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i Introduction of speaker

= Shin-ichi Minato,
Prof. of Hokkaido Univ., Sapporo, Japan.
= Worked for NTT Labs. from 1990 to 2004.

= Main research area:
= 1990’s: VLS| CAD (logic design and verification)

» 2000’s: Large-scale combinatorial data processing
(Data mining, Knowledge indexing, Bayesian networks, etc.)

s 2010~2015: Research Director of "ERATO”
MINATO Discrete Structure Manipulation Project.

s 2016~2020: Pl of JSPS Basic Research Project
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Hokkaido University

s Founded in 1876.

= One of the oldest public university in Japan.
= Nobel prize in Chemistry (Prof. Suzuki) in 2010.
= Beautiful campus in the center of Soro city.
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Overview of “ERATO” project

Sapporo

= Top projects of scientific research in Japan. T
= Executed by JST (Japan Science and Technology Agenegf
= 5 projects / Year are accepted from all scientific subjec‘ts

(Computer Science: 0 or 1 project/ Year.) i
= 5 year project, total fund: ~10M USD. [l Tokyo
about 10 PD researchers and 3 admin staffs. O~~~ osaka
(Kyushu)
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Discrete structures and applications

Many problems solved by computers can be decomposed as a

type of discrete structures using simple primitive operations.
- Often needs a huge amount of enumerative operations.

\
design automation ini '
Ign au | data mining / knowledge discovery So many
fault analysis ||| bio informatics [|machine learning / classification | > applications
: - Important
constraint satisfaction problem| [web data analysis for the society.

N t 7/ -

Our main Performance
Discrete structure subject_| | Improvement

. . 10-100
manipulation system N L e

il | set theory symbolic logic | |inductive proof
SRR

Foundational
> materials for

— C.S. and math.
® | combinatorics [|graph theory || probability theory




Contents:

- Brief review of BDD/ZDD

- Graph Enumeration Problems
- Real-Life Applications



- Developed in VLSI CAD area mainly in 1990’s.
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Effect of BDD reduction rules

= Exponential advantage can be seen in extreme cases.
= Depends on instances, but effective for many practical ones.

11

10 10

O(n)
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i BDD-based logic operation algorithm

= If the BDD starting from the binary tree:
always requires exponential time & space.

= Innovative BDD synthesis algorithm 2 ¢
= Proposed by R. Bryant in 1986. R. Bryant (CMU)
» Best cited paper for many years in all EE&CS areas.

N F anp G

A e —

(compressed)/ BDD / app \ (compressed)
G

(compressed)/ BDD

A BDD can be constructed from the two operands of BDDs.
(Computation time is almost linear for BDD size.)

2017.09.28 11



Boolean functions and sets of combinations

Boolean function:

alblclF| F=(ab~)V(~bc) B !
0000 o =
Set of combinations: FEEiEs
1101010 F={ab, ac, c} :
0100 N1/
11110 > gb  (customer’s choice)
00 - ¢ = Operations of combinatorial itemsets
110 > 40 ©an be done by BDD-based logic
operations.
01 0 = Union of sets - logical OR
111 0 = Intersection of sets = logical AND

= Complement set = logical NOT

2017.09.28 12



Zero-suppressed BDD (ZDD) [Minato93]

s A variant of BDDs for sets of combinations.

= Uses a new reduction rule different from ordinary BDDs.
= Eliminate all nodes whose “1-edge” directly points to O-terminal.
= Share equivalent nodes as well as ordinary BDDs.

= If an item x does not appear in any itemset, the ZDD
node of x is automatically eliminated.

= When average occurence ratio of each item is 1%, ZDDs are
more compact than ordinary BDDs, up to 100 times.

(jump)

ATA ASA

Ordinary BDD reduction  Zero-suppressed reduction
2017.09.28 13




BDDs/ZDDs in the Knuth’s book

= [he latest Knuth’'s book fascicle (Vol. 4-1) includes a
BDD section with 140 pages and 236 exercises.

= In this section, Knuth used 30 pages for ZDDs,
iIncluding more than 70 exercises.

= | honored to serve
proofreading of the draft
version of his article.

= Knuth recommended to use

“ZDD” instead of “ZBDD.”

= He reorganized ZDD
operations and named
“Family Algebra.”

