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The Optimum Allocation of Continuous Crustal
Deformation Observatories
By
Michinori Kubota

National Research Center for Disaster Prevention, Japan

Abstract

The optimum allocation of observatories for continuous crustal deformation
measurement is determined by means of zero-one integer programming. The
objective function in this problem is the number of earthquakes detected by at
least one observatory, and the constraint is the number of the observatories. The
optimum allocation is obtained by maximizing the objective function subject to

this constraint. This method is applied to Japan islands.
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Detection matrix for a simple
example. Both the numbe or the
earthquake occurring places and
that of the allocation places for
sensors are five. The columns
represent the earthquake occurr-
ing places, and the rows repres-
ent the allocation places for sens-
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Fig. 1 2°x2" mesh map of the Japanese islands. The numerals in the
map show the mesh numbers. The numbers 1~23 show the
earthquake occuring place and also the allocation places for the
continuous crustal deformation obhservatories. The numbers 24~
35 show only the earthquake occurring places.
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Detection matrix in the application to the Japanese islands. The
columns represent the earthquake occurring places, and the
rows represent the allocation places for the continuous ctustal
deformation observatories. If the earthquake occurring in ¢
place can be detected by the observatory (set) in 7 place, (7, 7)
element of the matrix is one, otherwise zero.
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Fig. 2 Epicenters of earthquakes (6.6<M=<7.5, k<60km) in and
around Japan during 1926-1967. (JMA, 1958, 1966, 1968).
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The optimum allocations of the
continuous deformation
observatories in the application
to the Japanese islands. L denotes
the number of the continuous

crustal

crustal deformation observatories.
The places in the map correspon-
ding to the numbers in the table
are shown in Fig. 1.
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PRI 4 2 do b FI BT & 2 B lil 8 > FORTRAN 7w 75 4, RUUEETFI% 8
&% FORTRAN 7 r 75 4,

18 1

1
2
3
b
5
6
7
8
?
C

1
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
&)
32
33
34
35
36
37
38
39
40
41
L2
43
44
45
46
47
L8
L9
50
51
52
53
54
55
56
57
58
59
60
61
62
63

ce
£c

600N

310

110

1000

50
500

6100

9999

(VL - PR WY

SYSTEMATIC EXHAUSTIVE ENUMERATION FOR COMMUTATION NUMBER
SYSENLU 9/18=1979 #,K

NIMENSTON IX(¢100),71x¢100)

=gl

12029999949

nop 9999 [1=1,7

1o=11

“RITE(6,6000) LOQ

FORMATCIHT#//415)

{=N=L0

41=N=1

L1=L+*1

no 100 1=1.L

rxer)=1

no 101 1=L1,N

IXx¢([)=0

60 TO 1000

CONTINUE

n0 110 K=1.n81

T10=IXCKY#T10+0XCK*+1)

TFCL10,NE.1Q) GO To 11D

IX(K}=0

IX(K+1)=1

TF(Ks LEL2) GO TO 1000

TA=IX(K=1)

IFCTALEQG.Q) GO TO 1000

K1=K=1

a0 200 J=2,Kk1

IB=1X(K=J}

TFCIBLEQLT1) GO TO 200

Jhe)=1

no 300 J1=1,4A

Jd=K=y+J1

IXx(Jdr=0

N0 310 J2=1,J4A

1X(J2)=1

GO0 TO 1000

CONTINUE

G0 T0 1000

tONTINLUE

0 10 9999

rocMTINUE

TZ=1XCAIwIX(SI*CB50wIX(3)+¢100)+1450+XC6)+1250«[X(7)#X(8)
FIXCIYHIXCI0 % (25042001 xC11) Y+ 1425« 1x€C10)1%(11)
HIXCT1E)#IX (15 (3004 IXCIT)+150%1X(16))
FIXCTO)wIXCI7IHC100+IXC15)+4500)
#IXC20) 01X (210 %200« XC19)+500%1X(22))
+100*IX(21)*11(22)0300*lx(23)+150-11(8>+725*1x(i1)

TFCIZ.6T,120) GO T0 10

120=17

121=8550=120

no 500 K=1.nN

TFCOIXCKY ,EQ,0) GO TGO 50

11Xx(K)=Q

60 TO 500

1I1x(¥)=K

rONTINUE

WRITECE,6100)C1Z1,¢T1IXCK)pk=72N))

FORMATC1H0»2015)

