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Abstract Optimistic protocols designed for Paral-
lel Discrete Event Simulation (PDES) rely heavily on
the Global Virtual Time (GVT) calculation. Since
the simulation uses large amounts of memory, the
GVT is used to synchronize processes and discard ob-
solete system information. In this paper we present
a new algorithm, the Continuously Monitored Global
Virtual Time (CMGVT). System information, such
as the Local Virtual Time (LVT) of each process and
information about messages in transit, is appended
to simulation messages. We describe and analyze
three variants of our GVT algorithm: direct, indirect
and transitive knowledge. The direct knowledge algo-
rithm maintains only the local information about out-
standing messages. The indirect version is augmented
with the information about the knowledge of its direct
neighbors. Finally, the transitive version is the most
comprehensive. It keeps track of the outstanding mes-
sages sent by all processes in the system.

1 Introduction

In Discrete Event Simulation (DES) [1], the phys-
ical system is modeled by a Logical Process (LP)
consisting of the process state, the clock, and the
event queue. Events are placed in the queue in the
order of the time for which they are scheduled to
occur. The simulation progresses as events are re-
moved from the queue and processed. The avail-
ability and power of advanced, distributed mem-
ory, parallel platforms makes Parallel Discrete
Event Simulation (PDES) attractive as a mod-
eling technique. When the simulation is brought
to a parallel or distributed architecture, the phys-
ical system is decomposed into several LPs, each
with its own state, clock and event queue. The
challenge in managing multiple LPs is to pre-
serve causality between events. The two main
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approaches developed to solve this challenge are
based on conservative and optimistic protocols
[2]. The former prevents causality errors by lim-
iting each LP’s progress in time, so although
causality is guaranteed [3], tight synchronization
between LPs is introduced. The optimistic ap-
proach allows causality errors to occur; however,
recovery requires rolling back the computation to
the time just prior to such an error [4]. Once
the rollback is completed, the computation is
restarted.

In this paper, we concentrate on optimistic
PDES. When a process at time ¢; receives an
event with time t5 < #; (this event is known as
a straggler), it sends out antimessages (messages
used to cancel erroneous event messages) corre-
sponding to the messages it sent in the interval
to <t < t1. Then, it restores its state to the time
just prior to ¢, and restarts the simulation. In or-
der to support rollback, it is necessary to save the
constantly changing state information, as well as
the incoming and outgoing messages. Therefore,
the major drawback of the optimistic protocol is
the amount of memory it requires. One way to
reclaim memory is to determine which data resid-
ing in memory are no longer needed. This may
be done by computing the Global Virtual Time
(GVT), the minimum Local Virtual Time (LVT)
of all the LPs and of the timestamps of all mes-
sages in transit. By definition, there are no events
or messages in the system with a timestamp lower
than the GVT, so all information (states and mes-
sages saved), that refers to times smaller than the
GVT can be removed from the system.

In this paper we present a new GVT algorithm,
which continuously computes a GVT estimate
called the Continuously Monitored Global Vir-
tual Time (CMGVT). Our algorithm keeps track
of all messages in transit by appending informa-
tion about them to event messages as well as to
antimessages. This algorithm is based on the idea
of the vector and matriz clocks [5], used to order
events and discard obsolete system information in
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distributed systems. The challenge, however, is
to be able to handle logical time going backward
as well as forward, which is not supported by the
vector and matrix clocks. The CMGVT distin-
guishes itself from other GVT algorithms since it
does not require special synchronization rounds
in order to calculate the GVT. The CMGVT is
computed on each process based on the informa-
tion constantly available to it. We present three
versions of the algorithm. The difference between
the three is the amount of information that is sent
between the LPs. Section 4 describes the differ-
ences in detail.

2 Global Virtual Time

The major difficulty in the GVT calculation in-
volves accounting for messages in transit. Even
though all LPs might have an LVT > t,, it is pos-
sible that a message with a timestamp ¢, < t,
has been sent but not yet received. Upon receipt
of the message, the receiving LP will have to roll
back to the time just prior to ¢,,. To keep track of
messages in transit, some approaches involve ac-
knowledging every message received while keep-
ing track of the messages that were not acknowl-
edged [6]. Each process keeps a list of unacknowl-
edged messages. Upon receipt of a message, the
receiving LP sends an acknowledgment. When
it is received, the message is removed from the
unacknowledged list. The GVT is calculated by
synchronizing the LPs and taking the minimum
of all local virtual times and the timestamp of all
unacknowledged messages.

A centralized message tracking algorithm was
proposed by Bauer [7]. In this algorithm, the
processes send information messages to a cen-
tral process. The messages contain information
about what messages were sent and received via
static communication channels. The central pro-
cess combines the available information and re-
distributes its knowledge back to the processes.
This approach, however, suffers from a commu-
nication bottleneck, since the central process can
be flooded with incoming messages.

