


















































































































































































































































































































































































































































4. Concentrating the load in the increment of length in calculating
critical speed,

5., Using Rayleighr's methed to calculate critical speed,
The error due to 1 and 2 preceding may be evaluated as indicated on Page 8.
The errver due to 4 may be minimised by taking small increments eof imch (Ax),

The errors due to 3 and 5 may be reduced by recalculatiag the critical speed
using the inertia forces as loadg (4)

|
W = y cl - W

Then calculating a second critical speed valus

Ny = 1877 [T 0,0,
1%, %2 i

Subscript 1 refers to valuss in the first calculatien and subscript 2 rafers te
values in the second calculation,

Note that W,; is used in the calculation of léz since the kinetic energy is a

function of mass while potential snsrgy is a fumction of the inertis forcs,
ters t ed

There are other factors affecting critical speed swuch as shear deflectiom, (3)

end (53), gyroscopis effects, (2), (3), and (6), bearing lemgth (3), and bearing

flexibilicy (3). Bearing support and ofl film flexibility may be accewmted fer
by adding the bearing deflectionm to the yg in the calculation of critical speed,
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TABLE 1 -« EXAMPLE CALCULATION - PART 1

(Incliding external loade without mass and with normal direction of loads)

Ax = 4 inches - Bearing No 1 at & = 4 « Bearing No 2 at 8 = §

O

1 ]2 3 4 5 61 7T 8 10 11 12 13 | 14
"4y ("2 im | s Ve, ere |, Sps | s - ey | Pes
Jin [ #/in | #/in ng 7 1inibs | wniCs. psi| in-ibs psil pel
0.5 =t i 0 0
%0! =70 490 l-210 | <70 -140
1.5 280 | -560
2,0 ~144 1-864 (-288 [-144 -1408 563 [26300 0,20 [5260 [5261
2,5 | -856 | -2832
3.0) =4 |20 |- - -4552 730126300  {0,08 (11201130
3.5 ! -872 | 6288
40| -6 |-16 1 0 | 32 -7348 1175/26300 |0.08 (1120|1138
4.5 496 | 7040
50| <4 |-12 44 | w4 . {-6166 986/26300 |0,08 [1120{1132
5.5 i % : 480 | -5088
6,0 =4 18 Les | - -4136 66126300 {0.08 11201128
6.5 P 464 | =3200 |
10 4 {4 w2 - ! ~2280 365/26300 [0,08 (11201122
7.5 | | a8 -1376
8,0/ =2 10 |48 | -96 672 278{ .6300 10,20 52605260
8.5 64 | -352
9,01 -2 {42 {410} -2 | -228 91 {26300 10,20 52605260
9,5 s6 | 112 | ‘
10,01 =14 [+28 | +84 % -14 -28 11 | 26300 |0.20 52605260
10.5 i 0 o !
.gggggi =252 «1384 : «376' 0 |

Ty =+ 346 #/in, x, = - 9 #/in,
Ry = 1384 1bs Ry =~ =376 lbs,
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TABLE 2 - EXAMPLE CALCULATION - PART 2

(Bxcluding external loads without mass and with loads reversed between bearings)

[Ax = 4 inches - Bearing No, 1 at 8 = 4 - Bearing No, 2 at 8 = §

1 2 135 T[& 5 % 77 % 9 10 VR O
s ! ; El., - IO s ye H‘y.
L mg w | W Ws| Veek! Maatn |x 10% | x10% | x10® |x10% | x10%
¥/in | #/Tn | #/in | #/in [ & 1 #  Tin-Tbs | paf | red, | in, | in, [#/fn |
00
0.5 0 0 0
1,0 {=70 | =490 | =210 | -70 | -280 1000 -17{-1154| 3240} 3740
1.5 -280 -560 -75
_z_,_g_hu. -864 | =288 | -144 | =576 1000 49| -634| 3650{ 2320
2,5 | -856 | -2832 -677
3,01 <4 -20 <4 | <4 | =16 360 -202] =235 38 9
3.5 -872 | -6288 5717
3 E
{ k
4.0 4 .16 0] 330, -16 360 -519 0 0 0
4,5 448 | 7136 13937
50 4 12 % 4 16 360 -966] 105| 17 2
?,
5.5 464 | =5312 -20887
6.0 4 8 8! 4 16 360 -1497] 126 20 3
6.5 480 | -3424 26067
2,01 4 41 =121 4 16 360 -2086| 89 14 1
7.5 496 | 1472 -28832
8,01 -2 0 8| -108] -8 108 ~2726 1 0 0
8.5 64 -352 -31692
9.0 =2 2 10 -2| -8 108 -3378] 99 8 1
9.5 56 -112 32525
10,0 | =14 28 84 | 14| =56 360 -4030{ =200 28] 56
10.5 0 0 32567
TOTAL-288 | -1336 | -424 7015 613{:\
ry = 334 #/in ; v, =w-106 #/1in
N, = 187.7, /7013 X 10 = 6430 rpm
*
?13.2 x 10° )32 Page 17
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CRITICAL SPtEDo STRESS' AND BEARING REACTION CALCULATIONS

SRS ——————

FOR A GENERAL SHAFT USING NUMERICAL INTEGRATION

% 9 3% 9 3 % 3% % % %

PROGRAM DO:S NOT INCLUDE A TRACt ROUTINE

NO SWITCH SETTINGSN -
e e e T;;E;_;:i_m;;**;uwﬂ,ﬂu )
) x%x% DIMENSION STATEMENT B
T D‘I»;l;NgrmTIb;’)l.b( 121,002
_mc ##%% INITIALIZE ARRAYS AND sums LOCATTSKgUHWWWT"wmm
50 DO 51 K=1,102 -
 AKI=040 i )
_ B(K)=040 »
51 C(K)=040 o
SUMA=040
SUMB=040 *
SUMC=040 )
"""""""" ¢ %% READ IN EXTERNAL LOADS -
60 READ  »10sWLsIlsW25120W3513sWhs 14
R TErTre o
ACK)=W1
K=12+1 i ”
A(K)=w2
k=134l
 A(K)=W3 ’
K=l4+l o
e
IF (10)605605100 T
C  *%%%* READ NOe1 INPUT DATA
100 READ = sISIZEsICALsITYPsMsS1yS2sDXsHP »RPM ) -

. PUNCH,ISIZEsICALsITYPsM»S1sS2sHP sRPM,DX 133




110

LRIPS2e®XIX

¥* % %% CA&CULATE‘IORQUE‘lTooiTHE TURNING MOMENT
T=63025¢%¥HP/RPM / |

M=M+1

S1=S1+1. e . e
S2=82+1e B o ~ o ) ~
**#%* READ =2 INPUT DATA o

READ  »ODsXIDsWsXIXsXIPsJsL

JEJd+1 o

L=L+1

A(1)=040 ) -

IF (OD) 11451145115 ) o
#*%% TO DETW.IF IXsW ARE GIVEN )

**%* CALCULATE SHAFT WEIGHT W=PI/4(OD**2-1D¥*%2)%0,285%DX
W=0eT7853982% (0D*¥2=X1D*%2) %04 285%DX

IF (XIX)1135113,5120

¥¥*X CALCULATE THE MOMENT OF INERTIA OF THE CROSS SECTIONAL AREAsIX

WITH RESPECT TO THE RADIAL AXIS==IX=(OD¥#4~ID¥%4)%P1/64

XIX=(OD*%4=-XID*%¥4)%04049087385

*%%% CALCULATE THE MOMENT OF INERTIA OF THE CROSS SECTIONAL AREAsIP

WITH RESPECT TO THE LONGITUDINAL AXIS-=IX=1Y,SO IP=IX¥IY=2%IX

*¥x¥ CALCULATE C/IX(S)»THE RADIUS TO THE OUTER SHAFT SURFACE DIVIDED

BY THE MOMENT OF INERTIA OF THE CROSS SECTIONAL AREA WeR.TO

—RADIAL AXISyINe¥%*-3

COIX=(0D/2¢1/X1X

| ¥®¥® CALCULATE C/IP(S),THE RADIUS TO THE OTHER SHAFT SURFACE DIVIDED

BY THE MOMENT OF INERTIA OF THE CROSS SECTIONAL AREA WeRe TO

THE LONGITUDINAL AXISsIN¥%-3

CDIP=(0D/24)/XIP

G0 TO 116

*#%% CALCULATE LS(A(K)+LS)=LOAD PER INCREMENT INCLUDING EXTERNAL

LOADS WITHOUT MASS IN NORMAL DIRECTION. CONCENTRATED LOADS MUST'

T e P R o Sen 4 4 S R SR ke A L T AR SR A AR TR TG e 87
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C BE DISTRIBUTED OVER THE INCREMENT DELTA Xe ACTUAL SHAFT AND
C ROTOR LOADS ARE MORE O#TEN ODISTRIBUTED THAN CONCENTRATED
C *¥%%% DIRECTION OF LOAD » DOWN = -
114 COIX=0.0
COIP=0.0
116 DO 130 I=JsL
PUNCHsCDIXsODsCOIPsXID
AlCI)==(A(I)+wW)
C *%x% CALCULATE M2 (B(J))=MOMENTS ABOUT BEARING & STATION LINE
C M2=LS*((S OF BEARING 2)-S)--=-WHERE S$=STATION NO. SO THAT M2 IS
C CALCULATED AT EACH STATION LINE
S=1
B(I)=A(1)%(S2~S) 7
C *%%x% CALCULATE M1 (C(J))=MOMENTS ABOUT BEARING 1 STATION LINE
C M1=LS*((S OF BEARING 1)-S)—-=--WHERE S5=STATION NOe. SO THAT M1 IS
C CALCULATED AT EACH STATION LINE
ClI)=A(1)*(51-9)
SUMC=SUMC+C ()
SUMB=SUMB+B (1)
130 SUMA=SUMA+A(I)
IF (L-M}110+140+9140
140 I=S1 |
All)=A(1)+SUMB/(S1-52)
SUMA=SUMA+SUMB/ (51-52)
I=852
ACI)=A{T)+SUMC/(S2-S1)
SUMA=SUMA+SUMC/(S2-51)
C *%%% PUNCH OUTPUT DATA=-=-SsWsM29M1
DO 15C I=1M
Sl=1-1
150 PUNCH»»S1sA(I)sB(1)sC(I)
C *%%% PUNCH TOTALS OF M2sMlsW

_ ] _ 138
PUNCH o T 9 S5UMB 9 SUMC s SUMA :



100

101

102

103

GO TO 50
END

%* 3¢ % % ¥ PART A-2 % 3 ¥* %
*%%% DIMENSION STATEMENT
DIMENSION A(102)sP(102)9X(102)
x%*% INITIALIZE ARRAYS AND SUMS LOCATIONS
DO 101 K=1,102
P(K)=Ue0
X(K)=0e0
SUMV=04e0
SUMD=040
SUME=040
READ  »ISIZEsICALsITYPsM
READ  »S1s52sHPsRPM
READ  »UX
PUNCH» ISIZESsICALs ITYPsMsS1952sHP yRPMsDX
xxx% STORE C/IX IN X(I) ARRAY
*¥%x% STORE C/IP IN P(I) ARRAY
M=M+1
DO 102 I=1sM
READ  sCDIXsODsCDIPsXID
X(1)=CDIX
P(I)=CDIP
DO 103 I=1,M
READ  9SsA(I)sZsZU
READ 5T sSUMB» SUMC s SUMA
$=040
V1=040
D1=040

DO 120 I=1sM

*##%% CALCULATE SHEAR A STATION (S+1/2)===V(5+1/2)=V(5=1/2)+WS*DX

V2=V1+A(1)*DX

*#%%% CALCULATE oENDING MOMENT AT STATION (S5+1/2)=---
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104

105

110

111

120

100

—==M(S+1/2)=M(S=1/2)+V(S=1/2) #OX+ 1/ 2*NSHDX**

D2=D1+0e5%DX*(V1+V2)

*%%% CALCULATE SENDING MOMENT AT STATION (S)=-== M(S)=E(I)
=M (S)EMIS=1/2)+1/2%V(S=1/2) ¥OX+1/E¥NSRUX¥*2

E1=D1+0e125%DX* (34 %V1+V2)

*%%% CALCULATE oENDING TENSILE STRESSsPSI---SBS=MS*C/IX

SB=E1%#X(1I)

IF (58)10451055135

SB=-58

*%x% CALCULATE SHAFT TORSIONAL SHEAR STRESSsPSI--=STS=T*C/IP

ST=T*P (1)

x%%% CALCJULATE THE SHAFT MAXe COMoINED SHEAR STRESSsPSI-—-
—-=SCS=(STHH2+(50S/2)¥%2) ¥% 45

SC=(ST#%240425%5B%¥2 ) #¥045

¥%%% PUNCH OUTPUT DATA=—=V(S+1/2)sM(5+1/2)sMSsC/IXsSBSsTsC/IPsSTSsSC

s=1-1

IF (X(I))1109110s111

Q=0.

PUNCHS»E1sX(1)955sQsP(1)s5T»SC

Q=T

S=S+e5

PUNCH»S»V2,D2

Vi=v2

D1=b2

GO TO 100

END

REARRANGE THE OUTPUT DATA OF 62-0015Als2 INTO TABLE

DIMENSION A(1062)5s0(102)sC(102)sT(102)sV(102)sD(102)

READ, ISIZEsICALSITYPsM

READ»S1sS$2srP sRPM

READ s DX

PUNCHsISIZEsICALsITYPsMsS1952sHP sRPMsDX
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110

120

130

131

140

%% REAUSC/IX3005C/1Ps1U
DO 110 1=1,K
READsR1sR2sR3sR4

X%%% READ SsWSsM2sM1

DO 120 I=1sK

READ»S sR15R25R3
PUNCH»S sR1sR25R3
S=5+45

PUNCH S

S5=5-5

READ »R4 s SUMG » SUMC » SUMA
PUNCH»S »SUMA» SUMS » SUMC
R1=SUMB/ (S1-52)
R2=SUMC/ (52-51)

READ » 1SIZEsICAL s ITYP sM
READ»S1552 sHP s RPM

READ DX

*#x%  A(I)=C/IPsB(I)=5TS»C(I1)=5CS

DO 130 I=1,K
READ»S1sSMsCDIX 5B
READST(I)sA(I)8(1),C(I)
READ»SsVI(I)sD(])
PUNCH3S19SMsCDIX» S8

DO 131 I=14K

S=1

$=5=e5

PUNCH»SsV (1) D (1)

$=5-%

PUNCH3$SsR1sR2

DO 140 I=1,K
PUNCHsT(I)sACTI)sB(I)sC(])
GO TO 100
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C k*%%¥*  PART B-1  *#x#*%%
C *¥*%% DIMENSION STATEMENT
DIMENSION A(102)9sX(1U2)9Y(102)
C *x%% INITIALIZE WORING AREAS
90 DO 91 I=14102
A(I)=040
X(I)=0e0
91 Y(I)=0.0
V1=0eU
D1=0.0

F1=040

SUMB=C e
SUMC=0.
C  %%%% READ INPUT DATA NO.1
READ  sI1SIZEsICALsITYPsMsS1»52sHP sRPMsDX
PUNCH» ISIZEsICALs ITYPsM»S12522HP yRPM»DX
C  *%%% READ C/IX (CulX) |
M=M+1
S1=51+1.
S$2=52+1.
DO 101 I=1sM
READ  sX(1)s0UsCPsCX
IF (X(I1))101s1015100
100 X(1)=(0D/2e)/X(1)
101 CONTINUE
C  *%x% READ STATIONsLSsM2sM1
DO 105 .1=1,M
READ  9S5sA(1)s8,C
S=5+1.
C  *%%% CALCULATE LS=LOAD PER INCREMENT EXCLUDING EXTERNAL LOADS
C WITHOUT MASS AND WITH LOADS REVERSED GoTWEEN SEARINGS /39

