ISSN 1346-048X

4FEE A7)
W X
KB D L AGE G T
—HF - LV D FIKE M & R E BT oereeeeeeneenenens xR OAE = (1)
(ERFRZR)
X
ﬁA(DEPODT 7'747“&4‘:ﬁn%‘0)%1£ N
.............................. H ow = (19)
e ¥ M
AFALT - NTFIV—HEFIIBI AT = A= a YHEOFEE (2) - e W F (35)
BRI B RIS 2 [REO R | & HENE
T ) A MR N OEIREYA & 4 AN DT e A 0 B = (55)
WX
Graph-theoretic and Physical Account of Binary versus Ternary Branching Structure
in Human Natural Language Computation —+esseeseeseessrseimreeniniiniaien. ARIKAWA Koji (79 )
;l\:[ﬁ‘[ﬁﬂ-%(ﬁ@];&%:% (]2#\:223’ 12;[:‘224' ]25%227) ................................................ ( 109)

RN BER AR ST IE T




RIR D b K e A i

—Hf - LNV o EAGEAERE & OKEEENL—

S S = N

=1
SN AT — & AERT UL, HARO FIKE RO EHLRTE L~ x5k
DV HLENIHATH S, LirL, 9 L@ FHEORED S 7217 T,
FERRUAER 72 S FHEB OBRZEOMBERITRIIA LTI 2w, €2 TARKTIE, KR
JF B & OSBRGS0 LR E GRS 105 B LoD, KEEEMLO
M LR ICOWTHRE T 50 ZOFER, KT THE—D100% HKDFKFHE
HCTH LRI (FEi HAERM0EZ B R 2) FBAEE OKEERIE R I3
5 HER DS G ER T S 7 O SEIE £ ) B IRA  KMEIZ D ), 2 NS KT O
x5 E FTAERTH S 2 E2RT $72, BWHEOMORKEES ORAELE
HFRILFHCEE L b 0o, ZO%KIETH S KBIFHKFESE ORELE
BEEASKRTTOIFEL LS 720, BT LIS ZIRNICH 5, 552, BHIE
FERAEEE Lo 72T L WHIRTE, KBFZZ15TH <, $XTOPREE L
W) RIEAKERERDS B ZRLTWAEDT, LV HEMELMEZIZ TWE, 20D
£912, MUHEOERET 5 HEEOIERRMETH > T, BEROGRME & x5
MEGED D BHICZE, BNESEREBREERL TS HAD FAGERHIL ¥ —

LI OREDN D % o
Bk
1 EAEDBE T L BRI FEZE L DHERG <veeveerreereereenseeneeseeneee e 2
2 KRB - KRBT 3 & ORI BEOFEIK - HARDPGHEHEIE oooveeeereerereeeeees 5
2.1 AEB L U TT O FAKGE MRS O HB e ereeeeerreeenneeeneee e 5
2.2 KB B X OFR T RO FAGE BEARETE DI veeeree e 6
3 KBS ERGTAC AT D HIME 7o TEEEREMG «oevveeneermneennmeanneenee et e 9
3.1 KB - FPRTTB & ORISR TR DA T D BERG L veereeerveerermnseesnennne 9
3.2 RhERAY kSN DB T A BT ZEHRIE «vveeerrrnee e 11
4 JTFITALL 7 2 2 X 2 L Ly et 14
FB L e veenneenee e e 20
Appendix AR IEEEICRE T B I/ FFEHETE v eveeerrrmrerem e 23

RFIE, 20134E BRI BE KRR A IIFE AT AR 2 8 AFIeE: B X ORHArse s (BRE% 524530332) 12
LARBO—ETHY, TTIELTES LT,
F—7— N BAKEOMEE, KEEOEF, KBOFRKSE, KBOEHKSESE, FhihkdzE



2 PRINFEBE AR A IEITIC R SR4IESR 2 5

1 EAGEDRE AT & BRI E EE DHRS

AAEH 2 NEHRA R OFIRIE, HhB L OHREFOMBLEEY S 512k ) &9,
HREAFENOMIIREFNLEH Og b 282 L FREND . 5, SRR AREED
B O — 7 22 72 FAGERET S 2, B - B LoFEDOEBISHY L, KiFk
B LR C L W) FEIWIES & 910, BHESaE ICEH R EO A2 14 12 R
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EIAD, THLIRERE T X MLT S (BN Fv—F 0 7] OB R EA#ERIC
bbb, TORREZEREEDE A ORREYEE ICFCRD L) ITIEH LTS L9 12
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EHWRIEE, iR BRI L < 25, 208, T TICE DM ERHEREE
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AR T B L 912, HAO FAGEDOEEBIIEENISESL THEILENTH PO R, £0
GHCREMES BEICRE AR, RPOFEZOEZIIEEDOFIMHER P RIEHD S5 KE <
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CoOFEFEER, BFEME (TH) PBREH (N) OVPHHEOLED,S bR TE 3D, T2

®1 2ESLOCERMAOIRKSEEOLHEEE

A2 142445 K 178G KT

AEaHE e | P cv AEEHiE EGS | T cv
UK = 15,400,000 100% 10,839 4.80 2,584,718 100% 14,521 2.85
KK & 4,679,618 30% 3,286 3.84 1,118,231 43% 6,282 2.80
F k& 10,600,000 69% 7,454 6.29 1,466,487 57% 8,239 4.52
LA 3,426,163 32% 2,406 13.71 180,098 12% 1,012 5.00
EIELN 3,266,120 31% 2,294 7.42 813,971 56% 4,573 8.06
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FhKkE 14,800,000 100% 10,374 4.85 2,499,258 99% 14,041 2.81
AR 13,700,000 93% 9,633 5.01 2,345,615 93% 13,178 2.80
I 13,300,000 90% 9,353 5.06 2,276,006 91% 12,787 2.77
aLGRE 1,961 0.01 1,955 0.01
REER G 2,275 0.32 2,101 0.30
IS 2,480,000,000 1,742,736 5.69 406,000,000 2,281,423 2.71
R E 46,203 92% 32 4.83 8,332 93% 47 3.52
Ak B % 49,978 35 4.80 8,987 50 3.35
LY NN 114,000,000 1,426 80,015 4.89 18,400,000 2,697 | 103,212 242

ME KT 79,959 56 1.51 6,821 38 1.26
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VT HY 5 DX AKMAG S ORFBUE, 5ST% E VARV EKRDOKEE LT, ¥ AICHRTE
JEKDILENE L, BEHFRKIERLBVEICZH L, BETIUE, HKFEEDL S EKEEHIT
LTh 5 ) /NREFEKFEDILENH D TH 5,

# 213, 1 OWKFEZDVZKS 5 HRFEOMWEHEL TN LD TH L, 13D
P D3, BRI CBIBIRE {, FRAKLERS GEF KRS &, 7272 LK
FHTIE, HARFEFEED L) EAKERHERINASALE L DT, HBEKEDIZIT100% 256
B OHWNTH %,

x2 2ESLCEHMSOHAKEEEOHRGES

A4 K F 3 a0 K

AEHE & Y E Ccv U] & RESL Ccv
UK & 4,787,461 100% 56,994 2.12 1,138,561 100% 113,856 1.59
A 3,902,285 82% 46,456 2.28 457,028 40% 45,703 1.60
EIEVIN 771,354 16% 9,183 6.82 672,537 59% 67,254 2.65
ok 4,655,914 97% 55,428 2.17 1,120,854 99% 112,085 1.60
S35 5N 1,546,951 33% 18,416 3.89 863,930 77% 86,393 2.19
MK & 4,642,348 97% 55,266 2.17 1,123,323 99% 112,332 1.60
HA 4,629,233 100% 55,110 2.17 1,119,492 100% 111,949 1.59
AU 4,623,569 100% 55,042 2.17 1,118,634 100% 111,863 1.59
YRS 1,982 0.01 1,969 0.01
IS 428,000,000 5,100,233 1.81 108,000,000 10,800,000 1.40
IR E#L 4,138 92% 49 1.75 972 94% 97 1.32
TRk B R 4,478 53 1.69 1,031 103 1.29
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2%, Yane and Berg (2011, 13) 255FH3 5 £ 912, &EY ¥ 7IVORIMEHISEHEE K & <
T2 HIREWT A IVOGAN 7% 5 728, IEBIME & i & § 2 #Eat 00 & 5 B3
HE LSO —HICHE T 2L EN D5, Tabh, ERILEICBWTHEEZDHAD
KEFEORKOFRIE, £1ITRENTE N LB OBE L REBRZDOLDLDTH 5,
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AEHE &4 RSN Ccv N4 & i &
UK it 1,252,706 100% 29,133 2.55 487,676 100% 104,321 | 100%
[E VWIS 576,064 46% 13,397 1.44 0 0% 103,740 | 99%
EpS 676,642 54% 15,736 4.71 487,676 100% 581 1%
LA 20,209 3% 470 3.37 0 0% 0 0%
FEK 577,081 85% 13,420 5.54 487,676 100% 0 0%
Tk 78,863 12% 1,834 1.53 0 0% 581 | 100%
ok 719,935 106% 16,743 4.83 532,828 109% 581 | 100%
K 629,413 87% 14,638 5.55 532,828 100% 0 0%
HEBC K 1,229,015 98% 28,582 2.50 468,254 96% 103,736 |  99%
ey 1,221,637 99% 28,410 2.48 461,020 98% 103,736 | 100%
HRY= 1,160,587 94% 26,990 2.43 428,824 92% 97,691 | 94%
I 1,123,281 91% 26,123 2.40 409,642 87% 95,711 | 92%
BAGAE 1,948 0.01 1,895 1,910
P 1,979 0.20 1,506 1,995
S 200,000,000 4,648,730 2.30 69,774,560 18,633,134
B 4,329 97% 101 3.02 2,012 100% 299 | 94%
TR B L 4,464 104 2.94 2,016 319
L INE 8,810,931 6,677 204,905 2.02 2,644,961 11,898 835911 | 5,680
KKK 1,320 31 1.27 222 147
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AR & V) FEZTPIEOREMIE, ThTLRRITOFEICE > THE LTSN TED,
RSB RIERBICONER SN TEREKEN W ETTHDOTH S, VIR NL, K
BFIC & 2 FIKFEEDOEROBHIF T, Wiz lE Lo &3 2 MO I EICRKENDRLK
PUICHEATLIHEL LTRRBLAZEHENTE 5,

C OREEMAFH) 2 FE R ORI, ST I T 2 AR T & Z OB T DG /KR % B4
L7eRADPLIHZ D, WINBELIIRT L V&, BIREMS 42 500K 2 A E
P &2 BRI E, IZIEEEmICE KKK L T L6 Th b,