= 2010/05, | visited Knuth’s
home and discussed the

The Art of
- Computer

VOLUME 4
Bitwise Tricks &
Techniques

; . Binary Decision
[t Diagrams

Programming

direction of future work.

“. | DONALD E.KNUTH
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Algebraic operations for ZDDs

nuth evaluated not only the data structure of ZDDs,
but more interested in the algebra on ZDDs.

o, {1} Empty and singleton set. (0/1-terminal) |~
Ptop Returns the /tem-ID at the top node of P.
P.onset(v) Selects the subset of itemsets

Basic operations
> (Corresponds to
Boolean algebra)

Poffset(v) including or excluding v.
Pchange(v) | Switching v (add / delete) on each itemset.
U, N, X Returns union, intersection, and

set difference.

P.count Counts number of combinations in P. %

P*Q Cartesian product set of P and Q. New operations

P/0O Quotient set of P divided by O. introduced by

P % Q Remainder set of P divided by Q. Minato.

o——

Formerly | called this “unate cube set algebra,” Useful for many
but Knuth reorganized as “Family algebra.” practical applications.

2017.09.28 15
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i Applications of BDDs/ZDDs

= BDD-based algorithms have been developed mainly in
VLSI logic design area. (since early 1990's.)
= Equivalence checking for combinational circuits.
= Symbolic model checking for logic / behavioral designs.
= Logic synthesis / optimization.
= [est pattern generation.

= Recently, BDDs/ZDDs are applied for not only VLSI
design but also for more general purposes.

= Data mining (Fast frequent itemset mining) [Minato2008]
= Probabilistic Modeling (SDD, etc.) [Darwiche2011]
= Graph enumeration problems [Knuth2009]

2017.09.28
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Frequent itemset mining

= Basic and well-known problem in database analysis.

Record
ID

Tuple

abc

ab

abc

Frequency threshold = 1>0 'y

bc

ab

Frequency threshold = 8> {ab,a b, c}

abc

C

abc

Frequency threshold =7/ p, pe, 4, b, ¢

Frequency threshold = 8 pc, ab, be, ac, a, b, ¢}

abc

ab

Frequency threshold = 1 - 4, ab, be, ac, a, b, ¢ }

bc

2017.09.28
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i “LCM over ZDDs” [Minato et al. 2008]

s LCM: [Uno2003]
Output-linear time algorithm of frequent itemset mining.

s ZDD: [Minato93]
A compact graph-based representation for large-scale

sets of combinations.
Q Combination of
the two techniques
Generates large-scale frequent itemsets on the main
memory, with a very small overhead from the original LCM.

(= Sub-linear time and space to the number of solutions

when ZDD compression works well.)

2017.09.28 19




LCM over ZDDs: An example

= [he results of frequent itemsets are obtained as ZDDs
on the main memory. (not generating a file.)

Record

D Tuple

abc
ab
abc

bc LCM over ZDDs

ab Freq. thres.a =7
abc >

C
— {ab, bc, a, b, ¢}

abc
ab
bc

2| 3] ©| 0o| N| o ;1| | w| No| =
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Table 2. Uy # solutions M °| LCM over ZDDs Original LCM

Dataset name: CMov - growth
min. support 1temset'-3| ZBDD 11110[5) Time(: Time(s) Time(s)
mushroom: 1,000 123,287 760 0.50 0.4 0.64 1.78
500 1,442,504 2,254 1.32 1.3 3.29 3.49

300 5,259,786 4,412 2.25 2.2 9.96 5.11

2001 18,094,822 6,383 3.21 3.1. 31.63 6.24

100} 66,076,586 11,584 5.06 4.8 114.21 6.72

70] 153,336,056f 14,307 7.16 7.0 277.15 6.97

50 198,169,866] 17,830 8.17 7.8 357.27 6.39

T10I14D100K: 100 27,533 8,482 0.85 0.85 0.86 209.82
50 53,386] 16,872 0.97 0.9 0.98 242.31

20 129,876 58,413 1.13 1.0 1.20 290.78

10 411,366| 173,422 1.55 e 1.64 332.22

5 1,923,260] 628,491 2.86 2. 3.54 370.54

3 6,169.854{1,576,184 5.20 3. 8.14 386.72

2| 19,561,715)3,270,977 9.68 5. 22.66 384.60
BMS-WebView-1: 50 8,192 3,415 0.11 0. 0.12 29.46
40 48,544) 10,755 0.18 0.1 0.22 48.54