C CONCENTRATED LOADS MUST Bt DISTRIedTtD OVER THE INCREMENT DXe




C ACTUAL SHAFT ANu ROTOR LOADS ARE MORE OFTEN DISTRIBUTED THAN ¢ .
C CONCENTRATED

IF ($-52)10251045104

102 IF (S=S1)1049104+103

103 A(I)==All)

104 SUMB=SUMB+B
PUNCHsIsA(I)
105 SUMC=SUMC+C
READsT o5 sCsSA
K=s1
B=A(K)=B/(51~52)
ALK)=B+SUMB/(S1-52)
PUNCH K sA(K)
K=52
C=A(K)~C/(52-51)
A(K)=C+SUMC/ (52-51)
PUNCH K s A(K)
DO 170 K=1sM
C #%%% CALCULATE SHEAR AT STATION (S+1/2)-==V(S+1/2)=V(5-1/2)+WS*DX
V2=V1+A(K)*DX
C ¥%%% CALCULATE UGENDING MOMENT AT STATION (5+172)=--
C —e=M(S+1/2)=M(5=1/2)4V(S=1/2)¥DX+ 1/ 2*WSRDX**Z
D2=D1+0+5*%0OX*(V1+V2)
C #%%% CALCULATE THE AREA UNDER THE (M/EIZ) CURVE AT STATION (S+1/2)--
C ——F(S+1/2)=F(S=1/2)+(2M(S=1/2+1/2V(S=1/2)+M(S+1/2))*¥DX/ (3*cIX)
IF (X(K))1109110Cs120
110 F2=F1

G2=G1+F1%DX , @;D

Y(K)=Gl+e5¥DXRF1

GO T0 130 /40
120 FZ=F1+(2-*D1+O.5*V1+DZ)*DX/(3.*X(K)*30.E06) A



130

170

*%%x% CALCULATEZ THc AREA UNDER THE F CURVE AT STATION (S+1/2) ===

G(S+1/2)=G(S=1/2)+DX*(F(S=172)+(12M(5=1/2)+DX(3V(S~1/2)
+V(5+1/2)) ) *DX/24E1])

G2=G1+DX*® (Fl+ (12 *D1+DX*¥(3e%V1+V2))*¥DX/(24*X(K)*3040£06))

#%%% CALCULATE THc AREA UNDER THE F CURVE AT STATION S--=

~==G =G(S=1/2)+1/2DX(F1+(M(S=1/2)+1/48%DX(TVIS=1/2)+V(5+1/2)

Y(K)=Gl+e5%DX*(F1+(D1+e02083333#DX*(Te*¥V1+V2))*DX/ (4e4%*X(K)*¥30.E06))

*#%% CALCULATE DEFLECTION AT STATION S-=-=GS1=G1»G=GS<

PUNCHsV19sV2sD1sD2sF139F2+G1l9G2sY(K)

V1i=Vv2

Dl=D2

Fl=F2

Gl=G2

CONTINUE

K=S1

210
220

230

Gl=Y(K)

A(K)=B

K=S2

G2=Y(K)

A(K)=C

*#%%% CALCULATE ABSe SUM OF WS*#YS—=WS=WS*DX
SUMP=040 |

SUMK=040

DG 240 K=1sM

$=K
Y(K)=Y(K)=Gl=(G2=G1l)*(S=51)/(52-51)
SUMP=SUMP+( A (K)*0X)*Y (K)
SUMK=SUMK+(A(K)*DX)*Y(K)*Y(K)

PUNCH » SUMP » SUMK 5 Y (K )

IF (SUMP)21092205220

SUMP==SUMP

IF (SUMK)23C»240240

141
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240 CONTINUE

C  *%%¥% CALCULATE THE FIRST CRITICAL SPEEDsRPM

C NC=187«7*(SUM OF WY/SUM OF WY*¥2)¥%,5
XNC=18T7¢ 7% (SUMP/5UMK) %45

C #%%% PUNCH OUTPUT-=-YS AND NC

250

R1=SUMB/ (S1-52)

RZ=5UMC/ (52-51)

PUNCHsR19R2 s XNC
DO 250 I=1sM
K=l-1

PUNCH KoY ()

GO TO 90

END
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C

INTRODUCTION

An ever present problem in engineering is the need to represent the three dimensional array

of data by a mathematical equation. Many physical quantities can be described only in
three-space. Computer storage limitations prevent table look-up of a large number of these
quantities, expecially if their range of values is extensive. M-151 uses nth order multiple
interpolation together with extensive transformation of variables to describe most three
dimensional functions. The method used has the advantage of separating the three dimensional
characteristics of the array into components described in two dimensions, hence easy to de-
fine by the user. Since many functions (exponentials, sinusoidals, etc.) are not best described
by the polynomials used in interpolation, the first appraximation to the function might be sadly
deficient. Better successive approximations to the function can be easily made using the
appropriate output option accompanied by transformation of variables. An error analysis
assists the programmer in choosing the best fit of a function, and in the case of second and
third order interpolation, the best fit is selected from a number of possible fits.

ANALYSIS

Let us represent a three dimensional array by x = f[Y(y), Z(z)] , where Y(y) and Z(z) are
polynomials in y and z, respectively. Let us limit the order of these polynomials to n and
m so that

i (1)

Y(y)

n
n—

Z(z)

m .
bgtbjz+: - +b " = ¥ bzl @) .

At the ith value of y,

m
Z = Z b..z!
i = i
Define:
n ; n m i i
x = f(Y,Zi) = Z Ziy' = z Z biizy Q).
i=0 i=0 j=0
m .
Then,cni = Z‘ biiz' : ' “4) .
i=0
-

145




Note that x is a smooth function of y and z with (n + 1)(m + 1) coefficients and hence re-
quiring the same number of known members of the array. In general, an (n + 1)(m + 1) order

matrix would have to be solved to obtain values for the unknown coefficients. ,

Referring to equations (3) and (4), note that both a. and x vary in the same way with changes
in z. Thus, by studying the behavior of x with changing z, the behavior of a, with changing
z is also known. By holding y constant, a. isa function of z alone. If values of a, are
known at each of (m + 1) values of z, the bii values in equation (4) are defined by the
appropriate matrix solution. If z is held constant at zi and if (n + 1) values for x = g(y, zi)
are known, (h + 1) cii coefficients are determined. Define a restriction that allows easy
determination of the aii and bii coefficients: y takes on, at most, (n + 1) values; z takes on,

at most, (m + 1) values; and the value of x is defined for all allowed values of y and z. At
particular zi,

n
Xi(y, Zi) = 00i+a]iy+ o . +Qniy (5),

which is a form that allows solution for (n + 1) values of aii' when the (n + 1) values of y
are used.

— * s @ n
x| = agytaytta

— o s 0 n
x XAyt rta oy
X1 %0, m+1791, m+ 1Y
) n
/ * +C’n,m+ly
/7
/ / / /
/ / /
/ /
/
// / /
/ / /
/ /
/
/ /
/ / /
/ / 4

/ / / z .
z C

Z.I 22 m+-| ¥4

FIGURE 1
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Choose the (m + 1) values of z successively, then an array of ai(zi) values results:

i=01,2,+-+,n{=0,1,2,--"-, m. Fitthe (h'1+])v<:1|ues'ofc:i by

a2) = by +byz+ - b z | | ©),

with the result that the b'i coefficients in equation (3) are evaluated. Equation (3) defines

a function of y and z that passes through (n + 1)(m + 1) data points. Furthermore, the function
of y and z is smooth, and if planes parallel to the y or z axis and perpendicular to the y z
plane are chosen, they intersect the x = gly, z) surface in lines described by polynomials

of order n and m, respectively. For practical purposes, n and m may be selected by choosing
their values dependent on the study of the z = constant plane intersections and the y =
constant plane intersections with the surface x = gly, z). Note that experimental data are
often determined most easily by holding all variables constant except one. This procedure
guarantees compliance with the restrictions imposed regarding values of x at each combination
of allowable y and z.

The usefulness of the assumed fit given by equation (3) is limited when the surface to be fit is
best described using exponential, trigonometric, fractional exponent and hyperbolic functions.
Although it is true that most useful engineering functions can be described by infinite series
approximated by the form given in equation (3), it would be better to use the appropriate
functional transformation directl For instance, assume that a surface is known to be of the
form x = fly) = [sm(7y + 3)]f + o]y] Let X = f(y]) and Xy = f(y2) and define

gly) = sin(Zy + 3), x ]/g(y = xz/g(y) and, in generol = x/gly). Then fit
x' = agtay by a first order polynom|o| using x] and x2 as data points.

Having determined the values of 9 and a, X is defined by x'gly). The expression for x is
valid not only at Y and Yor but over the entire region in which g(y) is a suitable transfor-
mation. It should be noted that the data points X and Xo could have been fitted by

+ayy without conS|der|ng gly). However, only the two data points and the points

x =
‘ %
where (7y +3) = sin (l) would be satisfied by x = ag tayy-

Theoretically, provided the matrix solution is exact, the polynomial fit given by equation (3)
should fit exactly the (n + 1)(m + 1) primary data points. If the function to be described is of

the form x = gly) ). > biizly', a study of the primary data points will not give
iT0 =

information concerning the suitability of gly) as the appropriate transformation of variables,
since all primary data points are fitted, independent of the form of gly). Hence, secondary
data points not used in the determination of the bii coefficients must be studied to arrive at

gly). M-151 allows secondary data points for either arbitrary y or z, but not both arbitrary.
Either y or z must be an "allowed" value, in the sense that defines primary data points. The
other coordinate, z or y respectively, may be arbitrary.
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To help decrease the importance of the user in deciding on allowed values of y and z for
primary data points, over-definition of the problem is allowed in the cases of second and a

third order fitting. As many as seven allowed values may be chosen and the program will s

use all combinations of seven points taken three and four at a time, respectively for second
and third order fits.

SURFACE FITTING TECHNIQUE

1.

2.

Select the dependent variable, x

Plot families of curves

a. y = constant plotted on the xy plane
b. z = constant plotted on the xy plane
n . m .
Assume n and m for fitting y and z such that x = Z ciyl and x = Z bl.zI
i=0 i=0

on the xz and xy planes, respectively. If there is uncertainty concerning the best

value of n and m, all possible values should be. used in separate cases, using the

average error and maximum error features of the code to decide between cases. It

is not crucial that the very best case be used, if transformation of variables can be

used to force a best fit. For instance, x = sin(7y + 3) is fit best in certain regions
2 . ' '

by x = Z aiyI without transformation of variables, but with transformation of

variables x/sin(7y + 3) = x' = 1 is fit exactly by a zero order fit: x' = ag = 1.

In the interest of developing a technique independent of curve fitting experience, it
2 .
is better to use x = Z aiyl, provided that the region of definition will remain
i=0
small. However, any curve fitting experience at the user's disposal should be used.

To effect more accurate fits, use the output option in which transformed data is out-
put ready for further transformations. This option prints the transformed values of x
(for example, x/g(y) is printed if the transformation is x = x/g(y) and x is printed
if there is no transformation), the fit of the transformed variable, the difference in-
cluding sign between x' and its fit, and the ratio x'/(fit of x'). Referring to figure 2:

x = fly), the fit of x = g(y), and h(y) = x - (fit of x).

®
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— — = function to be fit, f(y)

FIGURE 2

The transformation that effects an exact solution is fly) = h(y) + gly). Since h(y)
can be approximated by a sinusoidal with appropriate amplitude and period, the
sinusoidal transformation is made on all data points using the program to make the
change: x' = x - h(y). Upon rerunning this case with the transformation included,
the printout will include x', the fit of x', x' - fit of x', and the ratio x'/(fit of x').
Once again, h'ly) = x'=fit of x' = f'(y) - g'(y). To determine our fit, x' =
h'ly) + g'(y) and x = x'+h(y) = h(y)+h'(y) + g'(y). Correspondingly, the ratio
x/(fit of x) may be used by plotting this ratio and describing it just as h(y) was de-
scribed. Code capability allows as many as ten transformations to be made. It is
necessary, in order to achieve an improvement in the fit, that the transformation

of variables be such that the original data points will not be seriously shifted by the
transformation. As an example, consider the transtation without distortion of the

fit of the array to more closely approximate secondary data points in the array. If
this translation is fit once again, the fit of the translated array will be parallel to the
original fit with no improvement over the original fit in regard to secondary data points
in the array. '

TRANSFORMATION OF VARIABLES

The utility of transformation of variables was demonstrated in the section on surface fitting
technique. Basically, there are two types of transformations available in this code: func-
tional transformations that deal with the manipulation of complete generated functions of x,
y and z; and transformations of individual variables x, y and z to form the functions used

in functional transformation. Functional transformations available are listed in Table 1

and transformation of variables are listed in Table 2.
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NVT

10

TABLE 1

FUNCTIONAL TRANSFORMATIONS

NMODE = 1
None

f(x)

xg(y)
x+gly)
x/g(y)

- x[ab) + k)]
x/ [g(y) + k(y)]
xgly)h (z)
x[at) + h)]
xgly)/h(z)

150

NMODE = 2

None

f(x)

xh(z)

X + h(z)

x/h(z)

x[h(@) + 1)]
x/[h(z) + 1=)]
x/[gly)h (z)]
</[ol) + hz)]
xh(-Z)/g(y)

&



TABLE 2

TRANSFORMATION OF VARIABLES

Let v take on the value x, y or z. v shall be transformed.

TRANSFORMATION INVERSE TRANSFORMATION
NT = 1 None
None
NT = 2 | (o+becv+d)-a ;
cv+d n b - ¢
a + be

NT = 3 [(a +bv©) - q] 1/c

a+bvc b

NT = 4 .-1([c+bsin(cv+d) —a])
sin b -d

a+bsin (cv +d) -

NT = 5 | in [(a+bcdv)—a]
b
o+ b T dinc

NT = 6 [c+b|n(cv+d)]-o) - d
b
a+bln(cv+d) c

151



(Table 2, Continued)

NT = 7 ~ . " ([cn+b|nc(v+d)]—a)
c+b|nc(v+d) c b -d
c
NT = 8 _([a+b|nv+d]-q)
a+bln v(':l-d ce b -d
NT = 9 b 1/d
C -c
o+ b |:cx+» d]—a
(v+c)d ' (v+e)
NT = 10 In [ 1+ ( [a + b sinh(cv +d)] - a )2|]/2
a + b sinh(cv +d) , ' b
+ [o+bsinh(;v+d)]—a]_d)/
NT = 11 o] ([a+bcog(cv+d)].—o)_d
a+bcos(cy +d) c
NT = 12 tan [a+bfan-;(cv+d):| -a ) - d
a+btan-](cv+d) c

-1+

[a + b cosh(cv + d)]_ ) 2|1/2
» a

NT = 13 (iln{

a+ b cosh(cv + d)

+[a+bcosh|§)cv+d)l-a ]-d) A

with the restriction that (cv +d) > 1.

O
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INPUT PARAMETERS

AT, BT, CT, DT — These are the coefficients a, b, ¢, and d defined in Table 2. Referring

to Table 1, these coefficients apply to each single function transformation, but apply
only to gly) if NMODE = 1 or h(z) if NMODE = 2, when a transformation is used
that involves two distinct changes of variables. (An example is NVT = 6 and
NMODE = 1 from Table 1, where g(y) and k(y) are distinct changes of variables
having distinct characteristic coefficients.)

AT2, BT2, CT2, DT2 — These are the coefficients a, b, ¢, and d defined in Table 2. Refer-
ring to Table 2, these coefficients apply only when a two function transformation is
used. When NMODE = 1, only kly) or h(z) is described; and when NMODE = 2,
only | (z) or gly) is described.

DC — x values defined as primary (see analysis). Values of x are allowed only for (YC, ZC)
coordinate pairs. To fill input cards, nonvalid values of DC are set equal to 1.000E-9.
The order in which DC values are placed on cards is defined by the order in which ZC
values are read. YC is held constant for any DC input card.

