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Abstract

Synchronization of parallel discrete-event simulations (PDES) is a difficult prob-

lem. Despite a decade and a half of research with several successes, a synchronization algo-

rithm that consistently performs well over a wide range of applications eludes the

community. This is due primarily to the fact that the synchronization requirements of sim-

ulations are generally irregular, dynamic and unpredictable. The thesis developed here is

that an adaptive approach based on the use ofnear-perfect state information (NPSI) offers

significant potential to be consistently efficient.

We present two contributions of our investigations into optimality of adaptive pro-

tocols: acorrectsufficient condition for a protocol to be super-critical, and proof that inde-

pendence among events is not necessary for super-critical speed, an observation that has

significance in lower bound theory of PDES.

We establish the foundation for a new class of synchronization algorithms called

NPSI adaptive synchronization algorithms (protocols). These are characterized by the use

of near-perfect state information to adaptively control the optimism of processes in a PDES.

We propose a design framework for NPSI protocols and describe theElastic Time Algo-

rithm (ETA) based on this framework. An extensive performance study shows that ETA

consistently outperforms Time Warp — the protocol favored by many researchers — over

a wide range of workloads. The success of ETA substantiates our thesis and is a significant

contribution of our work to PDES research.

In the first analytical result concerning adaptive protocols, we identify a general

class of adaptive protocols (the AAWP’s) and show that Time Warp and AAWP’s can arbi-

trarily outperform each other. This result is significant as it demonstrates a theoretical lim-

itation of AAWP’s and suggests that adaptive protocols must be designed with care.
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Chapter 1

Introduction

We address the parallelization of discrete-event simulations. Discrete-event simu-

lation has proven to be a difficult application to parallelize despite significant amounts of

potential parallelism. Traditional approaches employing less dynamic analysis than that

developed here have failed to provide consistently good performance across a wide range

of applications. The thesis developed here is that our approach — NPSI adaptive synchro-

nization algorithms — offers significant promise for providing consistently good perfor-

mance.

In this chapter, we describe the synchronization problem that is at the core of par-

allel discrete-event simulation (PDES). We introduce and explain important terminology in

PDES. Traditionally, two opposite approaches have been pursued, namely conservative and

optimistic — we describe each briefly. We close with a brief overview of NPSI adaptive

synchronization algorithms.

1.1 Discrete-Event Simulation

Discrete-event simulation (DES) is a widely used technique for system modeling

— combat training, telecommunication networks, computer systems, traffic networks and

control systems are but a few of the many areas where simulation is used. It is used for a

variety of reasons including training of personnel, system design verification and perfor-

mance evaluation. A DES can be viewed as a sequence of state changes orevents, deter-

mined by the nature of the system being simulated (commonly referred to as thephysical

system). The notion of time in the physical system is translated into simulated orlogical

time in a simulation. Each event is assumed to occur at a discrete point in logical time and

is therefore associated with a logical timestamp (or simply, timestamp). Clearly, the simu-

lation will be correct (or accurate) if events are executed in non-decreasing order by times-

tamp, since otherwise it is possible to have an event affect its past (which is impossible in

the physical system).
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A sequential simulator typically has three data structures: (i) theevents list — a list

of events scheduled to be executed, sorted in ascending order of their timestamps, (ii) the

logical clock — a value that represents the time up to which the physical system has been

simulated and usually equals the timestamp of the event being executed currently, and (iii)

thestate variables — application-specific variables that describe the state of the physical

system. Figure 1 shows the sequential DES algorithm. The simulator proceeds by removing

the first event from the events list and executing it. Execution of an event may cause other

events to be placed on the events list. Thus there is a causal relation between (some) events.

A simulator correctly simulates the physical system if it maintains the causal relations

among the events of the physical system. Executing events in strict timestamp order guar-

antees correctness.

1.2 Parallel Discrete-Event Simulation

As the name suggests,parallel discrete-event simulation(PDES) is the process of

executing discrete-event simulations on multiple processors. Although PDES arose as a

case study in the design and verification of distributed programs [ChMi79], it has devel-

oped into a significant research problem in its own right. PDES has become very important

because sequential discrete event simulations consume unacceptably large amounts of

time. A typical engineering simulation run executes on the order of billions of events,

requiring up to several days or more of computation time.

The common approach to parallelizing discrete event simulations is to model the

physical system as a collection of separate physical entities calledphysical processes

(PP’s). The PP’s interact with each other using messages. In the parallel discrete event sim-

ulator, each PP is simulated by alogical process(LP) which is essentially a sequential dis-

crete event simulator with its own logical clock and events list and the state variables that

1. While simulation is not complete

2. Set logical clock equal to timestamp of first event on events
list

3. Remove first event from events list and execute it

4. Schedule future events as required

5. Endwhile

Figure 1 - Event execution loop for a sequential discrete-event simulator
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describe the PP it simulates. The interactions among PP’s are captured via the exchange of

timestamped messages between LP’s over logicalchannels— there is no shared state. The

LP’s are executed on multiple processors with the goal of reducing the completion time of

the simulation. Since the messages exchanged by the PP’s usually result in some activity at

the receiving PP’s, receipt of a timestamped message at an LP usually schedules one or

more events or affects the state of the LP receiving the message. This introduces a synchro-

nization problem which is central to PDES.

Consider the example in Figure 2. In Figure 2a, the next scheduled event at LPi (Ei)

has a timestamp= 100 and the next scheduled event at LPj (Ej) has a timestamp = 40. There

are two possibilities regarding the next state: either execution of Ej results in a timestamped

message that schedules an event at LPi (Ei´) with timestamp < 100 (Figure 2b), or it does

not. The problem that LPi faces is to decide whether it is safe to execute Ei. On the one hand

assume LPi executes Ei and later, Ej schedules Ei´ at LPi such that Ei´ affects the state of

LPi on which Ei executes. In this situation, acausality erroris said to have occurred since

LPi has violated a causal dependence of Ei on Ei´. Physically a causality error is equivalent

to the future affecting the past. On the other hand, LPi may execute Ei and the execution of

Ej may not schedule Ei´ or Ej may schedule Ei´ such that Ei´ doesnot affect the state on

which Ei executes. In this case, there is no causality error since there is no causal depen-

dence from Ej to Ei. In general, acausal dependence is said to exist from evente to event

é  if the execution ofe affects the state on whiché  executes. The synchronization problem
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Figure 2 - Synchronization problem in PDES
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in PDES is to determine efficiently when an LP can process events such that at the end of

the simulation,it appears as ifthere were no causality errors*. At a high level, this is the

problem we are attempting to solve.

PDES is hard because the cause-and-effect relationships in the physical system —

which translate to causal dependences in the PDES and therefore dictate the order in which

events must appear to be executed — are usually irregular, complex and highly data-depen-

dent (for instance, random numbers play a major role in determining these relationships).

This is in sharp contrast with other parallel applications such as numerical computations on

large matrices, where the synchronization constraints are regular and fairly predictable.

Clearly, as defined above, causal dependence between events is application-spe-

cific. To solve the synchronization problem in a general way, we require a general charac-

terization ofcausality. Note, if é  is causally dependent one, the timestamp ofe mustbe

less than the timestamp ofé  (cause and effect). Based on this observation, causality may

be characterized in general using timestamps. We defer a formal definition to Chapter 3.

Timestamp-based causality is captured in thelocal causality constraint [Fuji90] which

states that a PDES as described above adheres to the local causality constraint if and only

if each LP executes events in non-decreasing timestamp order. It follows that a simulation

is guaranteed to be free from causality errors if it adheres to the local causality constraint.

Thus, acausality error can be defined generally as a violation of the local causality con-

straint. Note, however, this definition is stronger than actually required: in the example of

Figure 2, as mentioned above, Ej may schedule Ei´, but Ei´ may not affect the state on which

Ei executes. In this case, executing Ei before executing Ei´ does not adhere to the local cau-

sality constraint but is correct, nevertheless.

1.3 Traditional Solutions

Much of the research in PDES has concentrated on solving the synchronization

problem described above. Many synchronization algorithms (also calledprotocols in the

literature and in this document) have been proposed [Fuji90] that enforce the local causality

constraint (with few exceptions). Broadly, PDES protocols have been classified asconser-

*Note, it is notrequired that events be executed in the order dictated by the causal relationships. All
that is needed is that the overall effect of the execution is equivalent to (i.e. has the same outcome
as) the causal order of execution. This topic is discussed in more detail in Chapter 3.
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vative or optimistic based on the strategy for enforcing the local causality constraint. As

pointed out in [Reyn88], this is only one of nine dimensions along which protocols can be

classified. We describe the salient aspects of each.

1.3.1 Conservative Protocols

Historically, the first protocols were conservative. As the name implies, these pro-

tocols execute an event only after determining that the event issafe — i.e., execution of that

event will not result in a causality error in the future. The sequential event execution loop

(Figure 1) is modified for conservative parallel execution as shown in Figure 3*. The safety

of an event is determined (line 2) generally by exchange of information among the LP’s.

LP’s may sendprotocol messages (as opposed to simulation messages) that carry informa-

tion that allows other LP’s to proceed. Since LP’s may block, these protocols are prone to

deadlock. Conservative protocols are designed to either avoid deadlocks or detect dead-

locks and recover from them.

An example of a conservative approach is the Null-Message (or Link-Time) proto-

col [ChMi79, PeWM79]. This protocol operates on the property that the timestamps of

messages sent along any channel are monotonically increasing. The safety of an event is

determined by the arrival of at least one message on every incoming channel. If a message

has arrived on every channel, the monotonicity of timestamps over channels implies the

message with the smallest timestamp can be safely processed (i.e. converted into an event

and executed). This mechanism can lead to significant blocking periods because some

channels may carry very little message traffic. To overcome this, the protocol introduces

null messages — protocol messages that carry only a timestamp and no simulation specific

*Note, this algorithm represents the actions of a single LP.

1. While simulation is not complete

2. Block until next event is safe

3. Set logical clock equal to timestamp of first event on events
list

4. Remove first event from events list and execute it

5. Schedule future events and send messages  as required

6. Endwhile

Figure 3 - Event execution loop for a conservative parallel discrete-event simulator
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information. When an LP sends a simulation message along a particular channel, it sends a

null message with the same timestamp as the simulation message along all other outgoing

channels. Arrival of a null message on a channel is equivalent to the arrival of a simulation

message along that channel for determining the safety of events (since only timestamps are

used in this process). Thus, a null message is a guarantee that the LP sending will not send

any messages with a smaller timestamp. Although null messages help to unblock LP’s, this

mechanism can result in a deadlock if the simulation contains a cycle of LP’s such that a

message may traverse the entire cycle without an increase in timestamp (i.e. if the mini-

mum timestamp increment along every channel in the cycle is zero). The requirement of at

least one non-zero minimum timestamp increment restricts the applications for which this

scheme can be used.

1.3.2 Optimistic Protocols

Optimistic protocols execute eventswithout the guarantee of freedom from causal-

ity errors — i.e. they allow the possibility of causality errors. In the event a causality error

does occur, the common approach is to recover from the error using a rollback mechanism.

Figure 4 shows a typical event execution loop for Time Warp [Jeff85], an optimistic proto-

col. In forward execution, an LP executes events unconditionally as they arrive. Messages

sent during forward execution are calledpositive messages. Periodically, an LP saves its

state. If a message arrives in an LP’s logical past (i.e. with a timestamp smaller than the

LP’s logical clock) — astraggler — a causality error is detected (by the local causality con-

straint). The LP then performs arollback: (i) it rebuilds its state at the time of the straggler

(rollback time) using a previously saved state with a timestamp less than or equal to the roll-

1. While simulation is not complete

2. Set logical clock equal to timestamp of first event on events
list

3. Remove first event from events list and execute it

4. Schedule future events and send messages  as required

5. Roll back if necessary

6. Save state

7. Collect fossils

8. Endwhile

Figure 4 - Event execution loop for an optimistic parallel discrete-event simulator
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back time, and (ii) it sends outantimessages to annihilate any positive messages sent dur-

ing the forward processing just rolled back. Rollbacks cancascade, since antimessages can

cause rollbacks at other LP’s if the corresponding erroneous positive messages have

already been processed. A rollback initiated by the arrival of a straggler that is also a true

message is called aprimary rollback while one initiated by the arrival of an antimessage is

called asecondary rollback. Since logical clocks of LP’s can move forward as well as roll

back, we require a measure of the progress of the simulation.Global virtual time (GVT)

[Jeff85] is defined for general optimistic systems as the smallest timestamp among all of

the following: (i) unexecuted events, (ii) events being executed, and (iii) messages in transit

(not yet received and/or processed). GVT is the logical time up to which the simulation is

guaranteed to be accurate (free from causality errors) and hence denotes the progress of the

simulation. Consequently, GVT is useful for several reasons, including making the effects

of event executions visible (especially in interactive simulations). A particularly important

use of GVT is infossil collection — reclaiming memory that is no longer relevant to the

simulation. Memory objects (events, saved states, antimessages, etc.) with timestamps less

than GVT can no longer affect the simulation and can therefore be relinquished. Since state

saving can consume enormous amounts of memory, management of memory is crucial in

optimistic protocols. Appendix II describes the details of Time Warp and related concepts

such as cancellation strategies and event pre-emption.

1.3.3 Discussion

Both conservative and optimistic strategies have their pros and cons. The main

advantage of conservative protocols is that they do not incur checkpointing and rollback

overheads. However, processes may block due to insufficient information when in fact they

could proceed. Thisartificial blocking [Reyn82] introduceslost-opportunity cost

[SrRe95b]. On the other hand, optimistic protocols do not incur lost-opportunity costs since

processes do not block. The main hazard of optimistic protocols is that state saving and roll-

back costs may degrade performance severely. A number of techniques have been proposed

to reduce overheads in the conservative and optimistic approaches.

Studies indicate PDES is a viable technology ([Fuji93] provides a summary of pub-

lished results). However, performance is usually dependent on the characteristics of the
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application being simulated (sometimes even the particular instance of it) and the architec-

ture of the multiprocessor. A consistently efficient protocol that performs well across a

wide range of applications still eludes the community. The principal reason for this is that

in large part, current approaches do not adapt to the dynamic, unpredictable nature of the

synchronization requirements of parallel simulations [NiRe90, Fuji90]. To this end,adap-

tive protocols — those that change the bindings of one or more of their design variables

dynamically [Reyn88] — offer a promising approach [ORSA93].

1.4 NPSI Adaptive Protocols

We propose a new class of PDES protocols, the NPSI adaptive protocols, character-

ized by the use ofnear-perfect state information (NPSI) to adaptively control optimism.

NPSI protocols operate by computing anerror potential(EP) based on NPSI supplied by

an asynchronous feedback system, and translating this error potential into control over an

LP’s optimism. The EP may be thought of as an indicator of the likelihood of a rollback in

the near future. One of the key issues in designing NPSI adaptive protocols is identifying

the kinds of state information that lead to an accurate EP and thus enhance performance.

Our thesis is that an adaptive approach based on low cost near-perfect state information has

significant potential to yield a consistently efficient synchronization algorithm.

We describe the Elastic Time Algorithm (ETA) — a very promising NPSI protocol.

ETA uses simple state information (logical clock, unreceived message time and next event

time) to compute EP and controls optimism by introducing delays proportional to EP

between event executions. The delays are asynchronous and independently computed for

each LP. We call this themicroadaptive approach, as opposed to the typical (macroadap-

tive) approach where adaptiveness occurs in the form of relatively infrequent changes to

system parameters based on system monitoring. A performance study of ETA shows it to

be highly efficient over a wide range of workloads and scalable over moderately parallel

systems. The primary contributions of our research are to lay the foundation for NPSI adap-

tive protocols and to demonstrate their potential to be consistently efficient.
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1.5 Thesis Outline

In chapter 2 we survey previous PDES synchronization algorithms. We analyze the

merits and demerits of traditional solutions as well as several recent hybrid approaches that

limit optimism.

In chapter 3 we describe our contributions in the area of critical path analysis of

PDES’s, resulting from our research into the optimality of NPSI adaptive protocols. The

first contribution is a sufficient condition to determine whether a protocol can execute a

simulation in less than the critical path time. In addition, we show that a similar condition

used in previous studies is necessary but not sufficient. The second contribution is to dis-

prove the claim that super-critical speed requires independence among certain events and

analyze the impact of this result on general lower bounds for PDES’s.

In chapter 4 we develop the theory of NPSI adaptive protocols. We motivate the

approach, describe the reduction model underlying NPSI protocols, present a framework

for the design and study of NPSI protocols, discuss design issues based on this framework

and explore several NPSI protocols.

In chapter 5 we illustrate the use of the reduction model (defined in chapter 4) to

compute NPSI. Specifically, we describenpGVT, an algorithm to compute accurate GVT

in an optimistic PDES and prove its correctness. Also, we describe an implementation of

the reduction model and ofnpGVT over this implementation and prove its correctness.

These algorithms provide a base for implementing NPSI adaptive protocols.

In chapter 6 we present the Elastic Time Algorithm (ETA), our NPSI adaptive pro-

tocol of choice. We describe a performance study of ETA, including a description of the

suite of test workloads and the workload generator developed to realize them. The demon-

strated success of ETA over a wide range of workloads is a significant contribution of our

work to the field of parallel discrete-event simulation. In addition, we describe a second

NPSI adaptive protocol called ZETA, for two reasons: (i) ZETA is an intuitive choice for

an NPSI protocol, and (ii) our study of its weaknesses led to the design of the more efficient

ETA.

In chapter 7 we present an analytical comparison of a class of adaptive protocols

with Time Warp. This is the first known analytical result concerning adaptive PDES proto-

cols. The class of adaptive protocols to which this analysis applies (called AAWP) includes
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several practical protocols, among them NPSI adaptive protocols. Since adaptively con-

trolled optimism is expected to enhance performance (as observed in practice), our analysis

is significant because it shows that in theory, it is possible for Time Warp and AAWP’s to

arbitrarily outperform each other.

In chapter 8 we discuss tunable parameters in adaptive protocols — parameters

whose values must be adjusted dynamically or in an application-specific manner to ensure

good performance. We classify tunable parameters, identify metrics to tune them and

present an algorithm that uses one of these metrics to tune the value of a parameter in ETA.

Performance analysis shows this algorithm is very efficient.

In chapter 9 we summarize our results, outline areas of future research and com-

ment on the significance, strengths and weaknesses of the NPSI approach.
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Chapter 2

Related Work

The synchronization problem remains the central challenge in PDES [Fuji93b,

FuNi92, Fuji90]. We analyze the advantages and drawbacks of traditional approaches to

synchronization in PDES. Based on this analysis, we believe controlled optimism will be a

feature of a consistently efficient protocol. We discuss several recent protocols that limit

optimism.

2.1 Analysis of Traditional PDES Protocols

A systematic study of protocol design [Reyn88] revealed ninedesign variables

whose bindings can be varied to devise different protocols. The variables are: partitioning,

adaptability, aggressiveness, accuracy, risk, synchrony, knowledge embedding, knowledge

dissemination and knowledge acquisition. A brief description of each of these variables is

provided in Appendix I. Reynolds points out that despite the large number of protocols that

have been proposed, only a small portion of the design space has been explored. Specifi-

cally, he categorizes several protocols based on the design variables — it is worth noting

that adaptability has not been considered in any of these protocols. While all nine variables

are important, we restrict our attention to aggressiveness, accuracy, risk and synchrony

since these are the main factors that control event processing.

• Accuracy guarantees that the output of a PDES appears as if no causality errors

occurred.

• Aggressiveness allows an LP to execute events without the guarantee of

freedom from causality errors.

• Risk allows an LP to propagate the results of aggressive execution of events to

other LP’s.

• Synchrony describes the amount of synchronization among LP’s. In the PDES

context, LP’s that synchronize with each other only through the exchange of

timestamped messages (as we have described them thus far) are said to be
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asynchronous. LP’s may also simulate in phases where periods of simulation

are separated by periods of global synchronization — called asynchronous

approach.

Based on these variables, we group traditional protocols into four categories and discuss

the limitations of each.

2.1.1 Conservative Protocols

In the conservative approach, an LP does not execute its next event until it can

ascertain that no event will be received later with a smaller timestamp (i.e. no causality con-

straints will be violated by this execution). The observable effect of this approach is that

LP’s always execute events in timestamp order. Thus, these protocols are accurate, non-

aggressive, without risk and asynchronous. Examples of conservative protocols are Null

Messages [ChMi79], Deadlock Detection and Recovery [ChMi81], SRADS [Reyn82], and

Appointments [NiRe84]. The following critique addresses the more general class of non-

aggressive protocols.

The main problem with these protocols is that due to their non-aggressive nature,

they tend not to exploit much of the concurrency in the simulation. LP’s may be idle for

significant amounts of time, unnecessarily waiting for information from other LP’s. This

phenomenon is calledartificial blocking [Reyn82]. A clear example of how artificial block-

ing increases the completion time of non-aggressive simulations is seen in a critical path

analysis of the example described in [LiMi90]. Here, a simulation that should take O(1)

time takes O(n) time withn LP’s. The reason for artificial blocking is the inherently static

nature of non-aggressive protocols. Since LP’s must detect thelack of dependence on

events at other LP’s, the communication topology of the LP’s must be known. The more

strongly connected this topology is, the more the artificial blocking. In fact, in the worst

case of a completely connected system, the only events that will be executed concurrently

are those with identical timestamps (i.e., the simulation is almost sequential).

Blocking introduces the potential for deadlock. Handling of deadlock (either avoid-

ance or detection and recovery) introduces overheads into the simulation. Deadlock avoid-

ance requires the sending of extra messages [ChMi79] to convey lack-of-dependence

information. These control messages can proliferate and degrade performance. Distributed
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deadlock detection [ChMi81] is a relatively expensive operation. The performance of these

protocols depends on how often deadlocks occur and the cost of detecting and breaking the

deadlock.

Finally, the efficiency of non-aggressive protocols is very sensitive to a parameter

of the simulated system calledlookahead. Lookahead is the property of a simulation by

which LP’s can predict events in their simulated future. The dependence of performance of

conservative protocols on lookahead is obvious: the farther an LP can predict into its future,

the sooner it can convey lack-of-dependence information to other LP’s. Thus, the larger the

lookahead, the better the performance. A good summary of the effects of lookahead on the

efficiency of conservative protocols is given in [Fuji90]. As a simple example, consider the

situation in Figure 5. Here, each of the LP’s has a lookahead of 2 logical time units. There

are no pending events at any LP except the external event with timestamp 100. Before this

event can be executed, thenull message in transit with timestamp 16 must circulate in the

system, its timestamp increasing by 2 logical time units (the lookahead) at each LP, until it

equals or exceeds 100. Thus, the message must circulate 14 times before the external event

may be executed.

In summary, conservative protocols are useful in restricted situations where there is

significant lookahead and the communication topology is sparse.

2.1.2 Optimistic Protocols

These protocols process events aggressively, i.e. they do not wait for a guarantee of

freedom from causality errors. In contrast with non-aggressive protocols which detect the

lack of dependence between events, optimistic protocolsassume the lack of dependence,

detect theexistence of dependence through detection of causality errors and recover from

these errors. By definition, these protocols are aggressive. Since the results of aggressive

100
10 12

14

16

Figure 5 - Sensitivity to lookahead
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execution of events are propagated to other LP’s, these protocols are accurate, aggressive,

with risk and asynchronous. It is important to note that optimistic protocols are a subset of

the more general class of aggressive protocols. While aggressiveness refers only to the exe-

cution of events,optimism also includes risk, the propagation of aggressive computation to

other LP’s.

Optimistic protocols face three major problems. First, the time cost of periodic state

saving can be very high. The use of special state-saving hardware [FuTG88] can almost

eliminate this cost. However, the limited memory capacity of this hardware may become a

problem. Other techniques to reduce the time cost of state saving are: (i) saving state less

often, and (ii) incremental state saving [PaWi92]. Infrequent state saving tends to increase

the depth of rollback while incremental state saving increases the time to rebuild a state

after a rollback. Properties of applications that alleviate this cost are: (i) small state size

(e.g. fine grained simulations such as logic simulations), and (ii) a kind of “spatial locality”

where only small portions of the state are modified over several successive events.

Second, these protocols tend to use much more memory than sequential simula-

tions. This is due to two reasons: state saving and aggressive processing. Memory manage-

ment schemes are necessary to keep the memory consumption from degrading

performance. For saved state, garbage (fossil) collection is used to reclaim states which are

no longer needed. Fossil collection requires estimation ofglobal virtual time,which is a

non-trivial operation. Due to aggressive processing, the future events list of LP’s can

become very large and cause them to block due to insufficient memory. In these cases,

memory must be reclaimed from the future events list by rolling back some LP’s. Memory

management schemes introduce time overheads such as computation of global values, free-

ing up memory, sending rollback messages, etc. Even though optimistic protocols can oper-

ate with as little memory as required by a sequential simulation using these memory

management schemes, a significant amount of memory is required for good performance.

Finally, the most serious problem with optimistic protocols is that under certain sit-

uations, the overheads of rolling back incorrect computation can degrade performance.

Rollback costs are two-fold:director local rollback costs - incurred while performing roll-

back operations local to the LP andindirect or cascading rollback costs. When a causality

error is detected at an LP and a rollback is initiated, all other computations spawned by this
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incorrect computation must also be rolled back. With such cascading rollbacks, the perfor-

mance can deteriorate when incorrect computations propagate at least as fast as the roll-

backs. In such situations, the parallel simulator spends increasing amounts of time rolling

back incorrect computation rather than performing correct computation. Finally, a combi-

nation of these two costs can lead to a phenomenon known asechoing [LuWS91] which

reduces the efficiency of the simulation to zero asymptotically. Echoing occurs when LP’s

require more time to roll back a certain amount of logical time than to simulate forward the

same amount of logical time. In such a case, a set of LP’s may become locked in a cycle of

cascading rollbacks that remains within that set and is such that the amplitude of each roll-

back is greater than that of the previous one. The cycle of rollbacks never ends and the sim-

ulator takes increasing amounts of real time to make progress.

In summary, the main problem with optimistic protocols is thatthey are too opti-

mistic. This results in high rollback and memory management costs when the application

exhibits load imbalance or changing locality of load (for example, logic simulations, Petri

Net simulations and simulations of telecommunication networks). Optimistic protocols

perform best in situations where state saving and rollback costs are low and sufficient mem-

ory is available.

2.1.3 Synchronous Protocols

These protocols take the iterative or synchronous approach. Typically, the simula-

tion occurs in alternating phases of computation (during which LP’s simulate events) and

synchronization (during which LP’s exchange information to enable future events).Win-

dowing protocols constitute a large class of synchronous protocols in which LP’s synchro-

nize periodically to determine awindow in the logical future such that events inside this

window are safe (thus these protocols form a sub-class of conservative protocols). The

rationale is that the overheads of determining the safety of an event are reduced by consid-

ering only events within the window. The synchronization phase is usually a barrier syn-

chronization such that all LP’s complete the current computation phase before proceeding

to the next one. Thus, these protocols are accurate, non-aggressive, without risk and syn-

chronous. Examples include lookahead-based windows [Luba89, AyRa92], Conditional

Events [ChSh89] and YAWNS [Nico93].
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The main limitation of synchronous protocols is the determination of the size of the

logical time window. The optimal size depends on the application and its identification

requires user expertise. Performance can be very bad when the window is either too small

or too large. Further, these protocols suffer some of the disadvantages of other non-aggres-

sive protocols: inherently static nature, sensitivity to lookahead and to a much lesser extent,

overheads of conveying lack-of-dependence information.

2.1.4 Error-Tolerant Protocols

Error-tolerant protocols allow inaccuracies in the simulation in a controlled manner

so as to reduce rollback costs by reducing the number of rollbacks (thus they form a sub-

class of optimistic protocols). When an LP detects a causality error, it may allow the error

to persist if the overall effect on the simulation output is not significant. Thus, these proto-

cols are potentially inaccurate, aggressive, with risk and asynchronous.

The main problem with this approach is that it is not general enough to be applied

to a wide range of simulations. It is applicable only in situations where the output of the

simulation has sufficient variance to hide the effects of the inaccuracy; for example, in

Monte Carlo simulations. These protocols have not been thoroughly explored as yet

[Movv93, Theo84] and some issues such as the effect of inaccuracies on the computed out-

put measures are yet to be investigated.

2.1.5 Critical Path Analysis

With the lack of a consistently efficient protocol, a natural question to ask is “What

is the best we can do?” That is, given a particular simulation run, what is the smallest

amount of real time required to execute that particular simulation run? Of course, we must

also ask “Does such a lower bound exist?” Knowing the answers to these questions, we

may strive to develop protocols that can be shown to achieve or at least approach the above

bound (if it exists).

Previously, critical path analysis has been used to derive this lower bound. Based

on the causal relations between events, adependence graph can be constructed for any sim-

ulation run. This is a weighted acyclic directed graph over which acritical path may be

defined as the path (or paths) from a source to a sink with the maximum cumulative weight.

