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Abstract

This report extendsthe model for parallel discreteevent simulation preserted in [9{
11] by introducing the notion attributes (messages).The model is basedon the notions
of processesnd gatesand on the rendezwous medchanismde ned in the the basicLotos
processalgebra[2]. Time is introducedvia a medanism similar to the delay behaviour
annotation provided by the Topo toolset[4{6]. Communication between processess
supported by the Lotos medanismsof value passing(but not value generation).

An algorithm is presened that allows optimistic gate activations (i.e., speculative
computation). This increasesthe available parallelism while ensuring correct execu-
tion of the simulation. This speculative computation can be performed without the
expensive overheadsassaiated with chedkpointing and rollback recovery.

The model is usedto describe two di®erernt simulation applications|closed stochas-
tic queue networks simulations and logic simulation. Analysis of preliminary results
suggeststhat the model is successfulat making available a degreeof speculative par-
allelism.

1 Intro duction
This report extendsthe model for parallel discrete evert simulation presened in [9{11]

by introducing the notion attributes (messages).The basicelemerts of the model are a set
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of processesand a set of gates. The processesnteract with ead other using a rendez\ous
medanism inspired by the the basic Lotos processalgebra[2]. Time is introducedvia a
medanism similar to the delay behaviour annotation provided by the Topo toolset[4{6].
Communication betweenprocessess supported by the Lotos medanismsof value passing
(but not value generation).

The approad taken in this work is di®eren from other concurrent implemertations of
Lotos , in that the full Lotos semairtics are not addressed[115]. In this model, the set
of processesand the set of gates are static|pro cessesand gates are neither created nor
destroyed during the lifetime of the systemand their interconnectionis xed. Theserestric-
tions admit optimistic parallel executionwithout the complexitiesthat can arisein general
Lotos speci cations. Furthermore, only syndronization and value passingrendezwus are
considered|sp ontaneousvalue generationis not supported.

Each of the processescan be thought of as a nite-state madcine. The state of the
systemis the composition of the states of the processes.A state transition is triggered by
the activation of a gate. In any given system state, a processmay o®er to participate in
a gate activation after a certain time on any number of the gatesto which it is connected.
Assciated with ead o®eris an attribute. Attributes may be bound to a value or unbound.
A gateis enablel if all of the processesttachedto it have o®erd to participate after a nite
time delay and if at least one o®eris bound and all of the o®erswith bound attributes have
the samevalue. The rendezwustime for the gateis equalto latest time o®eredon that gate.

Although in any given systemstate any number of gatesmay be enabled,exactly onegate
will be activated|the gate having consisten bound attributes and the smallestrendezwus
time. The activation of a gate is an event A gate activation causesa state transition in
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all of the processesttached to that gate. Processegshat are not directly connectedto an
activated gate are una®ectedby its activation. The behaviour of the systemis simply a
sequenceof systemstate transitions triggered by single-gateactivations.

This report presents an algorithm that allows optimistic gate activations (i.e., speculative
computation). This increaseghe available parallelismwhile ensuringcorrectexecutionof the
simulation. This speculative computation canbe performedwithout the expensiwe overheads
assaiated with chedpointing and rollback recovery.

The remainder of this report is organizedas follows: The formal model is presened in
Section2. An exampleillustrating the model is givenin Section3. A sequetial simulation
algorithm is preserted in Section4. The optimistic parallel execution algorithm is given
in Section5. Empirical results from two simulations follow. A closedqueueingnetwork
simulation is discussedin Section 6. Digital logic simulation is examinedin Section 7.
Finally, the cortributions of this report are summarizedin Sectionsec:summary.

A list of the symbols usedin this paper is given in Sectionsec:syrbols.

2 The Formal Mo del

2 Simulation time (or virtual time) is represeted by a set of valuesT = To[ flg ,
where set Ty is a totally ordered set and is closed under addition. By de nition,

t<l1l :8t2Tpandt+1 =1 :8t2T,.

2 Ead processis a nite-state automaton. E.g., the state of processp; is s; 2 S; where



Eadh processp, hasassaiated with it a local virtual time t; 2 T.

A set of gatesis attachel to ead process. The set of gatesattached to processp; is
G 2 (2°; ;). A processmay be attached to any subsetof the gatesG, provided it is

attached to at leastonegate. Thus,G p Gand1- jGj- |G.
The set of processesittached to agateg; isG = fp 2 P : g 2 Go.

Asscaiated with ead gate g is a set of valuesor attributes A;.
S
Let A= T A
A event e isanelemem of E= f(t;g;a) 2 To£ GE A a2 Ay40.

A givenprocessp may beinvolved only with everts ongatesg2 G. Let E p E bethe

set of everts in which processp, may beinvolved. Thus,E = f(t;g;a) 2 E: g2 Gg.

Asscaiated with eat gate g; is a set of possibleo®ers O;, sud that O; = f(t;a) 2

To£ Ajg[ f(;?):t2Tag.

