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Integrated Continuous and Discrete System

Simulation Program (CDSP)

Takeaki Akatsuka*, Akinori Kato* and Nobuyuki Yoshida*

Abstract

There are two types of simulation languages at present, namely the continuous
system type and the discrete system type. The former is used in the field of engineer-
ing. The best-known one is the "CSMP", The other type is used in Operations Researcn
areas. The "GPSS" and the "SIMSCRIPT" are the most typical of the discrete system
type. Nevertiieless the actual problems which we must solve are usually inter-related
with both the discrete and the continuous system.

Therefore the authors have developed a new simulation program which cau handle
these complex system. This program is a powerful tool with which to analyze
actual programs by means of simulation.

1. Intoroduction

it is the purpose of simulation to study change of the system state when time
advances. The simulation program can calculate the system status in the computer,
Simulation programs can be devided into two groups according to the way of advancing
the time, that is, 'the discrete and the continuous methods. The continuous system
simulation program runs continuously with respect to time and is applied to the
problems in engineering described by differential equations. The "CSMP'" is applied to
this type of systems, The discrete system simulation program is calculated only at
the time when the system status changes. The "GPSS" and the "SIMSCRIPT" are of
the discrete types and are applied to system analyses in the field of Operations
Research expressed by sequential and logical elements.

However, real systems which we want to simulate are not so simple since they do
not consist separately of the continuous and the discrete systems but are very compli-
catedly inter-related with a combination of

both systems. In Fig.l the graph of temper- T

ature in the reactor stands for the contin-

uous system and the operation sequences
stand for the discrete events. When we study sat pota

such general systems, it is the usual method

to separate discrete systems and continuous

systems and to simulate each system independ-

ently, or one system is approximately ex-

pressed by the other system. Therefore the

accuracy of simulation is poor; besides it

is often diffcult to build the process model

by the conventional simulation programs. The M
authors have developed an "Integrated Contin- Y

uous and Discrete System Simulation Program
(CDSP)" to avoid deficiency of conventional
simulation programs and to be able to study
the practical system more efficiently and
accurately. This new program would expand
the application field of the simulation
method,

2. Continuous System and Discrete System

The objects of continuous system simulation are the problems in physical, chemical

and engineering processes described by differential equation systems. Therefore time
is advanced by integrating the differential equations with respect to time. Integra-
tion of the differential equations means the calculation of the future status of the

Fig. 1
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system with infinitesimal time steps. It is convenient to show them by graphs since
these variables change continuously.

The most important element in continuous system simulation is the "integrator",
the function of which is to advance time in such a way that it arrives at the future
status of the system as output while its input values are in the present status. The
discrete system model is represented: by sequential, scheduling and logical relations
of each event. It is difficult to express them by mathematical equations.

Future events are forecasted as far as possible by the discrete system model
based on the present status. Time and status of each event is queued in the scheduling
table according to this discrete model. The timing routine causes an event at the
time specified in the scheduling table.

in the discrete system the seduling trble
state would change only when the event
occurrs and the state will be held constant
between one event and the next. Namely, the
state would change discretely with respect
to time. The output of simulation are statis-
tical quantities such as the mean, the
standard deviation, the maximum, the minimum
value of the variables as well as the present
value of state variables.

In discrete system simulation the "sched-
uling table" is the most important element  sui
and is equivalent to the "integrator" in the
continuous syster. The block diagram is the
schematic way to describe continuous systems
since they are expressed by transfer function
or differential equations. This diagram shows
the relations between elements. The flow chart
is useful to: describe discrete systems Continuois systen Pocrete syncon
and is ‘used for computer programming. The Obect T gy Chemtotsy fperations research
flow chart expresses sequential relations of Nodel
system elements. As shown in Fig.2, the dis— Elemont Integrator Scheduling table
crete system shown by the flow chart runs by output State variables Statistical data
the scheduling table while the continuous Schematicn. Mlock diagram Flow chart
system shown by the block diagram advances Vartable
by integrators. Starting up or stopping of the shange
continuous system is caused by discrete
events and : discrete events are generated Table 1
by states of the continuous system. We summa-
rize the features of the continuous and the discrete system in Table 1,

