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Specification includes:
Due to state dia-

gram fragment: a

MRP1: m.u untd m.d m.u - m.d
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MRP2: m.d unless m.u m.d = m.u 1

MRP3: m.d A Tm.a unless m.d A m.a

MRP4: m.d A m.a I+ m.u
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MRP6: m.a A m.d unless m.a A m.u

MRP7: m.a A m.u w m.1

MRP8: m.1 antd(m61).a

B

(m .Q)1).a 2

MRP9: NR = kA (Vm :: 7(m.a Am.d)) unless NR = kA dm :: m.a Am.d

MRP1O: NR = k A m.a A m.d until NR = k + 1 A =(m.a A m.d))

) L& ,

MRP1l: Initial condition ~ NR = O 3

Table 2: Complete Unity Specification for MRP

state diagram, if any, to the specification.

The set of rules in Table 1 are insufficient to formal-

ize any state transition diagram. In particular, Rules

I and II must be modified to handle the case of two

or more output arcs from a value S. Rule III must

be modified to handle the case of two or more output

arcs to diflerent values; in its present form Rule III

handles multiple arcs to the same value S’. These

generalizations are unnecessary for formalization of

the machine repairman problem and are omitted.

Applying the rule of Table 1 to the transition di-

agrams of Figures 1 to 3 yields the UNITY specifi-

cation of the MRP shown in Table 2. For example,

MRP1 states that a machine that is up must eventu-

all y go directly to a down state.

Note that the definition of logical relation until

has been used in Rules I and III whenever the op-

tional assertion is included to reduce the number

of assertions that comprise the specification. In all

UNITY formulas in the paper, universal quantifica-

tion over the values of variable 10C is assumed, unless

the quantification is explicit. Hence all formulas ex-

cept MRP1l in Table 2 hold for m = 1,2, . . . .

The only verification necessary for Step lC is to

insure that the rules from Table 1 have been correctly

applied.

3.1.4 Overall verification of Step 1

The specification of Table 2 is verified by stating ad-

ditional properties and using UNITY’s proof system
to formally show that the specification implies these

properties. Inability to prove the properties implies

that the specification is incomplete or incorrect, or

that the properties themselves do not hold for the

P1 : m.d I+ m.u

P2 : m.a until m.!

P3 : true - NR ~ MaxRepairs

Figure 4: Properties of MRP Used to Formally Verify

Specification Correctness

system. Carrying out such a proof does not guarantee

the correctness of the specification, but does increase

our confidence in the specification. In fact, in writing

this paper our original statement of the specification

omitted several properties shown in Table 2.

We give three properties (Figure 4) which are

proved in Abrams, Page, and Nance (1991a). First,

when a machine goes down, it is eventually repaired

and comes back up (P 1). Second, when the technician

is at a particular machine, he remains at that machine

until, eventually, he leaves that machine (P2). Third,

the value of variable NR eventually exceeds any con-

stant MazRepairs (P3).

3.2 Illustration of Methodology Step 2

In Step 2, the specification of Step 1 is augmented

by two additional assertions on the holdling time of

certain states, specified in units of simulation time.

Before stating the assertions, two additional variables

are necessary.

A sequence is a data type commonly employed in

UNITY specifications, and represents a IIist of items

with a first element and a last element. Ifs denotes a

sequence, then Head(s) is the first element of the se-
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quence, and Tail(s) is the sequence obtained by delet-

ing Head(s).

The specification represents “calls to a random

number generator” by referring to a sequence whose

elements are a list of random variates returned by the

random number generator. Let sequence m.~ denote

a list of random variates representing the sequence of

times for which machine m remains up. Let sequence

m.p denote a list of random variates representing the

sequence of repair times of machine m.

The additional assertions are:

1. State m.u has holding time Head(m.A).

2. State m.d A m.a has holding time Head(m.p).

3. State m.u A m.a has holding time zero,

UNITY haa no notion of “time”; therefore these as-

sertions cannot be formalized in UNITY.

Verification: The specification of Step 1 is sub-

sumed by the specification of Step 2.

3.3 Illustration of Methodology Step 3

The specification of Table 2 is implemented by pro-

gram MRP, shown in Figure 5.

