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ABSTRACT

A discrete event simulation system uses a calen-
dar to quickly schedule events for execution. A
sequential simulator’s calendar supports two opera-
tions: schedule-event and get-next-event. The
schedule-event operation stores an event e in the cal-
endar for execution at some future virtual time ¢,.
The get-next-event operation selects the next event
for the simulation to execute.

An optimistic parallel simulator’s calendar imple-
ments rollback and fossil-collect operations in
addition to the two sequential operations described
above. The rollback operation restores the calen-
dar to a state in the simulation’s virtual past, and
the fossil-collect operation signals the calendar
when the simulation’s global virtual time advances.

The data structures in most sequential calendars
do not support parallel simulation well. We intro-
duce a new lazy hybrid calendar which combines the
data structures used in different sequential calendars
to efficiently implement the methods needed in op-
timistic parallel simulation. The lazy calendar also
takes advantage of lookahead present in a simulation
to avoid scheduling events which are later unsched-
uled by a rollback.

1 INTRODUCTION

Parallel discrete event simulation (PDES) algorithms
attempt to speedup the execution of a discrete event
simulation (DES) by distributing simulation work-
load across multiple processors. A DES executes a
time-ordered sequence of simulation events. Each
event may access one or more simulation objects and
schedule one or more future events. The state of the
simulated system is defined by the state of all simu-
lation objects. The order in which an event executes
is determined by the event’s time—stamp. Events ex-
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Processor p; generates an event for processor pg at
virtual time 100, but po has already reached v.t.
120. Processor py will roll back when pgy receives
the straggler event.

Figure 1: Causality error in an optimistic parallel
simulation

ecute in nondecreasing time—stamp order so that vir-
tual time always advances.

It is natural to think of parallelizing a DES program
by distributing all the simulation’s events across mul-
tiple processors. Given n processors and m events,
each processor would ideally handle m/n events, sug-
gesting an ideal speedup of n. Unfortunately, dis-
tributed events typically don’t access simulation ob-
jects in time-stamp order. For example, processor p;
may execute an event e; with time-stamp ¢; = 1 af-
ter processor ps executes an event e with time—stamp
to = 2. If es happens to access a shared simulation
object (i.e., an object shared by p; and p2) before e; is
able to access the object (say, because of processor or
network delay), then the parallel execution witnesses
e and ey access the shared object in an order that is
different from the order in which these events access
the object in a sequential execution (e; followed by
62).

A PDES must employ an algorithm which ensures



that events execute in a causally consistent way. A
simulation is causally consistent if events access sim-
ulation objects in nondecreasing time—stamp order.
In seminal works on achieving causal consistency,
(Chandy and Misra 1981) and (Jefferson 1985) pro-
pose different solutions.

The Chandy-Misra algorithm avoids causality er-
rors by ensuring that each processor executes events
in time-stamp order. Each processor p conservatively
executes event e; with time-stamp ¢; only when p is
certain that no event e; with an earlier time-stamp
t; < t; can be scheduled on p (by another processor).
Because of this, the Chandy-Misra algorithm is called
a conservative parallel simulation algorithm (Chandy
and Misra 1981).

The time warp algorithm is an optimistic algorithm
for PDES. It is optimistic in the sense that each pro-
cessor executes every available event in time-stamp
order with the optimistic assumption that causality
is not being violated. At any point, however, a pro-
cessor may receive an event (from another processor)
whose time—stamp indicates that the event should al-
ready have been processed; such an event is called a
straggler. On detecting a straggler, a processor rolls
back to a checkpointed system state that corresponds
to a time-stamp which is less than the straggler’s
time-stamp. Execution continues from this point,
and the straggler executes in the right time-stamp
order (see Figure 1).

We propose a new lazy calendar for optimistic
PDES which avoids doing work thrown away as the
result of a rollback. First, in section 2 we intro-
duce PARASOL, the PDES tool we use to evaluate
the lazy calendar. Next, in section 3 we introduce
our new lazy hybrid calendar and compare its perfor-
mance with other calendar implementations. Finally,
we conclude in section 4.