FHICEH SN TWE L9112, KBUFAAMEGFSE GEORBRILEBUGERER) &, 1F
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F4 FMREAS LT OEBEHTOMBKEEDHRIGIES
AT | BeS R T eS| MAEET | Fe% | A | JeF
UK 25,882 | 100% 19,796 |  100% 13,647 | 100% 10,021 | 100%
BT 24,839 96% 16,492 83% 5,648 41% 10,021 100%
Bk 1,043 4% 3,304 17% 7,999 59% 0 0%
A 0 0% 0 0% 4,789 60% 0 0%
eV 0 0% 3,304 100% 2,335 29% 0 0%
K 1,043 | 100% 0 0% 875 11% 0 0%
Gk E 991 95% 3,304 | 100% 7,765 97% 0 0%
(213508 0 0% 0 0% 2,311 30% 0 0%
FRBCAK i 25,818 100% 19,796 100% 13,413 98% 10,021 100%
Hak 25818 | 100% 19,796 |  100% 13,413 | 100% 10,021 | 100%
R 24,686 96% 19,062 96% 12,903 96% 9,499 95%
HILE 24,065 93% 18,675 94% 12,464 93% 9,286 93%
BG4 1,941 1,955 1,934 1,929
P3N 1,910 1,879 1,811 1,754
B 4,217,383 3,287,385 1,951,901 1,625,358
NGk 62 94% 44 88% 40 98% 29 94%
TR E %K 66 50 41 31
LY/ UNE| 199,878 4,794 177,574 2,469 113,622 3,124 77,687 6,004
KK RS 42 72 36 13
AT« [KEREER] 20074FR0 & 0 1Rk
=5 KIS & TRIKEDERDRAKEEDHIGES
NSRRI = KBF & RAL o FAkF3E
AeaHE & T fE Ccv NI e ALK E e
ok & 576,740 | 100% 288,370 1.39 572,294 | 100% 4,446 | 100%
5L 0 0% 0 * 0 0% 0%
FREK 576,740 | 100% 288,370 1.39 572,294 | 100% 4,446 | 100%
K 571,152 99% 285,576 1.39 566,728 99% 4,424 | 100%
TR LK 566,728 99% 283,364 1.41 566,728 | 100% 0 0%
LIS S 571,152 99% 285,576 1.39 566,728 99% 4,424 | 100%
Bl 568,035 99% 284,018 1.39 563,620 | 100% 4,415 0%
A 567,725 99% 283,863 1.39 563,323 99% 4,402 | 100%
FEl/GKE 1,956 0.00 1,950 1,962
IS 49,900,000 25,000,000 1.40 49,650,540 251,795
R E 405 96% 203 1.33 393 96% 12| 100%
HaME R 42,421 211 1.33 409 12
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LEVIEETH L, W2, MORKFEEL S FFRERELZETTWIUE, FTOHK
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FELELDTH D,

FRWZ, RBEHFE W)~ ICHE S 2 BT aTE 2, EMEOFEHEII R EoHE
BOEGPORECTEHEL TS, Thabb, KERIFOKEBRHEZ RS 55461211,
KRBT % B 4200 K FHHEE ORUKED 7 E D LA EH AL SN2k IS 2 0% R
HWLTEARS LV, KRFOFHMEIE, INODEHOMAKFELL, ELEHKD ) 25K
F Tl R KR O KPR & v ) Wi & 2 L AbE A RICT ELR VDO TH S,

3 KEEEHEHN B S EHE L B R

KREITIX, KERFFTOMKMEOR#AHO I T 572012, F1HTHFTFOHRAKB LY
MK HEE OPEN HEBA0FE TR TR E ORISR L 729 2, 5 2 HTITRE
EDVHEEFRE EHICRARD, BEERSRIE T 5 LA B L ORI KEDREAD &
CTEZMEICHERE T 50 W RIS, HELERROEWRIGTIZS £ L), 2R L) ER
AL DT KRBT & DEIRZIKICTE S 1TIT TR TOMAKFEE DL, T EMHICERE LT
WLDTH5b,

3.1 KFRAF - KR & & OFIR AR DAKEE DEE

KODVIRT LI, ERKFHEEDS56% IAHY T 2 797HHER O HDNEE HF 404 %
R DRAEEZIA L, TN0KEEORIERERE (m) 12502 FFIERFEII8%TH
%o AAGEEO 8 E % 5 B RKE ORAFLERERI, 7% THRIFWELZ TR, 32
12, LR OMRAR - 2K - K - BUKARE CTEMEIEATHEDTH S,

CORAEERREITEEINS L) & X Y, T8IV KRRFO R EL, Lid
Fi A OREAE BRI EROFHMEE LR 2 2 L2 hv, £FEEZTTY, RIEREH
128 B HEO/N S EKE - BKE - BOKRETOEIEAE L v av) HFEIL, fEaxD
YRR 7% AT L TR e AR ABE DRSO SN WnWZ & Z/RIR L TV 5,

&) DU KRIRHFOFREFEACE BRI EE I T 2 5 & SN, 3 TIZ81% IS 5355
EEVREE LA L, %o COREELEREMED25% % A 3 5 KB 7217 TRAEE D41
rIZDIFEZELLEMLLTE 0L THL, 22 ThH, RABIEOKEK T OKEED
R KRBT DR LE R OVIEZ TS LT TH B 2 b h b,

COHERNE, F6 L UAEEAS & EORUR TR I L 723R 7 12 & - TEMIT 5



10 BB R G se il 2 S4B 2 7
6 REEEEZZLE - EH - KR - KR DIGKESE
LET797H¥E | HE | EEEEE | He iERRE =2 & KBt &
A 451,613,967 56,437,651 20,372,312 5,178,153
AR | 36,141,980 8% 6,376,870 11% 3,208,128 16% 1,328,484 26%
Btk 6,640,461 1% 739,321 1% 165,604 1% 35,128 1%
R 1,399,548 21% 192,118 26% 42,827 26% 14,160 40%
C K 13,653,616 3% 1,804,810 3% 526,434 3% 58,841 1%
AR 1,769,848 13% 230,030 13% 95,991 18% 42,400 72%
D kA 64,378,241 14% 7,912,988 14% 1,786,120 9% 736,564 14%
AR 6,337,685 10% 1,027,864 13% 550,422 31% 276,195 37%
E Bek 4 366,941,648 81% | 45,980,532 81% 17,894,154 88% 4,347,620 84%
FAER | 26,634,899 7% 4,926,858 11% 2,518,888 14% 995,729 23%
F S Ek e 431,319,889 96% | 53,893,520 95% | 19,680,274 97% 5,084,184 98%
AR | 32,972,584 8% 5,954,722 11% 3,069,310 16% 1,271,924 25%
T - [AGERERT] 20074E R & U PR
7 RBREBERASIMRIEBEESHOGKESE
t & AT EE HR HeE | MHNER | Ee SRRHE &
2,219,577 699,592 526,189 240,780 456,157
HRAE 172,311 | 8% 65,786 | 9% 0] 0% 23,382 | 10% 12,276 | 3%
B 8,356 | 0% 3370 | 0% 382 | 0% 0| 0% 3303 | 1%
FRAE 0] 0% 2,108 | 63% 0] 0% 0 1,346 | 41%
C 58,721 | 3% 5825 | 1% 15,109 | 3% 1,177 | 0% 30,776 | 1%
HEAR 0] 0% 0| 0% 0] 0% 0| 0% 0] 0%
D 149,713 | 7% 42,791 | 6% 13,134 | 2% 959 | 0% 0] 0%
FEAE 72,151 | 48% 18,051 | 42% 0| 0% 0| 0% 0
E 2,002,787 | 90% 647,606 | 93% 497,564 | 95% 238,644 | 99% 422,078 | 93%
FRAE 100,160 | 5% 45,627 | 7% 0] 0% 23,382 | 10% 10,930 | 3%
F 2,152,500 | 97% 690,397 | 99% 510,698 | 97% 239,603 | 100% 422,078 | 93%
AR 172,311 | 8% 63,678 | 9% 0] 0% 23,382 | 10% 10,930 | 3%

T - [AGERERT] 20074E 1 & 1 VER

ZENTE Do WINOKIKFEREEOFAFLERRY, L L) OFIgE % L#
BIZEDESTELVWRPLTH b,

FRIZ, RAKERZER S S BUKD 1 EIRE 22K L TWAHIRTTIE T o 72 CREFEE 24
ZATHESHT, RRETS 3BT ERW, $2bb, RBHRLEMRN & Vo 22F5 2 5
EBZRITIE, KFEOKKEEZ IRBFOREE DO IRERE TR,

Zho Evo T, KB Z B < RAF-OfGAKEER DEFLITER § 2 KBt & ik

O TR ZVEIGEETRETH L, %L, INHDKFEFDOTURED 7HIGD

7 bbBAA, RAEALEBRENTINIGET LEMT O L ) IEA % EVACER§ 2 FEE ST 5,
L LARROF#IE, 7282 —RT25EBEL)IZARDLHRTRRRFET TS 2, KRBT & 0 EEHA
THMZMEZHA TS LV MEZRET L2 LI 5,



KO EAGE GRS 1
*8 RBEEZLEZILE - IH - KBRAF - RILORAKEE
SEIEE | #HE | ERd4ZE | HE NG EH& Ak &

AEFIRE 2,662,303 808,404 560,857 5,981
TR 358,508 13% 279,195 35% 210,830 38% 5981 | 100%
Bk 506,949 19% 87,275 11% 16,698 3% 54 1%
R 29,490 6% 22,830 26% 3,945 24% 54 | 100%
C K 2,155,354 81% 721,129 89% 544,159 97% 5,927 99%
AR 329,018 15% 256,365 36% 206,885 38% 5,927 100%

T [KGERRRT] 20074ERR & 0 VERL

1, KEKHFOHKFED S DEKZKEZNS TH 5,

#8113, ZOKRBUFOHKFEDRFALEKED, REBICEREMTOTHHELY b5
<, HARERAKOFEOHEIISH LS OD) KRKHTOTFHHEL Y bEmnI EE2RL TV,
RAEKERFE IV 720 TE, 100%FFEE L V) BRI 2RSS 5,

3.2 SHRAY L IERA DIEHE L (E R = E AR

PGB RS & SEE OBM RO 57217 TH, K&k E L ToNKEMARE
OEEZLTO3IHICEHNTELI, B, TUKETLEHEZ EDLIRKOHBRKEETH
KRTTOKEEDEMHLTH L, b HAHAKKRTTOEENGRE, FTFH046fEM %K E <
El5700MTHY, CRETHIHEFHELFEML CSLE LD L, LrL, bIIPK
Beii e vz &d, 1328km IZ R ABEFE T —FHICHH T 52 RMHIE LW, hwnoT, T
CRRAEAL A IR RS T ENE T 2K E 2 13 U, EKERRAAREOEH 2 LETLITR
i, 2O~ THR MV Ay 2L S 2 HD RN, T O 4 EORAKICHEED LD
DR ZRVWDTH 5,

58213, ZOMOKKEEZOPUKED THE, THDERMTFTORUKEDI6%I & 77
B RKIAF R FEE ORFACEFBEIRKRT LD bFVETH L, b oL bFHERED S A
L, FKFEZEORFEEF T 21 km & HBWEC, BEFEOFE I 2 TENG,
PUOBEHFICRIUL S I ERETIE Wb Ltk \v,

5313, KB % B (/NERMBOMRKFEEZOMEG - FAOMETH S, REEFOEE
ZTh, EEHO L) ICEHALEICWOMESEL T B L ZWHEERS L,
RO L) ICELEHHMIREIHRIN T LHEELT DL, L LEBILE, @#e2) 1R
ZAMBHTE 2, FABLR Y 7o Vo 22iik i3 BEHLLTBY, %ICX ) REIEKE
100% D RALKERFEI DS ZK L TWEDTH b,

29 LML EOLERIE [KEE Y a v ] O#BBEOIIAO—HE DL IBET,

AIEE

8) M (2012) LA, km 47-0) 1EMHERET 5% 5, EFEILEOMEIL < O1328fEHIZET 5 5
bThb, Bibd 5 L1, KBGH/KER (2006, p.30) &, PEiif 4L CHEF§ UL 4E 2306 M
RETLHELTC, BWENEBICLZ2BEHO LT HEE L TWwb L) THb,
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ZORED T TIHHEZOPYRIHICBOTAESN TV 20, bR ORMEE 2
HHAEED LI AZ D, L LARTOMPFAL CEAZL )T, KEFEIAY T —
JH—EZXTHY, #/NBL LS HROFHEZOHFIIINFEEMBFERKEEEN D4 iz
B, AHO L) % N AIICED L 7280309 2 BT RO FEATII A2 IHI RS TlE v,
b T =7 H—CATHLEBD R, FHENGZVLAEMTIODOR MV Ay 7B
VL) TR ERT 2UEND D) 2, ZROFEBMTEEVPLELRLEICE, F—4
HER 20 LERBS A BARGE BRI O T COBBRENEREN L5 TH D, L1d, B4
AT OW IS T 2 8 B IEE 2 338 T 2 EBR B, 5 - Hdiv - Mgl - 4 -
FeRER A b T 2EFFHMETR2A, KBFTHI01AT, ZORFIIHFEER IS EDNR
HAY Y TIESHD,