Verification: Formal proof that the code meets the
specification in Table 2 can be carried out, but is

not presented in this paper. Proof that the output
measures are correctly computed requires formulating

and proving a suitably strong invariant.

It is impossible to prove the time-in-state asser-

tions from Section 3.3 using the current proof system

of UNITY. UNITY’s computational model of fairly

interleaved, atomic execution of statements permits

no notion of simultaneity, which means that funda-

mental changes to UNITY are required to carry out

these proofs.

3.4 Illustration of Methodology Step 4

In this section we explore how different time flow al-

gorithms may be added to a UNITY simulation spec-

ification of the form given in Step 3. In particular,

we consider two classical time flow mechanisms: fixed

time increment and Time-of-Next-Event.

UNITY advocates program development by step-

wise refinement of specifications, with the t ransfor-

mation from the most refined specification to a pro-

gram written in a programming language being the

“most mechanical and least creative part of the pro-

cess” (Chandy and Misra 1988, p. ix). To apply this

philosophy to the simulation program development

cycle, we must have a way to refine the specification

of Step 3 into the specification of Step 4 by adding a

time flow mechanism. Step 4 is necessary only as we

move toward implementation and is not necessary for

specification of model behavior in its most basic sense

(i.e. what the model does rather than how the model

accomplishes what it does). Therefore the addition

of a time flow mechanism in Step 4 should be accom-

plished with minimal (ideally no) perturbations of the

Step 3 specification. We demonstrate below that this

can be accomplished using the UNITY concept of su-

perposition.

3.4.1 Superposing Fixed Time Increment

First we consider the specification of the fixed time

increment time flow mechanism.

Symbol A denotes an integer value of simulation

time, representing a time increment; the value of A

is fixed during simulation. Recall from Figure 5 that

SysTime is a program variable containing the current

simulation time. The fixed time increment algorithm

consists of two phases:

1. Execute any statements (events) whose alarms

have gone off at the current value of Sys Time.

2. Set SysTime to SysTime + A.

In order to add the above two phase algorithm to

the Step 3 specification (Figure 5) we must devise

a means to insure that all statements whose alarms

have gone off at the current value of SysTime are

executed before Sys Time is incremented. (Because

UNITY does not specify sequencing of statements,

we must add something to enforce the two phase se-

quencing.)

Let the UNITY program of Step 3 contain S state-

ments in the assign section (S = 5 in Figure 5).

To enforce the two phase algorithm, we first num-

ber the statements in the program of Step 3 by the

integers 1,2,. , ,, S. Next we add array A[l..Sj. Ini-

tially, all elements of array A are zero. Each state-

ment SI numbered i (for 1 s i ~ s) is transformed to

si II A [i] := 1. When all elements of array A are one,

SysTime can be incremented. When system time is

incremented (in the superposed program) all elements

of array A are set to zero. (Note that an assignment

statement of the form z := e if b in Figure 5 is a

shorthand for z := e if bl Iz := z if +. Therefore the

statement is executed even though b is false.)

The superposed program is formalized in Figure 6.

Note that Figure 6 works with any simulation speci-

fication that results from Step 3.
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program MRP {simulate the MRP}

declare

constants N=. . . ; MaxRepairs=. . .; T=. . .;

types alarm = integer;

variables

m : integer {machine number; integer in [l,N]}

State[N] : (up, down) {enumerated type}

Loc : (1,1 .5,... ,N,N+O.5) {enumerated type}

NR : integer {number of completed repairs}

SysTime : integer {current simulation time; read only }

Failure[N] : alarm {Failure[m] = time machine m next fails if Failure[m]>SysTime}

Arrival[N] : alarm {Arrival[m] = time technician next arrives at machine m, if mOO.5

= Lot, otherwise time when technician arrived at machine rn}

Finish[N] : alarm {Finish[m] = time machine m goes backup if State[m]=down and

Loc=m, otherwise time of last repair completion}

~[N] : sequence of integer { sequence of random variates representing time between failures}

p[N] : sequence of integer {sequence of random variates representing repair times}

always

term = NR ~ MaxRepairs

initially

SysTime = 0.0 II NR = O II Loc=l.5 {technician initially leaving machine 1}

l!(llm:l<m <N:: State[m] = up ) {initially all machines are up }

ll(!lm:l<m< N:: Failure[m] = SysTime + Head(A[m]) II A[m] = Tail(A[m]) )