2 PARASOL

We use the PARASOL (Mascarenhas, Knop, and Rego
1995) PDES system in our experiments. PARASOL
is a set of libraries which extend C++ to sup-
port PDES using the process-interaction world view.
PARASOL provides a simulation developer with C++
classes with which he can instantiate simulation pro-
cesses and objects. PARASOL’s layered architecture
hides state saving and interprocessor communication
code from the user who describes his model using
PARASOL’s programming interface. PARASOL’s API
is an object oriented derivative of the API for the
sequential simulation language, CSIM (Schwetman
1986).
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Figure 2: PARASOL’s software architecture

PARASOL has a layered design (see Figure 2). A
threads system and a message passing system share
the bottom system layer of PARASOL’s architecture.
The kernel layer builds on the functionality exported
by the system layer. The kernel manages the time
warp algorithm and exports basic simulation prim-
itives to the domain and application layers. The
domain layer implements domain specific simulation
objects which automatically save their own state at
checkpoint time. Finally, the user application defines
the application layer.

The modular design of PARASOL’s kernel allows re-
searchers to configure PARASOL to use different al-
gorithms and data structures for saving state, calen-
dar management, thread management, interprocessor
communication, and global virtual time computation.
This flexibility makes PARASOL an ideal platform for
experimentation in optimistic PDES.

3 A LAZY CALENDAR

The simulation calendar allows the simulation to
quickly schedule future events and determine the next
event to execute. In thread based simulation lan-
guages like PARASOL, each simulation event corre-
sponds to a thread resumption so that the simulation
calendar acts as the scheduling queue for the thread
system.

3.1 S S

In sequential simulators, the simulation calendar
must support two basic operations:

schedule-event — schedule an event in the simu-
lation calendar for execution at some virtual time
te t wheret is the current virtual time of the
system.

get-next-event — get the next event for the sim-
ulation to execute and advance the system’s vir-
tual time to t = t..



Each event simulated involves one schedule-event
and one get-next-event calendar operation.

arious efficient calendar implementations have
been employed in sequential simulation languages.
Most calendar data structures implement some kind
of heap based priority queue (a notable exception is
the calendar wueue (Brown 1988)). A heap based
priority queue supports the get-next-event and
schedule-event operations in  (logn) steps (where
n is the size of the calendar) (Chung, Sang, and Rego
1993). A doubly linked list (dll) based calendar imple-
ments the schedule-event operation in  (n) steps
and the get-next-event operation in (1) steps.
Therefore, each simulated event requires (n) steps
in a dll calendar and (logn) steps in a heap based
calendar. As the size of the simulation and the size
of the calendar grow, so too grows the ratio by which
a simulator with a heap calendar is faster than a sim-
ulator with a dll calendar.

3.

In a time warp based parallel simulator the calen-
dar must implement rollback and fossil-collect
methods in addition to the sequential calendar’s op-
erations (schedule-event, get-next-event). The
rollback operation restores the calendar to a state in
the simulation’s virtual past. The fossil-collect
operation informs the calendar that the simulation’s
gvt has advanced to a new value ¢t . Knowing that
gvt has advanced, the calendar can discard events
kept in the calendar against the possibility of roll-
back to a state before the new gvt.

We cannot roll back the state of the calendar the
same way we restore a simulation object’s state. A
simulation object restores itself to a state at virtual
time t from a buffer saved at . When the calendar
rolls back, it must remember any additions made to
its state as the result of messages received from other
processors. So when the calendar rolls back to a v.t.
t from a current v.t. ¢ , the calendar must remember
each event scheduled by remote processors while the
local simulation processed events scheduled between
t and t .

To the best of our knowledge, S S is the
only PDES system using a calendar specially de-
signed for use in parallel simulation (Steinman 1996).
The S S calendar is designed for use with a
semi-conservative breathing-time-buckets based sim-
ulation. Other parallel simulation systems modify se-
quential calendar data structures for parallel simula-
tion.

The (Martin and McBrayer 199 ) PDES
system uses a doubly linked list (dll) based calendar.