It has been shown that the time to execute the critical path (critical path time) is a lower
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bound on the completion time of any simulation using a non-aggressive protocol [LiLa91].

Typically, this lower bound is a loose one due to the static nature of non-aggressive proto-

cols (see the artificial blocking example mentioned in Section 2.1.1). Initially, it was

thought that this lower bound applies toall simulations. However, it was shown later that

certain aggressive protocols are capableof beating it, i.e. they can complete a simulation in

less than the critical path time. This is possible because aggressiveness allows an LP to

guess its computation before its critical time. Thus, there exist aggressive protocols for

which the critical path time does not serve as a lower bound.

2.2 Protocols With Limited Optimism

Conservative and optimistic protocols lie at opposite ends of a spectrum of possi-

bilities for aggressiveness and risk. Given the static nature of conservative protocols, their

dependence on lookahead and their potential inability to achieve even the critical path

lower bound, the optimistic approach is widely believed to be the better technique for

extracting concurrency in a simulation and consequently, more likely to yield a consistently

efficient protocol [Fuji90]. However, since uncontrolled optimism (such as in Time Warp)

is prone to poor performance, an approach with controlled optimism is desirable. Several

protocols have been proposed that limit optimism in Time Warp. We categorize these pre-

vious approaches broadly, based on the criterion for limiting optimism, and discuss each

category.

2.2.1 Window Based

The earliest protocols with limited optimism applied the synchronous approach to

optimistic protocols. Between synchronizations, LP’s execute those events that have times-

tamps within the agreed-upon window. This ensures that all LP’s remain in the same region

of logical time and advance through the simulation together. Since the difference between

the logical clocks of any two LP’s is bounded,echoing (Section 2.1.2) cannot occur. Simi-

larly, it is also possible to limit the lengths of rollback chains and therefore control the cas-

cading of rollbacks.

Several aggressive windowing algorithms have been proposed: Moving Time Win-

dows [SoBW88], Filtered Rollback [LuWS89], Window based throttling [ReJe89], Unified

Distributed Simulation System [McAf90], Bounded Time Warp [TuXu92], Aggressive
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Global Windowing Algorithm [Dick93], and Breathing Time Warp [Stei93]. Most of these

algorithms follow the same basic principle described above. The differences are in the

methods used to determine the time window. Notable among these are UDS and Breathing

Time Warp. The former uses independent windows for each LP. The latter uses a fixed size

window based on thenumber of events rather than the logical time span to control the risk

of each LP and a separate logical time window to control the aggressiveness of each LP.

As with non-aggressive windowing protocols, the primary limitation of aggressive

windowing protocols is the determination of the window size, which can affect perfor-

mance significantly. The window must be small enough to limit the propagation of incor-

rect computation but large enough to not limit the propagation ofcorrect computation. A

common window for all LP’s could unnecessarily restrict some LP’s. The optimal size will

usually depend on the nature of the application and even the particular instance of it. In

addition, the window size must change dynamically to account for changes in load distri-

bution among the LP’s. All of these requirements make the selection of the window size a

difficult problem.

2.2.2 Space Based

Another technique limits optimism based on spatial boundaries rather than temporal

boundaries. In general, the LP’s are divided intoclusters, each of which operate optimisti-

cally internally. Interaction among clusters is without risk (i.e. messages are exchanged

only after it is determined they are safe). Erroneous computation is limited to a cluster so

that when a rollback occurs, the length of the rollback chain will generally be smaller. Note,

these protocols employ thepartitioning design variable [Reyn88] in that the set of LP’s is

partitioned and the interaction of LP’s within a partition is different from the interaction of

LP’s across partitions. Examples of this general technique are Hierarchical Rollback

[Gima89] and the Local Time Warp [RaAT93] approach. A variation on this technique is

used in Composite ELSA [ArSm92] where LP’s are either conservative or optimistic.

Knowledge is embedded in messages [Reyn88] to manage interaction between the two

kinds of LP’s.

The single main pitfall of this approach is that physical limits on the propagation of

messages cannot guarantee the absence of severe cascading of rollbacks (for example, see
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the CHASE workload in Section 6.3.3.2). While the lengths of rollback chains will be

smaller in general, echoing is still possible.

Of more interest is a special class of space-limited aggressive protocols in which

each cluster consists of a single LP. Here, each LP executes events aggressively but does

not propagate the results of such execution to other LP’s — i.e., interaction among LP’s is

without risk. Thus, rollbacks are local to each LP and echoing and cascading rollbacks are

avoided. Examples of this technique are SRADS with local rollback [DiRe90], Speculative

Computing [Mehl91], Breathing Time Buckets [Stei91] and Risk-free Time Warp [Bell93].

The main problem with this approach is that since risk is zero for each LP, the benefits of

aggressive processing are limited only to individual LP’s. Thus, this approach tends to be

too conservative.

In summary, while some perceive the space-based technique as combining the best

of the conservative and optimistic techniques, we believe it includes the pitfalls of both.

This is due to two reasons: (i) risk-free interaction between clusters introduces the problems

of conservative protocols: potential for deadlock, sensitivity to lookahead and overheads of

communicating lack-of-dependence information, and (ii)aggressive processing introduces

state saving and rollback costs. While rollback costs are very low in the special case of one

LP per cluster, they can be very expensive in the more general case.

2.2.3 Penalty Based

In this approach, each LP’s optimism is controlled by its recent behavior. Based

(usually) on rollback behavior, some LP’s are penalized (and consequently block) while

others are favored (and consequently continue executing events). The key to good perfor-

mance is to accurately predict the future based on its observed behavior. Three protocols

have been proposed in this class. In Penalty-Based Throttling [ReJe89], the authors penal-

ize any LP that sends an antimessage. This is injudicious, since an LP that is sending an

antimessage is one that is rolling back and consequently, will be among those that are far-

thest behind in logical time. Adaptive Time Warp [BaHo90] also penalizes an LP that has

been rolling back very often in the recent past. However, the penalty is incurred when the

LP is processing forward rather than soon after a rollback. Predictably, Reiher and Jefferson

report very poor performance while Ball and Hoyt have reported (slightly) better perfor-
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mance than Time Warp. A third protocol is Randomized Self-synchronization [Madi93] in

which each LPestimates the logical clock values of the other LP’s. Based on the difference

between these estimates and its own logical clock value, it either proceeds aggressively (if

it is lagging behind) or suspends processing for some time (if it is far ahead). The assump-

tions that obtaining clock information from all LP’s can be time-expensive and hence, LP’s

use a randomized algorithm to estimate other clocks. Obviously, the efficacy of this

approach lies in the accuracy of these estimations.

In summary, penalty based limiting of optimism seems very promising. However,

so far, it has been done based either solely on local state or on estimates of non-local states.

We believe that, to achieve good performance LP’s must dynamically react to changing sys-

tem state, which is best done by actually obtaining the required non-local state and consid-

ering it along with local state.

2.2.4 Knowledge Based

The basic philosophy of this approach is to contain the propagation of incorrect

computation as soon as it is determined to be incorrect. When an LP suffers a primary roll-

back, any aggressive processing it has propagated to other LP’s is potentially incorrect.

Therefore, it broadcasts a message to all affected LP’s indicating the potentially erroneous

nature of their execution. These LP’s then limit their optimistic processing. Thus, this

approach is based on rapid repair upon detection of an error rather than anticipation of

errors. There are two examples in this category: Wolf [MaWM88], which takes a conser-

vative approach and stopsall potentially incorrect computation, and Filter [PrSu91], which

stops only those computations that are exactly known to be incorrect. Availability of extra

knowledge to identify incorrect computations exactly introduces high message processing

costs (to store and process the extra information) and higher memory requirements. Further,

to be effective, this scheme requires an efficient broadcast mechanism with the broadcast

messages having higher priority than normal messages. Finally, the effectiveness of this

technique is limited since it is reactive rather than proactive — by the time the primary roll-

back occurs, the incorrect computation may have proliferated so that rollbacks will be

required to recover from the errors.
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2.2.5 Probabilistic

The MIMDIX operating system [MaHF92] incorporatesprobabilistic synchroniza-

tion. Here, a special process called agenie is responsible for the synchronization. Periodi-

cally, it sends a synchronization message to all LP’s probabilistically, which cause them to

synchronize to the timestamp of the message. In other words, those LP’s that are ahead of

this timestamp are rolled back. By keeping the timestamp of the synchronization message

close to GVT, all LP’s can be kept temporally close to each other, thus reducing the risk of

cascading rollbacks. The main problem with this approach is that it does not restrict only

incorrect computations. Also, it requires an efficient, high priority broadcasting mecha-

nism. Finally, the probability controlling the synchronization must be estimated carefully

so that, on the one hand, the overheads of synchronization do not dominate the simulation

while on the other hand, LP’s do not become too aggressive on the other. This estimation

requires user expertise.

2.2.6 Discussion

Several of the approaches described above have demonstrated better performance

than Time Warp with unlimited optimism under certain situations. This supports the intu-

ition that limiting optimism reduces rollback costs and thus improves performance. How-

ever, we expect that all of these protocols will have limited performance in general due to

one or more of the following: (i) the criterion for limiting optimism (window size, cluster

size, penalty thresholds, probabilities, etc.) is predetermined (ii) the decision to limit opti-

mism is based solely on local history (iii) the LP’s operate synchronously.

2.3 State Based Protocols

Recently, three protocols have been proposed which we categorize asstate based

protocols. They differ from those listed above in two significant ways: first, they are adap-

tive in that the LP’s continually adjust their optimism, and second, adaptive decisions are

based on state information which, although available locally, is directly affected by the

actions of other LP’s. These protocols are similar to NPSI protocols. The first two protocols

[HaTr94, FeTr94] are similar to each other in that they both utilize information about chan-

nels to decide when and for how long LP’s should wait. Intuitively, it may be argued that

our approach has an advantage over these because LP’s in NPSI protocols can receive infor-
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mation from all of their predecessors whereas channels provide information only about

immediate predecessors. The benefit comes from the fact that in a channel-based protocol,

information has to percolate through the predecessors of an LP before it reaches that LP.

During this time, the LP may have moved farther ahead than it should have. Moreover, the

protocols in [HaTr94, FeTr94] cannot determine if a predecessor is rolling back until they

receive a null- or anti-message conveying that information. NPSI protocols are able to

determine this information earlier. The third protocol in this class [DaFu94] uses memory

consumption as the basis for limiting optimism. The protocol limits the memory consump-

tion of LP’s adaptively and consequently, also limits their optimism. It is based on a mem-

ory management protocol such as Cancelback or Artificial Rollback [LinY92a]. We take

the opposite approach in that NPSI adaptive protocols limit the optimism of LP’s directly

and consequently limit their memory consumption. Our approach has the potential for com-

pletely eliminating the need for costly memory management schemes.

2.4 Summary

The optimistic approach is inherently more capable of extracting concurrency in a

simulation than the conservative approach. However, uncontrolled optimism can degrade

performance severely due to high rollback and memory management costs. Consequently,

controlled optimism is a desirable feature. We have categorized protocols that limit opti-

mism, based on the criterion for limiting optimism and reasoned about the pros and cons of

each category. Three recent protocols (state-based) are of particular interest since they use

state information to make adaptive decisions and are thus similar to the NPSI approach.
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Chapter 3

Super-critical Speed

The search for a consistently efficient protocol is turning towards adaptiveness. An

analysis of the optimality of (adaptive) protocols must begin by answering the question

“What is optimal?” Our investigation of this question revealed two interesting points: first,

due to the phenomenon ofsuper-critical speed, there is no consensus on optimality of pro-

tocols, and second, some published results on super-critical speed are flawed. This chapter

describes the contributions we have made to the understanding of super-critical speed and

lower-bounds for PDES’s. Specifically, (i) we present a correct sufficient condition for a

protocol to be super-critical and show that a similar condition proposed previously is nec-

essary but not sufficient, and (ii) we disprove the claim that super-critical speed requires

independence among events and study the consequent implications on lower bounds. An

understanding of these issues is essential to the successful application of critical path anal-

ysis to PDES. This work appears in [SrRe95a].

3.1 Overview

Critical path analysis is a technique to derive lower bounds on the completion time

of PDES’s [Livn85]. Berry and Jefferson [BeJe85] applied critical path analysis to PDES

and argued that the critical path time is a lower bound on the completion time. This appli-

cation of critical path analysis is particularly interesting because of the somewhat counter-

intuitive result that it is possible for certain simulations to complete in less than the critical

path time, a phenomenon we callsuper-critical speed. We say a protocol is super-critical if

it is possible for at least one simulation using that protocol to complete in less than the crit-

ical time. In [Berr86, JeRe91] it was shown that certain variants of the Time Warp protocol

[Jeff85] are super-critical. In particular, [JeRe91] presented a criterion for super-criticality

and used it to show that four protocols were super-critical. These results showed that the

critical path time is not a lower bound for all PDES’s. Lin and Lazowska [LiLa91] proposed

a lower bound that applies to all PDES’s. However, this lower bound is a very loose one

since it requires that each LP guess all of its computation correctly. These early analyses
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defined inter-event dependence based on the timestamps of events and messages. This def-

inition has the drawback that it creates artificial dependences between some pairs of events.

Gunter [Gunt94a] proposed an enhanced definition of dependence and argued subsequently

that independence is necessary for super-criticality. Also, he derived a new lower bound

which is tighter than the one presented in [LiLa91].

Our contributions to this area of PDES research are two-fold:

i) We present a sufficient condition for a protocol to be super-critical. We show the

condition presented in [JeRe91] to be necessary but not sufficient for super-

criticality. The condition we present has been used in [Gunt94a] but was presented

without formal support [Gunt94b]. In a result developed independently, we

establish the truth of the sufficient condition.

ii) We show, by example, that Gunter’s enhanced definition of dependence is not

sufficient to capture all forms of super-criticality. Specifically, super-critical speed

is also possible when an LP guesses correctly a dependence on a message that it

has not yet received. Thus the claim that super-criticality requires independence is

invalidated. We study the impact of this result on lower bounds derived using

critical path analysis.

Critical path analysis is an active area of research in PDES. Tools based on such analysis

[Lin93] are helpful in estimating whether sufficient parallelism exists in a simulation to

justify the effort of parallelization. An understanding of the limitations of critical path

analysis (as illustrated by insights described here) is important for successful application

of these tools.

3.2 Critical Path Analysis

We assume the PDES consists of a set of logical processes (LP’s), P1, P2 ... Pn and

each LP executes on its own processor1. Each Pi represents a sequence of simulated events.

In the case of aggressive protocols, critical path analysis applies only to committed events.

The timestamp of an evente is denoted by V(e). Each LP may send messages to other LP’s

1. The lower bound may change if multiple LP’s execute on a processor since more than one LP may
have an executable event at the same time. The issue of optimal scheduling when multiple LP’s are
assigned to a single processor is addressed in [LinY92b].
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as a result of executing events. In addition to simulation-specific information, a message

contains a send-time which equals the logical clock of the LP sending the message and a

receive-time which is greater than or equal to its send-time. When the message is received,

the receiving LP schedules an event with timestamp equal to the receive-time of the mes-

sage. This model is called themessage-initiating model. With this model, we define the fol-

lowing relations on events:

i) Evente is thepredecessor of evente’ (or e’ is thesuccessor of e) if: (i) e ande’ are

executed by the same Pi, (ii) V(e) < V(e’), and (iii) there is no other evente’’  in Pi

such that V(e) < V(e’’ ) < V(e’). We denote the predecessor of an evente as

pred(e).

ii) Event e is theantecedent of event e’ if the execution ofe sends a message which

schedulese’. Note e and e’ may be executed by the same LP. We denote the

antecedent of an evente asante(e).

If defined,pred(e) andante(e) are unique for a given evente. Also, an event can be the

predecessor of at most one event but the antecedent of more than one event. We define the

relation→ ase → e’ (e immediately affects e’) if eithere = pred(e’) or e = ante(e’). The

transitive closure⇒ of → induces a partial orderingon the events in the simulation as

follows: e ⇒ e’ if there exists a sequence of eventse = e(0), e(1), ... e(n) = e’ such that

e(i) → e(i+1) for all 0 ≤ i < n. Thus, in the general case, the relation⇒ defines the

dependence among events: ife ⇒ e’, then the execution of e’ depends on the execution of

e. It is important to note this definition of dependence is based on the timestamps of events

and not on application-specific relationships. If evente’ is semantically dependent on

evente, then we must have V(e) < V(e’). On the other hand, it is possible to have two

semantically unrelated eventse ande’ such that V(e) < V(e’). Thus the⇒ relation is a

pessimistic definition of dependence since it assumes dependences that may not exist.

A particular parallel discrete event simulationrun (an execution of a simulation

program with a given set of input values) may be represented using a space-time diagram

as in Figure 6. The points in this 2-dimensional plane represent events that were executed

in the simulation run. The two co-ordinates of each event are the LP at which it was exe-

cuted (the space co-ordinate) and its logical timestamp (the time co-ordinate). Arrows are
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used to represent the→ relation among events. For example,e1,10is the predecessor ofe1,21

and the antecedent ofe2,15. Events that have no predecessors are calledinitial events. These

are the first events to be executed at any LP. Further, initial events that have no antecedents

(e.g.,e1,10 ande3,9) are calledstart events.

With each evente, we associate an amount of real time required to execute that

event, T(e). For the sake of simplicity, we ignore all overheads associated with inter-LP

communication. These overheads can be incorporated easily into critical path analysis if

required. Ifstart(e)is defined to be the real time at which the execution of evente is started,

thencomplete(e)= start(e)+ T(e) is the time at which the execution of evente completes.

Thecritical time, crit (e), of each evente is defined as follows:

crit (e)=MAX { crit (ante (e)), crit (pred (e))} + T(e)
where the simulation is assumed to start at real time zero andcrit (ante (e)) and

crit (pred (e)) are defined to be zero if ante (e) andpred (e) are not defined respectively.

crit (e) is the earliest time the eventecan complete execution under the assumption that no

dependences are violated (i.e., ife⇒ e’, e is executed beforee’). Consequently, the largest

value ofcrit (e) among all events in the simulation run will give us the lower bound on the

completion time of the simulation run under the same assumption. Events that have this

maximum critical time are calledfinal events. An example of the computation of critical

times is shown in Figure 7. The first number beside each evente is T(e) and the second

number iscrit (e).

A critical path is defined from a start event to a final event as follows:

i) Every final event is on a separate critical path;

Figure 6 - Space-time diagram
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ii) If e is on a critical path andcrit (ante (e)) ≤ crit (pred (e)) then ifpred (e) exists, it

is on the critical path;

iii) If e is on a critical path andcrit (pred (e)) ≤ crit (ante (e)) then ifante (e) exists, it

is on the critical path.

We have highlighted the two critical paths in Figure 7. The maximum value ofcrit(e) is

called thecritical path time.

Self-Initiating Model

Another commonly adopted model for PDES’s is the self-initiating model [Nico91]

wherein each LP schedules its own next event — a message does not schedule an event.

However, a message does affect the state of the receiving LP. Thus messages may cause

rollbacks. It is easy to see that the definitions above apply to this model as well if we rede-

fine theantecedent of an event as follows:

Evente is theantecedent of eventé  if the execution ofe sends a message

m such thaté  is the event that is executed immediately after the arrival ofm.

3.3 When is a Protocol Super-critical?

The critical path time defines a lower bound on the completion time of a simulation

under the assumption that events are executed in the order specified by the dependence rela-

tion ⇒. However, it is only required that the overall effect of the simulation be the same as

if the events were executed in that order. Therefore, if an LP guesses correctly, it may exe-

cute certain events out of order while keeping the simulation accurate. By guessing cor-

rectly on the critical path, it is possible to complete the simulation in less than the critical
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path time. This phenomenon was calledsuper-critical speed-upin [JeRe91] but we refer to

it assuper-critical speedsince the critical path time is an absolute quantity. For a simulation

run to be super-critical, the act of “guessing correctly” must occur on every critical path of

the simulation.

It is important to note the distinction between a super-critical simulation run and a

super-critical protocol. A super-critical run is a particular execution of a simulation that

completes in super-critical time. A protocol is said to be super-critical if it is possible for a

simulation run (at least one) using that protocol to be a super-critical run. By its very nature,

a general PDES protocol cannot guarantee that LP’s will guess correctly; it can onlyenable

them to do so. Even so, it is desirable to be able to determine whether a protocol has this

capability or not. To do so, we require a sufficient condition for super-criticality, SC such

that if a protocol allowsSC to be true in a simulation run, then the protocol permits the sim-

ulation run to be super-critical (i.e. the protocol is super-critical). We may then prove pro-

tocols to be super-critical by showing that they allowSC to be true in at least one simulation

run. In [JeRe91], the authors present one such condition. We show that their condition is

merely necessary (i.e. super-critical protocols will satisfy it) and we present the actual suf-

ficient condition.

3.3.1 Condition for Enabling Super-critical Speed

Recall that for any evente, the following are defined:

• start (e): the real time at which the execution ofecommences.

• complete (e): the real time at which the execution ofecompletes.

• crit (e): is the earliest time at whiche can complete if no dependences are

violated and is given by:

crit (e)=MAX { crit (ante (e)), crit (pred (e))} + T(e)

The super-criticality condition of [JeRe91], which we callC, is stated below:

C: There must be at least one pair of eventse ande’ on every critical path such

thate → e’ andcomplete (e) > start (e’)

We show by construction that the fact thatC is true for a simulation run does not imply the

run can complete in super-critical time.
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Consider conceptually extracting a critical path and laying it on the real-time line

as shown in Figure 8a. Each block of time (shaded rectangle) corresponds to the execution

of an event on the critical path. Dots indicate that intermediate events have been left out for

brevity. Now consider the critical path of a particular simulation run in which the condition

C is satisfied. This condition could have been satisfied in one of the two ways shown in Fig-

ure 8. In Figure 8b,C is satisfied because the execution ofe(i+1) commenced on time (at

crit (e(i))) but the execution ofe(i) completed late (aftercrit (e(i))). Notee(i) may have com-

pleted late due to several reasons. For instance, it may be that just prior to this execution of

e(i), the LP executinge(i) may have guessed incorrectly and consequently rolled back, caus-

ing the delay ofe(i). We have depicted this by a single delay (gap in the shading) at some

point earlier than the execution ofe(i). The LP executinge(i+1) guessed correctly so that the

execution ofe(i+1) was not rolled back whene(i) completed aftercrit (e(i)). By only observ-

ing e(i) ande(i+1), the two events that satisfyC, we cannot conclude that the simulation can

complete in super-critical time. In Figure 8c,C is satisfied because the execution ofe(i+1)

commenced early (beforecrit (e(i))) while the execution ofe(i) was on time (completing at

crit (e(i))). This occurs because the LP executinge(i+1) guessed correctly so that itis not

(b) Execution satisfyingC but notSC

(c) Execution satisfyingSC

T(e(0)) T(e(n))T(e(i+1))

Real time
0 crit(e(0)) crit(e(i)) crit(e(i+1)) crit(e(n))
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complete(e(i))
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0 crit(e(0)) crit(e(i)) crit(e(i+1)) crit(e(n))
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Figure 8 - Super-critical speed
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rolled back whene(i) completes execution atcrit (e(i)). If every event on this critical path

following e(i+1) is executed immediately after its preceding event completes (as depicted),

the simulation will complete beforecrit (e(n)), as shown (assuming this is the only critical

path).

In [JeRe91], the authors consider only the scenario of Figure 8c and not that of Fig-

ure 8b. By itself, conditionC specifies nothing about the absolute completion times ofe

ande’, which are essential to super-critical speed since the maximum critical time is an

absolute quantity. Indeed, the scenarios of Figure 8b and Figure 8c were generated simply

by moving events along the real time line while maintaining their relative timing relations.

Clearly,crit (e) is the quantity that must link the condition for super-critical speed with the

absolute timings of events since it defines whether an event is early, on time or late. There-

fore, we claim that the actual sufficient condition for a protocol to be super-critical is:

SC: There must be at least one evente on every critical path such that

complete (e) < crit (e)

Note, this condition is satisfied in Figure 8c (complete (e(i+1)) < crit (e(i+1))) but not in

Figure 8b, thus distinguishing the two. The intuition behind this condition is very simple:

at least one event on every critical path must complete before its critical time so that there

is the possibility of all events following it on the critical path to complete before their

critical times and thus for the simulation to complete before the maximum critical time.

The key is thatcrit (e) (and not the starting or completion time of evente relative to its

adjacent events on the critical path) defines the earliness or tardiness of evente. Thus we

have shown by construction that the fact that a simulation run satisfiesC does not imply

that it can complete in super-critical time whereas the fact that a simulation run satisfies

SC does imply that it can complete in super-critical time. Of course, even in the situation

of Figure 8c, it is possible for the simulation to complete aftercrit (e(n)), if at least one

event followinge(i+1) is sufficiently tardy.

If a protocol is super-critical, then by definition, there exists a simulation run using

that protocol such that the final events on every critical path complete before their critical

times. Trivially therefore, super-criticality implies that the protocol allowsSC to hold for

at least one simulation run. ThusSC is also a necessary condition for super-criticality.
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Revisiting Figure 8c, ifSC is true on a particular critical path, we can show by con-

tradiction thatC is true for  ande wheree is the earliest event for whichSC is true on the

critical path and → e. Thus,SC ⇒ C. SinceSC is necessary for super-criticality, C is

also a necessary condition for a super-critical protocol.

In [JeRe91], the authors useC to show that the four protocols: Time Warp with Lazy

Cancellation, Time Warp with Lazy Reevaluation, Time Warp with Phase Decomposition

and Space-Time Simulation are capable of super-critical speed. Elsewhere [SrRe93b] we

have shown that all of these protocols satisfySC and therefore are indeed, super-critical.

Finally, a common misconception seems to be that a protocol that allows LP’s to

guess events is super-critical. A distinction must be made between all events and the ones

that are actually committed. Time Warp with aggressive cancellation allows LP’s to guess

events but does not commit events that complete before their critical times (i.e. it does not

allow LP’s to guess committed events). Accordingly, it has been established [LiLa91] that

Time Warp with aggressive cancellation is not super-critical. In words, this is whatC

claims: if a protocol allows LP’s to guess committed events correctly, then it is super-crit-

ical. However, that is not sufficient. We have shown that the protocol must allow LP’s to

guess committed events correctlyand before their critical times.

3.4 Super-criticality and Independence

Observation: There are two phenomena that may result in super-critical speed:

i) when an LP correctly guesses that no messages will arrive that affect an event;

ii) when an LP correctly guesses the effect on an event, of one or more messages that

will  arrive;

In the first case, super-critical speed is possible because dependence (the relation⇒

in Section 3.2) is defined based on timestamps of events and messages. Under this defini-

tion, an evente at some Pi is dependent on a messagem if m schedules an evente’ at Pi such

that V(e’) < V(e). However, it is possible that the execution ofe’ affects only a part of the

state of Pi upon which the execution ofedoes not depend, i.e., the outcome of executinge

is independent of whethere’ is executed or not. Recognizing this intra-process concur-

rency, Gunter [Gunt94a] formalizes the notion of independence of states and messages on

events, which we reproduce here for convenience:

ê

ê
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Definition:  A state (message), denoted S (m), created by evente is said to be inde-

pendent of a set of eventsE if E is a subset of the set of all eventsE’  such that

e ⇒ E’ and the S (m) resulting when all of the events in the simulation are prop-

erly executed is the same as the S (m) when all of the events inE are not executed.

In particular, a messagem is independent of an evente if the same messagem is generated

irrespective of whethere is executed or not. It follows that a messagem is dependent on an

evente if m is not independent ofe. Using this enhanced definition of dependence, Gunter

derives two results: (i) independence is necessary for super-critical speed, and (ii) a new

definition of the critical path and hence a new lower bound which is tighter than that of

[LiLa91]. By capturing semantic dependences accurately, this new definition of

dependence accounts for super-critical speed that occurs when LP’s guess only thelack of

dependence. However, it fails to capture super-critical speed that may occur when LP’s

guess theexistence of dependence.

To understand how super-critical speed may occur when LP’s guess the existence

of dependence correctly, consider the physical system shown in Figure 9. The system con-

sists ofn physical processes, PPi, each of which begins in a starting stateiSTART. At time

1.0, PP1 transitions to state 1S with probabilityp or to state 1N with probability 1-p. At time

2.0, PP2 transitions to state 2N if PP1 has transitioned to state 1N earlier or to state 2S if PP1

has transitioned to state 1S earlier. Note there is no default action for PP2: it knows that PP1

has transitioned earlier. Similarly, at time 3.0, PP3 transitions to state 3N if PP2 has transi-

tioned to state 2N earlier or to state 3S if PP2 has transitioned to state 2S earlier. The remain-

ing processes also behave similarly. Pictorially, the dependences among the transitions are

shown by the dashed lines in Figure 9.

