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ABSTRACT

Time Warp and Breathing Time Buckets are two general-purpose optimistic synchronization strategies for supporting parallel discrete-event simulations. However, each one of these approaches has potential fatal shortcomings. Time Warp may exhibit rollback explosions that can cause an avalanche of antimessages. Breathing Time Buckets, on the other hand, may not be able to process enough events per synchronization cycle to remain efficient.

A new strategy, called Breathing Time Warp, has been developed in the Synchronous Parallel Environment for Emulation and Discrete-Event Simulation (SPEEDES) operating system. This new strategy solves both of these problems by mixing the two algorithms together, resulting in the best of both methods.

This paper describes the implementation of the Breathing Time Warp algorithm in SPEEDES, and then shows how this new approach sometimes improves the performance of parallel discrete-event simulations.

INTRODUCTION

Synchronous Parallel Environment for Emulation and Discrete-Event Simulation (SPEEDES) began in May 1990 as a simulation environment that featured a new algorithm (Breathing Time Buckets) for synchronizing parallel discrete-event simulations (Steinman 1991). As the environment matured, directly comparing this algorithm with other synchronization strategies such as Time Bucket Synchronization (Steinman 1990) and Time Warp (Jefferson 1985) became desirable. The most straightforward way to make those comparisons was to support the other algorithms within the SPEEDES environment (Steinman 1992a). This provided a much more accurate capability for measuring different synchronization approaches because when making comparisons, the same simulation code is executed. Also, supporting multiple synchronization strategies in a single environment such as SPEEDES results in a more powerful and flexible simulation system.

Some of the early benchmarks developed under SPEEDES showed the potential problems of Breathing Time Buckets and Time Warp (Steinman 1992a). However, these two algorithms break down in different ways. Breathing Time Buckets is not always able to process enough events per cycle to remain efficient. Time Warp, on the other hand, sometimes exhibits instabilities that can unleash an avalanche of antimessages.

This introduction briefly discusses the Time Buckets, Breathing Time Buckets, and Time Warp synchronization strategies. The next section details the Breathing Time Warp algorithm.

Time Bucket Synchronization

One of the simplest approaches to parallel simulation uses the causality principle. As long as a minimum time interval, T, between events and the events that they can generate is known, the simulation can proceed in time cycles of duration T. This approach is called Time Bucket Synchronization (Steinman 1990). It has the important property of requiring very little overhead for synchronization. Each node must synchronize with all of the other nodes at the end of every cycle, after which all nodes advance their simulation time in unison by the amount T.

Despite the low synchronization overhead, there are some drawbacks to the Time Bucket approach. The cycle duration T must be large enough so that each node processes enough events to make parallel simulation efficient. However, the cycle duration T must also be small enough to support the tight object interactions that are required for maintaining the fidelity of the simulation. Load-balancing over the small time interval T can also be a problem. In most discrete-event simulations, the time step T is unknown, or even worse, has the value zero. Thus, Time Bucket synchronization, while good for some applications, is not a very good general-purpose synchronization strategy.

Breathing Time Buckets

The original algorithm supported in SPEEDES (Breathing Time Buckets) has been described in other papers, (Steinman 1991, 1992a). It is a windowing algorithm with some unique properties. Instead of exploiting lookahead on the message receiver's end (Nicol 1990; Lin and Lazowska 1990), or using preknown or calculable delays (Lubachevsky 1988), it uses optimistic processing with local rollback. However, unlike other optimistic windowing approaches (Sokol, Stucky, and Hwang 1989), antimessages are never required. In other words, Breathing Time Buckets could be classified as a risk-free optimistic approach (Reynolds 1988). Local rollback is not a unique concept either (Dickens and Reynolds 1990). But the Breathing Time Buckets algorithm allows full connectivity between the simulation objects, unlike traditional conservative methods (Chandy 1979). It also uses some unique methods for efficiently finding cycle boundaries.