A dll calendar implements an m event rollback in

(m) operations. Each event e in the calendar main-
tains a list of the events scheduled in the calendar
as a result of e’s execution. When a simulation rolls
back from v.t. ¢ to v.t. ¢t , the simulation kernel un-
executes each calendar entry (event) e executed with
time stamp t. such that ¢ te t . The calendar
unexecutes an event e by removing from the calendar
every event scheduled during e’s execution and send-
ing anti-messages to cancel every event which e sched-
uled on remote processors (Jefferson 1985). Since the
calendar must unexecute each rolled back event, we
know that (m) is a lower bound on the performance
of the rollback operation. Finally, a dll calendar
performs the fossil-collect method in (n) steps
by searching for the last calendar entry e executed
with time stamp t. t. <t and discarding the cal-
endar entries before e inclusive.

The (Fujimoto 1989) PDES system bases
its calendar on a heap. A heap supports
schedule-event and get-next-event in (logn)
steps. An array based heap can support the rollback
and the fossil-collect operationsin (n) steps by
marking events to remove from the heap in one com-
putation, then compressing the unneeded events out
of the array in another. A tree based heap requires

(n logn) steps in order to maintain the balanced
structure of the tree after removing each unneeded
event.

3.3

We can combine the good sequential performance of
the heap calendar with the good time warp perfor-
mance of the dll calendar by letting the calendar
keep already e ecuted events in a doubly linked list
while maintaining pendin events in a heap. This y-
brid calendar can implement fossil-collectin ()
steps (where is the number of events fossil-collected)
since this operation only involves the already e ecuted
events in the doubly linked list part of the calendar.
Table 1 compares the hybrid calendar’s performance
with the other calendars. PARASOL uses a tree rather
than a heap based calendar since the tree supports a
search method in (logn) steps (Cormen, eiserson,
and Rivest 1990). The search operation is useful for
finding an event canceled by an anti-message.

We can improve the performance of the hybrid cal-
endar even further if we allow the calendar to be lazy.
A lazy calendar schedules a new event e; by placing
e; at the end of a list of potential events. The po-
tential events are not placed in the calendar’s tree
of pendin events until the v.t. of the next pending
event in the tree exceeds the v.t. of the earliest po-



Operation ist eap ybrid
schedule (n) (logn) (logn)
get-next 1) (logn) (logn)
rollback (m) (m logn) (m logn)
fossil () ( logn) ()

Table 1: Calendar performance in optimistic simula-
tion.

tential event. At this crossover point, the calendar
inserts every event in the potential list into the pend-
ing tree. If a rollback occurs before the simulation
reaches the crossover point, then the calendar can

unschedule a potential event by simply popping it
off of the end of the potential list. In this way the
calendar avoids the overhead of scheduling an event
which is later unscheduled by a rollback. Further-
more, if every event unscheduled by a rollback is in
the potential list, then the calendar does not rebal-
ance its pending tree at rollback time. Figure 3 shows
a graph of the lazy data structure with a table of the
calendar’s runtime characteristics.

Operation | Best Case | Worst Case
schedule (1) (1)
get-next (logn) (p logn)
rollback (m) (m logn)
fossil () ()
Potential EventsList
Already Executed Events

Balanced Tree Calendar
(scheduled events

0000000

Figure 3:

azy calendar

3. S

The lazy hybrid calendar exploits the looka ead (( in
and azowska 1989), (Steinman 1993)) available in
a discrete event simulation. The lazy algorithm de-
fers scheduling as long as possible in order to avoid
scheduling events that are later unscheduled by a roll-
back. The larger an application’s lookahead, the more
successful lazy algorithms are at avoiding wasted
work.

When implementing the lazy calendar we discov-
ered lookahead destroying ero looka ead events in
PARASOL’s time warp kernel. A zero lookahead event
eg is scheduled at the same virtual time as the event
that creates eg. For example, in PARASOL when a
thread creates a new thread schedules a
zero lookahead event in the calendar to begin s ex-
ecution at the current virtual time. A zero lookahead
event also results when we resume a thread off of a
wait queue. For example, a facility may be servicing
one customer (thread)  while another customer
waits in a queue. When s (virtual) time at the fa-
cility expires,  releases the facility to . Thread
resumes by removing  from the facility’s queue
and scheduling a zero lookahead event to execute
at the current virtual time.