Assume this system is simulated byn logical processes, Pi, one for each PPi. After

a state transition, each Pi (except Pn) sends a single messagemi to Pi+1 indicating the direc-

Figure 9 - A super-critical simulation without independence

1.0 2.0

1-p

p

1START 2START

∞ ∞

3.03START

1N

1S

2N

2S

3NPP1 PP2 PP3
∞

∞ ∞

3S

∞



33

tion in which it has transitioned (North or South). Recalling the definition of dependence

above, clearly eachmi is dependent onmi-1 and the event that causedmi-1. Now consider

an execution of this simulation using Time Warp with Lazy Cancellation. Each Pi,

( ) has an event which will cause it to transition out ofiSTART. Since these Pi’s have

not yet received the transition messages (mi) from their predecessors, they have to guess

the next state to which they must transition. Let us assume that each Pi decides to transition

to stateiS and generatesmi informing its successor of the transition. At the same time, P1

executes its only event, decides (probabilistically) to transition to state 1S and sendsm1

accordingly. Since every Pi has guessed its incoming message correctly, no antimessages

are generated (because of Lazy Cancellation) and the simulation is complete when allmi

have been received. The entire simulation run takes O(1) time whereas, under the new def-

inition of dependence, the critical path time is O(n). Thus, this simulation run has com-

pleted in super-critical time. In this example, the super-critical speed comes from processes

P2 through Pn. The events they execute and the messages they generate are all dependent

on other events and messages (in other words, there are no independent messages or states).

Thus, Gunter’s claim that super-critical speed requires independence is disproved.

It is natural to ask if the example we have presented is realistic (i.e. has any practical

counterparts). We believe it is because one can imagine a simulation where LP’s statisti-

cally estimate the probability of transitioning along a particular arc (p in Figure 9). Ifp is

high and an LP may guess that the next transition will be along that arc. Finally, our exam-

ple also serves to demonstrate that while super-criticality is possible, it may not be observ-

able in practice because it may occur only in brief phases during the simulation but not for

the entire simulation. Specifically, if only a subset of the Pi ( ) guess their compu-

tation correctly, the rollbacks induced could cause the simulation to take longer than the

critical path time even though that subset of the processes completed their execution in

super-critical time.

3.5 Lower Bounds

From our example, it is evident there are simulations where Time Warp with Lazy

Cancellation may complete in super-critical time, even with the new definition of the crit-

ical path in [Gunt94a]. It follows that the lower bound derived in [Gunt94a] based on this

2 i n≤ ≤

2 i n≤ ≤
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critical path isnot a lower bound for Time Warp with Lazy Cancellation (in fact for any

super-critical protocol). Our insight suggests that irrespective of how accurately we capture

the semantic dependence among events, protocols such as Time Warp with Lazy Cancella-

tion (and others listed in [JeRe91]) still have the capability to complete in super-critical

time. Under the best circumstances, each LP can guess all of its dependences correctly (as

is the case in our example above), completing its execution in an amount of time equal to

the sum of the execution times of all of its events. We are thus led to the conclusion that the

lower bound of [LiLa91] (which was stated as a lower bound only for Time Warp with Lazy

Cancellation but applies to all protocols):

where  is the set of events executed by Pi, remains the best known general lower bound

for all PDES’s. Moreover, it suggests that critical path analysis will not be able to improve

upon this general lower bound. However, this lower bound is of limited significance

because it is unachievable for any realistic simulation. Consequently, it is important to

note that Gunter’s lower bound, which is a tighter one, applies toparticular simulation

runsusing protocols in which LP’s do not guess the existence of dependence. It is difficult

to incorporate this restriction into the protocol itself, because the nature of an LP’s

guessing depends on the application and is generally not specified in a protocol.

3.6 Summary

A protocol is said to be super-critical if there exists at least one simulation thatcan

complete in less than the critical path time using that protocol. Since several protocols have

been shown to be super-critical, a sufficient condition for super-criticality is desired which

may be used to determine whether protocols of interest are super-critical or not. We have

established such a sufficient condition. Also, we have shown that a condition used in a pre-

vious study to demonstrate the super-criticality of four protocols is not sufficient but nec-

essary. Our observation that super-critical speed is possible when LP’s correctly guess the

dependence of some events on unreceived messages disproves a previous claim that super-

critical speed requires independence. We have described the implications of this contradic-

tion on lower bounds on completion times of simulations.

LB MAXPi
T e( )

e EPi
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Chapter 4

NPSI Adaptive Protocols

Traditional solutions to the synchronization problem in PDES have, in large part,

failed because they cannot adapt under circumstances in which they should. Currently, the

direction offering the most promise is one in which the optimism of LP’s is controlled adap-

tively. We describe a new and unique class of protocols - those in which LP’s dynamically

adapt their behavior to changes in the simulation using low-cost near-perfect system state

information. We call theseNPSI (near-perfect state information) adaptive protocols. The

work described here appears in [SrRe95b].

4.1 Motivation

We seek a consistently efficient protocol — one that can be shown to perform well

over a wide range of applications. As noted in Chapter 2, an optimistic approach is inher-

ently more capable of extracting the parallelism inherent in simulations and thus offers the

most potential towards our goal. However, optimistic protocols are not without their prob-

lems. These problems can be alleviated by controlling optimism (as demonstrated by pre-

vious efforts described in Chapter 2). NPSI adaptive protocols are optimistic protocols in

which optimism is controlled based on near-perfect state information.

4.1.1 Effects of Controlling Optimism

Optimistic protocols incur three time costs: state saving, rollback and memory man-

agement. Limiting optimism (aggressiveness and risk) introduces a fourth cost,lost oppor-

tunity cost, characterized by the potential loss in performance when an LP stops executing

events or sending messages even though it is safe for it to continue. The time cost of state

saving is a function of the size of the state that is modified by events and the frequency of

state saving, rather than the level of optimism and thus can be ignored here. To obtain good

performance, protocols that control optimism must minimize the following cost function:

total cost = rollback cost +
memory management cost +
lost opportunity cost



36

While limiting optimism tends to decrease the first two costs, it also tends to increase the

third, leading to the trade-off shown in Figure 10. Protocols that control optimism must

attempt to achieve a good balance in this trade-off. The best possible performance for

protocols with controlled optimism is characterized byR = 0, whereR is the residual total

cost when the balance is reached.R = 0 when controlled optimism eliminates rollback and

memory management costs without adding lost opportunity cost.

4.1.2 Measure of Success

From the discussion above, a good measure of success for protocols that control

optimism is how significantly they reduceR, the residual cost at the balance point in Figure

10. Yet another measure is their performance relative to that of a protocol that doesnotcon-

trol optimism, such as Time Warp. Time Warp is the protocol that has been applied to the

most applications with encouraging results [Fuji93a]. However, it suffers the drawbacks of

optimistic protocols noted earlier. Consequently, there are several applications for which

Time Warp does not perform well. By showing that NPSI protocols consistently outperform

Time Warp over a wide range of workloads that includes those for which Time Warp per-

forms well and those for which it does not, we will have demonstrated consistent good per-

formance.

Restriction on optimism

C
os

t rollback + memory management costs

lost opportunity cost

Balance

Figure 10 - Trade-off introduced by controlling optimism
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4.2 Near-Perfect State Information

The trade-off of Figure 10 must be balanced properly in order to obtain good per-

formance. To do so, protocols must attempt to distinguish incorrect computations from cor-

rect ones and limit the propagation of the former while allowing the latter to proceed.

PDES’s are known to be very dynamic in nature [NiRe90, Fuji90], i.e. the locality of events

in the system changes as the simulation progresses. Typically, this is due to the fact that

simulated systems have some form of information flow which is translated in the simulator

into a causal chain of events among LP’s. Since the propagation of such chains is based on

probabilistic decisions and input parameters of the simulation, it is impossible to determine

the flows a priori (except in special cases). Thus, the synchronization requirements of

PDES’s are usually irregular, highly data-dependent and dynamic.

We believe the two key requirements for a protocol to be consistently efficient are

that it is adaptive and that it uses feedback from the simulation to control optimism. Ideally,

these requirements are satisfied by providing LP’s with perfect state information, such that

any relevant change in system state is visible instantaneously. However, this is impossible

to achieve in practice due to various latencies in computing distributed snapshots. We

believe, and this work supports our belief, that a good approximation of perfect state infor-

mation is desired. We take the direct approach by assuming the existence of an asynchro-

nous dynamicfeedback system. This system operates asynchronously with respect to the

LP’s and provides them with near-perfect information at low cost. We describe the compu-

tational model for the feedback system, and discuss how it may be realized in practice.

4.2.1 Reduction Model

The assumed model of computation, which we call thereduction model is shown in

Figure 11. The LP’s exchange timestamped simulation messages through the host commu-

nication network. In addition, each LP encodes the relevant parts of its state into a set of

values called aninput state vector (ISV). These ISV’s are processed by an NPSI Calculator

to produceoutput state vectors (OSV) for each LP as below:

Let ISV1, ISV2, ...ISVn be the input state vectors submitted by then LP’s such

thatISVi = <Vi
1, Vi

2, ..., Vi
m> wherem is the size of each LP’s state vector. Let

θk,  be binary associative operators. Then for each LPi the NPSI Cal-1 k m≤ ≤
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culator computesOSVi = <TSi
1, TSi

2, ..., TSi
m> where TSi

k := θk<Vl
k>

,  andPi is the predecessor set of LPi.

The predecessor set of LPi is defined as follows. Acommunication graph describes the

communication among LP’s. The nodes of this graph are the LP’s. A directed arc exists

from LPa to LPb if LPa can send a message to LPb. The predecessor set of LPi is the set of

LP’s, LPj such that there exists a path from LPj to LPi in the communication graph. Note,

a cycle containing LPi implies LPi is a predecessor of itself. Since the predecessor set can

be different for different LP’s, the information computed by the NPSIC is calledtarget-

specific information [PaRe93]. In the special case where the communication graph is

strongly connected (i.e. there exists a path between every ordered pair of nodes), the

computed information corresponds to global information. We note that the above

definition of the predecessor set is pessimistic in that an arc exists from LPa to LPb in the

communication graph if there is a possibility that LPa sends a message to LPb — in actual

fact, it may be that LPa never sends a message to LPb. The predecessor set is only one

possible set over which to compute target-specific information — it is conceivable that

target-specific information is computed over some subset of the predecessor set.

The LP’s and the NPSI Calculator (NPSIC) are completely asynchronous with

respect to each other. State vectors are used to force the interactions between them to be

atomic: an LP must provide acomplete ISV and must read acomplete OSV. However, it is

not required that every LPi reads every OSVi generated by the NPSIC. We have established

elsewhere [RePS93] that the atomicity criterion is sufficient to provide sequential consis-

Logical Process

NPSI Calculator

Host Communication Network

Logical ProcessLogical Process

Figure 11 - Model of computation for NPSI adaptive protocols
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l∀ Pi∈ 1 k m≤ ≤
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tency, a property that facilitates the design of provably correct synchronization algorithms

using this model (see Chapter 5).

An LP may generate a new ISV at any time. Similarly, it may read its OSV at any

time. The NPSIC operates inreduction cycles, reducing a set of state vectors, one from each

processor, to a set of output state vectors, one for each LP, in each cycle. Subsequent reduc-

tion cycles re-use state vectors for those LP’s that do not present new state vectors. It is

assumed that the time required for each reduction cycle is neglibly small when compared

with the time required for other operations in the simulation such as event execution, state

saving, message sending, rollback, etc. Thus, this system provides almost instantaneous

target-specific snapshots of the system in a reduced form at very low cost to the LP’s. We

assume the reduction model because we believe it is sufficiently powerful to provide the

kinds of information required in most PDES’s [RePS92]. Chapter 5 describes an algorithm

we have designed to compute global virtual time [Jeff85] rapidly, accurately and frequently

in an aggressive PDES, using the reduction model.

4.2.2 Practical Issues

The reduction model can be realized in practice.On a shared memory architecture,

a set of processes may be dedicated to the task of computing OSV’s using ISV’s stored in

shared memory that are updated by other processes participating in the simulation. The

OSV’s can then be read back from the shared memory. Lin [LinJ92] describes techniques

to compute target-specific information for use with conservative protocols. These tech-

niques can be extended to aggressive protocols. Another example of asynchronous compu-

tation using non-local information is the GVT algorithm of [FuHy95]. An implementation

of this algorithm on a KSR-2 shared-memory multiprocessor takes on the order of 100

microseconds for each GVT computation with very little computation overhead (1 micro-

second) [Hybi95]. These performance results indicate that it is possible to compute NPSI

on shared-memory multiprocessors.

One way to realize the reduction model on distributed memory architectures is to

use a high-speed asynchronous reduction network such as theparallel reduction network

(PRN) described in Section 5.5.1. The PRN is a global reduction network, one in which

binary, associative operations (minimum, summation, etc.) are used to reduce state infor-
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mation from all LP’s. Our experience with the design, construction and testing of the PRN

[RePS92] suggests that a production version of such a network can operate at very high

speeds (less than 20 nanoseconds per stage in the tree). These low latencies, combined with

its pipelined, tree structure make such a network scalable up to thousands of processors. We

have used the PRN to implement and study the NPSI algorithms proposed here. Chapter 6

presents the results of this performance analysis.

It is important to note that reduction networks have been proposed and constructed

in practice, to support global computations such as barrier synchronization, summation,

determining maxima and parallel prefix computation [Ston90, Hosh89, CrKn28, Blel89].

One such network is thecontrol network in the CM-5 [Ponn93]. It is used to perform non-

local data distribution operations such as broadcasting, combining (reduction and parallel

prefix), bit-wise operations and barrier synchronizations, very rapidly. For bit-wise logical

OR operations, it can operate asynchronously with respect to the processors, much as our

PRN. Thus, the control network appears to be a suitable platform on which to implement

the reduction model. Similarly, the Cray T3D [Cray93] includes support circuitry in the

form of a tree to perform rapid barrier synchronization. Although this tree is incapable of

performing general reductions, the T3D supports several reduction operations across pro-

cessors, in software [Cray95]. This is made possible by the combination of a distributed

shared memory and very low latency access to this shared memory. These reduction func-

tions may be used to implement the reduction model.

A global reduction network implements a special case of the general reduction

model in which all of the OSV’s are identical and are computed using information from all

ISV’s. The general model can be implemented using atarget-specific reduction network —

one that computes OSVi using a subset of all ISVi’s where the subsets can be different for

the various LP’s. While a target-specific reduction network has not been constructed as yet,

the results of [Panc94] indicate that it is possible to do so.

4.3 NPSI Adaptive Protocols

NPSI adaptive protocols are optimistic protocols that control the aggressiveness

and risk of LP’s dynamically using near-perfect state information. There are two phases in

the design of NPSI adaptive protocols:
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• identifying the information on which the decision to limit optimism is to be

based;

• designing the mechanism that translates this information into control over an

LP’s optimism;

Clearly, there are numerous choices for each of these. In order to facilitate independent

study of each, we uncouple them by introducing a quantity callederror potential (EPi)

associated with each LPi. The value of EPi is used to control LPi’s optimism. The

framework we propose is shown in Figure 12. The NPSI adaptive protocol keeps each EPi

up-to-date as the simulation progresses, by evaluating M1 at high frequency using state

information it receives from the feedback system. Similarly, M2 dynamically translates

these new values of EPi into delays in the event execution and communication rates.

Dif ferent protocols may be devised by changing M1 and M2. The goal of our research is to

design mappings M1 and M2 such that their combination forms an adaptive protocol that

performs well consistently.

4.3.1 M1 - Computing EP

To achieve optimal performance, LP’s must be able to identify computations that

will be rendered incorrect in the future and limit their propagation. Obviously, this requires

the ability to predict the future which is difficult at best. In the framework described above,

the error potential is a way of labeling computation aspotentially incorrect. EPi is a number

that indicates the likelihood of LPi’s computation becoming incorrect in the near future: the

higher the value of EPi, the higher this likelihood. The key to consistently good perfor-

mance is to devise an M1 that will predict the nature of the LP’s computation (i.e. whether

that computation will be rolled back or not) accurately most of the time. An inaccurate M1

Figure 12 - General framework for adaptive protocols
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can produce a low value of EP when the computation is erroneous, resulting in higher roll-

back costs, or a high value of EP when the computation is correct, resulting in higher lost

opportunity cost.

While designing M1, we must keep in mind the reduction model of Section 4.2.1.

This model requires that we encode the relevant parts of an LP’s state into a set of values

(a state vector). We list some possible mappings for computing EPi below. In the following,

GVT refers toglobal virtual time [Jeff85] defined as the minimum of the logical clocks of

all LP’s and the timestamps of any messages that have been sent but not yet incorporated

into the events list of the receiving LP’s.

i) EPi  = number of local events executed with timestamps > GVT .

This mapping incorporates two concepts: (a) the cost of a rollback is

generally proportional to the number of events rolled back, and (b) no LP can

roll back to a logical time smaller than GVT. Thus, the EP will be

proportional to the maximum possible rollback depth. Unfortunately, this

mapping does not capture thelikelihood of an LP rolling back. For instance,

consider two LP’s, one at logical time 100 having executed 2 events with

timestamps > GVT and another at logical time 50 having executed 10 events

with timestamps > GVT. This mapping will restrict the latter even though the

former is more likely to be rolled back. The situation is further deteriorated if

the second LP is about to send a message to the first. This reasoning suggests

that logical time should be included in the mapping. We note that this

mapping is equivalent to the Breathing Time Buckets algorithm [Stei93].

ii) EPi  = MT i  - minimum MT among all LP’s , where we define MTi

(minimum time)as the smaller of (i) the logical clock of LPi and (ii) the

minimum timestamp of all messages sent by LPi which are either in transit or

have not yet been processed by the receivers. Note, the minimum of the

MT’s of all LP’s is GVT. The rationale is that if an LP is far ahead of others

in logical time and may receive messages from them, it is quite likely to be

rolled back. This mapping remedies the problem described in (i) above. It

requires that GVT be computed quickly and often as is done by the algorithm

described in Chapter 5.
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iii) EPi  = logical clock of LP i  - GVT . Since the logical clock of an LPi

reflects its current execution state more accurately than its MTi and in fact,

may be much larger, mapping (ii) above may not penalize some LP’s

sufficiently. Thus, this mapping is expected to perform better than

mapping (ii).

iv) A further improvement over mapping (iii) would be to use thenext event

time (ηi) of an LPi rather than its logical clock, i.e.EPi  = ηi  - GVT . It is

reasonable to expect this change to improve performance sinceηi is a

predictor of LPi’s next action while LPi’s logical clock only describes its

current state. Unfortunately, the LP with minimumηi cannot determine the

fact that its next event is safe (when there are no messages in transit) and

therefore will continue to wait for an amount of time proportional to its EPi

(which can be arbitrarily long) even though it can proceed. Thus, this

mapping has the disadvantage that it can lead to unpredictably long periods

of unnecessary waiting (lost opportunity).

v) A general optimization for all of the above is to usetarget-specific virtual

time (TSVT) [PaRe93] rather than GVT. TSVTi for an LPi is the GVT

computed over only the predecessor set of LPi in the communication graph

(Section 4.2.1). Since the event or message with timestamp equal to GVT

may be one that cannot affect LPi’s execution, TSVTi is a tighter lower

bound on the rollback horizon for LPi than the global GVT. This principle

can be extended to other types of information as well.

vi) EPi  = logical clock of LP i  - the mean of the MT’s of all LP’s .

If it is observed that TSVTi is usually too pessimistic (i.e. LPi generally does

not roll back that far), this variant may yield better performance.

vii) EPi  = logical clock of LP i  - MIN i  (MT j  + cumulative lookahead

from LP j  to LP i ) , where the minimum is computed over all LPj that are

predecessors of LPi. It has been clearly established that performance and

lookahead in simulations are positively correlated [Fuji90]. Here, we

enhance mapping (iii) by incorporating lookahead.
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viii) This mapping is based on the view that the likelihood of an LP rolling back

correlates with whether its immediate predecessors are rolling back. Define

MPi to be the minimum of the logical clocks of those LP’s that are immediate

predecessors of LPi and are rolling back (note, the logical clock values are

observedafter the rollback is initiated, i.e. after the clock has been rolled

back). Then,EPi  =  if MP i ≥ logical clock of LP i ; else EP i  = 0 .

Thus, this mapping restricts an LPi while any of its predecessors roll back to

a time smaller than LPi’s current logical clock. While this mapping will

reduce secondary rollbacks (i.e. those caused by antimessages), it ignores

primary rollbacks (caused by stragglers).

ix) EPi  = MAX i  {memory usage of LP j } , where the maximum is computed

over all LPj to which LPi can send a message directly. The mapping is

designed to prevent a situation in which an LPi floods a successor LPj with

messages due to uncontrolled aggressive processing, thus causing LPj to

block due to insufficient memory. Time expensive memory management

schemes such as Cancelback [LinY92a] are currently used to repair such

situations. With this mapping, a throttling effect is created when memory is

scarce and removed when memory becomes available again.

x) EPi is computed based on the rollback history of LPi. Note, this mapping is

unique in that EPi is based solely on local state information. By keeping

some history information at each LP, it may be possible to compute the

potential for an error in the near future based on the recent and distant past.

Some form of filter must be devised which associates different weights with

the recent and distant pasts, giving more weight to the recent past. Of course,

the implicit assumption here is that local history is a good predictor of the

local future.

Note, each of the mappings proposed above is dynamic in the sense that the map-

ping is continuously evaluated as the simulation proceeds, thus updating the value of EPi.

In order to design a consistently efficient protocol, we must devise an M1 that estimates EPi

reliably. However, any one of the above mappings by itself may not be able to do so: we

can construct a scenario for each wherein the mapping will unnecessarily restrict some

∞
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LP’s. For instance, an LP that is only a sender of messages but not a receiver, will be throt-

tled unnecessarily by any M1 that is based on differences in logical times or event execution

rates. Theoretically, such an LP need never be throttled since it can never roll back. Practi-

cally, it must be throttled since, otherwise it may cause its successors to consume all avail-

able memory to store the messages it sends and consequently block. Such LP’s must use

mapping (ix). More generally, the LP’s may be partitioned into subsets with a different M1

being applied to each subset. Further, the choice of M1 itself may be made dynamic. It is

also possible to change the grouping of LP’s dynamically. Finally, instead of using a single

mapping for each subset, we may employ a weighted combination of several mappings.

This is an important advantage of the general framework we have proposed: we are able to

combine multiple approaches into a single protocol.

So far, we have assumed that the error potential is associated with the LP’s (i.e., EPi

for LPi). Another possibility is to associate error potentials with messages. Typically, a

message causes an event to be scheduled, the execution of which results in a new message

being sent out. Thus, we can identifycausal chainsin the simulation and associate error

potentials with them. This may allow finer control of optimism.

4.3.2 M2 - Controlling Aggressiveness and Risk

M2 is a function that translates a value of EP into control over the aggressiveness

and risk of an LP. It must be designed such that higher values of EPi result in less aggres-

siveness and/or risk at LPi. A simple scheme is to establish athreshold such that if the value

of EP exceeds this threshold, event execution and communications are suspended until EP

falls below the threshold again. A more sophisticated scheme would reduce the event exe-

cution and communication rates gradually as EP increases. This deceleration can be

achieved by inserting delays at appropriate points. M2 would then be a function that maps

EP to a wall-clock time delay.

An LP that sends out messages to other LP’s based on aggressive computation is

said to have risk. Since risk contributes to rollback costs, some mechanism must be

included to control an LP’s risk also, based on its error potential. This mechanism could be

similar to the one used to control the LP’s aggressiveness: an LP could either stop sending

messages while EP exceeds a threshold value or it could gradually decrease the rate at
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which it sends out messages as EP increases. It is also possible to have a common mecha-

nism controlling both aggressiveness and risk. By controlling the risk of LP’s, we can gen-

erate any hybrid scheme between the two extremes: an approach with unlimited risk such

as Time Warp, and a risk-free approach such as SRADS with Local Rollback [DiRe90].

4.4 Summary

We have introduced a new class of adaptive protocols, the NPSI adaptive protocols.

These are unique in that they employ near-perfect state information in dynamically control-

ling the aggressiveness and risk of LP’s. We have motivated the NPSI approach, described

the reduction-based computational model assumed by it and discussed how this model may

be realized in practice. We have described a framework for designing NPSI adaptive pro-

tocols, consisting of two mappings, M1 and M2. Finally, we have explored design issues

regarding these mappings.
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Chapter 5

Near-Perfect GVT

The reduction model assumed for computing near-perfect state information has

been introduced earlier. We describe how this model may be used to produce state informa-

tion required by adaptive protocols. Specifically, we present an algorithm (callednpGVT)

to compute GVT in an aggressive PDES. SincenpGVTis based on the reduction model, it

produces very accurate (near-perfect) values of GVT at low cost. Thus, it can be invoked

frequently during the simulation. These features makenpGVT amenable for use in adaptive

protocols (other approaches are not).npGVT serves as a base for implementing NPSI adap-

tive protocols and is used to compute the mapping M1 for ETA, the NPSI adaptive protocol

described in Chapter 6. We describenpGVT2P, an implementation ofnpGVT on a global

reduction network. We prove the correctness of both algorithms.npGVT2P has been pub-

lished in [SrRe93a].

5.1 Why GVT?

Global virtual time (GVT) is an important value required by the LP’s in any aggres-

sive protocol. GVT represents the simulated time up to which all LP’s have simulated cor-

rectly and beyond which, all LP’s have simulated speculatively (i.e., may be incorrect).

This means that no LP can ever be rolled back to a time smaller than the value of GVT.

Thus GVT defines a commitment horizon, i.e., when GVT is greater than or equal to the

timestamp of an event, that event cannot be rolled back again and therefore may becom-

mitted. Consequently, GVT is critical in interactive and real-time simulations. GVT is also

used for several other purposes in aggressive PDES’s. The most important of these is fossil

collection. Since LP’s are aggressive, they must save state periodically. However, all states

with timestamps smaller than GVT may be reclaimed since they are “unreachable”. Other

uses of GVT include termination detection and gathering statistics. Finally, GVT (and its

target-specific counterpart, TSVT) appears to be a useful value on which to base adaptive

decisions to limit optimism (Section 4.3.1).
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Since computing GVT corresponds to obtaining a distributed global snapshot of the

system, it is a non-trivial problem. Several GVT computation algorithms have been pro-

posed. However, most of these are time consuming, which has two consequences: (i) the

computed values of GVT tend to be “stale” (i.e. not close to the actual value at the time of

determination), and (ii) the cost of the algorithm precludes frequent invocations. These two

factors make such approaches infeasible for use in adaptive protocols. We describenpGVT,

our GVT computation algorithm that, being based on the reduction model of Section 4.2.1,

produces accurate values of GVT at low cost.

5.2 GVT Computation Algorithm

For exposition, we describenpGVT as applied to the Time Warp protocol — it is

equally applicable toany aggressive protocol. We assume familiarity with Time Warp and

associated terminology — Appendix II provides an overview. Recall the reduction model

of Section 4.2.1, repeated in Figure 13 for convenience. For the present, let us assume that

this model computes global reductions rather than target-specific reductions as described in

Section 4.2.1 (i.e., OSV1 = OSV2 = ... = OSVn and each OSV is computed using informa-

tion from all ISV’s). Following the description ofnpGVT, it will be apparent that if this

assumption is relaxed, the same algorithm computes TSVT, the target-specific counterpart

of GVT.

Our strategy is two-fold: (i) identify the values to be supplied in the state vectors by

each LP, and (ii)design the algorithm to maintain these values consistently at each LP such

that the reduced output of the NPSI Calculator provides GVT. For historical reasons, we

Logical Process

NPSI Calculator

Host Communication Network

Logical ProcessLogical Process

Figure 13 - Model of computation for adaptive protocols

ISV1 OSV1 ISV2 OSV2 ISVn OSVn
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refer to individual elements of the state vectors asT-values. By definition, GVT is the min-

imum of two values: the minimum of the logical clocks of all LP’s and the minimum unre-

ceived message time among all LP’s. Correspondingly, each LP maintains twoT-values:

, the logical clock value of LPi, and , the smallest among the timestamps of all mes-

sages LPi has sent out that have not yet been received or incorporated into the receiver’s

events list.

Given theseT-values, the NPSI Calculator computes:

: the minimum of all the logical clocks

: the minimum unreceived message time

and GVT is computed as .

