.1.2. Assume that for the function on Figure 4.3, we received
the minterm XyZzt. To remove the literal X, we would call the off-set
SAT solver with the assumptions (y, z, ) = (1,0, 1). The SAT solver would
return SAT, which means that X cannot be removed, because the cube
yZztis covering the off-set minterm xyZzt. However, if we try to remove
the literal Z by calling the SAT solver with the assumptions (x, y, f) =
(0,1,1), then we would receive UNSAT because there are no off-set
minterms that satisfy these assumptions, so zZ can be removed to obtain
the on-set cube c;.

To minimise the overlapping of cubes, we propose to remove literals in
two rounds. In the first round, they are removed greedily, after ensuring
that multiple on-set minterms are covered by expanding each literal.
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Figure 4.3 — An example for minimum SOP. A Karnaugh map shows the Boolean function f(x, y,z,t) =
Xyt+ xyz+ xjyt with its prime cubes c;, where 1 < i < 5. The cubes cj, ¢, and c3 are essential and they
compose the minimum SOP of f.

Example 4.1.3. Assume that for the function on Figure 4.3, the cube c;
was computed and added to the on-set SAT solver as a blocking clause.
Also, assume that as a second minterm xyzt is generated, which can be
extended by removing one of the literals x, y or ¢. If we remove x, we
will obtain the cube c4 that covers only one additional minterm with
respect to the existing cube c;; but if we remove y or ¢, we will obtain ¢,
or cs, respectively, each of which covers two yet uncovered minterms.

For the minterm xyz¢ in Example 4.1.3, our expansion procedure skips  First round of
the opportunity to remove the literal x and, if possible, tries to expand ~ expansion for
generating cubes that

other literals. This greedy selection of literals decides to candidate a
cover more than one

literal /; for removal, if by removing it, the expanded cube covers more . interm
than one new minterm. To check if this condition is satisfied, we flip
[; and provide it, along with the remaining literals of the cube, as an
assumption to an on-set SAT solver in which the already generated
cubes are added as blocking clauses. If the problem is UNSAT, then we
skip removing it temporarily. Otherwise, if the problem is SAT, then we
consider this literal for removal because by removing it we cover more
than one uncovered minterm. Once a literal is a candidate for removal,
we run the algorithm for canonical expansion described above to ensure

that it can be removed.

However, in this first round, we might skip some opportunities for ex-  Second round of
pansion. Hence, in the second round, for each skipped literal, we exe- exPa_“S_iO” fo_r
cute the algorithm for canonical expansion. This guarantees that, after obtaining prime cubes

the second round, no literal can be further removed, which means that
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cubes

the cube is prime. As we always try to remove literals in the same order,
this method generates a canonical SOP.

If generating a canonical SOP is not required, we can substitute the first
round of expansion with a faster method to improve runtime: If in an off-
set SAT solver we assume the values from the received on-set minterm,
the problem is UNSAT and the SAT solver returns the set of assumptions
for UNSAT. As the returned literals are sufficient to prove unsatisfiability
in an off-set SAT solver, they construct a cube that covers only on-set
minterms, and we can remove literals that are not returned by the SAT
solver. However, the set of remaining literals is not always minimum,
hence we run additionally the algorithm for canonical expansion as a
second round to obtain a prime cube.

4.1.3 Removing Redundant Cubes

The cubes expanded with the methods from Section 4.1.2 are prime by
construction. However, by progressively adding cubes to the SAT solver,
as described in Section 4.1.1, we ensure that each cube is irredundant
with respect to the preceding cubes, but not with respect to the whole
set of cubes.

Example 4.1.4. For the function f from Figure 4.3, assume that the
cubes ¢y, ¢s5, ¢2 and c3 are generated in the given order. The cube c5
is irredundant with respect to c;, because it additionally covers the
minterms xyzt and xjzt, but it is contained in the union of ¢, and c3.

In order to produce an irredundant SODB, after generating all cubes, we
iterate through the cubes to detect and remove redundant ones. First,
we initialise a new SAT solver with clauses for all generated cubes and
we assume that all cubes are required. Then, by using the assumption
mechanism, for each cube c;, we check if there is an assignment for
which ¢; evaluates to 1 while all the other irredundant cubes evaluate to
0. If the problem is SAT, the cube is irredundant and the SAT solver re-
turns an assignment that corresponds to a minterm that is covered only
by c;. Otherwise, if the problem is UNSAT, then the cube is redundant,
and it is thus removed from the SOP and is excluded when checking the
redundancy of the following cubes. As we always try to remove cubes in
the order in which they were generated, this method is deterministic
and maintains canonicity when canonical SOPs are generated.
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Example 4.1.5. Considering the cubes from Example 4.1.4, to check
whether cj3 is redundant, we set c¢3 = 1 by assuming the values x =1,
y=0and ¢ = 1. For the assumed values, the other cubes evaluate to
c1 =0, ¢ =0and ¢5 = z. Setting z = 0 leads to c¢5 = 0. Thus, the problem
is SAT and c3 is irredundant. The returned assignment 1001 defines the
minterm xjyzt that is covered only by cs.

4.1.4 Improving the Runtime

In this subsection, we present four techniques that improve the runtime
of the algorithm by enabling early termination and by treating some
special cases.

For a given function, the SOPs of the on-set and off-set often differ  Simultaneous

in size, where the SOP size is equal to the number of cubes in it. For generation of an
on-set and an off-set

example, a three-input function implementing an AND gate, f(x, y,z) = SOP

xyz, has an on-set SOP, f = S, = xyz with size 1, and an off-set SOP,
f = Sosf = X + j + Zz with size 3. As we want to use the set with a smaller
SOP, we simultaneously generate two SOPs, for both the on-set and
off-set, by generating one cube at a time from each set. The generation
of cubes stops as soon as one SOP is complete. This way, if one set is
much smaller than the other, we can avoid the situation when the larger
set of cubes has to be completely generated before the smaller set is
discovered.

For multi-output circuits, before generating an SOP for each output, Prioritising outputs
we propose to sort outputs by size of their input supports. The outputs ~ With large SOPs
with larger supports are processed first, as it is more likely that the

SOP generation for these outputs will exceed resource limits, so we can

determine if we should terminate the computation earlier.

To benefit from the structure sharing among the circuit outputs, we  Benefit from the
implemented a method that decreases the runtime by detecting iso- ~ structure sharing:
dividing the outputs
into isomorphic
classes

morphic outputs. For this, first, we divide the outputs into isomorphic
classes. Two outputs are isomorphic and belong to the same class, if
they implement an identical function using different inputs. Then, for
each class, we generate an SOP only for one output, the class repre-
sentative, and we duplicate it for the others. In Section 4.2.2, we show
that this leads to effective generation of an SOP only for 16.5% of all
combinational outputs and has a big influence on scalability.
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Generating a CNF for each output is time consuming. Therefore, to
benefit from the logic sharing among the outputs, we can optionally
share one CNF that corresponds to the complete circuit. For this, first,
we generate the CNF of the circuit; then, for each output, we initialise a
SAT solver only with the part of the CNF for the corresponding output.
Besides improving the runtime, as Table 4.1 shows, this option some-
times leads to better results in terms of area-delay product after global
restructuring.

There are several opportunities where computations are independent
and can be parallelised. First, the computation of the on-set and off-set
SOPs can be executed in parallel. Because now we compute sequentially
one cube for each SOP interchangeably, it is expected that this would
decrease the runtime by 2x. Second, instead of computing the SOP of
each output one after the other, we can also compute each of them in
parallel. Finally, for one SOP, we can compute cubes in parallel by gen-
erating minterms from different parts of the Boolean space. However,
in this chapter, all computations are done sequentially. Analysing and
exploiting the effect of parallelism is left for future work.

4.2 Experimental Results

In this section, we describe our experimental setup and compare the
proposed SAT-based algorithm with the state-of-the-art BDD-based
method.

4.2.1 Experimental Setup

We implemented the SAT-based algorithm described in Section 4.1 as
anew command satclp in ABC [ABC]. ABC features an integrated SAT
solver based on an early version of MiniSAT [Eén and S6rensson, 2003]
that supports incremental SAT solving. Furthermore, ABC provides an
implementation of the BDD-based method for SOP generation, specifi-
cally the BDD construction for a multi-level circuit (command collapse)
and the BDD-based ISOP computation [Minato, 1992] (command sop).
For convenience, in this section, we refer to the SAT-based and BDD-
based methods as SATCLP and BDDCLP, respectively. Finally, ABC en-
ables us to analyse the area-delay results when the generated SOPs are
used to build a new multi-level circuit structure. A multi-level network
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is generated using the fx command [Rajski and Vasudevamurthy, 1992].
The network is next converted into an AIG (command strash) and opti-
mised with the dc2 command. The area and delay of the resulting AIGs
are compared for different SOP generation methods.

To evaluate our algorithm, we use the ISCAS’89 benchmarks, a set of
large MCNC benchmarks, a set of nine logic tables from the instruction
decoder unit [BenchIBM], denoted as LT-DEC, and a set of proprietary
industrial benchmarks. The LT-DEC suite is well-suited to demonstrate
the factoring gains as circuit size increases [Kravets, 2015]. The names
of the LT-DEC benchmarks are given in the form “[Np1]/[Npgl”, where
Npy is the number of primary inputs and Npg is the number of primary
outputs. For the main experiments, we discard benchmarks for which
the SOP size exceeds the built-in resource limits of the used commands,
hence, we use 30 (out of 32) benchmarks from the ISCAS’89 set, 15 (out
of 20) benchmarks from the MCNC set, and 17 (out of 18) industrial
benchmarks. With the discarded benchmarks, we demonstrate the
generation of partial SOPs.

4.2.2 SAT-Based vs. BDD-Based SOP Generation

To analyse the performance and quality of results of the algorithm pre-
sented in Section 4.1, we run both SATCLP and BDDCLP available in ABC.
In this section, we present the results of these experiments.

Although the command collapse dynamically finds a good variable or-
der for the BDD, changing the initial order of the primary inputs results
in a different BDD structure, which leads to a different SOP. Hence,
to obtain a good SOP, we generate five SOPs for BDDCLP by using five
different initial orders of the primary inputs. Similarly, SATCLP gener-
ates different SOPs for different orders of the primary inputs, which
define the order of removing literals from the cubes. We either use the
pre-defined order from the benchmark file or order the inputs based
on their number of fanouts (option “Order PI”), which currently works
only for the combinational benchmarks. We can also, optionally, re-
verse the selected variable order (option “Reverse PI”). Moreover, we
can enable generation of canonical SOPs (option “Canonical”); and for
non-canonical SOPs we can enable the generation of one CNF for all
outputs as described in Section 4.1.4 (option “Shared CNF”). Thus, by
changing these four options, we generate 12 SOPs using SATCLP.

Benchmarks

Generating multiple

SOPs with each
method
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Figure 4.4 - Difference in the size of the smallest SOP generated by each method. The size of the
smallest SOPs generated by SATCLP is compared to the size of the smallest SOP generated by BDDCLP.
Only the benchmarks for which the SOP size differs are shown. The gray line shows that, on average,
SATCLP decreases the SOP size by 2.1%.

Table 4.1 - Number of benchmarks for which activating or deactivating an option for SATCLP results in
the smallest SOP in terms of number of cubes or the best area-delay product. In total, 71 benchmarks
are used. The number of cases with the smallest SOP in terms of number of cubes is given in the
columns under “#Cubes”, and the number of cases with best area-delay product is given in the columns
under “Area-Delay”. If for one benchmark, an identical best result is obtained both when the option is
activated and deactivated, then we count it as a tie.