A zero lookahead event degrades the performance
of our lazy calendar. When an event e schedules
a zero lookahead event e , the calendar flushes the
list of potential events. Recall that the lazy calendar
places newly scheduled events onto a list of potential
events. The calendar does not insert potential events
into the calendar’s heap unless the next scheduled
event is in the potential list. The goal in keeping the
potential list is to delay scheduling events which are
later descheduled by a rollback (see section 3.3). A
zero lookahead event e forces the calendar to flush its
list of potential events since e executes immediately
after the current event e (which scheduled e ).

In PARASOL we avoid the negative effects of zero
lookahead events by treating them as a special case.
When the current event e generates a zero looka-
head event e to execute at the current virtual time,
the PARASOL kernel does not insert e into the cal-
endar. Rather, PARASOL’s kernel simply appends e
onto a list of zero lookahead events which the ker-
nel automatically executes in order after the current
event finishes. This solution has two benefits. First,
we avoid the overhead of scheduling a zero lookahead
entries in the calendar. Scheduling a zero lookahead
event e is wasted effort since we know that e should
run after the current event completes execution. Sec-
ond, we avoid the overhead of removing zero looka-
head entries from the calendar if a rollback occurs.



We call this technique of executing multiple events
for each calendar access event roupin .

Another example of a zero lookahead event occurs
when a thread migrates. When a thread  on pro-
cessor po attempts to access an object located on a
remote processor p;, the PARASOL kernel migrates

to p1 and schedules an event e; to resume s
execution on p;. A drawback to this migration mech-
anism is that a thread which leaves processor py at
virtual time ¢ executes on processor p; at the same
v.t. t . Thus there is no virtual lag time which the
thread may consume as it migrates.

We would prefer a situation where a thread
which migrates from processor pp at v.t. ¢ is sched-
uled to run on the destination processor p; at v.t.
t + . The delay may improve parallel perfor-
mance in two ways. First, the thread migration is
less likely to be a rollback causing straggler on p;
since the thread is migrating into the virtual future.
Even if the migration does cause p; to rollback, this
rollback may be a good thing since it prevents p; from
racing too far ahead of pg in virtual time. The second
benefit of a migration with delay is that if processor
po rolls back and has to retract thread ’s migration
with an anti-message ,then  has a better chance
of reaching processor p; before  executes on ;. In
other words, its easier for an anti-message to catch
the events which it is sent to cancel.

We have added the hold_then primitive to the
PARASOL API to support a ressive mi ration in
models which do not involve pre-emption at the
boundaries between processors. Aggressive migration
simply allows a thread to migrate to the processor
hosting the next object which the thread will access
before the thread has finished holding on its current
object. Aggressive migration is similar in spirit to
presampling — a technique for calculating the looka-
head in a conservative parallel simulation by precom-
puting samples of random variates used in the simu-
lation (Nicol 1988).

Figure 4 shows how we use the hold_then primi-
tive to improve the performance of our torus queue-
ing network model. We can see that each job thread

migrates between servers arranged in an
torus. At each server  first reserves the server. If
the server is not free, then is placed on a queue.
When gets its turn on the server, then holds
the server for some amount of virtual service time.
Finally, releases the server and moves on to the
next server. This reserve-hold-release style of control
flow is common to many queueing models. If thread

's service cannot be pre-empted, then can ag-
gressively migrate to its next server rather than wait
idly to simulate ’s service time ¢ . Furthermore, if

the server serves customers in FIFO order, then the
server can precompute that amount of time ¢ which

must spend waiting in the queue. Now  can ag-
gressively migrate to the processor hosting ’s next
server with =1¢ +1¢ .

Figure 4: Aggressive migration in PARASOL

3.

Our performance measurements record simulation
runtimes for different sizes of a torus queueing model.
The torus is a simple model where customers migrate
randomly between neighboring servers arranged in a
two dimensional mesh whose ends connect to form a
torus. Each server keeps a FIFO queue of customers
waiting for service. After being serviced for an ex-
ponentially distributed amount of simulation time at
a server, a customer moves to one of the servers four
neighbors. Our graphs plot the runtime in seconds on



the axis against the size 2 of the torus on the

axis. The torus consists of servers over which
/2 simulation processes randomly migrate.