An o®erof the form (t;a) wheret 2 Tp and a 2 A; is said to be bound with the

attribute value a.

An o®erof the form (t; ?) wheret 2 T is said to be untound.

An o®ervector, is an elemen O 2 O where

O=01£ O£ O3z£ CCCE Oy



2 The state of the systemis the vector S 2 S where

S=(01£ SIET)E (O£ S,£ T)E ¢CE (On £ S, £ T):

2 Each processp; is descrited by a model. A model is given by two functions!.

The rst function, ® : S £ E 7! S;, describesbehaviour]it givesthe next state that

processp; erters after processingthe given evert in the currert state.

The secondfunction, ; : S £ Ty 7! O, givesthe o®ervector for processp; in a given
state and at a given time. Note, sinceprocessp; is attached only to gatesin G, the
result of the function is of the form (s;;t) = O where
8
? (1a):t°, ta2 (A [170: §2G |
O = 1-j-om:

3 (1:?); otherwise

l.e., processp; can make o®erswith nite times and bound o®ersonly on gatesto
which it is attached. Note, if a processdoes not o®erat least one gate at a virtual

time lessthan 1 , that processis said to be stopped.

1The rolesof ®and ~ have beenreversedin this paper with respectto [9{11]. For this | am truly sorryl|it
just makesmore senseto do it this way.



2 Eacdh model must satisfy the following causality constraint :

Ci(sit) = ((tpan); (tzy@2); it (tmyam)) 1882 §;;8t2 Totj , t;1- j - m

In other words, o®erscannot be madein the past.

2 A model is said to be time-invariant if both the o®ersand behaviour functions are

time invariant.

The behaviour function is time invariant if

®(s;(t+ £ga) " ®(s;(t g a)

where0- +< 1,852 85,892 G,8a2 Axq2

The o®ersfunction is time invariant if

Ci(sit) = ((tyag); (tz;@2)5 000 (tms @m))
=) i(sit+ ) = (it fay)i(te+ £ag); i (tm + £am))
where0- <1 ,8s2S,.
2 Givenasystemstate vector S = ((O41;51;t1);(O2;S2;t2);:::;(0On; Sn; th)), the function

2This de nition of time invariance is actually more strict than necessary The gnly part of the godel
visible to an external obsener are the gate o®ers. The constraint ® s;(t + £ g;a) ~ ® s;(t;g;a) sas
that the model erters the samestate, regardlessof the time of the evert. Howeer, it is possiblethat two
states are equivalent in the sensethat they are indistinguishable from ead other on the basisall possible
subsequen gate interactions. Such a model could also be said to be time invariant.
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((ti;1s @1); (ti2s @2); 2005 (tim s &m ), for 1+ i+ n, asfollows:
8
2 a; 9a2A;:(9pi2G :a; =aand8p 2 G :(a; = aoray = ?))
a'j =
?; otherwise
and 8
o 2 maXy oc; tij; & 6 7 :
t = 5 ;1. ) - m:
C 1, otherwise

In other words, the j™ elemen of R, which correspndsto gate g, is of the form
(t;; &) whereg; is boundto the valuea only if at leastoneof the processesttachedto
that gate haso®eredhe value a and no other processattachedto the gate haso®ered
adi®eren bound value; and if g is boundthent; is equalto the maximum of the o®er

times for that gate madeby the processesttached to that, otherwiset; is 1 .

If t; = 1 ;8g 2 G, then the systemstate S is said to be a deadlock.

i(R)=(t;g ;&) :ti= min t:

1. j- ma;6?

l.e., given the rendezwus vector, | selectsfrom gateshaving bound o®ers,the one

with smallestrendezwustime.

2 The systemstate transition function £ : SE E 7! S appliesanewert to a systemstate to
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and an ewert e= (t; g;a), S°= £(S;e), where

8
, S0 9= 60 926

Sjy =
3 )
“ (05583 ); otherwise

1. ] - on

2 The initial state of the systemis comprisedof the initial statesand initial o®ersof the

2 A simulation is anelemen of (S£ E)*. (The + denotespositive closure.) The function
- 1S 7! (SE£ E)* computesa simulation from the initial state S° asfollows: -( S°) =

f(S°; €%); (St;eh);:::g, wheree = j( 4S')), and S'*! = £(S';€), fori= 0;1;2;:::.

2 The length of a simulation is either nite or it is in nite. If it is nite, then the last
state (and only the last state) is a deadlack. If the simulation is in nite, then no state

in the simulation is a deadlack.