1] ( II m :1< m < N :: Arrival[m] = SysTime + T if m = Loc @ 0.5 - -coifm#Loc@O.5)

assign

{Arrival: Update location; schedule finish if machine is down, else schedule arrival at next machine. }

❑([lm:l<m<N :: Loc := m if SysTime = Arrival[m] A ~term

❑ Finish[m], p[m] := SysTime+Head(p[m]), tail(p[m]) if Loc=m A State[m]=down A -term

❑ Lot, Arrival[(m @ 1)] := m @ 0.5, SysTime+T if Loc=m A State[m]=up A mterm

)

{Finish: Increment NR, set machine state to up, schedule next failure, update technician’s location

and schedule arrival at next machine}

❑(l\m:l<m <N:: NR, Arrive[m @l], Failure[m], State[m], Lot, A[m] :=

NR+l, SysTime+T, SysTime+Head(A[m]), up, m 00.5, Tail(A[m]) if SysTime=Finish[m] A +erm

)

{Failure: Set machine’s state to down. }

a([[m:l<m<N :: State[m] := down if SysTime=Failure[m] A -term )

end { MRP )

Figure 5: UNITY Code for MRP
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Program FTI.TFM

declare A[S] : integer

initially (i :1< i < A[i] = O)

transform

each statement s in the underlying program

to s [1 A[i] := 1 where i is the lexical state-

ment number ofs.

add to always section

update = (Ai : 1< i < S :: A[i] = 1)

add to assign section

(1I i ::1< i < S :: A[i] :=0 if update )

II SysTirne := SysTime + A if update

end { FTI-TFM }

Figure 6: Specification of Fixed Time Increment

Time Flow Mechanism

This superposition can be accomplished with no

changes to the underlying specification (other than

the ones addressed by the superposition program of

course). So, for the fixed time increment time flow

mechanism we seem to have achieved our ideal.

3.4.2 Superposing Time-of-Next-Event

Next we sketch a method to add the next event time

flow mechanism to a Step 3 program. As in the fixed

time increment method, we assign each statement in

the assign section an integer identification number.

These numbers serve as event numbers. We add an

EventList and a variable called CurrentEvent. Re-

call that m is an integer in [1, . . . . N] denoting a ma-

chine number. EventList is a list of triples (time,

event number, m). The statements which set alarms

in Figure 5 now append triples to EventList. The

time flow mechanism superimposed on the program

sets Sys Time to the time component of a triple of

EventList that is less than or equal to the time com-

ponent of all other triples. This triple’s event number

is stored in Current Event. Finally, We add to each

statement si in the assign section the condition “if

CurrentEvent =si .“

This superposition fails to achieve our goal of not

modifying the specification in Step 3 in order to add

a time flow mechanism. Therefore the Step 3 specifi-

cation is biased towards Fixed Time Increment. One

way to rectify this is to modify the definition of su-

perposition in UNITY, which would require the proof

system to be extended. A second way to rectify this

would be to choose a representation in Step 3 not

based on alarms that maps as easily to Fixed Time

Increment and to Time-of-Next-Event.

3.4.3 Mapping Specification to a Protocol

and Architecture

Mapping a simulation specification to a simulation

protocol is an open problem. Mapping of UNITY

specifications to architectures is discussed by Chandy

and Misra (1988, Chapter 4), and applies to simula-

tion specifications.

We propose that jointly mapping a simulation spec-

ification to a time flow mechanism, sequential or par-

allel simulation protocol, and sequential or parallel

hardware architecture may be necessary to achieve

an efficient program. In terms of UNITY, the result

of all three mappings is a set of constraints on when

assignment statements (corresponding to simulation

events) can be executed.

The simplest joint mapping maps a simulation

specification to a fixed time increment time flow

mechanism, a synchronous parallel simulation pro-

tocol, and a synchronous shared-memory computer

architecture. All three mappings produce the same

constraint: that all events (assignment statements)

are executed each time the clock is incremented.

However, mappings to other time flow mechanisms,

parallel simulation protocols, and architectures are

more complex and constitute an open problem.

