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Cube; k=3, 1=1.71 (Gap 9.1%) Mobius loop; k=2, 1=1.57 (Gap 0.0%)

20165108 7H~98, FIT 2016, 1L

—Zs‘
~~




BAREEENKRESFEYIT ST
(n=8, d=23)

Cube
(k=3,1=1.71)

Mobius loop
(k=2,1=1.57, Ex1E f&)

20165108 7H~98, FIT 2016, E L
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 Graph Golf 2015&F M

Home

EADIIES

Problem

Solutions

Submit

Event

Q&A

Find a graph that has smallest diameter & average shortest path length given an order
and a degree.

Best solutions

Update 2015-10-06

Degree Order n
e F i% 7“ 7 0) Eﬁ, d 16 64 256 4096 10000
= j $ 3 3/2.200 5/3.770 8/5.636 13/9.787 15/11.122
0.000% 0.211% 0.861% 2.928% 3.225%
/
%% %ﬁ E’]_— f‘ téﬁ{x 4 3/1.750 4/2.869 6/4.134 9/6.756 10/7.601
" L2 / i 0.962% 0.417% 1.065% 4.423% 3.480%
\'
30)’ 7 7 7 / J'jz 16 /A 2/1.746 3/2.093 4/3.254 5/3.626
— 0.000% 8.026%? 8.768% 1.072%
A — h2 e AN
\/:77 ] G @ﬂiﬁ‘ltﬁ{:\k - A 2/1.635 2/1.910 4/2.887 4/3.201
. 0 0.000%" 0.000% 0.752% 8.697%
~
7&*3120))57”] 6o A 2/1.048 2/1.765 3/2.295 3/2.650
0.000%' 0.000%' 8.976% 0.624%
° Z_Op Fﬁ* § 2/1.749 372242 3/2.610
] 64 N/A N/A
t /R 0.000%' 12.994%> 1.012%
Ei g ' . Diameter / Average shortest path length (ASPL)
J *ﬁ O) —_l 12 i Gap from the lower bound of ASPL (%)

Notes:

1. A random graph is optimal. Submissions with this size will not be awarded.
2. There are no graphs with this size that satisfy the lower bound of diameter and ASPL

&8

QU

[Erdos 1980].

Show complete list

solutions! 3

20164E10H7H~9H, FIT 2016, &1L ) .
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WO ERE &/ ATE LN E] 8

D 5] el

s EED2/—FED (KRE) BBEEROERENELRY
FI—DZFBT B

s EED2/—FHED (RE) BBEROFEHENELRY
FI—D% BT B

HH7EU I RE

s BB UL—T427) EED2/—FREOZRERIRER
HEFE (SREZEIZGYET)

s PMGNRODER

20165108 7H~98, FIT 2016, =1L




Graph Golf 2015&%0)&0)5‘2%

B NAE

[ B

AR (BRATRR)

e J—F% n n= 4096, d =60
d 16 64 | 256 n =4096, d = 64
~ o/
3 2.200 (1uly, *2) n=256,d=16 (3/’\1§)
e 10000, d = 60 (AR
4 1.750 (uly, *2) n= , d =60 (ANZ)
( = best known)
16 2.09069 (After c.., *3)
(N/A) (<2.09262 best known) (3.25426873 best known) (3.62562128 best known)
23
Diameter k (lower bound; best known)
60 degree | order n 2.295216 (After c., *1) 2.648977 (After c., *3)
J 6 les 1256 la096 20000 2.295275 (aug) 2.648980 (after c.)
(2.650399 best known)
3 3;3 5,5 7;8 11;13112;15
64 4 2;3 |44 |56 |7;9 |8;10 2.242170 (oct., *1) 2.611310 (afterc.)
16 NA 122 |23 la:4 |as 2.242228 (Sep.,) (>2.610117 best known)
23 N/A 12,2 |2;2 [3;4 |[3;4 Note: *1: best solution in comp.
60 N/A 12,2 12,2 |33 [3;3 *2: best but late submission
201641087 %4 N/A [N/A |22 |23 |33 *3: best after competition 5




Graph Golf 2015&%@1&0)}32%
| BE

B NAE

¥ | /—F#¥ n

d 16 64 | 256 4096 10000
3 2.200 (July, *2)

( = best known)
4 1.750 (uly, *2)

( = best known)