The SPEEDES system uses a practical ap-
proach to the GVT calculation [8]. When this
calculation is initiated, the processes enter a risk
free mode, in which, although they continue to
process local events, they do not send any event
messages; however, antimessages are sent in or-
der to minimize impending rollbacks. During the
GVT calculation phase a rollback may happen on
any process, and it may cause other processes to
roll back. In this phase, the LPs will not produce
new events for the other processes.

3 CMGVT

Continuously Monitored Global Virtual Time
(CMGVT) is designed to monitor the progress
of the simulation by using locally available in-
formation as well as by keeping track of the mes-
sage traffic. All messages contain a serial number.
The general idea behind the algorithm is to prop-
agate through the system the information about
the LVT of the processes and about all the mes-
sages being sent and received. This is achieved
by making an LP append to the event messages
and antimessages its knowledge about the LVT of
the LPs in the system, the number of messages
that were sent by all of them, and the messages in
transit. We also include indirect knowledge—the
knowledge the sender has about the knowledge of
the neighboring LPs about the system. We use
direct and indirect knowledge to infer what mes-
sages are still in transit. Once a process receives
a message from another process, it knows at least
as much about the system as the sender knew at
the time the message was issued.

The idea of piggy-backing system information
has been used before in distributed systems. The
vector clock [9], which consists of a vector with a
size equal to the number of processes, describes
the logical progress of each process in the sys-
tem. This clock can be used, for example, for
causal ordering of messages in a distributed en-
vironment. A matriz clock [5], which is repre-
sented by a p x p matrix, where p is the number
of processes, describes the knowledge a particular
process has about the knowledge that all the pro-
cesses in the system have about each other. The
matrix clock is mostly used to discard obsolete
system information.

These clocks are inadequate for optimistic
PDES because they rely on the assumption that
logical clocks can only move forward. In opti-
mistic PDES, the LVT can also move backward,
due to rollback. There is, however, one measure
of the simulation that is monotonically increas-
ing: the number of messages being sent by each
process. Our “logical clock” keeps track of the
knowledge of the number of the messages sent in
the system. To maintain the knowledge about the
LVT of all processes and about the messages in
transit, the CMGVT uses basic structures, which
are maintained locally by each process: the Mes-
sage Matrix and the Table of Forcing Vectors.

The Message Matrix (MM): an entry (j, k)
in the matrix M M;, belonging to LF;, represents
the knowledge that LP; has about the knowl-
edge LP; had about the total number of mes-
sages that L P has sent. Not all the entries in the



MM are necessary. Each LP needs to record only
the knowledge of it’s logical neighbors (LP’s with
which the process is communicating). One row
of the matrix must contain all the entries (row ¢
in M M;). This row describes the knowledge that
LP; has about the entire system. The size of the
matrix is p+ (p—1) X K, where p is the number of
processes, and K is the number of logical connec-
tions each process has to others (usually K < p,
and often K = O(1), particularly if the domain
is a two or three dimensional space). This gives
the size of the matrix O(p). To simplify the ex-
planation, we describe the algorithm for the case
in which K = p, i.e. all processes are connected
with one another.

MM, = (1)
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The sample MM matrix (Eqn.1) is located on LP;
(by convention we are counting processes start-
ing from 0) and is denoted by M M;. The sys-
tem has only four LPs. The entry (1,1) with
the value 5, denoted by M M;(1, 1), indicates that
LP; knows that LP;, (in this case itself) has sent
out five messages. LP; also knows of no messages
sent by LPy (M M;(1,0)), two messages sent by
LP, (MM;(1,2)), and one message sent by LP;3
(M M;(1,3)). The MM also contains the knowl-
edge of the owner process (here LP;) about the
knowledge that other processes had at the time of
sending their last messages. Row 0 describes the
knowledge of LP, about processes LPy to LP;s.
Clearly, here LP; does not have any information
about LPy’s knowledge of the system. However,
the MM provides information about the knowl-
edge of processes LP, and LP;. For example, LP;
knows that LP, knew about three messages sent
by LP(MM;(2,1)), two messages (M M;(2,2))
sent by itself, and none sent by LPy (M M1(2,0))
or LP; (MM;(2,3)). Obviously, the MM does
not provide any information about which mes-
sages have been accounted for. This information
is maintained in a Table of Forcing Vectors
(TFV).

A Forcing (F'(t,n,c)) represents the basic in-
formation about a message, and is composed of
three data: the time ¢ at which the event in the
message is scheduled to happen, the process n
sending the message, and the current outgoing
message count ¢ on that process. Each process
has a table (the TFV) indexed by the LP num-
ber. The entries of this table contain the current
known logical virtual time of each LP and the
Forcing Vectors for each process. The Forcings

form the components of the vectors. If a forcing
is placed at entry 7 in the table, it means the mes-
sage represented by the forcing was sent to LP;.
The size of the table is (m+1) x p, where m is the
maximum number of forcings in a vector which is
a parameter of the simulation. This gives us the
size of the additional overhead introduced by the
CMGVT to be O(p).