60 10 10

CONTINUE

STNP

END
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1 re DITECTION AATEIX FOR S PTII0]ZATION
2 FOMMON/COMF LW/ FLaFuaDleN?0tDaUSeXaYpCoSaC2,57,5CrSC2+503
3 POMMON/COMT LU 112 pt 2V 2222011310013 2
4 FIMERSTON SPL100.2),F 007 22)  I0MCI00,000)
5 SIMEMSIUH 16¢1C0, 1048 ,0650100)
6 FEADCRAS000) p9eR
P Sna% FORMAT(218,712.5)
B BEALCSAST100)CSHCT 1) 28001 22) 01200
9 5907 FORMATCIOFR, 2D
1w PEADCS STUG) CECTAT) L E 1 ,2),1=21,t)
1 SFEAD(SA3005) DFGeFL,Faridens
12 3N0% FOFMAT(SFID  4)
13 SE=T1.0F=08
14 PATE3,14159265358979
15 p=PAl/180,0
16 TH=DEG*P
17 S=SIN(TH)
18 r=C0SCTHD
19 n1=30,0/84Fy /2,0
20 n2=Dl=lw
21 JRITECA,/000)
22 6007 FORMAT(IHT#8Xs3HDEG,BX, 2V FLaRXp2UF I 8X22H01sR8Xs2HD2 25Y 220 UN,
23 1 BXep2nUS)
24 JHITELG,6100) DEGaFL#AFi 2" 1,D2,UDA0S
25 6100 FORMATC(S%X,7F10,4)
26 CRITE(6,6950)
27 6857 FORMATCIWOASX e THX 20X et ¥ rQxrd3hUl 1o 12xe3HI 12,122,302,
28 c 12X e3HUL2,12Ke301037 172X, 3H132)
29 r2=Cau?
30 92=54%2
31 sc=S/¢
52 §C2=SC4%?
33 SC3=5C2+5C
14 r0 100 K=1.1
35 no 200 J=1.H
36 THI1=E{K,1) P
37 TH2=SP() 1) %P
38 FIT=sE(K,2)+P
39 Fr2=s5pry,2)*p
L0 X=(THZ2=TH1)*R
41 YARCOSCTH2) *A0S(THZI*CaSEFIT=F12Y+SIM"CTH2)&SIN(TH?)
42 AASACOS(YA)
43 Y1=ABS(R*AR)
b IFCFI1=F12) 10,119,112
45 10 Y==Y1430.0%C/S
L6 11 Y=30.0%C/s
47 12 Y=Y1+30,0+C/8
48 fALL STILTF
4“9 AUZT=ARSCU3T)
50 AU3Z=ARS (13 2)
51 AUTT=ARS (11 1)
52 AlJ22=AR5C22)
53 TFCAU3T,GE,LSED Gr T 20
54 TFCAU32,GELSEY Gn 1o 20
55 1F{AUTT QFELSEY G Tn 20
56 1FCALUZ2.GELSED Gn To 24
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&0

109
110
111
112
113
114
115
114

rg

rann
2098

61119

4200
154
104

6507

300

101

21
151

144

2000

[ESrBh BRI« v & - BP0 5235 19804E 3

I0M(J-K)}=0
GO0 TO 200
1DMCJ K=
WRITECSH,7000)X,Y U1 U12,U21,022,U31,032
FORMAT(2F10.4,6E15,7)
FOMTINUE
WRITECH.6110) K
FORMATCIHO,13)
DO 150 1=21.N
IFCIDMCI»K)LEQ@, 1) GO TO 40
Go 10 150
WRITE(6,6200) 1
FORMAT(2HOL1013)
CONTINUE
CONTINUE
RYITE(6,6500) CCIDMCIsK) pdmT1aN) o K=1,M)
FORMATCIHOL2314)
L=5
1E2*M+
PO 300 I=1.1
166¢13=0
FOMTINUE
16CCIY=L=N
n0 101 J=1an
16¢T242=1
fONTINUE
nO 110 J=1eM
16C1#J+N)=0
rOMTINIUE
BRE R
ro 120 K=leM
K1=2%K
no 130 1=1+n1
1GCKT,1)=0
16¢K1+1,13=0
fONTINUE
rOMTINUE
ro 140 K=1sm
161=0
v2=2*K
n0 151 J=1sy
TFLIDMCU . K) JEQ,1) GO TG 15
50 TO 21
FONTINUE
16(K2sd)==1
16tK2+1,0)=1
1G1S1DMCJ,K)+ 1G]
rONTINUE
JFCIG)LLELQ) GO TO 140
T6R(K2)=1GT=1
LEEN4K
16¢K2,NKY =1
16(K2+1,NK)==1G1
CONTINUE
ARITE(6,2000)CIGCCK) pCI1GLIK, ) pd=1oNT1) k2T, M)
FORMATCIHQA201062
PUNCH 10002 C16CCK) , (CTG(K2IIpd=TaNT ) k=1,M1)
FORMAT(2014)
5T0P
END
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SURROUTINE STILTF
COMMON/COMFLW/FLAFu,NT1,02,000USeXeYsCrSs02,82,5C,8C2+5C3
COMMON/COMTIL/U112012,1:2701022,U31,41)37