The essential synchronization concept is the causality principle shown in Figure 1. Like the Time Bucket approach, Breathing Time Buckets processes events in time cycles. However, these time cycles do not use a constant time interval T. They adapt to the optimal width, which is determined by the event horizon. Thus, in each cycle, the maximum number of causally independent events is processed. This means that there are no limiting assumptions that must be made that restrict the simulation as there are in the Time Bucket approach. Deadlock can never occur since at least one event is always processed in a cycle. A quick summary of the algorithm is given here (see Steinman 1992 for further details). 
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Figure 1: An example of processing events in cycles defined by the event horizon. The causality principle allows for events in each cycle to be processed in parallel.

The event horizon (the time stamp of the earliest new event generated in the current cycle) determines the next cycle boundary. Processing events beyond this boundary may cause time accidents. Thus, events processed beyond the event horizon may have to be rolled back. The local event horizon for a node is defined as the time stamp of the earliest new event generated by an event on that node. The global (or true) event horizon is the minimum of all local event horizons. The event horizon then defines the next time step T.

Optimistic event processing is used to determine the global event horizon. However, messages are released only after the true event horizon is determined. This means that messages are sent conservatively (or without risk). At the end of each cycle, garbage collection is performed to clean up the state-saving information required in case of rollback. It should be noted that SPEEDES uses incremental state-saving techniques implemented in software for efficient support of rollback. Hardware solutions have been proposed by others (Fujimoto 1988), yet the software techniques used in SPEEDES appear to have low enough overhead not to warrant a hardware solution. A paper on this subject is currently being developed for future publication.

In the SPEEDES implementation of the Breathing Time Buckets algorithm, messages are sent using synchronous techniques such as the Crystal Router (Fox 1988) for hypercube topologies. This technique normally provides much faster communications than asynchronous methods. Synchronous message sending tends to scale much better on parallel machines (such as hypercubes) than asynchronous methods because message collisions are avoided.

Some sophisticated techniques are used to determine when the last node has crossed the event horizon. They are discussed in other papers (Steinman 1991, 1992a) and will only be briefly mentioned here.

The first technique is the nonblocking sync function. This function is called by each node in its event processing as the node crosses what it perceives to be the event horizon. However, unlike the standard blocking sync function, a nonblocking sync permits further processing of an application. When the last node calls its nonblocking sync function, all nodes simultaneously (for all practical purposes) break out of their processing cycles to perform their required message sending and garbage collection tasks. The nonblocking sync function can be supported through hardware global lines, client server models, parallel message sending, or by reduction networks (Reynolds 1991).

The second technique for efficiently determining the global event horizon is to use asynchronous broadcasts to inform the other nodes of an upper bound on the event horizon. A node only sends an asynchronous broadcast if it believes that its local event horizon is the global event horizon. This decision is determined independently at each node, and is based on the node's local event horizon and the asynchronous broadcast messages that it has received from the other nodes. It is possible that multiple asynchronous broadcasts will be sent in a processing cycle. However, one must realize that during a processing cycle in Breathing Time Buckets, no other messages are being transmitted (due to the risk-free nature of the algorithm). Thus, it makes sense to use the communications hardware to help synchronize the simulation.

Breathing Time Buckets has one drawback: it requires cycles to process enough events to remain efficient. However, an analytic model that predicts the number of events processed on the average for each cycle has been developed (Steinman 1992b). This analysis shows that large simulations with many objects and events perform more efficiently with Breathing Time Buckets than small simulations. It also confirms the fact that lookahead, even in optimistic simulations, improves performance (Felderman 1992).

Time Warp

The Time Warp algorithm has been heavily discussed in the literature (Jefferson 1985; Fujimoto 1990). The main distinction between Time Warp and Breathing Time Buckets is that messages in Time Warp are sent optimistically (i.e., aggressively, or with risk). When an event is rolled back, all of the messages that it generated must be canceled by sending antimessages. It is possible for simulations with excessive numbers of rollbacks to produce an explosion of cascading antimessages. This "thrashing" phenomenon can result in unstable performance of Time Warp (Lubachevsky 1989; Steinman 1992a).

One other distinction between Time Warp and Breathing Time Buckets is the way garbage collection is handled. In Breathing Time Buckets, garbage collection is performed at the end of each cycle while in Time Warp, there are no natural cycle boundaries. Instead, a concept called Global Virtual Time (GVT) is defined as the time tag of the minimum unprocessed event (or message) in the system.