0 [F(10,1,4),F(10,2,1)]
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A simple TFV is shown in Eqn.2. This TFV
belongs to LP,. Forcing F(10,1,4) represents a
message sent by LP; to LFy. The message has
serial number 4 and was sent at virtual time 10.
LP; also knows that LP, has sent its first mes-
sage to LF, at time 10. These messages are un-
acknowledged, because LP; has no information
about LPy (see Eqn.1). We also see that LP;
sent its second message to LP; at time 7 and the
third at time 9 to LP;. The TFV; also shows
that LP; thinks that LP,’s LVT is 19 and that
LP5’s is 26. We see that unless LP, rolls back be-
fore receiving the message from LPy, it will have
to roll back to the state prior to time 7. The-
oretically, the forcing vectors can be infinite in
size, but they are bounded to a finite size in our
system. If the forcing vector gets too long for a
certain LP, a query message is sent to it. Upon
receipt of this message, the queried process sends
an answer message containing up-to-date local in-
formation.

Update on Send LP; — LP; Every time
processes communicate, the sender sends along
its Message Matrix and its Table of Forcing Vec-
tors. The table and the matrix are updated just
before the send operation is performed. When
LP; sends a message to LP; with timestamp t,,
MM; (i,i) is incremented by one. A new forcing
is also created—F (¢5,i,c), where c is the current
outgoing message count (¢ = MM;(4,4)). This
vector is added to the entry j in the TF'V;. The
current LVT of LP; is inserted into the TF'V; at
entry ¢. The M M; and the TFV; are appended
to the message being sent from LP; to LP;.

Update on Receive LP; -+ LP; Upon re-
ceipt of a message, the local Message Matrix and
the Table of Forcing Vectors have to be updated
based upon the new information received. The
TFV is updated first. Updating the TF'V involves
checking the forcings in each vector against the
Message Matrix. The local forcings are checked
against the incoming Message Matrix, and the in-
coming vector’s forcings are checked against the



local Message Matrix. Of course, the incoming
forcing F(t,j,c) at entry i, where ¢ is the cur-
rent message number, is automatically acknowl-
edged since it refers to the current message. The
unacknowledged forcings are entered into the lo-
cal Table of Forcing Vectors at the appropriate
entries, and the acknowledged forcings are dis-
carded. Consider the TFV at process ¢ with a
non-zero vector length at entry k # i Ak # j,
where LP; is the sender. Let this entry contain
a forcing F(t;,i,c;). This means that a message
with timestamp ¢, and serial number ¢, was sent
by LP; to LP. Since the forcing is still present
in TFV;, LP; does not know if LP;, knows about
that message. The question is: does LP; have
any information indicating that L P, knows about
the message (i.e., whether LPy received the mes-
sage)? To answer this question, we look at the
incoming Message Matrix (M M;). Assume that
MM;(k,i) = ¢y, so LP, knows of at least ¢,
messages that LP; has sent. If ¢, > ¢, it im-
plies that LP; knows of the message described
by the forcing F(ts,i,c,). This forcing can be
discarded since it has been acknowledged (indi-
rectly) by LP. If, however, ¢, < ¢, it means
that, to LP;’s knowledge, LP; did not receive
the message. The forcing then has to remain in
the table.

The LVTs present in the TFV are updated
with information brought in from the process
with the most current knowledge. Such a process
if identified by the number of messages which it
is aware of. The more messages a process knows
about, the more recent its information is. The
LVT for entry k is taken from the process which
knows about the most messages sent by the pro-
cess LP;,.

Next, the local Message Matrix has to be up-
dated. First, LP;’s knowledge about LFP; has to
be updated. Then, LFP;’s knowledge about other
LPs is compared to LFP;’s information about the
others. The rest of the entries are also updated
based upon the most current knowledge. If LP;
knows more about LP.’s knowledge than LP;
knows about it, then MM;(k,z) > MM;(k,x).
Hence, M M;(k, ) is updated to the most recent
value (M M;(k,z)).

Most of the work is spent on maintaining the
MM and TFV data structures. Thus the GVT
calculation is very simple: an LP just takes the
minimum of all the LVTs and the minimum of
all the forcings in the TFV. Obviously, the GVTs
calculated by each of the LPs in the system need
not be the same, because each LP is likely to have
information about the system which is different
than knowledge of other LPs. Also, it is up to

each LP to decide when it wants to perform the
GVT calculation. It can do so periodically, or
only when on the verge of running out of memory.
A more detailed explanation of the algorithm and
its performance comparison with the SPEEDES
algorithm is presented in [10].