#Cubes Area-Delay

No Yes Tie No Yes Tie

Canonical 7 34 30 28 26 17
Shared CNF 43 1 27 40 13 18
Order PI 45 8 18 57 11 3

Reverse P1 20 15 36 28 21 22

Comparing the size of ~ Generating multiple SOPs with each method results in SOPs that dif-
the generated SOPs  fer in size, where the SOP size is equal to the number of cubes that
constitute the SOP. Figure 4.4 shows and compares the benchmarks for

which the size of the smallest SOP generated by each method is differ-

ent. Although SATCLP most often generates SOPs with almost the same

size as those generated by BDDCLP, for some benchmarks it generates

smaller SOPs (up to 10%). Because the results for SATCLP are obtained

using several options, as Table 4.1 shows, under “#Cubes”, the number

of benchmarks for which the smallest SOP is generated when a given
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Table 4.2 — Comparison of the number of combinational outputs in the used benchmarks and the
number of isomorphic classes. The combinational outputs are either primary outputs or latch inputs.
The number of isomorphic classes is equal to the number of calls of the SAT-based algorithm for SOP

generation.

Number of Combinational Isomorphic

Set benchmarks outputs classes Ratio
LT-DEC 9 788 686 87.1%
MCNC 15 3024 1435 47.5%
ISCAS’89 30 5753 1709  29.7%
Industrial 17 64267 8356 13.0%
Total 71 73832 12186 16.5%

options is deactivated or activated. We observe that, for 34 benchmarks
we obtain an exclusively smaller SOP when generating canonical SOPs,
and only for 7 benchmarks smaller are the non-canonical SOPs. Sim-
ilarly, the SOP size increases for about 60% of the benchmarks when
either the CNF is shared or the inputs are ordered by their number of
fanouts.

Next, we compare the runtimes of the algorithms. The reported runtime
is averaged over three runs of the algorithm for SOP generation. For
BDDCLP, we report the time required to execute the commands collapse
and sop. For SATCLP, we report the time taken by our command satclp,
which includes the time to generate isomorphic outputs, derive CNE
and initialise SAT solver instances, as well as the time for all SAT calls for
minterm generation, cube expansion, and removing redundant cubes.

In terms of scalability, in Section 4.1.4, we suggested filtering out struc-
turally isomorphic outputs. Due to this, as Table 4.2 shows, an SOP is
computed only for 16.5% of the combinational outputs, one for each
isomorphic class, and for the other outputs, we duplicate the gener-
ated SOP of the class representative. This reduces the runtime of our
algorithm SATCLP, and for benchmarks rich in isomorphic outputs,
the proposed method is significantly faster than BDDCLP. For example,
from the public benchmarks, the maximum speedup is achieved for
the benchmark s35932 from the ISCAS’89 set, for which we generate
SOPs only for 10 out of 2048 combinational outputs, hence, on average,
SATCLP requires 0.10 seconds, whereas BDDCLP requires 1.57 seconds.
Yet, on average, our SATCLP is 7.5x slower than BDDCLP for the pub-

Setup for runtime
comparison

Runtime comparison
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Table 4.3 — Runtime results for the combinational industrial benchmarks when SOPs are generated
with BDDCLP and SATCLP. The columns “PIs” and “POs” give the number of primary inputs and outputs,
respectively. A dash (-) denotes that the method fails to compute an SOP. Highlighted are the cases
when SATCLP outperforms BDDCLP.

Runtime (s)

Pls POSs Isomorphic
classes BDDCLP SATCLP

Non-canonical Canonical
testO1 2513 2377 2083 31.14 165.99 1658.92
test02 3236 3202 3146 - 32.46 112.15
test03 1542 514 113 10.64 12.74 70.79
test04 37397 292 155 144.57 15.01 197.71
test05 1178 606 95 - 141.85 748.81
test06 1488 1446 580 4.24 31.50 137.74
test07 8087 335 270 152.42 17.91 68.31
test08 438 512 432 3.96 17.34 84.67
test09 870 1636 792 2.36 18.17 125.19
testl0 2376 1233 314 100.83 10.55 46.88
testll 3875 3274 138 14.49 2.49 7.95
testl2 4626 3708 112 10.29 1.59 3.17
testl3 1110 1040 74 50.86 1.30 9.29
testl4 8514 1323 890 - - -
testl5 47356 4136 21 - 0.21 0.26
testl6 58382 18433 9 - 0.63 0.28
testl7 68620 17411 19 - 0.64 0.33
testl8 36900 4112 3 603.86 277.08 42292.50
Average (relative to BDDCLP) 1.00 0.54 3.76

Runtime comparison
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for the industrial

benchmarks

lic benchmarks. We have observed that the functions for expanding
minterms into cubes are the bottleneck. For example, for the LT-DEC
benchmarks, on average, 85% of the runtime is spent in this operation,
8% is spent on minterm generation, 2% on removing redundant cubes,
and 5% on other operations, such as dividing the outputs into classes,
generating CNE and initialising SAT solver instances.

Conversely, from Table 4.3, we can see that SATCLP is definitely more
scalable than BDDCLP for a suite of proprietary industrial benchmarks.
First, it is most often faster than BDDCLP for the benchmarks for which
BDDCLP computes an SOP; but it also completes on most test-cases for
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which BDDCLP fails. For the non-canonical SOPs, SATCLP decreases the
runtime of SOP generation by 45.9%, on average, considering only the
benchmarks for which BDDCLP generates an SOP. For canonical SOPs,
although SATCLP is 4.3x slower than its non-canonical version and 3.8x
slower than BDDCLP, it successfully generates SOPs for 5 benchmarks, for
which BDDCLP fails. There is no benchmark for which BDDCLP computes
an SOP and SATCLP fails.

The increased scalability of SATCLP is largely due to the fact that most ~ SATCLP is more

of the industrial testcases have hundreds of inputs and outputs, which ~ scalable because it

makes constructing global BDDs in the same manager problematic for computes an SOP for
each output separately

all outputs at once. The algorithm SATCLP does not suffer from this

limitation, because it computes the SOPs for one output at a time. It

can be argued that the BDD-based computation can also be performed

on the per-output basis. However, in this case, the BDD manager will

inevitably find different variable orders for different outputs, which will

increase the size of the resulting multi-level circuits when these SOPs

are factored. In fact, factoring benefits from computing SOP with the

same variable order that facilitates creating similar combinations of

literals in different cubes, which in turn helps improve the quality of

shared divisor extraction and factoring.

Finally, as SATCLP generates cubes progressively, unlike BDDCLP, it can  Generation of partial
build partial SOPs even for large circuits, and these can be used for SOPs
incremental applications. Figure 4.5 shows the number of cubes that
compose the partial non-canonical SOPs when a time limit for the
runtime is set to ¢ seconds, where ¢ is an integer value such that 1 < ¢ <

10. For functions with larger supports, SATCLP usually generates less

cubes because more time is required for cube expansion. Only for the
benchmark test14, SATCLP does not generate any cube in the first six
seconds due to the large support set of the first processed output that
depends on 6246 inputs. For the other benchmarks, SATCLP generates
thousands of cubes in just a few seconds. In this experiment, SATCLP

still generates at the same time both the on-set and the off-set SOP.
However, in the incremental applications, we can generate just one of

them, which would increase the number of generated cubes for a given

time limit.
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Figure 4.5 — The number of generated cubes in the partial SOPs when the time limit is set between 1
and 10 seconds. The number of generated cubes by SATCLP depends on the size of the support set of
the output with the largest support set, which is given in brackets. For all benchmarks, the generated
cubes belong to one output.

Quality of results
when the SOPs are
used to generate
multi-level circuits
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4.2.3 Case-Study: SAT-Based SOPs for Multi-level Implemen-
tation of Circuits

As explained in Section 4.2.2, several SOPs are generated with each
method. Different SOPs result in multi-level networks with different
areas and delays. As Figure 4.6 shows, for most benchmarks, our algo-
rithm obtains Pareto-optimal solutions, compared to BDDCLP. To obtain
these results, we isolate the best circuit implementations in terms of
area-delay product as derived by each method. Table 4.1, with the
columns “Area-Delay”, shows the number of benchmarks with the small-
est area-delay product generated when a given option is deactivated
and activated for SATCLP. We generate a circuit structure with a smaller
area-delay product for 26 benchmarks when generating canonical SOPs;
but for 28 benchmarks the non-canonical SOPs are a better option. Also,
for most benchmarks it is best to generate an SOP by using the original
ordering of primary inputs used in the benchmark file.
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Figure 4.6 — Comparison of the best circuit implementations, in terms of area-delay product, derived
by each method. For each benchmark, the best results after a multi-level description is built from the
SOPs generated by our SAT-based algorithm are compared to the ones obtained from the BDD-based

SOPs. For most benchmarks, we obtain Pareto optimal solutions.

4.3 Conclusion

In this chapter, we have presented a novel algorithm for progressive
generation of irredundant SOPs using heuristics based solely on SAT
solving. The LEXSAT algorithm from Chapter 3 enables the first-time
canonical SOPs generated with a SAT solver that are unique for a given
function and a variable order. Moreover, the canonicity and the pro-
gressive generation make our heuristics desirable for many applications
where minterms, cubes, or SOPs are required, and for which the exist-
ing methods are either unscalable or impractical to use. Further, in
Chapter 6, we have compared a simplified version of the proposed al-
gorithm for SOP generation to algorithms based on a resubstitution
miter [Mishchenko et al., 2011b] and interpolation when they are used
for resubstitution.

Key insights
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Regarding the quality of results, we have shown that for computing a
complete SOP, on average, the SAT-based computation is as good as the
BDD-based one. Moreover, the multi-level circuit structures derived
using the SOPs generated by our approach are often better or Pareto-
optimal.

Regarding the runtime, the proposed method is somewhat slower than
the BDD-based method for most of the public benchmarks, but it is
faster for circuits that are rich in isomorphic outputs. Thus, for the
industrial benchmarks, our method is both faster and more scalable,
and therefore it is a good candidate for global circuit restructuring at
least in that particular industrial setting.

Besides the described opportunities for parallelisation, the proposed
method can also benefit from the ongoing improvement in modern SAT
solvers. For example, recently we explored a new push/pop interface
for assumptions used in the incremental SAT solving, which led to
additional runtime improvements. As we show, for some circuits the
results can improve by changing the variable order in which the cubes
are expanded, but a careful study of this problem is required to improve
further the quality of results.

In addition to runtime improvements, future work can be focused on de-
veloping a dedicated SAT-based multi-output SOP computation, which
computes cubes that are shared between several outputs. A recent
publication [Kravets, 2015] indicates that a significant improvement in
quality (more than 10%) can be achieved by computing and factoring
multi-output SOPs. We are not aware of a practical method for BDD-
based multi-output SOP computation, so it is likely that a method based
on SAT solving might be the only efficient solution. Another direction
for future work is exploring the benefits of the progressive generation
of canonical minterms and cubes in different areas. One such area is
multi-level logic synthesis where incremental SAT-based decomposi-
tion methods can be developed based on partial SOPs computed for the
output functions.



5] Constrained Interpolation for Guided

Logic Synthesis

The success of the SAT-based generation of Craig interpolants in model
checking [McMillan, 2003] inspired its use in a variety of logic syn-
thesis applications [Jiang et al., 2010; Lee et al., 2008; Lin et al., 2008;
Mishchenko et al., 2011b; Tang et al., 2011]. One of these applications
reimplements a target function f as a function of a given set of base
functions G [Jiang et al., 2010], which we call standard interpolation
method for convenience. In this case, the interpolant represents the
dependency function ki, such that f = h(G). In some situations, the set
G contains enough base functions to enable the existence of multiple
dependency functions whose quality mainly depends on the base func-
tions selected for the reimplementation. The interpolation is not an
optimisation problem, hence, it often omits some base functions that
might be required for an optimal implementation of the target function.
Mainly, it is impossible to impose that an interpolant uses a specific
base function.