Traditional approaches periodically (typically every three seconds of wall-clock time) pause the simulation for the purpose of globally determining GVT on all of the processors. Garbage collection is then performed for all processed events with time tags less than or equal to GVT.

Time Warp in SPEEDES uses a unique GVT algorithm, which, in conjunction with incremental state-saving techniques that reduce memory consumption rates, effectively eliminates — for most cases—the possibility of memory consumption problems that can be caused by processing events too optimistically. Complicated and expensive cancel-back algorithms (Lin 1992), therefore, are not required, nor are they supported in SPEEDES.

Time Warp in SPEEDES accepts two run-time input parameters, N1 and N2. As nodes locally process their events, SPEEDES (on each node) keeps track of how many events have been processed locally beyond GVT. When this number exceeds N1 on a node (or there are no more local events to process), the node calls its nonblocking sync function, and without blocking, continues to process events. When the last node makes its call to the nonblocking sync function, all of the nodes simultaneously stop their event processing and GVT is globally determined.

In addition to this, another boundary, N2, is defined  to be an upper limit for the number of events that are allowed to be processed beyond GVT. This effectually stops runaway nodes from consuming all of their available memory while still remaining optimistic. Typical values for N1 and N2 used by SPEEDES are 500 and 2,500, respectively. These numbers are tunable, user-defined parameters. Optimal values for N1 and N2 are a function of the hardware and the event granularity of the application, but they are not a function of simulation time.

Choosing N1 and N2 is typically not very difficult. N1 is normally chosen to be large enough so that enough work is done by the processors during each GVT cycle (a function of the hardware and the average event processing work load). N2 should be much larger than N1 so that optimistic event processing is not inhibited, but N2 should not be so large that all of the available memory on a processor can be depleted.

One might observe the similarities of this approach with the Moving Time Window strategy for limiting the amount of optimism in Time Warp (Sokol 1989). However, unlike Moving Time Windows, the SPEEDES approach is independent of simulation time. It does not require knowledge of the intricate timing strategies in the event scheduling that is performed within the simulation. It does, however, effectively solve (or at least reduce) the problem that overly optimistic simulations may encounter—namely, overconsumption of the available memory on a processor. The Moving Time Windows approach, while successful in some applications, does not have these characteristics in the most general sense.

MOTIVATION
Time Warp has the problem of sometimes being overly optimistic. For example, in simulations where the event granularity is very low (i.e., communications overhead is significant), every message that is sent or received wastes time in the simulation. For these cases, it may be extremely important to only send the messages that have a good chance of being valid. Another way of saying this is, "We want to reduce the risk so that antimessage explosions never happen."

Breathing Time Buckets, at the other extreme, only sends messages that are known to be valid. It, therefore, can be viewed as an approach for providing risk-free Time Warp. Nevertheless, Breathing Time Buckets may be too conservative in its attempt to eliminate the need for antimessages. It may turn out for some applications that cycles in Breathing Time Buckets do not process enough events to remain efficient.

A basic observation of optimistic parallel simulations can be made at this point that is the motivating premise of the Breathing Time Warp algorithm:

Basic Premise

The probability of an optimistically processed event being rolled back tends to increase the further out (in terms of number of events) it is processed beyond GVT.

In other words, the further a node gets beyond GVT, the less likely its event processing is valid. This is especially true for runaway nodes that are way out in front of the simulation. Another way of stating this is

Events close to GVT (in terms of numbers of events) tend to be processed correctly, especially if lookahead is available.

With this basic premise as a motivation for designing optimistic, parallel, discrete-event simulations, it makes sense to release the messages generated from events that are close to GVT, but not to immediately release the messages generated by events that are far from GVT. This is the basic strategy of Breathing Time Warp.

BREATHING TIME WARP
The Breathing Time Warp algorithm is a mixture of both Time Warp and Breathing Time Buckets. It should be noted that if there is a minimum time delay, T,  between events and the events that they generate (this is one way of describing lookahead), then The Breathing Time Warp algorithm can also be a mixture of Time Buckets. Events can be processed conservatively up to GVT + T so that state-saving overhead, etc. can be eliminated for those events. However, this aspect of the algorithm will not be discussed in this paper.