3 An Example
This examplemakesuseof the behaviourannotations provided by the Topo toolset[4{6]
to add temporal information to a Lotos speci cation. The behavioural annotation takes

the form of a Lotos commern of the form:
(*] delay *1¥)

wherez is an integer-\alued expression.The meaningof the annotation is that the following
action denotation will not be o®eredbefore+ time units have elapsed[6].
Considerthe Lotos speci cation givenin Figure 1.
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specification  Demo4g, h] : noexit

library  DecNatRepr
endlib

behaviour
Alg]l gl BIlg, h] [[h]] CIh]

where
process A [g] : noexit := TypeOne[g] endproc

process B [g, h] : noexit := TypeTwo[g, h] endproc
process C[h] : noexit := TypeOne[h] endproc
process TypeOne[g] : noexit :=

(*] delay 1 [%)

g ? x : DecDigit;

TypeOnelg]

endproc

process TypeTwo[g, h] : noexit :=

(
g ! 1 of DecDigit;
(*| delay 2 [*)
h ! 2 of DecDigit;
exit

I
h ! 1 of DecDigit;
(*| delay 3 [*)
g ! 2 of DecDigit;
exit

)

>> TypeTwo[g, h]

endproc

endspec

Figure 1: Lotos Example with Behavioural Annotations



2 There are three processespP = fA; B;Cg.

N

ProcessA has one state, Sy = fagg. ProcessB hasthree states, Sg = fly; ;0.

ProcessC hasonestate, Sc = f Q.

2 There are two gates,G = fg; hg.

N

The attribute values ass@iated with gate g are Ay = f1,29. The attribute values

assaiated with gateh are A, = f1;2g.

2 ProcessA is attached to one gate, Gy = fgg. ProcessB is attached to two gates,

& = fg;hg. ProcessC is attached to onegate, G = fhg. (SeeFigure 2 below.)

Figure 2:

2 The model for processA is given by:

Sa 2 Sa e2 Ea ‘ ®n(Sa;€) Sa 2 Sp | (0g;00) = a(Sa;t)

ao (ttg,a):8t2 Tp;8a2 Ag

ag ag ‘ ((t+ 1,?);(1,7)

ProcessA satis esthe causality constrairt and is time invariant.

2 The model for processB is given by:
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Sg 2 Sg e2 kg ®B(SB;e)

Sg 2 Sp (Og,Oh) = _B (SB;t)

by (tg:1):8t2Tp V)
by ((t; 1); (1, 1))

by ((t+22);(1:7)

(t;h;1):8t2 Ty b,

by

o} (t;h;2):8t2 Ty by
b ((1:?);(t+ 3,2)

V)

(t,g;2):8t2 Ty by

ProcessB satis esthe causality constrairt and is time invariant.

The model for processC is given by:

Sc 2 Sc e2 E ’ ®c(sc;€) Sc 2 Sc | (0g;00) = c(Sc;t)

Co (t;h;a) : 8t 2 Tp;8a2 Ay,

Co Co ‘ ((1;2);(t+ 17?)

ProcessC satis esthe causality constraint and is time invariant.

The initial stateis S° = ((O3;ap; 0); (O3 ; by; 0); (O2; co; 0)), where

0% = "a(s%;0) = ((1,?7;(1;?)
0% = 75(s8;0) = ((0;1);(0;1))
02 = "¢(s2;0) = ((1;?:(L7)

The rendezwus vector for this state is R® = (rg;rn) = ((1;1); (1; 1)).

In this state rq is (1;1) becauseG, = fA; Bg, and becauseprocessA o®ers(1; ?) and
processB o®ers(0;1) on gate g. Similarly, ry, is (1;1) becauseG, = fB;Cg, and

becauseprocessB o®ers(0; 1) and processC o®ers(0; ?) on gate h.

The sdeduling function, j, picks the gate with bound attributes having the smallest
o®eredrendezwustimes. In this case thereis a tie. Supposethat in the caseof a tie,
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the scheduler picks a gate at random.

2 Let&® = j(%S%) = (L;9:1).

Then S* = ((O%;sk;1); (0% ;st;1); (02; cy; 0)) where

Si = @a(age) = a
s = ®&(ye) = a
Ox = "alshil) = (27:(1;?)
Op = s(s5:1) = ((1:2:(32)

2 The rendezwus vector for state S' is R* = (rg;rn) = (1 ;7?);(3;2)).
In this state gatery is (1 ;?) becausgrocessA o®erg2; ?) and processB o®erq1 ;?)
on gate g. Howewer, ry, is (3;2) becauseprocessB o®ers(3;2) and processC o®ers
(0; ?) on gate h.

2 Now the schedulerselectse! = j( 4S%)) = (3;h; 2).

Then S? = ((Ox; ao; 1); (03;3;3); (02;s2;3)) where

s = ®&(be) = b
2 = @&l(cie) = o
Of = "8(s3;3) = (B:1:3ED)
0% = "¢(s2:3) = ((1;:7:(47)
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2 The simulated systemhas undergonetwo state transitions sofar:

<0 (1;9:1) gt (3;h;2) g2

where
s = 3(((1;?);(1 :?)); a0; 0); (05 1); (05 1)) bo; 0); (((1 52); (1;?)); Co3 0)
¢ = (Lgl
st = 3(((2;?);(1 1 ?2))520; 15 (((152):(3:2)); by 1); (1 52);(1:2))5 603 0)
el = (3:h2
$* = 3(((2;?);(1 17)520; 1) (((351): (3 1)) b0 3): (((1 57);(4:7)); Co3 3)

asshowvn in Figure 3.

virtual time
0 1 2 3 4 5 6

O enabledevent

X executedevert

Figure 3:

13



4 Sequential Execution Algorithm

An algorithm for the sequetial execution of an attributed, time-delayed rendezous
simulation is shavn in Figure 4. This algorithm follows directly from the de nitions given
in Section2.