36 461,522 28,964 0.49 0.4 0.98 67.16

35 1,177,608] 38,164 0.80 0.6 2.24 73.64

34 4,849.,466] 49,377 1.30 1.0 8.58 83.36

33| 69,417,074 59,119 3.53 3.1. 144.98 91.62
3211,531,980,298| 71,574 31.90 29.7 3,843.06 92.47

chess: 1,000] 29,442 849 53,338] 197.58 197.1 248.18 1,500.78
connect: 40,000 23,981,184} 3,067 5.42 0.4 49.21 212.84
pumsb: 32,000 7,733,322)  5,443] 60.65 60.4 75.29 4,189.09(
BMS-WebView-2: 5{  26,946,004] 353,091 4.84 3.62 51.28 118.0F

Q.




i Post Processing after LCM over ZDDs

LCM over
> ZDDs
Dataset 1 > /0D >@—> ZDD

LCM over ZDD algebraic

@ ZDDs operation
>
Dataset 2 DD

= We can extract distinctive itemsets by comparing

frequent itemsets for multiple sets of databases.
= Various ZDD algebraic operations can be used for the
comparison of the huge number of frequent itemsets.

Distinctive
Frequent
ltemsets

ltemsets

All Frequent J
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Solving Graph Enumeration Problems
Using BDDs/ZDDs



i Movie to show “Power of Enumeration”

= Our project supervised exhibition at "Miraikan"
(National Future Science Museum of Japan) on 2012.

3 : "‘x;‘-—v-_-.'.'ﬂi_f"\ e sl

ZhICBI!
S8RIHABT _
BHEDEDRIAICONT
3Lk >1al

EHESDEDKZT | |

The exhibition video
got 1.9 million views !
(still now growing.)

/Tntal number of routes that do not pass by, the same place twice yuum 24




i Purpose of the movie

= Shows strong power of combinatorial explosion, and
importance of algorithmic techniques.

= Mainly for junior high school to college students
= Not using any difficult technical terms.
= Something like a funny science fiction story.

= We used the enumerating problem of
“self-avoiding walk” on n x n grid graphs
= [his problem is discussed in the ZDD-section
of the Knuth-book, section 7.1.4.

= We received a letter from Knuth:
‘| enjoyed the You-Tube video about big numbers,
and shared it to several friends.”

2017.09.28



i Enumerating “seif-avoiding walks”

= Counting shortest s-t paths is quite easy.
(= ,,C, ; educated in high school.)

= If allowing non-shortest paths, suddenly difficult.
No simple calculation formula has been found.

= Many people requested the formula
because the movie shows a
super-big number, which the teacher
spent 250,000 years to count.

= However, no formula exists.
Only efficient algorithm!

2017.09.28 26



% “simpath” in Knuth-book

122  COMBINATORIAL SEARCHING (F1) 7.1.4

We can also use ZDDs to represent simple paths in an undirected graph., @-@-@
For example, there are 12 ways to go from the upper left corner of a 3 x 3 ¥ 94
grid to the lower right corner, without visiting any point twice: B

HEEBHSBEHHIEHHEHEBE

These paths can be represented by the ZDD shown at the right, which charac-
terizes all sets of suitable edges. For example, we get the first path by taking
the HI branches at (13), (36), 68), and of the ZDD. (As in Fig. 28,
this diagram has been simplified by omitting all of the uninteresting
LO branches that merely go to |1|.) Of course this ZDD isn’t a truly
great way to represent (132), because that family of paths has only 12
members. But on the larger grid Ps 0 Ps, the number of simple paths
from corner to corner turns out to be 789.360,053,252; and they can all
be represented by a ZDD that has at most 33580 nodes. Exercise 225
explains how to construct such a ZDD quickly.