Each cycle in the Breathing Time Buckets algorithm starts out by using aggressive message sending methods (i.e., Time Warp), but then at some point makes a transition to risk-free message-sending methods (i.e., Breathing Time Buckets).

There are multiple phases in the Breathing Time Warp algorithm.

The Time Warp Phase

The Breathing Time Warp algorithm starts every cycle with the Time Warp algorithm. The first N1 events processed beyond GVT have their messages sent out immediately. This means that the messages that are transmitted in this phase might have to be canceled by antimessages, although, as it has already been mentioned, these messages most likely will not require antimessages because the events that generated them are probably valid since they are close to GVT. In a sense, this is the opposite of other risk-free approaches that hold onto messages until it is known that it is safe to process them (Reynolds 1988; Dickens 1990; Nicol 1990; Steinman 1992a).

At the start of a processing cycle, each node will possibly have a number of events already processed beyond GVT. The Breathing Time Warp algorithm goes through these events and releases their messages if they have not yet been sent. Note that at most, N1 events will have their messages released. If there are more than N1 optimistically processed events beyond GVT, the Breathing Time Buckets algorithm switches on starting with the N1 + 1 event.

Event processing is continued with the Time Warp strategy until N1 events have been processed beyond GVT. During this phase, there may be rollbacks and antimessages, but when N1 events have been processed beyond GVT, the Breathing Time Buckets algorithm automatically switches on.

The Breathing Time Buckets Phase

In the Breathing Time Buckets phase, events are processed, but their messages are not released. They are saved within the event, which in SPEEDES is a C++ software object. The minimum time tag of all unsent messages is monitored as an estimate of the event horizon according to the Breathing Time Buckets algorithm (see the previous discussion on Breathing Time Buckets).

During the processing of events in the Breathing Time Buckets phase, there may be messages and antimessages working their way through the hardware communications channels. They are received and handled appropriately. It is possible that some of the messages received correspond to events that should have been processed in the Time Warp phase (i.e., events that would have been within N1 events locally from GVT). If this happens, SPEEDES switches back to Time Warp processing (i.e., with aggressive message sending) for that event.

When the event horizon is crossed, all nodes stop their processing and go through a GVT calculation. Note that the event horizon, at this point, might be different from GVT because it is possible for some of the event-generation messages to still be in transit at this time. These messages must be flushed out of the system before GVT can be accurately determined.

The GVT Phase

One of the problems in determining GVT is ensuring that there are no messages remaining in the communications hardware (Fujimoto 1990). If a message with a time tag earlier than all other events is still in transit, GVT will be incorrect and simulation errors may occur. Furthermore, it is a good idea to flush all of the messages out of the communications hardware to provide flow control. If this is not done, it is possible to overtax the capabilities of the communications hardware, cause errors, and possibly even cause crashes to occur in the system.

When a node in SPEEDES sends a message asynchronously, a local counter, n_mess_sent, is incremented. Additionally, when a node in SPEEDES receives an asynchronously sent message, a local counter, n_mess_rec, is incremented. During the GVT phase, each node reads incoming messages while at the same time monitoring (globally) whether n_mess_sent is equal to n_mess_rec. In practice, achieving this may be difficult. Some sample code (which has been simplified for this paper) for finding GVT is given below. 

The Garbage Collection Phase

The garbage collection phase of the Breathing Time Warp algorithm follows immediately after the GVT phase. It is sometimes also called the Phase 2 processing step in the SPEEDES generic cycle and has been discussed in other papers (Steinman 1992a). During this phase, messages which have not yet been released are synchronously sent (see discussion above on Breathing Time Buckets and the Crystal Router) from all of the processed events with time tags less than or equal to GVT. Furthermore, an additional processing step is permitted for each event (such as sending input/output to the outside world). Then, all rollback-related mechanisms and state-saving memory resources are returned to the SPEEDES operating system.

One important note on how rollback is managed in SPEEDES is that when an event is processed optimistically, it is simultaneously inserted into two processed event lists. One of the lists contains all of the locally processed events on that node and is called Qproc. The size of the Qproc list is used to make comparisons with N1 and N2 (see discussion above on Time Warp). The other list that the processed event resides in is maintained within its own simulation object (i.e., the simulation object that was updated by the event). In other words, each simulation object also contains a list of its processed events.