72 ZAE, 201 VAR IHFPN42TT T AT ASZ 5 2 KBRL 380K E 4 3 FN Mk R S L7z KRB o H
KFEZE (2012, p.9, 19, 22, 37) TEZ, 2030FDNF T ORAFEKEDMAGTKED 6 EHFE T
T 5 & ARSI RO BN b AL ATEALT 5 LR L T b b oo, EiKE
HOBAY TR TR LTV Ay, 2hid, El LX) I24%IEERHFED X
BERETRL Lgw] ORZETUE, ZOEIHEDZARA TS 54210 & D& ER
HIR N T 2 MR IREZ D 5 Tl B WA 9

EBg, 2 Z SHKERE ORGSR ERED, HAEME FTh2560H5 28056, M
VERERFAIE 5 BAARFENEE V) L), WSRO S VEGERTE E Ak S5
F=Ab%\n, 728 21E, RRKOZKEEZLTH LAY L TKER (2011, p.18, 44) T,
ROEEKSAE DEFIIZFV — S DNA XA E R R T RIS 2 HET 5 -0 EH
DEMDED LIRFT 52— 4T, RBURBUKERZER 5 O HKBHEEEOMHE T ITERE S
MOMEE LT3, bbb, FHEEORETTH-TH, HOORKFEEIIBITS
B EOEEHICIEE R LD 00, B LS LKAk 2 HARME iz O Z41t
MEICBIT 25 RIER 47257, HRBREREREE L IE T 2B EAPSHRIKT T4 &
3 2 v, 29 2 BB B 44% OFRT ETKER (2012)12B8WT, HOHIAT
BEKHLRL R Y TOEFLICE T A5RdH 2 b 0D, BUkD 7 #% 5o 2 IR0k E %N
FbbAA, 1H% 5D 5100%FEFE ORIKE R FEMO KR EFLICE T % 5Lk 25724
2oV OIRNMIRTES S o MBI EETFYEL LR2HETH - T, 4%D 1HOHUK
TR E D, T AL S EHHERFE L) 55, RAETREATORERITE
B, Lo FAHEARAE 2 il 2 Y ICIE T A DIIBESH TR VO TH b,

b ok IR KHE TR ZORKTAKER (2006, pp.30-6) 1E, HAKEI00% &\ ) EiE
THEOHENHALZZ L bH o> T, HEFOEHIIOVTS L) BARW 2 TERLFIHE L

9) ZD7=HIZh, KRTOZM %R, TOHMPE®RZEH T4 LI TwD, FEE, Wil ET
AGEJE (2011, p.19) X, 20124F ICHARMEHEDE T IS L THE 25 & FIFTwb, 7271,
SHRDORKEEOM T LTE, BNESRELSEZMBIRRSIIET 2 L bR EN T A,
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FELTWh, Thabb, EEMHERTBRREEEZ 20T FTEHTIUSER2306EM D
B 5720, FEEMRMHEREZ60-100FE127% 5 L) EET 25 2 L1 & > T0-140fH 12 JE
fiL &9 EVIHEET, 604F D AR CTHEMI40MM 72 LT 4 Fhr 8 HENEGR I 7%

%o BARRYICIE, BEOFRK - WHOFREEICESE, EHMEO BB S ICHE VIS O
RBZMET 2ERENTEHTL L) THD, bEAAKRRT &V Z L BRI OEIRIZI
7= BHRLEHOMIE - BB L Vo 2 AT O TR, ERERE & O
R SR ENOERFEO BRI DA RTH %,

L72%55 T, JMTﬁ&%ﬁﬂkw7$ﬁ&WETéi,tki%%%%ﬁﬁ%-ﬁﬁ@
AL TVl LTh, ZRENOMEERLPICERL ) 5 LIZRS v, & LA,
LWNE LD BAEM 2 WG 2B O NP B HEER L o TUE, [MEREBETREN LV
PUES MR T E, - CRAFEROMRAR 2 EH LB OFERM DR ) SN TELOHIEN
TIEBWEDL ) Dy 29728 TUL, EBICENLICE D ARPKRE L= 2 — Ao Th
LA, 2F VHEREBICKELRLEIRE THL L, B EOMESE IR %S
bHE W,

COEBN LT FI)ADO—DODRPL LT, BEFOLERIEHE L BEILEREICET 2/
FHMEAEH L TB I ), £913, EEOI4T61KFEE F R, HINEK R % HUk
B EREMERECHRLABRTH D, TXTOEY ia%ﬂ%(m>%tofwa®
T, PREIHIMEEERL, tEICI3FRAED ORGSR % 7 /N2 M ERERAGE 2 v T
W3, FNY 2 HINEKEL, BUKEOBINE L IZIZFAFTHEMT S 500, FEEH
A E T T 5o HRIAKE ZHHALEIT L > TOFMRBRDHR ) Lo &b,
WEZBR DRELEBRO EFE, RACHIEOSE L @ U CAME KRR A INEKE T
WA SED EMMCTE L,

&9 Ln (BUEKE) ICBT 3R/ NBREEDER

TR (t )
ERL -0.5126™** (-14.39)
Lo (HUK=) 1.0366*** (241.92)
Ln (R4 LB R) -0.0125** (-3.13)
¥ TN 1476
JUERH (BB 09812 | (0.9812)

»<0.05, ** p<0.01, *** p<0.001

Zoresid, ZoF TRAERES S T, RISEERCEKES IR S 2HEHD
HMELRCTYH, FWISREBZLIITHEINL OO, KEEOTK - BIRFHIIBEMT 512

10) AKEO T — F 133 XT0074ELM O [GEMRN] 1236005, T2 CIRHKEREDT— ¥ 2 0%
LLBRVDT, Y 7VHEDETHML TS HICHETRETH S, iti%fi TR LS R
DI, BTN TIRODHEE S &5 %2 2 2 WERD S AT, $XT1 2z THE
LTwh,
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LWV, ZOBEOMEIE L LTIE, BEOHMERED S EHOBLIEN 2 e T 5 &
W) KT O T3P I AETH 5,

LAL, €2 dFEEPEINT 2 ERIITZ2 9 220 Appendix DEAL, TDOFLH
D &L 201, BEE T RAT 582206 KF B ORFERIERIEAEZ DG L72HRTH
%o HHERBEFEOIERIIZ036LH L Rnd oo, RIERH X Bk BB X O HKE
TR, FEFBIBEEHEZMMSEIELTHLTCNDE, Thobb, HEERN
L BMTREEREIRLS 25 L) HHOBR ZEHWRY - AGICHEETE TWiano
WHELDOTH 5,

FE, YU TVOVEHEERRSIEL, FEE LA L2 VeS3FHER O PIHFR3TE %
RECERZY, LrdBEOTFHH L2 EERBIL, GiE0KEEEREED33%, BIKE
HCTEbTRPI18%E, EDLOTUMIBTHL, Thbh, 4RIIBEOEMEEE DL
P T 5 L PREND, MK FEE THREEOERICTHEN TV D
Bk % AL, BPEMBEIZ S BRSO ICRAEY T EE2 0Nk,

S5, RAOIFEAIMEL L7 9 BOFELIEFIRSY I —D%n»TH, KEIFIE
B - 3 - Ak - MD®4%kHLm%®ﬁ%m@f@$£®§é&/7bé&fwé
ZENbhb, I THUNA MEEMEZIHOTE Y, KB ICIZ ETROER 21 TlEt
PTELWEMLOBEEDERIIAEL ) DEARGEL I, LEL, 9 LA EoN
IZOWTUE, X DB RE 0O BEAEDIRENDRL L & 12, 4HOELTES

220,
4 ke v LY — L4

KT O FARERAE S 2 B L7285 28Tl IO 4 E6E < 2 FKT A E&HKD
KR % B g, o4t iTR OBk D 7 ENE RO HKFEL S OEKRZRTH D 2
EDTRENT o EERITEIZ IR THIX IR BKRES4% &\ 9 SEE 0 2 e 0d, RIRT
DFEREL D, ZOMDORKIV-DZKRUAFEDIIKEREZTDIGE LS NITHENTZBDTH S,

FEFALE R 2 IG0R L7258 3 HiCTld, mARDKIKRFHES TH 5 K aE - 8 % =ik
BT 11% %2 KEC R 526%I12F TEMLL TWAEEZBEICT 5 & FFE, %ﬁﬁwﬁ
WO TTHT A b REARALE BE3E38 % D KU D HIKHFE D S DRI > TV A I ER %Y
T, BALRO 2T O L & 24880 L7z, FEFER L &b ISRESFIHINT 514
[23% % DT, SRIBIBBELFEEESEE LR LX) 122Y), AIHEKELAHRBCAK
BRI ELET LTG5,

29 LKEEDENLE, EEFEED [HkELCY a v ] [ZBIT2#EED 1212 F

11) M AEBA0E B R A FFEE CITA L WHEZONIZO80EL LOEL & H Y 5 FEFIT
L, EECHAT 2 HEZ O SAFERMOFEFIOEELVHILT HFEITEEINET
%50
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S, RIEROERAGOMFF AT R EAREDO DO TH b, T2, AFTHHL
TR TOREZEDOL S PWIBABELY Y a v EARARLTBY, FRICKKE TAMERK - #H%
JrsgAt] B L0 [HafiBA%E, A - ROWTE] L) EBAFRICBITL [ElEFEH] L L
TIEEFBEDE—F VYA P TRAENR TV S,

LA LAROFHN LU, 728 2T RCOFEZPMIBKEL Y a v 2 /FELRZEL
Th, KEEOWMFRNLEFZRETEZ, EPh2E/MIPELZ) THL, %5, Hxt
NCHERBEORE KM T T, HE2HTHLMII L L) 2EHAaEELBOBEAD
AR E , B 3HITHIRE L 72 X 9 7 &K F3EE O S THTHE 7 8 19 A HARLE AR S FTE
THENSTH b,

el ZIE, HIEVICOREIBHEEDHFHEIZLY, BT THLH|H TS 2, Lito KK
TOREFHZZDOEFMATELVLESL ) LWVIHIDBPFHTEZ, BUKDIZLALEH
KFEEDP S OHERIHAFEL TV DI 2, EEINATKRITTD27%, #BEEHTIIDbT 216
BORBIZT ELVDNLTHE, FLTR, ZOMOMRHO L) LHEZIHWHT 5121
RN 2 FEBEAORENRETELDOTH 5,

T/, WHIZEORMBELBKFEEETH->TD, FIZPKOLEEZEL HAFEEEDE
FIALREIZE R T A 252, BEOGIE FTIFEMfELTWwA I L3 IFHTHRRAEBY
Thbo bbAAKWAFORKFEDEMIBEDO KLBUKEREROEE CTH 5705, %
DOEEPE IR 2 ETH TR OAZEIKFELTWwD, 29 Loy — 2850 - HE
AT 70 B 72 B UE MEDR T 2 VIR Y, 2T A ORUKE D 75 % 5 5 3R OHE
HEtHIXEE 5F, 2hw 2 KB % B 2B OB KED ik L 2w Th b,