A similar algorithm, discussed in exercise 226, constructs a ZDD
that represents all cycles of a given graph. With a ZDD of size 22275,

Ly b alralsh al J‘I.ﬂui"]'l'll'.lﬂ 'l'l‘lﬁ."‘ Dn ™ D_a. 1*1!:.: nvﬂﬂ¢11'F r‘.'-'!l"'l"l Q.-'"I.l l‘:;‘"ﬂ {'}"11 H:ﬂ‘hﬁlh ﬂ-rr.-ﬁ-l.ﬁ..ﬁ
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Integer Sequences AOO7764

(hands no»= 0, of a (nt1) ¥ (n+l) square

adjacent grid cells, should the definition sa:

REFEREMCES

LIkES

Ex AmriFLE

CROSSREFS

EEWWORD
AUTHOR
ExXTEMSIOMS

“Number of nonintersecting (or self-avoiding) rook paths joining opposite corner cells

an (1) # (n+l) grid.” (End)

5. R. Finch, Mathematical Constants, Cambridge, Z003, pp. 331-339.

0. E. Knuth, "Things & Computer Scientist Rarely Talks Ahout,” CSLI Publications, Stanfor
G, 2001, pages 27-28.

0. E. Bhuth, The &rt of Computer Programming, section ¥7.1.4.

Netnews group rec.puzzles. Freguent |y fsked Questions (FAQ) file. (Science Section).

I

. Jensen, H. Iwashita, R. Spaans, Table of n, aln) for n = 0..26 (1. Jensen computed teri
0 to 19, H. Iwashita computed 20 and 21, RB. Swpaans computed 22 to 24, and H. Iwashita
computed 25 and 26)

M. Bousguet-Melou, &. J. Guttmann and I. Jensen, Self-avoiding walks crossing a square

Doi, Waeda, Nazatomo, Niiwama, Sanson, Suzuki, et al., Time with class! Let "s count!
[Youtube-animat ion demonstrating this seguence. In Japanese with English Lranslation]

5. B Finch, Self-fvoiding-Walk Connective Constants

H. Iwashita, J. Rawahara, and 5. Minato, f00-Based Computation of the Humber of Paths in :
Graph

H. Iwashita, Y. Hakazawa, J. Kawahara, T. Uno, and 5. Minato, Efficient Computation of thi
Number of Paths in a Grid Graph with Minimal Perfect Hash Functions

[. Jensen, weries Expansions for Self-fvoiding Walks

OETS Wiki, Self-avoiding wallks

Ruben Gre@nning Spaans, © progran

Eric Weisstein's World of Mathematics, Self-dvoiding Walk

Suppose we start at (0,00 and end at (n-1,n-13. Let U, O, L, R denote steps that are up,
down, left, right.

al?) = 2: UR or RU.

al3) = 12: UURR, UURDRU, UURDDRUU, WURUR, URRU, URDRUU and their reflections in the x=v |i

begquence in context: AZ45807 AOOBOZS AO33748 + AO015145 AORT421 ATSZ]E6Z
Adjacent sequences: ADOVFET AOOVVEZ AODOVVES + ADO7VRS AOO7VVBE AOQOVVET

nonnswal k. hard,nice
David Radcliffe and Don knuth

Cnﬁﬁﬁhfd to n=11 by Jahn Yan Roszendale in 1981, extended to n=12 hv D. E. Knuth, [fec 07
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Number of paths for n x n grid graphs

1
2
12

184

8612

1262816

575780564

709360053252

3266540 4869816 42
A1044208702632 496504
1568758030464750013214100

18741320151424304974 ] 47085236 12 x 12° [Knuth 1995]
R e A o o '

22744871467681273063 18264083279898 633570 13323440

2266 7405600026 727463 1456 739671309993 4066 32490540831 9025
687454456091489315876315631 3248923202458 7945965 09945672 85419306
H344814611237963971310297540795524 400449 4439060 H640069 364636938 7855330

I?BE]128408420651298933849466523252?516?838055?04?5?6559314524?4605826692?82532 — 19 X 19.[ B _Melou 2009]

395289219982303?55020?29951T1333525021DBSSQTDET394BSTT151523T1I33??01DEBESE4DSET05?044?2054940398
313HTHI0501371027204206381 3738221 4513103312183 6087236530613519013464333 79389380 7930655 7608224602131 6463863
755970206667345339661519123315222619353103732072409481 167391 41047951 792579274363123490 70380833 17634987271171404439732

55435420355237 477000491 431840906143 TH306903799709643313 326669506 4648 4008407 3348855446663 8692402087671 1242060 0854085 13482833846720

1237171 2231207064758338744862673070832373041980801284353967872708045 4851685515930 485641 394500792153037191808028212512280926600304581386791084
g402074857881133471007083 745436809 1272000542937 7530354982474 202303 702849700821 62560291 7577003970960 1216256 0250602 7316549718402 10640940 499783 7HA0424 7408
173698316862 787 72831 17544042 123649880037 2229588 2881 4060466370372081 0342413276134 76270892 15183498006107082286 2231433804913 4828002 6721831 129627 TOAT3IBEH08539081 0806396

26 x 26: Our record in Nov. 2013
(1404 edges included in the graph.)