16 2.09069 (After c.., *3)
(N/A) (<2.09262 best known) (3.25426873 best known) (3.62562128 best known)
23
Diameter k (lower bound; best known)
60 degree | order n 2.295216 (After c., *1) 2.648977 (After c., *3)
J 6 les 1256 la096 20000 2.295275 (aug) 2.648980 (after c.)
(2.650399 best known)
3 3;3 5,5 7;8 11;13112;15
*
64 4 2;3 |44 |56 |7;9 |8;10 ;;43320 (Oct.,, *1) 2.611310 (afterc.)
16 NA 122 |23 la:4 |as .24 8 (Sep.,) (>2.610117 best known)
23 N/A 12,2 |2;2 [3;4 |[3;4 Note: *1: best solution in comp.
60 N/A 12,2 12,2 [3;3 |3;3 *2: best but late submission
201656108 7E L% N/A _IN/A |22 |23 |33 *3: best after competition




7524:n=16,d=3; k=3, /=2.200
(YEZ& : Nobushimi & Ryo Ashida & Ryuhei Mori)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX— kU 7



552 :n=16, d=3: k=3, /=2.200
(YEZ& : H. Inoue)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX— kU 8



552 :n=16, d=3: k=3, /=2.200
(YEZE : flowlight)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX— kU 9



5S5:n=16,d=3; k=3, /=2.200
(YEZ& : yawara & amami)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015MDRX— KU 10



5S5:n=16,d=3; k=3, /=2.200
(YEZ& : Komine Shunta)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX—T kY 11



5S576|:n=16, d=3: k=3, /=2.200
(#EZ& : Koji Nakano)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX—I kY 12



5S5:n=16,d=3; k=3, /=2.200
(YEZ& :imazato)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX—T kU 13



552 :n=16, d=3: k=3, /=2.200

(YEZ : Teruaki Kitasuka & Masahiro lida)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015MDRX— Kl 14



5S524):n=16,d=3; k=3, /=2.200
(YEZ& : yuta,kakibuka)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX— KU 15



552%:n=16,d=3; k=3, /=2.200
(YEZ& : azapenb)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015 RX— kU 16



7524:n=16, d=3; k=3, /=2.200
(Y% : Toshihiro Shimizu)

—_FTn=16,d=3
20164108 7H~98, FIT 2016, Z 1L X : Graph Golf 2015 ~X— kY 17



7 5%:n=16, d=4; k=3, /= 1750
(4EZ& : Teruaki Kitasuka & Masahiro lida. XMD3 D% E L)

2016510 A7H~98, FIT 2016, E 1L X : Graph Golf 2015MDRX— kY 18



"2%:n=256,d=16; k=3, /=2.091

20164E10H7H~9H, FIT 2016, E 1L

:Graph Golf 2015MR— &Y 19



75248 n=4096, d=60: k=3, /=2.295

20164108 7H~9H, FIT 2016, E 1L :Graph Golf 2015MD~X—T kY 20



55248 :n=4096, d=64: k=3, [=2.242

20164108 7H~9H, FIT 2016, E 1L :Graph Golf 2015MDX—I KU) 2



«X%ﬁ EZFEE (AL RE) D BEXN 0D fiZ

ZboN-REEERICHLT/—F#EERKIL)

d/k 2 3 4 5 6 7 8 9 10
3 10 20 38 70 132 196 336 600 1250
4 15 41 98 364 740 1320 3243 7575 17703
5 24 72 212 624 2772 5516 17030 57840 187056
6 32 111 390 | 1404 7917 | 19383 76461 | 331387 1253615
7 50 168 672 | 2756 | 11988 | 52768 | 249660 | 1223050 | 6007230
8 57 253 | 1100 | 5060 | 39672 | 131137 | 734820 | 4243100 | 24897161

d: RE(/—F Do HARDHBDHRKIE), k: EFF (=L —FREIDEEERE)

Petersen’ 57 & Hoffman=Singleton7 57. (THRIZ—)

Combinatorics Wiki &b
http://moorebound.indstate.edu/wiki/

BEFEBASNTULNSITE, TREYKREL

The_Degree_Diameter_Problem_for_General_Graphs

20165108 7H~98, FIT 2016, 1L

22




RE - EERBEDREDERE

BEE k=2DRATSIE R¥ dI2&>T O

e d=2:5/—F®DER (4) (1)
* d =3: Petersen’7 57 (n = 10)

» d = 7: Hoffman-Singleton 7 572 (n = 50) ()

* d>3:4/—FLUTORARIEIEZELTE

BERE k=3DTI7I1 R dIZ&>T
e d=2:7/—F DA

e d>2:6/—FLUTORBIIEZL(E
7/—FDEARZIEAOIMER ST, . .

