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ABSTRACT

This paper presents an alternative implementation technique for systems models of

the type described in J.W. Forrester's book Industrial Dynamics, Methods for
converting Industrial Dynamics models written in the specialized language DYNAMO

into equivalent State-varliable models are presented, and a simple Fortran IV computer
program for analyzing the translated models is discussed. A significant advantage
of this new technique is that it allows the use of any small computer with a Fortran
capability as a research tool for gystems dynamics studies, making the field of

Industrial Dynamics available to a wider range of institutions than is presently the
case,

INTRODUCTION

Industrial Dynamics 1s defined (1) "as the study of the information feedback charac~
teristlcs of industrial activity to show how organizational structure, amplification
(in policles), and time delays (in decisions and actions) interact to Influence the
success of the enterprise. It treats the interactions between the flows of informa-
tion, money, orders, materials, personnel, and capital equipment in a company, an
industry, or a national economy.'" Traditionally, Industrial Dynamics models are
developed and exercised in a special-purpose computer language called DYNAMO. This
paper will present an alternative approach to the use of DYNAMO for a representative
system model to illustrate the use of classical state-variable modelling theory

(2) to accomplish the same functions using a simple FORTRAN program.

EXAMPLE INDUSTRIAL DYNAMICS PROBLEM

Consider the simple production-distribution system described in (3). The basic system
structure and variable name assignments are as shown in Figure 1. Retail Inventory
level is supplied by a production system activity shown in this upper portion of the
diagram, and retail sales and inventory are shown in the lower portion of the diagram.

Retail orders to drive the production process are taken to be an exponentially smooth=-
ed function of Retall Sales.

The DYNAMO source code and printed output for the model are also shown in Figure 1.
Figure 2 depicts the plotted output produced by the DYNAMO program on a line printer.
The program was run on an IBM 360/75 computer.

STATE~VARIABLE SIMULATION APPROACH

The basic DYNAMO operational procedure 1s simple first order integration of system
flow rates variables into level variables. It is possible in many cases to decompose
a get of DYNAMO equations into an equivalent state variable system representation
through a8 separation of the rate and level components. For example, the difference
equation describing the behavior of Retail Inventory in the example:

RI.K = RI.J + (DT) (FP.JK -~ RS.JK).
may be written as a continuous state variable differential equation in the following
manner: . .
RI = FP ~ RS, where RI is taken as d (RI),
dt
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simfilarly, the other "level” vafiables, including the exponentiaily smoothed ARS,
may be written:

FOB = RO - FP
ggs = (1/TARS) (RS - ARS)
PA = (1/TAP) (PI - PA)

Since Factory Production rate is equal to Production Ability, and Retail Orders are
set equal to Averaged Retail Sales, two simplified equations can be written:

]
31 = PA - RS
FUB = ARS - PA

Finally, noting that PI = FOB/WBD from the DYNAMO Model, the equation for Production
Ability Rate may be rewritten:

PA = (1/TAP) (FOB/WED - PA)

The model is now In a form suitable for simulation using a state variable modeling
routine (See for example, 4). To avoid the necessity for convolution techniques to
handle the control input RS, Retail Sales rate, this input will be absorbed into the
system matrix, albeit at the expense of a higher dimensional system.

Let RS be a step input at time zefo. Then, a fifth state variable may be written
describing the behavior of this input in the following manner:

RS=0,
with RS (0) = desired input level at time 0.

The augmented system is now of dimension 5, and may be written:

et 1 [o 0 1 0 -1 7 RT ]
FOB ) -1 1 FOB
PA = 1 =1 0 0 PA
A= (TAP) (WED) TAP I 1

ars| |o 0 0 TARE RS ARS
ks § |0 0 0 0 0 RS |

Figure 3 shows the simulation input for the state variable program and the correspond-

ing printed output. Figure 4 depicts the graphical output from the state-variable
simulation. Note the high degree of correspondence to the DYNAMO Solutions in the
earlier figures. Space does not permit a full development of the underlying theory
here, but it can be shown that the numerical solution via the state-space approach is
in fact more accurate than that produced by the DYNAMO integration scheme,

CONCLUSIONS

The state variable approach provides a compact, mathematically precise method for
system definition. The computer simulation of linear systems described in this
manner for non-linear systems with parameters held constant over fixed sampling time
intervals is straightforward, and may easily be accomplished without resorting to
any of the special purpose simulation languages.
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PRINTER PLOTTER OUTPUTIS
B, RO=C, PA=D, RS = E)

DYNAMO PROGRAM

FIGURE 2.