Garbage collection is performed by going through the Qproc list, removing valid events, and then cleaning these events out of their own object's processed list. Systems that do not use a two-list approach (i.e., one for all events processed locally on the node, and another for each object containing its processed events), require every simulation object to be checked for cleanup, even if no events have been processed for that object in the current GVT cycle. If a simulation has many thousands of objects on each node, this overhead can become quite expensive. Therefore, the SPEEDES approach scales much better than other approaches that do not use two processed event lists, but rather have only processed events for each object.

//...... Determine GVT.

//...... loop until there are no more messages in the system.

while (1) {

//...... get all incoming messages and antimessages.

//...... note:  receipt of these might generate additional

//...... antimessages.


messages();

// read all available messages


antimessages();
// read all available antimessages

//...... asynchronous messages are sent through the twosmess

//...... object which keeps track of n_mess_sent and

//...... n_mess_rec. We break out of the loop if n_mess_rec //...... is equal to n_mess_sent


if (twosmess->check_messcount()) break;

}

//...... get the local virtual time (LVT) as the time tag

//...... of the next unprocessed event or unsent message

//...... on my node (i.e., the event horizon).

LVT = get_time_next_event();

if (LVT > event_horizon) LVT = event_horizon;

//...... GVT is the global minimum of LVT on all nodes

//...... the combine function gets the minimum of all LVT's

//...... and returns the value in the same variable LVT

combine(LVT,MINDBL,sizeof(double),1);

GVT = LVT;

CHARACTERISTICS OF BREATHING TIME WARP
Breathing Time Warp takes on the characteristics of both Breathing Time Buckets and Time Warp. Consider various extremes for a simulation running under the Breathing Time Warp algorithm.

Large Event Horizon

In the case where the event horizon is very large (i.e., many events can be processed each cycle), the Breathing Time Warp algorithm behaves much like the Breathing Time Buckets algorithm because most of the events are processed in the Breathing Time Buckets phase. Performance studies show that for simulations with large event horizons, the Breathing Time Buckets algorithm performs as well as, or better than, Time Warp because of the elimination of antimessages and because of faster synchronous message sending. As a result, Breathing Time Warp adaptively becomes Breathing Time Buckets for this case.

Small Event Horizon

In the case where the event horizon is very small (i.e., very few events are processed during each cycle), the Breathing Time Warp algorithm behaves much like Time Warp because most of the events are processed in the Time Warp phase. Simulations with small event horizons should not perform well using the Breathing Time Buckets algorithm, but they may perform well using either Time Warp or Breathing Time Warp, especially if the number of objects in the simulation is large.

Theoretical studies and measured performance have shown that simulations which have poor lookahead (i.e., small event horizons) in general do not perform as well as simulations with a high degree of lookahead (Felderman 1992; Steinman 1992b). Another way of stating this is that without lookahead, Time Warp can exhibit large numbers of rollbacks that may explode into an avalanche of antimessages. Breathing Time Warp handles the problem of avalanching antimessage explosions by not releasing messages after N1 events have been processed beyond GVT. This algorithm then improves on the pure Time Warp algorithm in that it effectively solves the instability problems that are sometimes observed in Time Warp.

PERFORMANCE RESULTS
In the past, simulations developed under SPEEDES were primarily supported by the Jet Propulsion Laboratory / California Institute of Technology (JPL/Caltech) Mark III Hypercube (a 68020-based architecture). However, this hardware platform, over time, has become obsolete and is no longer being supported by JPL or Caltech. SPEEDES still runs on UNIX workstations with its communications layer supported by standard Berkeley sockets (which are built on top of the TCP/IP protocol).

In order to upgrade the SPEEDES parallel and distributed network simulation capabilities, its communication layer is currently being changed from Berkeley sockets to the parallel virtual machine (PVM) paradigm. In addition to this, Caltech professors K. Mani Chandy and Carl Kesselman have agreed to collaborate in porting SPEEDES to their new parallel programming language, called Compositional C++, or simply CC++ (Chandy 1992). This effort will target SPEEDES applications that run on large parallel machines (such as the Delta Machine at Caltech) or on shared-memory machines. Because it will be implemented on top of CC++, it will be portable to any machine that supports CC++. Thus, SPEEDES will become a portable simulation environment that runs on UNIX networks and on various parallel machines. Reports on SPEEDES and CC++ will appear in the future.

