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ABSTRACT

_—

In this paper two devices are used to narrow the communica-
tions gap between the end users of large-scale computer reliant
models and the analysts who must find, review, or create such models.
The first involves the use of examples to describe the significant
characteristics of three simulation techniques: event-store, ASTN,
and hierarchical interrogation. The second device makes use of
multiple equivalences. In this case, the conversion from one model-
ing technique to another (which shows the two to be equivalent) is
prompted by a consideration of some salient features within the pro-
cess to be simulated. Some of the original work on these techniques
has been done at APL. The subliminal nature of these techniques and
the causal implicative chains leading to their implementation is
discussed from a user-oriented point of view. A section on decision
tables and a decision table processor developed at APL is included
to assure a clear treatment of hierarchical decision table interro-
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1. INTRODUCTION

The term "simulation" is used in such a generic sense with a
multiplicity of specifically intended meanings that a communications
gap is beginning to widen between potential users and implementing
analysts. The problem has created such confusion among the ana-
lysts themselves that a number of tutorial papers have been written
on the differentiating aspects of various forms of simulation tech-
niques (see Refs. 1 through 5). Since the majority of these papers
appear to be addressed to the analyst, there has been little guid-
ance for the naive user. The purpose of this report is to provide,
in some measure, such guidance.

CATEGORIES AND TECHNIQUES

Since simulation in general is such a broad subject, partition- 1.
ing it into categories and then breaking down each category into tech- 3
niques, facilitates understanding. One such breakdown is as follows: ﬂ

ot e e S A O e e

1. Discrete Simulation, a model that changes in discrete steps ﬂ,

a. Coded analytical model

¢

b. Finite automata

1 Ref. 1. H. Pople and G. Werner, "An information Processing
i Approach to Theory Formation in Biomedical Research,'" Proc. Spring
Joint Comput. Conf., AFIPS Press, 1972.

-

i Ref. 2. J. G. Laski, "On Time Structure in (Monte Carlo)
- Simulations," Oper. Res. Q., Vol. 16, No. 3, 1965.

Ref. 3. P. J. Kiviat, '"Development of Discrete Digital Simu-
i lation Languages,' Simulation, February 1967.

~ Ref. 4. A. Pritsker and N. Hurst, "GASP IV: A Combined
i Continuous-Discrete Fortran-based Simulation Language," Simulation,
September 1973.

f Ref. 5. b 15 6ren, "Software for Simulation of Combined Con-
.. tinuous and Discrete Systems: A State-of-the-Art Review,' Simulation, i
February 1977.

J
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c. Event centered model

d. Activity centered model

e. Process oriented model

* 2. Continuous Simulation, a model with continuous dependent
variables

a. Differential equation model

b. Analog model

c. Approximate with discrete model
3. Combined Continuous/Discrete

a. Straightforward coded procedure

b. Discrete method augmented by continuous
facilities

c. Discrete continuous portions

d. Combined-system simulation language

Since the intent of this report is to provide an insight into

the art of simulation, a systematic discussion will not be attempted 1
for all of the above techniques. In fact, several papers have been
published (Refs. 3, 4, and 5) to provide depth, even at the expense

of initial insight. This report will cursively present characteriza-
tions of some of the above techniques; then, with the aid of specific
definitions, it will present a discussion narrowed down to the combined
continuous/discrete category.

CORRELATIONS AND EQUIVALENCES

Conceptually, it would seem that the first two categories list-
ed above should be proper subsets of the third, i.e., the combined
category. This is an assumption implicit in listing techniques in-
volving an interface between the discrete and continuous notions. In
practice, the pure continuous models are rarely seen. An analyst may }
call his model discrete even though it has several processes contain- . ]
ing continuous variables; a war game with continuous dynamic motion
but discrete detection events is such an example. The blurring of \
definitions makes the restriction to '"combined continuous/discrete"
academic or semantic.

- 10 - [
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Three distinct techniques used in combined continuous/discrete
simulation are so dissimilar in approach that they appear to be in-
compatible. They are:

1. Event-store (event centered);

2. Augmented state transition network (ASTN) (finite
automata); and

3. Hierarchical decision table interrogation.

They will be shown, in an empirical fashion, to be virtually equiv-
alent. This equivalence results in the narrowing of the communica-
tions gap between simulation users and designers. A user may picture
his problem as a network while an analyst might use an event-store
model to solve the problem. Technique equivalence, and especially
the process involved to show equivalence, gives a freer choice in

the "problem-to-model" step in writing a simulation.

One technique uses decision tables and relies on an efficient
method of implementing them on a digital computer. For this reason 3
the uses and requirements of decision tables are discussed in this 4
report. No other documentation is available on the large decision
table preprocessor created several years ago at the Laboratory to
help '"modularize' the process of writing a computer-reliant war game.

The process of showing several simulation techniques to be
equivalent should result in a better understanding of each technique.
Similarly, the method of using a decision tree analogy of a decision

'l table to show a form of processing optimality may give a better under- ]

x4k

standing of decision tables and how they can be used.

A
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2. CONTEXTUAL BACKGROUND

LENGTH OF THE CAUSAL CHAIN

; Modeling and simulation provide possible solutions when a prob-
& lem is characterized by long chains of logical, causal conditions or
a large number of component interactions. Modeling eventually becomes
a necessity as the causal chain or number of interactions reaches a
critical level. The actual critical level may be determined by any

of the following: the existence or lack of a 'pattern'" to the prob-
lem, the availability of easy data processing implementation, the
limited capacity of the human mind to connect all the variables, the
time available to work on the problem, or (even) the amount of so-

| phistication one wants to associate with the implementation of a solu-
tion. A simple observation derived from experience, but self-evident
on reflection, is that the more necessary one finds a model, the more
difficult and time consuming becomes the task of representing the
problem with a model. Also, as a model becomes more necessary, a
computer-reliant model, or simulation, tends to be the solution.