DY — x values defined as secondary (see analysis). Arbitrary values of z are allowed for
each YC value. To fill input cards, nonvalid values of DY are set equal to 1.000E-9.
The order in which DY values are placed on cards is defined by the order in which Z
values are read. YC is held constant for any DY card and packets of DY and Z cards
are read in the same order as YC values were read.

DZ — x values defined as secondary (see analysis). Arbitrary values of y are allowed for
each ZC value. To fill input cards, nonvalid values of DZ are set equal to 1.000E-9.
The order in which DZ values are placed on cards is defined by the order in which Y
values are read. ZC is held constant for any DZ card and packets of DZ and Y cards
are read in the same order as ZC values were read.

KO — output selector: KO = 1- only the bii coefficients are printed; KO = 2 - loii co-

efficients, x, y, z, fit of x, x - (fit of x), average per centage error, and maximum
per centage error are printed; KO = 3 - same as KO = 2 with the addition of the
transformed x = x', fit of x', x' = (fit of x'), and x'/(fit of x') printed. Table 3 shows
a fourth order function fitted with a first order approximation using KO = 1, 2, and 3.

MO — order of polynomial Z defined in equation (2), where MO = m. MO may be as
large as ten, but calculational error is such that it is suggested that MO be kept less

than seven.

MC — (MO + 1) except for second and third order fits where MC may be as large as seven.
There are MC values of ZC. MC< 12

NC — (NO + 1) except for second and third order fits where NC may be as large as seven.
There are NC values of YC. NC< 12
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NC2 — the number of secondary values of x to be read in for each value of YC. There are e
NC2 arbitrary z values. NC2 is < 18. N

NC3 — the number of secondary values of x to be read in for each value of ZC. There are
NC3 arbitrary y values. NC3 is < 18.

NE — operator that governs the type of error analysis used to distinguish between possible
fits when there are multiple fits allowed. Consequently, NE is useful only for second
and third order fits where over-definition is possible (see analysis).

NE TYPE FIT

] numerical average
product
numerical average X product
2 . :
average /maximum error
product with minimum error stripped out
average with maximum stripped out

product with maximum stripped out

00 N o0 g AW N

product with maximum and minimum stripped out

NMODE — an operator, together with NVT, that is used to define transformations in Table 1.

NO — order of polynomial Y defined in equation (1), where NO = n. NO may be as large
as ten, but calculational error is such that it is suggested that NO be kept less than

seven.

NPASS — number of transformations allowed sequencially. Referring to the section on tech-
niques, NPASS takes on the value 2 if x" transformations are made.

NT — defined in Table 2 and treated similar to coefficients AT, BT, CT and DT.

NT2 — defined in the same way as NT but treated similar to coefficients AT2, BT2, CT2 and
DT2.

NVT — an operator, together with NMODE, that is used to define transformations in Table 1.
Y — an arbitrary value of y which, together with a ZC, defines a secondary point, x.

YC — the value of y used to define primary data points in the DC array and secondary data
points in the DY array. @
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Z — an arbitrary value of z which, together with a YC, defines a secondary point, x.

ZC — the value of z used to define primary data points in the DC array and secondary data
points in the DZ array .

INPUT TECHNIQUE

Cards 3 and 4 below are read in repetitively in packages consisting of one card 3 followed by

one card 4 provided MC £ 6 or by two card 4s when MC > 6. NC of these packages are read

in. Card 5 is repeated MC times. Cards 6, 7 and 8 form a package that is read in NC times.

If NC2 = 0, cards seven and eight are not included in the package. If 0 < NC2 < 6, just one

card 7 and card 8 follow NC2. If 6 < NC2 K 12, the sequence is 6, 7, 8, 7, 8. If 12<NC2< 18,
the sequence is 6, 7, 8, 7, 8, 7, 8. Cards 9, 10 and 11 form a package that is read in MC times.
This package is handled the same as the 6, 7 and 8 package. Cards 13, 14, 15 and 16 form a pack-
age that is read in NPASS times. If NVT (1) < 6, cards 14 and 15 are omitted.

Card Description Format
] 55 symbol comments card - 55H
2 NO, MO, NC, MC, NE, KO 614
3 YC(I) ES.4
4 DC(l,J), bC(l,J+ 1), DC(l,J +2), DC(l, I + 3), 6E8.4
DC(l,J +4), DC(l,J +5)
5 ZC(J) E8.4
6 NC2 14
7 DY(,J), by(l,J+ 1), bY(l,J+2), DY(,J+ 3), 6ES.4
DY(l,J + 4), DY(I,J+ 5) '
8 Z(1,3), z(1,3+1), 24,3+ 2), z(1,J+3), Z(,) + 4), 6E8.4
Z(1,J+5)
9 NC3 14
10 Dz(J, 1), DZ(J +1,1), DZ(J +2,1), DZ(J + 3,1), 6E8.4
DzZ(J+4,1), DZ(J + 5,1)
11 Y, 0, YI+1,1), YU+2,1), Y(J+3,1), Y(J +4,1), 6EG. 4
Y(J+5,1) ~
12 NPASS ' 14
13 NVT(l), NMODE(l), NT(I) 314
14 NT2(1) 14
15 ' AT2(1), BT2(1), CT2(1), DT2(1) 4E8.4

16 AT(l), BT(l), CT(l), DT(I) 4E8.4
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KO = |

XTHKEE DIMENSIONAL SURFACE FIT CODE, M-151

M-151 DEMONSTRATION PROBLEM, NRDCRs=|X1

CCEFFICIENTS OF THE POWER SERIES IN Z

KGO = 3

XTHMREE OIMENSIONAL SURFACE FILT CODE, M-151

M-15]1 DEMONSTRATION PROPLEM, URDERs1X1

CUEFFICIENTS UF THE PUWFR StRIES IN 2

B{ 1, 1) hd -20.3577-01
Bt 1, 2) b 10.8032e-04
Bt 2, 1) = 17.2064c-24
Bl 2y 2) - -6, 0496t-08

St 4y 1) = -20.9577€-01
Bt 1, 2) b 10.8032E-04
Bt ¢y 1) = 17.3064t-04
Bl <o 2) = -6 7496t-08
XTH2b ¢ DIMENSIONAL SURFACE FIT CUDF, M=LY1

M-151%

DLMINSTRATION PROBLEM,

ORDER=1X1

CUtFFICIENTS OF THE PUWER SFRIES IN 2

THIS UPTION QUTPUTS THE FLLLOWING O+ ALTERNATE LINES--

ODRIGINAL DATA

R 14

TRANSFORMED DATA
TARULATED  CALCULATED
AT xC

VASULAT!
X

xT-XC

CALCULATED

X CIFFcR_w(E

XC/x¥

Bt 1y 1) = ~2343577.-01
8t 1, 2} = 1U.8032¢-04
BL 2y 1) z 17.8064F-04
Bl ¢y 2) = -62.9436t -08

TABULATLD
X

50.,000Ct-00 27.0000f+02 32,1100t£-02

10.00008402

50.0000t-00

10.0000¢¢02

50.0000t ¢02
27.0000c¢02
50.0000E¢02
30,0000t ¢02
33.0000£¢02

37.0000€¢0¢
41.0000€+02
47.0000€¢02
49.0000E+02
30.0000€+02
33.0000€902
37.0000£¢402
41,0000€¢02
47.0000€¢02
49,0000€¢02

AVERAGE PERCENTAGE ERROR

MAXIMUN PERCENTAGE EAROR

32.3000E-01
82.11008-02
17.8900t-01
70.7100t-02
10.1400L-01

11.7000€-01
14.7100c-01
23.8000¢-01
29.0900€-01
89,.5400€-02
97.2700€-02
10.9000E-01
12.3700€-01
15.5600t-01
17.0400€-01

CALCULATED

A

82.110CE-07
32.2999€-01
82.13597€-02
17.8899¢€-01

NIFFLRENCE

.0000E-))
10,0000E-24
10.000Gi-08
20.0000t-08

50.000ut =00
B2.1100L-02

32.3000¢-01
10.0000L+02
82.1100t-02

17.8900t-01
$0.0000Gt -00

10.0000¢t ¢02

27.3000E+02
82.1100E-02
20, 0000€¢02
32.,2997€-01
27.0000F¢02
82.1099€-02
50.0000k 40?2
17.8899€-01
30.0000€¢02
33,0000£¢02
37.0000t¢02
41.0000e+¢02

- 47.0000€+02

49,0000€E+02
30.0000€+02
33.0000€¢02
37.0000€+02
41.0000E+02
47.0000€+02

11.3%306-01-22.6204F-72
14.49%0€-01-43.5508-02

18.6844E-01-6T7,8447€-02
22.81738E-01-81.6386E-02
29.1577€~-01-53.5795€-02
31.2526€-01-21.6265€-02
4. 734TE-02-51.94TEE-03
10.7357€~-01-10,0895E-02
12,4192€-01-15.1926€-02
14.1025€6-01~17,32%6E-02
16.62756-01-10.6752E-02
17.4691€-01-42.9172€-03

= «12221486€402

49.0000t+02

AVERAGE PERCENTAGE ERROR

RAXIMUN PERCENTAGE ERROR

TABLE 3

- +«36910770€4+02

— 156

/2,.1100£-02

- 00006~973
32.3000¢£-01
10.0000t-08
82.1100€-02
10.0000€-08
17.8900¢£-01
20.0000€-08
90.9100£-02
10.1400t-01
11.720006-01
164.7100¢-01
23.8000t-01
27.0900€-01
89.5400£-02
97.2700€-02
10.9000€-01
12.3700€-01
15.5600t-01
17.0400e-01

82.1100E-0¢
10.0000F -1
32.2999c-01
99.999 )t -02
82.1097E-02
99.9999€-02
17.8899€-01
99.9999€-02
11.3530E-91-02,6204E-02
14.4950F-01-43.55CHE-02
18.ABAKE-OL-6T.8441c-02
22.8738€-01-81.638LE-Co
29,1579E-01-53,5175€-02
31.2526E-01-21.6262E~02
94.734T£-02-51,9478E-03
10.73%59€-01-10.0895£~02
12.41926-01-15.1926€~02
14.10256-01-17.3256E-02
16.6275E-01-10,6752E-02
17.4691E~-01-42.7172€-03

«GONLE=-
1).)700e-08
i7.0000:~-08

20.0000t-08

= «12221486E¢02

= «36310770€+02

D
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SAMPLE PROBLEM

A practical problem involving the fit of hydrogen thermal conductivity as a function of
temperature and pressure was met with success using M=151. The technique of regression
analysis proved unwieldy in solving the same problem; lack of success being attributed to
inexperience in picking suitable form for the fit plus the inherent limitations of regression
analysis, such as inaccuracies resulting from the need to solve for large numbers of co-
efficients simultaneously. Some of the data points used are presented in Table 4. Referring
to the section on Surface Fn'mng Technique, fhermal conductivity was made the indepen-
dent variable, pressure = y and temperaturé ‘= z. The families of curvés were not plotted
since it was decided to choose many combmqflons of n and m and study the resulting error
analysis. : Table 5 presents input used when n = m = 4. Step 4 in the fechmque section
was not used extensively since good results were e achieved with the 4 x 4 order fit. Because
of the volume of output with the 4 x 4 case, only the error analysis will:be presented to-
gether with the errors from ofher cases in Table 6 Table 3 presen’rs excmples of output
available. ‘

" TABLE 4

THERMAL CONDUCTIVITY OF HYDROGEN -
(x10%)

TEMPERATURE, °R

P~ 2700 | 3100 [3500 [3000 ‘| 4300 |4600 |4800 | 5000

50 |.8211 | .9425 | 1.094 |1.312 | 1.687 ‘|2.166 |2.626 |3.230

l100 |.8211 |.9852 |1.073 |1.262 | 1.571 |1.947 |2.301 |2.760

. |200 |.eont | o277 |v.0a1 |1.212 145t f1.721 1965 |2.273
S 300 |.s211 | 9264 |1.047 |1.203 | 1.430 |1.682 | 1.907 [2.191
£ 400 {ue211 | .9250 |1.043 [1.194 | 1.409 |1.643 | 1.850 |2 109
S |s00 J.e2nt | .9237 |1.089 |i1.184 | 1.388 |1.604 [1.793 |2.026

700 {08211 {9210 | 1.031 [1.166 | 1.345° |1.526" {1678 | 1.862
1000 |.8211 | .9204 | 1.029 |1.159 | 1.327 |1.491: ) 1.627 |1.789
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M-151

50.
8211
100.
.B211
300.
.8211
50G0.
.8211
1000.
«8211
2700,
3500.
4300.
4800.
5000.

9091
3000.

«3047
3000.

«8992
3000.

8974
3000.

8954

3000.

OCCOOOO0

TABLE 5

DEMONSTRATIGN PROBL EM,

4 5
1.094
1.073
1.047
1.039

1.029

1.014
3300.

1.0
3300.

+9838
3300.

«9789
3300.

9727
3300.

5

2
1.687
1.571
1.43
1.388

1.327

1.19
3700.

1.158
3700.

1.119
3700.

1.107
3700,

1.09

3700,

3
2.626
2.301
1.907
1.793

1.627

1.471
4100.

1.396
4100,

1.304
4100,

1.276
4100.

1.237
4100.

15%

ORDER=4X4

2.191
2.026

1.789

2.38
[07000

2.112
4700.

1.788
4700,

1.694
4700,

1.556
4700.

1.000E-9
1.000E-9
1.000E-9
1.000E-9

1.000E-9

2.909
4900.

2.516
4300,

2.041
4900.

1.903
4909.

1.704
4900.
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TABLE 6

ERROR ANALYSIS

Order (n x m) Average % Error Maximum % Error
1x1 12.22 36.31
1x2 7.755 18.20
2x2 8.681 18.82
2x3 2.645 13.25
3x2 9.439 21.38
3x3 2.653 9.839
4 x4 .04456 .3445
5x35 .07827 .7006
6x6 ; 2.201 38.67
7x7 51.29 1211.

FLOwW CHART

START

LLOAD M- IS5

TRANSFORM VARIABLES

PUNCH HEADING

INITIALIZE VARIABLES

WRITTEAL OA TAPE

READ tAPUT

WRITE OATA O TAPE

LoAaD M-isZ

SET NTAPE= |, NCORD=71, KO0P= |
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| Loadp m-1s52 |

SET COEFFICIENTS

LOAD M—-153 OR M-I3T%

[READ TAarE]

[A]

RECALL ROUTINE SELECTS
DATA POIAOT

SET COEFFICIENTS I THE MATRIX

GAUSSIAN ELIMINATIOA MATRX Rou-rwq

(= NCoORD

3

QA_ . GEOERAED
‘7

Af—#. GENERATED j

/60

. I THE MATRIX
[ FeAD TAare |
GAUSSIAN ELIMIANDATION
[ NTACEL Z MATRAX  ROOTIANE
OUTPeVT SOUFROVTINE
ORDER rd NCORD 3
0, 3 |2
. '/ ) J
>4 LOAD M-1I153
O . GENERATED A . GEWERATED
<
____.r[__aAo M—lf4-| 7 ¢
A ]
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MAXTMUM LIKELIHOOD RESOLUTION OF TWC
MIXED NORWMAL DISTRIBUTIONS

Reimut Wette

Biomathematics Unit, Division of Hesearch,
The University of Texas i.D. Anderson Hospital and

Tumor Institute, Houston, Texas

Abstract:

Samples exhibiting particular deviations from an assumed normal
distribution can, in certain situations, be interpreted on the
assumption that the parent distribution consists of two normally
distributed subpopulations, with different means and/or variances,
and mixed in a finite proportion. The statistical problem is, then,
to estimate the respective parameters. In the general case, where
no simplifying assumptions (e.g. equality of variances) can be
made, five parameters have to be estimated, viz. two means, two
variances (or standard deviations), and the proportion of mixture.
The author's estimation method of choice was the maximum likeli-
hood scoring system. The derived estimator is of the iterative type,
and modified insofar as the information matrix is estimated as the
dvadic square of the score vector. Numerical execution of this
iterative estimation procedure reQuires initial estimates of the
five parameters; these are, at present, obtained manually from a
normit graph of the data. A generalized distance from origin of the
score vector (i.e. the quadratic form of the estimated variance-
covariance matrix) is used as a criterion to exit from the iteration
cycles,

The procedure was programmed for the IBN 1620 (with 1311) in
FORTRAN II-D. The main program consists of two parts: 1.- Routines
for control transfer set-up, standard form data input or transfer
to either of two optional non-standard data input subprograms.