Z NS DI 1 Sk e FIEH I ORGSR BHARAE I 20 Bk 720 T UL & v ) ME % i
HL, 5B MFRRRCED L 222300 2 & & Al I FE 3 51213, FRHEH LA
BAL LA T A2 ENEHNTHA ), bBAHAKEBEY Y 3 v CHIRBILZ TEFEE LT
BT TV2A, DIIRKEEICBTL2HHHERBGELZEET NERHIZOTH L, Bk
5, TRTOWHMHFIHE CHELZEH S TE NS IZ, WNBELEMEEEEMO
WADIERL, BFEOTEH SR EBOEREMTORELET 2HHELMEIC L > TS
PO THb, £, HIKOF T, BURHETRTOFEZOEECHEOLIES 2 # L v
BRI, LFLWHBANOFERERL TELVOT, FEELICHYFEE 21 ¢
5 OV LPHBOFR LR VOTH 5,

BETNE, BATOREEEBHL YV — 213, ERBKEE V) B LEMOb L i12h T
R HITH CREHREZRHT A ICIAR L5728 LTh, bI3RRRN L EHxEDOEE
Wb T7 vy bV =L ETHIEARSEHLERDAEE LML TWD, 2% & b HRERF
L AOVICER T ENE, KIRFOHET S BB ik O FEE % HF O L NV T—ItH)
ICHREET &, KR OF 2 S IR RER I (ETE 57259, $4bb, 1fill]
ISR O BE S EF LTS DS LI S R TH Y, BHILRIZE > THEBIZL DI
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WARNGRHHIL Y = LT bR R DD TH D,

bH 2 A, ERIZENLE L2 EE THEIE AR IUEL, S S WITFEEI R4
Bz 604E R 1004EN LIER T E ML, AROBEIIRLETH 5o EFLRIHEILNDOH KD
HEPFEE ORBRIIB R ARFE L, A2 RIRCE S22 b 4 RVLELRETH %,
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APPENDIX REEIRIEHICET 2x/\BEHTE
*A Ln (REZUERIES) (CEAT2m/\BRHETOER

R %% (t fit)

EE 0.6000 (0.49)
Ln OK#EEHILEHHE) 0.5157*** (4.65)
Ln (BB %) 0.3393*** (3.37)
Ln (HZKIER) 0.1142** (2.80)
FEAFH 0.0077** (2.82)
A% 0.7515 (1.56)
= F 0.1599 (0.45)
B H 0.5480 (1.50)
OBk 0.7896 (1.52)
B 0.5203 (1.55)
(i =] 0.2353 (0.81)
KW 0.9677** (2.83)
R -0.0681 (-0.13)
i) 1.1952%%* (4.56)
Ok 0.4119 (1.46)
E ¥ 0.6399 (1.43)
T % 0.5974 (1.42)
"ot 0.4356 (0.78)
puiESlll 0.3659 (1.07)
% 0.6124 (1.62)
BB 0.9485 (1.83)
& 0.3246 (0.86)
A 0.2072 (0.49)
fim I 0.2733 (0.87)
iy B 0.6457 (1.38)
#f W 0.5190 (1.47)
A 1.0820™** (3.36)
= & 0.5684 (1.30)
A -0.2595 (-0.49)
Pl -0.0261 (-0.07)
K K 1.1018™** (4.31)
It -0.0272 (-0.07)
&= B 0.6447 (1.48)
oKL 1.0389*** (3.72)
B 0.5303 (1.13)
B R 0.7519 (1.24)
| 0.4133 (0.84)
N 0.1393 (0.30)
I 1.4175™** (4.73)
(] 1.2168** (2.82)
E IE 1.2677%* (2.95)
=il 0.4231 (0.71)
= -0.5276 (-0.70)
i [ 0.6200 (1.74)
e A 0.6633 (1.50)
£ g 0.6992* (2.17)
NIy -0.2064 (-0.56)
e K 0.7392 (1.75)
G 0.7499* (2.28)
JHE S 0.5568 (1.43)
A -0.6409 (-1.26)
IV 822

Vo RS (0 HERE) 0.3976 \ (0.3585)

<005, ** p<0.01, ** p<0.001
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Issues with Drinking Water Supplies in Osaka

The Supply Structure of Drinking Water and Dilapidated Water Pipes
at the Prefectural and City Levels

YANE Shinji

Data on Japan clearly show that it lags behind in addressing the decrepit condition of municipal
drinking water facilities and improving earthquake resistance of many structures. However, it is
hard to understand the seriousness of each utility’s path-dependent issues and their countermea-
sures from a simple statistic such as nationwide average. Thus, this paper investigates the situa-
tion of dilapidating water pipes and possible measures to diminish their effects. In this study, I
focus on the supply structure of drinking water suppliers in Osaka City, Sakai City and Izumi
City, as well as neighboring cities, as well as Osaka Prefecture. Results show that Osaka City, the
only water supplier in Osaka Prefecture that gets 100% of its water from its own water resource,
owns a critically high share of old pipes (those over 40 legal durable years), in total pipes and in
length. The city’s share is higher than both the nationwide and Kinki region-wide averages, and
raises the prefectural average for Osaka.

In contrast, the shares of old pipes of other water suppliers such as Sakai City are not high on
average. However, since they rely on Osaka Prefecture’s bulk water supplier for their water,
whose share of old pipes is even higher than that of Osaka City, the situation could actually be
worse than seen from the numbers. For example, Izumi City, which is still absolutely free of old
pipes, purchases its water from Osaka Prefecture and the Senboku Water Supply Authority,
whose water pipes can also be classified as old. Therefore, problems regarding the water supply
of neighboring suppliers within a single region differ in their seriousness and possible policies to
address them. Such a peculiarly complex situation stems from an overabundance of small-scale
utilities created by the traditional Japanese regulatory regime for drinking water supplies.
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The Social Responsibility of Archivists and Researchers

— The Goal of Conservation and Utilization of Regional Documents—

SHIMADA Katsuhiko
HAYASHI Miho

The scope of interest of this research is:

1. That researchers of humanity and social sciences in the broad sense share not only the re-
search results but also the documents which postulate the results, and establish a humanity and
social sciences society where researchers approximate the subject of research based on docu-
ments.

2. To pursue the possibility that not only researchers but citizens as well take part in intellectual
activities by accessing primary sources, investigating the truth about regional history, and sharing
experiences in the region including large-scale natural disasters and pollution cases.

To work especially on the second theme, it is the role as well as the responsibility of researchers
of humanity and social sciences to clarify the value of documents which society must share. This
study discusses these themes by considering the research history of urban society in modern
Osaka and industrial reconstruction in the pollution-damaged area in Nishiyodogawa as a case
study.

Key words: Regional Document, Historical Archives,
Research History of Urban Society in Modern Osaka, Nishiyodogawa Pollution,
Judicial Record
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Animation Production as a Form
of Media Literacy Education (2)

SANO Akiko

This article undertakes a detailed text analysis of twelve animations created by students who
took the multimedia culture practice class from 2012 to 2015 in the department of international
studies and liberal arts at St. Andrew’s (Momoyama Gakuin) University. We consider the types
of education that are most effective in media literacy education, and seek concrete methods.

Excellent work emerges from the unrestricted insights of a child, and the mature logical think-
ing of an adult. A student creates his or her work by effectively capitalizing on rich ideas as a
child, while at the same time constructing the backbones of the product, communicating with his
or her peers using the logical reasoning of an adult.

The “combination of experimental spirit and universality” is also a key. We highly evaluate
students’ attitude in an attempt to understand their own styles rather than applying ordinary and
general ones. An outstanding work originates from the organic connection of experimental chal-
lenge and imagination with the universality that clearly conveys students' messages to the audi-
ence.

Since 2006, the Ministry of Economy, Trade and Industry has proposed the development of
“basic abilities that a full-fledged member of society is required to have.” These consist of the
three abilities of “action” (ability to challenge and go forward), “thinking” (ability to think thor-
oughly), and “teamwork” (ability to work as a member of a team). These abilities are further de-
fined as “elementary potential necessary for working with various people in the workplace and
society.” These abilities are also crucial in animation production as media literacy education, and
undergo development when put into practice. In the first stage, the students, strangers to each
other at first, nurture “teamwork” by building relationships among peers, enabling frank ex-
change of opinions. In the second stage, students develop “thinking” that forms the logical back-
bone of the product. In the third stage, they use “action” to realize free imagination that appears
only in smooth human relationships. Students then complete superb products with high-level
originality and messages conveyed to audiences. In this way, we would like to emphasize the sig-
nificance of the possibility of cultivating these “basic abilities that a full-fledged member of society
is required to have” in our practice class, as well as highly motivate the students.

A remaining problem is how we can motivate students who are not much into themselves.
Some students have the attitude that they can satisfy themselves merely by earning credits with
minimum effort. Our hope is to find ways to enlighten the students of the fascination of pro-
duction.
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Reconsidering the “Spirit of Foundation”

at Momoyama Gakuin University

— Recurring the “Christian Ethos” and Future Challenges

TANIGUCHI Teruso

In the world today, global competition between corporations and nations, conflicts between cul-
tures and religions is intensifying. On the other hand, global cooperation on the environmental
problems is expected. “Competition” and “cooperation”: Although they seemed to have the oppo-
site characteristics, they are simultaneously directing the social movement of today. They proba-
bly are essential elements and it is considered that the balance between them figures out the
society and its history. How you grasp or consider the balance is important. It is good to think
about the two considerable patterns. The first pattern has “competition” as its axis, and “coope-
ration” that makes the contribution is required in the pattern. The second pattern has “coope-
ration” as its axis and “competition” that makes contribution is required in the pattern. It is not
a mistake to say that the “competition” that was given meaning by “cooperation” in the latter pat-
tern is the same as “individualization”. It may be better to express “competition within oneself”
rather than that of “among others” (The author calls the latter “horizontal competition” and for-
mer “vertical competition”). It is presumed that effective as well as satisfying “cooperation” is
done in the network that makes use of the difference (individualism) under “the mutual approval
of difference”. The former pattern is not free due to the characteristic of “supremacy” and the lat-
ter has the characteristic of “idealism”. What pattern are we going to select or intend?

This world and social situation becomes the environment that surrounds universities, which is
the higher education institution. Questions and answers may be the most important issue in the
university. For education and research, they would rather select the second pattern making it the
intention would have affinity. For mission schools, those are indispensable. The origin of
Momoyama Gakuin University was Trinity Boy’s School founded in 1884 by Charles Frederick
Warren (1841-1899), who was a missionary of Anglican Communion, which is a Christian sect
that is in between Catholic and Protestant. And our educational philosophy is to nurture
“citizens of world ” based on “the foundation of the school” which is “the spirit of freedom and
love” as “the christian ethos”. Therefore, education and research presumed the future with pro-
gressive “exploration of ideal” and “path to the ideal”, so they cultivate the responsibility of the
future, and conceptualize and practices it proactively.

What may be necessary to respond to those challenges certainly is to share the understanding

”

of “the spirit of foundation”, “educational philosophy” and to progress it. For this, progressive
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process formation with various discussions as medium is necessary. By starting this, it will be the
organizational “wisdom”, education and research that is geared toward true “living” is expected
to start. With this overview, we established cooperation research project with a few people.
“Philosophical and Theological Reconsideration of ‘the Christian Ethos of Momoyama Gakuin'’:
relating to the meaning of ‘living’ and concept of ‘service’ (April 2011 to March 2013). This pro-
ject has been continuing for the last 2 years in order to publish a book Spirit of Freedom and Love:
Challenge of Momoyama Gakuin University which discusses the “spirit of freedom and love”
freely from the standpoint of each participant. This thesis summarizes the background of the pub-
lishing based on the result of the research activities of this project so far.
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Graph-theoretic and Physical Account
of Binary versus Ternary Branching Structure
in Human Natural Language Computation”

ARIKAWA Koji

Abstract

We demonstrate that information loss (error) is minimized in a binary branching
network from linear-algebraic (graph-theoretic) and physical perspectives. Nature
organizes the network currents to minimize heat loss. Nature has created the human
brain, and a set of computational procedures of human natural language (Cu.) exists in
the human brain. A natural object Cw. conforms with the principle of minimal
computation (MC) and chooses binary branching structures rather than ternary
branching structures. MC prefers efficient (less costly) computation. More information
is conserved in the binary branching network. Binary branching structures, and not
ternary branching structures, conform with the conservation law. Information means
energy, forces, or heat from an engineering perspective. Moreover, we have graph-
theoretic (linear-algebraic) and physical reasons for concluding that the syntactic

operation merge in Cy. must be binary, and not ternary.
1. Introduction

How does graph theory illuminate the computational procedures of human natural language
(Cu) in the human brain?? Section 2 introduces graph theory using a toy model. The theory
demonstrates how nature distributes currents to minimize heat (information) loss. Section 3
demonstrates an application of graph theory to Cy.. and presents the graph-theoretic and physical
reasons that Cy. yields binary branching structures, rather than ternary branching ones. Section

4 concludes the paper.