- up to 18 X 18, we can generate a ZDD to keep all solutions.
- from 19 X 19, we just count the number of solutions.
- from 22 X 22, we only consider the n X n grid graphs.



Knuth’s algorithm “Simpath”

1. Assign a full order to
all edges from e, to e,.

2. Constructing
a binary decision tree
by case-splitting on
each edges frome, toe,.

e1=0 @ e =1

olojoNoNoNoNoNoNONS oNoNeNoNe R

JUUUUUUUOUUUUUUUUuuuQuououuaaad
_ s-t path

= i

ERATO MINATO ZDD Project



Knuth’s algorithm “Simpath”

1. Assign a full order to
all edges from e, to e,.

oNoNONONS OOOOOOO O O €g
2. Constructing ]
a binary decision tree Rinininininininininin{ninin{uainininininininininin DDDDD
L Not a s-t path Not a simple
by case-splitting on : -t path

each edges frome, toe,. s €1 e4

at
ylﬂmqg S ——
o] L S SRS Y — S

ERATO MINATO ZDD Project




Knuth’s algorithm Simpath

“Frontier

6 connecting to s
5 connecting to 7

V4
|
@gim:o 1 1 32

ERATTO MINATO ZDD Project




“simpath” for US map in Knuth-book
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Path enumeration over Japan

Trip all prefectures from Hokkaido to Kagoshima
by ground transportation.
oS
" erices | Time e | 600 nades | _norparns (KOO
47 951

Up to once 0.01 1.4 x 1010 ﬂ

14,797,272,518 ways

Up to twice

94 248.72 18,971,787 5.0 %X 1044
(2-layer graph)

5,039,760,385,115,189,594,214,594,926,092,397,238,616,064 ways

(= 5031E9760;3851;&1518F895944¥21451%9492 516092 Jk 3972123861 56064 )
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Frontier-based method (generalization of simpath)

ariation of s-t path problem
= s-t paths = Hamilton paths (exercise in Knuth-book)
= paths—> cycles (also in Knuth-book)
= Non-directed graphs - directed graphs
= = Multiple s-t pairs (non crossing routing problem)
= Other various graph enumeration problems
= Subtrees / spanning trees, forests, cutsets, k-partitions,
connection probability, (perfect) matching, etc.
= Generating BDDs for Tutte polynomials (graph invariant)
= We found that Sekine-Imai's idea in 1995 was in principle
similar to Knuth simpath algorithm.
= They used BDDs instead of ZDDs.
= Enumerating connective subgraphs, not paths.

T(z,y) = Z (2 — 1)PE) =) (y — 1yAI=p(A)

ACE
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Comparison with conventional ZDD generation

onventional method:
Repeating logic/set operations between two ZDDs.

= Based on Bryant's “Apply” algorithm

b —A
ol T
ﬁ:wk/\

s Frontier-based method:
Direct ZDD generation by traversing a given graph.
= Dynamic programming using a specific problem property.
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Real-life applications of
BDD/ZDD-based techniques



After the Big Earthquake in Japan

= Collaboration with Prof. Hayashi at Waseda Univ.

= A leader of smart grid technology in power electric community.
He receives much more attention after the earthquake.

= Control of electricity distribution networks are so important after
the nuclear plant accident, since solar and wind power

generators are not stable.

= We truly want to contribute
something to the society
as leading researchers of
information technology.
- We accelerate our
collaborative work
after the earthquake.

2017.09.28
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Switching power supply networks:

- Each district must connects to a power source (no black out).
- Two power sources must not directly connected.
- Too much currency may burn a line.
- Too long line may cause voltage shortage.

to3

oo
H_ug_e_number of patterns. - PP
t:; uiy

This trivial example has 14 switches.
There are 210 feasible patterns
out of 16384 combinations.