Although our torus is only a toy model, it is a
useful tool for comparing the performance of differ-
ent simulation software designs. The torus is easy
to port between different simulation systems, and
can be configured to vary event granularity and fre-
quency of interprocessor communication in a PDES
setting. Most simulation researchers are familiar with
the torus model so that a discussion of simulation
performance can focus on issues in the design of the
simulation system rather than details of the imple-
mentation of a special model.

Figure 5 shows simulation runtimes for different
sizes of the torus model running on Purdue’s SP2
using 1, 2, 4, and 6 processors. We can see that the
simulations which use the lazy calendar consistently
outperform the simulations using a list based calen-
dar. As the number of processors participating in the
simulation increases, the benefit of using the lazy cal-
endar decreases because the size of the calendar on
each processor is smaller the more processors we use.
The dll calendar performs well when there are few
entries in the calendar, while the tree based calendar
shows the most benefit when there are many entries
in the calendar.

It is not surprising that a tree based calendar
should perform better than a list based calendar in a
sequential simulation. In a parallel simulation, how-
ever, the tree based calendar is expensive to rollback.
Our lazy calendar tries to lower rollback costs by
scheduling events in the tree data structure as late
as possible (see section 3.3). Figure shows some
measurements comparing the performance of a lazy
hybrid calendar (which defers placing events onto the
calendar’s tree) to the performance of a hard-working
hybrid calendar. The figure shows that the lazy calen-
dar performs measurably better than the hard work-
ing calendar in the simulations using only two proces-
sors (Figure a). owever, as we increase the number
of processors, the benefit of using the lazy calendar
decreases (Figure b) then disappears (Figure c).
This makes sense since as the number of processors
increases, the size of of the calendar on each processor
decreases so that an efficient calendar implementation
has a smaller impact on overall performance. Also,
for our torus model, the rollback frequency decreases
as the size of the model increases (see below), so that
the importance of avoiding work at rollback time be-
comes less important. From these results we may
conclude that a lazy calendar can benefit simulation
performance in a simulation with a large calendar and
frequent rollbacks, and a lazy calendar will not hurt
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performance in other circumstances.

Figure 8 plots the average rollback period (events
processed between rollbacks), rollback size (number
of events rolled back), and lazy list size (the number
of events in the lazy potential list at rollback time)
for a series of 4 processor torus simulations on the
Purdue SP2. These plots give us some intuition into
the work which the lazy calendar avoids. We can
see that as the size of the model increases, the val-
ues of our three variables (rollback period, rollback
size, and lazy size) increase, but the rollback period
increases much more quickly than the rollback size
or the lazy size. This makes sense when we consider
that the transaction density (events per unit virtual
time) increases faster than the rate of interproces-
sor communication as the size of the torus model in-
creases. For an torus, the transaction den-
sity is proportional to  ? (the number of objects and
threads simulated on each processor), while the rate
of interprocessor communication is proportional to
(the number of objects along the boundary separating
each processor). Since interprocessor communication
is the ultimate cause of rollbacks, we are not surprised
to find that rollbacks are less frequent (as a function
of the number of events processed between rollbacks)
in larger simulations.

CONCLUSIONS

The lazy hybrid calendar combines the good sequen-
tial properties of a heap with the good time warp
properties of a doubly linked list by keeping pend-
ing events in a heap and already executed events in a
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list. The lazy calendar also appends newly scheduled
events to a potential list to avoid scheduling events
which are later unscheduled by a rollback. Events
in the potential list are not inserted into the calen-
dar’s heap unless the earliest event in the potential
list is the next event scheduled for execution. When a
rollback occurs, it is cheaper to remove unscheduled
events from the potential list than from the heap.

The lazy calendar exploits a model’s lookahead to
defer as long as possible doing work which may be
rolled back. PARASOL uses event grouping and aggres-
sive migration to help exploit the lookahead present
in a model. Event grouping allows PARASOL to treat
multiple events scheduled at the same virtual time as
a single event. Event grouping improves simulation
performance by slowing the growth of the calendar
and allowing an objects dirtied by multiple consec-
utive events to avoid saving state after each event.
Aggressive migration allows a thread to migrate to a
processor hosting a remote object before the thread
is ready to access the object. Aggressive migration
helps avoid time warp thrashing by allowing virtual
time to advance while a thread migrates. These lazy
techniques significantly improve the performance of
the PARASOL PDES system.
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