1) The author would like to thank Professor Gilbert Strang for lectures on linear algebra and graph theory
at MITOCW (ocw.mit.edu) and Enago (www.enago.jp) for the English language review. All remaining
errors are mine.

2) A graph is “a very useful combination of Algebra and Geometry” (Lieber 1946: 180). A model with
graphs and their matrices is “absolutely essential in pure and applied mathematics.” Graphs and their
matrices are “the most valuable models in discrete mathematics” (Strang 2014: 313).

Key words: Cu, equilibrium (balance), graph theory, linear algebra, MC
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2. Theoretical background

2.1. Incidence matrix—Geometrical/topological properties

Suppose we observe the following network in nature.”

Figure 1: Complete graph with m=6 edges and n=4 nodes

Let us express the graph in terms of an incidence matrix.” The graph is complete (all nodes are
connected) and directed (all edges have directions). The incidence matrix A expresses the
geometry or topology of the graph. The columns represent node vectors and the rows represent
edge vectors. We use x, for node 7 and the potential at the node, and y. for edge n and the current
on the edge. We assign —1 to the starting node and 1 to the end node. Tables represent
matrices. We omit zeros; a blank in the table indicates a zero. “The graph and the matrix have

the same information” (Strang 2014: 313).

s ) s 4
U —1 1
Yo —1 1
Us —1 1
Ys —1 1
Ys —1 1
Us —1 1

Table 1: Incidence matrix A of Figure 1 (6 by 4)

The column vectors are in the real-number vector space R, and the row vectors are in R".
When nodes are connected, a current (information) flows from a node with higher potential to
that with lower potential. The matrix expresses potential differences (potential drops). Brackets

are typically used to indicate that arrangements of numbers are to be interpreted as matrices. We

3) We follow Strang (2008, 2009: 427-428) in introducing linear algebra, graph theory, and their
application. This is a toy model to show how nature distributes currents to minimize the heat (informa-
tion) loss.

4) Another name for incidence matrix is “connectivity matrix” (Strang 2009: 426).
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use tables because they are easier to construct. The above incidence matrix is A acts on the
vector v (voltages as information or potentials at nodes) to yield & (potential differences or

drops). We solve the equation Av=b, which is generally written as follows.

(1) r—1 1 0 07 [vs— 1]
—1 0 1 0[] v Vs— U1
0 —1 1 0w Vs— s
Av= =
—1 0 0 11| vs Vi— U1
0 —1 0 1{Los Vi— Vs
L 0 0 —1 1] Lvs— vs ]

A v b

2.1.1. Euler’s formula
Leonhard Euler (Swiss mathematician and physicist; 1707-1783) left us an important formula

for investigating the properties of graphs. Euler’s formula in words is as follows.

(2) Euler’s formula in words

(the number of nodes) — (the number of edges) + (the number of small loops) =1

Nodes (points) are zero-dimensional, edges (lines) are one-dimensional, and loops (planes)

are two-dimensional. This results from the following calculation.

(3) Euler’s formula in algebra

(n)—m)+(m—n+1)=1

The number of small (independent) loops is calculated as (m—n+1), which comes from
(m—(n—1)), which is (the number of edges) — (the rank r of the matrix). The rank shows the
actual size of the matrix. Every graph obeys Euler’s formula. In this case, 4 —6+3=1. The

number 3 is the result of evaluating 6—(4—1).

2.2. Elimination (row reduction)—Cleaning a graph to get a tree
Elimination (row reduction) reveals the true character (size) of the matrix A. Elimination
yields the echelon form or upper triangular matrix U of A.

U shows us the essential property (“inner truth” (Strang 2009: 135)) of A.” The rank (the

5) U is further simplified to the reduced row echelon form R of U or rref (). We obtain R by multiplying
each row by —1. We get a special solution (1, 1, 1, 1) as follows. Set the free variable x, as 1. From
—x3+x2,=0, we get x;=1. From —x.+2x:=0, we get x,=1. From —x,+x.=0, we get x;=1. Thus, a
special solution (1, 1, 1, 1) is obtained. The complete solutions realize as a constant scalar ¢ times (1,
1, 1, 1), which is (c, ¢, ¢, ¢). This is a line in R".
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X XTo X3 X
U =1 1
Yo =1 1
Ys =1l 1
Yu
Ys
Ys
Table 2: U of A
X
U
[
Xy Ys
Xy . X3
Y-

Figure 2: The true character of the complete graph in Figure 1;
Tree with 3 edges and 4 nodes and no loops

true size of the matrix) is r=3. The number of pivot counts as the rank ». A in Table 1 is not
invertible because its nullspace N(A) contains a constant vector (¢, ¢, ¢, ¢), where ¢ is an
arbitrary constant. It represents a line in R', where the dimension is calculated as n—r=4—3=
1, which is the number of free variable, i.e., z.. N(A) is the set of solutions to Av=0. The
constant vector leads to infinitely many solutions, rather than a unique solution. The system is
solvable only parametrically. The computation time is 0.472 s, using the Reshish matrix calculator
(RMC; website: matrix.reshish.com). U is expressed as a tree without loops.

Figure 2 shows the essential property (true character) of the graph in Figure 1. Elimination
reduces every graph to a tree (ibid. 423). A tree is a graph with no loops. Rows are dependent
when edges form a loop (ibid.). In a tree, every row (edge) is independent. In this case, we
observe three independent edges y,, y., and ys. Therefore, the rank of A is »=3. The row space
C(A"), i.e., the column space of transposed A, is perpendicular to NV(A), which is described as
C(A") LN(A).Y Therefore, C(A") - N(A) =0. The dimension of the row space is n—1
=4—1=3, which is the rank 7.

6) Rows of A are columns in the transpose A’. Row space is expressed as C(A"), i.e., column space of
transpose of A.
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2.3. Transpose matrix—Equilibrium (balance) property
2.3.1. Kirchhoff’s current law (KCL; Balance law or equilibrium equation)”

Let us introduce the transpose A".

Y Y: Ys Yu Ys Ys
I -1 —1 —1
T 1 —1 —1
Ts 1 1 —1
T 1 1 1
Table 3: A"

A" is used to consider structure balance (equilibrium). Kirchhoff’s current law (KCL: A"y
=0) is a balance law. It tells us how the network in Figure 1 is balanced without an external
power source. The left nullspace of A, described as N(A"), contains all solutions to A"y=0. Its
dimension is m —7r=6—3=3. The boundary conditions for this case are as follows. The minus

sign indicates the reverse flow.
(4) Boundary conditions of KCL (zero net flow at each node)

— 11— y:—y:=0 (The net flow into node 1 is zero.)
1y1—ys—ys=0 (The net flow into node 2 is zero.)
y:+ys—ys=0 (The net flow into node 3 is zero.)
y:+ys+y:=0 (The net flow into node 4 is zero.)

The net flow into a node is zero. Current does not accumulate at nodes but flow around. We

can transform the four equations as follows.
(5) Boundary conditions of KCL (flow in equals flow out at each node)

—y1— .=y, (Flow in equals flow out at node 1.)
11— ys=ys (Flow in equals flow out at node 2.)
y:+1ys=ys (Flow in equals flow out at node 3.)
yit+ys=—ys (Flow in equals flow out at node 4.)

KCL, A"y=0 in this case, states that flow in equals flow out at each node. The complete graph
in Figure 1 is akin to a spring-mass system lying on a table. No stretching (tension) or

compression is involved in the springs (edges). The reaction force of the table neutralizes the

7) KCL “deserves first place among the equations of applied mathematics” (Strang 2014: 316). It
expresses conservation, continuity, and balance (ibid.).
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gravitational effect on the system. The spontaneous balance of the graph is hidden and not
activated. The system is closed and the KCL to solve here is A"y=0. When the graph is hanged
from the ceiling, becoming vertical and upright, gravity “shakes” the network, waking the system
balance.” The KCL to solve here is A'y=f, where f is an external force. For a spring-mass
problem, f is each mass multiplied by the gravitational constant g . Therefore,
f=(m\g, m.g, msg,...). Every loop current is a solution to KCL (Strang 2014: 313). For
example, y=(1, 0, 0, —1, 1) is a solution to KCL and is contained in N(A").

2.3.2. Ohm’s law—Material property

A current on an edge is expressed as y=— CAx. C is the conductance (how easily flow gets
through (ibid. 426)). Information flows from a higher potential node (starting point) to a lower
potential node (end point). We assign —1 to a starting node and 1 to the end node, resulting in
a current becoming negative. Changing a current to positive requires the minus sign.” That is

Ohm’s law (ibid.).

(6) Ohm’s law in words

(Current along edge) = (conductance) times (potential difference)

Replacing y in A"y=0 by y= — CAx, we obtain A"CAx=0. When all entries for conductances
arec=1,1.e., C=1, A"CAx=0 becomes A"Ax=0. The matrix A"A appears in the least squares

approximation (e.g., optimal solution, error minimization, and fitting a straight line)."” However,

8) See Strang (2009: 411) for an excellent introduction.

9) “Ax versus —Ax is a general headache but unavoidable” (ibid. 427). It is an unavoidable notational
issue. Physics and electrical engineering use the minus sign whereas mechanical engineering and
economics use a plus sign.

10) The least squares approximation is a mathematical method organized by Adrien-Marie Legendre (French
mathematician; 1752-1833) (Legendre 1806: 30-54 (an appendix to his book on the paths of comets);
Kamimura 2014: 136-174). “Least squares method” is a direct translation of French “méthode des
moindres carrés.” The graph Laplacian matrix A"A appears whenever we need to solve error minimization
problems. “You see A"A and A"CA in descriptions of the brain and the Internet and our nervous system
and the power grid” (Strang 2014: 423).

Ax= b may have no solution, i.e., » may not be in the column space of A or C(A). We solve the closest
problem AZ=p, where p is a projection of b onto C(A) (the “shadow” of b on C(A4)) and £ (“x hat”)
is the optimal solution closest to x. The distance between b and p is the error vector e. We want e to be
as small as possible. Vector e is minimal when it is perpendicular to p. £ is the optimal solution bearing
the minimum error (Kamimura 2014: 151). “Statistics chooses £ to minimize the least squares error”
(Strang 2009: 428). This is the reason why we use projection.

Consider 1-dimension. Suppose we had two vectors @ and b from the origin. We know that a is
theoretically predicted and correct, while b is obtained experimentally and incorrect. We want to know a
projection vector p of b onto line @ such that the error vector e (distance between p and b) is the shortest.
Vector e is minimized when it is perpendicular to @, which is some multiple of p of b onto a. Let p==za.
Pythagoras law is the key. Since £a+e=0b, e=0b— Za. Because perpendicular vectors make the product
zero, a* (b—za) =0, whichisab—za-a=0. We get £=(a"b)/(a"a), where a"b (row times column) =
a+b and a"a=a-a. Now let p=az. Since p=Pb=a(a'b)/(a'a), P=(aa")/(a"a). Note that a'a is a
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a “network needs power from outside—a voltage source or a current source—to make something
happen” (ibid. 427). Then, the KCL to solve is A"Ax = f for A"y=f. For a spring-mass problem,
Hooke’s law replaces Ohm’s law (Strang 2009: 410).