During the i!" iteration, evert € is obtained by computing j( 4S')). The algorithm
terminates if the systemhas deadlaked (i.e., if the time of evert € is 1 ). Otherwise S'**
is obtained by computing £(S';€). The function £ is completely specied by the model
functions® and ;,1- i- n.

The algorithm in Figure 4 doesnot exhibit much potertial for parallel execution. There
is a data dependencefrom S' to € and then to S'*'. Furthermore, there is a loop-carried
dependencerom S'*! and €*1. Consequetly, it appearsthat simultaneousevert executions

are not possible.

function - :(S°2 S) 7! (S£ E)*
variables
€2E:i=0212:::
S2S:i=0212:::
a2A;092Gi2z;t2T
begin
iA 0O
loop
(t g;a) A j(4S")
exit when t > Thax
¢ A (tga)
ST A £(S';¥)
iAi+1
end loop
end
result f(S%e°); (St eh);(S%e?) g

Figure 4. Sequetial Execution Algorithm
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5 Optimistic Parallel Execution Algorithm

A sequetial algorithm for computing an attributed, time-delay rendezwous simulation
was given in Section4. The sequetial algorithm doesnot readily admit parallel execution.
In this section an algorithm for parallel execution is proposed. The approad is to use
speculative computation to precomputearticipated evens.

An optimistic parallel execution algorithm is given in Figure 5. This algorithm di®ers
from the sequemtial onein that during oneiteration of the outermostloop, it is possiblefor
seeral everts and statesto be computed|not just one. There are two phases,asindicated
in Figure 5. The essetial ideais that during the rst phase,seeral evert activations are
computed (in parallel) leading to the tentative system state 8. Then, during the second
phase,ewen activations are committed, and the correct system states are constructed by

merging elemers of S' and 8.

Phase 1: During the rst phase,the rendezwus vector R is determined by computing
%S"). Next, the function | ® : O 7! 2° is usedto compute the set A of optimistic gate
activations. A heuristic algorithm for computing j ° is givenin Section5.2. This set A must
include the next sequetial ewvert (given by j( R)). In particular, note that if A contains
exactly one event, i.e., A = fg: (t;g;a) = i( R)g, the optimistic execution algorithm is
semattically equivalert to the sequemtial algorithm.

Then the tentativ e systemstate vector B is determined by computing £ °(S'; A; R). The
function £°: S£ 26£ O 7! S appliesall of the gate activations in A to the systemstate S'.

The de nition of £ and an algorithm to computeit are givenin Section5.1.
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function - :(S°2 S) 7! (S£ E)*
variables
€2E:i=0212:::
S2S:i=0212:::
a2A;A22%9g2Gi2Z;R20;82s;t2T
begin
iA O
loop
phasel:
R A ©4S)
AA i%(R)
BA £9S;AR)
phase2:
loop _
(tg;a) A (A4S
exit when t> Tpa OF g62A or R g 6 (t; @)
¢ A (tga)
for each p2 P
if p2 G4 then
Strm A Bep
else o
S A Sen
iTAiT+1
end loop
exit when t > Thax
end loop
end
result f(S%e%; (St el);(S?%e?):: g

Figure 5: Parallel Execution Algorithm
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Phase 2: In the secondphase,everts are committed and statesare determinedby merging
elemetts from S' and B. The secondphaseis a loop|the number of iterations executed
is determined by the successof the speculative computation. First, the ewvert (t; g;a) is
determined by computing j( 4S')). The loop terminates if t > Tmax (€ither simulation is
“nished or the systemhasdeadlacked) or whenthe evert hasnot beencomputedin phasel
(g 62A or R4 6 (t;a)). Otherwise, the currert ewert is € = (t; g;a) and the next state
S'*! is obtained by merging the elemetts of S' and B. The elemen of the state vector
correspnding to processp, namely Sy i, is set to Q(# p If p is attached to gate g (i.e.,

p2 Gy g), otherwiseit remainsthe sameasthe previousiteration, S‘(# 0)-
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5.1 Optimistic Execution Phase

An algorithm to compute the function £° : S£ 2°£ O 7! S is givenin this Figure 6.
This function appliesall of the gate activations in the setA to the initial state S to produce
the tentativ e systemstate vector B. For eath processorp attached to ead gateg 2 A, the
appropriate model functions, ®, , and 4, are usedto update the correspnding elemen of
the state vector B ).