3. Program Structure

We chose a method to serve basic element subroutines written in FORTRAN and to
build up a model calling these subroutines. Our simulation program executes events
in the users' assigned sequence. Therefore with few exceptions users can apply FORTRAN
statements without any restriction. As basic elements not only continuous and discrete
system elements but also connective elements of both systems are necessary to
describe real system models. We want to start integration of continuous system by
an event, for example the operator starts the reaction when he has fed raw materials
to the reactor. )

Though we can easily write the system model with these elements, it is indispen-
sable to have the timing routine which controls the computation flow of the users
model to advance time correctly. Then users can run simulation automatically without
having to worry about these complicated timing and sequential relationships among
the various elements. The system program consists of this timing routine, the standard
data input and the standard output printing routines. The sequential flow of
simulation is shown in Fig.3. As soon as simulation starts, it reads the standard
input data. Then the starting program yritten by the user reads the data for his model.

After initialization the timing routine starts simulation. In this routine the
time and certain state variables are checked step by step to determine whether they
are equal to the predetermined values. If conditions are satisfied the discrete event
previouly assigned in the scheduling table is executed. If conditions are not
satisfied the program calculates the continuous model and integrates it based on the
present value. We use the Runge-Kutta-Gill method for integration. The Predictor-
Corrector method with variable step size would not be appropriate because of poor
convergence when the system has discrete elements.

p=Integration

Space

Fig. 2
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Function Description Symbol
Scheduling an entity Writes acheduled time of the future event SCADL
T, the event no, M and event informations
P(array) in the scheduling table. (T,4,P)
Cancellation of a previously Retioves the entity of which IP-th event
scheduled entity information i{s equal to X from the
scheduling table, and gets the scheduled
time in T, the event number in M and the » X
event information 4in P(array) where ™ M, P,
L=1 succeeded ia finding the entity -
1=0  othervise
"Call | Registering an entity tn a queve | Registers am entity in the N-th queue table ()
QIN(N,T,H,P) with the reference value T, the destination a
event no, ¥ when taken out of the queue,
and the information P(srray) (T,M,P)
call ’
Takes an entity of the max. reference
frm)? I:O:Sm' value of T when 10=1 or an entity of the 1
e min, reference valua of T vhen I0=-1 out o ®E
of the R-th queue and sets L=1, (T,M,B)
1=0 {f the queue is empty. L jaind
call Taking an entity out of & queue Takes an entity of the max, reference value ¥
QUUT(N,Z0,L) | by the refersnce value and of T when 10=} or sn entity of the min.
scheduling. reference value of T when I0w-1 out of the 10 qour
Neth queve, schedules it and sets Lel.
L=0 if the queue is empty. '
call Catching storages Catches H units of the N-t3 storage. Then ~CATCH
CATCH sets L=1, 1f it fails to catch,sets L=0. 1 '
{,H,1) - 3
call Releasing storages Releases M units of the N«th atorage, H
RELES(H, M) RELES
anll Waltds ‘fo; :; ozl';r entity Seeks the conjugate entity with the same
1c neonieing two p 8 data as P(IC) in the MAT-th matching table HATCH
¥,P) entities) and 1f it finds one,schedules. Otherwise K
registers this in natching table and (HAT, IC,M,P]
walts.
call Joining entities Joins K-entities of which informatien P(IC)
ASHBL(NA, S, 1P are equal. ARUBL
PP (NA,N, TP, N, P
Calculates the average,standard deviation,
Catl Statistical bata Collection max,,min.,and frequency of entries of the
@, DATA) data X and writes them in the statistical m
2 table, -
Call Tabulating in the h the 4in the hi HSTGR
by the value of DATA, -
(N,DATA, S,DS) DATA,8,08 | N
RANM Uniforn random nunber Uniform randon number in a ¥ . )
e a number 1n a range (A,8) AATALB)
RNOHL Randon nunber of normal A random nunher of normal distribution -
x,8) distribution with the expected valug X and the standard | |RNOML(X,S)
deviation §
Table 2
Element Function Description Symbol
Call Block identification Defines the prograr batween block statementt| [grock(r)J evesr wo.'s
BLOCK(T) as the [-th block in the continuous system. w
ol
cal1 Block control Starts the I-ta block 1€ ISel : x
BCNTL(I,I8) stops  if ISw-} 18
lolds {f IS~ 0
Call Connection switch Tranafers to the discrete system when ISel, 18
CSH(N,IS) but neglects vhen IS<0. ﬂ
Call Registering in the the trasfer in the
CTBEN(N,M,P) coanection table connection tabla where ¥ iy the C~sw. no.i
M is the destination event and P(array) is
the information;
J=TEQUL Judging whether the state] J=1 4f Xe8
(x,8,18) varisble 13 equal to the J=0 if X¢S