NIMENSTON XSCA)wDSC4) 1 1IDCL),UT2DC4) 21210 ¢4 #1220 CH) 2 UBTINCL)Y,
1 U32DC4),UN1SCL),10125€4)20218Ch)»1225¢4) ,131S(4)»0325¢4)

i
© 000N O N B R -

REAL K
PAI12=3,1415926535R979%12,0
xS(1)=FL
x§(2)=~FL
L YS(3¥=FL
11 %5 (4)==F|
12 nst1)=D1
13 nst2)=n1
14 n§(3)=02
15 nS(4)=D2
16 N0 300 I=s1.4
17 xA=XS(1)
18 n=ns{1)
19 YA=D*(C
20 2A=D+*§
21 XXA=X=XA
22 YYA=Y=YA
23 XXAZEXXA2u2
24 YYBR2=YYA®u?2
25 ZA2sZ A%
26 R2Z=XXAZ+YYA2+242
27 R=$QRT(RZ)
28 R3I=R*R?
29 RR=Y*§
30 RRR=Yx(
31 RRZ2=RR* %2
32 RD=RRR~D
33 RD2=Rp*%2
34 RXASR+XXA
35 RRD=R+RD
36 RMRD=R=RD
37 RZA=R+ZA
38 H=SQRT(RR2+RD2)
39 K=SQRT{XXA2+RR2)
40 RZAC=RZA®RIA
41 RXAZERXA®RXA
42 RRD2ERRD*RRD
43 RMRDZZRMRD*RMRD
b4 CC=C(H*ZA) *(RHH) ) w2+ (XXA®YYA) W #D
45 R1=(R+H)* (RR&S+RD¥C)/H
46 R2Z=(H+ZA)# (YYA/R+(RR*S+RD*()/H)
47 E1sYYA*(H+ZAY*(R+H=XXA2/F)/CC
48 E2SXXA#({H*ZA)*#(R+L)=YYA*(RI+B2))/CC
49 AAS(XXA#RD*C) #4 24 (RD¥K#S=(K=RRaCI*(R=K))Iws?
50 F1SRDeCa{XXA2*(RDO*GmR+k=(K=RR*CI*(K/R=1,0))/k
51 1 =RD*K*5+(K=RRuCI%(R=K))I/AA
52 F2=XXA*XROWC WA (K*C*S5+ (RD#RH4S2=(RR=KaL) ¥ (H=K)*S
53 1 ~(K=RR#C)*#(K*YY A=RR«R*G)/R)/K
54 1 +Cx ((KaRR*C)*(Ha=K)/RD=K*8))/AA
55 AB=(RR*RI *# 2+ (XXA®RD) #4 2
56 G1=RRARD* (RaXXAZ2/R)/RA