In order for the result of £ °(S; A; R) to be well de ned, it is required that the elemerts

of the set A satisfy the following constrairt:

Gg\ Gn=:80h2A g6 h

In addition to ensuringthat the result is well de ned, the precedingconstraint also permits
the parallel executionof all of the enabled®, , and 4, functions. It is for this reasonthat

this phaseis called the parallel exeution phase
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function £°:(S2S;A225R20)7!'S
variables
B2s
begin
BA s
for each g2 A
for each p2 G
variables
a2Asq 52 Sy t2T
begin
(t; a) A~ R(# )
(6S;9 A S p)
SPA ®;(s;(t; g @)
Bup A (T(s21);8%1)
end
end
result B

Figure 6: Optimistic Execution Phase
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5.2 Optimistic Scheduling Function
A possibleoptimistic sdheduling function is givenin this section. The particular function

given in this sectionis basedon the following two heuristics:

1. It is assumedthat the rendezwus vector doesnot changesubstanially betweencon-

secutive systemstates.

2. It is assumedthat the most likely gatesto be activated are those with the smallest

rendezwustimes.

The sdheduling function, j ® : O 7! 2%, computesa set of gateswhoseactivations may be
computedin parallel. This set must include the next sequetial evert. l.e.,e= j(R) =)
e2 j “(R). The function must alsosatisfy the constrairt requiredby the optimistic execution

phase:

Gg\ Gn=;:83h2i%R);g6 h

A heuristic algorithm to compute j © is given in Figure 7. The algorithm proceedsas
follows: It beginswith a copy R° of the rendezwus vector R. At ead iteration, it selects
an evert by computing j( R%. As long asthe ewvert time is lessthan or equalto Tpax and
up to a maximum number of iterations | ., the gate g is addedto the result set. Then,
the o®ersin R° for all the gatesin the set H.q aresetto (1 ;?). The setH4 is de ned as
the set of gatesattached to the processesttachedto gateg. l.e., Hy4 = szc#g G:p. This
latter operation ensureghat the optimistic executionphaseconstrairt that permits parallel

executionis satis ed.
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function {":(R20O) 7! 2¢

variables
a2 A;A22%92Gi22Z,R°20;t2T
begin
R°A R
AA ;
iA O
loop
(tg:a) A i(R9
exit when t > Tqax OF | = | nax
AA A[ fgg
for each h2 Hygq
_RenA (1,7
PAiI+1
end loop
end
result A

Figure 7: Optimistic Sdeduling Function

5.3 Discussion

The succes®f the optimistic parallel executionalgorithm dependson a number of factors.
An underlying assumptionis that the bulk of the computation is involved in computing the
behaviour of the models|the model® and  functions. Thus, the primary goalis to enable
executionof the model functions for as many processesn parallel aspossible.

There are se\eral ways in which the ability of the proposedapproad to enableparallel

executioncan be measured:

Committed vs. optimistic gate activations The optimistic sdeduling function j °
computesa set of optimistic gate activations. All of these gate activations in this set are
executed. Howewer, not all of the results from thesegate activations can be mergedinto the

“nal simulation. The number of optimistic gate activations (i.e, jj °(9j) is cortrolled by the
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parameter | s in the heuristic scheduling function given in Figure 7. The number of gate
activations committed in ead simulation cycle is equalto the number of iterations of the

phase2 loop in the parallel executionalgorithm (Figure 5).

Committed vs. optimistic pro cess activ ations In general,a gate may be attached to
morethan oneprocess.Consequetly, ead gate activation may enablethe parallel execution
of more than one process.The number of optimistic processactivations (i.e., j ngi 29 G o))
dependson the connectivity of the gatesandis cortrolled by the parameterl . The number

of gate activations committed in ead simulation cycleisj G4 : gate g is committed.

Parallelism Ezxciency The ratio of the number of committed processexeutions to the

number of optimistic processexecutionsmeasureshe degreeof useful parallelism. 3

3The term parallelism exciency is usedto distinguish it from the term parallel exciency, which is usually
de ned asthe speedupof a parallel program on n processorswith respect to one processor,divided by n.
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6 Example: Closed Queueing Network Simulations]

The Nicol Suite

This sectionpreserts an attributed, time-delayed rendezwus model for closedstochastic
gueueingnetworks. The networks modelledare basedon thosedescritedin [7]. The following
is a very brief description of the queueingnetworks. For more detailed descriptionsseeg[3, 8,
11{13].

The systemto be simulated is a static network of nodes. Figure 8 shaws the elemeis
of a node. Each node in the network has one or more inputs, one or more outputs, a single
gueue,and a singlesener.

The network is populated by a xed number of customers.A customerarrivesat a node;
waits for service;is serviced;and then, departsfor another node. The queueingdiscipline is
‘rst-come, rst-served (FCFS). Serviceis non-preemptive. The servicetime distribution is
a geometricallydistributed random variable. The output arc on which the customerdeparts
is a uniformly distributed random variable.

Four di®eren network topologiesare simulated|ring, torus, multistage, and hypercube.

In all casesthe systemconsistsof 64 nodes.