Timestamps of antimessages must also be part of the GVT computation. To see

why, consider a system of two LP’s with LP0 having  at 1000, LP1 having  at 1500

and no messages in transit. Therefore, GVT has a value of 1000. Now, LP0 sends LP1 an

antimessage with timestamp 1000 and then proceeds to execute its next event with times-

tamp 2000. While the antimessage is in transit, if antimessages are not acknowledged, we

have  at 2000,  at 1500 and both  and  at , giving a GVT of 1500. When the

antimessage is finally received by LP1,  falls to 1000, bringing GVT down to 1000. This

is an error since GVT must be strictly non-decreasing. The error occurs because the small-

est timestamp in the system, which is the timestamp of the antimessage, is momentarily

absent from the GVT computation algorithm. The problem is solved by considering anti-

messages also in computing .

In order to maintain , an LP that sends a message must be informed when the

intended receiver receives the message and incorporates it into its events list. To achieve

this,npGVTacknowledges each message received by an LP using the two-phase protocol

described in [Panc92]. The acknowledgment protocol, which operates over the reduction

system rather than the native communication system, uses two moreT-values,  and .

Each of these isa 3-tuple comprised of the timestamp of the message being acknowledged,

a globally unique message identifier (this is required since there may be multiple messages

with the same timestamp) and a size field used for batched acknowledgments described

later1. Thus, each LPi has a four-element state vector consisting of theT-values: , ,

σi υi

σ′ MINLPi
σi( )=

υ′ MINLPi
υi( )=

GVT MIN σ′ υ′,( )=

σ0 σ1

σ0 σ1 υ0 υ1 ∞

σ1

υi

υi

ρi τi

σi υi ρi
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and . One way of generating globally unique message identifiers in a distributed manner

with no overhead is by having the identifier consist of three fields: the LP number of the

sender, the LP number of the receiver and a sequence number. Each LP maintains one

sequence counter for each LP that it sends messages to. When an LP sends a message to

another LP, it increments the counter for that receiver and uses its value in the message

identifier. Thus, the message identifiers form a contiguous sequence for each ordered pair

of communicating LP’s. Each LPi also maintains two lists: theoutstanding message list

contains messages sent by LPi for which acknowledgments have not yet been received, and

the unacknowledged message list contains messages received by LPi that it has not yet

acknowledged. The lists are sorted in ascending order of the sequence numbers in the mes-

sage identifiers.

Figure 14 lists the algorithmnpGVT. It has two concurrent procedures,PROCESS

andDO_ACK. ThePROCESS procedure invokes three subroutines,SEND_MSG, RCV_MSG

andROLLBACK as required. Note,RCV_MSG is called as a subroutine byPROCESS rather

than being a concurrent procedure invoked when a message is received. This is because we

assume that messages do not preempt event execution. We show later how to incorporate

event preemption into this algorithm.

ThePROCESS procedure implements all Time Warp specific operations. It uncon-

ditionally executes events on the events list. The state of the LP is saved periodically. After

the execution of each event, the procedure checks for the arrival of new messages during

this execution. If any new messages have arrived in the LP’s logical past (stragglers),

PROCESS callsROLLBACK to perform the rollback. During a rollback, the logical clock

of the LP is rolled back to the timestamp of the straggler. We have chosen to employ aggres-

sive cancellation — we show later that lazy cancellation is easily accommodated in this

algorithm. At the end of a rollback, thePROCESS procedure checks to see if any new strag-

glers have arrived during the rollback process that will cause the LP to roll back further. If

so, ROLLBACK is called again. Thus,ROLLBACK is invoked repeatedly until all of the

newly received messages are in the LP’s logical future (i.e., the LP has rolled back far

1. It is assumed that the NPSI Calculator performs selective reduction operations (such as MIN) only
on the timestamp field ofT-values with multiple fields. The values in the other fields of the global
output will equal the corresponding values of the inputT-value that “wins” the selection.

τi
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enough). These messages are now incorporated into the events list of the LP in the

RCV_MSG subroutine. Note, theROLLBACK procedure callsSEND_MSG to send the anti-

messages. This guarantees that the timestamps of antimessages are accounted for in the

value of .

Figure 14 - npGVT

PROCESS: IF there are events in the events list

THEN local_clock i :=  := timestamp of next event;

Execute event; Perform SEND_MSG if required;

Optionally save state;

WHILE there are newly received messages with timestamps <

Perform ROLLBACK;

FOR each new message

Perform RCV_MSG;

Optionally collect fossils;

SEND_MSG: [IF message_time <

THEN  := message_time]

Add message to outstanding list;

Send the message;

IF message_sign > 0

Add antimessage to output list;

RCV_MSG: IF message_sign > 0

THEN Insert event into events list;

ELSE Delete the positive event;

[IF

THEN  := (message_time, message_id, 1)

ELSE Add message to unacknowledged message list];

ROLLBACK: local_clock i  :=  := rollback time;

Roll back the execution of all events with time > rollback time;

Restore state from the last time it was saved before rollback time;

Rebuild the state up to rollback time if required;

FOR each antimessage with timestamp > rollback time

Perform SEND_MSG;

Delete it from the output list;

DO_ACK: IF [  AND ] -- sender has seen ack

THEN Remove next batch to be acknowledged

from unacknowledged message list; -- if one exists

Set  to acknowledge this batch;

[IF  has been sent to this LP

THEN  := ;

IF  messages are in outstanding message list]

THEN Remove the acknowledged batch from outstanding message list;

IFtimestamp of acknowledged batch =

THEN  := smallest timestamp in outstanding message list

ELSE  := ;
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Two-phase Acknowledgment
Since LP’s may not observe all of the state vectors emerging from the NPSIC, an

LP sending an acknowledgment to another through the reduction system cannot assume

that the latter will observe it. To overcome this problem, messages are acknowledged using

a two-phase scheme: in the first phase, the sender of the message being acknowledged

determines that the receiver of the message is acknowledging the message and in the sec-

ond phase, the receiver determines that its acknowledgment has been observed by the

sender. To acknowledge a message sent to it by LPs, LPr initiates the first phase by setting

its  to the timestamp and message identifier of the received message. We refer to some

 having a value other than  (the null value) as a primary acknowledgment (or

simply acknowledgment) and the act of setting  assubmitting a primary acknowledg-

ment. The timestamp of a primary acknowledgment is the same as that of the message

which it is acknowledging. For now, assume that the timestamp of is the smallest among

all other acknowledgments submitted simultaneously. Thus,  will equal . When this

is observed by LPs (and it is guaranteed to ultimately do so, since LPr does not change ),

it knows that its message to LPr is being acknowledged and the first phase is complete. LPs

initiates the second phase by setting its to . As with , we refer to some  having

a value other than  as asecondary acknowledgment and the act of setting  as

submitting a secondary acknowledgment. Since an LP submits a secondary acknowledg-

ment only after observing a primary acknowledgment, every secondary acknowledgment

corresponds to a primary acknowledgment and the timestamp of a secondary acknowledg-

ment is equal to that of its primary acknowledgment. After some time, will equal  and

therefore . This is ultimately observed by LPr (because LPs does not change ) which

therefore determines that LPs has processed its acknowledgment. LPr then removes its

acknowledgment by changing . After some delay, this change is reflected in the output

of the reduction network as a change in. When LPs observes this change, it knows that

LPr has removed its acknowledgment and so itrelinquishes the secondary acknowledgment

by setting  to  and the second phase is complete.

At any time during the two phases described above, a new acknowledgment with a

timestamp smaller than  may be submitted by some LP other than LPr. As a result,

will equal this new acknowledgment. This change in may occur either before or after

ρr
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LPs observes the old . In the first case, the first phase of the protocol is preempted; this

situation is the same as having several acknowledgments with the new acknowledgment

having the smallest timestamp. When the new acknowledgment completes, again

becomes the acknowledgment with the smallest timestamp and the first phase is restarted.

In the second case, LPs has observed the primary acknowledgment but the second phase is

preempted. LPs observes that its message is no longer being acknowledged and conse-

quently relinquishes the second acknowledgment by setting to . After the

new acknowledgment completes,  reverts to . When LPs observes this, it resumes the

second phase by resubmitting its secondary acknowledgment and the second phase ulti-

mately completes. Thus, acknowledgments are effectively nested.

Batched Acknowledgments
From the description above, it is clear that when multiple acknowledgments are

submitted at the same time, only the one with the smallest timestamp proceeds. This seri-

alization of acknowledgments is alleviated by an enhancement in which a batch of mes-

sages is acknowledged using a single physical acknowledgment. This is done using the

third components (the batch-size field) of, ,  and . An acknowledging LP

searches its unacknowledged message list for a batch of received messages with contiguous

sequence numbers and sets its to the 3-tuple {the smallest timestamp in the batch, the

message identifier of the starting message in the batch, the number of messages in the

batch}. The LP receiving the acknowledgment considers the entire batch of messages to be

acknowledged and deletes them from its outstanding message list.

TheDO_ACK procedure consists of two parts. The firstIF  statement implements

the part of the two-phase protocol executed by an LP that receives a message while the sec-

ondIF  statement implements the part executed by an LP that sends a message.

Event Preemption and Lazy Cancellation
We indicate how two optional features of Time Warp (event preemption and lazy

cancellation) can be incorporated intonpGVT. In Figure 14, the event processing procedure

(PROCESS) checks to see if new messages have arrived after the execution of each event.

When one or more of the messages received during the execution of an event has a smaller

timestamp than that of the event, an efficient implementation will preempt the execution of
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the event (since it will be rolled back anyway) rather than wait for the execution to com-

plete. To incorporate this intonpGVT, theRCV_MSG subroutine is activated as a concurrent

procedure withPROCESS andDO_ACK whenever the LP receives a message. In addition,

at the start of theRCV_MSG procedure, a check is made to determine if the received mes-

sage is in the LP’s logical past and if so, theROLLBACK procedure is called. In effect, each

iteration of theWHILE andFOR loops inPROCESS is transformed into a concurrent invo-

cation ofRCV_MSG.

With lazy cancellation, upon rolling back, an LP sends out antimessages only as

required. In Figure 14, theROLLBACK subroutine implements aggressive cancellation,

wherein antimessages are sent out during a rollback regardless of whether they are needed

or not. To implement lazy cancellation, theFOR loop is removed from theROLLBACK sub-

routine. Instead, thePROCESS procedure must now perform a check after every event exe-

cution, to see if any antimessages need to be sent out. If so, theSEND_MSG subroutine is

called to send the antimessage.

5.3 Correctness

In this section, we establish the correctness ofnpGVT. We are concerned only with

temporal correctness. We assume that the simulators are functionally accurate. By temporal

correctness we mean that none of the committed events violate causality constraints. The

following criteria define (temporal) correctness of a parallel simulation:

i) each LP must ultimately execute events in strictly non-decreasing

timestamp order [Fuji90]

ii) the simulator must make progress if the application being simulated makes

progress

The second criterion incorporates the concepts of freedom from deadlock as well as

termination.

5.3.1 Correctness of a GVT Computation Algorithm

An ideal time warp system is one in which the LP’s obtain all the information they

need instantaneously. For instance, in an ideal system, when an LP receives a message sent

to it by another, the sending LP becomes aware of the fact that the message has been

received at the same instant the receiving LP receives the message. Obviously, no imple-
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mentation can be ideal but every implementation has a corresponding ideal system. Times-

tamps often remain in an implementation for some time after they have disappeared from

the ideal system. Returning to our previous example, typically, the sending LP is notified

of the receipt of the message by some form of acknowledgment. Since this acknowledg-

ment takes time to accomplish, the message remains outstanding for a longer period of time

in the implementation than in the ideal system. Thislag is especially true of implementa-

tions in which the GVT computation proceeds asynchronously with the simulation, i.e., the

simulation is not suspended when GVT is computed. As a result, the GVT computed by an

implementation is usually an approximation of the value of GVT in the corresponding ideal

system. At any instant of real timet, we distinguish between the actual value of GVT,

GVTa(t), and the computed value of GVT, GVTc(t), which is the value of GVT made avail-

able by the implementation at timet.

Since GVT is the commitment horizon, it is essential that the value of GVT not be

overestimated at any time during the simulation. Otherwise it is possible to commit events

that may be rolled back. Further, to ensure progress of the simulation, the estimated value

of GVT must increase as the simulation proceeds. The correctness criteria for a GVT com-

putation algorithm can now be stated as below:

Criterion 1: GVTc (t) ≤ GVTa (t) for all timest.

Criterion 2: If GVTa(t) increases at the instants of real timeti, i=0,1,...,

then for eachi there exists a finiteu such that  and

.

5.3.2 GVT Computation Model

The general reduction model of Figure 13 can be restated for computing GVT as in

Figure 15. The GVT Calculator operates asynchronously, in reduction cycles that take∆

time units each. A new reduction cycle is initiated everyδ time units, i.e.,δ is the time

required by the GVT Calculator to accept a single set of state vectors. Note, it is possible

to have  by pipelining the GVT Calculator.

Each LP presents a new state vector to the GVT Calculator whenever an event

occurs that causes a change in GVTa (t) (for example, executed event, received message,

sent message, etc.). The GVT Calculator takes these state vectors and computes

u ti≥

GVTc u( ) GVTa ti( )≥

∆ δ≥
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GVTc (t+∆). If a new state vector is not submitted by any LP between two successive

reduction cycles, the GVT Calculator simply reuses the old state vector for that LP.

5.3.3 Useful Properties

Before proving the correctness ofnpGVT, we present some properties of the reduc-

tion model and ofnpGVT. These will be used in the proofs that follow. Each of these prop-

erties can be trivially shown to be true. A short name is associated with each property and

will be used along with the property number to refer to the property.

5.3.3.1 Properties of the Reduction Model

P1 reduction operation

Let V1, V2, ... Vn be the state vectors submitted by then LP’s such
thatVi = <Vi

1, Vi
2, ..., Vi

m> wherem is the size of each LP’s state
vector. Let θi  be binary associative operators. Then in
one reduction cycle the GVT Calculator computesG = <G1, G2, ...,
Gm> where Gi := θi<V1

i, V2
i, ..., Vn

i>,  and G is the
output state vector of the GVT Calculator. For the algorithms in this
chapter,m = 4 and . Recall that we
assume aglobal reduction model instead of atarget-specific one,
for simplicity.

P2 input cycle time

A reduction cycle (i.e. a fresh computation of GVT) is started every
δ time units.

GVT Calculator (NPSIC)

State Vector State Vector

GVTc (t)

∆

Figure 15 - GVT Computation Model fornpGVT

LP LP LP

GVTp (t)

GVTa(t)

δ

State Vector

1 i m≤ ≤

1 i m≤ ≤

θ1 θ2 θ3 θ4 MIN= = = =
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P3 reduction cycle time

Each reduction cycle takes ∆ time units to complete and .

P4 periodic read

Each LP reads the output of the GVT Calculator periodically, i.e. no
LP will ignore the output of the GVT Calculator for an arbitrary
amount of time.

5.3.3.2 Properties ofnpGVT

P5 set clock

 always equalslocal_clock i .

P6 set unreceived message time

When LPi sends a message, if  is greater than the timestamp of
the message,  will be set to the timestamp of the message;
otherwise, there is no change in .

P7 update unreceived message time

When LPi receives the primary acknowledgment for a message
with timestamp , that message is removed from LPi’s
outstanding message list and is set to the smallest among the
timestamps of the remaining messages in its outstanding message
list.

P8 unreceived is minimum

At any LPi,  is always equal to the smallest of the timestamps of
the messages in its outstanding message list. This follows directly
from P6 (set unreceived message time) and P7 (update unreceived
message time)

P9 message deletion

A message is deleted from LPi’s outstanding message list only
when LPi receives the primary acknowledgment for that message.

P10 set clock on receive

When LPi receives a message, is made less than or equal to the
timestamp of the message and the message is incorporated into
LPi’s events list before the primary acknowledgment of the
message is initiated.

5.3.3.3 Properties of theDO_ACK Procedure

P11 unique selection

Given a set of primary acknowledgments submitted to the GVT
Calculator, there is one among them (which has the smallest

∆ δ≥

σi

υi
υi

υi

υi
υi

υi

σi
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timestamp among them, by P1 (reduction operation)) that is
selected by the GVT Calculator.

P12 secondary acknowledgment

When LPi observes a primary acknowledgment being sent to it, it
submits the corresponding secondary acknowledgment within a
finite, bounded amount of time. Otherwise,  is set to .

P13 persistent primary acknowledgment

Once any LPi submits a primary acknowledgment to the GVT
Calculator, that acknowledgment is removed only when LPi
observes the corresponding secondary acknowledgment.

5.3.4 Correctness ofnpGVT

npGVT maintains twoT-values at each LPi, corresponding to the two component

values of GVT: , the logical clock and , the smallest unreceived message time. In addi-

tion, npGVT performs acknowledgments of messages using two moreT-values:  and .

These fourT-values define astate vector for each LP. We show next thatnpGVT satisfies

the two correctness criteria of Section 5.3.1.

5.3.4.1 Criterion 1

Define GVTp (t) to be the value of GVT that can bepotentially calculated at the

input side of the GVT Calculator (Figure 15), i.e., given the set of state vectors presented

to the GVT Calculator at timet, GVTp (t) takes on the value of GVT defined by these state

vectors. To show thatnpGVT satisfies criterion 1, we prove three lemmas below.

LEMMA 1 If  for all timess at which a reduction cycle is started,

then .

PROOF If a reduction cycle is started at times, its result becomes available at the

output of the GVT Calculator at times+∆ (P3 (reduction cycle time)). By P2 (input cycle

time), the next reduction cycle is started at times+δ. Since this cycle also takes∆ time

units to complete, a fresh result becomes available at time s+δ+∆. Continuing thus, we see

that a fresh (not necessarily different) value of GVTc (t) is computed everyδ units of time.

Thus, GVTc (t) is a step function with the separation in time between steps being an

integral multiple ofδ. Consider the two (arbitrarily chosen) consecutive steps above which

ρi ∞ Φ 0, ,{ }

σi υi

ρi τi

GVTp s( ) GVTa s( )≤

GVTc t( ) GVTa t( ) t∀≤
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form the time interval [s+∆, s+δ+∆). GVTa (t) cannot decrease in this interval (because of

its non-decreasing nature, by assumption of the functional correctness ofnpGVT). It

follows that  if  for those times s+∆ at

which a fresh result is computed at the output of the GVT Calculator. By design of the

GVT Calculator,  and by assumption, .

Thus, . By the non-decreasing property of GVTa (t),

. ■

We digress briefly to explain some notation. All of theT-values considered here

(i.e., , , etc.), as well as ,  and  are functions of real time. We

use the time parameter throughout the paper only for ,  and . For

the other entities (especially  and), we use the time parameter when it is required for

clarity and omit it otherwise.

npGVT is designed such that any action by an LP that may cause GVTa (t) to change

is preceded by a change in theT-values being presented to the GVT Calculator that reflects

that change. For instance, before sending a message, the timestamp of the message is incor-

porated in the  of the sending LP. Similarly, when an LP receives a message, the times-

tamp of the message is incorporated into its before the message is acknowledged. This

being the case, the following invariant is maintained by the algorithm:

LEMMA  2 At any instantt, there is at least one LPk with  or  less than or

equal to GVTa (t).

PROOF By definition, GVTa(t) equals either thelocal_clock  of some LPk at time

t or the timestamp of a message sent by some LPk to some other LPl that has not yet been

incorporated into LPl’s events list at timet (or both). In the first case, P5 (set clock)

guarantees that  will equal GVTa (t) and the Lemma is true. In the second case, P10

(set clock on receive) guarantees that the primary acknowledgment of the message is

issued only after the message is incorporated into LPl’s events list, i.e.,  is made equal

to GVTa (t) (it cannot be less than GVTa (t)). Thus, for the entire time the message is “in

transit”, P9 (message deletion) ensures that the message in transit is also present in LPk’s

GVTc t( ) GVTa t( )≤ t∀ GVTc s ∆+( ) GVTa s ∆+( )≤

GVTc s ∆+( ) GVTp s( )= GVTp s( ) GVTa s( )≤

GVTc s ∆+( ) GVTa s( )≤

GVTa s( ) GVTa s ∆+( )≤

σi υi GVTa t( ) GVTp t( ) GVTc t( )

GVTa t( ) GVTp t( ) GVTc t( )

σi υi

υi

σi

σk t( ) υk t( )

σk t( )

σl t( )
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outstanding message list and P8 (unreceived is minimum) guarantees that the will be

less than or equal to GVTa (t). ■

LEMMA 3 GVTp (t) ≤ GVTa (t)

PROOF GVTp (t) is defined as the GVT computed from the state vectors presented to

the GVT Calculator at timet, i.e.:

which implies that GVTp (t) ≤  and GVTp (t) ≤  for all LPi. The lemma follows

immediately from the truth of the invariant of Lemma 2 and these inequalities. ■

THEOREM 1 GVTc (t) ≤ GVTa (t)

PROOF From Lemma 1, Theorem 1 is true if GVTp (t) ≤ GVTa (t) for those timest, at

which the GVT Calculator starts a reduction cycle. From Lemma 3, GVTp (t) ≤ GVTa (t)

. ■

Note the proof above covers the case when old state vectors are overwritten by new

ones before they are processed by the GVT Calculator. In this case, the set of values of

GVTp (t) processed by the GVT Calculator is a subset of the set of all the values assumed

by GVTp (t). Since Lemma 2 is valid for all values of GVTp (t), in the case of overwrites it

will be valid for those values which are processed by the GVT Calculator and Theorem 1

is true.

5.3.4.2 Criterion 2

Since acknowledgments are key to the progress of and therefore GVTc (t), we

first show that theDO_ACK procedure acknowledges messages correctly.

LEMMA  4 The DO_ACK procedure acknowledges messages such that if there are a

finite number of unacknowledged messages with timestamps less than or

υk t( )

t∀

GVTp t( ) MINLPi
σi t( ) υi t( ),( )=

σk t( ) υk t( )

t∀

t∀

υ′
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equal to the timestamp of a given unacknowledged message, that message is

eventually acknowledged.

PROOF We consider acknowledgments under two situations:

Case I: Fixed set of acknowledgments

Assume first that a non-empty set of acknowledgments (A) submitted to the GVT

Calculator does not change over the entire time taken to perform a single two-phase

acknowledgment. By P11 (unique selection), one of these (call it PW, an acknowledgment

from LPR to LPS) will appear in the state vector output by the GVT Calculator. In addition,

PW will have the smallest timestamp in the set. By P13 (persistent primary acknowledg-

ment) and our assumption of an unchanging acknowledgment set, PW will continue to

appear in the GVT Calculator’s output. P4 (periodic read) guarantees that LPS will observe

PW and by P12 (secondary acknowledgment), will submit the corresponding secondary

acknowledgment (call it SW from LPS to LPR) in finite time. P12 (secondary acknowledg-

ment), P13 (persistent primary acknowledgment), P4 (periodic read) and our assumption of

an unchanging acknowledgment set guarantee that after some finite time, the only second-

ary acknowledgment being submitted to the GVT Calculator will be SW. After time∆, SW

will appear in the output of the GVT Calculator and will continue to do so because PW also

appears in the output. P4 (periodic read) guarantees that LPR will observe SW and by P13

(persistent primary acknowledgment), will remove its primary acknowledgment, PW. After

time∆, PW will no longer appear in the GVT Calculator’s output. When this fact is observed

by LPS, it will stop sending its secondary acknowledgment, SW (P12 (secondary acknowl-

edgment)). Thus, when a set of acknowledgments is submitted to the GVT Calculator and

this set does not change for the duration of one acknowledgment, then a unique one of these

(having the smallest timestamp) will complete in finite time. In the rest of this proof and

the paper, if PX is a primary acknowledgment, we refer to the two-phase process initiated

by the submission of PX as thePX acknowledgment.

Case II: Changing set of acknowledgments

Consider the case where the set of acknowledgments (A) changes when the two-

phase protocol is in progress. By P13 (persistent primary acknowledgment), the only

change can be the submission of a new acknowledgment (call it PN) by some LPN. Thus we
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have a new set of acknowledgments, . This new arrival can have one of two

effects: it either replaces PW as the winning acknowledgment or it does not. The second

case is uninteresting as it does not affect the two-phase acknowledgment described earlier

(i.e., we can apply the argument of Case I to show that the PW acknowledgment will com-

plete in finite time). When PN replaces PW in the GVT Calculator’s output, we say the PW

acknowledgment ispreempted. PN may preempt either the first phase or the second phase

of the PW acknowledgment. We consider each separately.

Case II(a): first phase preempted

The first phase of the PW acknowledgment completes when LPS observes PW. If the

first phase is preempted, then LPS has not observed PW. The effect of this is that the first

phase has not been started at all. Since PN is the winning acknowledgment now, the PN

acknowledgment goes through to completion in some finite time. When LPN stops sending

PN, the set of acknowledgments reverts toA from A’. Now the situation is exactly that

before the arrival of PN. Thus, the PW acknowledgment will restart and complete in finite

time.

Case II(b): second phase preempted

If PN replaces PW after LPS has observed PW (and hence submitted SW), the second

phase of the PW acknowledgment is preempted. This may happen either after or before LPR

has observed SW in the output of the GVT Calculator. In the first case, all that remains of

the second phase is for LPS to stop sending SW. By P12 (secondary acknowledgment), this

will indeed happen in a bounded amount of time since PW has been replaced by PN. Since

LPR has already seen SW, it will no longer submit PW and the PW acknowledgment is com-

plete. In the second case, after LPS observes that PN has replaced PW (which it eventually

will, by P4 (periodic read)) it will stop sending SW (P12 (secondary acknowledgment)). The

PN acknowledgment now goes to completion. At the end of this, when LPN removes PN,

PW again becomes the winning acknowledgment (the set of acknowledgments is againA).

After some finite time, LPS observes this and resubmits its secondary acknowledgment, SW

(by P12 (secondary acknowledgment)). The PW acknowledgment now completes in finite

time.

Note the arguments of Case II may be applied recursively (i.e., if a preempting

acknowledgment is itself preempted). Thus the two-phase acknowledgment protocol

A′ A PN∪=
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allows acknowledgments to be preempted such that they are resumed later (i.e., the

acknowledgments are properly nested). A necessary condition for an acknowledgment to

preempt another is that the timestamp of the former must be less than or equal to that of the

latter. Consequently, for an acknowledgment to be infinitely delayed (preempted), there

must be an infinite number of messages with timestamps less than or equal to its own times-

tamp. ■

THEOREM 2 If GVTa(t) increases at the instants of real timeti, i=0,1,..., then for eachi

there exists a finiteu such that  and .

PROOF We prove this theorem by contradiction. Assume that

for all  and some i. Since GVTc(ti) = GVTp(ti-∆), this means that

 for all . By definition of GVTp(t), this implies that at every

instant of time , there must be at least one LPk such that either  or

. Sincelocal_clock k(t)  GVTa(ti)  and , it follows from

P5 (set clock) that  and . The

condition  implies that there are only a finite number of

unacknowledged messages at any LP with timestamps less than or equal to GVTa(ti-1).

Lemma 4 guarantees that all of these messages are acknowledged in finite time. P7

(update unreceived message time) then ensures that any LP’s  can remain less than

GVTa(ti) for only a finite amount of time. The assumption is thus contradicted. ■

In summary, we have proved thatnpGVT satisfies the two correctness criteria for

any GVT computation algorithm:

i) The computed GVT is always less than or equal to the actual value of GVT

ii) The computed GVT advances if the simulation advances.

We have thus described a correct method of computing and disseminating critical

synchronization information rapidly using the reduction model to support NPSI adaptive

protocols.

u ti≥ GVTc u( ) GVTa ti( )≥

GVTc t( ) GVTa ti( )<

t ti≥

GVTp t( ) GVTa ti( )< t ti≥

t ti≥ σk t( ) GVTa ti( )<

υk t( ) GVTa ti( )< ≥( ) LPk∀ t∀ ti≥

σk t( ) GVTa ti( )≥ LPk∀ t∀ ti≥

GVTa ti( ) GVTa tj( )> j∀ i<

υi
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5.4 Global vs. Target-Specific

There are two aspects to the GVT computation scheme described above:npGVT,

the algorithm that maintains a pair of T-values (σi andυi) consistently at each LPi, and a

global reduction model that computes global minima corresponding to these two T-values.

A global reduction model was assumed in Section 5.2 since GVT is a global value. It is pos-

sible to usenpGVT in conjunction with the target-specific reduction model of Figure 13. In

this case,npGVT computes the target-specific analog of GVT, defined for each LPi as fol-

lows:

the predecessor set of LPi

The proofs of correctness ofnpGVT can be extended to the case where it is used with a

target-specific reduction model.

5.5 An Implementation ofnpGVT

Implementation ofnpGVT requires that we first realize the reduction model of Fig-

ure 15. As noted earlier, one way of realizing this model is to use an asynchronous reduc-

tion network. We describe briefly one such network designed and built at the University of

Virginia [RePS93]. This network and its associated hardware components are referred to as

theframework hardware (for historical reasons).