(7) Hooke’s law in words

(Stretching force) = (spring constant) times (stretching distance)

This is y=ce, where e stands for the elongation of a spring.

2.4. Graph Laplacian matrix—Minimization property
2.4.1. Three steps for solving a minimization problem

Let us see how we develop the graph Laplacian matrix A"A from the potential difference,
Ohm’s law, and KCL." Potential difference is e= Az, where A is the incidence matrix and z is
the potential (voltage) at a node. Ohm’s law is y= Ce, where y is the current on an edge and
C is the conductance of the edge. KCL is A"y=7f. KCL expresses “in equals out” at each node
and f is an external current source. By replacing y in KCL by Ce, we obtain A"Ce=f. By
replacing e by Az, we obtain A"CAx=f. This is the conductance matrix for the entire network.
If C=1, this is A"Ax=f. Strang presents the three-step vision of the A"CA framework for

steady-state problems in science and engineering.

Potentials z1, s, Ts, ... KCL
Ay=f
A'CA
Kirchhoff’s Voltage Law A Conductance Matrix A" ’|" Kirchhoff’s Current Law
(KVL) for whole network (KCL)
Potential drop > Currents
e=b—Ax Ohm’s Law y=_Ce
C

Figure 3: Three-step vision of A'CA framework

number, not a matrix. C(p) is a line. The rank is r=1.

Let us consider n-dimension. The projection p lies on the column space C(A). We solve p=AZ, where
Az is a point on C(A) closest to b. Since AZ+e=>b, e=b— A, which is perpendicular to all the vectors
ai ..., a, of the subspace C(A). The matrix with those rows a! is A". The n equations are
A'(b—Az) =0, which we can rewrite A"AZ=A"b (Strang 2009: 210). This means that the error vector
e=b— A% is in the nullspace of A" or N(A"). Multiply the both sides of A"A£=A"b by the inverse of
A'A, which is (A"4) . We obtain (A"A4) 'A"Az=(A"A) 'A"b. Therefore, £=(A"A) 'A". It follows
that p=Az2=A((A"A) 'A"b). Now we set p=Pb, where the projection vector p on C(A) results from
the projection matrix P acting on the wrong vector b. From p=Pb=Az=A((A"A) 'A'D), we obtain
P=A(A"A) 'A". Note that A"A is a matrix, not a number. Since P is symmetric, P=P". Since
projecting a second time does not change anything, P=P*. Theses are two crucial properties of P (Strang
2015).

11) Other names are Kirchhoff matrix, admittance matrix or discrete Laplacian. Pierre-Simon Laplace
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The potential drop equation is e=b-+ (—Ax) where e is the voltage sources (batteries) on
edges, and —Ax with a minus sign indicates voltage drop. A greater drop corresponds to a
stronger current flow. b and f are inputs to the network. Matrix A expresses the potential drop
and matrix A" expresses the force balance. Nature transposes the rows and columns of the
potential-drop matrix to produce the force-balance matrix. “This is the beauty of the framework,”

namely “that A" appears along with A” (Strang 2009: 412).

2.4.2. Reduction of three equations to one equation
Let us see how the system of three equations becomes two equations and the one equation.

We begin with three equations, as follows.

(8) three equations (three-field system)

e=b—Ax ........ @)
y=Ce ............ @)
=A% ®

Multiply both sides of @) by C ' (the inverse of C). We obtain e=C 'y. Substitute it into e

in @. We obtain C 'y=b—Ax. We have eliminated e. We now have two equations.

(9) two equations (two-field systm)

Since A'y=ris A'y+0x=f, we can describe the system in the block matrix form Aw=v as

follows. Matrices behave similarly to numbers in most respects.

™ 5

A w v

Consider how these three equations become one equation. Substitute e in @ into @). We
obtain y=C(b—Ax). Substitute this expression for y in 3). We obtain f=A"(C(b—Ax))
=A"(Cb—CAx) =A"Cb—A"CAz. We obtain AT"CAx=A"Cb—f. We have eliminated e and y.

(1749-1827) is a French mathematician, statistician, physicist, and astronomer. “The Laplacian matrix is
a discrete analog of the Laplacian operator in multivariable calculus and serves a similar purpose by
measuring to what extent a graph differs at one vertex [node] from its values at nearby vertices. The
Laplacian matrix arises in the analysis of random walks and electrical networks on graphs..., and in
particular in the computation of resistance distances. The Laplacian also appears in the matrix tree
theorem” (WolframMathWorld: http://mathworld.wolfram.com / LaplacianMatrix.html).
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(11) one equation (one-field system)

ATCAx=A"Co—f ...... O+@+®

In the special case in which /=0 and C=1, we have A”Ax=A"0. We obtain xr=A"0/A"A.

This is the least squares equation, which is used in statistics to minimize error. See footnote 10.

2.4.3. A"A=D—-W
To study the graph in Figure 1 as a network and its system balance, we need to solve a system

of equations with the graph Laplacian matrix A"A, as follows.

T T s T
x 3 -1 —1] —1
x, —1 3 -1 | —1
s -1 | —1 3 —1
i -1 —-1] —1 3

Table 4: Graph Laplacian matrix ATA (4 by 4)

The graph Laplacian is A"A =D— W. D is the degree matrix, and the number d; indicates how
many edges meet at node j. W is the adjacency matrix, and the number w; indicates whether
nodes 7 and 7 are connected by an edge (Strang 2007: 148). We describe A"A=D— W in the

general matrix form (12).

(12) [ 38 -1 —1 —17 [3 00 0] [0 1 1 1
1 3 —1 —1] l0300| |1 011
11 3 —1/ ooz ol 1101
1 —1 -1 3 looo 3 1110

ATA D W

The diagonals in D are the row sums in W. D— W shows zero row sums. Elimination yields

the U of A™A.

) Z2 Zs T
x 3 -1 -1 —1
Z 8/3 | —4/3|—4/3
s 2 —2
T

Table 5: U of A"A (3 by 4)
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The rank is »=3. The computation time using RMC is 0.029s. We have 0 in the last pivot
position. Since the determinant det is the product of pivots, det (A"4)=0."” Hence, A"A is not
invertible (solvable). We cannot solve for all four potentials, because the unit vector (1, 1, 1,
1) or a constant vector (c, ¢, ¢, c¢) is in the nullspace. That is, a nonzero solution vector x
satisfies A"Az=0, indicating that A"A has no inverse, as we prove in the next section. The
nullspace contains the solutions to Ax=0. The constant vector (c, c, ¢, ¢) represents a line in

R*. The calculation of the dimension is n—r=4—3=1.

2.4.4. Proof of Noninvertibility (Unsolvability)—A fundamental problem

The proof that A"A lacks an inverse is as follows. Suppose the matrix is invertible. Then, the
inverse matrix (A"A) ! exists and (A"A) '+ A"A =1, where [ is the identity matrix with 1s on
the diagonal. What is the solution to A"Au =0, where « is a vector solution? Let us multiply both
sides by the inverse. We obtain (A"A) "“A"Au=(A"A) '-0. Since (A"A) '“A"A=1I and
(A™A) '"-0=0, u=0. The solution » must be zero. However, there are infinitely many nonzero
solutions: the unit vector #=(1, 1, 1, 1) and a constant vector (c, ¢, ¢, ¢) both satisfy this
equation A"Au=0. This is a contradiction (a reduction to absurdity). Therefore, the inverse
matrix (A"A) ' does not exist (QED).
2.4.5. Matrix family—*“Simple and useful, absolutely basic”"

In addition, let us consider what kind of matrix A"A is. We consider whether the matrix is a
member of any of the four special families of matrices. The four families are as follows (Strang

2007: 1-5).

Kn Cn Tn Bn
Symmetric YES YES YES YES
Sparse YES YES YES YES
Banded YES YES YES YES
Constant diagonal YES YES NO NO
Invertible YES NO YES NO
Positive definite YES NO YES NO
Spring (edge)-mass (node) problem | Fixed-fixed | All masses connected | Fixed-free | Free-free

Table 6: Four special families of matrices

Matrix A is symmetric when A;= A, and A =A". A matrix is sparse when most entries are

12) A mathematician who first studied determinant is Takakazu Seki (Japanese mathematician; 1642 ?-
1708). Seki proposed a general theory of elimination. His work (Seki 1683) precedes that of Pierre
Frederic Sarrus (French mathematician; 1798-1861) about 150 years (Takeuchi 2010: 50-90).

13) Strang (2007: 1)
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zeros. Matrices become sparse as 7 increases. A matrix is banded if the nonzeroes lie in a “band”
around the main diagonal (ibid. 2). A matrix has a constant diagonal when all elements on the
diagonal are the same number. Such a matrix is linear time-invariant and “wakes up Fourier”
(ibid), i.e., the constant diagonal induces Fourier transforms.”” “It [the constant diagonal]
signifies that something is not changing when we move in space and time (ibid).” A matrix is
invertible when only the zero vector satisfies the equation Az =0, i.e., only the zero vector exists
in the null space N(A). A matrix is positive definite when all pivots are nonzero and positive.
Let us put sparseness and bandedness aside; they are irrelevant when » is small. A™A is
symmetric, has constant diagonals, and is not invertible, because N(A) contains a nonzero
constant vector (c, ¢, ¢, ¢), and is not positive definite (it is positive semidefinite), because a

zero is in the last pivot position, causing det=0. A"A belongs to the family C..

2.4.6. Grounding—A key for making the unsolvable solvable

Now, let us return to our original question. The graph Laplacian matrix A"A in Table 4 is not
invertible (solvable). How can we make A'A solvable? A'A can be considered to be
representing a system of springs and masses lying on a table. We cannot calculate the system
balance, because the reaction force neutralizes the gravitational force affecting on the system and
fails to activate the system balance. To calculate the internal force balance, we hang the graph
from the ceiling at one node, so to speak. Gravity shakes the system asymmetrically, and we can
calculate how the structure rebalances itself with S. As an example, let us hang the graph from
the ceiling at node (mass) x.. The node bears the potential (voltage) x,. We fix the node as a
support. The support potential x, becomes x,=0, because it is fixed (it does not move). An
electrical engineer would say that node x, is “grounded.” Now, gravity influences the network,
and the KCL to be solved becomes A'y=f, where /=S (the power from outside (the current
source)). S exits the grounded mass (node). However, it must enter some mass (node) to
maintain the balance (flow in=flow out). As an example, let us assume that S exits node x. and
enters node xs to maintain the system balance. That is, fixing some node as a support (in our
case, methodologically making the node potential x; to be zero) requires the system to find an
equilibrium (balance) point with the original nonzero potential of x. that must return to the
system somewhere (x; in this case). The conservation law of energy guarantees this. We
calculate the system balance by shaking the system with the returning source power. The

hanging network is expressed as in Figure 4.

14) Joseph Fourier (French mathematician and physicist; 1768-1830) found that certain functions are
expressed as an infinite sum of harmonics (Fourier 1822).
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T

_

X2 X3
Ys

Figure 4: The currents in a network with a source S from x, into node x;

The line from node z. to z; does not count as a new edge. The symbol ) indicates the current
source S. How does the network balance itself? How do we find the currents y, ..., ys on the
six edges at the time when the system balance and S are in equilibrium? To calculate the

currents, we need to calculate the potentials (voltages).