In this chapter, we propose our third SAT-based method—a new carving
interpolation method—that overcomes this specific limitation of the
standard interpolation method. The carving interpolation can impose
a specific base function g; € G as a primary input of the generated
dependency function. Such a dependency function is built as a Shannon
expansion of two constrained Craig interpolants for the assignments of
the primary inputs for which g; evaluates to 0 and 1, respectively. We
also introduce a method that iteratively imposes, one by one, a given
set of base functions. In each iteration, we impose a base function by

This chapter is based on the work of a paper published at the 2014 International
Conference on Computer Aided Design [Petkovska et al., 2014].

Applying Craig
interpolation for

reimplementation of

functions

A novel interpolation

method that imposes

the use of a specific

base function
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Overview of the
results

generating a new dependency function that is used as a target function
for the next iteration. This new feature can be particularly useful for
some synthesis-based algorithms that reconstruct circuits.

Some synthesis-based engineering change order (ECO) algorithms [Tang
etal., 2011; Wu et al., 2010] use Craig interpolation to derive logic cir-
cuits, called patches, that correct a flawed portion of a circuit. To max-
imise the reuse of logic from the flawed implementation, the patch is
built as an interpolant that uses a set of implemented components as
the base functions. In order to build the interpolant, the standard inter-
polation method relies on the structure of the proof of unsatisfiability,
which in turn is strongly biased by the heuristics used by the SAT solver.
These heuristics are agnostic to the purposes of the ECO engine, hence
they offer no control over the selection of components that are used to
build the patch and generally do not return the best circuit structure
for it. In contrast, our carving method can overcome the deficiencies of
these heuristics and result in more compact patches, as it gives better
control of the functions to be included in the logic cone of a patch.

Attempts to synthesise logic circuits by performing global restructuring
could also profit from our carving technique. Some logic optimisation
heuristics [Verma et al., 2009, 2007] reconstruct the input circuit struc-
ture by making use of small single-output circuits, called bricks, that
are found to be useful by a particular utility function. These algorithms
construct the output circuit structure gradually using sets of bricks. The
standard interpolation method is incompatible with these heuristics,
because they require the target function to be recomposed either with
some specific bricks from a set or with the complete set. Conversely, the
proposed carving technique removes this limitation. Additionally, the
original heuristic produce a functionally correct circuit only at the end
of the algorithm, whereas our carving technique produces one every
time a base function is imposed into the circuit. This feature, in addition
to offering a palette of implementations for the input circuit, can assist
in tuning the bricks’ utility function.

In this chapter, we compare our carving technique with the standard
Craig interpolation method. Our results show that the carving technique
is able to successfully include a desired base function 99% of the time,
whereas the standard interpolation method has a failure rate up to 59%.
We also study the runtime of our techniques.



5.1. Motivating Example

The rest of the chapter is organised as follows. First, in Section 5.1, we
motivate our work with an example. Next, in Section 5.2, we describe
the standard interpolation method. In Section 5.3, we describe in detail
the proposed carving methods. Finally, we present our experimental
results in Section 5.4 and conclude in Section 5.5. The required back-
ground information is provided in Section 2.1, Section 2.3, Section 2.4,
Section 2.5, and Section 2.6.

5.1 Motivating Example

Assume we have already implemented the sum function of a 2-bit adder
s1=a; @by @ (ag- by)
using the base functions g1 = a; @ b; and g» = ag - by as
$51=819 8.
Next, we want to reimplement the carry function of the same 2-bit adder
c1=(a1-b1)+(ap-bo- (ay + by))

and, for additional base functions, we have only g3 = a; and g4 = b;. We
can now use a SAT solver and the standard Craig interpolation method
to rewrite the target function c¢; by using the given set of base functions
G =1{g1, 82,83, 84}. Unfortunately, the standard interpolation method
might arbitrarily return any of the three dependency functions

hy =(g3-84)+(g2-(g3+84)),
hy =(g3-84) +(g2-(g3® g4)), o1
hs = (g3 g4) + (g2 81)-

However, having already implemented s; as above, we might be inter-
ested in &3 that is the area-optimal solution and avoids reimplementing
existing logic. In contrast, our carving method obtains exactly h3 by
imposing g as a primary input.

Reimplementation of
the carry function of a
2-bit adder by using
Craig interpolation
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Figure 5.1 - The process for computing a single-output dependency function using the standard
interpolation method. The target function f(a, b) and the set of base functions G = {g1, g2} are shown
in Figure 5.1a. Figure 5.1b presents the DLN used for deriving the interpolant. The variable vector
X =(xy,...,x14) corresponds to the introduced CNF variables for each signal. The dashed line partitions
the gates whose clauses belong to A and B, respectively. The dots on this line depict the outputs of the
base functions whose CNF variables are common between the on-set A and the off-set B. Thus, these
outputs are candidates for the support set of the dependency function. Figure 5.1c shows the same
DLN represented as CNF clauses, which are given to a SAT solver. Figure 5.1d shows the final clauses of
the refutation proof from which the dependency function h(g;, g2) = &1 - g2 is derived.

Situations qualitatively similar to this one can arise in a variety of logic
synthesis situations such as techniques for restructuring complex cir-
cuits into well-studied architectures. This example could also represent
an ECO problem, if the function s; is implemented flawlessly and the
function c; has to be rectified.

5.2 The Standard Interpolation Method

Generation of a  Jiang et al. [2010] suggested using interpolation to re-express a target

dependency function  fynction as some dependency function over other base functions (also
using the standard

interpolation method

used by Lin et al. [2009]). As previously defined, in this chapter, we
call this method the standard interpolation method. Figure 5.1b shows
the dependency logic network (DLN) required for computing the depen-
dency function h of the target function f in terms of the set of base
functions G = {g1,g2}. The DLN has similar properties as the miter
shown in Figure 2.3, and can be used for the functional dependency
check of a single-output function. Thus, if f functionally depends on
the set of base functions G, then we can represent the DLN as a set of
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CNF clauses partitioned into two sets, A and B, as suggested by Jiang
et al. [2010]. The Tseitin transformation [Tseitin, 1983] converts a cir-
cuit from combinational logic to a set of CNF clauses by introducing
new variables for each primary input and for each gate. A SAT solver is
initialised with these CNF clauses and it constrains the CNF variables
assigned to the two copies of the primary inputs of the target function.
As f functionally depends on G, the problem is UNSAT, and the SAT
solver returns a proof of unsatisfiability, which is also called refutation
proof as defined in Section 2.3. This refutation proof is used to com-
pute the interpolant. As the CNF variables of the outputs of one copy
of the base functions belong both to the on-set A and to the off-set
B, these outputs represent candidate inputs for the support set of the
interpolant and, implicatively, for the dependency function. Figure 5.1
shows the process for computing the dependency function with this
standard interpolation method.

5.3 The Carving Interpolation Method

In this section, we first explain the deficiency of the standard inter-
polation method. Next, we present in detail the proposed carving in-
terpolation method for both a single base function and a set of base
functions.

5.3.1 Deficiency of the Standard Interpolation Method

A base function belongs to the support set of the dependency function
if and only if its clauses are part of the refutation proof. All essential
base functions belong to the support set, because their clauses are re-
quired for building a refutation proof. However, whether an auxiliary
base function belongs to the support set depends on the selection of
the SAT solver. As the SAT solver neglects the importance of a base
function when building the refutation proof, the standard interpola-
tion method often omits base functions that enable a specific efficient
implementation of the target function.

In contrast, some techniques require either some specific or all selected
base functions to be used as primary inputs of the dependency function.
For instance, Verma et al. [2009] propose an algorithm that optimises
a circuit by iteratively generating and selecting a set of base functions.

Reason for omitting

some base functions

Illustrating the
problem with an
application
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After the first iteration, it uses the dependency function to generate
a new set of base functions. Thus, if a base function is disconnected
from the dependency function, it is then discarded, although it was
previously selected as adequate and desirable for reconstructing the
circuit. Therefore, this behaviour of the standard interpolation method
hinders its applicability to such logic synthesis techniques.

5.3.2 Carving Out a Base Function

In this section, we describe in detail the carving interpolation method for
imposing the use of a single base function: it constructs a dependency
function as a Shannon expansion of two constrained Craig interpolants.

Assume we have a target function that functionally depends on a set
of base functions from which we want to impose the use of a selected
base function. For the carving interpolation method, we construct
the same DLN as for the standard interpolation method and represent
it as a set of CNF clauses. Assume the CNF clauses are expressed in
terms of the variable vector X = (x1,..., x;;). We denote this set of CNF
clauses as C(xy, ..., x,). The unsatisfiability of the SAT problem defined
with the DLN signifies that the set of CNF clauses is UNSAT for any
assignment of X. From this, it follows that both Cz, = C(x;,...,0,...,x5)
and Cy, = C(xy,...,1,...,x5), in which we have assigned the variable x;
to 0 and 1, respectively, are also UNSAT for any assignments of X. A
CNF variable is assigned to a constant value by extending the existing
set of CNF clauses with a single-variable clause x; or X;, which makes
an assumption that the variable x; evaluates to 1 or 0, respectively.

Using the refutation proofs for Cx, and Cy,, we can construct two con-
strained interpolants Iz, and I, respectively. These two interpolants
represent the cofactors of a feasible interpolant I for the satisfiability
problem expressed with the set of clauses C(x, ..., x;;), with respect to
x;. Thus, using the formula for Shannon expansion, we can generate
the interpolant I as

I=X; Iz, + x;- Iy,.

In order to impose a selected base function g;, we perform the Shannon
expansion with respect to the CNF variable x; assigned to the output
of the function g;. When we assign the variable x; to 0, we evaluate
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Figure 5.2 — The process for imposing the first base function g; from a set of base functions G =
{g1, 82, g3}. After a base function is imposed, it is substituted with an identity function in the set G. To
impose the second function g, the carving method is given the last computed interpolant /; and the

modified set of base functions Gj.

all assignments for which the function g; evaluates to 0. At the same
time, for the assignments for which g; evaluates to 1, there is a conflict
with the assumed value of the output of g;; and the problem is UN-
SAT. Similarly, the dual case applies for the assignments for which g;
evaluates to 1. Thus, the two interpolants, built for the assignments for
which the selected base function g; evaluates to 0 and 1, respectively,
represent the negative and the positive cofactors of the dependency
function with respect to x;, and they can be used to obtain the final
dependency function with Shannon expansion.

5.3.3 Carving Out a Set of Base Functions

Given a set of base functions G = {g, ..., g}, such that the target func-
tion f functionally depends on G, the base functions are iteratively
carved out one by one. To carve out the first base function g;, we use
the function f and the set G. As a result, we receive a dependency
function k] that has the imposed base function g; and a subset of the
remaining base functions from G as primary inputs. To retain g; as a
primary input, after carving it out, we modify G to G by substituting g,
with an identity function that propagates the input as an output. To be
able to impose the remaining base functions, we construct a function
hy by adding the logic of the non-imposed base functions to the func-
tion h’1 In the next iterations, to impose the base function g;, where
i =2,...,n, we use the dependency function h;_; and the modified
set of base functions G;_;. Figure 5.2 shows the first iteration of our
method when imposing a set of base functions G = {g1, g2, g3} given a
target function f.