5.5.1 Framework Hardware

The hardware configuration is shown in Figure 16. The main components of this

hardware are theparallel reduction network (PRN) and theauxiliary processors (AP). The

PRN implements the NPSIC. For eachhost processor (HP), there is an AP which is a gen-

eral purpose processor such as the HP itself. The HP’s perform simulation specific tasks

(executing events, sending and receiving messages, saving state, etc.) while the AP’s per-

form the synchronization tasks (i.e., they are responsible for submitting state vectors to the

PRN, reading the output of the PRN and executing synchronization algorithms). When an

HP causes its state to change (by executing an event, receiving a message, etc.) it commu-

nicates this change to its AP. The AP incorporates such changes into state vectors and sub-

mits them to the PRN for reduction. The AP also reads the globally reduced output state

vector produced by the PRN and makes selected subsets of this available to the HP.

TSVTi MINLPj
σj υj,( )= LPj∀ ∈
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The interface between the HP and the AP consists of two unidirectional channels

(implemented as buffers). For information flowing from the HP to the AP, it is required that

none of it be lost and that the AP process the information in the order sent out by the HP.

For these two reasons, the IN Buffer is a FIFO. In the other direction, the only requirement

is that the most recent version of the AP’s output be available to the HP. Accordingly, the

OUT Buffer consists of a single cell buffer, which is repeatedly overwritten atomically by

the AP each time it presents new data to the HP. We note that this configuration is one of

many possible implementations of the general reduction model. In particular, the choice of

having dedicated processors for simulation and synchronization tasks and their asynchro-

nous operation with respect to each other introduces latencies in the data path that are

absent in the general model. This requires minor modifications tonpGVT, described in Sec-

tion 5.5.2.

Host Processor Host Processor Host Processor

IN Buffer OUT Buffer

Auxiliary
Processor

IN Buffer OUT Buffer

Auxiliary
Processor

IN Buffer OUT Buffer

Auxiliary
Processor

IN Regs OUT Regs IN Regs OUT Regs IN Regs OUT Regs

Parallel Reduction Network

Host Communication Network

Figure 16 - Realizing the reduction model
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The PRN operates in reduction cycles, reducing a set of state vectors, one from each

processor, to a single output state vector in each cycle. Subsequent reduction cycles re-use

state vectors for those AP’s which do not present new state vectors. To satisfy these require-

ments, the design includes a custom interface between the AP’s and the PRN. The AP’s

write new state vectors to the IN registers and read globally reduced state vectors from the

OUT registers. Likewise, the PRN reads state vectors from the IN registers, reduces them

and writes the global output to the OUT registers. The IN and OUT registers are comprised

of three sets of registers each which provide the isolation between the AP’s and the PRN.

The detailed operation of these register interfaces is described in [RePS93].

The PRN is a binary tree of height log2n, wheren is the number of processors. Fig-

ure 17 shows a PRN for eight processors. Each node of the tree contains a general purpose

ALU which performs reduction operations on its two operands. The reductions are per-

formed in parallel across all the ALU’s. The PRN interfaces with each processor through

the IN and OUT registers. At each LP, the IN registers present a state vector (which may be

the same as the one used in the previous cycle) to the PRN. The PRN starts the reduction

by reading the first elements of each state vector and reducing them pair-wise at the top row

of ALU’ s. These ALU’s then pass the reduced values down to the second row of ALU’s.

While the second row of ALU’s reduces these values, the top row reduces the second ele-

ALU1,1 ALU1,2 ALU1,3 ALU1,4

ALU2,1 ALU2,2

ALU3,1

Figure 17 - A Parallel Reduction Network
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ments of each state vector. Thus, the PRN operates in a pipelined fashion. The time required

for a set of values to pass through a single PRN stage is called theminor cycle time, while

the time required for the top row ALU’s to read all the elements of the state vectors is called

theinput cycle time. Note that an input cycle consists ofm minor cycles, wherem is the size

of the state vectors. Because of the pipelined nature of the PRN, it takes log2n minor cycles

for the global reduction of the first element of a set of state vectors and thereafter, reduc-

tions of the remainingm-1 elements emerge from the PRN one minor cycle apart. Thus, a

reduction cycle, which is the total time required to produce a globally reduced output state

vector from a set ofn input state vectors of sizem each, is (log2n + (m-1))*c, wherec is the

minor cycle time.

Besides the ALU, each PRN node has some additional logic to accommodateT-val-

ues that have multiple components (such as and ). Each value submitted for reduction

is accompanied by atag which is expected to carry the other components of aT-value. At

each ALU, the tags of the two operands are brought to a selector switch. The choice of

which tag is propagated down to the next stage is made by a control signal from the ALU.

For example, if the ALU performs a selective operation such as aminimum on the values,

the tag of the smaller of the two values will proceed downward. In non-selective operations,

the choice can be arbitrary but should be deterministic.

5.5.2 ImplementingnpGVT on the Framework Hardware

The framework hardware replaces a single processor with two processors: an HP to

execute application specific tasks and an AP to execute the synchronization tasks. In order

to executenpGVT of Figure 14 on the framework hardware, the synchronization aspects

must be separated from the application specific ones. Figure 18 showsnpGVT2P, which

consists of two algorithms, one to be executed on each HP and one on each AP. We make

the assumption that each LP is allocated its own HP-AP pair of processors in order to sim-

plify the description of the algorithm as well as the correctness proofs in the next section.

The algorithm can be extended easily to allow more than one LP per pair of processors. We

use HPi and APi to refer to the HP-AP pair on which LPi is executing. InnpGVT2P, the HP

maintains the logical clock, the events list and the output list (list of antimessages) while

ρi τi
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the AP maintains the four T-values — , ,  and , the outstanding message list and

the unacknowledged message list.

Recall that the communication channel between an HP and its AP is functionally a

FIFO. An HP communicates with its AP by inserting a tagged communication into the

FIFO with the tag indicating the nature of the communication. In the algorithm for the HP,

this is indicated by the statementEnqueue (tag, value 1, value 2, ...) . The

AP is responsible for three major tasks:

• it must read the output of the PRN and propagate relevant portions to the HP

• it must process as soon as possible the tagged communications that its HP

inserts into the FIFO (since speed of reduction is critical)

• it must perform acknowledgments of messages through the PRN

It is important that each of these tasks is performed frequently and none gets delayed

arbitrarily. To satisfy these requirements, the AP’s algorithm is a single loop. The AP

Figure 18 - npGVT2P: Host Processor Algorithm

HOST_PROC: IF there are events in the events list

THEN local_clock = timestamp of next event

Enqueue (NEW_CLOCK, local_clock);

Execute event; Perform SEND_MSG if required;

Optionally save state;

WHILE there are newly received messages with timestamps < local_clock

Perform ROLLBACK;

FOR each new message

Perform RCV_MSG;

Optionally collect fossils;

SEND_MSG: Enqueue (SENT_MSG, message_time, message_id);

Send the message;

IF message_sign > 0

Add antimessage to output list;

ROLLBACK: local_clock := rollback time;

Enqueue (NEW_CLOCK, local_clock);

Roll back the execution of all events with time > rollback time;

Restore state from the last time it was saved before rollback time;

Rebuild state up to rollback time if required;

FOR each antimessage in output list with time > rollback time

Perform SEND_MSG;

Delete it from the output list;

RCV_MSG: IF message_sign > 0

THEN Insert corresponding event into events list;

ELSE Delete the positive event;

Enqueue (RCVD_MSG, message_time, message_id);

σi υi ρi τi
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begins each iteration by reading the PRN output and propagating relevant portions to the

HP if required. Having obtained the new global values, the AP checks for

acknowledgments by executing theDO_ACK procedure. Finally, it removes one tagged

communication from the FIFO (if there is one) and processes it.

5.6 Correctness ofnpGVT2P

Recall thatnpGVT2P is derived fromnpGVT by distributing the work between the

HP and the AP. This organization introduces latency in the data path for synchronization

data (Figure 19), i.e., when an HP changes state so that GVTa (t) changes, this change is not

reflected immediately in the state vector presented to the GVT Calculator. Moreover, the

HP and the AP are asynchronous. This means that after an HP enqueues a communication

in its FIFO, it continues processing without waiting for the AP to process that communica-

tion. This is the main difference between the computational models fornpGVT2P and

Figure 18 (continued) -npGVT2P: Auxiliary Processor Algorithm

AUX_PROC: Read the PRN output;

Write global state vector to HP interface if it has changed;

Perform DO_ACK;

IF FIFO is not empty

THEN Get next entry from FIFO;

CASE (entry_type):

NEW_CLOCK:  := new_clock_value;

SENT_MSG: IF message_time <

THEN  := message_time;

Add message to outstanding message list;

RCVD_MSG: [IF

THEN  := (message_time, message_id, 1)]

ELSE Add message to unacknowledged message list;

DO_ACK: IF [  AND ]

THEN Remove next batch to be acknowledged

from the unacknowledged message list;

Set  to acknowledge this batch;

[IF  has been sent to me

THEN IF messages in  batch are not in outstanding message list

THEN  := ; -- ignore primary ack

ELSE  := ];

Mark acknowledged messages as “deleted”;

Remove any other messages sent to the same LP which have been marked

“deleted” from outstanding message list;

IF timestamp of acknowledged batch =

THEN  := smallest timestamp among messages not marked

“deleted” in outstanding message list;

ELSE  := ;

σi

υi
υi

ρi ∞ Φ 0, ,{ }=
ρi

τ′ ρi= ρi ∞ Φ 0, ,{ }≠

ρi

ρ′
ρ′
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τi ρ′
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npGVT. For instance, innpGVT, the time of the next event is always reflected in (and

therefore GVTp (t)) before the HP starts executing the event, while innpGVT2P,  may

be set to the time of the event after the event has completed execution. In this section, we

show that correctness ofnpGVT2P requires only a minor modification to theDO_ACK pro-

cedure ofnpGVT. As with npGVT, the correctness ofnpGVT2P is determined by the two

correctness criteria of Section 5.3. We show next thatnpGVT2P satisfies these two criteria.

5.6.1 Properties of the Framework Hardware

As before, we use some properties ofnpGVT2P (which are trivially true) to prove

its correctness. These properties supplement the general properties of Section 5.3.3. It is

easily verified that these general properties are true for the PRN-based implementation of

the reduction model in Figure 19 and fornpGVT2P.

P14 no loss

No communication from the HP to the AP is lost.

P15 finite delay

No communication in a FIFO remains unprocessed by the AP for
an arbitrary amount of time. This assumes that the communications
are enqueued at an average rate that is lower than the average rate at
which the communications are processed.

GVT Calculator

State Vector State Vector State Vector

∆

GVTc (t)

HP

AP

HPHP

APAP

Figure 19 - GVT Computation Model fornpGVT2P
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5.6.2 Criterion 1

Define theminimum time at timet,  of APi as:

THEOREM  3 GVTc (t) ≤ GVTa (t)

PROOF Comparing Figure 19 with Figure 15, we see that the relation between

GVTc (t) and GVTp (t) has not changed, i.e. Lemma 1 holds here as well: if

 for all times s at which a reduction cycle is started, then

. We are thus required only to prove that  for

those timess at which a new reduction cycle is initiated. Once again, we do this by

showing thatnpGVT2P maintains the invariant of Lemma 2, which is restated here using

our definition of  above:

I : At any instantt, there is at least one LPi such that .

For anyt, GVTa (t) is the timestamp of one or both of the following: (i) an event

being executed (or just executed) at some HP, or (ii) a message in transit. We see that in

npGVT2P, an HP always enqueues aNEW_CLOCK communication with the timestamp of

the next event before executing that event. Similarly, an HP enqueues aSENT_MSG com-

munication before sending a message. As a result, at any timet, we see that the FIFO of at

least one LP (LPi) will have a tagged communication with timestamp GVTa (t). With regard

to this communication, there are two possibilities: either the AP of the corresponding HP

has processed the tagged communication att or it has not. In the first case, we see from

npGVT2P (theNEW_CLOCK andSENT_MSG cases of theCASE statement in the AP’s main

procedure) that  and the invariant will hold. In the remainder of this proof,

we analyze the second case wherein the FIFO of some LP contains a communication with

timestamp GVTa (t) and this communication has not yet been processed by the AP.

We use the pictorial notation of Figure 20 to show the timestamps present in an HP-

AP pair and the FIFO between them. In this notation, vertical bars are used to indicate the

relative values of the timestamps of the corresponding entities (HP, FIFO element or AP).

The height of the bar is proportional to the value of the timestamp, i.e. the larger the times-

tamp, the taller the bar. The bar for the HP depicts the value of the HP’s logical clock (LC).

µi t( )

µi t( ) MIN σi t( ) υi t( ),( )=

t∀

GVTp s( ) GVTa s( )≤

GVTc t( ) GVTa t( ) t∀≤ GVTp s( ) GVTa s( )≤

µi

µi t( ) GVTa t( )≤

µi t( ) GVTa t( )≤
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For each element in the FIFO, the bar depicts the timestamp of the communication

enqueued (we consider only those elements that have a value enqueued in them and useij

to symbolically denote the timestamp of thej’ th communication from the head of the FIFO

of LPi). Finally, the bar for the AP depicts the AP’s minimum time,µi.  Figure 20a shows

an LP that has been processing forward in logical time in the recent past, while Figure 20b

shows an LP that has suffered a rollback recently. We refer to a dip in the timestamps in a

FIFO (such as  to ) as avalley. The effect of a rollback is to create a valley in the

LP’s FIFO. With regard to an element in the FIFO, we say that all of the elements closer to

the AP areahead of it. When a particular timestamp is irrelevant, it is omitted.

At time t, consider the LP (LPx) with a communication with timestamp GVTa (t)

enqueued in its FIFO. The FIFO of LPx can have one of the two profiles shown in Figure

22, with  = GVTa (t) (strictly speaking, the FIFO can have more than two profiles,

depending on the number of valleys in the profile; however, there are only two interesting

types: those with valleys ahead of the communication with timestamp GVTa (t) and those

without). If LPx does not have any valleys ahead of this communication, then we see from

Figure 22a that  and the invariant will hold. The interesting case arises

when the communication with timestamp GVTa (t) is present in LPx’s FIFO due to a recent

rollback (Figure 22b). In this case, it may happen that . For the invariant to

HP APFIFO

...

...

HP AP

...

...

Figure 20 - Timestamp profile of LPi
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(a) LP without rollback
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µi t( )
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xn

µx t( ) GVTa t( )≤
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be true, there must be some other LPr, such that . We show now that this is

the case.

Consider the LP (LPy) that sent the straggler message that caused the rollback in

LPx corresponding to the valley in Figure 22b (in the case where LPx’s profile has more

than one valley, consider the valley closest to the communication with timestamp GVTa (t),

but ahead of it in the FIFO). HPy will have enqueued aSENT_MSG communication with

timestamp GVTa (t) into its FIFO before sending the straggler. If this communication has

been processed by APy, then  (since APx has not yet acknowledged the

straggler message) and thus . If not, there are two possible situations:

(i) LPy is not the root of the rollback chain to LPx or (ii) it is the root of the rollback chain

to LPx. We consider the two cases separately.

Case (i): Assume LPy is not the root of the rollback chain to LPx (i.e., LPy has rolled back

recently) and theSENT_MSG communication has not been processed by its AP so that its

profile is similar to that shown in Figure 22b. Then LPy’s situation is similar to that of

LPx. As before, we proceed further up the rollback chain and examine LPy’s predecessor.

This process terminates in one of two ways: (a) we reach a pair of LP’s in the chain, LPi

and LPj such that LPi is before LPj in the chain and APi has processed theSENT_MSG

HP APFIFO

...

...

HP AP

...

...

(a) Profile without valleys

Figure 21 - Possible profiles
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communication from HPi or (b) we reach the root of the rollback chain. In case (a), as

explained earlier, since APj has not acknowledged the straggler message, LPi will have

. Case (b) is the same as case (ii) above, which we consider next.

Case (ii): If the root of the rollback chain (LPr) has a FIFO profile as shown in Figure 221,

then the invariant holds since . On the other hand, if its FIFO profile is as

shown in Figure 23, then it has suffered a rollback recently, whose effects are still in its

FIFO ( ) and consequently, the invariant may not be satisfied by LPr. However, LPr is

now in a situation very similar to that of LPx and we apply our logic again, traversing

backwards along the second rollback chain to LPr. We show next that this process will

terminate.

Consider the process again. We start with the LP that has the minimum timestamp

in its FIFO. As we proceed up the rollback chain, we mark each LP that we visit. Note that

each time a marked node is revisited, we move closer to the AP in the FIFO (because we

are following a causal chain and ‘A caused B’ implies ‘A occurred earlier than B’). Assume

1. A dashed arrow is used to connect the tagged communication in a FIFO corresponding to a roll-
back-causing straggler message, with the valley due to that rollback in the succeeding LP. For
instance,  is theSENT_MSG communication corresponding to the message sent by LPr that
started the cascading rollback. A vertical dotted line is used to indicate that intermediate LP’s have
been omitted for compactness.
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Figure 22 - Profile of the root of the rollback chain
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now that we reach the root of this chain and the root has a valley ahead in its FIFO, due to

another rollback chain. We proceed up this new rollback chain, once again marking visited

nodes. Here again, if we revisit previously marked nodes, we will visit them at a point

closer to the AP, each time. Since the number of processors is finite (we cannot keep mark-

ing unmarked nodes indefinitely) and the number of cells in any FIFO ahead of the first ele-

ment visited is finite, this procedure must ultimately terminate in one of the following ways:

i) We reach an LPi whose AP has seen theSENT_MSG communication from

its AP and therefore has .

ii) We reach the root of a rollback chain (LPi) whose FIFO profile has no

valleys (Figure 22) ahead of the communication corresponding to the

rollback-causing straggler, in which case LPi has .

Note that the entire argument for the truth of the invariant relies upon property P14

(no loss) of Section 5.6.1. Given that the invariant is true, Lemma 3 holds fornpGVT2P as

well and the proof of Theorem 3 parallels that of Theorem 1. ■

5.6.3 Criterion 2

As noted earlier, the addition of the FIFO requires a modification to theDO_ACK

procedure as can be seen by comparing the corresponding procedures of Figure 14 and Fig-

ure 18. InnpGVT, the timestamp and identifier of a message are always inserted into the

outstanding message list prior to sending the message. InnpGVT2P, the HP sends the mes-

HP APFIFO
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Figure 23 - Profile of the root of a rollback chain with a valley
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sages while the AP maintains the outstanding message list and the two processors are asyn-

chronous. This leads to a race condition in the following situation:

It is possible (though extremely unlikely given the speed of the framework hard-

ware) that HPi sends out a message to HPj and enqueues aSENT_MSG communication to

APi such that the message is received by HPj and the primary acknowledgment for the mes-

sage is initiated by APj before APi processes theSENT_MSG communication. As a result,

it may happen that APi observes APj’s primary acknowledgment emerging from the PRN,

but does not have the corresponding message identifier in its outstanding message list. With

npGVT, theDO_ACK procedure executing at APi assumes that the message was in the out-

standing message list earlier but has been removed because its primary acknowledgment

has been observed previously (i.e., it simply assumes that the second phase of the acknowl-

edgment for that message had been preempted). Therefore it submits the corresponding

secondary acknowledgment. When APj observes this secondary acknowledgment, it

removes its primary acknowledgment and the two-phase acknowledgment is completed.

Finally, when APi processes theSENT_MSG communication, it inserts the message identi-

fier into its outstanding message list where it remains indefinitely, since APj will never

acknowledge that message again. In such a case, (and hence GVTc (t)) will not advance

beyond the timestamp of that message.

The problem here is that theDO_ACK procedure innpGVT is unable to distinguish

the case where a message (or a batch of messages) has appeared in the sender’s outstanding

message list and subsequently been deleted due to the receipt of the corresponding primary

acknowledgment from the case where the message has simply not appeared in the sender’s

outstanding message list because the correspondingSENT_MSG communication has not

yet been processed by the AP. The capability to distinguish these cases is important because

in the former case, the sender must submit the secondary acknowledgment while in the lat-

ter, it must not (to avoid the race condition described previously). To solve this problem, in

npGVT2P we mark messages for which a primary acknowledgment has been received as

“deleted” but do not physically remove them from the list. Thus, an AP executing

npGVT2P ignores any primary acknowledgments it receives for messages that are not

present in its outstanding message list but submits the secondary acknowledgment for those

that are present, whether marked “deleted” or not. To keep the sizes of the outstanding mes-

υi
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sage lists small, messages marked “deleted” must be removed from the lists periodically. It

is clear that property P13 (persistent primary acknowledgment) from Section 5.3.3.3 is true

for theDO_ACK procedure ofnpGVT2P as well. Consequently, when APi receives a pri-

mary acknowledgment from APj, it is guaranteed that all previous acknowledgments from

APj have completed. Thus, whenever APi receives a primary acknowledgment from APj,

it removes all other messages in its outstanding message list sent to APj that have been

marked “deleted”.

With regard to property P11 (unique selection), since the only difference between

npGVT andnpGVT2P is the method of submission of primary acknowledgments, this prop-

erty is true for theDO_ACK procedure ofnpGVT2P as well. FornpGVT2P, P12 (secondary

acknowledgment) is true only if the corresponding message is present in LPi’s outstanding

message list when the primary acknowledgment is received. If the message is not present

in the outstanding message list, the AP ignores the primary acknowledgment until the mes-

sage is inserted. However, once a message has been sent by an HP, P14 (no loss) and P15

(finite delay) guarantee that the correspondingSENT_MSG communication will be pro-

cessed and therefore this message will be inserted into the corresponding AP’s outstanding

message list within finite time. Thus, P12 holds for theDO_ACK procedure ofnpGVT2P as

well. Since the proof of Lemma 4 uses only properties P4 and P11 through P14, Lemma 4

holds fornpGVT2P as well.

THEOREM  4 If GVTa(t) increases at the instants of real timeti, i=0,1,..., then for eachi

there exists a finiteu such that  and .

PROOF We prove this theorem by contradiction. Assume that

for all  and some i. Since GVTc(ti) = GVTp(ti-∆), this means that

 for all . By definition of GVTp(t), this implies that at every

instant of time , there must be at least one LPk such that either  or

. Sincelocal_clock k(t) GVTa(ti)  and , there are only a finite

number of NEW_CLOCK communications in each LP’s FIFO, followed by aNEW_CLOCK

communication with valuelocal_clock k(ti). By P15 (finite delay),

 for some finite delayα. The condition  implies

that there are only a finite number of unacknowledged messages with timestamps less than

u ti≥ GVTc u( ) GVTa ti( )≥

GVTc t( ) GVTa ti( )<

t ti≥

GVTp t( ) GVTa ti( )< t ti≥

t ti≥ σk t( ) GVTa ti( )<

υk t( ) GVTa ti( )< ≥ LPk∀ t∀ ti≥

σk t( ) GVTa ti( )≥

t∀ ti α+≥ GVTa ti( ) GVTa tj( )> j i<
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or equal to GVTa(ti-1), either in the form ofSENT_MSG communications in the FIFO’s or in

the unacknowledged message lists of the AP’s. By P15 (finite delay) and Lemma 4, all of

these get acknowledged in finite time. Analogous to P7 (update unreceived message time),

npGVT2P has the property that when an APi receives a primary acknowledgment for a

message, that message is marked accordingly and is considered as being deleted for future

computations of . Thus, when APi receives a primary acknowledgment for a message

with timestamp , the new value of  is computed by excluding the message just

acknowledged. This ensures that  for some finite delayβ.

Consequently, , and the assumption is contradicted. ■

5.7 Properties of GVTc (t)

In this section, we describe three interesting properties of the GVT computed by

npGVT. For brevity, we discuss these only fornpGVT, but each of these properties can be

shown to be true fornpGVT2P as well.

5.7.1 GVTc (t) is Non-decreasing

Criterion 1 for the correctness of a GVT computation algorithm requires only that

. Here, we show a stronger property about GVTc (t), namely that in

addition to being less than or equal to GVTa (t), GVTc (t) is strictly non-decreasing (i.e.

). The GVT computation model fornpGVT is shown in

Figure 15. We see from the figure that GVTc (t) = GVTp (t-∆). It is clear that if the values

of GVTp (t-∆) at those timest-∆ when a reduction cycle is started are strictly non-decreas-

ing, then GVTc (t) will be non-decreasing for all timest. We now show that this is the case.

Consider a change in GVTp (t) from one reduction cycle (GVTp (t0) =G) to the next

( ). For exposition, we refer toT-values contributing to  using the ^

symbol and to those contributing toG without it (i.e., , ,

 and ). By definition,  is the minimum of the smallest and the

smallest . In each case, we consider all possible ways in which these two T-values may

be assigned.

υi

υi υi

υk t( ) GVTa ti( )≥ t∀ ti β+≥

t∀ MAX α β,( )≥

GVTc t( ) GVTa t( )≤ t∀

t1 t2> GVTc t1( ) GVTc t2( )≥⇒

GVTp t0 δ+( ) Ĝ= Ĝ

σi t0 δ+( ) σ̂i= υi t0 δ+( ) υ̂i=

σi t0( ) σi= υi t0( ) υi= Ĝ σ̂i

υ̂i
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Case (i):  =  for some i

• LPi finished processing an event and computed from the events list.

must be at least as large as  since the events list is sorted in non-decreasing

order. We have .

• LPi received a straggler or an antimessage from LPj, causing a rollback. In this

case,  < , but since antimessages are also acknowledged, the straggler will

be outstanding at LPj. Thus .

Case (ii):  =  for some i

• LPi received an acknowledgment, and therefore set its to the new smallest

timestamp in its outstanding list. By P8 (unreceived is minimum) (Section

5.3.3.2), we have ≤  and sinceG ≤ we have G ≤ .

• LPi sent a message and set to the timestamp of the message. Here < .

However, since a message is sent only after executing an event (i.e., after

setting ), we have  =  andG ≤ . ThusG ≤ .

5.7.2 GVTc (t) Tracks GVTa (t)

A necessary condition for GVTc (t) to be correct is that it is never greater than

GVTa (t). An algorithm that estimates a lower bound on GVT satisfies this condition. The

GVT computed bynpGVT exhibits a much stronger property. From Figure 15 and the dis-

cussion on the operation of the reduction network in Section 5.5.1, it is clear that if GVTa (t)

(and hence GVTp (t)) assumes at most one new value between successive reduction cycles,

GVTc (t) will assume exactly the same values as GVTa (t), albeit lagging behind it. If

GVTa (t) assumes more than one new value between successive reduction cycles, then only

the last one will be seen in GVTc (t). In this case, GVTc (t) assumes a subset of the values

of GVTa (t), once again lagging behind it. In either case, the values of GVTc (t) are numer-

ically the same as those of GVTa (t) and not mere lower bounds.

5.7.3 GVTc (t) Approaches GVTa (t)

A corollary of the progress criterion (Section 5.3.4.2) is that if the simulation is

halted at any time, GVTc (t) will equal GVTa (t) in some finite time. Assume that after the

simulation has run for some time, all LP’s stop their processing and retain the values of their

Ĝ σ̂i

σ̂i σ̂i

σi

G σi σ̂i≤ ≤ Ĝ=

σ̂i σi

G υj≤ σ̂i Ĝ= =

Ĝ υ̂i

υ̂i

υi υ̂i υi Ĝ

υ̂i υ̂i υi

σi υ̂i σi σi Ĝ
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local_clock ’s. With a reliable host communication network, all messages in transit will be

received eventually and incorporated into the events lists of the receiving LP’s. Now, since

there are only a finite number of messages to be acknowledged, after some finite time, the

 of each LP will become . At this point, GVTp (t) will equal the minimum of the  of

all the LP’s and after time∆, GVTc (t) will equal GVTa (t). This property is particularly

important when usingnpGVT in NPSI adaptive protocols because these protocols allow

LP’s to temporarily suspend execution of events. Specifically, it leads to an interesting and

important feature of the NPSI adaptive protocol described in Chapter 6.

5.8 Summary

We have presented an example of computing NPSI using the reduction model of

Chapter 4. The algorithm in this chapter (npGVT) computes GVT in aggressive protocols.

We have proved the correctness ofnpGVT. We note that GVT computation is only an exam-

ple — npGVT can be (and has been) extended to compute other kinds of information.

npGVT is a foundation for the design of NPSI adaptive protocols. We have presented an

implementation ofnpGVTon a hardware realization of the reduction model and proved its

correctness. Finally, we have described three properties of the GVT computed bynpGVT

which benefit adaptive protocols.

υi ∞ σi
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Chapter 6

Elastic Time Algorithm

We describe the Elastic Time Algorithm (ETA), an NPSI adaptive protocol based on the

general framework proposed in Chapter 4. A performance study of ETA is described. This

study demonstrates clearly that ETA consistently outperforms Time Warp (both time and

space) across a wide range of workloads. No other synchronization algorithm has been

shown to be so successful. We consider the success of ETA a significant contribution to the

PDES community.

We describe ZETA, a forerunner of ETA. While ZETA is an intuitive first choice for an

NPSI protocol (others have proposed similar techniques), a performance study shows that

it is not as effective as ETA.