A typical real-life NW has 468 switches.
We have to search the patterns @ ﬁ ﬁ ﬁ

out of 10140 combinations. 2 ﬂ ﬁ ﬂ
—‘—*—*—ﬁiﬂ
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i Application to power supply networks

= Graph k partition problem (k-cut set enumeration)
= Enumerate all partitions s.t. given k-vertices not together.
- Every area is supplied from one power feeder.
= Frontier-based method is effective.

‘P_'I_'I-*P .. ........ ‘. ....... !p_" ‘._4. ........ 1P-1P 1P_" ........ 1P-"
I__I__I__I [:i> ‘._*P ........ i ........ .. ‘. ........ ‘. ........ ‘..1. ........ o—0 - *. ........ ;
& & o0 —) ©- - 9 0 ® @
L1 Lot 1 ® 222,

= We succeeded in generating a ZDD of all solutions for a
realistic benchmark with 468 control switches.

ZDD nodes: 1.1 million nodes (779MB), CPU time: ~20 min.

Number of solutions: 1093

(213682013834853291168261221480495609817839244385235398189521540)
40



Collaboration with Electric Power Company

= Press-release from TEPCO (Tokyo Electric) on April 2016

= Experiment on the real network for minimizing energy loss.
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Layout of refuge places in Kyoto city

= Very similar algorithm as the power distribution problem.

= Collaboration with Prof. Naoki Kato at Kyoto Univ.
0 Presented at ISORA 2013 (IntI Conf. on OR)

Figure 13: Number of population Figure 14: The optimal paitern
in each cell. with respect to Criferion 1.

Figure 15: The optimal pattern with Figure 16: One of the pareto
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¢ House floor planning

Window2(W2)
Window’I(W1) i i .
= Windowawa) ak s Collaborative work with Prof.
A ! Alcove(A) . . .
5 ALIFIEIE & e Takizawa at Osaka City Univ.
“E e etz el s Best paper award in
27128(29]30(31

3334 35[36 57 CAADRIA2014, an int’l conf.

39140(41)42)43

on building architecture.

{ m=dp Balcony1(B1)

Window4(W4)

[ —

Window5(W5) Balcony2(B2)--?

(a) (b) [_]=0.95m*0.93m
mLiving room m@Private room1 OPrivate room2 mKitchen mWC mBath room
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Application to Pencil Puzzles

= “Finding All Solutions and Instances of Numberlink and
Slitherlink by ZDDs" [Yoshinaka et al. 2012]

Numberlink:

Slitherlink: 2,

2017.09.28 ° ° ° ° ° ° ° °



Railway route search and path enumeration

= Enumerating all self-avoiding paths in Tokyo area.
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iPartitioning electoral districts

= Collaboration with Prof. Kawahara (NAIST),
Prof. Hotta (Bunkyo U.), et al.

= Mal-apportionment (difference-ratio of voting
weights) should be minimum, with various
geographical and social constraints.

= Important problem to support democrac

Example on Ibaraki-Pref., Japan:
41 vertices, 87 edges, 7 partitions.
(= 41 city units into 7 districts)

All solutions: 11,893,998,242,846

25,730,669 solutions satisfying the condition of
1.4 or less difference-ratio of voting weight.
(CPU time: 1925.21 sec)



{ Hotspot extraction from geographical statistics

SIDS rate
in North Carolina

The mortality rate per 1,000 live births
—0.00 m2.00 - 3.00
—000-100  gg3.00 - 4.00

=100 -200  gg> 4.00




Statistical data analysis using BDDs

s Exact Computation of Influence Spread by BDDs
Presented at WWW2017 by Maehara et al.

a b

S . ()t
Network Vertices Edges Time [ms|] BDD Size Shared Size Cardinality
South-African-Companies 11 26 0.1 12.1 472 2.2e+07
Southern-women-2 20 28 0.3 4.7 2.266 1.3e+08
Taro-exchange 22 78 4.1 1,119.2 277,756 1.6e4+23
Zachary-karate-club 34 156 24.9 7,321.8 4,988,148 6.4e+46
Contiguous-USA 49 214 117.9 30,599.8 41,261,047 1.6e+64
American-Revolution 141 320 2.2 120.0 1,530,677 H.7Te4+95
Southern-women-1 50 178 — — — —
Club-membership 65 190 — — — —
Corporate-Leadership 64 198 — — — —




Statistically significant pattern mining

= We proposed a novel p-value correction procedure

“LAMP.” [PNAS: Terada et al. 2013]
= Accurate statistical assessment to discover combinatorial factors.