Iteratively carving out
a set of base functions
one by one
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Carving a set of base functions by our method is usually much slower
than by the standard interpolation method, because our method builds
two interpolants per base function, whereas the standard method gen-
erates only one interpolant per set of base functions. Accordingly, as we
know that the standard interpolation method always uses the essential
base functions, we propose an optimised carving method that improves
the runtime by generating a single interpolant for all essential base
functions. Furthermore, it increases the success rate for imposing the
set of base functions, because it prioritises the auxiliary base functions
and carves them out when all or most of the circuit’s logic is available.

The optimised carving method starts with partitioning the set G into
two subsets, G, and G, that contain the essential and auxiliary base
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functions, respectively. Then, we first carve out the base functions
from the set G,, which might be omitted by the standard interpolation
method, as explained in Section 5.3.1. Assuming that the set G, contains
i base functions, once all functions are carved out, we constructed the
function h; and modified the set G to G;. The set G; contains (1) identity
base functions for the functions from G, and (2) all functions from G,.
Finally, the standard interpolation method is used to construct the
resulting dependency function by re-expressing the function h; as a
function from the set G;.

Example 5.3.1. For the target function f and the set G from Figure 5.2,
we first impose the function g» € G, and obtain the function h; instead
of first imposing the function g; as shown for the basic carving method.
Next, instead of imposing the functions from G, = {g1, g3}, we generate
the final dependency function with the standard interpolation method
given the function h; as a target function and the set G; = {g1, 82i4, 83},
where g,;4 is the identity function introduced for g».

Shannon expansion can also be performed on multiple variables. Thus, Carving out multiple
in one iteration, multiple base functions can be simultaneously carved ~ base functions

out of the target function. However, as Figure 5.3 shows, due to the na- simultaneously
ture of the Shannon expansion, the number of interpolants grows expo-

nentially with the number of base functions carved out simultaneously,

in contrast with the linear growth of the one-by-one single-function

carving.

5.4 Experimental Results

In this section, we introduce our experimental setup and we present
the experimental results that compare our carving methods with the
standard interpolation method.

5.4.1 Experimental Setup

We implemented both the basic and the optimised carving interpola- Integration of the
tion methods as commands in ABC [ABC]. An advantage of using ABC ~ 2lgorithms in ABC
is that the integrated SAT solver, which is based on an early version of

MiniSAT [Eén and Soérensson, 2003], provides a proof of unsatisfiability

for UNSAT problems. ABC also provides an implementation of an algo-
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rithm that generates a Craig interpolant from a proof of unsatisfiability
as an AIG.

Although the carving technique is general and not tied to any purpose or
logic synthesis heuristic, our experimental setup is somewhat inspired
from the Iterative Layering technique proposed by Verma et al. [2009].
This heuristic restructures a circuit by gradually imposing a set of pre-
selected base functions. Reimplementing the whole algorithm is not
our purpose here, but we want to explore interpolation as the means to
progressively transform the original circuit into an optimised one (note
that the original implementation of Iterative Layering does not use SAT
solvers and follows a different strategy). Hence, in our experiments, we
use an oracle that gradually provides the base functions for composing
the optimal circuit structure.

To ABC, we provide an input implementation and a final implemen-
tation of the circuit we want to optimise. The final implementation
is either a desirable known implementation of the circuit or the input
implementation optimised in ABC. It serves as a reference goal from
which an oracle computes the set of base functions for reconstructing
the circuit. In our case, this set consists of the logic functions of non-
overlapping k-input cuts which cover the whole circuit. With this setup,
we show that we can recompose any input implementation to any final
implementation, as long as we have the adequate base functions. Two
scenarios are presented: In the first, we carve out only a single base
function, as described in Section 5.3.2; in the second, we carve out a
complete set of base functions, as described in Section 5.3.3.

For our experiments, we use 10 large combinational MCNC benchmarks
and a set of 35 arithmetic circuits, including adders, leading zero de-
tectors, multipliers and majority functions. When the benchmark is a
multi-output circuit, we process each output separately, as the interpo-
lation methods can process only a single output at a time. The following
subsections describe the results in detail.

5.4.2 Imposing a Single Base Function

For the following experiment, the oracle provides the complete set of
base functions G; and, for each g; € G, we would like to construct a
dependency function that has the function g; in its support set.
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Figure 5.4 — The setup for imposing the base function g; using the carving method. The base functions
are always expressed as functions of the primary inputs, thus the selected base function is accompanied
with the essential identity functions of the target function’s primary inputs a, b, and c. After deriving

the dependency function h,, we test if g; is used as a primary input.

Table 5.1 - Failure rates of the interpolation methods for a single base function. The given numbers

represent percentage of disconnected wanted base functions.

Standard Carving

Arithmetic Circuits 55.71% 0.00%
Large MCNC (area-optimised) 59.12% 0.15%
Large MCNC (delay-optimised) 56.40% 0.15%

In order to create a dependency function, the target function f should
functionally depend on the given set of base functions. Hence, to im-
pose a single base function g;, we first form a set G; that contains the
function g; and all identity functions of the primary inputs of the target
function. Next, we remove the added identity functions that are aux-
iliary given the function f and the set G;. Thus, G; contains only the
identity functions of the primary inputs that are essential for achieving
functional dependency and the function g;. If a removed identity func-
tion represents a primary input that is also a primary input of g;, both
the standard and the carving method must use g; to recreate the target
function. Otherwise, if the identity functions of all primary inputs of
gi are given, then several dependency functions exist—some that use
the function g;, and others that reimplement the logic of g; with the
identity functions from G;. Figure 5.4 shows the setup for imposing the
base function g; with the carving method.

In our experiment, when it is possible to return a dependency function
that omits the selected base function, we count the number of missed
opportunities to use the base function for the two interpolation meth-
ods. Table 5.1 summarises the failure rates of the interpolation methods.

Experimental setup

for imposing a single

base function

Failure rates in terms

of omitted base
functions
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Figure 5.5 — The relative execution time to generate a dependency function for a base function set
composed of a single base function and essential identity functions.
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base function

For the arithmetic circuits, the standard interpolation method fails to
use the selected base function in 55.71% of the cases, whereas the carv-
ing method always imposes it. For the MCNC benchmarks, when the
input structure of the circuits is optimised for area, we observe 59.12%
and 0.15% failure rate for the standard method and the carving method,
respectively. Similarly, when the input structure is optimised for delay,
we obtain 56.40% and 0.15% failure rate, respectively.

Regarding the runtime of the two methods, as expected, the carving
method takes on average twice the time required by the standard inter-
polation method, because the dependency function is derived from two
interpolants instead of one. Figure 5.5 shows the distribution of the rel-
ative execution time for the arithmetic circuits and the area-optimised
MCNC benchmarks.

5.4.3 Imposing a Set of Base Functions

For the following experiment, the oracle provides the complete set of
base functions partitioned into subsets, called layers, on which the input



5.4. Experimental Results
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Figure 5.6 — Non-overlapping 3-input cuts and the formed layers for the most significant bit of a 4-bit
adder. The rounded sets represent the 3-input cuts whose logic functions are the base functions. The
dashed lines divide the cuts in layers. The small ovals show the signals for which an identity function is
introduced because they are primary inputs to base functions from a higher layer.

circuit functionally depends. Each layer contains base functions that
have only outputs of the previously composed layers as primary inputs.
An identity function is introduced for each base function propagated
through the layer. Figure 5.6 presents one possible solution for the cuts
and layers for the most significant bit of a 4-bit adder. If all the base
functions from a layer are essential base functions, then all of them are
always used by the standard interpolation method and there is no need
to use the carving method. However, if there is at least one auxiliary
base function that might be omitted, we consider as failure each layer
from which at least one base function was not included in the support
set of the built dependency function.

In Section 5.3.3, we presented two carving methods: the basic carving
method that imposes all functions from a given set successively, and
the optimised carving method that first imposes the auxiliary functions
and then generates the final dependency function using the standard
interpolation method presented in Section 5.2. To compare these with
the standard interpolation method, we generate one dependency func-
tion by using each of the three methods for each layer received from the
oracle. To show the gradual reconstruction of the circuit when using

Short description of

the compared
methods
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(b) Delay comparison of the standard interpolation and the optimised carving method.

Figure 5.7 — Area and delay of the MSB of a 14-bit adder, reconstructed using 10 layers. The area
is expressed in terms of number of AND gates, and the delay is expressed as number of levels of
the AIG. For each layer, Figure 5.7a shows the cumulative area of the base functions and the area of
the dependency function built with the standard method and with the optimised carving method,
respectively. Figure 5.7b compares the delay of the same circuits. In layers 2 and 3, the optimised
carving method offers a solution that has lower delay and equal area as the final reference circuit from
layer 10, which was obtained by optimising the input circuit from layer 0 in ABC.

Failure rates in terms

of layers with at least
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one omitted base
function

layers, Figure 5.7 highlights the area and delay of the recomposed cir-
cuit of the MSB of a 14-bit adder after the dependency function is built
for each of the 10 layers. For each layer, we verified that the resultant
implementation is functionally equivalent to the target function given
as input.

The failure rates of the different interpolation methods are summarised
in Table 5.2. For the arithmetic circuits, at least one base function from
the layer is omitted for 74.59% of the layers, when the dependency func-
tion is constructed by the standard interpolation method. In contrast,
the basic and the optimised carving method fail to use at least one base
function for only 0.26% and 0.07% of the layers, respectively. Although
we expected similar results for the MCNC benchmarks, when the input
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Table 5.2 — Failure rates of the interpolation methods for a set of base functions.

Layers with at least Disconnected base
one omitted base function functions among all layers
Carving Carving

Standard Basic Optim. Standard Basic Optim.

Arithmetic Circuits 74.59% 0.26% 0.07% 64.02% 0.17% 0.04%
Large MCNC (area) 81.82% 83.33% 54.55% 34.00% 26.55% 19.85%
Large MCNC (delay) 92.89% 83.76% 76.14% 77.56% 34.30% 30.77%

structure of the circuits is optimised for area, we obtain 81.82% failure
rate for the standard method, whereas for the base and the optimised
carving method, the failure rates are 83.33% and 54.55%, respectively.
For the same benchmarks, when the input structure is optimised for
delay, the failure rates are 92.89% for the standard interpolation method,
and 83.76% and 76.14% for the standard and optimised carving method,
respectively. These failure rates occur because we consider a failed layer
as soon as a single base function is disconnected. For instance, for a
given layer, even if the standard method omitted five functions and the
carving method has omitted only one, we determine that both methods
have failed.

Therefore, we also analysed the number of disconnected base functions  Failure rates in terms
among all layers. The most substantial difference is observed for the of omitted base
large delay-optimised MCNC benchmarks, for which the standard in- function among all
terpolation method omits 77.56%, whereas the standard carving and

the optimised carving methods omit only 34.30% and 30.77% of the

base functions among all layers, respectively. The results for the other

benchmarks are presented in Table 5.2. As Figure 5.8 shows, the carving

methods usually have lower failure rates than the standard interpolation

method, and fail only for circuits for which the standard interpolation

method fails.

layers

The basic carving interpolation method builds two interpolants for each ~ Runtime comparison
base function of the layer, whereas the standard interpolation method
constructs one interpolant per layer. Thus, the runtime of the first is,
in most cases, significantly higher than the one of the second. Due
to the extensive runtime, we fail to execute the algorithm for all the
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Figure 5.8 - The percentage of disconnected base functions among all layers for the three methods.
For the presented benchmarks, the base functions are generated using 5-input cuts for the arithmetic
circuits, and using 3- and 8-input cuts for the large combinational delay-optimised MCNC benchmarks.
From the MCNC benchmarks, we were able to process at least one output within the given timeout only
for the shown benchmark circuits. The formatting of the benchmarks shows their name, the number of
primary inputs and outputs, as well as the number of processed outputs for which we report results.
For example, the last arithmetic circuit, rca64, has 128 primary inputs and 65 primary outputs, but we
processed only the first 12 outputs.

outputs for 28% of the larger MCNC benchmarks. But, for the smaller
MCNC benchmarks and the arithmetic circuits, we fail to complete the
algorithm for only 2% and 4% of the circuits, respectively. Figure 5.9
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(a) The basic carving method is almost always slower than the standard interpolation method, because

it computes two interpolants per base function instead of one for the whole set.
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(b) The optimised carving method improves over the basic carving method because it computes one

interpolant for the essential base functions.