MODEL VERSUS SIMULATION

The distinction between model and simulation is given by Pople
and Werner (Ref. 1) as a distinction between a "hypothesis model"
(the big picture in the mind of the investigator) and a "simulation
model" (the computer program that represents the investigator's at-
tempt to codify the big picture). A successful simulation is usually
the result of an investigator hierarchically iterating through these
two "models." Reference 1 reports an attempt to make the iterative
i process more automated. The procedure is based on beginning with an
implicative or causal net as the input to a computer program to help
in the detailed specifications of a hypothesis model (since it is
generated by a computer it can be immediately incorporated into a
simulation model). In contrast, the prime concern in this report is
the intuitive creation of the representing causal net. The process
involved here is what eventually determines whether a simulation is
really necessary and the type of simulation required.

The literature on simulation contains many references to '"dis-
: crete simulation," "continuous simulation,' and even '"combined contin-
! uous and discrete simulation." Each of these categories has origins
q in specific types of problems. A continuous simulation is used to

- 17 «
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model the various transport equations (differential equations) of

some continuous process; a discrete simulation is used to model a pro-
cess that is described with a schedule of events occurring in some dis-
crete fashion. Most simulations fall into a combined category since

a part of most computer models is best described by continuous equa-
tions, but must use discrete time occurrences of events. The event-
store technique devised by APL's Planning and Analysis Group (PAG)
falls into this category.

R e B i R A s L R NS S At T,
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3. EVENT-STORE SIMULATION

‘ For more than 15 years PAG has made use of a simulation tech-
nique called "event-store' programming. The technique has been a vital
component of many computer-reliant war games; an understanding of the
method is critical to understanding how such games are played (see
Ref. 6). Although this programming technique has become more sophisti-
cated as computers have become more complex, it has not been formally
documented as an independent computing package. Traditionally, an
understanding of the method has been a side benefit of using a partic-
ular program. Here an attempt is made to fill the documentation gap.
An example, given in the next section, shows the relationship of this
modeling to network and rule-oriented modeling.

Although the event-store programming used by PAG came prior to
most simulation languages such as GPSS, SIMSCRIPT, and CSL, it has many
of the features of these languages. In fact, if one is familiar with
GPSS, he would already have a familiarity with the underlying concepts
involved in PAG event-storing. Although this method predated most
formal work on queues and stacks in the current jargon of computer
science, it is now easily explained in these terms.

DEFINITIONS

To avoid semantic difficulties, definitions of various terms
used for describing a computer-reliant simulation are presented below:

System - The '"thing" (process or engagement) to be modeled;

Entity - An identifiable object of interest used in the descrip-
tion of the system;

Attribute - The property or value of an entity;

Activity - A process that causes changes in the system;

State of the System - A 1list of all entities, attributes, and
activities that gives a complete description of the system at
a given point in time;

’ Ref. 6. A. Andrus and R. Meier, "Naval Air Strike Model, PAM 18A,"
§ APL/JHU report, June 1962.
i

- if =
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Continuous Systems - Systems whose changes are described by
continuous equations;

Discrete Systems - Systems whose changes are described by a
set of discrete values;

Event - A request for a specific activity;

Time Step - A specified time interval between allowable changes
in the state of the system.

MOTIVATION FOR REPRESENTATION

The first problem encountered in simulating an activity with
actual computer code is that of defining an algorithm that captures
the essence of the activity. The algorithm may be in the form of
causal net, a logical set of rules, or a collection of equations.
Since there is never a single or unique method of algorithmic repre-
sentation for a process, part ¢f the simulation art is to determine
the simplest representation. The next problem is implementation.

A simple English language algorithm may be very difficult tec repro-
duce directly into computer code. The definition, and redefinition,
of the problem should direct the choice of complexity needed for a
model and the most appropriate type of simulation technique.

FIRST EXAMPLE

A simple example will be used to clarify the point. Suppose
we want to simulate an old-fashioned gun duel. After the duelists
are in place, each antagonist fires at his opponent as quickly as
possible after a prearranged signal. Each then determines if his
opponent is hurt. If no one has been hit, they fire again. Actual
firing times can be determined by adding a small random time incre-
ment to each man's receipt of the signal. The observational delay
can be simulated as a small random variation. With these assumptions,
we can diagram (or flow chart) the process, see Fig. 1.

THE PARALLEL PROBLEM

The flow chart, Fig. 1, seems very simple. It is, as a pro-
cess description, but the method of implementing it as an algorithm
suitable for a (serial) computer is not immediately obvious. The

']y -
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Signal
receipt
Drawn RN Draw RN
y
Fire at Fire at
T=T+RN T=T+RN
y
Observe Observe
Hurt
T+<—T+2 Stop Te— T+2
4 y

Fig. 1 Example of the Simulation of an Activity

problem is two-fold: first, there are two processes operating in
parallel (both men fire); second, actions are scheduled for a time

in the future. The second problem is seen in "fire at T = T + RN"
(that is, prepare to fire at a new time that is current time plus a
random number of seconds), and in "T « T + 2" (i.e., set the '"clock"
for the one who fires up by 2 s). The first problem implies that some
logical conversion (or detailed specification) of the flow chart must
be made to allow the emulation of a parallel process on a computer
that only performs sequential chains of computations. It involves
specifying all possible actions along with the associated actors and
times and considering the various interactions.