Early work in this chapter appears in [SrRe95b].

6.1 Elastic Time Algorithm

Recall the general design framework for NPSI adaptive protocols described in Chapter

4. The framework consists of two mappings, M1 and M2. M1 computes an error potential

(EPi) for each LPi. M2 translates EPi into control over LPi’s optimism. Both M1 and M2 are

evaluated dynamically at high frequency during the simulation. Based on this framework,

an NPSI protocol can be described by specifying the two mappings M1 and M2.

6.1.1 M1: Computing EPi

Define the following:

σi = logical clock of LPi — timestamp of the event either just executed or being exe-

cuted currently.

υi = minimum unreceived message time of LPi, i.e. it is the smallest among the times-

tamps of all messages sent by LPi that have not yet been received and/or incorpo-

rated into the events list of the receivers.
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ηi = next event time of LPi, defined as:σi while LPi executes an event; otherwise, the

smallest among the timestamps of events scheduled to be executed at LPi.

αi =

αi´ = the predecessor set of LPi

M1 is the following function:

M1: EPi = MAX { ηi - αi´, 0}

Note,αi´ constitutes the state information obtained dynamically using the reduction model

(Section 4.2.1). This mapping is a variation of mapping (iv) in Section 4.3.1 — it usesαi´

to compute EPi rather than GVT (or TSVT). We call αi´ theminimum future time (MFT)

since it is the minimum (over the predecessor set) of the next event times and the

timestamps of any messages in transit. Thusαi´ can be thought of as representing the time

of the next event relevant to LPi (i.e. the next event that can affect LPi). Note, υi is

included in computingαi´ since a message in transit may ultimately cause an event to be

scheduled at LPi. Sinceηi is LPi’s next event time, the difference between theηi andαi´ is

an indicator of how far ahead (in logical time) LPi’s next scheduled event is of the next

event that can possibly affect LPi. It is interesting to note the relationship between TSVT

andαi´:

TSVTi = the predecessor set of LPi

αi´ = the predecessor set of LPi

From the above definitions, we see that TSVTi represents the current state (σi) of the

simulation whileαi´ represents the immediate future (ηi). Intuition suggests, therefore,

thatαi´ will prove more effective in controlling optimism.

Recall that mapping (iv) of Section 4.3.1 has the drawback that the LP with the next

safe event (i.e. the event that is guaranteed not to be rolled back) is unable to determine this

fact. Potentially, this leads to arbitrarily long periods of unnecessary waiting. The use ofαi´

instead of TSVTi in ETA solves this problem.αi´ > ηi implies there are no impending

events that will affect LPi’s next scheduled event — i.e., LPi’s next event is safe. Corre-

spondingly, the mapping above sets EPi to zero in this case, effectively terminating any

waiting LPi may be engaged in.

MIN ηi υi,( )

MINLPk
αi( ) LPk∀ ∈

MINLPk
σi υi,( ) LPk∀ ∈

MINLPk
ηi υi,( ) LPk∀ ∈
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The intuition behindETA’s M1 is that if an LP is far ahead of others, it is likely to be

rolled back soon and therefore should be slowed down. The name ETA derives from the

following analogy: one may imagine an LP and its predecessors as pins moving along the

logical time line with an elastic band around them. The farther an LP moves away from the

rest, the slower its progress due to the restraining pull of the elastic band. When the LP far-

thest behind moves forward, the restraint on the LP farthest ahead is reduced so that it may

quicken its pace again.

6.1.2 M2: Controlling Optimism

Given a value of EPi computed by M1, M2 is the following linear function:

M2:
wheres is a scaling factor (we defer discussion ons to Chapter 8). The event processing

loop of an LP using ETA (i.e., the event processing loop of an LP using Time Warp

modified to incorporate M1 and M2) is shown in Figure 24. Some points to note:

δi s EPi⋅=

9. σi  = 0; ηi  = timestamp of first scheduled event

10. While simulation is not complete

11. σi  = ηi ; Process next event {schedule future events and send messages as
required}

12. Compute new ηi

13. Start wait timer

14. do

15. Receive and buffer messages

16. Exit from loop if

17. there is a message that will cause rollback

18. or if the message has timestamp = TSVT

19. Process a message (if any) and recompute ηi

20. Update αi ´, EP i  and δi

21. Read wait timer

22. while wait timer value < δi

23. If necessary, roll back and recompute ηi

24. Process messages and recompute ηi

25. Save state

26. Collect fossils

27. Endwhile

Figure 24 - Event execution loop of ETA
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i) The blocked state is not opaque in that while in this state, LPi receives messages

from its input channels (line 7) and checks for two kinds of messages: (lines 8-10):

(i) a message that may cause it to roll back, and (ii) a message with timestamp

TSVTi. In each case, an action is warranted immediately — a rollback in the former

and processing the message with timestamp TSVT (since there can be no messages

with timestamps < TSVT) in the latter — and therefore, the waiting is aborted.

ii) LP’s process messages in the blocked state. This reduces lost opportunity cost in the

following situation. Assume an incoming message at LPi has a timestamp smaller

than ηi. Since this message may schedule an event at LPi, ηi may decrease in

processing the message, thus reducing EPi (which would have been abnormally high

if the message had not been processed — resulting in lost opportunity cost). Also,

processing messages as soon as possible reduces the time for which they are

considered unreceived and thus accelerates the progress ofαi´.

iii) EPi andδi are updated frequently in the blocked state.

iv) The waiting scheme is not memoryless. The wait timer is started only once at the

beginning of the blocked state. While LPi is in the blocked state,ηi is constant while

αi´ increases monotonically (shown in AppendixIII). Thus, δi decreases. LPi

interprets each new value ofδi as an estimate of the amount of time it should have

waited since the start of the waiting period. When this value becomes smaller than

the time it has actually waited, LPi exits the blocked state.

These properties of M2 suggest a simple loop structure for the blocked state, as shown in

Figure 24 (lines 5-14). This M2 provides direct control over an LP’s aggressiveness only.

The LP’s risk is controlled only to the extent that while in a blocked state, the LP does not

send out messages. Clearly, it is possible (and perhaps desirable) to have a separate

mechanism to limit risk.

6.1.3 Properties of ETA

ETA is adaptive because the aggressiveness and risk of LP’s can change dynamically.

ETA follows what we call themicroadaptive approach wherein the adaptiveness is fine-

grained — it occurs after each event execution. In contrast, most of the previously proposed

protocols that limit optimism follow amacroadaptive approach wherein the control settings
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are fixed for significant periods of time and changed between periods. A microadaptive

approach is inherently more capable of reacting efficiently to rapid changes in system

behavior. For example, it is well known that most of the activity in a logic simulation is

localized to a small part of the circuit and this locality changes (rapidly) as the simulation

proceeds. In this case, the LP’s simulating the part of the circuit where the activity is cur-

rently concentrated would be heavily loaded and would thus simulate at a slower rate while

the remaining LP’s would be lightly loaded and would thus surge ahead in logical time,

simulating events that will be rolled back, in all likelihood. As the load locality changes

among LP’s, ETA adapts by restraining those LP’s currently far ahead in logical time (i.e.

the lightly loaded ones).

ETA is a hybrid between the optimistic and conservative approaches in that, based on

the value ofs, it can mimic either approach. Whens=0, δi=0 irrespective of the value of

EPi. In this case, each LP executes exactly one iteration of the wait-loop in Figure 24 in

each iteration of the main event execution loop and thus, ETA is essentially identical to

Time Warp. Consider very large values ofs. As s tends to infinity, δi becomes very large

even for small values of EPi. However, as noted earlier, the LP (LPi) with the next safe

event has EPi = 0, and consequently, δi = 0. LPi terminates its waiting, executes its next

event and then recomputesηi. This new value ofηi is subsequently incorporated into the

α’s of LPi’s successors so that the LP (LPj) with the next safe event computes EPj = 0, ter-

minates its waiting and executes its next event. Although it appears as if events are being

executed sequentially, the use of target-specific information to compute the error potential

implies multiple LP’s may execute events concurrently. In our example above, it may hap-

pen that LPi’s new next event is also safe and thus, LPi may execute this event concurrently

with LPj’s event execution. Thus, events are executed in a manner similar to that in the

Null-Messages conservative protocol [ChMi79]. It is interesting to note that common

enhancements to reduce lost opportunity costs in conservative protocols (such as the use of

lookahead [Fuji90]) can be applied to ETA as well, by incorporating them into M1.

Putting ETA in perspective with previous protocols, we observe that it is similar to win-

dow based protocols with two significant differences:



86

• It is completely asynchronous - there are no barrier synchronizations to negotiate

windows;

• Each LP’s logical time window may be considered infinite but the event execution

rate decreases as the LP moves farther away from the base of the window.

6.2 Implementation Issues

ETA requires each LP to maintain two values:ηi andυi. These values are used by the

feedback system to provideαi´ to each LPi. By definition,ηi equalsσi, the logical clock of

LPi when LPi executes an event. Since the GVT algorithm of Chapter 5 (npGVT) maintains

σi andυi correctly, it can be extended to maintainηi as well. We observe in Figure 24 that

ηi can change whenever any of the following occur: (i) an event execution completes (this

event may have scheduled future events), (ii) a rollback occurs (the current event changes),

and (iii) a message is received (the message may schedule a future event).ηi may be main-

tained correctly by executing the following statement:

if there is a next event, ηi  = timestamp of next event; else ηi =

at the following three points innpGVT (Figure 14): (i) after executing an event (and

scheduling any future events and/or sending messages as required) in functionPROCESS,

(ii) after rolling back and restoring the state in functionROLLBACK, and (iii) after

processing each message in functionRCVMSG. In the case ofnpGVT2P (Figure 18), the

host processor executes the above statement at the corresponding places and sends the

value ofηi to the auxiliary processor.

As noted in Section 4.2.2, a target-specific reduction model can be implemented using

a target-specific reduction network. However, since such a network does not exist yet, we

emulate it using a global reduction network using a scheme proposed in [Panc94]. This

scheme allocates a portion of the global OSV to each LPi. Only those LP’s in the predeces-

sor set of LPi submit values into the corresponding portions of their ISV’s — all other LP’s

submit identity values that do not contribute to the reductions (for example, for a MIN

operation).

∞

∞
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6.3 Performance Analysis

We describe a two-part performance study of ETA. The first part was conducted using

an implementation of ETA on a four-processor system, while the second part focused on

demonstrating scalability using a simulation of systems with larger numbers of processors.

6.3.1 Performance Criteria

We use the two performance measures described in Section 4.1.2 — performance rela-

tive to Time Warp and minimization of residual cost. Recall the cost function from Section

4.1.1 defining the trade-off in Figure 10:

total cost = rollback cost +
memory management cost +
lost opportunity cost

Memory management schemes are required in Time Warp because LP’s consume

excessive amounts of memory due to uncontrolled optimism. As demonstrated by results

presented here, controlling optimism significantly reduces memory consumptionso that

the need for memory management schemes may be eliminated (except in the special case

of source LP’s). Consequently, we focus on rollback and lost opportunity costs — our

protocols do not incorporate memory management currently. Memory management in

NPSI adaptive protocols is a topic for future research. The cost function reduces to:

total cost = rollback cost +
lost opportunity cost

Thus, the second performance measure is the effectiveness of a protocol in eliminating

rollback cost without adding significant lost opportunity cost.

6.3.2 Testing Environment

The hardware consists of a cluster of four Sparc 2 workstations connected by Ethernet

and aparallel reduction network (PRN) that we have designed and built [RePS92]. Each

workstation communicates with its own auxiliary processor (AP) through dual-ported

memory (DPRAM). The four AP’s are connected to the PRN which computes and dissem-

inates globally reduced values at very high speeds. The AP’s are responsible for sending

values into the PRN and reading its global output. Dedicated processors have been used to

off-load this task from the workstations so as to keep interference with the simulation to a
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minimum. The workstations communicate relevant state changes to the AP’s through the

DPRAM. The AP’s process this information and send it to the PRN. Also, the AP’s read

the globally reduced output of the PRN and propagate relevant parts of it to the workstation.

The two primary software components are the event execution loop for ETA (Figure

24) and the algorithms to compute NPSI. The event loop executes on each of the four work-

stations. The three T-values (σi, υi and ηi) are maintained bynpGVT2P, modified as

described earlier (Section 6.2). The portion ofnpGVT2P to be executed by the workstations

is integrated into the event execution loop for ETA.

6.3.3 Test Cases

As noted in Section 6.3.1, a measure of success for ETA is to consistently outperform

Time Warp over a wide range of workloads that include those for which Time Warp per-

forms well and those for which it does not. Unfortunately, there is no standard set of bench-

marks to test the performance of PDES protocols. While some protocols have been tested

over a range of applications over time by several researchers, the typical approach to per-

formance analysis in the PDES community has been to study the performance of a pro-

posed protocol on one or two applications (most often, queueing networks). We believe a

protocol must be tested on several kinds of workloads to demonstrate its effectiveness.

In terms of performance of Time Warp, the characteristics of an application (or work-

load) that are important are event execution times, message destination probabilities, load

distribution, message latencies, etc., since they determine rollback behavior and memory

consumption. In general, Time Warp performs well when the event grain is large compared

with overheads such as message latencies (which determine the cost of a single rollback)

and when load is balanced. When the cost of a rollback is comparable with the time to exe-

cute events, Time Warp can become unstable [LuWS89, Fuji90]. Similarly, imbalanced

load can lead to excessive rollbacks and/or memory consumption, both of which can

degrade performance severely. Thus, a performance study should focus on these character-

istics of applications, rather than their semantics.
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6.3.3.1 Synthetic Workload Generator

We employ a parameterized synthetic workload generator to realize our test cases. Syn-

thetic workloads are used instead of actual applications because they allow us to mimic

applications by capturing their essential characteristics (as described above) without the

excessive time and effort required to implement each of them. Synthetic workloads have

been used in previous performance studies in PDES. Our workload generator supports a

wider range of workloads than the PHOLD workload model of [DaFu94].

The important parameters that can be changed to realize different workloads are event

execution time, average timestamp increment, state saving cost, communication topology

and distributions, number of local events per message, and state saving and fossil collection

frequencies. Time consuming application-specific actions such as event executions and

state saving are simulated by busy loops; all other mechanisms such as rollback, restoring

state, sending antimessages and fossil collection and data structures such as saved state list

and antimessage list are implemented in detail.

There are two basic modes of operation:message initiating andself initiating. It is pos-

sible to combine these two modes in a single workload. In the message initiating mode,

each LP contains some number (possibly different for each LP) of JOB events initially.

Execution of a JOB event schedules some LOCAL events, followed by exactly one OUT-

PUT event. A LOCAL event represents local activity in the LP — it does not affect other

LP’s directly. It is simulated by a busy-loop. The number of LOCAL events scheduled per

JOB event is distributed normally about a mean parameter, which can be zero. Execution

of an OUTPUT event sends a message to another LP. The selection of the destination of the

message can be random (a distribution is specified over a set of possible receivers) or deter-

ministic (the trajectory of the message is exactly specified). Several classes of deterministic

messages can be specified, each with a different trajectory. Arrival of a message schedules

a JOB event. Thus, the resulting system is a closed one. It is possible to simulate an open

system by definingsources andsinks. A source is a generator of messages — each OUT-

PUT event at a source schedules a JOB event locally. A sink consumes messages — an

OUTPUT event at a sink does not result in a message. In the message initiating mode, our

workload generator is similar to the PHOLD model [DaFu94]. This mode is used to simu-
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late applications such as logic simulations, communication networks, battlefield simula-

tions and queueing networks.

A self-initiating system is inherently an open one in which an LP schedules its own next

event. Each LP contains a single SELF event initially. Execution of a SELF event involves

three activities: (i) execution of a busy-loop to simulate local activity, (ii) sending a mes-

sage with some probability, and (iii) scheduling the next SELF event. If a message is sent

out, the destination is selected randomly from a set of receivers based on a specified distri-

bution. A message doesnot schedule an event at the receiving LP — however, it may cause

a rollback. This mode is used to simulate applications such as the Ising spin model

[Luba89].

Other parameters that determine the nature of the workload are:

• event delay — the execution time of an event — normally distributed about a

mean. The mean can be different for each LP;

• state saving delay — the time to save state — normally distributed about a mean;

• state saving frequency — the number of events between successive state saving

operations;

• fossil collection frequency — the number of events between successive fossil

collection operations;

• timestamp increment — the mean increment in timestamp between a pair of

successive events — uniformly or exponentially distributed;

• maximum simulation time — the maximum logical time to be simulated.

6.3.3.2 Workloads

We have tested ETA on many workloads using the workload generator described above.

We describe a suite of workloads for which performance results are presented in Section

6.3.5. Figure 25 shows the different topologies used in the workloads. A number associated

with an arc is the probability that a generated message is sent along that arc. A short mne-

monic is associated with each workload in this suite for ease of reference.

a) LGRAIN is a message initiating workload with the T1 topology (a torus) and 25

messages per LP initially. The event delay is 1 millisecond and the mean number of
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local events per message sent is 5. Due to the large event grain and high local activity,

this workload represents a typical simulation where Time Warp performs well (such as

battlefield, traffic and computer network simulations).

b) SELF-SYM is self initiating with topology T1. The probability of sending a message

after each event is 0.2. The event delay is 100 microseconds. It simulates the Ising

Spin model [Luba89].

c) SELF-BIAS is similar to SELF-SYM but uses topology T2 rather than T1. Since this

topology is biased, it is expected to increase rollback costs.

d) MSG-SYM is a message initiating workload using topology T1. No local events are

simulated — each JOB event schedules only the corresponding OUTPUT event. The

event delay is 100 microseconds. This workload is similar to a uniform queueing

network. There are 25 events at each LP initially.

e) MSG-BIAS is similar to MSG-SYM but uses topology T2 rather than T1. The bias in

the topology mimics hot-spot activity in interconnection networks.

f) ASYM  is similar to MSG-SYM (message initiating, topology T1 and no local

messages). The mean event delay for LP0 and LP3 is 2 milliseconds while that for LP1

and LP2 is 100 microseconds. Thus, this workload simulates load imbalance where

some LP’s execute events at a slower rate than others.

g) ECHO is an implementation of theechoing example described in [LuWS89]. It uses

three LP’s with T3 topology. LP0 and LP1 execute in self-initiating mode, sending

messages to LP2 after each event. The mean event delay is 100 microseconds. In

addition, a single message-initiating event is at LP0 initially. After processing this

event, LP0 sends a message to LP1. This causes LP1 to schedule an event, possibly

after rolling back. After processing this event, LP1 sends a message back to LP0 and
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the cycle repeats. Thus, thiscausal message rolls back its receiver and while the

receiver is rolling back, the sender simulates ahead, sending erroneous messages to

LP2. Thus, LP0 and LP1 spend increasing amounts of time rolling back and the

progress of the simulation diminishes rapidly. Clearly, this is a stress case for Time

Warp. This workload is inherently unstable.

h) CHASE represents a second kind of adverse rollback behavior experienced by Time

Warp, in which erroneous messages outpace the corresponding antimessages. The

workload is message initiating with topology T4. LP0 is a slow source of messages —

it sends a message every 10 milliseconds.These messages serve only to roll LP1 back

and are consumed by LP1. LP1, LP2 and LP3 execute events at a fast rate (event delay

= 100 microseconds). Initially, each of LP1, LP2 and LP3 has 5 events. The erroneous

computation proceeds in the form of these 5 events circulating among the three LP’s.

A message from LP0 causes LP1 to roll back and start a chain of antimessages that

chases the erroneous computation around the cycle.

i) PHASES-MSG is a message initiating workload in which the LP’s undergo

alternating phases of slow and fast execution. The workload uses topology T1. LP0 and

LP3 begin executing in the slow phase while LP1 and LP2 begin executing in the fast

phase. A slow phase is followed by a fast phase and vice-versa. A slow phase consists

of 10 events, each with a mean delay of 1 millisecond, while a fast phase consists of

100 events, each with a mean delay of 100 microseconds. This type of phase behavior

is commonly observed in practice — for instance, in logic simulations — where the

load is represented by a set of events that moves over the set of LP’s.

j) PHASES-SELF is similar to PHASES-MSG but uses the self-initiating mode instead

of the message initiating mode. The probability of sending a message after an event is

0.25.

A torus was used because it is widely used in the PDES literature and because it provides

sufficient connectivity to introduce rollback costs. For all workloads, the mean state

saving time is 25µs and state saving and fossil collection are performed after each event.
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6.3.4 Metrics

Recall the cost function of Section 6.3.1:total cost=rollback cost+lost opportunity cost.

Rollback cost can be measured directly by the rollback time, which is the time an LP spends

rolling back, including state restoration and sending of antimessages. Since limiting of

aggressiveness is expected to reduce rollback time, ideally to zero, this metric is a good

indicator of how close the actual performance is to the goal. Reduction in rollback time has

the effect of reducing the completion time of the simulation, which reflects the reduction in

total cost. On the other hand, lost opportunity costs introduced by limiting optimism tend

to increase completion time. Thus, the completion time is another important metric of the

effectiveness of a protocol. Other metrics of rollback behavior are: number of rollbacks,

and average depth of rollback (number of events rolled back on average).

Memory in aggressive systems can be of three types:

• processed and committed — this is managed by fossil collection;

• processed and uncommitted — this is created due to uncontrolled aggressive

processing and therefore can be managed by limiting optimism;

• unprocessed — this is created byrunaway LP’s (unthrottled LP’s sending

messages to others and consuming their memory to store these messages) and can

be managed by a memory-based flow control mechanism.

Processed and uncommitted memory is measured by the maximum and average sizes

of the saved-state list (in terms of the number of entries in the state list). The maximum size

is important because the workstation must have sufficient memory to store that much state

even if it is a rare occurrence. While it is possible to incorporate memory-based flow control

into NPSI protocols (mapping (ix) in Section 4.3.1), ETA does not do so currently. There-

fore, we do not measure unprocessed memory.

The slopes, in M2 translates the value of EPi from logical time units to a delay in real-

time. The range of EPi is dependent on the logical time increments exhibited by the LP’s

and the rate at which they execute events, send messages, etc. Since these factors differ con-

siderably across applications, it is expected that the value of slope that maximizes perfor-

mance will be different for each application. Thus, slope is our choice for the independent

variable in the performance tests.
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6.3.5 Performance Results

For each of the workloads, we present performance results using the metrics described

above. In addition, we plot the average time for which an LP waits after each event. Exclud-

ing completion time, all metrics are for a single LP. Recall ETA is essentially identical to

Time Warp when slope = 0. In graphs that use a logarithmic scale for the slope, the slope-

co-ordinate of the origin is artificially set to a non-zero value. This is necessary since a log-

arithmic scale reaches zero only at .

6.3.5.1 LGRAIN

Figure 26 shows the performance of the LGRAIN workload. Since the event grains are

fairly large and the mean number of local events between messages is five, we observe that

rollback costs are small. The completion time exhibits the expected parabolic shape due to

the trade-off shown in Figure 10 (Section 4.1.1). Two important points must be noted:

(i) the rollback time is nearly zero at the point where completion time is minimized

(slope =5), and (ii) the maximum reduction in completion time (~10 seconds at slope = 5)

is greater than the reduction in rollback time (at slope = 5). This implies that ETA is able to

eliminate most of the rollback cost before any appreciable lost opportunity cost is intro-

duced. Further, since rollback cost is nearly zero, the performance of ETA is close to the

best possible performance for protocols with controlled optimism, as defined in Section

6.3.1. The reduction in maximum state list size is significant. As slope increases beyond the

point at which completion time is minimized (slope=5), we see that the maximum state list

size tends to increase. This is because the rate of progress of TSVT is decreased in this

region due to high lost opportunity cost. This implies that state list entries are converted

into fossils at a slower rate, resulting in longer state lists.

Parts (b) and (d) show the effectiveness of ETA in reducing rollback costs. Note, at

slope=5 the number of rollbacks is reduced only by about 33% while the average rollback

depth is close to 1, the minimum depth. Thus, most of the benefit of ETA appears to be from

reducing the rollback depth rather than the number of rollbacks. This is as expected since

completely eliminating rollbacks requires either conservative processing (ETA approaches

this at slope=1000) or perfect guessing (which is not in ETA’s design). Further, these results

∞–
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support the intuition that the benefits from eliminating rollbacks completely (as in a con-

servative approach) are far outweighed by the resulting lost opportunity cost.

Part (e) shows the average wait time for two LP’s. Note, in parts (c) through (e), the two

curves in each graph (for LP0 and LP1) are nearly identical — this is because the LGRAIN

workload is symmetric.
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6.3.5.2 SELF-SYM

Figure 27 shows the performance of ETA on the SELF-SYM workload. Although the

event grain in SELF-SYM is smaller than that in LGRAIN, the probability of sending a

message after executing an event in SELF-SYM is much smaller — 0.2. This results in sig-

nificant concurrency in the workload and therefore, low rollback costs. In this respect,

SELF-SYM is similar to LGRAIN. Accordingly, we observe that the performance of ETA
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with SELF-SYM is similar to that with LGRAIN. It is interesting to note that ETA reaches

saturation (i.e. the curves begin to flatten) around slope=100 with SELF-SYM while there

is no indication of saturation with LGRAIN even at slope=1000. As explained earlier, the

range of values over which the slope affects performance depends on the characteristics of

the application, in particular on the timestamp increments and event grain. The observed

difference in operating range is attributed to the different event grain sizes in SELF-SYM

and LGRAIN.

6.3.5.3 SELF-BIAS

Figure 28 shows the performance of ETA with SELF-BIAS. Since the workload is

biased with messages being concentrated at LP1 and LP2, these LP’s tend to stay synchro-

nized while LP0 and LP3 do not. Accordingly, the rollback time for Time Warp is greater

for LP0 than for LP1. From part (c) we observe that LP0 has fewer rollbacks than LP1, but

these rollbacks are significantly deeper. Since, as mentioned before, ETA is most effective

in minimizing the depth of rollbacks, the reduction in completion time in part (a) appears

to be due to the significant reduction in the rollback depth at LP0 (and LP3). Again, at the

point of minimum completion time (slope=0.1) we observe that the reduction in completion

time (~16 seconds) is greater than the reduction in rollback costs (~9 seconds), implying

very low lost opportunity cost. The memory performance with SELF-BIAS is similar to

that with previous workloads. Finally, note the difference in average wait times for LP0 and

LP1 (part (e)) is greatest at slope=0.1, the point at which completion time is minimized.

6.3.5.4 MSG-SYM

Figure 29 shows the performance of ETA with MSG-SYM. The absence of the charac-

teristic parabolic shape in the completion time curve is attributed to the lack of sufficient

concurrency in this workload. This is due primarily to two reasons: (i) a message is sent

after each event — since the event grain is small (100µs) while the communication latency

is high (1-2 ms), the computation-to-communication ratio is too small to support concur-

rency, and (ii) there are only four processors. Recall for large values of slope, ETA behaves

similar to a conservative protocol. Since the communication graph is strongly connected

and there is no lookahead, a conservative protocol will effectively execute this simulation

sequentially (albeit with messaging latencies and other overheads). Therefore, we observe
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that the completion time does not increase beyond the minimum. The memory performance

with MSG-SYM is similar to that with previous workloads. Since the workload is symmet-

ric, we observe in parts (c) and (d) that the curves for LP0 and LP1 are nearly identical. Once

again, it is clear that the rollback depth is minimized (slope=10) before the number of roll-

backs is reduced significantly (slope=~50).
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Figure 28 - Performance for SELF-BIAS
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6.3.5.5 MSG-BIAS

Figure 30 shows the performance of ETA with MSG-BIAS. The rollback cost for Time

Warp is significantly higher with MSG-BIAS than with MSG-SYM, due to the bias in the

workload. ETA is able to eliminate nearly all of this rollback cost. As with MSG-SYM, the

lack of concurrency in the workload explains the absence of a parabolic shape to the com-

pletion time curve. Again, at the point of minimization of completion time (slope=50), the
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Figure 29 - Performance for MSG-SYM
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rollback time is nearly zero and the decrease in completion time (~34 seconds) is greater

than the decrease in rollback time (~25 seconds). The effect of the bias is apparent in the

rollback behaviors of LP0 and LP1 as seen in parts (c) and (d). It is interesting to note that

even though the rollback depth is reduced dramatically around a slope of 20, the completion

time is minimized only after the number of rollbacks decreases significantly. As noted ear-

lier, this is because there is insufficient concurrency in the workload and a conservative
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Figure 30 - Performance for MSG-BIAS
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approach works best. Part (e) clearly demonstrates the adaptive nature of ETA — since the

bias in the workload was chosen arbitrarily and ETA was not tailored in any way to com-

pensate for this bias, this graph shows that ETA adapts to the load imbalance by throttling

LP0 (and LP3) more than LP1 (and LP2). The performance of ETA with the PHASES work-

loads further illustrates this point.