However, for the measurements described below, the network version of SPEEDES using Berkeley sockets was used. The hardware components of this simulation were two Silicon Graphics IRIS-4D machines (each with four processors, but only two were used from each machine), a four-processor Sun Sparc station (but again only two of its processors were used), and two single cpu Sun Sparc stations. Thus, there were a total of 8 processors used in the measurements. These processors (each capable of about 20 million instructions per second) were interconnected through Ethernet.

To compare the performance of Breathing Time Warp with Breathing Time Buckets and Time Warp, a simple, but very demanding, simulation of a parallel hypercube computer was designed. This simulation of a hypercube computer models all internode message sending by using the E-cube routing algorithm (i.e., the standard hypercube fixed routing strategy) with the store-and-forward methodology. In other words, if node 0 wants to send a message to node 7 on an eight-node hypercube, it first sends the message to node 1. Then, node 1 (after possible queueing delays) relays the message to node 3, from which it then (again after possible queueing delays) is finally delivered to node 7.

Table 1 describes some of the hypercube-model run-time parameters that were used in the results described later in this section.

Table 1: The Hypercube Model.

Nodes
Bandwidth
Send Latency
Receive Latency
Priorities

128
1 Mb/s
100 s
200 s
3

The hypercube simulation was modeled as a 128-node hypercube (supported by SPEEDES on the eight workstations described above). The internode communication bandwidth in the model was 1 megabyte per second with an additional 100-s latency per message added to model the sender's processing, and 200-s latency per message added to model the receiver's processing of a message. Three priorities were assumed: high, medium, and low. As messages were routed through the system, high-priority messages took precedence over all medium- and low-priority messages so that the first-in/first-out (FIFO) queueing model does not hold. This did not allow for the kind of lookahead that is characteristic of parallel FIFO queueing networks, which often achieve a high degree of parallel performance using either conservative or optimistic techniques.

The 128-node hypercube model was decomposed on the eight physical workstation processors by decomposing the hypercube into eight subcubes. In other words, nodes 0—15, 16–31, 32–47, 48–63, 64–79, 80–95, 96–111, and 112–127 were loaded to separate physical processors. As a result, simulated messages, as they were routed, tended to stay on the same physical processor. This, then, reduced the number of interprocessor messages between the eight workstations.

Lazy cancellation (Fujimoto 1990) was enabled for all of the measurements taken. Its effect was to reduce the number of rollbacks by more than 50 percent. As a note, lazy cancellation in SPEEDES is supported in a unique and efficient manner because of its object-oriented approach. As each event is processed (in SPEEDES, events are separate C++ objects, distinct from the simulation objects that they act on), the state variables from the simulation object that are required by the event processing can be stored in the event object itself. Later, before reprocessing the event after a rollback, those values can be compared with the current-state variables of the simulation object. If they are the same (actually the requirements are looser than this), then reprocessing the event will give the same result as when the event was previously processed. Therefore, the event is simply rolled forward (to modify the state of the simulation object) without being reprocessed and antimessages are not sent.

Using the hypercube model described above, a general-purpose provision was made for modeling message-passing applications. Although provisions were made for modeling multitasking systems, the results described in this section were produced by modeling a single application per simulated hypercube node. This application was chosen very carefully to be problematic for parallel simulations. Table 2 describes the parameters for this application.

Table 2: The Application Model.

Message Fan-out
Message Size
Compute Time

20
1 Mb
1.0 s

In this simulation, each application (one per simulated node) sends 20 messages (i.e., a message fan-out) of fixed length (1,000,000 simulated bytes) randomly to applications that are on different hypercube nodes. These messages are assigned random priorities (high, medium, and low) with equal probability. When each application receives its message, it sends an answer (after processing it for 1.0 simulated seconds) to the originating application. Finally, when the originating application receives a reply from each of the 20 original messages (i.e., a message fan-in), it repeats this process by sending 20 more random messages.