4 Three Levels of Knowledge

In this paper, we investigate the impact of the
amount of knowledge that is sent between the
LPs on the quality of the GVT estimate. The al-
gorithm described above contains the TR ANSI-
TIVE knowledge an LP has about the system. In
the second version, INDIRECT, we include only
the knowledge that each LP has about it’s direct
neighbors. Each LP appends the entire MM as
above and the LVTs of the other LPs are also in-
cluded, but only the forcings for its neighbors are
added (in effect, these are the forcings represent-
ing the outstanding messages that the LP sent
to its neighbors). The third version, DIRECT,
contains the least amount of information. Only
the LPs knowledge about itself is included. Here,
the forcings are maintained locally by the LP, but
are not sent. Only the minimum time of the forc-
ings is sent along with the LVT information. The
MM is now only a vector (row ¢ on LPF;), repre-
senting the number of messages that the sender
is aware of. Below we present the performance of
these three versions.

5 Application

Our research focuses on spatially explicit prob-
lems. The system consists of a two-dimensional
lattice. Each node of the lattice may contain any
number of objects whose behavior we are simu-
lating. Associated with each object are events,
most of which are local to the node. The occur-
rence of a local event will cause a state change
only at the particular node occupied by the ob-
ject. We also have a non-local event, namely the
“Move Event”, which causes the object to move
from one node of the lattice to the next. This
event, obviously, affects the state of at least two
nodes of the lattice. We divide the lattice into
sections. Each section is assigned an LP, which
is responsible for simulating all the events occur-
ring in its section. When a “Move Event” occurs,
which causes an object to move from section ¢ to
section j, LP;, which is responsible for section i,
sends a message to LP;. This message contains
the object being moved, the “Move Event”, and
all the future events associated with the object.
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Figure 1: Runtime with a Small Number of Mes-
sages.

We have currently implemented in our system a
simulation of the spread of Lyme disease [11].

The application is programmed in C++ us-
ing MPI [12] for message passing. The sim-
ulation runs on the IBM SP2, an MIMD dis-
tributed memory machine with several processors
(our configuration consists of 32). We used a strip
decomposition in the dominant direction to divide
the lattice among LPs. The results presented be-
low were obtained with the division of the space
into as many strips as we have processors, giv-
ing the assignment of one LP per processor. We
have also investigated multiple LP-to-processor
mappings [13]. We use the CMGVT algorithm to
calculate the GVT at predetermined intervals of
the simulated time.

6 Results

First, we present the runtime differences of the
three versions of the algorithm. Intuitively, since
more information and message processing is con-
tained in the TRANSITIVE version, it is ex-
pected that it will take longer to run than the
INDIRECT and DIRECT versions. We tested
the conjecture with three different message loads
(small, medium and large). In all three cases
(Figures 1,2,3) the DIRECT approach performed
best, followed by the INDIRECT and TRANSI-
TIVE versions. Below 12 processors, the algo-
rithms performed similarly. In order to analyze
how well the algorithms were able to estimate the
GVT, we looked at how close the estimate was to
the LVT. This difference is significant, because it
is directly proportional to the amount of memory
needed by an LP. When the difference is large,
large amounts of memory are needed to hold state
information. The following curves represent the
average difference between the LVT and the GVT

Medium Number of Messages

TRANSITIVE —
100 1 INDIRECT -+~
DIRECT &

Runtime

20 22 24 2 28 30 32
Number of Processors

Figure 2: Runtime with a Medium Number of
Messages.
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Figure 3: Runtime with a Large Number of Mes-
sages.

of the LPs of the system. Again three different
message loads were considered. From Figure 4,
we can see that when the LPs communicate in-
frequently, the TRANSITIVE version performs
best. This is because the larger amount of infor-
mation contained in the message allows the GVT
to be estimated more accurately. When the mes-
sage load increases (Figures 5 and 6) the differ-
ences become smaller.

It is interesting to note that Figures 5 and 6
indicate that the INDIRECT and DIRECT ver-
sions are not easy to compare. Sometimes the
former is better, other times the latter. We be-
lieve that such varied performance is caused by
the finite size of the forcing vectors. In the DI-
RECT method, an LP that keeps sending mes-
sages without receiving acknowledgements adds
forcings to its local data structure. As a result,
the forcing vector grows too long and the LP
queries the recipients of the messages directly.
Consequently, such an LP will receive the most
up-to-date information from the recipients and
will have a good GVT estimate. When the flow
of messages increases, the need for update dimin-
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Figure 5: Medium Number of Messages.

ishes and therefore the performance is more con-
sistent. In conclusion, when choosing a version
of the CMGVT algorithm one has to take into
account memory requirements. When there is
enough memory available the DIRECT approach
is the fastest. However, if memory is a constraint,
the TRANSITIVE version will give better results.
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