6.3.5.6 ASYM

Figure 31 shows the performance of ETA with ASYM. The performance is similar to

that with MSG-SYM, since the two workloads are similar. The effect of the asymmetry in

the workload is apparent as the separation in the curves for LP0 and LP1 in parts (c) through

(e). While this separation is not as significant as with MSG-BIAS, it is noticeably greater

than with MSG-SYM.

6.3.5.7 ECHO

Figure 32 shows the performance of ETA with ECHO. ETA produces substantial reduc-

tions in completion time and rollback time. Recall that ECHO is inherently unstable in that

the amplitude of rollbacks increases without bound, reducing the efficiency of the simula-

tion to zero asymptotically. By limiting optimism, ETA eliminates this instability (see

Chapter 7 for a proof). Again, the absence of the characteristic parabolic shape to the com-

pletion time curve is due to the inherently sequential nature of the workload — the only

significant activity in the simulation is the exchanging of the single message between LP0

and LP1. ETA produces correspondingly significant reductions in memory consumption as

well. Memory consumption is high in ECHO because while one of LP0 and LP1 rolls back,

the other simulates aggressively far into the logical future. Limiting optimism reduces this

memory consumption. In part (d) we observe that the average rollback depth is exceedingly

high. As mentioned, this is because of the phenomenon ofechoing, where the depth of roll-

backs increases without bound.

6.3.5.8 CHASE

Figure 33 shows the performance of ETA with CHASE. Recall, CHASE is designed to

create a situation where erroneous messages outpace their corresponding antimessages.
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This chasing phenomenon will persist only if the logical distance between an erroneous

message,M and the corresponding antimessage, -M (i.e. the number of LP’s separatingM

and -M) is sufficiently large. The short length of the cycle in CHASE (3 LP’s) limits this

distance to at most two and thus suppresses the chasing phenomenon. This is evident in the

fact that the average rollback depth with Time Warp (slope = 0) is relatively small (1.8) and

the number of rollbacks is high (> 8000). The chasing phenomenon is expected to create
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Figure 31 - Performance for ASYM
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deeper and fewer rollbacks since LP’s process several erroneous messages before the first

antimessage arrives. The simulated performance of ETA with CHASE for larger systems

(8 and 16 LP’s - described in Section 6.3.6.4) supports the above reasoning.

Another effect of the short cycle length is that there is very little concurrency in the

workload. The large numbers of rollbacks at the LP’s in the cycle reduces the rate at which

they progress through logical time. On the other hand, ETA does not restrain LP0 since LP0
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has no predecessors. As a result, LP0 effectively becomes afast source of messages for LP1

resulting in an unstable situation where LP1’s memory consumption increases slowly but

unboundedly. As noted earlier, this problem can be solved by introducing memory-based

flow control into the computation of the error potential. Since such a scheme is not included

in ETA currently, ETA is unable to eliminate this instability. Investigation of memory based

flow control in NPSI protocols is the subject of future work (Section 9.2). Since LP0 has no
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Figure 33 - Performance for CHASE
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appreciable effect on the behavior of the other LP’s besides gradually consuming LP1’s

memory, it can be ignored for the purpose of analyzing the effect of ETA on the rest of the

LP’s. The resulting workload is very similar to MSG-SYM and correspondingly, the per-

formance is also similar to that with MSG-SYM (Figure 29).
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Figure 34 - Performance for PHASES-MSG
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6.3.5.9 PHASES-MSG

Figure 34 shows the performance of ETA with PHASES-MSG. Due to the large event

grains in the slow phases of the computation, there is some concurrency in this workload,

as seen by the slightly parabolic shape of the completion time curve. As with previous

workloads, the rollback time is nearly zero at the point where completion time is mini-

mized, and the reduction in completion time (~15 seconds) exceeds the reduction in roll-

back time (~12 seconds). Note, in parts (c) through (e) the values of the different metrics

are averaged over the entire simulation run. Since each LP executes both phases alternat-

ingly, the average behaviors of LP0 and LP1 are nearly identical and do not evidence the

adaptive nature of ETA.

Figure 35 shows the average rollback depth as the simulation proceeds, for both Time

Warp and ETA. From this figure, the adaptive nature of ETA is clear in that it smooths out

the phase behavior by throttling the appropriate LP’s in each phase.
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Figure 35 - Adaptive response of ETA to phase behavior
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6.3.5.10 PHASES-SELF

Figure 36 shows the performance of ETA for PHASES-SELF. Since the probability of

sending a message after an event execution is only 0.25, there is considerable concurrency

in this workload — hence the parabolic shape for completion time. Note, the maximum

state list size is high without adaptiveness — this is because of uncontrolled optimistic exe-
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Figure 36 - Performance for PHASES-SELF
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cution during the fast phase. Adaptive throttling of optimism by ETA reduces this memory

consumption significantly.

6.3.6 Scalability

We describe a simulation study to demonstrate the scalability of ETA (and the NPSI

approach). A simulation was necessary since the testing environment described previously

includes a reduction network designed for four processors only.

The goal of the simulation study was to obtain some indication regarding the scalability

of ETA (in general, the NPSI approach). Consequently, the study was focused on determin-

ing whether the trends observed in the earlier study continued to exist in larger systems,

rather than on making specific predictions about the expected benefits of ETA. The specific

trends of interest are the following:

• The completion time curve has a parabolic shape as a function of the slope. Recall,

the absence of this shape in some earlier experiments was attributed to the lack of

concurrency in the corresponding workloads. Due to the inherently greater

concurrency in larger systems, the completion time curve is expected to have a

parabolic shape.

• At the point of minimum completion time, the reduction in completion time

(relative to the Time Warp execution) equals or exceeds the reduction in rollback

time (relative to the Time Warp execution).

• The rollback time is very low (relative to the completion time) at the point of

minimum completion time.

6.3.6.1 Simulation Model

The simulation model, developed using the SES/Workbench simulation tool [SES],

consists of detailed models of the different components of the testing environment, as

shown in Figure 37. The LP’s are modeled by associating execution times with various seg-

ments of the code implementing ETA. Similarly, the AP model consists of the code to

implement the synchronization algorithms ofnpGVT2P, with execution times associated

with various segments. The execution time delay for a segment of code is approximated as

the product of the number of instructions to execute that segment (estimated from a com-
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piler’s assembly output) and the average instruction cycle time of the workstation. The host

communication network is modeled as a simple delay with mutually exclusive access (thus,

the transmission delay is proportional to the number of LP’s attempting to transmit concur-

rently). Since the target-specific reduction network operates at very high speeds relative to

the other components in the system, the model for this network was designed to executeon

demand — i.e., it is activated only when an AP model interacts with it.

6.3.6.2 Validation

The simulation model was validated using two standard techniques [LaKe91]: face

validity and comparison with an existing system. Several factors contributed to a high level

of confidence in the face validity of the model: (i) the LP and AP models were constructed

using code from the implementation study described earlier, (ii) a previously developed

simulation model of a global reduction network [Srin92] was the basis for the target-spe-

cific reduction network model, (iii) parameters for this model were estimated by profiling

the existing network using a logic analyzer, and (iv) detailed simulation traces were ana-

lyzed to confirm that the model behaves as expected. The model was also validated by com-

paring its output with that of the implementation on the testing environment described

earlier. In each case, the output consisted of a number of statistics about the LP’s, such as

number of events simulated, number of messages sent and percentage of events executed.

The statistics were compared for trends as slope was varied, rather than for absolute values.

The validation was performed for three workloads (MSG-BIAS, SELF-BIAS and ECHO).

LP Model LP Model LP Model

Host Communication Network Model

AP Model AP Model AP Model

Target-Specific Reduction Network Model

Figure 37 - Structure of simulation model
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6.3.6.3 Testing Strategy

As noted, several model parameters used during the validation of the simulation model

were based on measurements of corresponding delays on the existing system. Since this

system is a prototype, these delays are much larger than those projected for a production

version of the system. Accordingly, model parameters were set to the corresponding pro-

jected values for the main simulation runs. Due to the excessive lengths of the simulation

runs (up to six hours to simulate one second), the runs were terminated after simulating

approximately twice the amount of time to reach steady state (thus, if steady state was

reached in 4 seconds, typically, the system was simulated up to 10 seconds). For this pur-

pose, steady state was defined as a variation of less than 5% over three consecutive samples

of the rate of advance of GVT.

6.3.6.4 Results

We present scalability results for the following representative set of workloads:

SELF-BIAS

The torus topology of the SELF-BIAS workload described in Section 6.3.3.2 is modi-

fied for larger systems as shown in Figure 38. Figure 39 shows the performance of ETA

with SELF-BIAS for 9, 16, 36 and 64 LP’s. These graphs demonstrate that the performance

of ETA scales with the system size for SELF-BIAS. The increase in maximum memory

consumption for larger values of slope is due to the fact that as slope increases beyond the

minimum point, the rate of advance of GVT decreases due to higher lost opportunity cost.

This results in a lower rate of detection of fossils and hence, longer state lists.

0.40.2

0.2 0.2

0.10.4

0.1 0.4

Figure 38 - Modified torus topology for large systems
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Figure 39 - Scalability results for ETA with SELF-BIAS
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Figure 40 - Scalability results for ETA with MSG-BIAS
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MSG-BIAS

This workload also uses the modified torus topology of Figure 38. Figure 40 shows the

performance of ETA with MSG-BIAS for 9, 16, 35 and 64 LP’s. These graphs demonstrate

the scalability of ETA for the MSG-BIAS workload. The increase in maximum memory

consumption for high slope values is more dramatic with MSG-BIAS than with SELF-

BIAS due the fact that the former is a closed system while the latter is an open one. Since

the number of events circulating in the system in MSG-BIAS is constant, they represent a

fixed global memory requirement that tends to concentrate in the direction of the bias (in

this case, towards the right), resulting in higher memory consumption at these LP’s.

ECHO

The topology of the ECHO workload is scaled to larger systems as shown in Figure 41.

A single message-initiating event is circulated among the LP’s on the left. While this mes-

sage rolls back one of these LP’s, the other LP’s process forward, incorrectly sending mes-

sages to their respectivesink LP’s. The scalability of ETA for ECHO is demonstrated in

Figure 42.

CHASE

The topology for CHASE (T4 in Figure 25) is scaled to a system ofn LP’s by increasing

the length of the cycle ton-1 LP’s. As explained in Section 6.3.5.8, increasing the length of

the cycle is expected to have two effects: (i) increase the potential for sustaining the chasing

phenomenon, and (ii) increase the concurrency in the workload. The increase in concur-

rency is evident from the parabolic shape of the completion time curves in Figure 43. The

chasing phenomenon is expected to create fewer and deeper rollbacks. Since the number of

rollbacks depends on the length of the simulation run, we used a normalized metric — the

Figure 41 - Modified topology for ECHO
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ratio of the number of rollbacks to the total events executed.The trends for these two met-

rics are shown in Table 1. It is clear from this table that rollbacks are fewer and deeper for

larger systems. This supports our reasoning that the chasing phenomenon occurs in the

CHASE workload for larger systems. Figure 43 shows that ETA significantly reduces the

effects of the chasing phenomenon.

Table 1 - Trends demonstrating the occurrence of the chasing phenomenon

Number of rollbacks
Number of events

Avg. depth
of rollback

4 LP’s 0.79 1.8

8 LP’s 0.5 3.2

16 LP’s 0.18 11
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Figure 42 - Scalability results for ETA with ECHO
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LOGIC-NW

The topologies for LOGIC-NW are shown in Figure 44. Note, these topologies are not
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Figure 43 - Scalability results for ETA with CHASE
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strongly connected (as opposed to a torus). Such topologies are typical in logic networks,

which consist of a set of sources of signals andnets that define the flow of signals. Sequen-

tial elements in the simulated circuit introduce feedback in the topology. Alternately, this

workload can represent a shop-floor with multiple assembly line systems. The performance

of ETA with LOGIC-NW (Figure 45) conforms to the general trends observed with other

workloads.

6.3.7 Summary of Results

In summary, we draw the following conclusions about ETA’s performance:

• ETA consistently outperforms Time Warp in terms of both completion time and

memory consumption.

• At the point where completion time is minimized, rollback time is very low

(relative to the completion time). Further, at this point, the reduction in completion

time exceeds the reduction in rollback time. This implies ETA eliminates nearly all
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Figure 45 - Scalability results for ETA with LOGIC-NW
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of the rollback costs in the application without introducing significant lost

opportunity cost. Thus, the performance of ETA is close to the best possible by

controlling optimism (Section 6.3.1).

• ETA produces significant reductions in maximum memory consumption. This

decreases the dependence of ETA on memory management schemes such as

Cancelback or Artificial Rollback [LinY92a]. By incorporating memory-based

flow control into ETA’s M1 (see Chapter 4), we believe the need for such costly

memory management schemes can be eliminated altogether.

• ETA is adaptive,even for a fixed value of slope. This is demonstrated clearly by

the performance of ETA on the biased workloads as well as the PHASES

workloads. Since ETA was not tailored in any way to compensate for the bias or

the phase behavior (i.e. thesame algorithm was used inall experiments), we have

shown that ETA adapts to changes in load locality.

• The performance of ETA scales well over moderately parallel systems. We have

studied the performance of ETA for systems containing 8, 9, 10, 16, 21, 36 and 64

LP’s. The lack of any declining trends in performance is a clear indication that

ETA’s performance will continue to scale. A comprehensive scalability study over

larger systems and topologies other than those considered here is a topic for future

work. This will require extensive streamlining of the simulation to reduce

execution times below the MTBF of the computing platforms used to execute the

simulations.

6.3.8 Sensitivity Analysis

An informal sensitivity analysis of ETA was also conducted as part of the performance

study, primarily to confirm theoretical reasoning about the nature of ETA and to gain

insights into its operation. Sensitivity of ETA’s performance to the following parameters

was measured: (i) the mean timestamp increment, (ii) the frequency of state saving, and (iii)

concurrency in the workload, which is controlled by two factors — the mean number of

local events simulated for each message sent and the mean event execution time.
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Timestamp increment

Recall the error potential in ETA is a function of the next event time and the quantity

αi´, which is also measured in units of logical time. Thus, EP is essentially a difference in

logical time. The magnitude of this difference is proportional to the mean difference

between timestamps of successive events — i.e., the smaller the mean timestamp incre-

ment, the smaller the range of values for EP. Since the delay introduced by ETA after each

event is proportional to the EP by the slope, it is expected that smaller values of EP will

require larger values of slope (and vice-versa) to provide sufficient delay. This is clearly

demonstrated in Figure 46, which shows the performance of ETA for three different set-

tings of the mean timestamp increment (50, 500 and 5000 logical time units).

State saving frequency

The frequency with which state is saved introduces a trade-off in optimistic systems.

On the one hand, reducing the frequency decreases state saving costs (both time and space).
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On the other hand, if state is saved less often, LP’s have to roll back farther to rebuild state,

resulting in higher rollback costs. Thus, a rollback has two parts, as shown in Figure 47.

Part (a) is due to optimism while part (b) is due to infrequent state saving. Since controlling

optimism can reduce only part (a), it is expected that the residual rollback costs at the point

of minimum completion time for ETA will be higher with less frequent state saving. Figure

48 shows the performance of ETA with three state saving frequencies: after each event,

once every five events and once every ten events. The observed performance supports the

reasoning above.

Concurrency in the workload

Concurrency can be increased in the workload by increasing the computation to com-

munication ratio. In our workload generator, this is controlled by two factors: the mean

number of local events per message set and the mean event execution time. As the number
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of local events is increased, rollback costs decrease since fewer antimessages need to be

sent out for each rollback. With large grained events, the cost of sending antimessages

becomes insignificant compared to the granularity of the events. In both cases, therefore,

rollback costs decrease with increasing concurrency, a situation where Time Warp is

expected to perform well. Figure 49 shows the performance of ETA as concurrency is

increased in the workload. With no internal events, the rollback costs are relatively high

and, as expected, ETA produces significant reductions in rollback and completion times.

For larger numbers of internal events, rollback costs for Time Warp (slope=0.01) are insig-

nificant and correspondingly, ETA does not provide significant benefit. The performance

for varying event execution times is similar.

6.4 ZETA

We describe ZETA, another NPSI adaptive protocol. ZETA is the forerunner of ETA

and differs from it only in the mapping M1. For ZETA, M1 is the following function:

M1 : EPi = MAX { σi - TSVTi, 0}

ZETA is described here for two reasons: first, the criterion for limiting optimism in ZETA

(logical time distance from TSVT or GVT) is an intuitive one — other protocols have

used similar criteria [Stei93, McAf90]. It is therefore important to note that in general,

ETA outperforms ZETA. Second, an analysis of the drawbacks of ZETA motivated the

design of ETA.

6.4.1 Performance Analysis

We describe the performance of ZETA on three representative workloads from the suite

described earlier (Section 6.3.3.2). LGRAIN represents an average workload for which

Time Warp performs well. MSG-SYM represents a more challenging workload for Time

Warp, with high rollback costs. Finally, ECHO is a stress case due to its inherent instability.

Performance with other workloads follows the same trends as with these three.

6.4.1.1 LGRAIN

Figure 50 shows the performance of ZETA with LGRAIN. The reduction in completion

and rollback times is similar to that with ETA (Figure 26). Note, however, that the number
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of rollbacks decreases initially with ZETA but saturates at a fairly high value (~2750). As

with ETA, the average depth of rollback decreases rapidly to the minimum value (1).

6.4.1.2 MSG-SYM

Figure 51 shows the performance of ZETA with MSG-SYM. Note, the rollback time

does not decrease below 5 seconds, which is about 15% of the minimum completion time

(compared with under 5% for ETA). Recall there is very little concurrency in this workload.

Therefore, the best completion time results from eliminating rollbacks for the most part.

However, we observe that ZETA is unable to reduce the number of rollbacks below 2500.

Hence the residual rollback cost.
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6.4.1.3 ECHO

Figure 52 shows the performance of ZETA with ECHO. Clearly, ZETA eliminates the

echoing (and the instability) in the workload as effectively as ETA (Figure 32). Note, how-

ever, that ZETA doesnot reduce the number of rollbacks significantly, while ETA does.

6.4.2 Discussion

The performance study above shows that ZETA can significantly enhance the perfor-

mance of Time Warp. However, in comparison with ETA, the following two conclusions

can be drawn:

• In general, the percentage of rollback time eliminated by ZETA is less than or

equal to the percentage eliminated by ETA.

• ZETA is as effective as ETA in reducing the average rollback depth; it is much less

effective than ETA in reducing the number of rollbacks.
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The first of these conclusions can in fact be attributed to the second. ZETA’s inefficacy

in reducing the number of rollbacks is explained as follows: Consider large values of slope

(this is the region in which the number of rollbacks is reduced). Since ZETA’s M2 is the

same as that for ETA, a large value of slope (s) implies large values ofδ even for small val-

ues of EPi. In such a case, an LP will generally block until its EP reduces to zero. Recall in

ETA this happens when the LP’s next event is the nextsafe event (i.e. guaranteed not to be

rolled back). Unfortunately, this is not the case with ZETA. EP equals zero for an LPi using

ZETA whenσi = TSVTi. This happens when all of the predecessors of LPi have processed

all events with timestamp< σi and any messages with timestamps <σi have been received.

At this point, LPi will terminate its waiting and execute its next event. However, there is no

guarantee that its next event is safe. For example, consider an immediate predecessor of LPi

— LPj — that has just completed executing an event so thatσj = 100. Assumeσi = 80,

TSVTi = 100,ηj = 110 andηi = 120. In this case, ZETA will compute EPi = 0 and allow

LPi to proceed even though LPj’s next event could result in a message that rolls LPi back.
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Note that in the same situation,αi´ cannot exceed 110 (ηj) and therefore EPi ≥ 10 using

ETA. Thus, by not taking the next event times of LP’s into account, ZETA’s M1 has the

drawback that it tends to terminate waiting prematurely, resulting in more rollbacks. This

analysis motivated the definition of ETA.

6.5 Summary

We have introduced an NPSI protocol called the Elastic Time Algorithm (ETA) and

analyzed its performance. Our goal is that ETA perform well over a broad range of appli-

cations. To test for this, we have employed a synthetic workload generator to realize a suite

of test workloads ranging from those for which Time Warp performs well to those that are

stress cases for Time Warp. The results show that ETA consistently outperforms Time

Warp, both in time and space (memory consumption). The two key observations are that (i)

ETA consistently eliminates nearly all of the rollback cost, and (ii) the reduction in com-

pletion time exceeds the reduction in rollback time, which implies very low lost opportu-

nity cost. These two observations suggest that ETA’s performance is close to the best

performance possible by controlling optimism. No other synchronization algorithm ever

proposed has been shown to perform so well under such a wide range of conditions. We

consider our results asignificant advancement in PDES research.

We have presented another NPSI protocol — ZETA, the forerunner of ETA. While

ZETA is an intuitive choice for controlling optimism (other protocols have used similar

techniques), a performance study shows it to be not as effective as ETA.
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Chapter 7

Adaptive Algorithms vs. Time Warp:
An Analysis

In previous chapters, we have discussed adaptive synchronization algorithms designed

to improve upon conservative and optimistic algorithms. Indeed, experimental studies

show that controlled optimism (adaptive in some cases) can improve the performance of

Time Warp. However, there have been no analytical studies of adaptive protocols. We

present thefirst known analytical comparison of adaptively optimistic algorithms with

Time Warp.

Our analysis is analogous to a previous comparison of Time Warp with the Chandy-

Misra protocol [LiMi90]. We define a class of adaptive protocols, the asynchronous adap-

tive waiting protocols (AAWP’s) and identify several practical protocols that belong to this

class. We show that: (i) Time Warp can outperform an AAWP arbitrarily, and (ii) an AAWP

we call ZETA, previously described in Section 6.4 can outperform Time Warp arbitrarily.

Thus, while intuition suggests that adaptive protocols should enhance performance in gen-

eral, our analysis indicates that they must be designed carefully since incorrect adaptive

decisions can lead to arbitrarily worse performance than Time Warp. This work appears in

[SrRe95c].

7.1 Assumptions

We assume the following for all protocols in this chapter:

• Each LP is located on its own processor.

• The protocols employ aggressive cancellation and aggressive rollback.

The following assumptions defineasynchronous adaptive waiting protocols (AAWP’s),

the class of adaptive protocols to which our analysis applies. These protocols are based on

Time Warp and control optimism by introducing delays between event executions:
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i) The simulation loop of an LP is as shown in Figure 53. Note, we do not

make any assumptions about the particulars of the AAWP, such as criteria

for deciding if an LP should wait on a given iteration or how long it should

wait. We only assume that such waiting occurs between event executions,

if at all. An LP aborts its waiting if it receives a message that will cause it

to roll back. A separate delay scheme may be used to control risk.

ii) The waiting at each LP is asynchronous with respect to the waiting at other

LP’s.

iii) The actions of an LP relevant to the analysis are: event execution, rollback

and adaptive waiting. We ignore overheads such as state saving, receiving

messages, GVT computation and fossil collection for simplicity; the

analysis can be extended to include these as well.

iv) The AAWP does not increase the capability of the LP’s to guess

computation. An increase in the guessing power of an LP could

compensate for any detrimental effects of the adaptive control. Since an

LP’s guessing capability depends entirely on the application, it is

reasonable to assume the AAWP cannot increase this capability.

v) Since adaptive waiting is expected to reduce rollback costs, the depth (and

therefore cost) of each rollback is assumed to be bounded by a constant for

the AAWP. If the rollback costs are not bounded for the AAWP, our claim

that an AAWP can perform arbitrarily worse than Time Warp can be shown

trivially.

while not done

Process event

Wait for time δ >= 0

Rollback if necessary

Process received messages

Save state

Collect fossils

endwhile

Figure 53 - Adaptive event execution loop
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vi) Since the delay timeδ can be controlled directly by the AAWP, it is

assumed to be bounded by a constant. Once again, if this were not true, our

claim that an AAWP can perform arbitrarily worse than Time Warp can be

shown trivially.

Several protocols that have been proposed and implemented belong to the class of

AAWP’s. In the penalty based throttling scheme of [ReJe89], an LP that has been rolling

back excessively is made to block for some period of time. This decision is made indepen-

dently of other LP’s. Similarly, in Adaptive Time Warp [BaHo90], an LP may decide to

block after executing an event based on local history and statistical estimation. In [Madi93],

LP’s estimate each others’ logical clock values and block if their clock value differs largely

from that of another LP. In [HaTr94], a real-time blocking window is computed each time

an LP executes an event and the LP blocks for an amount of time equal to this window

(which may be zero). Similarly, in [FeTr94], an LP blocks probabilistically for some

amount of time after each event execution. NPSI adaptive protocols, also satisfy the AAWP

assumptions. Windowing algorithms in which the windows are computed individually for

different LP’s (such as Unified Distributed Simulation system [McAf90] and Breathing

Time Warp [Stei93]) are AAWP’s as well since the LP’s wait when they reach the ceilings

of their independent windows. Note, global windowing algorithms do not fit the AAWP

model since the global window forces all LP’s to synchronize before any of them can pro-

ceed.

7.2 Time Warp Outperforms AAWP’s

We show by example that an AAWP can take arbitrarily longer than Time Warp to com-

plete a simulation. The intuition behind the example is this: on the one hand, it is possible

for Time Warp simulations to execute very efficiently, with few rollbacks; on the other

hand, it is also possible for a Time Warp simulation to generate many false events and con-

sequent rollbacks which can degrade its performance severely [LuWS91]. Errors in adap-

tive decisions regarding when and how long to wait can cause a Time Warp execution to

move from the former category to the latter. In the example here, we show a situation where

the AAWP induces a false rollback chain that delays the committing of an event (relative

to the Time Warp execution) by at least an amount of time proportional to the length of the
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rollback chain. By arguing that this rollback chain can be arbitrarily long, we show that the

committing of an event can be delayed arbitrarily.

Consider the Time Warp execution shown in Figure 54. The x-axis denotes advance of

wall-clock time while the y-axis denotes the different LP’s. The numbers below the events

are their respective timestamps. A dashed arrow indicates the causal dependence of an

event on a message (i.e. the event at the head of the arrow was scheduled by the arrival of

the message at the tail of the arrow). The two important events to note in this execution are:

(i) the event with timestamp 140 at LP1, which is causally dependent on a message from

LP0 that arrives just in time to be executed by LP1, and (ii) the event with timestamp 165

at LP5, which is the one whose committing execution will be delayed due to an erroneous

waiting decision.

Figure 55 shows an execution of the same simulation as in Figure 54 using an AAWP.

For simplicity, we assume the initial conditions for the two executions are the same except

for one difference: both LP0 and LP1 wait for some time at the beginning of the portion of

the execution depicted. Due to what will turn out to be an error in the decision process, LP0

delays longer than LP1. As a result, LP1 is ready to execute an event before the message

from LP0 arrives and causes the event with timestamp 140 to be scheduled. LP1 executes

its next scheduled event (with timestamp 150) and sends a message to LP2. Since we

assume aggressive rollback, this event is afalse one as it is executed out of order. When the

message from LP0 arrives later, this false event is rolled back and an antimessage is sent to

LP2. However, the message sent to LP2 by the false event has already initiated a chain of

false events. The antimessage starts a chain of rollbacks and antimessages that follows

close behind the chain of false events. Regarding these chains, we observe the following:

i) It is possible that the rollback chain catches up with the false event chain

immediately and thus terminates both chains. However, the case that is

relevant to this discussion is the one shown in Figure 55 where the rollback

chain does not catch up with the event chain until the latter reaches LP5 and

initiates an unnecessary rollback. This scenario is feasible [LuWS91].

ii) The chains by themselves may be harmless - the problem arises from the

fact that the final false message that arrives at LP5 (marked MF in Figure



129

55) has timestamp 160, which is smaller than 165, the timestamp of the

second event at LP5 (marked ED in Figure 55). Thus, MF rolls back the first

execution of ED, even though that execution was correct and could have

been committed.ED is re-executed after the false rollback completes.

Therefore, the committing execution ED is delayed by at least an amount of

time proportional to the length of the false rollback chain.

iii) Each of the two chains has a cycle in it, involving LP2, LP3 and LP4. While

we have shown only one iteration of this cycle, it is possible to have an
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arbitrary number of iterations, i.e. the chains could revisit these LP’s an

arbitrary number of times before reaching LP5.

iv) For the false event chain to delay the committing execution of ED, the

timestamp of MF must be smaller than that of ED. Since we assume a

correct implementation of the underlying Time Warp protocol and the

application, it follows that logical time must advance eventually as we

traverse the false event chain. Therefore, an arbitrarily long chain would

require that the timestamp of ED also be arbitrarily large (we disregard

pathological situations such as when the false chain makes diminishing

advances in logical time such that the timestamp of MF is bounded; such

situations reflect a flaw in the implementation - the physical system being

simulated cannot make diminishing progress in real time!). The larger the

timestamp of ED, the less likely that its first execution is on the critical path

of the simulation, since other LP’s are farther behind in logical time. Thus,

while it is possible for the false chains to be arbitrarily long, the probability

that these chains are damaging to the simulation decreases with the length

of the chain. However, the probability is not zero - we can imagine a

simulation where ED marks the transition to a new phase of simulated time,

i.e., the entire simulation makes a “jump” in logical time to the next phase

of activity. If so, the delaying of ED could cause the entire phase transition

to be delayed.

v) It is possible to have very long false chains which do not span much logical

time, as shown in Figure 55. Here, logical time does not increase in an

iteration of the cycle in the false chain; it increases only across iterations.