Figure 5.9 — Comparison of the execution time of the interpolation methods when generating a depen-
dency function for a set of base functions. The presented execution time of the carving methods is

relative to the execution time of the standard interpolation method.

shows the distribution of the relative execution time for the arithmetic
circuits. Although the optimised carving method spends some time
dividing the base functions into auxiliary and essential functions, it is
generally much faster than the basic carving method. Also, as expected,
it succeeds more often in imposing the base functions, as it gives a
priority to those that might be omitted.

5.5 Conclusions

In this chapter, we have presented a new technique for enabling the
reimplementation of an input circuit while imposing a given subcircuit
or base function. Our results show that the proposed carving technique
is able to successfully include the desired base functions most of the
time—it has more than a 99% success rate when forcing a single base
function. In comparison, the reference technique, which is based on
Craig interpolation, fails far more often. For instance, the success rate of

Key insights
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the standard interpolation method for the large area-optimised MCNC
benchmarks barely reaches 40%. Our results also show that our carving
technique is moderately slower than the standard interpolation method
when forcing a whole set of base functions, but takes only about twice
the time when forcing a single base function. This is mostly because
the carving technique requires more SAT solver calls and spends more
time on reimplementation than the reference technique. To impose
a set of base functions, we have also proposed an optimised carving
method that represents a hybrid of the basic carving method and the
standard interpolation method. This method offers the best failure
rate and significantly improves the runtime required for carving, but it
is still slower than the standard interpolation method. Consequently,
heuristics for global circuit restructuring, as well as synthesis-based ECO
algorithms, can benefit from our carving technique when optimising
circuits of limited size.

The interpolation method has also been proposed for generating a
dependency function during resubstitution. Next, in Chapter 6, we
compare a methodology based on (1) a miter similar to the DLN de-
scribed in Section 5.2 and (2) interpolation to a methodology based on
cube enumeration when they are used for resubstitution.



Comparison of SAT-Based Algorithms
for Resubstitution

In logic synthesis, resubstitution is the problem of replacing a function  Resubstitution in
of a given target node from a Boolean network by using a function that ~ different logic
depends on other nodes, called divisors, without altering the global synthesis algorithms
functionality of the target node [Brayton et al., 1987]. The new imple-
mentation of the target node, called a resubstitution function, should
have better quality compared to the original implementation; for ex-
ample, in terms of area or delay, which is determined by the optimisa-
tion criteria. Many algorithms for multi-level logic optimisation use
some kind of resubstitution. For example, it is a part of algorithms for
logic optimisation and resynthesis [Mishchenko et al., 2011b, 2017]
that can be both technology-independent and technology-dependent,
provided that the optimisation is performed before or after the technol-
ogy mapping, respectively. Also, as we mentioned in Chapter 5, some
logic optimisation heuristics for global restructuring [Verma et al., 2009,
2007] build a new implementation for a given circuit by using small
single-output circuits as divisors; and some synthesis-based ECO algo-
rithms [Tang et al., 2011; Wu et al., 2010] derive patches, which replace
an incorrect subcircuit, as a resubstitution function, but they relax the
condition for preserving the global functionality of the network in order
to correct the design.

Some fast technology-independent algorithms for rewriting minimise  Resubstitution is more
an AIG by iteratively resubstituting cuts of the network [Bertacco and ~ general than rewriting
Damiani, 1997; Mishchenko et al., 2006a; Yang et al., 2012]. Each cut is
replaced with its best implementation, obtained from a pre-computed
library of functions. However, in this case, pre-computed functions can
be used because the selected function from the library uses exactly the
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Figure 6.1 - Typical flow of a resubstitution algorithm. The algorithm receives as input the original
network and a target node from it, and returns the resubstitution function for the function of the
target node. The four main methods are given in boxes with different colours: (1) for obtaining a set of
candidate divisors, (2) for checking the feasibility of a given set of divisors, (3) for minimising the set of
divisors, and 4) for generating a resubstitution function.

same inputs as the original implementation. In contrast, resubstitution
is a more general problem because the resubstitution function can have
inputs different than the original one.

Methods required for ~ The standard flow of an algorithm for resubstitution of a given node is
resubstitution  j]lystrated in Figure 6.1. This flow consists of the following steps, each of
which can be implemented as a separate method. The flow starts by ob-
taining candidate divisors for the resubstitution of the given node. The
candidate divisors are either generated as new nodes in the network,
or selected from the existing ones. We have to ensure that the set of
candidate divisors is feasible for implementing the target node, which
means that the function of the target node can be implemented as a
function of the given set. However, this initial set of candidates might be
large and might include redundant divisors. Therefore, it is minimised
and only a subset of it is selected for implementing the resubstitution
function. Each divisor from the minimised set of candidate divisors will
be an input to the resubstitution function, hence frequently a smaller
set leads to a better implementation. Similarly to before, the minimised
set has to be feasible for resubstitution. If the set is feasible, then a re-
substitution function is generated. Otherwise, a different subset should
be selected from the initial set.

Side-to-side  In this chapter, we compare two methodologies for implementing all

comparison of two  the methods required for resubstitution, except the one for obtaining
SAT-based

_ the initial set of candidate divisors. The algorithms from both com-
methodologies

pared methodologies receive as input a set of candidate divisors that
they minimise while performing a feasibility check, and they generate
aresubstitution function at the end. Both algorithms were introduced
as building blocks of different SAT-based algorithms for post-mapping

94



6.1. Technology Mapping as Motivation

logic optimisation and resynthesis. Additionally, we propose and com-
pare an enhancement for one of them.

The algorithms from the first methodology [Mishchenko et al., 2011b]  Short description of
perform minimisation and feasibility checking using a resubstitution ~ the two compared
miter, which is a simplified version of the functional dependency miter; methodologies
and they generate the resubstitution function using the standard inter-
polation algorithm presented in Chapter 5. However, instead of using
simulation for selecting a small feasible subset of divisors, as suggested
by Mishchenko et al. [2011; 2006], we propose an efficient algorithm
that minimises the set of candidate divisors using a resubstitution miter.
The second methodology is based on cube enumeration [Mishchenko
etal., 2017], and its algorithm is similar to the one for SAT-based SOP
generation presented in Chapter 4. We discussed [Mishchenko et al.,
2017] that an algorithm based on a resubstitution miter is faster than
an algorithm based on cube enumeration when the set of divisors has
more than 10 divisors, but it is slower for smaller sets due to using inter-
polation. The algorithm based on cube enumeration has an advantage
for smaller sets of divisors because it derives the resubstitution function
for a node as a by-product of the feasibility check. However, to the
best of our knowledge, there is no side-by-side numerical and detailed
comparison of them such as the one that this chapter provides.

The remainder of this chapter is organised as follows. In Section 6.1,
we describe an algorithm for post-mapping optimisation that is used
both as a motivation, and to compare the algorithms in Section 6.3 in
which we provide the experimental setup and results. In Section 6.2,
we describe the algorithms of the two methodologies for resubstitution.
We conclude and present ideas for future work in Section 6.4. The
required background information is provided in Section 2.1, Section 2.3,
Section 2.4, and Section 2.5.

6.1 Technology Mapping as Motivation

From all applications of resubstitution, we use technology mapping to  Post-mapping

show the importance of resubstitution and to compare the two method- ~ framework for
SAT-based logic
. . L. optimisation

as a part of a post-mapping framework for SAT-based logic optimisa-

ologies. The methodology based on cube enumeration was introduced

tion with don't-cares that reduces delay and area of the initial map-
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Figure 6.2 — Overview of the framework for SAT-based logic optimisation. The compared SAT-
based algorithms are part of the methods in the coloured boxes used iteratively for each critical
node [Mishchenko et al., 2017]. They select a minimal feasible set of candidate divisors, and compute
the configuration for a k-input LUT when the number of selected divisors is less than or equal to k.
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ping [Mishchenko et al., 2017]. Figure 6.2 illustrates the connection
between the main methods of the framework. For input, the framework
receives an initial mapping as a LUT netlist, from which the area-critical
or delay-critical nodes are selected. Then, it iterates through these
nodes by prioritising those that can gain most from the optimisation.
For each node, it executes the following four methods for optimisation.
First, a structural window of the node is computed: It contains (1) a
fixed number of TFI/TFO levels of logic centered at the node, and (2) all
paths from the included TFIs to the included TFOs. The left subcircuit
from Figure 6.4 illustrates this window for a given target node n. Next,
from the nodes included in the window, a set of nodes is selected for
candidate divisors. The set is minimised by selecting a feasible subset
of candidate divisors, which would represent the support of the resub-
stitution function, or it is proved that no feasible subset exists. Last, if
the minimised subset is feasible and if it contains at most k divisors,
the target node can be reimplemented using one k-input LUT, and
its configuration is obtained by generating a resubstitution function.
Otherwise, if the number of divisors is larger than k, the resubstitution
function is generated as a LUT-structure composed of k-input LUTs
that is synthesised using an algorithm based on quantified Boolean for-
mula (QBF) solving. Finally, either after iteratively processing all critical
nodes, or if a timeout occurs, the final restructured netlist of LUTs is
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generated and returned, and it has either equal or better quality than
the initial LUT netlist.

This framework is introduced as part of a set of logic synthesis tools
for FPGAs, so the initial and resulting mapping are represented as LUT
netlist. However, it can be easily extended to other technologies, such
as standard cells, technology-independent AIGs, and logic structures
composed of known primitives. To achieve this, only the last method
from the iterative process, which performs the LUT-structure synthesis,
should be replaced with another implementation for the appropriate
technology [Mishchenko et al., 2016, 2015].

6.2 SAT-Based Algorithms for Resubstitution

In this section, first, we give the necessary and sufficient condition for
the existence of resubstitution that is used by both compared method-
ologies. Then we describe algorithms based on the two methodologies
for resubstitution that are compared in this chapter.

For the feasibility check, both methodologies use the following theorem
for sets of pairs of functions to be distinguished (SPFD) [Mishchenko
et al., 2006¢], which is similar to Theorem 1 for functional dependency.
It provides a necessary and sufficient condition for the feasibility of
resubstitution.

Theorem 4. Let X be a set of variables X = {x1,...,x;;}. The set of
divisors D = {d1, d, ..., dy} with functions G = {g;(X), g2(X), ..., g« (X)}
is feasible for resubstitution of a target node n with function f(X) if and
only if there is no minterm pair (M;, M>) such that f(M;) # f(M>) but
gi(My) = gi(M>) for all i, where 1 < i < k [Mishchenko et al., 2006c].

In short, a set of candidate divisors is infeasible if it does not distinguish
two minterms that a target node distinguishes.