ITS SOLUTION

The simplicity of the example allows a direct implementation
by paying careful attention to the time-ordering implied by the

- 16 =
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relative magnitudes of the random numbers drawn and the association
maintained between T; and actor one (and T, and actor two). Figure
2 is a more computationally oriented diagram of the model (it is as- ;
sumed that the FIRE subroutine includes a decision capability that
allows for the probability of a hit and passes the hit/not hit?
information to control). Much of the computation is devoted to 're-
membering" who is firing. It should be noted that the possibility
of a refire by one man preceding the initial firing of the other is s
precluded in the restriction of RN (0 < RN < 1) along with the 4
"normal" 2-s observation time. If these restrictions were lifted, :
i.e., if one man could fire and refire before the other, this same
model would handle the proper ordering of fire (eliminate the 2-s
addition to T; or Tz).

e v e

EVENTS ]

So far, '"events'" and "event storing'' have not been mentioned.
The simplicity of the model represented in Fig. 2 makes it unnecessary
to formalize events or their queues to transform the representation
into computer code. It should be evident that if an event must be
defined for this process (from an intuitive consideration of the orig-
inal problem, or by following the actual flow of control through Fig.
2) it would be FIRE. The FIRE routine is called at various time
intervals that are unknown until the appropriate random numbers are
drawn. This characteristic, which could have gone unnoticed in a
simple coding from the next flow chart, Fig. 3, is the original item
that instigated the quantum jump from ordinary (iterative) programming
to event-store programming.

A simple English language algorithm of the dueling problem from
the point of view offered by this "event-store frame of mind" might
be as follows:

1. Draw RN1l, RN2, and set Ty = RN1, Tz = RN2;

P P P e el e ST NS WA G T W R e

R S I M N MG i e

4 2. Put requests for FIRE in a queue, Q, tagged for J = 1,
~ T=7Tl; and for J = 2, T = T2 in time (T) order;
- 3. Take earliest FIRE request from Q, and execute according

to its subject tag (J); set T = tagged time;

L
-

If a HURT condition arises, go to step 8; otherwise proceed; 4 i

5. Draw a new RN, set Ty = T + 2 + RN (for 1 = J);

6. Store a new FIRE request in Q (tagged with i and Ty);

-
I
][ -17 -
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Signal receipt

/

Draw RN1, RN2.

] Set T4 =RN1
: T2 = RN2
T, versus T2
y S
j SetT=T, SetT=T,
; Set unit=1 Set unit=2
aisk [
Call FIRE
(for unit, & T}
\ No
H
wikick 1
Draw RN
Yes

attime T

Sto

; ’ =2
Unit wins Unit >

SetT{=T+2+RN

v

SetTy=T+2+RN

]

w 30w

Fig. 2 Computer Flow Chart of Simple Duel




= =y e S wE -

e

_— &=

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

LAUREL. MARYLAND

Store entry
in Q.
Ordered by T;,
tagged with i

RETURN

Signal receipt

y
Draw RN1, RN2

)
Call SNE (1, RN1)

Call SNE (2, RN2)

[

Q is not empty

Call TNE

If Q is empty

ERROR

Take next
(chronological)
entry from Q.

Set up arguments
for internal
“computed GO TO”
(List of called events)

y

One event EVENT
from list K

of called

events

(here it can only be FIRE)

Fig. 3 Simple Duel (Event-Store) Representation

(Cm )=

Yes

G
.

Make appropriate
fire computations
and determine
"hurt“

y

Call SNE (i, T+2+RN)

RETURN
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7. Go to step 3;
8. Stop. The unit currently being processed (J) wins.

To implement this algorithm in actual code requires a facility
for storing subroutine requests and a facility for finding (and execut-
ing) the most recent request. Note that 'recent" means the request
stored with a tagged time nearest to current time, not the time most
recently stored. Such executive routines are simple queue handling
programs and have been written (and rewritten with the changing gen-
erations of computers) by members of PAG, The resultant optimized
routines are referred to as SNE/TNE, which is taken from the phrase
Store Next Event and Take Next Event. Referring to the previous al-
gorithm, Steps 2 and 6 would be CALL SNE (i, T,) and Step 3 would be
CALL TNE. Thus an event-store oriented flow céart for the simple duel
may appear as shown in Fig. 3.

- 20 -
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4. ASTN, A SECOND TECHNIQUE

AUGMENTED STATE TRANSITION NETWORK

The process used to illustrate the event-store concept was
somewhat contrived to maintain simplicity. However, the addition of
more interactions or restrictions to the modeled problem may make this
event-store concept the most convenient technique for implementing an
actual computer program. To show the essential characteristic evolv-
ing from the complexity of a problem, a second example will be analyzed.
The second example will also be used to illustrate the equivalence of
event-store, network simulation, and hierarchical decision table inter-
rogation. The approach to an event-store model formulation is basi-
cally a descriptive, forward, chronological ordering of a process pro-
tocol. The other two forms of simulation techniques considered here
are characterized by a backward, result-to-cause analysis.

ot i teed Semd Semg WSS WS e

DESIGNING A SIMULATION

: ! The usual procedure for outlining a simulation amenable to im-
. - mediate computer implementation is to formalize a fixed scenario,
decide on the events involved in the depicted process, and then let
the logical event causal chains determine the proper sequencing of
events. This was done previously in a simple example, and will be
repeated for one that is more complex to illustrate the 'essence' of
- event-store programming. For comparative purposes, the network im-
' plementation will be derived from this event-store characterization
(vice the process description). Similarly, the decision table tech-
£ nique will be derived from the network formulation. We do not imply
E ] that it is necessary to proceed through a sequence of specifically
: documented steps of analysis to reach one of the last two implementa-
tion techniques. Since some of the thought processes involved in pro-
[ ceeding from a model to an event-store simulation sometimes appear to
i} be almost on a subliminal level (you see it clearly one moment, then
you're not so sure), it seems possible that this sequence for program
development may indeed be the natural thought process, whether the

a i steps are documented or even consciously recognized. The slight in-
: trusion of psychology into a paper on computer programming is caused qi
; by concern that traditionally the "event-store concept" has been elu- s
{ sive to many end-product users; and the ASTN or Decision Table Inter-
J rogation forms of simulation may be more subject to misunderstanding

because of their result-to-cause characteristic. Such a characteristic
will be clearly noted in the following example.