2.4.7. Reduced graph Laplacian matrix—Solving the minimization problem
The graph is no longer on the table. The network is now hanging from the ceiling at node x..
Power from outside changes the graph into a network that balances itself. Grounding deletes the

fourth row and column of A"A and gives us the reduced Laplacian matrix A" A i as follows.

x Z Ts
T 3 -1 | —1
T —1 3 —1
s -1 | —1 3

Table 7: Reduced graph Laplacian matrix A™A e (3 by 3)

Elimination reveals the U of A" reaueea.

z Z s
x 3 -1 ] —1
Z 8/3 | —4/3
s 2

Table 8: U of A" A e

A"Aonea 1 square. It is symmetric, has constant diagonals, is invertible (det=3-8/3-2=16),
and is positive definite, i.e., all pivots are nonzero and positive. Therefore, all of its eigenvalues
are positive.” It belongs to family Ks. The rank of A"A s is #=23. The computation time using

RMC is 0.251 s.
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2.4.8. Calculation of potentials at nodes
Let us solve the system to obtain the potentials at the nodes. We solve a matrix equation

Ux=0.

(13) 3 —1 —17[x 0
0 8/3 —4/3||xz|=]0

0 0 2 T3 S

U x b

The calculation is as follows.
(14) Calculation of potentials at the nodes

21‘3:8

8/3x.—4/32:=0

8/3x,=4/3x;

x,=3/8-4/3x,
=1/2-1/2S
=1/4S

3xi—x:—x:=0

3r1 =2+ x5

=1/3(x:+x3)
=1/3(1/4S+1/29)
=1/4S

The gross potential at the nodes is S.

15) An eigenvector is a special vector: the input and output go in parallel (same including zero and reverse)
directions. Total symmetry is preserved. When we have Ax=2A4x, 4 is the eigenvalue and x is the
eigenvector. Eigenvalue is used to study dynamic systems, e.g., growth systems where Fibonacci
sequence (F) appears, named after Leonardo Bonacci (Fibonacci) (Italian mathematician; 1170-1250;
Fibonacci 1202). When we add sisters that are two consecutive backbone numbers in a binary branching
structure, we obtain F=10, 1, 1, 2, 3, 5, 8, 13, 21, ...| on the backbone of the structure:
Lol GG LG0T (11T 0] (11 (111 [2]1[8]1]1 (511 [8]] .... If EPP is the engine feature for sentence
structure building, EPP connects with F, which appears everywhere in nature showing twist, curl, spiral,
and vortex. F is related to MC; a natural system grows efficiently. Consider Ax=Ax as (A —AI)x=0.
The key equation is | A —AI| =0, which is a condition for Ax=Ax to have a non-trivial solution: at least
one solution is nonzero.
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2.4.9. Calculation of currents on edges
Finally, Ohm’s law y=— CAx yields six currents. Assume that C=7 and x.=0. Let us

reproduce A.

ol x s T
U —1 1
Yo —1 1
Ys —1 1
Yi —1 1
Ys —1 1
Us —1 1

Table 9: Incidence matrix A of Figure 1 (6 by 4) (=Table 1)

The currents on the respective edges are as follows.
(15) Calculation of currents on edges

yi=—(1/4S—1/48)=0
Y= —(1/2S—1/48)=—1/4S
ys=—(1/2S—1/48)=—1/4S
y.=—(0—1/4S)=1/4S
ys=—(0—1/48)=1/4S
ys=—(0-1/28)=1/2S

The gross current force (system balance force) is 1.5S. Half the current flows on edge ys. No
current flows on edge y:. Flow on edges y. and y; is reversed. In a spring-mass problem,

—1/4S indicates that the spring undergoes compression, not stretching.

2.4.10. Nature distributes currents to minimize heat loss

The hanging network is expressed as in the following, where the internal balance force and the
external current source are in equilibrium. A node-circle area indicates the potential, i.e., the
double node area indicates the double potential. The current strength is expressed as edge
thickness. The thickness corresponds to the amount that is 10 times the current: 1/2S=5

points, 1/4S=2.5 points.

16) Strang (2009: 428).
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T

S

Figure 5: Network of figure 1 after grounding

Let us rotate Figure 5 to make it intuitively more comprehensible; the grounded node is

upward.

System balance (1.5S) “Gravity”

Figure 6: Hidden balance of the complete graph; The graph hung at node x,:
internal balance force and external current source are in equilibrium (balanced)

Nature distributes the currents to minimize the heat loss.!” The potential (voltage) at node
x5 1is 1/2S, which is greater than those at nodes x» and xi, which are each 1/4S. Recall that the
potential at node x, is grounded (fixed) as a support, z;=0. The system balance works in such
a way as to make half the entire current (1/2S) flow from node xs to x: (the fixed support). The
rest of the four currents are equally weak (each 1/4S). If this were a spring-mass problem, the
spring ys would be stretched with greater tension. The springs y. and y; are compressed with
weaker force. Both of them flow out from node xs, and the direction is reversed from the original
system in Figure 1. The other two flow into the grounded node x, and preserve the original
direction. Edge y, has disappeared. That is how nature distributes the currents to minimize the

heat (information) loss.

2.4.11. Network problem as a spring-mass problem
We see a network as representing a spring-mass system in which edges represent springs
(y.) and nodes represent masses (m.). The network in Figure 6 shares properties with the

following spring-mass system.
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m,=0 (grounded)

System balance (1.5S) Gravity

Figure 7: Network as a spring-mass system

Springs s, ¥s, and ys are stretched, while springs y. and y; are compressed. The tension force
of ys is maximum. The system finds an equilibrium point where heat (information) loss (error)

is minimum. Nature distributes currents to minimize energy loss (error).
3. Application

3.1. Calculation of balance of binary branching
3.1.1. Three steps for calculating the balance of binary branching

Let us consider the following English example, which is ambiguous.'”

(16) purple people eater
a. ‘eater of purple people,” or

b. ‘people eater that is purple’

The phrase is ambiguous. The following structure vields the interpretation (16a). We assign
smaller numbers to heads and projections from heads because they appear earlier in the

structure-building space.

®
3 4
® @
2 1 eater
@ @©
purple people

Figure 8: Directed tree of sentence (16) with “purple people” interpretation

17) Kevin Gregg provided the example for us (p.c.). A similar example from Japanese is as follows.
(i) vaseta roba-no kainushi
skinny donkey-GEN keeper
a. ‘keeper of skinny donkey,” or
b. ‘donkey keeper that is skinny’
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The following structure produces the interpretation (16b).

®
/ ‘R
@ ®
purple % \
@ @©
people eater

Figure 9: Directed tree of sentence (16) with “purple eater” interpretation

The both structures have the same incidence matrix. It expresses the topology or geometry.

Ol || ® |6
1| —1 1
2 -1 1
3 —1 1
4 —1| 1

Table 10: Incidence matrix A of Figure 8 and Figure 9

This matrix is already an upper triangular U. The rank is 7=4. When we use RMC to calculate
the matrix rank, it yields the same matrix as U with a computation time of 0.232 s."¥ The product
of the pivots is one. Therefore, det=1, which is the same as det of the identity matrix /. This
matrix is not invertible (solvable with a unique solution) because infinitely many nonzero

constant vectors (c, ¢, ¢, ¢) exist in the nullspace. The transpose matrix is the following.

—1

—1
1 1

@® 6

Table 11: Transpose matrix A"

A" is used in KCL, which calculates structure balance. The graph Laplacian matrix A"A is as

follows.

18) Second try: 0.011s.
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ORNOENONEONNG
® | 1 -1
©) 1| -1
® | —-1]-1| 3 -1
@ 1| -1
® -1 -1 2

Table 12: Graph Laplacian matrix A"A (5 by 5)

Elimination yields the U of A™A.

ORNONNONEONNG)
® | 1 -1
©) 1 | —1
® 1 —1
@ 1 | -1
®

Table 13: U of ATA (4 by 5)

The rank is r=4. The computation time is 0.023s. A"A is not invertible because the nullspace
contains infinitely many solutions (c, ¢, ¢, ¢, ¢), which form a line in R°. Det=0. Which family
does A"A in Table 12 belong to? This A™A is symmetric, sparse, and banded; does not have
constant diagonals; is not invertible, because (c, ¢, ¢, ¢, c¢) satisfies the system; and is not
positive definite, because we have zero in the last pivot position, resulting in det=0. A"A in
Table 12 belongs to the family Bs.

To make the matrix solvable, we must ground at least one node. Let us ground node (@) in
Figure 8, because it is a modifier (adjective) and not a head. Modifiers are optional, while heads
are not. Being optional indicates that it is grounded.” The potential x. of (2) becomes zero.
Grounding a node is similar to fixing a support in a spring-mass system, where nodes=masses,
and edges=springs. Before grounding, the graph is as lying on a table and the gravitational force
is neutralized by the reaction force of the table. After grounding, the graph is hung upside down
at node (2) and “gravity” stimulates the system balance of the graph. Suppose that S exits (2) and

enters (5), which is the entire structure. We want to know how the system-internal force balance

19) This is controversial. Graph theoretically, we can ground any node. However, Cy. is a natural object
and it is a physical fact that natural laws govern Cy.. We cannot say that anything is possible as long as a
contradiction does not arise, as in mathematics. We cannot ground heads, head-projection nodes and
arguments because they build the “backbone” of structures. In contrast, we may ground modifiers and
adjuncts because they do not contribute to the backbone building. Island problems containing wh-phrases
are less controversial. For English-type wh-questions, we can ground the original wh-copy because it is not
pronounced: no sound information is assigned to it in the sensorimotor system. For Japanese-type, we
need to ground the moved wh-copy. Many puzzles remain, however.
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and the system-external source force S balance themselves. The following shows the network of

figure 8 after grounding.

®
3 4
SO ® @
\ 7‘ >\ eater
©) @®
purple people

Figure 10: Binary branching network with external source power

In a sense, we are solving a spring-mass problem as follows.

Support (z,=0)
©) ©)
- %§
©) @
%% “Gravity”
Y

Figure 11: Network problem as spring-mass problem

System balance

How does the system balance the two forces and enter an equilibrium state? What is the
potential at each node? What is the current on each edge? Grounding node (2) causes column
(2 in A to disappear. Row (2) also disappears in A". Column (@) and row (2) disappear in A"A4,

which becomes a reduced A"A.

16 |® |6
@© | 1| -1
® | -1 3 —1
@ 1| -1
® —1] -1 2

Table 14: A" A vauced

A" A anea 1 invertible and not singular. Let us make A" A aees upper triangular (U) and calculate

the rank.
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Ol |® |6
|1 | -1
® 2 —1
@ 1 —1
® 1/2

Table 15: U of A™A vt

In the U of A™A e, node () is grounded. The rank is r=4. The computation time is 0.457 s.
All pivots are positive. Which family does A" A e in Table 14 belong to? A" A e 1S symmetric,
sparse, and banded; does not have constant diagonals, is invertible, because a nonzero constant
vector (¢, ¢, ¢, c¢) fails to satisfy the system of equations, and positive definite and det=1.
A" A e in Table 14 belongs to the family 7:. Let us solve the system of equations and find the

potential of each node.

(17) Calculation of potentials at the nodes

1/21‘5:5
;=28
x,—x;=0
x4:x5:28
21‘371'5:0
21‘3:1'5
1‘1:1/2'25

=S
r1—1:=0
X1— X3

=S

The potential at each node is indicated below.

K——. ®=2S
4

3
SO
S=®) ®=2S
\ / 1 eater
0= ™o @O=S
purple people

Figure 12: Potentials at nodes in binary branching tree
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The node potentials add to 6S. Ohm’s law y= — CAx yields the four currents. Assume
C=1 and x,=0. Let us reproduce A.