6.2.1 Resubstitution Using a Resubstitution Miter and
Interpolation

The similarity between Theorem 1 and Theorem 4 shows that the feasi-
bility of a resubstitution is closely related to the concept of functional
dependency presented in Section 2.4. Indeed, the functions of the tar-

The framework can be
easily extended to
other technologies

Necessary and
sufficient condition for
the existence of
resubstitution

Link between
feasibility of a
resubstitution and
functional dependency
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Figure 6.3 — The resubstitution miter. It can be used both for feasibility checking and minimisation of
the set of candidate divisors, as well as for computing an interpolant.

get node and divisors, and the resubstitution function in resubstitution
represent precisely the target function, base functions, and dependency
function, respectively, in functional dependency. Consequently, a ver-
sion of the miter for checking of functional dependency can be used as
a resubstitution miter for feasibility checking, and interpolation can be
used to generate the resubstitution function [Mishchenko et al., 2011b]
similarly to how they are used in Chapter 5.

Structure of the ~ Subsequently, the first compared methodology is based on the resubsti-
resubstitution miter  tytion miter introduced in an integrated SAT-based logic optimisation
methodology [Mishchenko et al., 2011b]. In this chapter, we propose
a more flexible version of it, which is illustrated on Figure 6.3. It only
differs in the comparison logic—instead of using XOR gates connected
with an OR gate with output assigned to 0, we propose to use XNOR
gates with outputs assigned to 1. For a set with k divisors, the original
comparison logic represents the equation

(guogir)+--+(gki®8&kr) =0,

where g;; and g;,, for 1 < i < k, are the g; functions from the left and
right subcircuit, respectively. If we negate both sides of this equation,
we would obtain the proposed version

(Lo gr) (8k1® 8kr) = 1.
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Consequently, the function of the proposed miter is the same as the
original one, but the independence of the XNOR gates brings flexibility
when minimising the set of candidate divisors by using incremental SAT
solving with assumptions. Also, this miter has the same functionality
as the miter for functional dependency checking from Figure 2.3, but
it is simplified because it works only for a single-output function f(X).
Similarly to the functional dependency miter, it consists of two copies
of the function f(X) for the target node n, and of the functions g;(X),
where 1 < i < k, for the divisors d;. However, additionally, this resubsti-
tution miter considers the care set represented with the logic function
C,(X), which is illustrated in Figure 6.4 and explained in Section 6.2.2.
The output of C,(X) is assumed to be 1 in order to assign X; and X»
only to care-set minterms of n, and to ignore the don't-care ones.

Similarly to how we defined essential and auxiliary base functions in
Section 2.4, we define essential and auxiliary divisors. A divisor g; € G
is essential, if the feasible set G becomes infeasible when g; is removed
from it. Otherwise, g; is auxiliary, and both G and G\ {g;} are feasible
sets.

A SAT solver initialised with a resubstitution miter can check if a set of
divisors D = {d;, d>, ..., d}} is feasible to resubstitute the given function
f(X) of the target node n. If the problem is satisfiable, then the set
D is infeasible because the satisfying assignment of the variables X;
and X, defines two minterms M; and M, that are distinguished by
the target node n but are not distinguished by any of the divisors d;.
Otherwise, if the problem is UNSAT, the set D is feasible because such
pair of minterms does not exist, and the resubstitution is possible.

For minimising the set of divisors, we consider the following three op-
tions. First, when the problem representing the resubstitution miter is
UNSAT, the SAT solver returns the set of literals for UNSAT. Thus, the
divisors for which the literal is returned define a feasible subset of divi-
sors. However, this feasible subset is not always minimum with respect
to the included divisors, hence often redundant divisors can be addi-
tionally removed. Moreover, the removal for some divisors can prevent
obtaining the global minimum, as illustrated with the Example 6.2.1.
The advantage of this algorithm, which in this chapter we call MITERO,
is that it minimises the initial set with a single SAT call.

Auxiliary and essential
divisors

Feasibility checking
using a resubstitution
miter

Fast minimisation
based on a
resubstitution miter
using a single SAT call
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Minimisation using

assumptions and one

round of SAT solving

Efficient minimisation

using assumptions and
two rounds of SAT

100

solving

Example 6.2.1. Let X = {x1, x2, X3, X4, x5} be a set of variables. Two dif-
ferent resubstitution functions can be obtained for the target func-
tion f(X) = (x1 ® x2)(x3 + x4) with respect to the set of divisors D =
{dy, d»,ds, ds} with functions g1 (X) = x1 ® X2, £2(X) = X1 + X2, g3(X) =
x1Xx2, and g4(X) = x3 + x4. The best implementation with two divi-
sors is f(X) = g1(X)ga(X). But, if the divisor d,; is removed first, then
the set is still feasible and the target function can be implemented as
F(X) = g2(X) g3(X) ga(X).

Another option for minimisation is to use incremental SAT solving with
assumptions for the XNOR variables, which represent the SAT variables
of the XNOR gates outputs from the resubstitution miter. A divisor is
used if its corresponding XNOR variable is assumed 1; otherwise, it is
not used. The simplest iterative solution, which we call MITER1, is to
try to remove greedily the divisors one by one. Assume that the set of
candidate divisors D initially contains k divisors, D = {d}, d>, ..., d}}. In
iteration i, where 0 < i < k— 1, we try to remove the divisor di_; by
assuming the XNOR variables of all divisors to 1, excluding the ones
for dy_; and the divisors that are removed in the previous iterations j,
where 0 < j < i. The SAT problem with the given assumptions is UNSAT
when the divisor can be removed, and we can additionally use the set of
assumptions for UNSAT to remove other redundant divisors and to re-
duce the number of SAT calls. Otherwise, the SAT problem is satisfiable
when the divisor is essential. This heuristic performs one round of SAT
solving with at most k SAT calls, when the initial set contains k divisors.
Unlike MITERO, MITER1 ensures that all divisors in the final minimised
set are essential. However, we still might encounter the problem from
Example 6.2.1 if the divisor d; is removed before the divisors d, and ds.

Therefore, to obtain a set that is equal or close to the global minimum,
we propose the algorithm MITER2 that performs two rounds of SAT
solving. In the first round, when we have k divisors, one SAT call with
k —1 assumptions is performed for each divisor. In iteration i, we check
if the divisor dj_; can be removed, which means that all XNOR variables
are assumed to 1 except the one for the divisor d_;. If the problem is
UNSAT, we mark the divisor as auxiliary and we obtain the subset of
divisors additionally removed using the set of assumptions for UNSAT.
With this round, we retrieve the option that has the highest chance of
resulting in the smallest possible subset. Then, in the second round,
we consider as removed the subset of divisors that is defined with the
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best option from the first round, and we iteratively try to remove the
remained divisors that were marked as auxiliary in the first round. This
algorithm has linear complexity in the number of candidate divisors
because it performs at most two SAT calls for each divisor.

Example 6.2.2. Assume the target node n with function f(X) and the
set of divisors D from Example 6.2.1. In the first round we would obtain
the following results in the given iterations.

Iteration 1) The divisor g; is auxiliary, and when it is removed the
other divisors become essential. Hence, we can remove
in total one divisor.

Iteration 2) The divisor g; is auxiliary, and we can remove in total
two divisors, g» and gs.

Iteration 3) The divisor g3 is auxiliary, and we can remove in total
two divisors, g» and gs.

Iteration 4) The divisor g4 is essential.

Iterations 2 and 3 lead to the same best result—g, and g3 can be re-
moved simultaneously, and the minimised set would be D’ = {g7, g4}.
As we do not know if the set is minimal, in the second round we would
try to remove gi: it is the only divisor from D’ that was auxiliary in the
set D. However, it cannot be removed, because it is an essential divisor
inD'.

The proposed algorithms for minimisation MITER1 and MITER2 provide  Generation of the

aminimal set of divisors in which all divisors are essential—if a divisoris ~ resubstitution function
removed, then the set becomes infeasible. Thus, there is no need to use using interpolation
carving interpolation to generate the resubstitution function. Instead,
we use the standard Craig interpolation, as described in Section 5.2. In
this case, to derive the interpolant, we use the proof of unsatisfiability
from a SAT solver initialised with the resubstitution miter that has an
identical functionality as the DLN from Figure 5.1. In this chapter, for

brevity, we call this algorithm INTER.

6.2.2 Resubstitution Based on Cube Enumeration

The algorithm based on cube enumeration is proposed as part of the = Miter used for cube
framework for SAT-based logic optimisation [Mishchenko et al., 2017], ~ enumeration
which is described in Section 6.1. It receives as input the miter from

Figure 6.4 [Mishchenko et al., 2011b, 2017]. It consists of three parts: left
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-, comparison
logic

z! right
subcircui

Figure 6.4 — A miter for representing the care set of a target node. In the framework for SAT-based logic
optimisation with don’t-cares, a SAT solver initialised with this miter computes care-set minterms for
the target node n [Mishchenko et al., 2017].

subcircuit, right subcircuit, and comparison logic. The left subcircuit
represents the window computed for a target node n, so it includes
the function of n, f(X), as well as nodes in its TFI and TFO, and the
candidate divisors d;. The right subcircuit differs from the left one only
in the polarity of the function f(X), because an inverter is added at the
output of f(X). POs of the left and right subcircuit are z;(X) and z’;(X),
respectively. The comparison logic with output C,, (X) detects if the POs
from at least one pair (z;(X), z’'; (X)) evaluate to a different value for a
given assignment of the PIs X.

Care-set minterms can ~ When a SAT solver is initialised with this miter, a variable for each

be computed using a  pode is introduced. Thus, when the problem is satisfiable, the returned
SAT solver initialised

satisfying assignment returns an assignment for each signal of the net-
with the miter fy 8 8 8 8

work, including the PIs and POs of the left and right subcircuits, the
divisors, and the outputs f(X). When the output of the miter C,(X) is
assigned 1, the values for the X variables in the returned assignment
represent a care-set minterm My, because the POs from at least one
pair, (z;(X), z';(X)), evaluate to the opposite value due to the different
polarity of f(X). The minterm My is on-set or off-set minterm depend-
ing on whether f(X) evaluates to 1 or 0, respectively. Otherwise, if the
problem is UNSAT, a care-set minterm does not exist.
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Figure 6.5 — Flow of the algorithm for feasibility check based on cube enumeration. The algorithm
proves the set D’ as infeasible while computing a partial SOP if a pair of minterms (M;, M), which the
divisors from D’ cannot distinguish, is found. Otherwise, D' is feasible and a complete SOP representing

the function of the target node 7 as function of the divisors D’ is returned.

The cube enumeration algorithm, which we call CUBEE, iteratively min-
imises the set of candidate divisors while performing a feasibility check
in each iteration. Assume that the set of candidate divisors D initially
contains k divisors, D = {d;,d>,...,d}. Initeration i, where0 < i < k-1,
the divisor d_; is removed from D, and a feasibility check is run for
the minimised set D' by generating an on-set SOP for the function f(X)
with the divisors from D' as inputs, as described below. When the set
D' is feasible, the feasibility check returns a complete on-set SOP that
proves that the divisor dj_; can be removed from D. Otherwise, if the
set D' is infeasible, only a partial SOP is computed, and the divisor dj._;
remains in the set D. In both cases, the iterations continue and the
process is repeated for the next unchecked divisor. For a set D with size
k, the process is repeated k times, and k on-set SOPs are generated,
some of which are partial SOPs.