2.- The resoilution procedure proper, routines for optional inter-

medizate and other output. and transfer to two optional subprograns.
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The program »rovides, at present, the following I/0 (punched cards) -~

and test options (under parameter card control): R
Data input: (1) Ungrouped or grouped data not exceeding

200 variates or classes,

(2) Grouping of ungrouped raw datas class inter-
val and grouping range computed from initial
estimates.,

(3) Grouping of fixed-interval valued ungrouped
data.

Cutput and test options:

(1) Output of grouped data frequency di$tribution.

(2) Output of expected frequency and cumulative
frequency distribution together with observed
distribution (grouped data only).

(3) Chi-squared test for normality against skewness
and kurtosis (cumulant test), with programmed
bypass of resolution peocedure when not
significant.

(4) Intermediate iteration output of estimated
information and variance-covariance matrix,
parameter estimates and corrections, and
convergence criterion.

Input options 2 and 3 and output options 2 and 3 are subprograms
called as LOCALs on a 40k machine. A data trailer card controls
exit to MONCAL or return linkage to part 1 of the main progranm.
Maximum core storage used is 35,604 cores (Monitor I, modif. 2,
all-in-core subroutines), program package (2 main/link, 4 subprograms)
disk storage is 435 sectors. Interation cycle running time is about
2.7 seconds per point (variate or freguency class).

Convergence in this iterative estimation procedure depends on
the goodness of the initial estimates, on sample size and structure.
Experience gathered so far indicates that convergence, if attainable,
is comparatively fast (less than 10 iterations). Convergence could

not be attained in s few instances of small and ill-behaved samples, {

of size around 20 and less, from which reliable initial estimaes QL;

could not be obtained.
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EVALUATION OF TWO METHODS OF FINDING SIGNIFICANT
CONTRIBUTORS IN MULTIPLE REGRESSION ANALYSIS

-1/
M, J. Garber and Richard H. Hill™

With the advent of computers in recent years tremendous strides have been
made in the ability to reduce to manageable numbers vast accumulations of data.
In evaluation of experimental results the major emphasis is now on punching and
proofing the observed values with the assurance that a generalized computer
program is probably on the shelf ready for use, In the majority of cases this
is true, but thoughts and concepts have expanded along with the increase in
ability to do arithmetic quickly and accurately., We are, of course, now find-
ing problems even large scale computers cannot solve in a reasonable period of
time,

One such problem is multiple regression involving many independent vari-
ables., A number of years ago the first of approximately 60 such problems was
handed to the senior author, One phase of the experiment dealt with growth in
a greenhouse of citrus seedlings in 102 nonfumigated old citrus soils., A total
of 35 measurements was made on each, ‘These included chemical, physical, and
biological propéfties of the soil, plant composition, and relative growth,
Locating statistically the best single contributor and the best set of 33 of the
34 independent variables is relatively a trivial operation. The best single
contributor is the variable with the highest coefficient of determination (riiy

The best set of 33 (or n=1) contributors is easily found by entering all n vari-

)o

ables into the regression equation, and deleting the variable with the smallest

by
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absolute partial correlation (iry =m=§}, Mr., Hill (then at the University

K, eX X
ik

of California, Los Angeles) wrote the MISLE program for the 709,

The best set of two, the best set of nué, and all best sets between these
extremes present a very different problem. The best set of two will not neces-
sarily contain the best single contributor, and the best set of n-2 could contéin
the variable not included in the best set of n-1, For a statistically efficient
anaiysis all best sets should be calculated., But this presents a formidable
problem, For example, the final regression equation for the above problem con-
tained 10 independent variables. Finding the best set of 10 among 34 variables
can be quite a chore, even for a computer. The number of sets to be evaluated
is 341/(10124¢) or 131,128,140, Assuming that a computer can solve these at the
rate of cne per second, over 36,424 hours are required for finding the best set
of 10.

A number of questions immediately come to mind:

(1) Is the best set of 10 significantly better than the one
selected by this procedure?

(2) How does the best set of 10 compare statistically with
the best set of 11, or any other best set?

(3) As the correlation coefficients are statistics, and not
parameters, is the additional labor worth doing?

After some soul searching it was decided that initially the following three-

phase procedure would be used:
(1) MISLE Program (presently UCRBL 0052, 1620 Library File No., 6.0.37)
All independent variables are entered into the regression equation, the
inverse matrix cf sums of squares and cross products being calculated in the
process, All b?i/cii are calculated, where bi is the partial regression coef=-

ficient of y on the ith independent variable, and sy is the major diagonal
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element for that variable in the inverse matrix. As Fisher (1) has shown bi/cii is
the variance (equivalent to a sum of squares with one degree of freedom) which
would drop into the error sum of squares of y if the variable were deleted,

The variable with the smallest b2/c is deleted, and the remaining n-1l
independent variables are entered into the regression equation. This procedure
is continued until only one variable remains.

An example of such analysis is illustrated in Table 1 in terms of the squares
of partial correlation coefficients, Note that, in general, the simple correlation
coefficients, the squares of which are shown in the second line of the table, do
not reflect in any way the magnitudes of the squares of the partial correlation
coefficients as variables are deleted.

The leftmost 10 variables were found to be statistically significant contribu-
tors (0.05 level of probability), and it should be noted that four of these showed
nonsignificant simple correlation with the dependent variable. The magnitude of
R? was 0.5387.

Variable 34 haé the largest simple correlation. Yet, in combination with
other variables its contribution is relatively small, On the other hand, Variable 31
which was not significantly directly associated with the dependent variable is rela-
tively a large contributor in the presence of other variables,

(2) Stepwise Regression (UCRBL 0018, 1620 Library File No. 6.0.031, a
modification of the BIMD 9 developed at UCLA by the Biostatistics
group)

Here the procedure is to begin with the variable moét highly correlated with y.
From the remaining variables the one with the highest (absolute) partial correlation
is selected for entry (assuming that it meets the F criterion), and the magnitudes

of the two contributions are evaluated. Either both are retained or one is deleted
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(a parameter card entered with thevdata contains the minimum F value required to
enter a variable into the regression equation and the minimum F value required for
retention of a variable). This process of entering, evaluating, and deleting vari-
ables continues until the criteria can no longer be met,

For the problem being considered here nine variables were found to be
statistically significant contributorS‘(R2 =z ,5205) when grouped. Eight of these
variables were also selected by the MISLE program,

| (3) MISLE Runs

(a) The eleven variables selected by either or both of the above
programs were fed into the computer for another MISLE evaluation. Ten of the vari-
ables were found to be significant contributors, and the first variable of the
eleven to be deleted was the one unique to the Program 18 run. There was thus no
significant gain,

(b) It was then decided to make another run, this time including
the eleven above and certain additional variables. Examination of the F values
(2 1) led to the choice of the two variables last deleted by Program 52 and the
succeeding three which would have been entered by Program 18, Two of these were
common to both runs,

0f the fourteen variables entered for the final run 10 were found to be sig-
nificant. Seven of these were among the variables found significant by both
programs, two common, but in the noncritical area, and the tenth being a signifi--
cant contributor found by Program 18. The magnitude of R'2 was 5433,

The 10 variables statistically significant in this run were the ones con-
cluded to be real contributors (paper by Martin, Harding, and Garber (2)).

T

The four curves are shown in Figure I. The curve of multiple R2 calculated ‘VJK;W

by Program 52 (labeled 52I) is almost smooth, running essentially horizontally
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until approximately six variables have been deleted, The drop off becomes quite
steep as additional variables are deleted., It should be noted that the last remain-
ing variable is not the one most highly correlated with y. The latter, Variable 34,
was dropped after the 26th run.

The curve of multiple R2 calculated by Program 18 begins by entering
Variable 34 then rising in a somewhat oscillatory manner to essentially match
the 521 curve after 9 variables haverbeen entered,

The short spur labeled 52IIa is the graphic result of the MISLE run with
11 variables,

The short section of curve (52I1b) exhibits a sharper break than either of
the first two,.

The remaining two curves in the figure are from the 52I run, The curve of
"Cumulated b2/c" shows the addition to the residual sum of squares (all variables
initially entered into the regression equation) as variables are deleted., The
curve of "Residual Mean Squares" falls off from its initial value, then rises,
Recalling that the residual mean square is the quotient of the residual sum of
squares by the residual degrees of freedom it is seen in this example that in the
initial phases of variable deletion the denominator is increasing relatively more
rapidly than the numerator. Only after approximately half the number of variables
has been deleted does the curve begin to rise,

A summary of the evaluation of 55 experiments is given in Table 2, For the
left side of the‘table the F criterion was set at 1,00, For the right side of the
table the 0.05 level of probability was the criterion,

In eight of the 55 experiments Program No. 18 was the better of the two
programs, In four experiments Program No. 52 gave better results. In one experi-

ment each of the programs provided information both significant and unique,
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In one experiment the order of entering variables indicated the advisability
of a third run. The outcome was the set of four variables selected by both programs.

For the remaining 41 experiments both programs gave the same results in the
initial runs. The third run was unnecessary.

In summary, there is no ciear cut indication of the éuperiority of one method
over the other. For our purposes at Riverside we will continue to evaluate large

problems by both the deletion and the stepwise methods.
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1., Fisher, Sir R, A, (1948), Statistical Methods for Research Workers.

10th Edition. Hafner Publishing Company.

2, Martin, J, P., R. B, Harding, and M, J. Garber. (1961), Relation of Soil
Properties and Plant Composition to Growth of Citrus Seedlings in 100

Nonfumigated and Fumigated 01d Citrus Soils, Soil Science 91(5):317-323,
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132 31 11 6 8 2 29 34 24 20 27 22 16 17 23 19 9 15 5 4 30 18 28 33 13 726 3 21 12 14 10 25
12211 1 7 0 5 4 016 0 1 12 11 0 0 0 4 310 4 2 3 1 1 0 611 0 1 0 2 1 & 3

6184% 8413 10 0 3 2 1 & 5 5 7 &4 1 1 1 3 20 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 O

6184} 8 1310 0 3 3 1 &4 5 6 7 4 1 1 1 3 20 0 0 1 1 c 0 1 0 0 o0 O O 0 0 o

6184} 8 13 10 3 3 8 1 4 5 6 7 4 1 1 1 3 2 2 1 0 1 1 0 0 1 1 0 0 O O 0 O

6184} 8 13 10 4 5 8 1 5 %5 6 8 4 1 1 1 3 2 2 1 0 1 1 ¢ 0 1 1 0 0 0O o0 O

6182| 8 1410 7 6 8 3 5 5 6 7 4 1 1 1 3 2 2 1 0 1 1 0 0 1 1 0 O 0 o0

6179} 9 14 10 7 5 8 3 5 5 6 8 4 2 1 1 3 32 1 0 1 1 0 1 1 1 0 0 O

61751 9 1410 7 5 8 3 5 S5 6 8 4 2 3 2 3 22 1 0 1 1 0 1 1 1 0 0

61711 9 14 160 7 7 8 3 5 %5 6 8 4 2 3 2 3 22 1 0 1 1 0 1 1 1 O

6164 9 1510 7 710 3 6 5 6 9 5 2 4 2 3 22 2 1 1 1 1 1 0 O

614610 1512 9 7 9 5 6 6 6 8 &4 1 &4 2 3 23 > 1 1 1 1 0 0

6131111 1513 8 7 9 5 6 6 6 8 5 1 3 2 3 22 2 1 1 1 0 0

6120111 15 13 8 7 9 5 &6 7 6 8 5 1 &4 2 2 232 2 1 1 1 O

61041411 15 13 9 8 9 5 5 8 6 8 5 1 3 2 2 2 2 2 1 1 1

6067410 15 13 8 8 1C 5 6 8 6 7 5 2 4 3 2 2 2 2 1 1

6035110 1513 8 10 9 5 66 8 7 7T 5 1 &4 3 2 21 1 O

60181 9 15 13 8 10 9 5 6 8 6 8 5 2 4 3 2 21 1

5967110 17 12 712 8 7 7 6 5 8 4 3 3 2 2 10

5948 110 17 11 7 12 8 9 6 6 6 8 5 3 4 2 2 2

5876 {15 16 12 7 11 7 8 7 8 5 7 4 2 3 3 1

5817 |14 15 11 8 11 g8 8 8 9 5 66 3 2 3 2

571412 18 11 8 10 9 8 7 7 5 4 3 2 O

5693412 18 13 7 10 9 7 7 7 5 4 3 1

564411 17 14 6 10 8 7 6 6 4 4 3

5489 |14 17 14 10 10 8 8 7 6 5 2 LEGEND

5387 (13 17 14 1011 9 8 6 5 4

5171 (12 17 17 11 11 9 7 6 3 1. Variable number (Variables were deleted from right to left)

5006 |16 24 21 12 9 7 71 6 2

4682112 25 19 9 9 6 5 2, Simple ryx; (Two decimal digits)

4426 |14 22 16 7 6 4 ) 2

4194 128 19 17 6 5 3. Multiple Ry, {jk--- (Four decimal digits)

3866 |26 15 13 7 2

3434 126 16 12 4. Partial ryj, jk--- (Two decimal digits)

2565 |16 16

1154 |12

»

Table 1.

Computer results (34 independent variables, 102 sets of

observations).
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Table 2., Summary of evaluation of 55 experiments.

No. of | Degrees | No. of Variables No. of No. of Variables Final Selection
Indep. of Selected by Var. in Unique to No. of No. No. Unique to
Var. Freedom | 0052 0018  Common 0052 0018 [Variables Common 0052 0018
34 101 12 12 10 2 2 10 9 1
32 44 7 3 7 3 2 2
32 44 9 9 8 1 1 9 8 1
31 44 5 6 3 2 3 6 3 3
31 44 4 4 2 2 2 4 2 2
30 44 7 5 2 5 3 3 1 2
29 44 4 6 3 1 3 6 3 3
9 15 2 -2 1 1 1 2 1 1
31 44 3 2 3 2 3 3
31 44 6 5 4 2 1 6 4 2
10 72 2 1 2 1 2 2
6 72 2 2 2 2 2 2
33 101 6 6 4 2 2 5 3 1 1
32 44 4 5 4 1 4 4

Summary of 41 additional experiments:

No. of independent variables: 6 to 32
No. of degrees of freedom: 24 to 152
No. of significant contributors selected in common by 0052 and 0018: O to 5




.54 -
52 11a

.52 -

.50 - ‘ Residual MS Cum. Res.
\ b%c MS

.48 - Cumuloted IQOOW 36

A b2/c

46 - \ 1800 1 35

44 - 1700 4 34

42 - 1600 4 33

40 1500 1 32

I8 —r X

.38 - 1400 4 31

.36 - . 1300 1 30

.34 - 1200 4 29

Rz

.32 - 1100 { 28

.30 - 1000 4 27

28 - 900 126

.26 - 800 { 25

24 - 700 4 24

.22 - 60023

. [ ) '
20 - 500 422
400 1 21
[ )

\ 30020

2004 19

| 100 18

R2
T T T T ] O b |7

34 32 30 28 26 24 22 20 18 6 14 12 0 8. 6 4 2 O
Number of independent variables (deletion according to size of b%/¢c)
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IBM 1620 ELECTRONIC CIRCUIT ANALYSIS

The Electronic Circuit Analysis system is a series
of programs to help electronic engineers greatly
extend their design capabilities through the use of
the IBM 1620 Data Processing System. Previous
computer experience is not required.