I

fanin ————= fanout

\L / queue sener $

Figure 8: Queueand Sener
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6.1 The Node Mo del

This section preserts the componerts of the node model|the elemerts of the state of a
node, and the two functions giving the behaviour (®) and the o®ersvector () of a model.
Thesecomponerts are presened asC++ code fragmerts extracted from the implemertation

of the simulation.

6.1.1 State

The essetial elemens of the state of a node are showvn below in Figure 9 There are two
random number generators,serviceTimeRV and outputPortRV which are usedby the model
to determinethe servicetime for a customerand the output port from the which the customer
departs (respectively). The variable queue is a deque (double-endedqueue) of departure
records. A departure record speci esthe departure time and output port for ead customer
at the node. The elemen at the head of the dequecorrespndsto the customercurrenrtly

being serviced. The remaining elemerts of the dequecorrespnd to customersin the queue.

6.1.2 Behaviour

Figure 10 givesthe code for the function ModelAlphawhich performsthe state transition for
an ewert on the givenport . If the event is a customerarrival (port < fanin ), the departure
time and output port for that customeris enqueued. Otherwise, the ewvert is a customer

departure. In this case,the customerat the headof the queueis dequeued.
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class Node: public LogicalProcess

{

Time const meanServiceTime;
unsigned short int const fanin;
unsigned short int const fanout;
unsigned short int const load,;

GeometricRV serviceTimeRV;
NaryRV outputPortRV;,

Deque <Departure> queue;
void CustomerArrival ();
public:

void ModelAlpha (OfferVector&) const;
void ModelBeta (PortNumber, Attribute  const&);

Figure 9: State code

void Node::ModelAlpha (PortNumber port, Attribute  const&)
{

if (port < fanin)

{

Time const serviceTime = serviceTimeRV .Sample ();

PortNumber const outputPort = outputPortRV .Sample ();

Time startTime = time;

if (lqueue .ISEmpty ()

startTime = queue .TheTail () .TheTime ();

gueue .Enqueue (Departure (startTime + serviceTime, outputPort));
}
else

gueue .Dequeue ();

Figure 10: Behaviour code
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6.1.3 O®ers

Figure 11 givesthe code for the function ModelBeta which computesthe o®ersmade by a
node. A node is attached to fanin + fanout gates. The rst fanin ports correspnd to
customer arrivals, and the last fanout ports correspnd to customer departures. A node
always o®ersto accept any customer arrivals at any time greater that the current time
(time). Therefore,the rst fanin o®ersare setto time with an unbound attribute.

If there is a customerbeing serviced,an o®eris made on the appropriate output port
with the time of the departure. The attribute in this caseis bound to the integer value 1.

The remaining ports retain their default o®er|( 1 ;?).

void Node::ModelBeta (OfferVector& result) const

{
for (PortNumber i = 0; i < fanin; ++i)
result [i] = Offer (time, Customer::Unbound ());
if ('queue .IsEmpty ())
{
Departure const& departure = queue .TheHead ();
result [departure .ThePort ()] =
Offer (departure .TheTime (), Customer::Bound (1));
}
}
Figure 11: O®erscode
6.2 Results

Here are someof the results obtained from the executionof the attributed, time-delayed
rendezwussimulation model givenin the previoussection. The network topology considered
is a 64-nade torus populated with 256 customers.

The executionin this casewas purely sequetiallthe purposewasto measurethe po-
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tential parallelism exposedby the algorithms given in Section5. The following parameters
were measuredafter ead iteration of the parallel executionalgorithm (Figure 6): number
of optimistic gate activations, number of committed gate activations, number of optimistic

processactivations, number of committed processactivations, and parallelism exciency.

6.2.1 Committed vs. Optimistic Gate Activ ations

Figure 12 shows the e®ectof the parameterl| o« 0n the number of optimistic and committed
gate activations. The parameter | o« bounds the degreeof optimism in the optimistic
stheduling algorithm (Figure 7).

As | max IS increasedfrom 1, the number of optimistic gate activations increasedinearly
until it saturatesat the meanvalue of 24. Below saturation, the parameter| o« is highly
correlatedwith the number of optimistic gates. Therefore,| nox Canbe usedto cortrol jj “(9j.

The top portion of Figure 12 shows that the number of committed gatesincreasesas
the number of optimistic gatesincreasedrom 1. Howewer, the number of committed gates
saturatesat 5 for | nox = 10. In other words, on averageoptimistic gate set sizesbeyond size

10 do not produce any additional potential parallelism.

6.2.2 Committed vs. Optimistic Pro cess Activ ations

In these closedqueueingnetworks, all of the gatesare attached to exactly two processes.
Therefore,the number of processesan be read from Figure 12 simply by doubling the gate
numbers. This can be seenby comparing Figures 12 and 13.

The averagenumber of committed processactivations saturates at the value of 10 for

I max = 10. Note that for I ,ox = 10, the number of optimistic processactivations is 20.
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6.2.3 Parallelism Ezciency

Figure 14 shows the parallelismezciency vs. the parameterl ,ox. Recallthat the parallelism
exciency is the fraction of the optimistic parallelismis committed during ead cycle of the
parallel executionalgorithm.