set poiat,

vhere 8 i the sst point and if I=1, under
ths condition 8 X/5 ¢>0, I=-i under the

condition §X/8 t<0,snd I=0 mmanm_._?y_.‘

Table 3
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-
¥

Element Function Description Symbol
R 4 -‘J’:‘X 4t + Y9
Y~FINTE Integrator waera t: time X X
(¥0,X) tst the start time of
integration
¥0: value of ¥ at tmts =
Y=REALP First-order lag t1 time .
(¥0,¢,%) o4F +T=X  ¥0: valus of ¥ at the L2 I T .
start time of CsH
integration
YO
R ‘
YeCUPXP SecondZorder lag AL, 0102 bty = x P
1,v2,01, av at vow . - L X
€2,X) ZRCIACIFSHC
vhere £ tine !
yevi, 4Y
. @®
at the start time of integration \
ay ax - !
Y~FLDLG Lead/lag HErImaG )
(¥0,C1,C2,X) X Y
where t1 time
01
¥=Y0 4+
at the start time of integration Q
YuDELAY Dead tine = o
10,7,%) Y=X @&—P) I tzP, Y=YO if t<P
0
Y=FIMPL Implicit function Iterates tiie computation unless {Y-XI<E
(Y0,E,%) when M<1 or KY-X)/Y<E vhen 3t DT
whare YO= is initial value & E is the
convergence critarfon.
Table 4
SYSTEM USER'S MODEL ELEMENTS
Jnd 1
Start
User's Data Input
Standard
Data Taput User's Initialisation Arrival of truck
| 1 vith garbage
JE T 5
s l
Timing Routine 4
(Discrete Model) 5 Catch an operator
to feed garbage
Eveat No. 1 ¥
Fvent Fo. 2 ‘i I
d

W

State Variedble

Control

Time=Predetermined
Yes

Hements of Comective System

Ralesse the operstor
after feeding garbage

L awry(y-b)

—e>

Tex

Cateh an operator
to take out

the remaining materisis

[

Raleass the operator
after taking out
the recaining materials

] (Conttnuous Model)

Block Ko 2

o Block W 3
; I
i 3

1
L ' |
8
o _Siwulation Baat j

Fig. 3

I

Fig. 4
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The program goes to the type out routine if it is type-out time. Otherwise it returns
to the beginning of the timing routine after integration by one step. Iterating this
computation cycle simulation advances. Each user of this program should write his
models by combining element subroutines.

We begin to program a loop in the block diagram at the integrator or at the
implicit function since a loop contains the integrator or the implicit function. The
discrete system is expressed in the event-oriented method. We divide the flow chart
at time elapsing points and consider each block as an event. These events consist of
combinations of discrete elements. The simulation program controls computation flow
to execute these events at the appropriate time.

4, Elements

We apply most elements in our discrete and continuous systems from conventional
"GpSS", "SIMSCRIPT" and "CSMP". The unique connective elements are classified into
two groups; one to transfer from continuous system to the discrete system and the
other to control the continuous system by the discrete system. The main elements are
shown in Tables 2, 3, and 4.