-3l -
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SECOND EXAMPLE

A "duel-'til-death" process will be modeled in the proper for-
mat for each technique. It differs from the previous duel because the
effects of various types of projectile damage are considered in greater
detail. If the duelists keep shooting until one of them dies (vice a
single wound before) then the following four events can occur for each:

1. Instant death,

2. Death within 1 minute,

3. Death within minutes, or

4, Inhibited from further participation.
In the fourth event, either duelist either runs out of ammunition or
loses his capability to fire. Note that this event is not independent
of the others. It will be seen that the techniques considered do not

require independent events.

The scenario for this process will be as follows:

1. Each participant has an inherent shooting skill, PH(i),
which equals the probability of i hitting his opponent;

2. Probabilities, P(J), are given to be associated with the
above events; i.e., given that participant i was hit, then
P(J) equals the probability that event J will occur for i;

3. Each participant fires, observes, then fires again. The
initial firing is a random increment after T = 0. Refiring
is a random variation, about 10 s from the previous shot
(of the same participant).

With such a simple process description, the temptation to show
the difficulties involved in a straightforward coding, as was done for
the first problem in Fig. 2, is hard to suppress. However, this can
be dismissed as obfuscation disguised as illustration. A few moments
of thought on the increased amount of bookkeeping (keeping track of
events in the order that they occurred) which these four events would
require for a flow chart, such as Fig. 2, should convince the reader
that the likelihood of easy event-store implementation is needed.
Hence the solution to the problem obtained by the three simulation
techniques are given without further justification.

- 22 -
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EVENT SPECIFICATION AND CAUSATION

The scenario suggests that three types of events will charac-
terize the process. There should be a FIRE event, a DIE event, and an
INH (become inhibited) event. These are the only activities in which
either opponent may engage. Each duelist schedules himself for a FIRE
event; but he is scheduled, if the odds fall that way, for the other
events by his opponent. Since there are two opponents, the actor for
(or subject of) an event is uniquely specified by noting who stored
the event. If i stored a FIRE event, then i fires when that event comes
up. If i stored a DIE or INH event and that event comes up, then it
is i's opponent who either dies or becomes inhibited. Figure 4 is a
diagram showing an event~store approach for this problem. Take Next
Event (TNE), an executive routine previously explained, is character-
ized here as a three-way switch. It is also assumed that there is an
associated time for each of the originally specified events (e.g.,

Signal receipt

P!

Draw RN1, RN2

)

Call SNE for
1and 2

(-

Y

Become
inhibited

DIE

Firé.

Store, fire, die, or
inhibit event

Fig. 4 Event-Store Characterization of ‘‘Duel ‘til Death’’
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"instant death" would be a DIE event stored to come up at current time,
"die within one minute" would a DIE event stored to come up by T + 60
seconds and so on).

TR

RESULT-TO-CAUSE CHARACTERIZATION

To proceed from this formulation to a network formulation it
is necessary to reconsider the features of the model from the view-
point of result-to-cause. There are various ''things'" that can occur.
These things are states in a special form of automaton, or network.
Each man can fire, each man can die, and each man can cause an "injury.'
An injury can be characterized as a thing, or state, in accord with
the original four process events. Thus, to set up a state diagram,
the appropriate states are:

INH - Inhibit opponent

KILLl - Opponent dies instantly

KILL2 - Opponent dies within one minute
KILL3 - Opponent dies within minutes

FIRE - Fire at opponent
DIE - Die - 4
INH' - Become inhibited
HIT - Hit opponent

Each of these states is defined for each man and has obvious causal
connections (e.g., the first duelist must hit the second, and P(4)
must be in the appropriate relationship to a newly drawn random num-
ber before the INH state, directing the second duelist to become in-
hibited after a A4 time delay, can be entered). The mechanics for
connecting these states in a causal net that can change, i.e., an
Augmented State Transition Network, are provided for in the routines
that make up the various GERTS programming systems (see Ref. 7). A
state diagram is drawn with the associated time delays and/or proba-
bilities attached to the arcs (e.g., the probability of the passage

ey

Ref. 7. A. Pritsker and W. Happ, "GERT: Graphical Evaluation
and Review Technique: Part I - Development," J. Ind. Eng., Vol. 17,
No. 5, May 1966.
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from state 1 to state 2 is designated on the arc connecting node 1
to node 2). A source node is the one where processing originates;
sink nodes are nodes (or states) where all diagram processing stops.
Figure 5 is an example of network implementation of the duel-'til-

"™ death process. The arc labeling on the figure should not cause con-
fusion, although some labels refer to delay times and others to prob-
T abilities. A dotted line between two nodes indicates the possibility

that a node (the one not present in the mainstream of the network)
will replace another. For example, node n,, or node n;3 may replace i
node nj;. An arrow, tipped with a node number, but no node, is used :
in this illustration to imply a node change order. If node n3; is
ey activated, the arrow from it to the node number nj3 (labeled A4)
implies that node ny3 will be brought into the active network, re-
placing node nj; after delay time A4,
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n23 n22 n22 N2
A4 Al A2 A3
a1 @ n32 @ N33 @ N34 @
P(4) P(1) P(2) P(3)
NO
HIT Nerd
1
é
i
PH(2) 1-PH(2)
A22
NO
HIT i
P(4) P(1) P(2) P(3) :
A4 Al A2 A3 ’
M3 n2 n2 n2
Fig. 5 An ASTM
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5. DECISION TABLES AND AN APL/JHU DECISION
TABLE PROCESSOR

The third simulation technique that will be shown (by an ex-
ample) to be equivalent to the event-store and ASTN involves itera-
tive interrogation of properly defined decision tables. The example
used for this illustration of equivalence is the duel-'til-death prob-
lem mentioned above. In fact, the network characterization will be
converted to a decision table interrogation simulation. In order to
avoid semantic pitfalls in this process, it seems appropriate to pro-
vide the proper background of definitions and techniques associated
with the use of decision tables.