To generate on-set SOPs, a SAT solver is initialised with the miter from
Figure 6.4. Then, by using this SAT solver with incremental solving and
assumptions, the SOP is generated. In each iteration, the algorithm for
feasibility checking receives as input the initialised SAT solver and the
minimised set of candidate divisors D’. It starts by assuming that the
variable of the function f(X) in the left subcircuit is 1. As previously
described, the SAT solver returns a satisfying assignment for all variables
of the SAT problem. The assignment for the variables X define an
on-set minterm M; for the function f in terms of X. Similarly, the
assignment for the variables assigned to the divisors from D’ define an
on-set minterm N for the function f in terms of the divisors from D’.

Minimisation of the
set of candidate
divisors

Feasibility check of a
set of divisors
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Difference from the
SAT-based SOP
generation

Generation of the
resubstitution function
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Thus, for each bit of N, we have N; = g;(M;), where 1 <i < k. Next, to
represent the target function in terms of the divisors, the minterm N
can be expanded to a cube with the fast non-canonical expansion from
Section 4.1.2 with one modification. Instead of using an off-set SAT
solver, the variable of the function f(X) in the left subcircuit is assumed
to evaluate to 0, and each divisor’s variable is assumed to evaluate to its
corresponding value from N. If the problem is UNSAT, we can proceed
with the fast non-canonical expansion. To ensure generating minterms
that are not yet covered, the computed cube is added as a blocking
clause to the SAT solver. Yet, unlike the SAT-based SOP generation
from Chapter 4 where a function can always be represented using its
PIs and the SAT problem is always UNSAT, in this case, the problem is
satisfiable if D’ is infeasible. In such a case, the SAT solver returns a
satisfying assignment that defines an off-set minterm M,. As defined
with Theorem 4, this minterm proves that the set D' is infeasible because
the pair of minterms (M, M>) is distinguished by the function f(X) but
not by the set of divisors, which in both cases evaluate to N. Cubes are
generated either until all minterms are covered, or until it is proved that
the set D' is infeasible.

This SOP generation operates similarly to the SAT-based SOP generation
from Chapter 4, with the following differences. Only the on-set SOP
is computed, which can invoke longer runtime when the off-set SOP
is smaller. Instead of using two SAT solvers to generate the on-set,
only one is used by assuming the value of the variable f(X) to0 and 1,
respectively, in order to consider the off-set and on-set of the target node.
The miter for initialisation of the SAT solver is different and enables us
to use don’t-cares because we compute an SOP for a subcircuit instead
of a complete circuit, so TFI/TFO nodes can be easily included. The
enumerated cubes are not prime and SOPs are redundant, because the
minterms are expanded only with the fast non-canonical expansion
from Section 4.1.2, and the algorithm for removing redundant cubes
from Section 4.1.3 is not used, which decreases the required runtime
for SOP generation.

As the feasibility checking that uses cube enumeration builds an SOP
when the set of candidate divisors is feasible, the same algorithm CUBEE
can be used for the generation of the resubstitution function. Actu-
ally, when the set of candidate divisors is minimised iteratively, the
resubstitution function is obtained as the last-generated complete SOP.



6.3. Experimental Results

6.3 Experimental Results

In this section, we first introduce the experimental setup. Then, we
compare the algorithms from the two methodologies for resubstitution:
(1) when they are used for minimisation with feasibility checking of sets
of divisors, and (2) for generating a resubstitution function.

6.3.1 Experimental Setup

The framework for post-mapping logic optimisation, which is described  Short description of
in Section 6.1, is available through the command &mfsd in ABC [ABC]. the Cf’mpared

This framework includes the algorithm based on cube enumeration ?rlrij)lzrgtations
CUBEE from Section 6.2.2. In order to compare it with the algorithms

based on a resubstitution miter from Section 6.2.1, we implemented

them in ABC as well. For their implementation, from ABC, we use

its integrated incremental SAT solver derived from an early version of

MiniSAT [Eén and Sérensson, 2003], which also provides proof of unsat-

isfiability for UNSAT problems. First, we implemented the algorithms

for minimisation and feasibility checking MITERO, MITER1, and MITER2,

as described in Section 6.2.1. For MITER2, we also provide an alternative

implementation MITER2PP that uses the SAT solver interfaces for push-

ing and popping of assumptions. We use two existing implementations

of the algorithm INTER from ABC; that both derive an interpolant from a

proof of unsatisfiability. The first implementation INTERTT returns the

interpolation function as a truth table but works only for functions with

up to 8 inputs. The second implementation INTERAIG has no limits on

the number of inputs because it returns the interpolation function as

an AIG but has a longer runtime compared to the first one.

For the comparison, we use the set of 18 proprietary industrial bench-  Benchmarks
marks, which is used also in Chapter 4. These are large benchmarks

whose sizes vary between 2.8K and 196.6K AND nodes. For each bench-

mark, the resubstitution algorithms are called more than 1230 times.

We excluded only the benchmark test15 for which they are called only

twice.

For each benchmark, we run the following flow of commands from ABC.  Logic synthesis flow
After the circuit is read into ABC (command read), it is converted into an
AIG (command &get), and optimised with the &dc2 command that per-
forms local optimisation. Next, the framework for logic optimisation, in
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Figure 6.6 — Number of removed divisors by the resubstitution algorithms for minimisation.

Role of CUBEE in the
command &mfsd
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which we have integrated all previously mentioned algorithms, is used
to create and optimise a LUT mapping (command &mfsd -K4 -W 0). The
flag -K sets to use 4-input LUTs. The usage of observability don’t-cares
is disabled with the flag -W that sets the number of TFO levels to 0. This
enables us to compare fairly the two options while using a simpler struc-
ture for the resubstitution miter from Figure 6.3 that excludes the cones
C,. The same satisfiability don’t-cares are considered in both cases,
because we use the inputs of the window computed by &mfsd as inputs
of the target node and divisors functions in the resubstitution miter. We
call each of the resubstitution algorithms for each critical node selected
by &mfsd. The window for the target node and the initial set of candi-
date divisors are used as computed by &mfsd. The reported runtime is
always an average over three runs of the corresponding algorithm.

The command &mfsd uses the algorithm CUBEE both for minimisation
and feasibility checking of the initial set of divisors, and for generating
the resubstitution function when the minimised set of divisors has at
most k divisors, where k is the number of inputs of the used LUTs.
When the LUT mapping is performed with 4-input LUTs (command
&mfsd -K 4), on average, CUBEE takes 17.9% of the runtime required for
the function &myfsd; but in some cases it takes up to 30.7% of the total
runtime. Reducing its time therefore would lead to a significant runtime
reduction of the overall time for logic optimisation.



6.3. Experimental Results

0%-

-5%,
-8.2%

-10%-

Time (vs MITER2)

-15%-

testO1
test04-
test18-
test06-
test07-
testOS-
test13-
test08-
testOZ-
test03-
test09-
test12-
test11-
test17-

test10‘
test16

Figure 6.7 — Reduction in runtime achieved by pushing and popping of assumptions. The runtime of

the implementation MITER2PP is compared to the runtime of MITER2.

6.3.2 Minimisation and Feasibility Check of a Set of Divisors

For the minimisation and feasibility check of a set of divisors, we com-
pare the algorithms MITERO, MITER1, MITER2, MITER2PP, and CUBEE.

Regarding the quality of results, we notice that the algorithm MITERO
removes only 17.5% of the divisors removed by the other algorithms
because it uses only the set of assumptions for UNSAT that is often
a suboptimal set. Regarding the other algorithms, we minimised the
sets of divisors only for 7 benchmarks, because the initial divisor sets
received from &mfsd usually consist mostly of essential divisors and
there are only few opportunities for minimisation. As Figure 6.6 shows,
the algorithms MITER1, MITER2, and CUBEE removed almost the same
number of divisors in total, with the algorithm MITER2 being the most
efficient because it tries to select the best option for removal.

As the algorithm MITER2 generates the best quality results, we also pro-
vide the implementation MITER2PP for it that uses the interfaces for
pushing and popping of assumptions. These interfaces enable preserv-
ing the internal state of the solver between consecutive SAT calls. As
many calls differ in only one assumption, as Figure 6.7 shows, MITER2PP
reduces the runtime up to 16.3% compared to MITER2, and achieves an

average reduction of 8.2%. A similar reduction can be also obtained for
the algorithm MITER1.

Regarding the runtime of all algorithms, CUBEE has the longest runtime.
Compared to it, the algorithm MITER1 reduces the runtime by 89.7%. As
we mentioned previously, it is the least efficient for minimising sets of

Algorithms

Comparison in terms
of quality of results

Runtime reduction
using pushing and
popping of
assumptions

Comparison in terms
of performance
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Figure 6.8 — Reduction in runtime for the algorithms based on a resubstitution miter compared to the
algorithm based on cube enumeration. We show the three benchmarks with the highest number of
calls to the resubstitution algorithms.
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divisors, but it is the best option if only feasibility checking is required.
Next, compared to CUBEE, the algorithms MITER1 and MITER2 decrease
the runtime by 54.8% and 54.4%, respectively. They have similar run-
time because, in the first round, both of them require k SAT calls when
the size of the initial set of divisors is k. The algorithm MITER2 executes
additional SAT calls in the second round only for the remaining auxiliary
divisors. Finally, the implementation with the pushing and popping of
assumptions MITER2PP reduces the runtime by 58.1%, on average, com-
pared to CUBEE. Figure 6.8 shows the runtime of the algorithms based
on a resubstitution miter relative to the runtime of the algorithm CUBEE
for three benchmarks with the highest number of calls to the resub-
stitution algorithms. It compares separately the runtime for sets with
a different number of divisors separately, and shows that the runtime
reduction of the algorithms based on a resubstitution miter are directly
proportional to the number of divisors in the initial set. The runtime
of CUBEE increases faster because the number of cubes in the gener-
ated SOPs increases exponentially in the worst case; hence, it requires
more SAT calls compared to the algorithms based on a resubstitution
miter. Similarly, Figure 6.9a illustrates the average runtime per node for
the minimisation and feasibility check of sets with different number of
divisors.
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Figure 6.9 — Comparison of the average runtime per node of the resubstitution algorithms for sets of

divisors with different size.

6.3.3 Generation of Resubstitution Function

As in our flow of commands we use 4-input LUTs, the command &mifsd
requires a resubstitution function only when the final set of divisors has
at most four divisors, and it can be implemented with one LUT. Other-
wise, to resubstitute the function of a target node, &mfsd generates a
LUT-structure by using QBF solvers. However, other algorithms, such as
the ones for ECO and global reconstructing, might require generating
a resubstitution function with more than four inputs. Thus, we com-
pute a resubstitution function with the algorithms CUBEE, INTERTT, and
INTERAIG, regardless of the size of the final set of divisors.

The algorithm CUBEE returns an on-set SOP of the required resubsti-
tution function in the last iteration performed for the minimisation
of the set of divisors. However, as Figure 6.9 shows, the minimisation
and feasibility check has a longer runtime than the generation of the
resubstitution function. Even if we add the runtime required for gener-
ating a resubstitution function to the algorithm MITER2PP, which has
the best performance and quality of results among the algorithms based
on a resubstitution miter, it would still have better runtime than CUBEE.

The resubstitution
function is generated
regardless of the
number of divisors in
the minimised set

Using only one
iteration of CUBEE to
generate a
resubstitution function
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Thus, in this section, we assume that the resubstitution function should
always be generated by repeating the process. When comparing the al-
gorithms in this section, to generate the resubstitution function, we run
one iteration of CUBEE with the minimised set of divisors as an input.