20164E10H7H~9H, FIT 2016, E 1L 23



FEZJTSTNDEHE

n=16,d=3; k=3, /=2.200 D121

s EDRMEDTSTME, REDEDZS

DD,
= LihBEE(S5TE

#8150 [NetworkX (a Python package), is_isomorphic]
c BEBDDIHTANESIZTDIST7ZREDT 5760

Nobushimi &
Ryo Ashida &
Ryuhei Mori

flowlight

H. Inoue

Teruaki Kitasuka
& Masahiro lida

yawara &
amami

azapenb

imazato

yuta,kakibuka

Toshihiro
Shimizu

20165108 7H~98, FIT 2016, =1L

:Graph Golf 2015MDX— kU

24




« 5/—FDFK (5
« 5/—FDEK (5

20165108 7H~98, FIT 2016, 1L

Bf2) M={SAHDT, 4
BftZ) & 1-{SAEHD !

' 4

ARz
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FEZTTITNEHE
n=16,d=4; k=3, /=1.750

\_ 4
8 f9 2 1 \Qlﬁ 8
N 8 A7\ \\« 6 2 6 13
q 1%3 ol g‘ ;
TR T
s SATMNPODIEYSLN
« 4AR21L5D (5-6-10-9, 10-11-12-13, 0-4-5-14, 0-1-12-7,
2-3-8-15)

20164E10H7H~9H, FIT 2016, E 1L 26



TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

0 1 2 3 6 7 9 1 11

0

O 0 N o un | & W N = O
o

Y
o
o

[
Y
o

Y
N

[y
w

Y
o

15

20165108 7H~98, FIT 2016, =1L




TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

LN
v < o N+ O
<
— <t N | N| H | O
] 4 MmN H| o] 1| N
— 0
H 4 N o~ ™
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- uwam
Al ol H|l & o] <
- BE
Lol
ox
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n < | o
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TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

LN
v < | N | N+ O
<
— <t N | N| H ] O -
] 4 MmN H| O] 1| N
]
H 4 N o | ™
=
- uwam
Al o H|l & o] <
- BE
Lol
ox
o
S Ol | N o <
o)) —A |l ~N| | <
0 N o<
~ M| <
© < | < <
LN M| o
< NN
() N
~ - | o
- o
o - ~
O = &N o | In
- N e R P A N |
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TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

b < | N | N+ O
M <t N | N| H ] O -
M i N N H| O] H| N
\
H 4 N o | ™
=
- uwam
Al o H|l & o] <
- BE
Lol
ox
=) Ol H N | | <
o < — | N | <
0 M| < N n | <
~N ~N | M| <
©0 M| < <
LN M| o
< NN
() N
~ - | o
- o -
o - N <
O = &N o | In
- N e R P A N |
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TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

b | M N+ O
M < N N H | O
M i N N H| O] H| N
N
H 4 N o | ™
=
— )
- O H| Nl ;| <
- BE
Lol
o0
=)
S Ol H| N o <
) < N ;<
L o N
~ ~ on | <
© — <
" ~
< o
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— —
o ~ <
~ O = &N o |0
A H | H | - o -
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TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

15

14
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12

11
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10
11
12
13
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15
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TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

15

14

13

12

11
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10
11
12
13
14
15
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TS5TNEY R

n=16d=4: k=3, /=1.750 DiZzS

15

14

13

12

11

10

10
11
12
13
14
15

34
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FEZTITNDEHE

n=16,d=4: k=3, /=1.750(XFE$)
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BRI FIRICLDERIDT TTEK

XHTRI 57

degree |Order n
d 256 4096 10000
16 (1.93725 T&#. BEF2)
2.09069 (@~
(2.09262 AU REB)
2.12757
(2.28186 random)
60 (2.106227 T 5) (2.633963 T 5)
2.295216 (av~i) [2.648977 (3 ~#)
2.295275 (Aug.) 2.648980 (o> R#)
(2.395112 random) (2.650399 OV R)
64 (1.984371 TH. E2) (2.583958 T &)
2.242170 (av~ig) [(2610117 AVRER)
2.242228 (sep.) 2.611310(§:>/\°1§:)
(2.346357 random) (2.655734 random)




BRI FIEICLDEERIDT TTEK

hboFEL

1. 5aont=/—F#IZ%4
&I, EHD
Petersen V7 57 (IE1¥2)

ZDIENT

KT 57

G, = 1F5H. REIL5
2. BZAONT-RBZ=ZA%
LNEDIZ, EBR (Greedy)

5H
|Z8RE5RS

20165108 7H~98, FIT 2016, 1L

ISREIRT DBMT S
5T DEHIEE HES

~

@3@0‘0‘9 o3
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BRI FIEICEDEERIDT TTEK