DECISIONS, TREES, OR TABLES

Let us suppose that a person decides on a particular action,
A, because of specific facts, say F;, F,, F3, and F;,. These "facts"
are actually a current evaluation of corresponding conditions (C;, Cj,
C3, and C4). For example:

"A if F; and Fy and not F3 and Fa"; or

"A 1f Cy is yes and C) is 28 and C3 is no and C, is 5".
Similar expressions in Boolean terms as causal strings are:

C1~(C2 = 28).(-C3)~(C4 = 5) + A,
or, Cla(C2 = 15)A(-C3)A(C4 = 10) » A,
or, (~C1)A(C2 — 0)“(C3) +> A

The problem with such alternative causal strings is noticed when
communicating such a decision rule to someone:

"Action A occurs if:
C

is yes, C2 is 28, C, is no, and CA is 5;

1 3
or, C1 is yes, but C2 is 15 (and 04 is 10), and C3 is still no;

or, C, is no, C, is 0, and C, is yes".

- 27 -
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One solution for documenting such a decision rule in a simple manner is
to put it in the form of a decision tree.

A decision tree has conditions for nodes, their evaluation for
branches, and actions for leaves. The example given above could be
drawn as:

B .
Ca Cs A
o

fC-\ Yes e

The notation assumes that if a path exists from the C; node to
the leaf A, then action A is specified. If no such path exists (i.e.,
C2 = 7), then action A is not taken.

A decision table is another method of documenting a decision
that involves alternative combinations of condition evaluations. It
is simply a tabulation of all possible paths in the corresponding de-
cision tree. The most practical form of decision table (for computer
applications) is the limited entry table. This just adds the require-
ment that the conditions written in the tabular form require only yes/

no answers (i.e., Cy above becomes C, ; 28, C) l 15, and C, : 0). The
more specific conditions are written in the top rows of the decision
table; the appropriate actions are written in the bottom rows. Var-

ious decision alternatives, or rules, are specified as Y, N, - (yes, no,
and don't care) in the columns on the right side of the table. Each
column spells out the values of the specific conditions required to deter-
mine all actions denoted by Y in the corresponding action row.

Figure 6 is another simple (chauvinistic) example of a decision
table and a decision tree corresponding to a decision rule involving
confusing alternatives. A decision is made using the tree by following
the path corresponding to the value at each encountered node. A deci-
sion is made using the decision table by evaluating the conditions and
then consecutively interrogating each rule (reading the column and
matching it against the condition evaluation column). If no rule is
satisfied, then the table is exited and no further action is taken.

- I8 -
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If a girl is beautiful and has a good personality, | will go out with her. If she also has money, |
will consider marrying her. However, if she is ugly, but has money, | will go out with her, but won’t
consider marrying her. If she has a good personality and she is poor, | will go out with her, and may

even marry her.

(a)_In English

(b) Decision Table

Beautiful Y|N]| -
Actions {|Good personality YI=1Y
Has money Y|Y]N
Conditions oo Oflt - ki B ¢
Consider marriage Y _rg Y

Rules

Beautiful
Y N
Good personality Good personality

/l\ i

Money Money A
N —
Y
0 out Go out Go out A

{c) Decision Tree

(o

Conslder marriage

Good personality

AN

Money

o N

Go out

Conslder marriage

Fig. 6 Three Forms for a Decision Process
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PROCESSING EFFICIENCY

If a list of decision tables must be interrogated a large num-
ber of times, or if a large number of decision tables must be inter-
rogated, it must be assumed that a minimal amount of time is spent on
each nonsatisfied decision table. Thkis points out the necessity of
a '"'good" decision table processor for converting the original tables
to very efficient executable subroutines. Such processors exist;

} one was developed at the Laboratory for the purpose. It generates

a Fortran subroutine that has been optimized for fast negative exits.
For example, all conditions that are required (either yes or no) con-
stant through all rules are evaluated and compared, before even eval-
uating other conditions required for the table. If any one condition
fails, the subroutine is immediately exited. There are, of course,
the other usual masking techniques that are found in most decision
table processors.

The specifics of the decision table processor are given under
the heading "A Decision Table Processor,' but it seems appropriate to
show, by example, the development of efficiency. It should be self-
evident that a decision table can be represented as an AND/OR tree.
Figure 7 shows such a representation of a decision table GO (for the

[L <— Null AND
o
:Nuu AND | <— Nl AND
50 oR
N ™ i\ X
37,/45/46|47\ 48 31/7 /1|47 \as\ 3454657\ N\ YRS

®
; : Rue 1 5 o Rule 4 o Rule 2 o "Rule 3

Fig. 7 Tree Representation of Decision Table GO
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medical diagnosis of epilepsy), with four rules and five conditionms. 3
A traversal of the tree implies either first- or second-stage epilepsy.