Ol || ®|6
1| —1 1
2 -1 1
3 —1 1
4 —1| 1

Table 16: Incidence matrix A of Figure 7 (=Table 10)

The calculation of currents on edges is as follows.
(18) Calculation of currents on edges

n=—(S—-5=0
y=—(S—0)=—S
y:=—(2S—S)=—-S
yi=—(2S—25)=0

No current flows on edges 1 and 4; hence, those edges disappear. Let us indicate how the
system looks in an equilibrium state. Let us represent the current 1S as 10-point arrow (ten

times the current); we keep the same ratio for arrows as we adopted in section 2.

®=2S
4
SO
® o-s @a-zs
2 1 eater
0= ® O=S
purple people

Figure 13: Network of figure 8 after grounding (heat loss minimized)

The gross potential at all nodes is 6S. The gross potential at nodes with current flow is 3S.
The gross current on edges y. and ys is 2S. Let us rotate the above figure 180° to make it upside

down; it is intuitively easier to comprehend the system balance.
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people purple (support x.=

S=0 @

J—

eater

25=0 @ OB

System
balance (2S) @ 28

Figure 14: Hidden balance of the binary-merge network; The graph hung at node (2):
figure 13 upside down—intuitively clearer

“Gravity”

No current flows on edges 1 and 4, because the potential difference (drop) is zero. Hence,
edges 1 and 4 disappear. If this were a spring-mass system, springs 2 and 3 are compressed by

2S. The entire system is pulled by 2S.

Support (z,=0)
S=0 @ * (2)=0

25=W . ‘ Gravity
System
balance (2S) 25=® .

Figure 15: Spring-mass system where heat loss is minimized

The springs are compressed by a force 2S (system balance). The whole system is pulled up

by 2S, which is two times stronger than the external source power (f=S).

3.1.2. Cu. does not obey the associative and distributive laws
Incidentally, Cu. does not obey the associative law. That is, ((purple © people)© eater) is not
equal to (purple © (people © eater)). We need two distinct structures that yield two different

meanings.

®

purple

purple people people eater

Figure 16: Cy. disobeys the associative law

A word has the head-final property universally. Binary branching structures can differentiate
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two distinct meanings in a natural and simpler way. A ternary branching structure complicates
the model. We need to distinguish two modifications, purple modifying people and purple modifying

eater, in a single structure.

purple people eater

Figure 17: How can ternary branching structure yield two meanings ?

Can we say that Cu. activates edges 1 and 2 (purple modifies people) to yield the “purple
people” reading, while Cy. activates edges 1 and 3 (purple modifies eater) to produce the “purple
eater” reading? It is not clear what causes the difference in the activation. Furthermore, the
example (16) cannot mean “both the people and the eater are purple.” This indicates that Cu,
does not obey the distributive law. That is, purple (people © eater) F purple people © purple eater.

We leave this issue to future research.

3.2. Calculation of balance of ternary branching
3.2.1. Three steps for calculating the balance of ternary branching
Let us next calculate the balance of a ternary branching structure. Suppose that Ci produces

a ternary branching tree for the same example in (16).

@
1 3
2
purple people eater

Figure 18: Ternary branching structure

Let us tentatively assume that Cy. activates edges 1 and 2 (purple modifies people) to yield the
“purple people” reading, while Cy. activates edges 1 and 3 (purple modifies eater) to produce the

“purple eater” reading.”” The incidence matrix is as follows.

1 —1
2 —1
3 —1

ORECEECRRS
1
1
1

Table 17: Incidence matrix A of Figure 18

20) The ternary branching structure faces a puzzle as to why Cu. cannot activate all edges simultaneously.
It is a physical fact that the natural object Cy.. does not allow such activation because the relevant sentence
lacks the reading “both the people and the eater are purple.”
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This matrix is already an upper triangular U. The rank is r=3. RMC performs rank calculation

to yield the same matrix as U with a computation time of 0.19s. We transpose A.

1 2 3
—1

—1

®® |6
!

1 1 1

Table 18: Transpose matrix A*

The graph Laplacian matrix A"A is as follows.

Ol |®
1 -1

1 —1
-1 —-1] —1 3

® 6

Table 19: ATA (4 by 4)

This matrix is singular (unsolvable) because the nullspace contains infinitely many solutions

(¢, ¢, ¢, c). The U of A"A is as follows.

Ol 6|®
©) 1 -1
©) 1 -1
® 1 | —1
@

Table 20: U of ATA (3 by 4)

The rank is r=3. The computation time is 0.013s. Which family does A’A belong to? A"A in
Table 19 is symmetric, sparse, and banded; does not have constant diagonals, is not invertible,
because det=0 and infinitely many nonzero constant vectors (c, c, ¢, c), i.e., a line in R*, satisfy
the system, and is not positive definite, because we have a zero in the last pivot position, resulting
in det=0. A"A in Table 19 belongs to the family B..

To solve the system, we need to ground at least one node. Let us ground () because it is an
optional modifier and not an obligatory head. A modifier can be deleted, while a head cannot. The
potential at node (D becomes zero. Therefore, z;=0. Assume that the external source power

exits node O and enters node ().
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@

s@\ 1 \
2
@ ®

purple people eater

Figure 19: Ternary branching network with external source power

In a sense, we are solving a spring-mass problem as follows.

Support (z,=0)
@ ©)

®
System balance / “Gravity”
fQ
N =

Figure 20: Network problem as spring-mass problem

How does the system balance itself? What is the potential at each node when the system is in
equilibrium ? What is the current on each node? Grounding node (D causes column D) in 4 to
disappear. Row (O also disappears in A". Column @ and row (O disappear in A"A, which

becomes a reduced A"A.

@ 6| ®
@ | 1 -1
® 1| -1
@ | -1]-1] 3

Table 21: A" A e

A" A eaces 18 10 longer singular. It is invertible. Let us perform elimination to make A"A e

upper triangular (U) and calculate the rank.

@ 6| ®
@ 1 -1
® 1 | -1
@ 1

Table 22: U of A" A i

In U of A*A i, node @ is grounded. The rank is r=3. The computation time is 0.418s.2"

21) First try: 0.41s, second try: 0.411s, third try: 0.418s.
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All pivots are positive. Det=1. Which family does A"A.ua in Table 20 belong to? It is
symmetric, sparse, and banded; does not have constant diagonals; is invertible, because det=+0
and no nonzero constant vector (c, ¢, ¢, ¢) satisfies the system; and is positive definite, because
all pivots are nonzero and positive. A"A e in Table 20 belongs to the family 7. Let us solve the

system of equations and find the potential of each node.
(19) Calculation of potentials at the nodes

;=S

The potential at each node is indicated below.

/_\. s

SO 1 T 3
L 2

0= ® @=S @ B=S
purple people eater

Figure 21 : Polentials at nodes in the ternary branching tree

The node potentials add to 3S. Ohm’s law y= — CAx yields the four currents. Assume

C=1 and 2,=0. Let us reproduce A.

1 —1
2 —1
3 —1

Ol |6 |®
1
1
1

Table 23: Incidence matrix A of Figure 16 (=Table 17)

(20) Calculation of currents on the edges
yIZ*(S*O):*S

y.=—(S—S)=0
ySZ*(S*S):O
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There is no current on edges 2 and 3; hence, those edges disappear. Let us indicate how the

system looks in an equilibrium state.

/\.@:S
1

SO 2 3

0=D e ®02=S @O=S

purple people eater

Figure 22: Network of Figure 18 after grounding (heat loss not minimized)

Let us rotate the above network by 180°. We can see the network as a spring-mass system

with internal balance force that balances the system with external source power.

eater people purple
S=0@ S=0@ e D=0
System ﬁ “Gravity”
balance (S) 3 2 VS

s:@.__l/

Figure 23: Hidden balance of the ternary-merge network; The graph hung at node D:
Figure 22 upside down-intuitively clearer

The gross potential at all nodes is 3S, which is half that of binary branching. The gross
potential at nodes with current flow is S, which is a third of that of binary branching. The gross
current on edge ¥, is S, which is half of that of binary branching. No current flows on edges y. and
ys because no potential drop exists. Hence, edges 2 and 3 disappear. If this is interpreted as a
spring-mass problem, spring 1 is compressed by force S. The entire system is pulled by current
S, which is half of that of binary branching. In terms of the potentials at nodes with current, the
binary branching contains three times greater potential as compared to ternary branching. In
terms of current on edges, the binary branching contains two times greater current as compared
to ternary branching. More energy is preserved in binary branching. Heat loss is minimized

there. This corresponds to a spring-mass system as follows.

(1=0) Support
| J©&) | JO) e

System Vf

balance (S) Gravity
@

Figure 24: Spring-mass system where heat loss is not minimized
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The spring is compressed by force S. System-balance force S pulls the entire system. Recall
that a binary-branching system contains the internal balance force 2S, which is two times
stronger than that of ternary branching. More energy (heat or information) is preserved in a
binary-branching network. Information (heat) loss or error is minimized in the binary branching

system.

3.2.2. Binary versus ternary branching—How do they differ ?
The following table summarizes the distinction in terms of rank calculation, (computation)
time, (gross) potential after grounding, (gross) potential at nodes with current, system-balance

force (gross current on edges), and information (energy or heat) loss (error) minimization.

U4) U (A" A retneen)
p ; " Potential after | Potential at nodes EZISa tzz Information
ime ime . .
d th t 1
Rank (©) Rank (©) grounding with curren force oss (error)
2 nary 4 0.232 4 0.457 6S 3S 2S More minimized
3nary 3 0.19 3 0.418 3S S S Less minimized

Table 24 : Cost balance in binary versus ternary branching system

The rank of the binary system is larger than that of the ternary system. The computation time
for elimination of the binary system is less than that for the ternary system.”” The gross potential
(voltage) at nodes of the binary system is two times greater than that of the ternary system. In
terms of potential at nodes with current, the binary branching contains three times greater
potential than ternary branching. The system-balance force (gross current) of the binary system
is two times larger than that of the ternary system. A binary branching structure has two levels
hierarchically, whereas a ternary branching structure has one level. Two heads are better than

one, so to speak. More information is conserved in the binary-merge network.

3.2.3. Minimization of information loss as minimal computation
Respecting the minimal computation (MC) principle, which may be a member of natural laws
such as the principle of least action, inertia law (Newton’s first law), and the conservation law,

nature selects the binary branching tree as the building block of network formation in Cy..**"

22) One prediction is the opposite, i.e., a binary branching network should show faster elimination, because
the relevant computation is efficient (less costly). Costly computation requires more computation time.
However, the computation time we obtain from RMC might contain coincidence (Andrew Shishkin (p.c.)).

23) For the hypothesis that Cy. obeys MC, see Chomsky (1995, 2005). Study of any growing system,
including Cu., considers three factors (Chomsky 2005). The first factor is environment (input data), the
second genetics, and the third natural laws. MC is the third factor. Chomsky attempts to reduce the Cu
phenotype to the third factor. If possible, biolinguistics will be integrated into physics. Both fields must
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We have graph-theoretical and physical reasons for concluding that the syntactic operation merge

is binary.

(21) Graph-theoretical and physical reasons for binary merge
Information loss (error) is more minimized in a binary branching network than the error in

a ternary branching network.

A binary branching structure preserves more information (heat or energy) than a ternary
branching structure. A binary branching structure obeys the conservation law. Information (heat
or energy) loss is minimized in a binary system. Error is minimized there. Cu. chooses a binary

system because it minimizes information loss (error). Cu. obeys MC.
4. Conclusion

We provided a linear-algebraic (graph-theoretic) proof that information loss is minimized in a
binary branching network. Nature distributes the currents to minimize information loss. Nature
distributes the currents to minimize error. Nature created the human brain, and Cy. exists in the
human brain. A natural object Cu. obeys MC and chooses a binary system rather than a ternary
system. We provided linear-algebraic (graph-theoretic) and physical reasons for concluding that

the syntactic operation merge in Cy. is binary, not ternary.
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