Electronic circuit performance requirements
vary between industries and products. In some
instances, the design objective is extremely high
reliability; in others, it is a balance between cost,
reliability, and consumer acceptability. The design
effort includes determining the tolerance required
of each individual circuit component in order to
obtain an overall circuit performance within certain
tolerances. Since the relationship between component
tolerance and circuit tolerance is not a direct one,
the analysis of the possible combinations of com-
ponents is a time-consuming and tedious task to
perform manually.

The IBM 1620 Electronic Cireuit Analysis system
provides the user with a high degree of confidence
in circuit design, since many variations of circuit
performance can be '"'tested". The system is user-
oriented, providing means for easy communication
and complete user control during the solution of
the problem.

To use the system, the engineer starts with a
schematic representing the equivalent circuit. He
then numbers the nodes and branches of this net-
work. A special input language is used to describe
the network, its physical characteristics, and
various user options such as type of output, type of
analysis to be performed and circuit parameters to
be varied. The input statements are then punched
into cards in free form for entry into the 1620.

The system interprets the input statements, de-
termines the network topology, generates the
network equations and performs the desired analysis.
During the course of solution, the engineer can
easily intervene at the console and modify system

© 1963 by International Business Machines Corporation

APPLICATION PROGRAM BULLETIN

parameters, output desired, or many of the input
language instructions by merely typing modified
language statements on the console typewriter.
the system allows either intervention for manual
modification or completely automatic modification
and solution. In this manner, the engineers can
simulate their normal mode of design, which is
experimental at the outset and iterative on a fixed
design in the final stages.

The system consists of four sections: the monitor,
the AC program, the DC program and the transient
analysis program. The monitor reads and interprets
the input cards, obtains the program requested (AC,
DC or transient) from the auxiliary 1311 Disk Storage
Drive, and transfers control to that program. Upon
completion of the analysis, control is returned to the
monitor, which reads any other input cards.
to be run may be stacked one behind the other, and
solutions developed without manual intervention.

Some other features of the system are:

1. Networks of up to 21 nodes and 60 branches
may be processed.

2. Nonlinear circuit elements are handled in the
transient analysis through linear approximation.
This is accomplished by automatic switching of
circuit elements from one value to another in order
to change the characteristic of the model being used.

3. The numerical stability of the transient
solution is not affected by the size of the time step
selected. Thus, the user can select large time
steps in order to quickly obtain an indication of the
transient behavior. In addition, the steady state
solution can be obtained by selection of a single,
sufficiently large time step.

The outputs available to the user are:

e Node voltages
Branch currents
Branch voltages
Power dissipation
Switching times

Thus,

Copies of this and other IBM publications can be obtained through IBM Branch

Offices. Address comments concerning the contents of this publication to

IBM, Technical Publications Department, 112 East Post Road, White Plains, N. Y. 10601
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Sensitivity coefficients which indicate the
relative effect of variations in the circuit
elements on circuit output parameters
Standard deviation of the node voltages

"Worst case'' analysis, which yields the max-
imum and minimum variations of node voltages
when the worst pbséible combination of circuit
element tolerances occurs

Coefficients of the circuit equations generated
by the system

Node incident matrix indicating the topology
of the circuit that the system generated.

A technique of solution is used in the AC/DC
programs that substantially reduces the overall
problem solution time when multiple solutions are

required because of the varying of circuit parameters.

The technique requires only a single nominal solution
of the system equations. Subsequent solutions that
would normally be required.when circuit parameters
are varied are obtained through a matrix update
technique of the nominal solution matrix.

ISV

International Business Machines Corporation
Data Processing Division
112 East Post Road, White Plains, New York 10601

MACHINE CONFIGURATION

The minimum system required is a 40K IBM 1620
Data Processing System, with a 1311 Disk Storage
Drive, a 1622 Card Read Punch, Automatic Divide
and Indirect Addressing.

PRECISION

The standard floating point format of the IBM 1620
is used throughout, which carries eight significant
digits. This precision results in a solution for the
largest problem accommodated that is well within

acceptable design accuracy.

PROGRAM LANGUAGE AND SYSTEM

The program is written in FORTRAN II D with
Monitor I.
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ABSTRACT

The Electronic Circuit Analysis Program for the IBM 1620 is an engineering
tool to aid in the design of reliable electronic circuits. The system provides
facilities for complete DC, AC and transient analysis of an electrical network.
The user can easily determine the effect of parameter variations on circuit
performance that might arise due to effects of environment, aging and

production tolerances. The manual calculations required to analyze circuit

performance are tedious and time consuming for all but the most trivial circuits.

The use of the computer relieves the designer of this restriction and greatly

expands his capability.

FEATURES

-- provides user with a high degree of confidence in circuit design since
many variations of circuit performance can be "tested" which could not

have been physically duplicated in any reasonable amount of time.

C-- System is user oriented, providing means for easy communication and

complete user control over course of problem solution.

-- Simple input language used to describe circuit topology and component

characteristics.
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Automatic generation of network equations.
Handles network of up to 21 nodes and 60 branches.

Automatic modification of parameters or selective modification through

console.

Transient analysis of non-linear circuits through automatic piece-wise

linear approximation.
Worst-Case analysis of circuit design performed.
Obtains sensitivity of circuit performance to various parameters.

Numerical stability of transient solution not affected by size of time step

selected.

Voltage and current dependent switching of element values is provided

in transient program.
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DESCRIPTION OF APPLICATION

The problem of reliable electrical circuit performance faces many designers
in various industries. It is especially critical in the Aerospace Industries
where extremely high reliability is desired. In other industries (e.q.,electrical

and communications) the problem is one of attaining a desired reliability that

the consumer will tolerate.

The question to be answered in design of these circuits is what is the tolerance
required of each individual circuit component in order to obtain an overall

cricuit performance within certain tolerances. The‘ relationship between
individual componerit tolerance and 5(7era11 circuit performance is not a direct
one. Thus, it cannot be said that to obtain a maximum of + 1% variation of a
given circuit output parameter, all coinponents must be at least 1% components
(tolerances of + 1% from nominal value). In fact, it may be that some components

will require a + .01% tolerance others can be as high as + 10%.

The analysis of the possible combinations of components is a tedious, if not
impossible task to perfrom manually, and it is not practical to build and test a
large number of variations of any given circuit. Thus, the digital computer

provides a means for solving this widespread problem.
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Use | (u

- The Electronic Circuit Analysis Program is written in Fortran II D,
works under Monitor-1 on the 1620 and resides on the 1311 disk. It
is comprised of four programs: A main line program which interprets
the input language and calls in the specific program requested, the AC
program, the DC program and the Transient program. With the input
language, the user describes his circuit, indicates the program he
wants, the output he wants and which parameters he wants varied. The
main line program determines’ the circuit topology, generates the cir-
cuit equations, calls in the proper program which then provides the

desired solution.

MACHINE REQUIREMENTS

The minimum requirements for the Electronic Circuit Analysis Program is a
1620 with 40K storage, a 1311 disk drive, 1622 Reader Punch, Automatic Divide

and Indirect Addressing.

ANALYSIS PROCEDURE

The procedure employed by the user to effectively utilize the IBM 1620 Electronic
Circuit Analysis Program is outlined in Figure 1. The critical ingredient of the

procedure is the generation of an appropriate equivalent circuit for the electron (@
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devices in the circuit under examination (tubes, diodes, transistors). These
devices must be replaced by an equivalent circuit consisting of passive elements,
current sources and voltage sources. The use of the Electronic Circuit Analysis
Program allows the user to incorporate a level of sophistication into the equiva-
lent circuits that renders a hand analysis of the result totally impractical. For

a discussion of equivalent circuits for electron devices, the reader is referred to:

Sheffler, H. S., Terry, F. R., "Description and
Comparison of Computer Methods of Circuit
Analysis", North American Aviation, Inc., Auto-

netics Division, Manual EM-6839.
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Figure 1; Analysis Procedure
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I.  Introduction

The need for and usefulness of an integrated system of programs to do
network analysis has already been shown. In order for the system to be
most effective in carrying out its task, it must "speak" to the user in
his own jargon. The circuit design engineer must be able to visualize
a direct connection between the output which he obtains from the system

and the input data presented to the system.

For this reason the SNAP language program was developed. The input
data which must be prepared by the engineer is as close as possible to
the format the engineer would normally use to carry out hand analyses of

his circuit.

The input data could, perhaps, be handled in fixed-fields on data cards

as FORTRAN II-D normally does. But the engineer's task seems over-

bearing when one considers that a 20 node-60 branch circuit could contain

over 470 separate items to be input. This in itself could discourage the
use of the system by all but the most earnest engineers. The present

input language does not require the engineer to learn something entirely
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new to him, but instead allows him to use directly what he is already
familiar with. The teaching of the language to prospective users is,

to coin a phrase, a "SNAP, "

II. Preliminaries

The approach a person would take in order to prepare data for the SNAP
language program would be, as mentioned above, very close to the normal
hand analysis procedure. The engineer would prepare from a schematic
diagram an equivalent circuit using the basic building blocks (i. e.
,resistoré, capacitors, inductors voltage and current sources, trans-
conductances, and mutual inductances) in place of speciél devices such as
transistors, diodes, vacuum-tubes, etc.. The engineer must decide upon
element values includiﬁg tolerances, if needed, for D. C., alternate values
in the case of switching in transient and phase angles and frequency for A, C,
This pari‘:icular’ phase -- the gathering of actual and representative values --

is usually the most difficult for any analysis.

Ingenious uses of the so-called "standard-branch" can in many cases lead
to a simplification in the input data. The standard branch is defined as
having each end terminate at a separate node and the branch between these

two nodes can be one of the combinations shown in Figure 1.
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branch
current - B
i : 0
. passive !
—_— ', element R
0———4—-‘* ) | —0
INITIAL | v ’ — I FINAL
NODE L - - -~ 2 pos. direction NODE
of coil current J
(assumed)
i+I=7J
Y can be any of the following:
1. Resistor or Conductor »¥—IMWWM__
(expressed in ohms or mhos)
2a. Capacitor - (farads) |———)<

—|
gatam

X—T—x

2b. Capacitor with leakage
(farads and ohms, or mhos)

3. Inductor (henries)

Figure 1

The assumed positive directions are as shown 1n the figure and will appear
positive in sign on the data cards when oriented as shown. Note that the
assumed positive direction of branch current goes from the INITIAL node to
the FINAL node. The specification as to which node is initial and which is

final is important in many cases and is part of the input information.

(:D Once the engineer has represented his schematic in terms of the standard
branch and has decided upon positive current directions, he then consecutively

numbers the nodes and branches, as well as transconductances and switches.
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The common node (usually ground) is referred to as node zero. This done, o

he is ready to write down the input data to be key-punched.

IIT.  Specific Input Card Types

The engineer is now prepared to make use of the specific input card types
with which he can properly describe his circuit to the SNAP system. There
are three types of SNAP language statements: COMMANDS, CONTROL and
DATA. A COMMAND specifies what analysis program is to be called and
when to call it. A DATA statement specifies the circuit configuration and all
of the éircuit parameters. The class of statements called CONTROL cards

Instruct SNAP on what to do, but in a more specific sense than a command.

A, COMMANDS

1. DCNODE
This command specifies that a DC analysis is to be made

on the data which follows it.

2. ACNODE

An AC analysis is to be made on the data which follows

“ this card.

3. TRANSIENT

A transient analysis is to be performed.
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MODIFY

This command indicates that the data that follows modifies
the previous analysis and that the previous analysis is to
be either repeated or continued with the modified data
incorporated. (Note: only 1 MODIFY command is allowed

before any EXECUTE command).

EXECUTE
This command will cause execution of the commands

preceding it which have not yet been executed.

CONSOLE

This command causes execution of the commands preceding
it as with the EXECUTE command, but after execution is
completed, will re-define the input device as the CONSOLE

typewriter for manual entry.

The EXECUTE command will not re-define the input device.
The SNAP program initially expects input via the card
reader and will continue to do so with EXECUTE commands
until a CONSOLE card is read. Thereafter, EXECUTE
commands will leave the console typewriter as the input

device.

READER

This command is similar to the CONSOLE command except
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it defines the card-reader as the input device after e

execution of the preceding unexecuted commands.

8. END
- This command defines the end of a SNAP run It causes
the program to return control to the 1620 Monitor I
Supervisor. It would not be used until a user were completely

through with circuit analysis.

9. 1USER
This command as well as the two following can serve to
call special user routines which can be coinpiled on the 1620
Monitor I, added to the SNAP package and called by use of

these commands.
10. 2USER

11. 3USER

Examples of commands are shown in Figure 2 and are summarized in Table I.

-— . ———— i,



1 Card Column '/
. o D,.C,N O D E L (
. {
Bnl 4 i L lev( OJLL;]'J;) ’1R1:L1 -R}
| e e T e T T e T ed
.2, ., . . N, - (5 3 - - -
L . E X E C U,T. E, ‘
i i L " E L N 4D i } L i 5 i J
Figure 2.
Command
DCNODE Calls D. C. Analysis Program
ACNODE Calls A.C. Analysis Program
TRANSIENT Calls Transient Analysis
MODIFY Denotes data to follow as modifying previous
analysis and creates linkage to repeat pre-
vious analysis with modified data
EXECUTE Signals end of data for analysis called for
and starts execution
CONSOLE Same as execute, except after execution
‘ returns control to typewriter
READER Same as execute, except after execution
returns control to card reader
END Signals end of SNAP jobs
1 USER These commands can
2 USER call special user com-
3 USER piled programs.
Table 1.
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B. DATA STATEMENTS

There are two general classes of data statements. The first classification
specifies data from the equivalent circuit such as circuit topology,

element values and initial conditions. The second group specifies data,

which applies to the circuit in a more general way. In this classification

lie the frequency to be used in an A C circuit, the time step to be used
for a Transient solution, as well as solution criteria such as is needed

for Transient.

1. Equivalent Circuit Data Statements

These data statements contain information of two general
types. The first type identifies the kind of data statement
and its serial number and the second type identifies the actual

data by prefacing the data with a data label.

a. Data Statement Card Identifiers

1. B - identifies a branch card.
Branch cards contain information about the individual branches

within the circuit to be analyzed.

2. T - identifies a bransistor card.
A transistor card specifies a transconductance or current gain

between two branches in the equivalent circuit.

I‘](
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3. M - identifes a mutual card.
Mutual cards specify the values of mutual inductance which

exists between two inductive branches.

4, S - identifies a switch card.
Switch cards contain information about the switches in a

circuit to be analyzed by the transient program.

b. Data Labels

Twelve different types of data could possibly be

found on a data statement card. The following list
associates the parameter with the particular identifier
and indicates on which type of data statement card a

given parameter may occur.

1. Nodal data: "N" (B-cards only)

2. Branch data: "B (T-M-or S cards)
3. Resistance data: MR (B-cards only)

4, Conductance data: nG" (B-cards only)

5. Voltage data: "E" (B-cards only)

6. Current data: | gt (B-cards only)

7. Inductance data: nL (B-or-M cards)
8. Capacitance data: "cH (B-cards only)

9. Initial Capacitor Voltage: "EO" (B-cards only)
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Card
columns

10. Initial Inductor Current: "IO"

11. Transconductance data:

12. Current Gain data:

" GMH

"BETA"

-Examples of Data statements are shown in Figure 3.

PN

(T-cards only)

(T-cards only)

1
TRANSIENT
B1 N=(,1), R=1.E+6
B2 N =(1,2), C =5.3E - 6, RO = 150.
B3 N‘= (2,5), G =.00125
B4 N =(5,6), L =5.7E - 3, IO =.0015
T1 B = (1,3), BETA = 65.
T2 B=(23), GM=1.E -2
s1 B=5, (7, 1, 9), OFF

DELTA =.5E -6

EXECUTE

END

Figure 3
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11

General Data Statements

These data statements contain only two items: a data label

and a value.

a. "FREQUENCY"
This data card specifies the frequency to be used in

an AC analysis. Frequency is specifies in cycles.