5. Data Files

The transfer of data between the system program and user's models must be
carefully designed as every element of this simulation program is written in FORTRAN.
We applied labelled COMMON file for variables used only in the system program, blank
COMMON for variables among all element subroutines and the user's model, and
arguments for variables between a certain element subroutine and the user's model.
Blank COMMON also transfers the data within the user's model. There are the scheduling
table, the matching table, the assembling table and the queue tables as entity files.
These files, along with a blank space are list-structured in order to write and read
data quickly and easily. The program has a storage status file to obtain the utili-
zation rate.

6. Input and Output

There are two types of input data: the standard data input for the system
program and the optional data input for the user's model. The system program reads
the standard data in the fixed format and the assigned sequence., These data are the
job number, simulation end time, integration step-size, reporting interval and the
storage numbers and unit numbers for use in simulation. Users should write a start
routine with read statements in it for their model data.

The output routine for simulation results has two functions: to print the
standard report for every time interval and to print the values of continuous system
variables. It is able to write arbitrary variables to the printer and/or the external
memory during the time interval set by input data. These results are available to the
X-Y plotter. )

The print out items in the standard report are the reporting time, the contents
of scheduling, matching, assembling and queuing tables, maximum and average length of
queues, the statistical tables and histograms of the assigned data, efficiency and
utilization of storages and values of integrators. The standard report is printed
out automatically at the time intervals read in input data. This simulation program
can trace the computation by printing out the time and event no. before executing
event when the trace subroutine is called.

7. Sample Problem
Let us consider a problem of the garbage furnace process as an example.
(1) Description of Process
The full load garbage trucks arrive at the garbage plant with a normal
distribution of one every 15 minutes on the mean and a standard deviation of

5 minutes. There are three garbage furnaces with inlets capable of treating a

truckful of load each at one time. The truck goes to an inlet which is not in

use, and it takes 5 minutes. The operator gives priority to the furnace which
has the least total supply. It takes 10 minutes for him to feed the garbage.

The combustion rate is expressed by the following equation:

d
F = kg (o-y)

where K is the combustion rate constanc
y is the quantity of garbage in the furnace
b is the volume of the furnace.

When the operator has supplied four truck-loads of garbage, he stops garbage
supply and lets the furnace keep - burning until garbage in the furnace is 5 7
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of total supply; then he takes out the remaining material. If trucks arrive late
and the amount of garbage is burnt to 5 % of total supply, the operator, also

takes the remaining content out of the furnace.

remaining out of the furnace.
(2) Purpose
We want to discuss

wait.
(3) Results

by simulation how much garbage can be treated,
each operator is and the sequence flow of operations

It takes 10 minutes to take the

how busy
such as how long trucks

We show the flow chart of this problem in Fig.4 by unit of event. Each event

has several elements of continuous
standard report is shown in
happens to be no
past queues are
Fig.6 shows the
furnace drawn by

and/or
Fig.5.

printed out as shown.
burning status in each
the X-Y plotter. The
computation time of this example for
24 hour simulation is 150 seconds with
integration steps of 0.12 minutes cal-
culated by the computer shown in the
following section.
(4) Implemented Computer

We implemented this example in
TOSBAC-3400/31 with 16 KW core memory.

We repeated overlay to run this sim-
ulation because of the small core size.
This "Integrated Continuous and dis~
crete System Simulation Program" is
written in FORTRAN IV, (DSP provides a
file size of 100 entities and 50 kinds
of storages at present. The number of
cards.of CDSP source program is approxi-
mately 3000.
Conclusion
CDSP is the. most wuseful simulation
program for the problems described by
differential equation models inter-related
with operator's actions and operation se-
quences including start up or; shut-down of
plants, batch reaction, traffic control and
automatic warehouse. In these problems events are

8.

system. CDSP can simulate more efficiently for these types of problems

tional simulation programs and it can also
systems.
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