Equivalently, in order to rule out epilepsy, we must assure the impossi-

bility of traversing the tree shown in Fig. 7, i.e., the whole tree

must be scanned for a possible traversal.

tables

to higher level "AND-nodes'" whenever possible, we can ensure early
rejection of major passageways through the tree. For example, in Fig.
8, condition 37 (since it was common to all rules) was placed in an
AND relationship with the remainder of the four rules. If condition
37 is not satisfied, the tree cannot be traversed because of the ini-
tial AND relationship. Hence consideration of the tree (decision

IS

Tree searching can be done efficiently if the number of branches
that must be searched are minimized. The specific "fast exit" effi-
ciency of a processed decision table can be assured if the table is de-
rived from a minimal decision tree. Since minimizing the branches of

a tree is easier to visualize, our examples will refer to decision
trees, but the results will be associated with equivalent decision

37

45/46 |47 \48

Rule 1°

APPLIED PHYSICS LABORATORY

It is

OR

T

JRRY T T

LA

vaali

obvious that by shifting conditions (i.e., branches)

O S e S

Nl
OR : a
Null AND b Null AND
OR
0 " .\ :
N (I} [\ §
.|
35 /36 | 27 \a8 g
45/38| 37\ a8 ® 46 (37 )8 . 0 o ©

Ruled” (1) R -

Fig. 8 Tree Representation of Decision Table GO,
First Step of Optimization
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table) may involve no more than the evaluation of a single condition
before control is passed on to the next tree.

Similarly, if a group of conditions occurs in all rules, and
each rule is either all true or all false, then they may be combined
and moved to a higher AND node. In the above example it can be noted
, that, in all four rules, conditions 45 and 46 appear as mutually true

N~
OR
® |
‘ —_—
37 a5 = a5~ 6
O OR
4 ° OR .
O O o & A
o a8
47 48 a7 18\, b1 48\, d .
Fig. 9 Tree Representation of Decision Table GO,
Second Stage of Optimization

or mutually false. Thus they can be moved to form the configuration |
in Fig. 9. 1In that case, if condition 37 is satisfied, conditions |
45 and 46 are evaluated. If they are not both true or both false, |
no further consideration is made of this tree. This is without even ]
evaluating conditions 47 and 48!

Since both of these optimizing features are incorporated in
the decision table processor, it does not seem unwarranted to call !
i the processed routines efficient. The unprocessed and processed
! GO decision tables are given in Figs. 10 and 11, respectively.
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|
I 1 ®0CTR GO 5 & 2 60 1
2 SURROUTINE GO 60 2
ic¢ DECISION TABLE FOR EPILEPSY 60 3 :
6 C 60 Y E
| ‘[ S COMMON/NEUR]/CND(100) o TUMOR (10) o ISW(20) 60 S
6 *COND ) 60 [
7 IF (CND(37),EQ.1) CALL TSSY 60 7 1
3 ®COND 2 60 ® §
9 IF (CND(45),EQ.1) CALL TSSY 60 9 !
10 *COND 3 60 10 3
11 IF (CND(46) ,EQ.1)- CALL TSSY 60 11 $
12 #COND & 60 12 2
13 IF (CND(&47),F0,1) CaLL TsSY 60 13 i
14 *COND 5 60 14 :
k 15 1F (CND(48),EG,1) CALL T$SY 60 15 2
| 16 ®RULF 1 Y Y Y Y N Y N " 60 16 1
| "~ 17 *RULE 2 Y Y YNY NY 60 17 ¢
: 1R ®RULE 3 Y NNNN N Y 60 18 i
I - 19 ®RULE 6 YNNNY Y N 60 19 d
; 20 «aCTN ) 60 20
i 21 WRITF(648001) 60 21 ‘
22 eaCTwn 2 GO 22 b
. 23 WRITE (648002) (] 23 3
26 8001 FORMAT(10Xy*SUSPECT FIRST STAGE EPILEPSY'y//) G0 24 )
o 25 AN02 FORMAT (10X *SUSPECT SECOND STAGE EPILEPSY',//) G0 25 1
26 *END GO 60 26
Fig. 10 Unprocessed Decision Table GO
1 SUBROUTINE GO 6o 1
17 2 C DECISIGN TAHLF FOR EPJLEPSY 60 2
i 3¢ Go 3
- 4 INTEGER ANDAS (1) o TSoNSoRI (1) o TSSTeTISYoVE WS4 XS ' 60 4
i S COMMON/NEUR]L/CND (100) o TUMOR (10) 9 ISW (20) :: S 3
- 6 C 6 X
( T¢C PART 1 EVALUATF THOSE CONDITIONS WHICH REQUIRE 60 4 g
b 8 C A FIXED RESULT FOR ALL RULES, 60 8 .
9 C (1] 9 »
= lo ¢ CONPITION 1 60 10 2
11 € 60 11 - :
i 12 IF (CND(37).€Q.1) GO TO 990 60 12 :
13 GO To 999 (<] 13 3
14 990 NS = TSSI(RSs1+15) (<]} 14 2
15 Is = 1 60 18 %
16 C 60 16 -
17 € PART I1 EVALUATF THOSE GRNUPS OF CONDITIONS WHICH REQUIRE @60 17
18 C THE SAME RESULTS FOR ALL RULES, 60 18
19 C 60 19
20 C GROLP 1 CONDITIONS ¢ 3 60 20
2] C 6o 21
22 IF (CND(45) ,EQ0,1) NY = TSSY(RSs1 ¢15) 60 22
23 WS = NS (1} 23
24 NS = | 60 24 é
25 IF (CND(46) ,EQ,1) NS = 2 60 2% |
26 IF (NS.NE.WS) GO TO 999 (1) 26 |
21 C 60 27 |
28 C PART 111 EVALUATE THE REMAINING TABLE USING AN (1) 28
29 ¢ INTERRUPTED KULE MASKING TECHNIQUF, e0 29
30 C (1] 30
31 c CONDITION & 60 k)|
32 ¢ 60 32