At the point wherethe degreeof committed parallel executionsaturates, | n.x = 10, the
parallelism exciency is 50%. l.e., on average,20 parallel processactivations are enabledby
the optimistic scheduling algorithm, and 10 of those activations are committed.

The parallelism exciency can be usedto predict a bound on the maximum possible
speedupthat can be achieved for a particular value of | hox. E.Q., given 20 processorsthe

maximum possiblespeedupis 10, when | 5 = 10.
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7 Example: Digital Logic Simulation

This sectionpresens an attributed, time-delayed rendezwus model for digital logic sim-
ulation. Simulations of the two di®erer logic circuits given in [14] have beenimplemerted.
The rst circuit is an asyndironous, 4-bit adder. Its simulation model is comprisedof 50
processesand 54 (simulation) gates. The secondcircuit is a syndironous,4-bit courter. Its

simulation model is comprisedof 58 processand 66 (simulation) gates.

7.1 The Logic Gate Mo del

This sectionpreserts the componerts of the logic gate model|the elemens of the state
of a logic gate, and the two functions giving the behaviour (®) and the o®ersvector ( )
of a model. Thesecomponerts are presetted as C++ code fragmerns extracted from the

implemertation of the simulation.

7.1.1 State

The essetial elemeits of the state of a logic gate are shavn below in Figure 15. The variable
logicOp is a pointer to a function that computesthe desiredlogical operation (e.g., and,
or, xor, nand, nor, etc.) The variable fanin speci esthe number of inputs to the logic gate.
The variable delay speci esthe logic gatedelay. The inputList is an array of length equal
to fanin conaining the current logic level on ead of the logic gate inputs. The variable
output holds the value of the logical operation applied to the current inputs. The variable
gueueis a deque (double-endedqueue) of transition records. A transition record speci es

consistsof an edgetype (i.e., rising or falling) and the time at which the transition occurs.
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class LogicGate : public LogicalProcess

{
LogicOp const logicOp;
unsigned short int const fanin;
Time const delay;
Array <Level> inputList;
Level output;
Deque <Transition> queue;
public:
void ModelAlpha (OfferVector&) const;
void ModelBeta (PortNumber, Attribute  const&);
3

Figure 15: State code

7.1.2 Behaviour

Figure 16 givesthe code for the function ModelAlpha which performs the state transition
for an evert on the given port . If the event is an input edge(port < fanin ), a new value
for output is computed. If this value di®ersfrom the previousvalue, and edgeneedsto be
inserted in the deque. Note that spurious zero-width logic pulsesare suppressedas these
are an artifact of the simulation.

If the event is an output edge,the transition at the head of the queueis dequeued.

7.1.3 O®ers

Figure 17 givesthe code for the function ModelBeta which computesthe o®ersmade by a
logic gate. A logic gate is attached to fanin + 1 (simulation) gates. The rst fanin ports
correspnd to the inputs of the logic gate, and the last port correspndsto the output of

the logic gate. A logic gate always o®ersto acceptany input edgesat any time greaterthat
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void LogicGate::ModelAlpha (PortNumber port, Attribute const& attr)

{
EdgeAttribute const& inputEdge =

(EdgeAttribute  const&) attr .Theltem ();

if (port < fanin)

{
inputList  [port] = inputEdge .TheValue ();
Level const newOutput = (*logicOp) (inputList);
if (newOutput !'= output)
{
output = newOutput;
if ('queue .IsEmpty () &&
gueue .TheTail () .TheTime () ==time + delay)
gueue .DequeueTail ();
else
gueue .Enqueue (Transition (time + delay, Edge (output)));
}
}
else

gueue .Dequeue ();

Figure 16: Behaviour code
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the current time (time). Therefore,the rst fanin o®ersare setto time with an unbound
attribute.
If there is an output transition in the deque, an o®eris made with the time of the

transition and with the edgeattribute bound to the transition type.

void LogicGate::ModelBeta (OfferVector& result) const

{
for (unsigned short int i =0; i < fanin; ++i)
result [i] = Offer (time, EdgeAttribute::Unbound ());
if (lqueue .ISEmpty ())
{
Transition const& transition = queue .TheHead ();
result [fanin] = Offer (transition .TheTime (),
EdgeAttribute::Bound (transition .TheEdge ()));
}
}
Figure 17: O®erscode
7.2 Results

Here are someof the results obtained from the executionof the attributed, time-delayed
rendezwussimulation model of the 4-bit courter asdescrikedin the previoussection. During

the simulation, the courter was clocked through all of its states.

7.2.1 Committed vs. Optimistic Gate Activ ations

Figure 18 shows the e®ectof the parameter| 5« 0n the number of optimistic and committed
gate activations.