300

L
c

G
C
o
t
c
C

C
o
p
¢

C
¢
C
c
C

c

EAr B SRR T« v & —TPERRE  H23% 1980453 A

G2=XXA*(RA*R*«C=RD*«(RP*YYA/R+R*5))/BA
U110C]) =T, 0exXA*(YYA*xSa(1,0/RZA2=2,0/R2)
~Cu(1.0/RZA+2,0%Z2A/P2)+(1,0/RZA=S/RMRD)/CI/R
L12DCI)=3.0u(¢S*(2,0/R=1,0/RZAY+YYA4(YYA+Sw(1 0/RZA2=2.0/R2)
“CxC1.0/R2ZA+2,042A/F2)+(1,0/RZA= SIRMRD)/C)/R)
21001 =3,045%((ReRZA=xXA2)/(R*RZA2) |
-2, 0*YYA29(XXAi(P+RXA)<R?)/(P3'RKAZ)}
=3, 04%C* (2, 0% YYA*2A% (¥ XAK(R+RXA)*+R2)/(RIaRXAZ) ‘
»2.0!51-3.n~o1>+ﬁ.0ir1fc |
W22DC1)=3,08YYA*SH(=XXA/(R4RZA2) |
+2.,0%¢(2.0#R2*RXA=YYAZ*(R4RXA))/(R3I*RXAZ))
=3.04C*(=2,0%ZAN(RZ*FXA=YYAZ* (R+RXA) I /CRI*RXAZ) |
+2.0%E2=3 , 0D%G2)+6 , Cufl/C
H3IDCI)=, 0a(Sa(2,0aYYa*2pa+ (XXAR(R+AXAI+R2)/(RI*RXAZ) |
~2,0%E1+3,08G1)42,0#ZA24C*(XXA*(R+RXAI+R2)/(RI*RXA2)) {
32001223, 04 (S22, 0%ZAs(YYA2A(R*¥RXA)=RZ#RXA)/(RI*RXA2)
=2,04«[2+3,0%G2)
42, 0%7424C*YYA* (R*RXA)/(RI*RXAZ))
11502 0%Rk*((R2*RFD=XXxA2*{R+RRD))/RRD2
=2,0%(R24RMKD=XXAZ*(R+RMRD))/RMRDZ2) /R2
=3.0%SC*(R*FZA~xXA2)/RZA2)/R*E, 0% (G1=5CZ%F1)
U125C1)=(2, 0% XXAX((R2¥PRN*G=RR*«(YYA+(R+RRDI+R2*L)) /RRD2
=2, (% (R2*AMRD*S=RR* (YYA4 (R+RMRD)=R2*C) ) /RMRD2) /R2
+3, 0% XXA*RYYARSC/RZAZ)/Reb6,00(G2=5(2*F2)
H21S(lJ=X:A-(S*(S.F-S/(RZA*CZ)-T.0/RRD-(1.0*S.O*SCZ)IRMRD
=2,04PR2*((R+RRD)Y/RFD2=2,0%(R+R¥RD)/RMRDEZ)/R2)
+3, 0% (YYAXSC/RZAP=2,0+RR*C/R2)I/R
122SC1y=(S* (3, U*S*YYA/(RZA*C2)=C(YYA+R*C)/RRD
=(1.0+3,0%SC2)*(YYA=RAC)/RMRD#+2 0#RRa((2,04R2*RRD*S
=RR*(YYA®» (R+RRD)+R24C)) /RRD2=2,04(2,0%R2*RMRD*S
=RR*(YYA® (R+RMRD)=R2*L))/RMRD2) /R2)+3,0%(2,0#Ch(R2*S
=RR*YYA) /R2=SC*(R*RZA=YYAZ)/RZAZ)I)I/P
U31SCIy=XxA»(C*#C1,0/RR+¢1,0+43,0%SC2)/PHRD=3 0+S/(RZAC2))
~RR* (A, 0x5=2,Neppe(L*RDY/RRD2
+4 JO%RRR¥S*(R+RVRD) /RYRD2I/R2)/R
U3Z2SCII=(C* (CYYA+RAC) /FRI*(1,0+3,045C2)%(YYA=R#C)/RMRD
=3 O0RYYARS/(RZA®CZ)I)I+ (6, 04S*(R2xS=RFaYYA)
=2 O%RR*C*{2 N kR2*RFD*S=RR*(YYA*(R+RRD)+R24(C))/RRDZ
44 DaRR*S+ (2, NR2ARIROMC=RRR*(YYA* (R#RMRD)=R2*())/RMRD2)
/RE)/R
robNTINUE
112U 0C1)=011D¢2)=011D(3)+UT1D (A ) *UD
+(UT1SCTY=Ur18¢2)=U118¢3)+UT1SC4))*US)/PATT2
12= U120 C1)=120(2)=012D¢3)+U12D (L)) wUD
+(125¢1)=U125(2)=U125(3)+U125C4))+USI/PATT2
21=CCU21pC1)=0210¢2)=1.210(3)+U21DC4) ) %UD
+(U218¢1)=u215¢2)=u21s(3)+U215CL))*US)/PALT2
422=0(U220C1)=U22D¢2)=L22D(3)+U22D (L)) wUD
+(U225(1)=U225¢2)=U225(3)+U225(4))*US)/PALT2
H31=C(U3IDETIY=U310¢2)=1:31D¢3)+U31D(4))*UD
+(UT1SCT1)=U315C2)=u315(3)+U315CL))*US)/PALT2
U32=sC(U320C1)=U32D¢2)=U32D(3)+U32D(4) )" YD
+(U325¢1)=U325(2)=U325(3)+U325(4)2*US)/PATT2
RETURN
END