Note: All of the following data cards are for use with

the transient analysis program.

b. "DELTA"
Specifies the time increments to use in the transient
analysis program.. This would normally be specified

in units of seconds.

c. "MAJOR!
Specifies the number of time steps which should pass
before an output should occur. The user may want to
integrate with a small time step but may only want out-
put at every tenth step. MAJOR is assumed to be 1 by

the program unless otherwise specified.
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d. "1 ERROR" ~ S N
Specified the maximum allowable error in the sub-
stitution check. A check is made to see that all
of the currents into each riode sum to zero. Nor-
mally, due to round-off, they will not sum to zero.
1 ERROR allows the user to control the limit beyond
which a meésage will be output indicating that the
criterion has not been met. 1 ERROR is assumed

- to be 1 milliamp unless otherwise specified.

e. "2 ERROR"
When the tranéient analysis program is searching
for the exact time at which a switch should be
actuated, 2 ERROR provides a tolerance on how exact
this time should be found. Unless specified by a
2 ERROR card, the program uses a value of .001
iﬁdicating that the switching time will be found to

within. 1% of the time step.
f. "3 ERROR"

Accuracy in results can be increased by decreasing

the time step under certain conditions of switching @
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when inductors are involved in a circuit. 3 ERROR
specifies the reduction to be made. Its value is

assumed to be 1.0 by the program unless otherwise
specified. This will inhibit this feature which is the

normal procedure for most circuits.

"INITIAL TIME"

Specifies the starting time printout. DELTA will
increment time from this base. This can be useful
when re-analyzing a certain portion of a transient
response when this portion occurs after time equals
zero. The program assumes 0.0 unless otherwise

specified.

"FINISH"

Specifies the time at which to terminate a transient
analysis. This can allow ‘éhe user to leave the com-
puter unattended knowing that his job will not run
endlessly. The value of FINSIH is initialized to

1.0 * 1049 unless otherwise specified by a FINISH

card.,
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"SHORT™

These two cards are available to the user
TOPEN" ‘
to specify quantities used to calculate
the Time = 0.0 voltages and currents. At time zero
capacitors act as short circuits and inductors act as
open circuits. These two values are substituted in

place of the actual values when the transient analysis

program is calculating these initial conditions. The

Program assumes values of .01 for short and

1.0x 107 for open unless cards are input to the con-
trary. If the user switches these values, that is, if

he sets short to 1.0 - 1O'7 and open to .01 he can obtain
a steady state solution corresponding to the state of

the circuit at t = OO .

Examples of the use of Data Cards are shown in the

sample problems in APPENDIX A,

C. The following Control Cards may be used with the SNAP Program (See

TABLE III for a summary):

1.

"PUNCH"

The SNAP Program is initialized to print the output data,

but the entering of this control card will redefine the card

punch as the output device.
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2. "PRINT"
This card is used if a user wants both PRINT and PUNCH
as output options. The punch control card will inhibit printing

pnless this card is used.

3. "SENSITIVITY"
The D, C, analysis program is prepared to calculate the
sensitivity of each node voltage with respect to a small change
in each circuit parameter. In addition, the actual partial

derivatives are output. This control card initiates this output.

4, "WORST-CASE"
When given the proper tolerance data, the D, C, Program will
make use of the partial derivatives mentioned above to calculate
the worst-case maximum and mimimum node voltages. This
card allows the user to get this information.
Note: the partial derivatives are necessary in order to calculate
these worst-case conditions, theréfore, the SENSITIVITY card
is not required as input information. The program will automatically

calculate the partial derivatives and sensitivities.

5. "STADEV"
m The DC Analysis will calculate the standard deviation of each node
voltage when the parameter tolerances are input and this card is
entered. The sensitivities and partial derivatives are also required

for these calculations so that the SENSITIVITY micro-data card is

again not required. | ?{



STADEV

culations as well as sensitivity.

Control Card Use Analysis
PUNCH Enables results to be punched. ALL,
Inhibits Printing.
PRINT Used only when punch inhibits ALL
' print and printed output is also
desired.
SENSITIVITY Enables DC to perform sensi- D.C.
' tivity and partial derivative
calculations.
WORST-CASE Enables Worst-Case calculations D.C
as well as sensitivity.
Enables Standard deviation cal- D.C.

Table III
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DC ANALYSIS EXAMPLE
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1000
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500
2000
20v

Equivalent Circuit of Single Stage Common Emitter Amplifier
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o78do123NQDEB&GH?NQBE7€@£$23

DC ANALYSIS

- COMMON EMITTER AMPL
N=11,2)4R=6000.0
N=1(2,0),R=1000.0 }
B3 N=(1,3),R=2000.0 I
B4 N {3,4),R=43000.0
BS ={4,0)4yR=500.0
Bé ‘N-(Z 4),R#487 54E=-0
B7  iNs=(1,0),R=0.01,E=-20
T1 B=(644)4BETA=42.0
SENSITIVITY
EXECUTE
EXECUTE PROGRAM.
DC CALLED. :
DETMA | P
'TUPDLUGICAL MATRIX DIMENSI

BRANCJ NODES

~NO S WN
S
~ OO0 MmO

TRIPRO
SPARSE
NODAL

CONDUCTANCE MATRIX D
BY :

4 NODES.

|
]

NODE RON NODE COLS

4 o.looodoe

1 1 -
2 1 - 4-0.1666666
3 1 - 4-0.5000C0C
‘0; 1"4‘00
EFCURR K= 1
LMVBM K= 1

EQUIVALENT CURRENT VECTOR .

CURRENT

NGDE NO. }
1 0.200CC000E 04 |
2 0.11897436E-02
3 0.49969229E-01
4, -0.51158973E-01 |
MISER ‘

NODAL SOLUTIGON MATRIX

45678‘7

7E 03-0.16666667E-03
TE-03 0.32179487E-02
OE-03 0.86153845E-01

-0.88205127E~-01

Q

0]23456759‘0!23“556789

Y 4 NGD

Ot it OO O

IFIER
.58
.0
ONED 7 iBRANCHES B
; i ;
|
|
-1 0
1 0
o -1
o | 1
0 0
1 0
0 0
IMENSIONED 4 NODE

~0.5000000
0.
0.5232558

0123456789

-0.2325581

ES.

0E-03 0. |
: ~0.20
1E-03-0.86
4E-04 0.90

5128216-02
177100E-01
228382E-01

E

|
0]23456789}0!27456/890




‘ * 1 1 - 4 0.99999590E-02-0.,14312440E~-01 0.99640164E-02 0.91912452E-02

$7ecpzIas T @023 1020 400113764431 E-02° 0182326112€E7 03
3 1 - 4 0.47343888E-02-0.31369275E 04
4E-02 0.80399203E 03

E 4 1 -4
‘ PMVBM

mﬂ NODE VOLTAGE sou
NODE NO. VoL
| 1|  0.1599
2 | 0.2715
3 0.1159
4 0.2149

LMVBM K= 2
BRANCH VOLTAGE V
BRANCH NO. v
| 1 0.17
i 0.27
0.84
‘ 0.94
| 0.21
! . 0.62
7 0.19

coIL WGLTAGE VEC

i
: |
! !
1
\

BRANCH NO.
i |
1 0.17
2 0.27
3 0.84
4 0.94
5 0.21
6 0.46
7 ~0.71

EFCURR K= 2

BRANCH CURRENT V

BRANCH NO. c

| 1 0.28

; 2 0427

g 3 0.42

| 4 0.42

5 0.42

6 0.94

‘Eb 7 -C.71
COIL CURRENT VEC
BRANCH NO. c

: 1 0.28
6789:0\2345678 01234.0527‘;

3 0.42

URRENT

758129E-02

0.1346798

UTION VECT

TAGE

9928t 02
8129E 01
1434€ 02
5623t 01

ECTOR

OLTAGE

224115E 02
758129t 01
084945E 01
418712 01
495623E 01
625059 00
999928k 02
TOR

VOLTAGE

224115€E 02
158129E 01
084945E 01
418712E 01
495623E 01
250604E-01
763992E-04

ECTOR

706858E-02
758129E~02
042472E-02
042457E-02
991246E-02
873034E-04
163993€E-02
TOR

URRENT

T06858E-02

042472E-02

°03% 87008§&1E 00° 019
0.19925266E 04 0.18
0.13641357E 01 0.30

|
|
i

547309E7 D2
317456E 04
664095E 02

9‘{204(2\6739@123456789

012345678290 0123456789

01234567 89,0

’




6789

|
|

6/890\23NQDESVQLTAGE NI?HRESREGT IQ RES&é{NOBRAN€H678ﬁ012

PART[AL DERIVAT!

4 0.42042457E-02
5  0.42991246E-02
ot23456786012345979@873031'57.01'
7 ~0.71763993E-02
POWER |LOSS IN BRANCHES
BRANCH NO. POWER
1 0.49445022E-01
2 0.77051372€-02
3 0.35351389E-01
4 0.39695946E-01
5 0.92412360E-02
é 0.43879351E-05
7 0.51500706E-06
PARSHL 1 1
PARTIAL DERIVATIVES
NODE VOLTAGE WITHRESPECT T
i
| |
NODE NO.  PARTIALS
1 | 0.116322106-07 0.
2 -0.39388667E-03 ~-0.
3 | 0.15008578E-02 O.
4 -0.38466744E-03 ~-0.
PARSHL 2 1
1
PARTIAL DERIVATIVES
NODE VOLTAGE WITHRESPECT T
NODE QU. PARTIALS
1 -0.39728654E-07 -0.
2  0.22852188E-02 0.
3 -0.870752376-02 -0.
4 | 0.22317314E-02 0.
PARSHL 3 1
PARTIAL DERIVATIVES
NODE VOLTAGE HIWHRESPECT T
NODE NC.  PARTIALS
1 | 0.755558906-10 0.
2 -0.18261319E-05 -O.
3 -0.41885271E-02 -0.
4 ~0.28647506E~05 ~-0.
PARSHL 4 q

VES

0123456789

0 RES. IN

SENSITIVI

69793257E~
23633200E-
90051467E~
2308004 6E~

0 RES. IN

SENSITIVI
39728653k~
22852188k~

87075235E~
22317314E—

IN

0 RES.

SENSITIVI

15111178€~-

36522638k~
837105416~
57295010E~04

0123 45678¢9

BRANCH

TY

06
01
01
01

BRANCH

TY

06
01
01
01

BRANCH

TY

08
04
01

1

2

3

3?

5

?

7

8

01 23456789

9

01 2345678¢9

012345678¢9

. L4

012345678910

01234567890




.

678901234567 890-1234567890123456728¢7

67 89

01 234567890123 456789.01 2345678901 2345678F9

NGDE NO. PARTIALS SENSITIVITY

| .
1 | 0.75556279E-10 0.32489199E-07

2 ~0.18261312E-05 -0.78523641E-03

3 | 0.15720065E-04 0.67596278E-02

4 =~0.28647495E-05 -0.12318423E-02
PARSHL 5 1 f 3

i
PARTIAL DERIVATIVES | | |

NODE VOLTAGE WITHRESPECT TO RES. IN BRANCH 5

NODE NO.  PARTIALS  SENSITIVITY
1  0.79028616E-07  0.39514307E-06 %
2 0.16807263E-03  0.84036316E-03 |
3 0.15749805E-01  0.78749022E-01 |
4 !

0.26365753E~03 0.13182876E~-02
PARSHL 6 1 :

PARTIAtL DERIVATIVES

NODE VOLTAGE WITHRESPECT TO RES. IN BRANCH 6
i |

NODE NO.  PARTIALS  SENSITIVITY
i |

1 . 0.17422980E-08  0.84937024E-08
2  0.37502359E-05 0.18282400E-04
3 | 0.34721164E-03 0.16926567E-02
4 —0.88989997E-04 -0.43382623E-03
PARSHL 7 1 ; i

PARTIAL DERIVATIVES
H f | i

NODE VOLTAGE WITHRESPECT TO RES. IN BRANCH 7
| |

NODE NO.  PARTIALS SENSITIVITY

-0.71763699E-02 -0.71763697E-06
-0.98779051E-03 —-0.98779049E-07
~0.33975864E-02 -0.33975864E-06
~0.96651630E-03 -0.96651628E-07
PARSHL 1 2

HWN -

PARTIAL DERIVATIVES i g

1

NODE VOLTAGE WITHRESPECT TO GAIN BRANCH 6 TO BRANCH
1 ; l

. | !
| ’ i |
NODE NO.  PARTIALS | SENSITIVITY

H t
1 ~0.35741134E-04 -0.30792361E-07
2 0.86383292E 00  0.74422528€-03
3 -0.74362179E 01 -0.64065876E-02
4 | 0.13551408E 01  0.11675059E-02
PARSHL 1 3 |
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PARSHL 2 3 , ’ *

LR SR ER ‘ 4 4 A 7 B L0 2 45.‘)’H‘{(’)*."14‘3678‘»’\"1'734,‘;6/8‘«‘0"?'3456789'012.'54!)6:’8"(;?'2(4‘16/8,’(\
PARSHL 3 3
rfﬂ\'
N
PARSHL 4 3
PARSHL 5 3
PARSHL 6 3

PARTIAL DERIVATIVES

NODE VOLTAGE WITHRESPECT TO VOLTAGE SOURCE IN BRANCH  §

NODE NO. PARTIALS SENSITIVITY

1 0.18364523E-04 -0.15821743E-05
2 0.39528981E~01 -0.,34055737E£-02
3 0.36597508E 01 -0.31530160E-00
4 ~0.93799041t 00 0.80811480E-01
PARSHL 1 3 '

PARTIAL DERIVATIVES

NODE VOLTAGE WITHRESPECT TO VCLTAGE SOURCE IN BRANCH 7

NODE NO.  PARTIALS SENSITIVITY |

1  0.99999591E 00 =-0.99999592E 02 | |

2 0.13764431E-00 -0.13764431E 02 | |

3 0.47343888E-00 -0.47343888E 02 | |

4 ' 0.1346T984E-00 -0.13467984E 02 | - |
PARSHL 1 4 | | |
PARSHL 2 4 %
PARSHL 3 = 4 ; ' |
PARSHL 4 4
PARSHL 5 4 | |
PARSHL 6 4 | | | @:;
PARSHL 7 4

|

T4 58 TRV O W 456 8T D Y A% 6860 .2345678% 01 7345678¢ 012346678901 2345678901 24567380

. i
365 ;
| |
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A.C. ExampLE

P I T e

' 3 hy.
. 2. hy. @ ) A > @
...—-». \ ¢
3] 4
—— 0
| E 1. L4, @ S
25 l
mhos * *
1
1 7
ACNODE
Bl N (1,0), G=.25, C=.1
B2 N (2,0), R=5.0
B3 N (0,1), L=2.0, E=1/0
B4 N (1,2), L=3.0
M1 B (3,4), M=1.0

FREQUENCY = 1. 59

EXECUTE
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v
!0123456789;0"1234567‘90123456789@0123456789‘:0!7345678°Ol23456789io!23456789?0!2345678
i | | |
A
ALNODE l ~
81 =(1,0),6=.25,C=.1
12 {2,0),R=5], ! :
13 kh(o 1) L=2 b'Ezlo/Oc i i
N4 NE(1,2),L=3 ! i
9! BE(3,4),M=1, 5 E
FREQUENCY= 1.59 ! :
EXECUTE ; §
EXECUTE PROGRAM. !
| AC caLlLEp. ;’ | |
| ‘
| | ‘ | | | |
| NCDE VPLTAGE SOLUTICN VECTDR ‘ f ¥
i i :
MAGNITUCE PHASE. | |
: 8. 146E-03 -1.740E402 ; !
| | | |
i \ !
 BRANCH VOLTAGE VECTCOR § : o ;
i |
MAGNITUCE PHASE |
8le146E~03 ~1.740E+02
1L 044E~01 9.049E+D1
8 146E=03 5.936E-00
1l 0SSE-01 -3.39CE+D1
‘ .
| |
|
|
|
| !
i ; |
i | H
; ! |
: | ! 5
| i , : !
| ! |
I ;
! C
| ; |
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TRANSIENT ANALYSIS EXAMPLE

6. LCR Voltage Regulator

The objective of the circuit in this example is to regulate the voltage V3 at
12,0 volts. This is done by utilizing the cut-off and saturation characteristics of a
transistor and a diode. If V3, is less than 12.0v, a comparator senses this and turns
the transistor on. This cuts off the diode and builds up the voltage on the capacitor.
When V3=12.0 volts the transistor is turned off. The inductor tends to resist a change
in current. The return path for the current is through the diode which goes from the
blocked condition to full conduction. The voltage drops on the capabitor, which is
sensed by the comparator. There is a hysteresis voltage drop associated with the
comparator of 0.3 volts. Hence, when V3~ 11.7=< 0, the comparator turns the

transistor back on and the process is repeated.
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ABSTRACT

The purpose of this paper is to review the group of roadway design
programs being utilized and developed by the U, S. Army Engineer Division,
North Pacific, in cooperation with State Highway Departments of Washington,
Oregon, and California, U. S. Bureau of Public Roads, U, S, Forest Service
and IBM,

Programs discussed include horizontal and vertical control, data check,
template design, alignment offset, quantity computation and several related
utility programs, all of which are coded in SPS and make up an integrated
system which is convenient as well as fast. The specific use of these
programs by the Corps of Engineers is in conjunction with relocation of
highways, railroads, county roads and municipalities involved in the
design and construction of large multi-purpose hydroelectric projects.