= Based on frequent itemset enumeration techniques.

= Our result shows that:
state-of-the-art enumeration techniques can contribute
to many kinds of experimental sciences.

Statistical significance of combinatorial regulations

Aika Terada®®, Mariko Okada-Hatakeyama®, Koji Tsuda“®', and Jun Sese®®'

*Department of Computer Science and "Education Academy of Computational Life Sciences, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8550,
Japan; “Minato Discrete Structure Manipulation System Project, Exploratory Research for Advanced Technology, Japan Sdence and Technology Agency,
Sapporo, Hokkaido 060-0814, Japan; “Laboratory for Integrated Cellular Systems, RIKEN Center for Integrated Medical Sciences (IMS-RCAI), Yokohama,
Kanagawa 230-0045, Japan; and “Computational Biology Research Center, National Institute of Advanced Industrial Science and Technology, Koto-ku, Tokyo
135-0064, Japan

Edited by Wing Hung Wong, Stanford University, Stanford, CA, and approved July 3, 2013 (received for review February 4, 2013}

More than three transcription factors often work together toenable  deliberately excluding such tests. Here, we propose an efficient
cells to respond to various signals. The detection of combinatorial ~ branch-and-bound algorithm, called the “limitless anty multiple-
regulation by multiple transcription factors, however, is not only  testing procedure” (LAMP). LAMP counts the exact number of

_PNAS



i Advantages of generating ZDDs

Not only indexing but also providing rich operations.
Well-compressed structure for many practical cases.

Related to various real-life important problems.
GIS (car navigation, railway navigation)
Dependency/Fault analysis industrial systems

Solving puzzles (Numberlink, Slitherlink, etc.)
Enumerating all possible concatenations of substrings
Control of electric power distribution networks

Layout of refuge shelters for earthquake and tsunami
Design of electoral districts for democratic fairness

2017.09.28

Not only enumeration but also giving an index structure.
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Open software: “Graphillion.org”

= Toolbox for ZDD-based graph enumeration.
= Easy interface using Python graph library.

| 5_MemberLizt - ALG-Lab. \ | ShRRFw - — 2 ERE- R = Km Gioogle A4 — x || Compact Data Structures | % 1 () takemaru/eraphillion - GitH %

&« Cc | GitHub, Inc. [US] | Mttps:/ S github.com/takemarud oraphillion#tera philion——fast-lightwsight-libra rv—for—a—huge—number—of-oraphs
Y WRRAw - 2EiE- - gh ERATO EEEEIE- Shin-ichi Minata's H-  FE] Google AL A= [ Minatd's Indicator U+ % 838 - HiFHAEL -  &F aNAGdesk  4F SIZE% T30 2265

]
GitH“b Thiz repository ~ | Search or type a command @ Explore Features Enterprise Blog Sign up Sign
takemaru / graphillion w Star 70 5 Fork

Fast, lightweight graphset operation library

<% Code
363 commits T branches 4 releases 2 contributors

@ Issues

i# branch: master ~  graphillion / [

Merge branch w0.95rc

Il Pull Requests

4 Pulse
N takemaru authored 11 days ago latest commit fhizdTeasT b
B cmake initial commit 9 months ago [ah Graphs

B doc make figures smaller 6 months ago I Network




Tutorial video for “Graphillion”

HU, BRI AN Graphillion ZEHD>TLVZS: -
If she'd known Graphillion at that time...

Graphillion: #1Z E(TH A SAZHA / Don't count
naively

@ JST Channel
i 21.423
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LINE stickers
of our YouTube
video !

Available
from Oct. 2015
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i Summary

= Focus on BDD/ZDD-based enumeration techniques.
= Representing “logic” and “set,” primitive models of discrete
structures.
= Efficient algebraic operations without de-compression.
= Starting from VLSI CAD in 1990s, but now widely used.

s Recent results

= Demonstration video: 1.9 million views!

= Enumerating all solutions for various types of graph problems:
- “Knowledge Compilation” for finding “good” solutions.

= Many practical applications.
- Power distribution network, railways, water/gas supply, etc.

= Visit “Graphillion.org” to see our toolbox.
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