A, FOB

(RI =



ar i)

AT ANy

Sied

Ttk

[

oMy

SHUNT -7y

TLVERTORY

228

THS STATF VECTOR tS...

wel} r{2) 03 Xih) x(5)

True

THFE A MaTREX 15,.,

COC oG OCCONRARSOC oL OCEADOCONCCCOCOC OO0 QODAR DO
OO OoCOCOCOTC oOCDOCoCCOCoODOoORCC DOCCODCOooDRoDO
LR R N R O B B O B I O B B B B B RN AL B B NN B L N B IR I B BN O B R DL BN BN NN R N BE BN BN 2
[ e e e e e e e = e e e L e e e e Ll e L e e e L]
NN&NNNmNmmNNNNNNANNNANNNNNNNNNNNNAANNN&NNNNNNNNNNN

— — et g e et e L e Lo e Lo

CH0 MO oo OO CCOoiCOOODLOoOC0DCODOCIOOOTCTOCOCO OO0
OO 0 O OO OGOt OO RS OOttt GOt Ot SO AoOd
4 8 F 8 8 & 8 R BN 85080 F LRI SN0 L4 FESN S 40 EE SN ssEeRrse s
OO DO GCOACCOOSOOOROROTOOROOORECOODGMODOOOCHOADOS
% ot i i gt e 2 Y, N OO LU L S0 AU G OO T O OO 2 1 L U TUR B O OO Ou B U N SO

Bt et e A0 e e et . g o, P g g gl oy -y vt ) ror—

Dyt F el P et SOOI E L OGPt QP NP N NN P O NS NN 2
QLM OCRNT OOV CIIX FNMNAMOSNINNEMVN~OO DXL
L I R I B B R O B B I R I BN B SN S I I B I N RN I S R S N I N Y S B )
OGN CATIEIT 4= CFTALTL DO CCOCCRoOODC L0 O
ﬁw:oc-—u—n'\lt\l\.m’\amm'\JN'\J--—H—----—c—tﬂ'\lNNNNN'UNf\.NMr-lH—f—u-—G

a

o et et - s gl gl e a0 ot ot el g e sl e s e i ek ol i g "

CorF e CNE et O~ X LN DD DN P G § O & T DO O Lt (Yt P (0
EAD P O A O P O SN MM § DM D D NGNS O DM OO MM DT St MO el &
.llIt.ll.l.lllll.ll.....l..'lll.‘l'lIl.'l.llll..lll
e LR ANEMT 3 O MM 2 O P SN O S R FOCRRrODOIDA0S
SCNM S POOLNT ¢ ST TP OO I e RIS TR MEMMMMMTME 23T IR T
(AR AN AR WA TN ] VYT W R NE W WA VT VRN NT XL NERT, VN NI T T VTV VEVECRT R T VTG TE WA VI VT R NN T T N T

A NN M N e P TSR T~ AOOL DS NI O G- T D NN ND T
L AN M S NG TS S NG G E DT S AT~ 2 4RO~ DN 4 4 N
Ld L I I B B B R I LB I B I B B N TN IR I B I B I B B B B L B I B L B L B A R R AR B IS
NP R T O BN L I (T RV SRR B ol S RIS T BT O N S Y - 1% v X X Ty T = Tty s Ee Bedls ¥ X0 e 8. ¥« )
nzu:ﬁm———mmmmotac:aatcummmmmmmmmndicaealﬂmhhﬁﬂﬂmmm_
S R LY S 0 L R T R LT P e e e O O (NI ) O O () o
CoCCRoCOCQLoSCOCoOUoODOUOrdoaQelorl T A d XaTE CEE KPPt Fepepe
CoCCoo OOt QCoc COg 2 0F R0 T ICR OO
S T C o C o oe e C oS oo 00o00CRr oo OOt s
LRE R I BE B BN N NN B NN BN BN NN RN NN MY R BN RN NN R Y BN RN N NN R RE SN B NN R NE NE N B BRI NN B RY BN NN ]
ST G LT P O=AME LT TSN SN O~T P Q=P D T Ot (U U D=
S e o e st e g o L AUV MM T MG G G TS
- —— A rt—
=] = QOO OO
RN
w wi LT ITHN T
e o 2T df T
< o CTINS
< ~ Td oL
< e O -
- (=] PoL S
— e aNNT—
" T v s - 8 4 4
?3"‘ﬁ prle R AT
]
- I —
oo (=Tt
[}
ow [FeITE TSI Y}
<« El e
s = 0000 .
[ o e ’
L —~— Oy
[=N L= e o]
Cmo— nNowng o
LI > T 4 0
coooS cCocooo
L]
L L) —— T
coo ceo 2
I
[TY[¥R{5Y] [NITSLIT] E
o ~~n ‘o -
oco aor> =) o
D ML o
[ 2=1 3 g W wh
Syt T~ o~ =) -
——y O Frrooc o < -
(A * e 9 e =}
QToce Coo,e “w o -
1 < — —
- =] < .
o ™o . < o
[ cCCco [} o P
] 3 n L (%)
L WLy - W «a
< O 2 [74] [« 9 — w
= wnmny -
1 ~md a - o
un . oM (7Y} w wn <
1 Y s =iy o ¥ S w ﬂ
COomoo ¢ Lo T lad x W
T e e a0 0 < [ [ w <
coTg S i coooo 3 [+ 4
L " [Ld] [l (%) u
: =] z - 2 m
-t > ]
— w - - -
k) - a - Y] -
-oow < P4 x —
< X ol (] "~ »
T oo wi 723 w 12
[ - +
- [Tl ot w Wi o
I o » I I I [=]
oooco a —~oaoo wn - - - -
L S ] % 00w 2
L LR e L e " =
T I x
[ - a

56

NPTS =

SIMULATION INPUT AND TABULAR OUTPUT FROM STATE-VARIABLE PROGRAM

FIGURE 3.
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PRINTER PLOTTER QUTPUTS

STATE-VARIABLE PROGRAM
(RI = A, F#F-= B,PA = C, ARS = D)

FIGURE 4.