The "System" of programs has been developed through a combination
of initial development, modification of others' programs and adoption of
others' programs with no modification. Coordination of programming
efforts is accomplished largely through facilities of HEEP,

The abstracts of programs at the end of this paper are brief and
general in nature, Writeups are complete but not necessarily in compliance
with USERS GROUP Standards. Interested parties should address inquiries
to:

Division Engineer

U, S. Army Engineer Division, North Pacific
210 Custom House

Portland 9, Oregon
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PART 1

GENERAL PROBLEM

Terrain. ~ The nature of the earthwork problems being encountered

by the Walla Walla District may not be entirely unique, but they are
certainly extreme at times. The Columbia and Snake Rivers have both
cut deeply into Miocene basalt flows that form the regional bedrock,
For 45 miles above the John Day Lock and Dam project, the Columbia River
flows in a relatively deep valley with precipitous walls rising to a
height of 3,000 feet above the general land surface on the north side,
and up to 1,000 feet on the south side. The canyon walls consist of a
series of stepped basalt cliffs interposed with steep talus slopes and
terminating at the top in relatively flat plateau areas. Because of
the constricted nature of the canyon, there is very little choice for
the alignments; however, where the alignment is benched into the basalt
edges, a minor shift in alignment can mean a major difference in cost
because of the rock excavation and high fills which may occur,

Because of the type and shape of the terrain, aligmment is quite
critical and many trial aligmnments may be required in order to arrive
at what is considered an optimum one,

Variety of Criteria. = Another feature that requires considerable
attention is the number of agencies to be dealt with, In one project
area there may be up to three State Highway Commissions, four railroads,
and a dozen counties involved; all of which have from minor to major
differences in criteria. This condition is emphasized when two rail-
roads and a highway are aligned adjacently and there is hardly room

for one of them in the canyon. Something has to move up the hill,

The John Day Lock and Dam presents a good example of the magnitude
of the work being done in the North Pacific Division. This will be
a concrete gravity structure with an ultimate installation of 2,700,000
KW produced by twenty 135,000KW’ units driven by Kaplan turbines
measuring 305 inches throat’ diameter. The total excavation for the
project will be approximately 80,000,000 cubic yards, half of which
will be hard rock. This total excavation figure is exceeded only by
Owyhee, Fort Randall, Fort Peck, and Garrison project; all of which
are earth or rockfill dams, As far as we know, the 40,000,000 cubic
yards of hard rock excavation will comprise a world record. -

The relocation at this project involves 80 miles of SP&S Railroad,
57 miles of UP Railroad, 40 miles of Washington State Highway, 32 miles
of Oregon Interstate Highway, and the town of Arlington with a population
of 633, 1960 census.

When the alignments involved are required to be revised up to 8
or 10 times in order to reach a compromise with economics and the
agencies concerned, the workload approaches staggering proportioms.

1
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PART II

APPROACH TO PROBLEM

Acquiring Data. - In order to plan and design such a project and

its accompanying relocation work, surface data must be translated

into punched cards representing ground cross sections along the align-
ment centerline.

First, of course, an approximate alignment must be determined on
paper. The horizontal aligmnment and geometric computation programs
are utilized at this stage for horizontal control. Survey parties then
either "flag" that alignment in the field, or establish control points.
Helicopters are utilized to transport the party members to inaccessible
locations., Aerial photographers are then hired to "fly" the line and
the resulting film is converted to glass plates. OSufficient area is
covered to enable the designer to shift the aligmnment or position several
roadway alignments such as railroad mainline and shoofly, and highway
and detour.

Data Translation and Preparation. - With the pictures taken and plates
made, the next problem is to translate these to punched cards which are
input media to the computer. This is accomplished by one of two ways,
with emphasis on minimum manual work., For planning and design stages,
if contour maps are available, aligmments may be laid out on them and
cross section cards punched by means of the Benson-Lehner Digital Scale.
If contour maps are unavailable, or if for other reasons, it is desirable
to do so, the cross section cards are prepared on a WILD A-T Autograph
Stereo Plotter connected to an IBM 026 Key Punch through a WILD EK-5.

A hard copy is prepared concurrently on an electric typewriter. An
optional feature of this system permits printing out on typewriter the
X, Y, and Z coordinates at points selected.

For initial phases, cross sections are taken covering sufficient
area to allow for alignment shifts and multiple alignments,

Once the cross section cards are punched, they are checked for
"detectable bulls"by means of s computer pass using the "Data Check"
program which senses such errors as overhangs, double or no centerline,
excessive horizontal or vertical difference between rod readings, etc.
as may be logically determined.

At this stage, cross sections can be plotted by the Benson-Lehner
Electroplotter. To many designers, cross sections are considered
obsolete but the terrain and materials with which we have to contend
make cross sections desirable and often necessary.

Another means by which segments of cross sections are sometimes
prepared is the Benson-Lehner Oscar Trace Record Reader. This machine AN
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uses fathometer graphs as input and produces punched cards in the

same format produced by the Digital Scale or WILD A-T7. This method is
useful where the toe of proposed fill slopes extend below present water
surfaces and in navigation channel and powerhouse excavation applications,
A program is currently being developed by the Walla Walla District which
will update cross section data cards by extending on either side, by
inserting additional readings or replacing corrected readings.
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PART III

INTEGRATED PROCESSING

Alignment and Realignment. - With the cross section cards prepared
and checked, the gquestion arises, "Has the alignment been revised
during the process of preparing the data cards?" If so, the new
alignment computation data is combined with the original or previous
alignment data and processed through the Earthwork Offset Alignment
Reference program which computes the offset and skew angle between
the two alignments and new stationing. If the skew angle is not too
great and the original cross section cards cover sufficient distance,
the output cards of this computer pass serve as header cards which
are combined with the cross section cards and processed through the
Earthwork Alignment Shift program to compute new cross section cards
referenced to the new alignment centerline,

Template Generation. - Roadway templates to be used for computing
cut and fill quantities can be prepared on the computer at this stage
through what is at present a two-pass process. The first pass
establishes profile grade and the coordinates of the basic roadway
points reflecting superelevation for horizontal curves. This basic
roadway consists of two to four planes defined by from three to five
points.

The second pass completes the templates by adding ditches where
required, and slope readings. This pass also serves as an additional
data check by indicating slopes that will not catch, etc. The complexity
of road design involving berms on fill slopes for embankment protection,
and benches on cut slopes for rock fall protection or due to material
classification change, has prompted a recent modification to this program
which enables the designer to specify these features on the terminal
slopes of the template, Templates can be produced with either slope
readings or catch point coordinates at extremities,

Quantity Computation. = For computing quantities, the cross section
and template cards are merged and processed through the Earthwork
Quantity Computation program, The output of the pass provides cut and
fill areas, accumulated cut and fill quantities and mass ordinate,

This program also has optional features for dredging and levee appli-
cations, in which case, directed slopes and outside catch points are
used, It will also make quantity adjustments for curvature correction.

Design for Contract. - Listings of this output are provided the
designer who then determines if and where alignment needs to be
revised vertically or horizontally. This is repeated usually for
various segments of the line, then when the aligmment is satisfactory,
the complete line is recomputed for quantities.
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Special Options. = If two alignments are adjacent and the embank-
ments sometime overlap, the Stage Development program is used to
combine the cross section and template cards to produce new cross
section cards which can then be line-shifted and used to compute
berms for riprap which is to be computed separately from basic
quantities.

The answer cards from the quantity run can be processed through
the Station Interval Quantity summary to produce listings of quantity
summations at selected intervals,

Cross section and template cards are processed through the
Earthwork Data Plot Reduction program to replace template slope
readings with catch point coordinates and reference all vertical
coordinates to a common elevation so the cross sections and templates
can be plotted.

Pay Quantities Computation. - During and after construction when
pay quantities are to be computed, the line is re-flown and "as-
built" templates prepared. These cards differ from the previously
mentioned templates in that they do not have slope readings but
extend from catch point to catch point. These templates are merged
with cross section cards of the final aligmment and pay quantities
are computed through the Earthwork Quantity Computation program,

" The "as-built" template cards are point-plotted over the "as-
designed" cross sections and used to check for over- or under-built
conditions.,



PART IV
RESULTS

Opinions of the users of these programs are varied, so in order
to avoid giving an overly optimistic view, this example was taken
from the most "conservative" user. Sixty miles of railroad alignment
on the Little Goose Lock and Dam project was processed through eight
alignments before arriving at the final choice., By thoroughly
analyzing the first seven alignments, five million yards of rock
excavation were saved between the seventh and eighth alignments., If
hand methods had been used, there would not have been time for more
than four "shotgun" alignments and the savings resulting from computer
utilization would not have been possible.

The cost involved in design stages may be equal to or even
greater than that incurred by "shotgun" manual methods, but this
includes increased analyzation of alignments, making possible savings
such as cited in the example. Even greater savings are being realized
with a computer on-site in the Walla Walla District so that even more
alignment trials can be made in certain areas where the alignment is
most problematical.

One installation has combined template design and quantity compu-
tation programs enabling them to obtain quantities in one pass without
producing intermediate templates., This version also incorporates
line shifting as an integral part of the single pass, It requires
a different format of data cards than that being used by our District
and 60 K. The type of processing usually encountered in the Walla Walla
District require some insertion of hand-prepared templates before the
final pass, so we have not seriously considered their degree of
combination. The two passes of template design might be combined to
advantage, providing header card storage did not become too restricted.
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PART V

ABSTRACTS OF PROGRAMS

1, HORIZONTAL ALIGNMENT - This program computes horizontal
alignment from the following basic input alignment data:

a.
b.
C.
d.

(UPRR)

Beginning station and coordinates (RP)
Coordinates of PI's
Degree or radius of curves

Spiral lengths (highways) or chord lengths and number

Output information includes:

a.
b.
Ce.
d.

€.

Bearing and length of course between PI's
Stations and coordinates of all curve points
Deflection angle (A ) and semi~-tangents
Degree, length and radius of circular curves

Deflection angle (DE), x and y, u and v of spirals

Curve definition can be by arc or chord. Distances are rounded
to nearest .01 foot, coordinates are carried to nearest .,001 foot.

A3



2. GEOMETRIC COMPUTATION - The present geometric program
combines the features of several related programs which were used on
the IBM 650. The following types of computations can be performed
singly or in combination in one machine pass.

a, Survey traverse using bearings with azimuth or deflection
angles,

b, Compass or transit rule traverse adjustment.

c. Areas bounded by traverses which may contain circular
segments.

d. In a traverse between known points, a combination of two
unknowns (bearings, 2 distances or a distance and a bearing) may be
solved for and stored for recall in subsequent problems in same pass
with interdependency of geometric figures.

e. Location of points on tangents, circular curves, spirals
or offset spirals and intersections of any two of these.

f. The intersection of tangents or circular curves with
spirals or offset spirals.

g Convert selected coordinates from any one plane system
to another. ’

The ability to store data pertaining to any course for use in
problems which follow makes it possible for the engineer to begin
with a minimum of data and to solve complex office and field layout
problems in one pass on the computer,

Problems are arranged in logical sequence to develop intermediate
answers as would be done by "people-computers" following traditional
methods. .

A closed traverse can be adjusted in one problem, for instance,
and an adjusted loop can be run from it to close on any point for
which coordinates are known or have been computed, Two alignments can
be intersected and the bearing and distance to land corners or other
references readily determined. The area of gusset plates can be
determined and a host of other geometric problems can be solved, As

a matter of fact, some users say"it can do anything!"

a33%

L mdnn o a— .



3. EARTHWORK DATA CHECK

This program checks earthwork input data in format used by
U. S. Army Engineer Division, North Pacific, and its various Districts.
Errors which would result in erroneous results or machine halts are
detected and error messages typed or punched identifying the station
and specifying the type of error detected.

L, PROFILE GRADE AND TEMPLATE GENERATION

This program converted from Washington State Highway Department's
Five~Point Profile Grade Prograsm, produces the following results:

a. Generates basic roadbed templates for input to Slope
Selection -~ Template Generation Program,

b. Produces pavement elevation cards supplying elevation of
five points at each station to .01 foot accuracy.

c. Computes profile grade at selected or incremental stations,

d. Reproduces templates inserting new profile grade elevation
in the reference elevation field.

e, Punches a summary of vertical control data at end of each

5. SLOPE SELECTION - TEMPLATE GENERATION

This program requires ground line cross section cards plus
the template cards produced by the Profile Grade Program as basic data,
Other input consists of slope specification cards and bench-berm data
cards., Three fill slopes and four cut slopes may be specified for
appropriate depths of fill or cut. Ditches can be specified with V
or flat bottom with depth and slope optional., Terminal slopes may
include bench (cut) or berm (fill).

The templates produced may include catch points, or the
terminal rod readings may be replaced with slope readings in the form
xxx.xx horizontal to 1 foot vertical, '

These templates when collated with ground line cross section
cards are the input to the Earthwork Quantity Computation Program,
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6. EARTHWORK QUANTITY COMPUTATIONS

a, The purpose of this program is +to compute quantities of
earthwork to be excavated and placed on a given job. The program is
patterned after the IBM 650 Cut and Fill Program (H-841) as modified
by Bureau of Public Roads, Vancouver, Washington. The computations
are performed in the conventional manner by taking the original ground
topography and the design of the completed section, as specified by
the engineer, and computing the cut and fill end areas, These are
then used to compute the volumes between sections by the Average-End-
Area method. This program will apply a volume correction due to
curvature if desired. ©Swelling or compaction can be applied to either
the cut or the fill and these quantities are accumulated throughout
a project to produce a mass-ordinate, The total accumulated quantities
of unadjusted cut and fill are also available for each section.

b. As a by-product of these computations, some design infor-
mation is available at each section to aid the engineer in his appraisal
of the design that has just been computed. These include the cut or
fill at the pivot point, at the toe of both the right and left slope,
and at centerline. Also, the rod and distance to the catch point of
the template slope and the original ground line, if these were not
part of the input data.