1. EKRKT 57 G, DERL 12

* Petersen J ZJ (BEEIX2)ERAE
DIEWT, Sxonf=-/—F#DT
Z7%1E%
(BRRADT 575 EHELT=L,
Petersen 7 57D HYIZEE3
DI 7% FESELLVEAD)

 n=10000: 1000{& @) Petersen o
S7%DHC

* n=4096: (409 — 6){E D Petersen

F52L6BND11/—FTST (AT

%) %&D75<

20165108 7H~98, FIT 2016, 1L
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BRI FIEICEDERIDT TTEK

1. EKRKT 57 G, DERL 22

c /J—FEnDEZE, m= [ n/10] EDPetersen7 57 (—
E(X11/—K557)

e Petersen 577 —F|ZHXR, [EYEI2DNDITSTNDE
/—rRIEZ=H/RD KD 97Z,L<

« DITTFRDDHL, 4 Petersengraph
REULS(Z15 5.
—ERD/—R D
REF4

20164E10H7H~9H, FIT 2016, E 1L 39



RBRIOF AL ZERINT FTIERM
2: GNDEMN (Greedy) 724D IEM (172

Algorithm 3 Greedily add edges, one by one to G

BEBMTHEEDHE L

2
e . 3: while edge can be added do
° -‘% \* —_— kK 4: Select a node i from the smallest degree nodes
ﬁ l/L . ,i 02 = ll_ﬁd) / Iz I 5: Compute node set J such that d(, j) > 2
(j:’ ;k’!;&?b\ﬂilj\d)/—l\ 6: for eachnodejg]do N
N -3 7: pl(j.) = COUNTPATHS(4, 7)

75 b5 1ZE O 8: p2(j) =0

9: for each k € j’s neighbors do

%ﬁ L/ L \ *ﬁ 0) 1'& I\\\ _/ i(l) if COUI.\ITEA(”;I;?J (Iz TICP)A?HI;Q( E ;jij)then

p2(j) =
(;t 555 ﬁ/ODyiUb\i :{ZaJ: 2 e
_— / k d f
I&Jc/b\ i:; glc:lec? ; € J that satisfies conditions (1) and (2)
. sler A 16: Add an edge i-j to graph G
° _JELHD LT:*S'ZIJZEU F'z"f\Lz : d whil
7:-; L \ i; ;fndevgvreer several nodes are less than d, add several

edges between them
19: end procedure
20: function COUNTPATHS(%, 5)
21:  p=|D1(i) N D2(j)| + |D2(2) N D1(5)| > Roughly
count the number of paths with distance 3 between node
¢ and j, for graph G
20164E10A7H~9H, FIT 2016, &L 22: end function




fﬁ:’é%ﬁﬂ‘]%fﬁl:éﬁ%ﬁ?\%%)ﬁ??iﬂ? .
2: GNDEMN(Greedy) 724D IEM 212

5

AR DD IEZ D j DIFE

L7

- BROIRM (7, j) & jI1Zh#E

CountPaths Bi2{ T, I87E
Lf=2/—FRIZHSHEI3
DEDHZEZ S

95/—F kIZx LT,
CountPaths(i, k) 5T &L,
CountPathsD{EM & KIZ
155 kIZRSE 5 &8
. & (i, ) ZBMNT B

20165108 7H~98, FIT 2016, 1L

Algorithm 3 Greedily add edges, one by one to G

I:
2:

® QLA

11:
12:
13:
14:
15:
16:
17:
18:

19:

20:
21:

22:

procedure ADDEDGES(n,d, Gg)
G Go
while edge can be added do
Select a node ¢ from the smallest degree nodes
Compute node set J such that d(z, j) > 2
for each node j € J do
p1(j) = COUNTPATHS(%, j)
p2(j) =0
for each k € j’s neighbors do
if COUNTPATHS(%, k) > p2(j) then
p2(j) = COUNTPATHS(i, k)
end if
end for
end for
Select 5 € J that satisfies conditions (1) and (2)
Add an edge i-j to graph G
end while
If degree of several nodes are less than d, add several
edges between them
end procedure
function COUNTPATHS(%, 7)
p=|D1(i) N Dy(j)| + | D2(i) N D1(j)| > Roughly
count the number of paths with distance 3 between node
¢ and j, for graph G
end function