Fig. 11 Processed Decision Table GO
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33 IF (CND(4T),EQ,1) NS = TESY(R§,42 +15) G0 33
34 ¢ (1] 3
3s ¢ CONDITION S (<] 35
36 C GO0 36
37 IF (CND(4R) ,EQ,1) NS = TSSY(RSs3 #15) 6o kb
38 C 8 (<] 38
39 C MASK RULE < NNY GO0 39
40 C G0 40
4l IF( ANO(RS())y 37 ) ,NE, 37 ) GO TO 99) GO0 4]
42 C 60 42
43 C EXECUTE ACTIONS 1 GO 43
44 C GO 46
4S 1 ASt(]l) = ) (1] 4%
46 G0 TO 996 GO 46
47 C G0 47
48 C MASK RULE 3 N NN 60 48
49 C 60 49
S0 991 IF( AND(RS(1)e 21 ) ,NE, 21 ) GO TO 993 Go S0
51 € GO 51
S2 ¢C EXECUTE ACTIONS e G0 52
S3 ¢ GO0 53
Sa 992 aAM(l) = 2 Go Se
-1 GO Tn 99+ Go -1
S6 C G0 113
57 ¢ MASK RULE 2 YNY G0 57
58 C GO S8
59 993 [F( AND(RS(1)e 38 ),EQ, 38 ) GO TO 992 GO 59
60 C GO 60
61 C maASK RULE 1 Y YN <]V 61
62 C (1] 62
63 IF( AND(RS(1)e 26 ) ,FQ, 26 ) GO YO | GO 63
6o Gu TC 999 GO 66
65 C GO 65
LN PawxT 1V EXECUTE THE PROPER SEAUENCE OF ACT10NS, GO 66
67 C GO 67
64 C ACTINN 1 GO 68
89 ¢ GO 69
70 9y4 w=ITE (6¢ROOL) GO 70
7! GO To 997 < GO 71
72 ¢ GO 72
1 ¢ ACTION 2 60 73
74 C G0 T¢
s Q98 wRITe (AgRO0P) 60 75
To  AQQ) FURMAT (10X SUSPE(T FIRST STAGF FPILEPSY'42/) GO 76
T7 #002 FUWMAT(10XetSUSBFCY SECnNU STARE ERILEPSY O //) ()] ia4
74 GJ Ty §g? (c1'] 78
79 ¢ 60 79
80 C ExeCUTE NEXAT ACT1ON, GO 80
4l C GO 81
42 996 ve = AS (1Y) GO0 82
a3 Q97 [F(VS.LF.,0) GO T0O 999 a0 a3
He wh = vy / 21 GO 84
85 X% 3 VS « 2] * w§ 60 es
8s VS = wh GO 86
87 GO TO ( 994, 995 )y x¢ (1] ar
fA 999 RETURN 6o (1)
a9 END 60 L 1)

Fig. 11 (continued)
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6. THE THIRD SIMULATION TECHNIQUE

A DECISION TABLE INTERROGATION SIMULATION

The technique using decision table interrogation involves
breaking a process into a basic set of actions. Each action is
then considered from the point of view of causality. The various caus-
al factors for each action are collected in the most convenient form,
that of a decision table (with a single action entry). If each action
is implemented in the form of a computer subroutine, and this subrou-
tine is called as a result of "satisfying'" the associated decision
table, then iterative processing of the proper set of decision tables
becomes a useful simulation technique. The technique is best explained
by using an example. The example is that of the '"duel-'til-death" prob-
lem detailed in Section 4. Instead of starting with the original prob-
lem statement, it is convenient to start with the ASTN formulation.

DECISION TABLE INTERROGATION

The conversion from an ASTN to a decision table interrogation
simulation is very straightforward since the important result-to-cause
viewpoint is already specified. The actual interrogation device can
be the TNE subroutine, with possibly some additional code for setting
the current values for the various state variables. Specific action
routines, analogous to states in the ASTN, are designated. The cause
for execution of each of these (simple) routines is specified in a
minidecision table. Each decision table is analogous to the set of
conditions specified on the arc(s) in the ASTM leading to (causing or
allowing) the action-state. The entire set of conditions under con-
sideration make up the components of an overall 'state vector'" that
describes the current "state'" of the process.

Decision tables must be set up carefully so that the action of
one will not inhibit the querying of another; i.e., in Fig. 12 the
action for decision table DA18 will stop the program unless either the
action is to store a separate die event — which can be taken after all
decision tables are queried. The problem is also addressed in Ref. 8,
but is circumvented here by the lack of return lines (in Fig. 12) from
Al8 and A28.

Ref. 8. L. Giesz1,41bonputer Program Modularization," APL/JHU
TG-1223, September 1973.
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Figure 12 is a fairly self-explanatory illustration of the de-
cision table interrogation technique of programming. Figure 13 gives
the list of corresponding decision tables in simple logical require-
ments instead of the formal decision table format desirable for more

DA11(DA21):  Current event is not an INH or DIE

Current event is a FIRE event
DA12(DA22): ’ RN1<P,1 (P,2)
P(3) < RN2 £ P(4)

Current event is a FIRE event
RN1 <P (P, 2)
RN2 < P(1)

DA13(DA23):

Current event is a FIRE event
RNT1<P,T(P,2)
P(1) < RN2< P(2)

DA14(DA24):

Current event is a FIRE event
RN1<P,T(P,2)
P(2) < RN2 £ P(3)

DA15(DA25):

DA16(DA26): Current event is a FIRE event

DA17(DA27): Current event is an INH

| | | | J
I

P(1) P(2) P@3) P(4)

Fig. 13 List of Decision Tables in Simple Logical Requirements

complex examples. Finally, Table 1 gives a list of the action sub-
routines for this example. The descriptions of these routines show
how simple the actual coded end-point actions should be in this type
of formulation.