T. EARTHWORK LINE SHIFT.

The purpose of this program is to shift topog card data
(type "0") +to a new or offset centerline. This enables the engineer
the choice of running multiple trial alignments while using the original
topog data but shifting the topog data to coincide with the alignment.
The program can also be used for station adjustment and for the reverse
line shifting of topog data. It is desirable in some phases of earth-
work to shift the topog data from the original line to an offset line,
generate templates at the offset line, stage the ground line, and then
shift the staged ground back to the original line., By proper program
control in the Job Control Card, the original line shift headers (used
to shift original topog to an offset line) and the staged ground at

the offset line can be used to shift the staged ground back to the
original line, '

8. EARTHWORK TEMPLATE SHIFT

This program is designed to take the Type "1" templates that
were prepared or generated at an offset centerline and punch new templates
having original centerline stationing and shot distances referenced to
the original centerline. The new Type "1" templates can then be collated
with the original terrain cards (Type "O") and a plotter deck is obtained
which has the original centerline as a base for plotting of both terrain

10
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data and Type "1" templates. Use of this program will facilitate
plotting operations when more than one roadway section is planned and
is to be plotted on the same cross section of terrain.

9. EARTHWORK ALIGHMENT OFFSET

This program is designed to compute offset distances, skew
angles, and centerline station coordinates of & base line and an
offset line. Output also includes line shift headers which enables
the Earthwork Line Shift Program to produce a new set of ground line
cards referenced to the offset line.

10. EARTHWORK DATA PLOT REDUCTION

This program reproduces ground line and template cards adding
plotter signs where necessary and references both type of cards to a
common reference elevation. It will also provide demand origin offset
codes and insert blank cards where necessary.

11, CENTERLINE DATA PLOT REDUCTION

This program compiles station numbers and centerline elevations
of ground line cross sections or template cards in a format for plotting
of centerline profile.

12, STATION INTERVAL QUANTITY SUMMARY

The purpose of this program is to produce a summary of quantities
of earthwork to be excavated and/or placed on a given job. Two types
of summary options are available: - Station or Interval., The listings
are used by the engineer for design analyses and as tabulated quantity
listings for plan and profile drawings for design memorandums and/or
contract drawings.

13. PLANE COORDINATE CONVERSION - PHOTOGRAMMETRY LEAST SQUARES METHOD
The purpose of this program is primarily to convert the machine
coordinates of a universal stereo-plotter to a local coordinate system,

applying the least squares method of conversion (Helmert).

This conversion is mathematically expressed as follows:

x=p+kXcosa-kY sin a

y=q+kYcos a+kX sina

The quantities p and q are ground coordinates of the origin of the
machine coordinate system, a is the angle of rotation between the two
systems, and k is the distance scale factor,

11
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HYDRO SYSTEM DAILY OPERATION ANALYSIS PROGRAM
by
Charles R. Hebble 1/

INTRODUCTION

The computer program described in this paper, along with certain
fixed input data, constitutes a detailed mathematical model of a system
of hydroelectric projects. It is a general program applicable to any
river system and scheme of devel opment. Natural lake and channel storage
may be synthesized in addition to reservoir storage and backwater effects.
The program is capable of accurately simulating the hour-by-hour power
loading and water regulation of a hydro system.

Through use of the program it is possible to determine the operating
characteristics of planned future projects for various-sized power
installstions. Backwater encroachment on upstream reservoirs, pondage
requirements, and the effects of peaking discharges on downstream river
stages and reservoirs may be evaluated.

The program may also be used to compare alternative distributions
of system load among an existing group of hydraulically and electrically
integrated projects., It is thus possible, through a trial and error
approach, to determine optimum load distribution.

The program has been used in investigating existing system develop-
ment, along with future planned developments of the lower Columbia and
lower Snake Rivers. Here a series of run-of-river projects, below
Grand Coulee Dam, will develop almost all of the available head (see
Figures 1 and 2). It is anticipated the program will be used to analyse
future operating problems in regards to power loading and water regulation.

DESCRIPTION OF EQUIPMENT

Two versions of the program exist: one for an IBM 1620 having a
40,000 digit memory with an IBM 1622 Card READ-PUNCH for input-output;
the other for an IBM 1920 System (combined IBM 1620/1401) having a
60,000 digit memory in the IBM 1620 and 4,000 digits in the IBM 1401.
This latter system has both an IBM 1402 Card READ-PUNCH and an IBM 1403
on-line printer for input-output. Both systems have the following
optional features required for program execution: Transfer Numeric
Strip, Transfer Numeric Fill, Move Flag, and Indirect Addressing.

1/ Civil Engineer, Automatic Data Processing Section
U. S. Army Engineer District, Walla Walla
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Peripheral equipment required is as follows: card keypunch, card
verifier, and card sorter. 1In addition, for the system with the IBM
1622, a card tabulating machine with a special wired panel is required.

ANALYSIS AND METHOD OF SOLUTION

General. - The program is intended for the detailed hour-by-hour
analysis of hydro system operations; basic input to the program and
output from the program is-hourly. However, periods greater or less
than one hour may be used. There is no limit to the number of real-
time operating intervals which can be simulated by the computer. The
program continues to run as long as there are input data in-the READ
hopper. Ordinarily, however, real-time periods of more than a week
are not analyzed because of the excessive length of the computer runs
for all but the smallest systems. As a rough estimate, the program
requires two minutes to compute one day's output for each hydro project
in the system. The number of reaches and projects that can be analyzed
in a given system is dependent on the computer storage capacity. The
program instructions require approximately 25,000 digits of memory. A
rule-of-thumb estimate for a given hydro system, including open river
reaches, is 1,000 digits of memory for each hydro station. Variation
of memory requlrement is due to opt10na1 lengths of tables used to
define system parameters.

Program Operating Modes. - Discharges from the various hydro projects
are specified, either directly or indirectly as input to the program for
each real-time period. Four operating modes exist for this purpose:

(1) station power loading given; (2) system power load plus generation
allocation (breakpoint) settings given; (3) total project discharge
given; and (4) project forebay elevations specified. Any of the fore-
going, in combination with other fixed and variable data, determines the
individual pro ject discharges. Different projects may be operated
under different operating modes at the same time, and the operating mode
of any project may be changed at any time.

Variable Input. - Each hydro station obtains operating data for
each real-time period from coded variable input cards. Variable input
data include project power loads (or discharges), system loads with
project breakpoint settings for load-frequency control, local inflow,
optional spill, and number of generating units synchronized on the line
and available. These data may be varied as desired during the course
of a run. ‘ :

Operation Sequence. - The program begins with the upstream project
of the series and proceeds downstream, routing flows through each open
channel reach or reservoir. Local inflow between projects is added to
the routed flows. The outflow from the projects is computed as the sum

2 <
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of power discharge, spill, and average fixed release. (The average
fixed release, which must remain constant throughout the run, includes
losses due to lockage, leakage, and useage.) The entire process is
repeated for successive 15-minute computation (routing) periods.
Project and desired reach answers are obtained upon completion of the
fourth routing period. The variable data for the next hour is then read
in and the entire process repeated. Routing and output intervals may
be varied by a special job definition routine. The routing interval
may be different for different projects or river reaches but must be
a multiple of the basic routing interval. The computer program has
two fundamental parts. One is the method of simulating a hydro-power
station, the other is the flow routing procedure. Each part will be
considered separately and in some detail.

Hydro-Power Station Simulation. - Each generating station synthe-
gized in the program is represented by individual unit characteristics
as illustrated in Figure 3. This is in contrast to the method used in
other power programs for coarser increments of time which consider only
generating station characteristics as a whole. Such programs assume
some operating efficiency between best efficiency and, say, full-gate
efficiency. This assumption, while adequate for studies having a basic
time period of day, week, or month, during which there are many swings
in 'station power loadings, are inadequate for the detailed hourly com-
putations required in the study of peaking operations. The number of
generating units synchronized on the line may be specified as variable
input or may be automatically selected by the program. The program has
the ability to automatically add units as required to meet the load up
to the maximum number available. When a power load in excess of the
maximum capability of the installation is specified, generation will
automatically be adjusted to equal plant capability as limited by head.
The output is coded to indicate this alteration by the computer program,

Under automatic selection of units the program computes the number
of units for best efficiency operation. The total station load (or
discharge) is divided by the unit best-efficiency loading (or discharge)
for the particular head existing on the station to determine the desired
number of units. Fractional numbers of units are truncated; thus unit
loadings are at or higher than the best efficiency point. The number of
units selected is limited to the maximum available.

The program automatically causes all excess water above maximum
pool elevation to be spilled. This is termed ''mandatory'" spill. Power
discharge, fixed release, optional spill and mandatory spill are summed
to arrive at the total project discharge. The alarm section of the out-
put is coded calling attention to such mandatory spill.

Should a project attempt to draft below its minimum pool elevation
as a result of releases exceeding inflow; the power discharge and hence,
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generation is automatically reduced to prevent the overdraft,
irrespective of the power demand or discharge called for by the input
data. Here again the alarm section of the output is coded. '

The computation of power, discharge, head, etc. are accomplished
by means of table look-up and interpolation. For existing projects,
unit per formance tables may be prepared from observed data. 1In the
case of planned projects, the basic data must first be computed. A
separate computer program has been developed which can quickly compute
performance characteristics. The program is based on the turbine
performance characteristics of a unit machine, i.e., a machine runner
diameter of one foot operating under a net head of one foot. These
data are summarized in a unit performance hill in which power output
is plotted against the peripheral speed coefficient. It is thus
possible to quickly evaluate the performance of different sized units
and units having different characteristics.

Centralized Load-Frequency Control. - A feature of the program is
a provision for simulating centralized control of the station power
loadings in a manner similar to that of centralized load-frequency
control equipment. Such equipment is presently installed at the major
Federal hydro stations on the Columbia River. The power loadings of
these projects are centrally controlled from the system load dispatcher's
office in Portland, Oregon.

When the load-frequency control feature of the program is used,
participating settings for each of the hydro stations are then included
as input data and a single system load rather than individual station
loadings are specified. The system load is apportioned among the hydro
stations in accordance with station participation values. Other than
this, the program operates in the same manner as when individual loadings
are prescribed for the several hydro stations.

This centralized, automatic dispatching of power loadings affords
the opportunity for efficient coordinated system operation of the Federal
projects. Use of the load-frequency control feature of the computer
program will allow planning studies and scheduling of power operations
in conjunction with the equipment, in addition to its other uses. It is
envisioned that ultimately the load dispatching of these hydro stations
will be directly and automatically controlled by computer. The present
program could well serve as a basis for such a future program.

Flow Routing. - The total discharge from a project (power discharge,
spill, and fixed release) is routed downstream by a method of flow routing
known as incremental storage routing. This approach consists of sub-
dividing reservoirs or river channels into incremental reaches. Each
incremental reach is represented in the program by two tables: one giving
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the relationship between storage and elevation for the particular reach;
the other giving the relationship between discharge and elevation. By
proper selection of routing interval and choice of the number of reaches,
actual hydraulic conditions may be accurately approximated. The discharge
from any reach is computed as a function of the reach elevation, or where
backwater effects must be considered, as a function of the next down-
stream reach as well, The change in storage content of the incremental
reservoirs is related to the difference between inflow and outflow.

The combined effect of the storage-elevation and discharge-elevation
relationships mentioned in the preceding paragraph causes a time constant
to be introduced into the routing. This is known as '"time of storage"
and is defined as the change in storage per unit change in discharge.

Ts = AS/AZ = AS
AQ/AZ AQ

where,
Ts = time of storage
S = storage volume
Q = discharge rate
Z = elevation

Dimensionally, using the units adopted for program use,

Ts (min) = A S(kcfs-min)/ A Z(feet)
AQ(kcfs)/ A Z(feet)

The routing procedure used in the program does not explicitly consider
time of storage; however, the routing interval used in the program must
be shorter than the minimum time of storage for any given reach. Failure
to observe this criterion will result in oscillations of the reach eleva-
tion and discharge. These oscillations tend to increase in amplitude
until the range of tables is exceeded., A reservoir which is encroached
upon by backwater from a downstream reservoir may have an extremely short
time of storage.

The time-of-storage concept may be visualized by assuming a constant
rate of increase in inflow to an incremental reservoir, Outflow from the
reservoir will eventually reach an equilibrium condition where it is
increasing at the same rate as the inflow; at this time, the outflow
hydrograph will be displaced from the inflow hydrograph by the time of
storage. Figure 4 illustrates a discharge hydrograph routed through six
identical incremental reservoirs. Storage-elevation and discharge-
elevation curves are shown on this same sheet.
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Overlapping reservoirs are normally subdivided into two reaches:
a forebay reach and a tailwater reach for the next upstream project.
The sum of the storages of the individual reaches must equal the actual
reservoir storage.

In subdividing open channel reaches into incremental reaches, no
definite rules can be given for the number of increments. In general,
the greater the number of reaches, the greater the translation of the
discharge hydrograph with minimum attenuation. Discharge hydrographs
can be modified, to a lesser degree, by choice of routing interval.

Here again, selection of routing interval beyond that required to pre-
vent oscillation, is subject to rules established for particular problem
definition.

For river systems where all tailwater reaches have extremely short
times of storages, an alternate routing method is available., This
method permits use of relatively long routing intervals, up to the answer
output .interval if desired. In effect it considers the time of storage
to be zero. Tailwater elevation is first determined as a function of

inflow (and next downstream reach elevation if necessary); the storage

corresponding to the new tailwater elevation is then computed as is the
change in storage during the routing interval; this change in storage

is converted to an average rate of flow during the routing interval and
added (or subtracted) to tailwater inflow to arrive at the outflow.

The algebraic sum added to the inflow is dependent on change of tailwater
elevation during the routing period, i.e., a rising tailwater will cause
outflow to be less than inflow with the opposite occurring on a declining
tailwater condition.

The flow and storage-routing procedure used in the program has a
sound theoretical basis which permits analysis of future reservoirs as
well as existing reservoirs and river reaches. The computation of
discharge, elevation, storage content, etc. are accomplished by means
of table look-up and interpolation. Volume-elevation relationships for
open river reaches and reservoirs are generally obtained from survey
data, Water surface profiles are computed for various forebay elevations
and rates of flow by independent means. (Here again separate computer
programs are available for determining water surface profiles, and
volume relationship, in reservoirs or open channel reaches.) From these
profiles, the discharge-elevation-volume relationships are derived.

PROGRAM OUTPUT

Output Data. - Program output consists of the following data for
each project: ‘

Date and time
Abbreviated project name
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End-of-period forebay elevation
End-of-period tailwater elevation
Average head

Forebay storage content

Storage change during period
Local inflow

Routed inflow

Power discharge

Spill

Total discharge

Generation

Numnber of units operating

Alarm codes

Operating mode number

Project number

Output may be obtained for selected reaches, in addition to project
data, at users option. Reach output consists of the following data:

Date and time

Abbreviated reach name
End-of-period elevation
End-of-period total discharge
Reach number

The 1920 System program output consists of both on-line printing
and punched cards. The same data are given by both forms of output.
Choice of output mode is optional with user. The 1620 System output is
punched cards. The 1920 System uses an auxiliary listing program tg list
the punched cards for each project or optional reach and system Summary
Cards.

Output data consists of Project Cards, selected Reach Cards and
Summary Cards containing end-of-period system generation totals and
system potential energy remaining in storage. The sequence of the
punched card output and on-line printout is as follows: An initial
Summary Card gives potential energy in the system based on starting
profile data. This is followed by data for each hydro project and for
optional selected reaches for the initial time period. A Summnary Card
concludes the data for the initial time period. Project, Reach and
Summary data are then punched out for the next subsequent output interval.
Output intervals may be varied by special control. 1In the absence of
special control, the output interval is one hour. Sample output formats
of a typical study are shown on Figure 5 for the IBM 1620 System and on

Figure 6 for the IBM 1920 System.
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