Figure 2a shows timing-performance measurements for this simulation using sequential simulation, Breathing Time Buckets, Time Warp, and Breathing Time Warp (N1 and N2 were
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Figure 2a: Wall time for the hypercube simulation using sequential simulation, Breathing Time Buckets, Time Warp, and Breathing Time Warp.

chosen to be 500 and 10,000, respectively, for both Time Warp and Breathing Time Warp). There was not enough granularity in this simulation to make distributed processing over workstations using Ethernet feasible. Breathing Time Buckets performed the best overall while Time Warp performed the worst. Breathing Time Warp behaved somewhere in between the other two algorithms.

Figure 2b shows the number of events, rollbacks and antimessages processed by the three different algorithms. Because Breathing Time Buckets had the fewest number of rollbacks, never required antimessages, and had the lowest synchronization overhead (measured to be about 40 ms/cycle on 8 workstations), it easily outperformed the other algorithms. Time Warp (with synchronization overhead measured to be about 150 ms/GVT cycle) was the slowest algorithm because it required the most rollbacks and antimessages. The Breathing Time Warp algorithm (with synchronization overhead measured to be about 110 ms/cycle) improved on pure Time Warp by reducing rollbacks and antimessages, resulting in better overall performance.
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Figure 2b: Number of events, rollbacks, and antimessages processed for Breathing Time Buckets, Time Warp, and Breathing Time Warp.

To verify the claim that low granularity is the reason why none of the parallel algorithms achieved speedup, a second set of measurements was taken using higher granularity events. SPEEDES offers as a run-time option a granularity enhancer that allows the user to artificially add processing time to events.

Figures 3a and 3b  show the next set of measurements using the same simulation, but instead of each event taking approximately 213 s to be processed (see the sequential simulation measurements in Figures 2a and 2b), events now take approximately 3 ms—a little more than an order of magnitude larger. It is clear from Figure 3a that excellent speedup is attained for all three algorithms, with Time Warp and Breathing Time Warp performing slightly better than Breathing Time Buckets. It is interesting to note that Breathing Time Buckets had more rollbacks than either of the other algorithms.

In comparing Figure 2b with 3b, the number of rollbacks and antimessages are greatly reduced in all of the algorithms. This implies that granularity has a major impact on stability (Sokol 1992). Faster communications are essential for low-grained simulations.
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Figure 3a: Wall time for the high-granularity hypercube simulation using sequential simulation, Breathing Time Buckets, Time Warp, and Breathing Time Warp. Event-processing time was artificially increased by SPEEDES from 213 s to 3 ms.
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Figure 3b: Number of events, rollbacks, and antimessages processed for Breathing Time Buckets, Time Warp, and Breathing Time Warp in the large-granularity hypercube simulation.

One further feature, called Crazy Cancel, was enabled for the purpose of making this simulation extraordinarily difficult to attain high parallel performance. This feature generates a special event, called CRAZY CANCEL, for every simulated hypercube node in 1.0-second simulation-time intervals. After processed, this recurring event then schedules another event, called CHANGE BANDWIDTH, for a hypercube node that is residing on another physical processor, which when processed, randomly changes the node's bandwidth. However, just before (in terms of simulation time) the CHANGE BANDWIDTH event is about to be processed, it is cancelled by the hypercube node that originally generated it.

In a conservative simulation, the event for changing the bandwidth is never processed because it is canceled prior to its execution. On the other hand, in an optimistic simulation, it may get processed before the cancelation message arrives. To further complicate matters, when the CHANGE BANDWIDTH event is processed, it generates 20 more CHANGE BANDWIDTH messages to other hypercube nodes, which in turn do the same when they are processed. Eventually, when the cancelation message arrives, there may be an enormous amount of antimessages required to halt the messages that were generated. The crazy cancel feature shows what can happen in an optimistic parallel simulation if lookahead is overused!

Figure 4a depicts the timing performance of the Crazy Cancel simulation. There were no artificial granularity enhancers added for these measurements so no parallel speedup was achieved. N1 and N2 were chosen to be 50 and 10,000, respectively (N1  was chosen to be small because of the anticipated instabilities expected for this simulation). Time Warp was by far the slowest of the three algorithms. Breathing Time Warp did considerably better than Time Warp, reducing the numbers of antimessages at it should have. Breathing Time Buckets performed the best overall because, in all aspects, it had the least overhead.
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Figure 4a: Wall time for the Crazy Cancel hypercube simulation using sequential simulation, Breathing Time Buckets, Time Warp, and Breathing Time Warp.