We observe that there is no clear winner among the three algorithms:
the best option for generating a resubstitution function depends on
the size of the minimised set of divisors. Next, we compare the average
runtime of the algorithms among all benchmarks. First, for sets with
up to 6 divisors, the algorithm based on cube enumeration CUBEE has
the best performance: INTERTT and INTERAIG increase the runtime
by 7.1% and 46.6%, respectively. For sets with 7 and 8 divisors, com-
pared to INTERTT, CUBEE and INTERAIG increase the runtime by 15.4%
and 21.4%, respectively. Last, when the sets have more than 8 divisors,
compared to INTERAIG, CUBEE increases the runtime by 50.2%. The
algorithm INTERTT is unavailable in this case because the implemen-
tation in ABC that derives the interpolant as a truth table works only
when the set of divisors has up to 8 inputs. Figure 6.9b compares the
average runtime per node required to generate a resubstitution function
for sets with a different number of divisors. Further, Figure 6.8 shows
the runtime of the interpolation algorithms relative to the runtime of
the algorithm CUBEE for three benchmarks with the highest number of
calls to the resubstitution algorithms. It shows that the reductions of
the algorithms based on a resubstitution miter are directly proportional
to the number of divisors in the initial set. For these benchmarks, the



6.4. Conclusion

algorithm INTERTT outperforms CUBEE, regardless of the number of
divisors, whereas INTERAIG has a better performance only for larger
sets.

6.4 Conclusion

Resubstitution is an important part of the algorithms for logic optimi-  Key insights
sation, but also of ECO and of global restructuring of circuits. In this

chapter, we have compared SAT-based algorithms for resubstitution

based on two different concepts—(1) based on a resubstitution miter

and interpolation, techniques which are also used in Chapter 5, and

(2) based on cube enumeration, which is based on the SAT-based SOP

generation from Chapter 4.

For minimising and feasibility checking of a set of divisors, the algo-
rithms based on resubstitution miter have better performance com-
pared to the algorithm based on cube enumeration due to the lower
number of SAT calls. The one with two rounds of SAT solving has the
best trade-off between runtime and quality of results. Yet, the algo-
rithm that uses a resubstitution miter and a single SAT call is the best
option when a set of divisors should be checked only for feasibility of
resubstitution.

For generating a resubstitution function, determining the best option
depends on the number of divisors that will be used for the resubsti-
tution. For sets with up to 6 divisors, the algorithm based on cube
enumeration has the best performance. For sets with more than 6 divi-
sors, it is better to use interpolation. Hence, a hybrid approach might
work best in some cases.

The algorithms based on cube enumeration and interpolation can be  Possible future
further improved in the future. For the one based on cube enumeration, ~improvements
we can compute the on-set and off-set SOPs in parallel, as presented

in Chapter 4. This would reduce the runtime when the off-set SOP

contains cubes less than the on-set SOP. For interpolation, there are

some limitations on the existing implementations that we use from ABC.

First, we use the same resubstitution miter both for minimisation of the

set of divisors and for generating the resubstitution function. Thus, to

generate the interpolant, we can reuse the proof of unsatisfiability from

the last SAT call for minimisation. However, the integrated SAT solver
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in ABC does not support assumptions and proof logging at the same
time. Thus, currently a new SAT solver instance is initialised and run
to obtain the proof of unsatisfiability for the interpolant. Second, the
function that generates the interpolant as a truth table outperforms the
one that generates it as an AIG, but this works only for sets with up to 8
divisors; however, it can be extended to work with larger sets as truth
tables have been shown as scalable for functions with up to 16 divisors.



7d Conclusions

SAT solvers are applied across a number of domains in computer sci- SAT solvers are
ence, including EDA. This is mostly due to the continuous improvement ~ 2lready integrated
in their performance that is primarily enabled by the SAT community. into many EDA tools
SAT solvers are already used by every EDA vendor [Chelf and Chou, 2008;

Malik, 2010] and are included in many academic EDA tools. They are

typically the main engine for verifying a design’s implementation, but

more recently they are also applied for logic synthesis as they have been

shown to be the best option so far for many logic synthesis applications.

However, for certain problems, employing SAT is still challenging for =~ The main restraining
two main reasons. First, the runtime of SAT solvers for a given problem  "¢asons for expanding
varies significantly, and some hard problems remain unsolved after the use of SAT solvers
hours of solving. Second, canonicity is key to some applications in logic
synthesis and verification, such as functional equivalence checking,
Boolean matching, and caching of subproblems. For a satisfiable prob-
lem, SAT solvers can return any satisfying assignment; consequently,
SAT solvers are often perceived as non-canonical and, as such, inad-
equate for applications requiring canonicity. Therefore, many logic
synthesis and verification applications still rely on canonical BDDs, the
fast manipulation of AIGs and other Boolean networks, or use large
libraries of known solutions. Yet, in some cases, these traditional meth-
ods are incapable of sustaining the continuous growth of design size
and complexity, or they have inefficient performance for some practical
circuits.

In this thesis, we have demonstrated that canonicity in SAT-based ap-  Enabling canonicity in

plications can be attained by using the LEXSAT algorithm, for which = SAT-based
applications
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we have also proposed a rapid implementation. Methods that typically
rely on BDDs for canonicity can now use instead SAT solvers by gen-
erating LEXSAT assignments instead of satisfying assignments. Even
though generating a LEXSAT assignment requires multiple SAT calls,
which can lead to longer runtime, the LEXSAT-based implementations
can have better performance compared to conventional techniques.
For example, when generating canonical SOPs, our SAT-based method
has a better runtime for 5 out of 12 cases compared to the state-of-the-
art BDD-based method; and in 6 cases it generates an SOP whereas
the BDD-based method fails due to a time limit. Generally, BDDs are
canonical by construction, so they lead to canonical results even when
canonicity is not required. In contrast, SAT-based algorithms can relax
canonicity by simply using regular satisfying assignments in order to
achieve better performance. For example, our SAT-based method is 4.3x
faster when it generates non-canonical SOPs instead of canonical ones.

Despite the unpredictable runtime of each call to the SAT solver, we have
shown that the SAT-based implementations of some applications can
provide intermediate results that enable estimating the final runtime
and quality of results. For instance, our SAT-based method for SOPs
generates an SOP cube by cube. This progressive nature has several
advantages: (1) the algorithm can build partial SOPs for applications
that can work with an incomplete functionality of a circuit, and (2)
it provides intermediate results that facilitate the estimation of both
the additional runtime required to finish the SOP generation and the
size of the final SOP. Likewise, when iteratively minimising the set of
divisors in resubstitution, we know the number of divisors that we have
already checked at any point, hence we can estimate the total runtime
for the algorithm. This is another advantage over methods based on
BDDs whose termination time and quality of results are unpredictable
because the complete BDD has to be built before it can be used.

The new SAT-based algorithms introduced in Chapters 3, 4, and 5, can
be used as building blocks in logic synthesis tools. Their initial imple-
mentations either have better performance than their state-of-the-art
versions, offer new features that are of interest for their target applica-
tions, or both. They can therefore ease the development of new logic
synthesis algorithms and can help to maintain existing algorithms by
upgrading them with the new SAT-based versions of the building blocks.



7.1. Towards Faster SAT-Based Applications

Remarkably, the algorithms for LEXSAT and SOP generation can be
beneficial to applications from domains beyond logic synthesis, as ex-
plained in Chapter 3 and Chapter 4. For example, LEXSAT can be used
also for applications from other stages of the EDA flows and for solving
specialised SAT problems, such as MAX-SAT, AlISAT, and #SAT, that
are practical in various domains; and SOPs are also used in applica-
tions such as fuzzy modelling, data compression, and photonic design
automation.

7.1 Towards Faster SAT-Based Applications

The long and unpredictable runtime for certain hard problems remains
the most challenging concern regarding the use of a SAT solver. In this
section, we present some ideas and observations that help in dealing
with this problem and that ease the future development of even faster
SAT-based logic synthesis applications.

In order to have fast SAT-based applications, it is not sufficient to rely on
the improvement from the SAT community of the performance of SAT
solvers. To make the most of SAT solvers, we must detect and master
the SAT solvers’ features that are particularly useful for our applications.
For example, incremental SAT solving with assumptions is widely used
in logic synthesis applications because it enables reusing the initialised
SAT solver instance throughout many SAT solver calls. Similarly, many
logic synthesis algorithms can benefit from the pushing and popping of
assumptions, as proposed and used in this thesis. This feature enables
preserving the internal state of the SAT solver between consecutive
invocations of the SAT-solving procedure. Through the generation of
LEXSAT assignments, expansion of minterms to cubes when generating
SOPs, and minimisation of sets of divisors in resubstitution, we have
seen that pushing and popping can decrease the runtime for SAT solv-
ing when we execute consecutive SAT calls that differ in one or few
assumptions. In the same way that LEXSAT enables canonicity, we also
need to discover other specialised SAT-solving techniques that bring
new features to SAT-based applications.

Although our algorithms are implemented sequentially, there are many
opportunities for parallelisation, which could significantly improve
their performance. In particular, for the SAT-based SOP generation we

Applications beyond

logic synthesis

Dealing with long
runtime for hard
problems

Exploiting features of

SAT solvers

Creating and
exploiting
opportunities for
parallelisation
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SAT

discuss that (1) the on-set and off-set SOPs can be generated in parallel,
and (2) we can parallelise the generation of an SOP for each output.
Also, the presented sequential implementation of carving interpolation
is on average two times slower than the Craig interpolation, because the
carving interpolant is composed out of two Craig interpolants. However,
as these two Craig interpolants are independent, the runtime can be
improved by computing them in parallel. Lastly, in the proposed resub-
stitution algorithm with two rounds of SAT solving, the k SAT calls from
the first round can be executed as k separate processes. Each process
obtains the total number of removed divisors when the corresponding
divisor is removed. Many other SAT-based algorithms in logic synthesis
have similar opportunities for parallelisation, which can be evaluated
in future research.

Finally, we have to find efficient ways to encode the logic synthesis prob-
lems as SAT. We can learn some general techniques and approaches
from the existing SAT-based applications where SAT solvers are already
used efficiently. Also, in order to achieve shorter runtimes for hard prob-
lems, it is often better to use several calls to the SAT-solving procedure
instead of using one, either by using assumptions or by splitting the
hard problem into multiple easier subproblems. For example, we can
divide any SAT problem into 2" independent subproblems by using
assumptions for n variables. This is similar to how carving interpolation
divides a SAT problem into two subproblems by assigning a variable
to 0 and 1, respectively. If at least one subproblem is satisfiable, then
it returns a satisfying assignment that proves the satisfiability of the
original SAT problem. Otherwise, the evaluation of all subproblems
to UNSAT proves that the original problem is UNSAT. This is yet an-
other opportunity to use parallelism as suggested previously, as the 2"
subproblems are independent and can be run in parallel.

7.2 Final Remarks

In this thesis, we have enabled the integration of SAT solvers in applica-
tions that require canonicity and introduce novel efficient SAT-based
building blocks that can be easily included into logic synthesis tools.
The proposed features and ready-to-use algorithms bring logic synthe-
sis, but also EDA, one step closer to a quick and efficient utilisation of
SAT solvers with all their appealing features.



7.2. Final Remarks

However, this is still a thriving research direction with many opportu-
nities for improvement. BDDs have gone through 35 years of contin-
uous in-depth research to gain their current strength. Such dedicated
research of exploiting SAT solvers specifically for logic synthesis, com-
bined with the support from the SAT community that improves the SAT
solvers performance for any application, would strengthen their role
in logic synthesis. This would help to overcome the remaining limita-
tions of SAT-based algorithms. More importantly, it would enable more
powerful logic synthesis tools that can produce circuit implementations
better than the current ones and that can keep up with the growing size
and complexity of designs.
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