B s e

If a problem is so complex that, when it is modeled as a deci-
sion table interrogation simulation, the specified decision tables re-
quire formal decision tables (in contrast to the simple Boolean logic
of Fig. 13), then a decision table preprocessor becomes an important
factor in final implementation. The processor built at APL to convert

-3 -
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Table 1
List of the Action Subroutines for Example in Fig. 12

A11(A21): Store a FIRE event for T = CT + RN3 * 20 for 1 (2!
A12(A22): Store an INH event for T = CT + A4 for 2 (1)
A13(A23): Store a DIE event for T = CT + A1 for 2 (1)
A14(A24): Store a DIE event for T = CT + A2 for 2 (1)
A15(A25): Store a DIE event for T = CT + A3 for 2 (1)
A16(A26): Tally a fired shot

A17(A27): Erase any future FIRE event for 1 (2)

A18(A28): Record time of death, print out tallies, stop

decision tables to optimized Fortran code has made this method of sim-
ulation economically feasible (see Refs. 7 and 9).

A DECISION TABLE PROCESSOR

A processing system for generating Fortran IV source programs
from limited entry decision tables was developed at APL. The system
enables the user to take a more active part in modifying a computer-
reliant war game. Given an efficient processor, a war game could
be written in the form of decision tables and automatically converted
to executable Fortran source routines. It is clear that modification
time would be minimized , but only experience would show that actual
simulation execution time was not significantly increased. The exper-
ience now gives us the confidence to term the system an "efficient
processor."

Inputs to the processor consist of defined conditions, defined
actions, decision table rules for relating action sequences with sets
of condition results, and appropriate control cards. Outputs from the

Ref. 9. L. Gieszl, "Hierarchical Decision Tables, a Diagnostic

Implementation,” Proc. 1977 Autom. Control Conf., IEEE, 77CH1220-3CS,
1977.
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processor consist of a list of inputs, a list of the resulting source
program, and optionally, a data set of the generated program.

Each decision table program will consist of an initial section
and a definition section defined by numbered processor control cards.
The initial section contains the name of the subprogram, data and vari-
able definitions, preliminary executable statements as required, and
appropriate commentary.

The definition section contains defined conditions, defined
actions, and decision table rules. There may be up to 30 conditions,
20 actions, and 50 rules.

Each condition, rule, and action is assigned an explicit number.

At execution time for the resulting decision table subprogram, the
rules are not generally tested in order, but based upon a weighting
function generated by the decision table processor. Conditions are
evaluated as required to permit the complete testing of a rule.
Therefore, conditions are not generally evaluated in order of their
respective number. The objective here is to reduce the overall
execution time required of the resulting decision table subprograms.

The processor checks to ensure that each condition is defined
mutually exclusive of the definition of every other condition, and
that each action has some differences from all other actions.

Resulting decision table subprograms produced by this processor
have their definition section divided into four parts. Part 1 eval-
uates the conditions that have either Y or N as their corresponding
entries in all rules other than the else rule. If such a condition
has all Y entries, for example, it would have to be evaluated true
in order for any rule to be satisfied. Otherwise, it is known al-
ready that the else rule must be taken. Part 2 evaluates those groups
of conditions that have the same set of Y and N corresponding entries
in all rules other than the else rule. If one condition of such a
group is evaluated as false, for example, all other conditions of
that group must be evaluated as false in order for any rule to be
satisfied. Otherwise, it is already known, that the else rule must
be taken (on the first differently evaluated condition). Part 3
evaluates all other conditions and performs the rule-masking tests
on rules. Part 4 is the properly coded cxecutable sequence of actions.
The satisfaction of any rule, other than the else rule, will result
in a computed GO TO within Part 4.

The rule masking done in Part 3 is referred to as an interrupted
rule masking technique. For example, in the next rule to be tested
the processor determines whether or not all conditions, that have
corresponding Y or N entries have been evaluated. If they have, then
this rule may be tested. If they have not, the processor inserts
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the proper Fortran coding at this point to evaluate those conditions
| and then inserts coding to test the rule. Note that conditions that
i have a corresponding hyphen (don't care) entry in a rule do not have
I to be evaluated prior to testing that rule. Hence, evaluation of
conditions may be interrupted to test some rule(s) before all condi-
tions are evaluated.
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7. SUMMARY

The Event-Store simulation technique has been characterized
as a procedure in which the designer determines some chronological
order of events for each actor and then uses a queue handling exec-
utive (such as SNE/TNE) to allow for the apparent parallel process-
ing of these sets of events. Event generation, regeneration, and
appropriate actor interactions must be incorporated into the events
themselves (e.g., FIRE in Fig. 3 includes storing another FIRE event
for 2 + RN seconds from "now').

Both the Augmented State Transition Network and the Hierarchi-
cal Decision Table Interrogation techniques require an examination of
the original problem from a '"result-to-cause' perspective. In each
case, all possible (state changing) activities are listed and careful-
ly analyzed for possible causes. In the case of the ASTN, the causal
chain for the various events determines the topology of the final sim-
ulation network. The Decision Table Interrogation techinique maintains
the autonomy of specific event causes. In this case, the set of all
causal conditions for an event is the basis for a single-action deci-
sion table. The set of all appropriate decision tables is hierarchi-
cally interrogated (iteratively interrogated with the definition of
the overall state vector relaxed with each iteration).

——— el g g e anl A A W e m—

The technique involving decision tables is critically dependent
on processing efficiency. Many tables may be interrogated thousands

->

! of times. The simple expedient of creating computer subroutines auto-

- matically from decision table formats, where the subroutines are op-
timized for fast exits, makes this technique practical. In other words,

T do not evaluate any more conditions than absolutely necessary for any

- given rule. Facilities are available in a decision table preprocessor

that was implemented at the Laboratory.
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