BRI FIRICLDERIDT TTEK

XHTRI 57

degree |Order n
d 256 4096 10000
16 (1.93725 T5. ERX2)
2.09069 (2-opT)
(2.09262 AURFEB)
2.12757 (#2E8&th)
(2.28186 random)
60 (2.106227 T &) (2.633963 T &)
2.295216 (2-opT) 2.648977 (2-opT)
2.295275 (#x8&m) 2.648980 (#2Eai)
(2.395112 random) (2.650399 OAVRER)
64 (1.984371 TH. E2) (2.583958 T )
2.242170 g-opr) | (2610117 AV NBER)
2.611310 (#xeat)
2.242228 (#25m)
(2.346357 random) (2.655734 random)

10
74



20WE%&%®H£

2-OPTRMER LI 2D DIEEMNZ

S

Cube; k=3, 1=1.71 (Gap 9.1%) Mobius loop; k=2, 1=1.57 (Gap 0.0%)

* 2-0pt: ZDRXEDLESMNASHILET, BEREFE/NREK
NEOELIEDHBENZS

s ZOMDRDIMEET=K{EAHS.
BE# m=nd/2. ZDDHEDHEEETE m(m-1)/2

e Bl Z X/ —F%L n=10,000, X% d =60 55(F,
m = 6x10°, m(m-1)/2 = 179,999,700,000 = 1.8x101?

20164E10H7H~9H, FIT 2016, E 1L 43



20WE%&§®H£

2-OPTRMER LI 2D DIEEMNZ

S

Cube; k=3, 1=1.71 (Gap 9.1%) Mébius loop; k=2, 1=1.57 (Gap 0.0%)

AEFETCHE X ETHIAELY
c R EDZDDRFEDEENZLZDHALLD /M ?
s — DN (IRE) EEEDELVEZFEELETS

IImI

20165108 7H~98, FIT 2016, 1L 44



2-OPTRFTERR DEGE

E1R2-OPTDT=ODORKNDEEE

—R i I2ESTDRE (j, k) DEELZD
kETODIREEMNELGLLHLEZTTHS.
ig‘xli777d)'§"\fd)/ Kil2&EoT

| fé%‘zxgg%l%\ bm @ @ @

dist=d |

dist=d+1 |

impact for i

(no impact) (2=# of parents)

20164E10H7H~9H, FIT 2016, E 1L 45



2-OPTRFTERR DEGE

RO EZEOERAG

en=256, d=16MT57.
B m=2048, —DDOBDHEEEL 2.1x108

« SEH/NRE 2.09258 A5 2.09069hMiEE > 1BFED 1000
DITSTDRINERD. CORINLEDZDODDREDIEE
B (i,))1&, EEEIETO<i< 153 & 1</<6zo
QODEE lj: 2.1x10° a > A ﬂppfsdPgI;T .
HEEDIH 4.6% 12 i e e o e X
BEE0N il 1

(=154 * 621 / 2.1x106) = >

2.0912

¢ OEEU, *ﬁdzﬁgfﬁli 2001
RICABZITHS .0

(R "?!« DRSIUARIRODE HAGU S X2 s o SOXEI 573N OISR ABUNE I RSN
2.09063 ‘ )
500 600 700 800 900 1000

Sequence of swapped graphs

ASPL

20165108 7H~98, FIT 2016, 1L



2-OPTRFTERR D EGE

XHRDT 57

BERTHRE

degree |Order n
d 256 4096 10000
16 (1.93725 T5. ERX2)
2.09069 (2-opT)
(2.09262 AURFEB)
2.12757 (#28&th)
(2.28186 random)
60 (2.106227 T &) (2.633963 T &)
2.295216 (2-opT) 2.648977 (2-opT)
2.295275 (#zEst) 2.648980 (#2Ear)
(2.395112 random) (2.650399 OAVRER)
64 (1.984371 TH. E2) (2.583958 T )
2.242170 p-opr) | 2610117 AV NBER)
2.611310 (#xeamy)
2.242228 (#25m)
(2.346357 random) (2.655734 random)




FED

BEEOQ/INEWNTSTDEYAZERAT-

EE3DTSIICII5ATOBDNEEST I LTERLT-
- RERANTE T SO EZFERBALT-. FDREREET n= 4096,
d=60 & 64 DEXBYTS57&, aR#&IZI1E n=10000, d =

60 DERBEYJ 7% {ENT-

« 2-OPTIRFTIE ??Z'd%f‘ﬁb’c AT BDIERATTIZ, BDEE
EaEIETIREL.. COEEET, n=256,d=16 Dix
BT 77’&:/\1&! R

[+7= |
%L%')t&m\(ﬁiﬁ/\.fﬁ\" J\

NOCS 2016 (S BER) DIRfaHY
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