4 CONCLUSIONS

Step 1 of the proposed methodology dictates that the

order of events in a conceptual model be correctly

specified without regard for the particular times at

which events occur. The just ificat ion is that one often

wishes to “get the simulation logic correct .“ Based on

the example in Section 3.1, UNITY works well for this

job.

Step 2 (mapping the order of events to a time scale)

requires a modification of UNITY to add notation

for the holding time of certain states. We introduced

such a notation in Section 3.2. However, in order

to prove any properties about timings, the UNITY

proof system must be extended, which is likely to be

a difficult task.

Step 3 (deriving a simulation program from a spec-

ification) in Section 3.3 is straightforward. Again, we

cannot formally verify the correctness of the timing

properties without an extension of the proof system

to handle time.

Step 4 (mapping the program to a particular time

flow mechanism, sequential or parallel simulation pro-

tocol, and sequential or parallel target architecture)
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requires additional research to accomplish. Based on

the example in Section 3.4 of mapping the MRP to

fixed time increment as well as the Time-of-Next-

Event mechanisms, we believe UNITY is sufficient to

handle Step 4.

Based on the specification example in this paper,

UNITY could help simulation modelers in three areas:

Model verification: UNITY provides a compre-

hensive proof system of both safety and progress

properties, which can be applied to verifying proper-

ties of simulation models. Our experience in proving

the properties of Figure 4 is that UNITY proofs are

fairly mechanical, but can be time consuming. Fol-

lowing are some specific examples of where the proofs

are time consuming.

(a) Applying induction: A key to the proof that

down machines are eventually repaired (Pi) is estab-

lishing by an induction proof that after a machine

goes down, the technician keeps getting “closer” to

the failed machine, until eventually he is at the failed

machine. Induction is required whenever we want to

draw a conclusion about a sequence of state transi-

tions, given a specification describing only single step

transitions, as Table 2 does. Figuring out how to fit

the induction theorem to this intuition did require

some time on the part of the authors.

(b) Constructing chain of deductions: In general

the authors spent much of their time playing with

the more than thirty theorems in the UNITY book

(Chandy and Misra, Chapter 3) to construct the for-

mal chain of deductions required for each proof. This

process is somewhat analogous to what an undergrad-

uate student does in a calculus class, as he browses

through a table of integrals and a list of trigonometric

identities in trying to symbolically integrate a func-

tion. However a theorem proving system might alle-

viate this problem.

(c) Devising invariant: This paper does not present

a proof that the simulation code (Figure 5) meets

the specification. However, proofs of code generally

require invariants to be formulated, which takes some

creativity. This is analogous to integrating a function

by guessing the antiderivative.

As our experience with UNITY grows, we expect

the time required for items (a) and (b) listed above

to decrease.

Automation-based paradigm: The fact that we

could give, in Table 1, a set of rules to map cer-

tain state transition diagrams to a UNITY specifi-

cation in a mechanical manner is encouraging. We

believe that additional rules can be developed to

represent any state transition diagram, as well as

other forms of model representation (e.g., Petri nets).

If UNITY grows in popularity, a rich set of meth-

ods to map UNITY programs to target architectures

may be developed. By identifying the correspon-

dence between simulation modeling and IJNITY pro-

grams, a model development environment using the

automation-based paradigm could apply the UNITY

architecture mappings for simulation moclels to assist

in construction of parallel simulation programs.

Mapping specification to time-flow mecha-

nism, parallel protocol, and target machine

architecture: An important lesson from the ex-

ercise in this paper is that mapping aL simulation

specification to a time-flow mechanism, a parallel

simulation protocol (e.g., conservative-synchronous,

conservative-asynchronous, optimistic), and a target

machine architecture are intimately connected. All

three correspond to specifying constraints on when to

execute statements in a UNITY program. Perhaps

all three must be done jointly during the program de-

velopment cycle to obtain a sufficiently efficient pro-

gram.

Efficient parallel execution of a simulation model

implies consideration of the constraints imposed by

each combination of computer architecture, time flow

mechanism, and parallel simulation protocol, which

leads to an enormous design space, An additional

complication is that many of these constraints are in-

put data dependent; thus a correct temporal ordering

of events cannot be predicted before execution. This

exposes one reason why parallel discrete-event simu-

lation programming is a fundamentally hard problem.
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