Figure 4b shows the events, rollbacks, and antimessages for the three algorithms running the Crazy Cancel hypercube simulation. Time Warp clearly exhibits a rollback explosion. Breathing Time Warp has reduced the number of antimessages and rollbacks. But because this simulation is so unstable, Breathing Time Buckets, without risk, performed the best overall.

The Crazy Cancel simulation was also studied with large event granularities. Figures 5a and 5b show the results. Time Warp still exhibited large numbers of rollbacks and antimessages. Breathing Time Warp, because of its lower risk, reduced the number of antimessages. However, the simulation was so unstable that Breathing Time Buckets emerged as the only algorithm that actually achieved speedup.
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Figure 4b: Number of events, rollbacks, and antimessages processed for Breathing Time Buckets, Time Warp, and Breathing Time Warp for the Crazy Cancel hypercube simulation.
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Figure 5a: Wall time for the Crazy Cancel hypercube simulation with large granularity using sequential simulation, Breathing Time Buckets, Time Warp, and Breathing Time Warp.
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Figure 5b: Number of events, rollbacks, and antimessages processed for Breathing Time Buckets, Time Warp, and Breathing Time Warp for the Crazy Cancel hypercube simulation with a 3 ms event granularity.

SUMMARY
Breathing Time Warp is a new algorithm for parallel discrete-event simulation. It adaptively merges the best of Breathing Time Buckets and Time Warp to solve the potential shortcomings of each algorithm. Time Warp can be unstable because of potential antimessage explosions while Breathing Time Buckets can be inefficient if the average number of events processed per cycle is low. Breathing Time Warp has neither of these problems.

Development of the Breathing Time Warp algorithm was motivated by the general observation that events close to GVT (in terms of number of events, not time) tend to be processed correctly while events far from GVT have a greater chance of being rolled back. Thus, it makes sense to aggressively send the generated messages from events close to GVT while not immediately releasing the messages generated from events far from GVT. This approach then provides a much more stable environment for optimistic parallel discrete-event simulation.

A new approach for determining GVT uses two values, N1, and N2, to determine when to compute GVT, and how much to limit the optimism of the simulation. This approach (in conjunction with the incremental state-saving techniques used by SPEEDES) effectively eliminates the need for memory-protection algorithms such as the cancel-back algorithms which are typically found in some advanced Time Warp systems.

Test results confirmed that Breathing Time Warp can improve the performance of parallel discrete-event simulations. Measurements were made using a heterogeneous network consisting of eight high-performance workstations linked together through Ethernet (a very difficult parallel environment to work in). The communication overhead in this environment was quite high compared to the processing power of the workstations involved.

The application chosen to compare Breathing Time Warp with Breathing Time Buckets and Time Warp was a simulation of a 128-node hypercube. This simulation featured a priority message-sending model for the hypercube communications, thus implying that lookahead could not be exploited as in other FIFO networks. The application was tested with high and low event granularities. It was also tested with a Crazy Cancel feature that was intended to challenge optimistic parallel simulation capabilities.

With the Crazy Cancel feature enabled, Time Warp exhibited rollback explosions while Breathing Time Buckets and Breathing Time Warp were very stable. Without the Crazy Cancel feature enabled, Breathing Time Warp behaved much like regular Time Warp, and Breathing Time Buckets did not process enough events per node in each cycle for the network of workstations using Ethernet to be as efficient as when using the other two algorithms.

The measurements described in this paper confirmed that Breathing Time Warp behaves somewhere in between Breathing Time Buckets and Time Warp, adaptively solving the problems that each algorithm might have. Further studies are under way for comparing these three algorithms in Air Defense and Strategic Defense simulations. To date, although the results are not presented in this paper, the Breathing Time Warp algorithm appears to achieve slightly better performance than Breathing Time Buckets and Time Warp when running on networks of workstations that are connected through Ethernet.
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