As | hax IS increasedfrom 1, the number of optimistic gate activations increasedinearly
until it saturatesat the meanvalue of 12. Below saturation, the parameter | a5 is highly
correlatedwith the number of optimistic gates. Therefore,| hax canbe usedto cortrol jj “(9j.
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The top portion of Figure 12 shows that the number of committed gatesdoesnot vary
substartially. (There is a slight increaseasthe number of optimistic gatesincreases.)Opti-

mistic gate set sizesbeyond size4 do not produce any additional potential parallelism.

7.2.2 Committed vs. Optimistic Pro cess Activ ations

Figure 18 shows the e®ectof the parameter| o 0n the number of optimistic processacti-
vations.

Relating Figure 19 to Figure 18 shows that in the caseof logic circuit simulation, eat
gate activation is involved with more than two processespn average. This is due to logic
gates with fanout greater than one. Howewver, number of committed processactivations

saturatesvery quickly at about 7.

7.2.3 Parallelism Ezxciency

Figure 20 shaws the parallelism exciency vs. | nax for the adder circuit. Compared with
the queueingnetwork simulation (Figure 14), the parallelism exciency of the logic circuit
simulation decreasesapidly aslax is increased.This suggestghat most of the parallelism

is exposedfor small valuesof | yay -
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8 Summary

This report presened a model for parallel discreteevent simulation inspired by the basic
processalgebraof Lotos . In this model, the setof processesnd the setof gatesare static|
processesand gatesare neither created nor destroyed during the lifetime of the systemand
their interconnectionis xed. Eac of the processess a nite-state machine. A state
transition is triggered by the activation of a gate. In any given systemstate, a processmay
make on o®eron any of the gatesto which it is connected.An o®erhasattributes and atime.
Attributes may be bound to a value or unbound. A gate is enabledif all of the processes
attached to it have o®eredto participate after a nite time delay and if at least one o®eris
bound and all of the o®erswith bound attributes have the samevalue. The rendezwustime
for the gateis equalto latest time o®eredon that gate. Although in any given systemstate
any number of gatesmay be enabled, exactly one gate will be activated|the gate having
consisten bound attributes and the smallestrendezwustime. The activation of a gate is
an evert. A gate activation causesa state transition in all of the processesttached to that
gate. The behaviour of the systemis simply a sequencef systemstate transitions triggered
by single-gateactivations.

This report presened an algorithm that allows optimistic gate activations (i.e., specula-
tive computation). This increaseghe available parallelism while ensuringcorrect execution
of the simulation. This speculative computation can be performed without the expensive
overheadsasseiated with chedpointing and rollback recovery.

Analysis of two application simulations|closed queueingnetwork simulations and logic
simulation|suggests that the approad is able to admit speculative parallel execution. The

advantage of this approad is that the speculative execution is incorporated without the
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additional overheadsof chedkpointing and rollback recovery methods.

This report hasonly examineda single heuristic optimistic stheduling function. Further-
more, a parallel versionof the algorithm hasnot yet beenimplemerted. Howeer, the results
suggestthat the parallel versionwill be ableto producereasonablespeedupwithout requir-
ing special knowledge of the the simulation application nor modi cation of the simulation
model for parallel execution. Future work will examinedi®eren scheduling heuristics, and
other ways to introduce optimism. In addition, a parallel implemertation should be made,

in order to determinethe e®ectf various sourcesof overhead.
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A List of Symbols

® :S £ F 7'S The model function that givesthe next state of processp;.
1 :S £ T 7' O The model function that givesthe o®ervector.

i : O 7! E The scheduling function.

i 10 7! 2° The optimistic scheduling function.

¥%: S 7! O The rendezwus vector function.

£ :S£ E7! S The systemstate transition function.

£°:SE£ 2°£ O7'S The optimistic parallel executionfunction.

- :S7! (SE£ E)" The function that computesthe simulation given an initial state.
A A setof optimistic gate activations

ak The attribute of evert €.

A The union of all gate attribute setsA;.

A; The attribute setasswiated with gateg;.

A? ThesetA? = A;[ f?g.

G The setof processesttached to gate g;.

€< The event activated in the k" systemstate.

E The setof evens.
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E The setof events in which processp; may be involved.
g Thej™ gate.

gt The gate of evert €.

G The set of gatesin the system.

G The set of gatesattached to processp;.

H; The setof gatesattachedto the processesttachedto g;.
m The number of gates.

n The number of processes.

O The set of o®ervectors.

O; The setof o®ersassaiated with gate g;.

pi Thei™ process.

P The set of processesn the system.

R The rendezwusvector.

RX The rendezwusvector in the k" systemstate.

si The state of processp;.

sij The j™ possiblestate of processp.

sk The state of processp; in the k™ systemstate.
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S The systemstate.

S¢ The ki systemstate.

S The set of possiblesystemstates.

Si The set of possiblestates of processp;.

ti The local virtual time of processp;.

t% The local virtual time of processp; in the k™" systemstate.
t* The virtual time of event €.

T The setof virtual time values: T = To[ flg .

To The baseset for virtual time values.
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