Thus, the timestamp of MF is small but the chains are long.

vi) Finally, even if the lengths of the chains are bounded (by some means), it is

possible to have an arbitrary number of instances of such chains in a

simulation (i.e., the number of instances is bounded only by the logical

time span of a simulation run).
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In summary, we have shown that the committing execution of an event can be delayed

(relative to the Time Warp execution) by an arbitrary amount of time due to false events

and rollbacks created by errors in the waiting decision.

7.2.1 Lazy Cancellation

Since the events in the rollback chain are false events (i.e. they should not have been

generated), they will have to be rolled back even under lazy cancellation. Thus, the example

holds under lazy cancellation as well. In fact, the problem is aggravated to a certain extent

with lazy cancellation because the initial antimessage generated by the rollback of the event

with timestamp 150 at LP1 will be delayed until LP1 crosses time 150 after executing the

event with timestamp 140. Thus, the physical time lag between the two chains may be

longer, allowing the false event chain to propagate farther.

7.2.2 Lazy Rollback

The commitment of the first execution of ED in the Time Warp execution implies that

the event with timestamp 150 at LP1 must be a false one even with lazy rollback. Thus, the

two chains will be generated in this case also. However, ED may not be rolled back when

MF arrives. This can happen due to one of the following: (i) MF has no impact on the state

in which ED was executed, or (ii) the rollback chain arrives at LP5 while LP5 executes the

event scheduled by MF so that when the execution is complete (or is preempted, assuming

event preemption), it is cancelled immediately and the operating state for ED is not affected.

However, even if the final execution of ED is not delayed, the advance of GVT1 beyond 165

will be delayed by at least the amount of time it takes for the chains to disappear. Since

GVT is the commitment horizon for events, the committing of ED can be delayed arbitrarily

even with lazy rollback.

7.2.3 Pragmatic Issues

We have identified a general class of adaptive protocols, the AAWP’s, and shown that

it is possible for Time Warp to outperform them by an arbitrary amount. Since several prac-

tical protocols belong to the AAWP class, this counter-intuitive result suggests that

AAWP’s must be designed with care. Correspondingly, while we have developed several

1. GVT is the minimum of all logical clocks and timestamps of any messages in transit.
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very effective NPSI adaptive protocols, we have also discovered some that perform no bet-

ter than Time Warp and some that perform worse.

It is possible to design AAWP’s so as to avoid the scenario described earlier. However,

it is not clear whether doing so will be beneficial in the general case. Moreover, since there

may be other scenarios similar to the one we have described, establishing a property of

AAWP’s that avoids this scenario would not by itself guarantee that Time Warp will not

outperform AAWP’s by more than a constant factor.

7.3 AAWP’s Outperform Time Warp

We show by example that Time Warp can take arbitrarily longer than an AAWP to com-

plete a simulation. Our approach is to describe the execution of a simulation using both

Time Warp and a specific AAWP. We show that Time Warp takes an amount of time that is

quadratic in the amount of logical time simulated while the AAWP takes linear time. Since

the difference in completion times is not bounded by a constant for a given simulation, the

AAWP outperforms Time Warp arbitrarily.

7.3.1 Physical System

The system we consider for simulation was described previously in [LuWS89] as an

example of “echoing” in Time Warp. We refer to it asEchoSystem. It consists of three phys-

ical processes (PP’s), A, B and C with the communication topology shown in Figure 56.

Upon receiving a message from PPA, PPB processes it and sends a message to PPA and vice-

versa. If no message is received from the other, both of them prepare a message to send to

PPC. If a message arrives when one is being created or sent to PPC, that sending is aborted

and the new message is processed. Sending and receiving of messages takes no time. Pro-

cessing a message from PPA (PPB) takesu real time units on PPB (PPA). Preparation of a

PPA

PPB

PPC

Figure 56 - EchoSystem: Physical system for echoing
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message to PPC takes 2u real time units. Suppose at time 0 PPA receives the first message

from PPB. Then it may be verified that the only message traffic that occurs in this system is

between PPA and PPB at intervals ofu real time units. The idle periods between intervals

are insufficient to build a message to PPC. Note, real time in the physical system corre-

sponds to logical time in the simulator.

For the simulator, we assume the following: processing a message between PPA and

PPB takes one unit of wall-clock time (including sending the follow-on message), preparing

a message to PPC takes one time unit and sending of an antimessage also takes one time

unit. LP’s advance their simulation clocks to the timestamp of the next eventafter execut-

ing that event. We assume this to simplify the proofs - the theorems can be proven even if

it is assumed that logical clocks are advanced before commencing event execution. LPC is

assumed to perform its work fast enough so that its actions are irrelevant to the discussions

and proofs.σX denotes the logical clock value of LPX.

7.3.2 Time Warp Execution

The Time Warp execution of this simulation is shown in Figure 57. The x-axis repre-

sents wall-clock time. The numbers (in multiples ofu) at the junctions of the LP time lines

and the unit time intervals indicate the logical time to which the LP’s have simulated (i.e.

the logical clock value of the LP). A solid arrow indicates a message transmission while a

dashed arrow indicates an antimessage transmission. The bold lines at various points on the

time lines of LPA and LPB indicate rollback. From the picture, the echoing is evident imme-

diately in the fact that the two LP’s roll back alternately, with increasing amplitudes.

u

Figure 57 - Echoing in Time Warp
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THEOREM 1: A Time Warp execution of EchoSystem takesn(n+1)/2 wall-clock time units

to simulate nu units of logical time.

PROOF: The theorem is proved by induction on the amount of wall-clock time required for

GVT to advance from logical time(n-1)u to nu.

Induction hypothesis: It takesn units of wall-clock time for GVT to advance from

logical time(n-1)u to nu.

Base case:n = 1: From Figure 57 we see that in the first wall-clock time interval (i.e.

wall-clock time [0:1)) LPA advancesσA to u and LPB advancesσΒ to 2u. Thus, GVT has

advanced from 0 tou in one wall-clock time unit and the hypothesis holds.

Induction step: Assume the hypothesis holds for the logical time window [(n-1)u:nu).

Recall that the message traffic in the physical system consists only of the single message

being exchanged by LPA and LPB. Thus, in any correct simulation of this system, GVT

advances byu logical time units each time an LP receives this message, processes it and

sends it back. During this process, the actions of other LP’s cannot affect GVT. Without

loss of generality, assume LPA takesn wall-clock time units to advance GVT from(n-1)u

to nu (by induction hypothesis). In thesen wall-clock time units, LPB will send n

messages to LPC. Thus, at the end of [(n-1)u:nu), LPA has just sent a message to LPB with

timestampnu and LPB has sentn false messages to LPC. Therefore, LPB takesn wall-

clock time units to send then antimessages to LPC and one wall-clock time unit to process

the message, advanceσB to (n+1)u and send the message back to LPA with timestamp

(n+1)u. At this point, GVT will have advanced to logical time(n+1)u, requiringn+1

wall-clock time units to do so. Thus the total wall-clock time required to simulate up to

logical timenu is . ■

We have thus shown that Time Warp takes O(n2) wall-clock time to simulate the

specified physical system, wheren is a measure of the logical time span of the simulation

run.

i
i 1=

n

∑ n n 1+( )⋅
2

--------------------------=
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7.3.3 AAWP Execution

Recall the general design framework of Section 4.3, repeated in Figure 58 for conve-

nience. Based on this framework, different NPSI adaptive protocols may be constructed by

designing the mappings M1 and M2. Note, these mappings only specify if an LP should wait

and how long it should wait; the general structure of NPSI protocols conforms to the

AAWP model in Section 7.1, i.e., NPSI adaptive protocols are AAWP’s. Consider the fol-

lowing instance of ZETA, the NPSI adaptive protocol described in Section 6.4:

M1 :

M2 :

whereMaxEPi is the maximum value of EPi observed thus far. After executing an event,

LPi re-computesδi and waits forδi units of wall-clock time before proceeding to the next

event. If a message is received during a wait period that will cause a rollback, the LP

aborts the waiting and proceeds to roll back.

Figure 59 shows the execution of the simulation using the protocol described above.

The shaded lines represent waiting due to the adaptive protocol. It is evident from the dia-

gram that the echoing observed under Time Warp (Figure 57) has been avoided since each

rollback is of only unit length.
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Event
processing

and

M1 M2

message
sending

System
State

Figure 58 - Framework for NPSI adaptive protocols
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The discussion in Section 4.2 justifies the following assumption:

NPSI Assumption: A change in an LP’s logical clock value is reflected in the

values of GVT visible to the different LP’s in a fraction of the time it takes for

an LP to execute an event.

For example, we may assume this latency is equal to 0.1 wall-clock time units since an LP

takes one wall-clock time unit to execute an event.

THEOREM  2:An execution of EchoSystem using ZETA takes 2n-1 wall-clock time units to

simulatenu units of logical time.

PROOF: The proof consists of induction on the amount of wall-clock time required for

GVT to advance from logical time(n-1)u to nu.

Induction hypothesis: For n = 2, 3, ... (i) it takes 2 units of wall-clock time for GVT to

advance from logical time(n-1)uto nu, (ii) MaxEPA <= 2u, and (iii) MaxEPB <= 2u.

Base case:n = 2: Referring to Figure 59, at wall-clock time 1 LPA is at logical timeu and

has sent a message to LPB while LPB is at logical time2u and has sent a false message to

LPC. Thus GVT =u at wall-clock time 1. The message from LPA causes LPB to roll back

to logical timeu and send an antimessage to LPC, requiring one wall-clock time unit. In

Figure 59 - Avoiding echoing with adaptive aggressiveness
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the wall-clock time interval [2:3), LPB processes the message, advancesσB to 2u and

sends a message with timestamp2u back to LPA. In the wall-clock time period [1:2), LPA

advancesσA to 3u, builds a message and sends it to LPC. Since LPB rolls σB back tou just

after wall-clock time 1, by the NPSI assumption, at wall-clock time 2 we haveσA = 3u,

GVTA = u and therefore EPA = 2u. Since MaxEPA was 0 initially, MaxEPA = 2u, giving

δA = 1. Thus LPA waits during the wall-clock time period [2:3). Consequently, at wall-

clock time 3, GVT =2u, MaxEPA = 2u and MaxEPB = 0.

Induction step: Assume the hypothesis holds for the logical time window [(n-1)u:nu). As

in the proof of Theorem 1, the argument is made that in any correct simulation of the

specified physical system, (i) GVT advances byu logical time units each time an LP

receives a message, processes it and sends it back and (ii) the actions of other LP’s during

this period cannot influence this GVT advance. Without loss of generality, assume LPA

takes 2 wall-clock time units (by hypothesis), say [i-1:i ) and [i:i+1 ), to advance GVT

from (n-1)u to nu and send a message with timestampnu to LPB. In [i-1:i ), LPB advances

σB from (n-1)u to (n+1)u and sends a message to LPC. Since LPA sent a message with

timestampnu to LPB at the end of [i:i+1 ), σA must be(n-1)uat the end of [i-1:i ). Further,

LPA received a message from LPB at the beginning of [i-1:i ) (because LPA advances

GVT). This implies LPA could not have built and sent a message to LPC during [i-1:i ).

Therefore, LPA must have rolled back during [i-1:i ). This meansσA must have been rolled

back to(n-1)u at the beginning of [i-1:i ). By the NPSI assumption, at the end of [i-1:i )

GVTB = (n-1)u. Thus,σB = (n+1)u, EPB = 2u, MaxEPB = 2u (by hypothesis) andδB = 1.

Consequently, LPB waits during [i:i+1 ). At the end of [i:i+1 ), GVT = nu, LPA has sent a

message with timestampnu to LPB and LPB has sent one false message to LPC. The

message from LPA at the end of [i:i+1 ) causes LPB to roll back and send one antimessage

to LPC (requiring one wall-clock time unit). LPB uses another wall-clock time unit to

process the message, advanceσB to (n+1)u and send a message with timestamp(n+1)u to

LPA. Thus, after two wall-clock time units, GVT is advanced fromnu to (n+1)u. Since

LPB controls the advance of GVT in these two wall-clock time units, EPB = 0 and

consequently, MaxEPB = 2u. The actions of LPA in this period are exactly the same as
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those of LPB in the interval [(i-1)u:(i+1)u) described earlier. It follows that MaxEPA also

equals 2u.

The total wall-clock time required to simulatenu units of logical time is therefore given

by the sum of the wall-clock times required to simulate the windows [0:u) and [u:nu):

■

We have thus shown that ZETA takes O(n) wall-clock time to simulate EchoSystem,

wheren is a measure of the logical time span of the simulation run. The corresponding com-

pletion time with Time Warp is O(n2). Since the ratio of completion times is not bounded

by a constant for a given simulation, the adaptive protocol outperforms Time Warp arbi-

trarily.

7.3.4 Pragmatic Issues

We have described ZETA, a specific AAWP and shown that it can outperform Time

Warp arbitrarily. While the simulation for which this phenomenon is observed is somewhat

contrived, ZETA is not. In Section 6.4.1.3 we have presented the empirical results of sim-

ulating EchoSystem (the ECHO workload) using an implementation of ZETA. In conform-

ance with our analysis here, we observed that the speedup of ZETA over Time Warp

increased with the logical time span of the simulation, i.e., the larger the maximum simu-

lated time, the larger the speedup. Although this analysis has not been extended to ETA, the

main NPSI algorithm in Chapter 6, we believe it is possible to do so. The fact that the per-

formance of ETA (Section 6.3.5.7) with EchoSystem closely matches that of ZETA sup-

ports this belief.

7.4 Summary

The lack of consistently good performance with the two traditional approaches to syn-

chronization in parallel discrete event simulations (conservative and optimistic) has led to

the exploration of adaptive approaches. Experimental studies indicate adaptive protocols

can improve PDES performance. However, there have been no analytical studies compar-

ing the performance of adaptive protocols with that of traditional protocols. We have pre-

1 2
i 2=

n

∑+ 2 n⋅ 1–=
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sented the first known analytical comparison of adaptive protocols with Time Warp. We

have demonstrated that it is possible for Time Warp to arbitrarily outperform a class of

adaptive protocols we call asynchronous adaptive waiting protocols (AAWP’s). Protocols

in this class control aggressiveness and risk by introducing independently controlled delays

at the LP’s. This class is general enough to include many practical protocols. Conversely,

we have presented an example in which an NPSI protocol (which is also an AAWP) out-

performs Time Warp arbitrarily. Thus, while adaptive limiting of optimism appears to

enhance performance in practice, our study shows that care must be taken in the design of

AAWP’s since incorrect adaptive decisions can lead to arbitrarily worse performance than

Time Warp.
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Chapter 8

Tunable Parameters

By definition, an adaptive protocol that dynamically controls optimism based on the

(observed or predicted) state of a system includes tunable parameters — those whose val-

ues must be determined in an application-specific manner or adjusted dynamically to

ensure good performance. This chapter concerns automatic methods to tune such parame-

ters by monitoring the values of relevant metrics. We identify two such metrics based on a

characterization of tunable parameters. One of these metrics is used in an algorithm

designed to automatically tune the slope parameter in ETA (Chapter 6). Performance

results show this algorithm to be very efficient.

8.1 Why Tunable Parameters?

One of the conclusions drawn from the results presented in Section 6.3 is that the

scaling factors must be chosen properly for ETA to perform well. Too small a value will

not reduce rollback costs sufficiently while too large a value will introduce lost opportunity

cost. The value ofs that minimizes the completion time depends on the application and

hence cannot be determineda priori in general. The user may be able to provide some hints

about this value; on the other hand, there is no theory to aid the user. We refer to parameters

such ass astunable parameters. Tunable parameters are those whose values must be deter-

mined in an application-specific manner or adjusted dynamically to ensure good perfor-

mance.

While s is an artifact of the particular M2 chosen for ETA, such tunable parameters

will exist in any adaptive protocol. By definition, adaptive protocols are expected to react

to changes in the system. If the protocol is a general one (i.e. one that will be used with a

wide range of applications), it must interpret the state information it obtains or estimates in

the context of the particular application. This process entails tunable parameters such as

scaling factors, size of history and filter constants. A problem similar to adaptive synchro-

nization of PDES’s is adaptive load balancing/sharing in parallel and distributed systems.

It is well known that good load balancing requires good estimation of tunable parameters
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such as thresholds and maximum number of transfer-hops. Accordingly, we observe that

all existing adaptive protocols admit tunable parameters of some sort (the time-window

bound in [TuXu92], N1 and N2 in [Stei93], cluster size in [RaAT93], blocking window size

in [BaHo90], the scaling factorci in [HaTr94] and Mf and Mp in [DaFu94]).

Clearly, there is a need to invent a scheme by which adaptive protocols may tune

the values of such parameters dynamically. The Adaptive Time Warp algorithm [BaHo90]

computes its blocking period based on a particular logistic response function. Thus its effi-

cacy depends on how accurately this function reflects reality. Moreover, it is an entirely

local optimization. The Local Adaptive Protocol [HaTr94] also uses a local optimization

strategy in which the parameter is tuned based on observed rate of progress of virtual time

per channel. The scheme of [DaFu94] tunes two parameters, Mf and Mp dynamically based

on an analysis of the flow of memory buffers in a Time Warp simulation. This scheme is

specific to the nature of the parameters being tuned.

8.2 Types of Parameters

We categorize tunable parameters along two dimensions — static vs. dynamic and

global vs. local:

static The desired value (i.e. the value that maximizes global performance) of a

static parameter depends on the application but is constant throughout a

simulation. Thus, once tuned, the value of a static parameter will not

require re-tuning during a simulation.

dynamicNot only is the desired value of a dynamic parameter application depen-

dent, but the value may change during the simulation. Thus a dynamic

parameter requires re-tuning as the simulation proceeds.

global the value of a global parameter is the same for all LP’s.

local the value of a local parameter is determined independently for each LP.
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The four types of parameters are shown in Table 2:

8.3 Metrics

The general approach to tuning parameters is to monitor the progress of the simu-

lation in order to determine how well the current values for tunable parameters are perform-

ing. Metrics must be identified that can be measured during the simulation and that reflect

the progress of the computation accurately. Once again, an analogy may be drawn with load

balancing where a good load index is essential [FeZh87]. We propose two metrics, based

on whether the tunable parameters are global or local.

8.3.1 Global Tunable Parameters

A global tunable parameter implies that all LP’s use the same value of the parameter

at any point in the simulation. In other words, there is only one value to be tuned (for each

parameter). Thus, we can employ a global metric to tune a global parameter. Since GVT

denotes the logical time up to which the simulation has advanced, the rate of advance of

GVT is a good indicator of the progress of the simulation. We propose a different global

metric:

• RC: thetotal rate of commitment of events over all LP’s

We believe RC to be a better indicator of global progress than the rate of advance of GVT

because the base of reference for RC (events/second) is the same for all applications unlike

that for GVT (units of logical time/second). By taking the total commitment rate over all

LP’s we take into account the case where events are distributed unevenly over the logical

time line at different LP’s.

Given the reduction model described in Chapter 4, RC may be computed easily as

follows: each LP maintains an element in its input state vector (ISV) that tracks the number

Q I
Global
Static

Q II
Global

Dynamic

Q III
Local
Static

Q IV
Local

Dynamic

Table 2 - Types of tunable parameters
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of events committed by that LP. Each time an LP commits events, the value of this element

is incremented by the number of events just committed. The NPSI calculator applies the

ADD function to this element ofall ISV’s to produce the total number of committed events

in the OSV’s. RC may then be computed by each LP by sampling this element in the OSV

periodically and using the following formula:

whereNi is thei’th sample andTi is the time at which it was taken.

8.3.2 Local Tunable Parameters

With local tunable parameters, different LP’s can use different values for a param-

eter at any point in the simulation. In parallel simulation, as in most parallel computations,

local optimization does not imply global optimization (in fact it may be detrimental). Con-

sequently, a purely local metric may not be sufficient. On the other hand, if a single global

metric is used, an LP may not be able to determine if a change in the measured value of the

metric occurred due to some action that it performed (or that it should have performed).

Thus a combination of a global and a local metric seems desirable. We propose the follow-

ing local metric to be used in conjunction with RC:

• PRB - the percentage of events rolled back at an LP

Note, PRB combines the number and depth of rollbacks. RC indicates the overall

progress of the simulation while PRB indicates to an LP whether it is a potential cause for

any observed poor global performance. Table 3 summarizes the actions an LP takes under

various situations. In [PaWi93], the authors suggest the use of similar metrics. Similar to

RC, they define Wi as the rate of commitment of events at LPi in one GVT cycle. Thus, Wi

is a local metric. While [PaWi93] argue for an indicator of rollback behavior, they do not

suggest one — the algorithm they propose uses Wi only.

RC PRB Action

Low Low Increase aggressiveness/risk rapidly

Low High Decrease aggressiveness/risk rapidly

High Low Increase aggressiveness/risk gradually

High High Decrease aggressiveness/risk gradually

Table 3  - Actions for dynamic tuning of parameters

RC

Ni Ni 1––

Ti Ti 1––
-----------------------=
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Maximizing global performance by tuningn independent local parameters simulta-

neously is very difficult — in all likelihood, it is NP-hard. However, there may exist heu-

ristics that approach the maximum performance. These heuristics could be based on the

metrics proposed above (RC and PRB).

8.4 Tunable Parameter for ETA

The tunable parameter in ETA is the slope,s. Recall that the waiting period in ETA,

δ, is a function of the error potential, EP — the slope is merely a scaling factor in this func-

tion.Even with a fixed value of slope, ETA is adaptive because (i) the waiting period at each

LP is proportional to its own EP, and (ii) this waiting period changes with EP. In effect, we

can think ofs as translating the EP from the logical time domain of the application to the

appropriate range of real-time delays, while the EP itself adaptively controls the variation

in the delay. Thus it is reasonable to treats as a global tunable parameter. The experimental

results in Section 6.3 support this reasoning in that in each of those experiments, we have

used a single, global value of slope. By the same reasoning, we believe the value ofs that

most reduces the completion time will be constant for most applications, i.e., once this

value is determined, there is no need to change it. Once again, this is corroborated by the

experimental results of Section 6.3 where the value of global slope remains constant

throughout the simulation. It is important to note that the constant nature of the slope value

holds even when the workload exhibits phases (as demonstrated in Figure 35 in Section 6.3.

When such phase behavior occurs in the workload, it is the EP that reacts to the phases and

controls the waiting periods appropriately to mitigate the effects of the phases. This re-iter-

ates the point thats is merely a scaling factor — the proper relative delay is achieved by

computing EP appropriately. Thus, for a large number of applications, we may treats as a

global, static parameter.

It is possible there are applications which undergoshifts in the logical time domain

during the simulation (for instance if the timestamp distributions are changed for the entire

simulation). In such cases, conceivably, s will have to be re-tuned during the simulation,

making it a global, dynamic tunable parameter. We believe such applications are rare. The

performance analyses in the PDES literature have not considered such applications.



145

Finally, it is conceivable there are applications where the EP is inaccurate for a sub-

set of the LP’s (recall EP is only anestimate of the likelihood of rollback). The inaccuracy

in EP can be compensated for by having different values of slope at different LP’s (i.e. slope

becomes a local parameter). However, since it is difficult to tune local parameters effi-

ciently, a preferable solution is to improve the mapping M1 so as to reduce the inaccuracies

in EP. Chapter 9 discusses some enhancements to M1 such as incorporating rollback and

lookahead information and choosing a good predecessor set.

In summary, we have argued that for ETA, the applications of general interest lie in

quadrant QI of Table 2. We believe that this is generally not the case with other adaptive

algorithms described in Chapter 2. For example, the two window sizes in [Stei93] (N1 and

N2) control the optimism of an LP directly. Consequently, they must be independent for

each LP for the algorithm to perform well with a workload that exhibits alternating phases

(such as the one we have used to test ETA in Section 6.3.3.2). Similarly, the blocking win-

dow size in [BaHo90] and the scaling factorci in [HaTr94] are defined locally for each LP.

8.5 Algorithm for Tuning Slope

We use RC, the global metric described earlier, to automatically tune the value of

slope. Based on the trade-off shown in Figure 10 and the experimental results described in

Chapter 6, we hypothesize that the behavior or RC as a function of slope is characterized

by one of the three graphs shown in Figure 60. Part (a) shows the typical trade-off situation

where RC is maximized (i.e. the completion time is minimized) for some non-zero, finite

value of slope. Part (b) shows the situation where RC is maximized as slope tends to (i.e.

when the simulation is conservative) and part (c) shows the situation where RC is maxi-

mized when slope is zero (i.e. with Time Warp). In each case, the function is unimodal. The

Slope

RC RCRC

SlopeSlope

Figure 60 - Hypothesized behavior of RC

(a) (c)(b)

∞
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aim of the algorithm described here is to automatically locate the value of slope at which

RC is maximized.

The algorithm,AutoSlope , is listed in Figure 61. Since slope is a global param-

eter, the same value must be used by all LP’s. Thus, this algorithm is executed by only one

Figure 61 - AutoSlope  - algorithm for automatically tuning the slope

AutoSlope (Rc, current_slope)

{

delta_rc = Rc - last_rc

abs_delta_rc = |delta_rc|

delta_slope = current_slope - last_slope

max_delta_rc = MAX (max_delta_rc, abs_delta_rc)

If performing initial scan

If (Rc > max_rc) {remember the maximum observed}

max_rc = Rc {RC and}

max_slope = current_slope {corresponding slope}

Endif

new_slope = current_slope * 10

Else if first sample after initial scan

{get another data point to start}

new_slope = max_slope * 1.1 {small perturbation}

last_rc = max_rc {first data point ismax_rc }

last_slope = max_slope {at max_slope }

Else

If variation in observed Rc < ε ∗ Rc

continue in previous direction

Else if (delta_slope is 0) OR (delta_rc/delta_slope > 0)

{climbing}

new_slope = current_slope * (1 + abs_delta_rc/max_delta_rc)

Else {falling}

new_slope = current_slope / (1 + abs_delta_rc/max_delta_rc)

Endif

Endif

If (new_slope > MAX_SLOPE) {bound the delay}

new_slope = MAX_SLOPE

Return new_slope

}
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LP and the computed value of slope is distributed to the others. After an initial warm-up

period to allow transients to subside,AutoSlope  is invoked by the main event execution

loop periodically. Prior to invoking the procedure, the calling function computes the latest

value of RC as described in Section 8.3.1 and passes this value in the call.AutoSlope

works by making an initial scan of the range of slope values. For the first few invocations,

it multiplies the slope by a constant factor each time, until the slope reaches a predefined

maximum value. During this scan,AutoSlope  retains the largest value of RC observed

and the corresponding slope value. After the scan is complete,AutoSlope uses this slope

value as the starting point of the tuning process. Since at least two points are required to

determine the direction in which to proceed next, the algorithm begins by applying a small

perturbation to the starting point.

Given two sample points, the algorithm must determine: (i) the direction in which

slope must be varied (i.e. increase or decrease), and (ii) the magnitude of change. The direc-

tion of change depends on which side of the maximum the procedure is currently operating

in, i.e. if the current slope is on the left side of the maximum, the slope must increase and

correspondingly, if the current slope is on the right side of the maximum, the slope must

decrease. Since it is generally not possible to know the true maximum of the function, the

desired direction is determined by computing the first derivative of the response function,

as shown in Figure 62. The slope must increase if the derivative is positive, and it must

decrease if the derivative is negative. An increase is effected by multiplying the current

slope by a factor that controls the magnitude of change while a decrease is effected by a

division.

Old New

New

Old

∆RC > 0
∆slope > 0

OldNew

New

Old

∆RC < 0
∆slope < 0

OldNew

New

Old

∆RC > 0
∆slope < 0

Old New

New

Old

∆RC < 0
∆slope > 0

Figure 62 - Determining the direction of slope change
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While the magnitude of the change can be arbitrary, it is desirable to have the

change be small when the current slope is near the maximum and large when it is farther

away. A possible factor (used inAutoSlope ) is given by the formula:

Since changes in RC are smaller near the maximum, this factor should have the desired

property.

Finally, while the response function of RC is theoretically as shown in Figure 60, in

practice we may expect the measured value of RC to exhibit some variance, giving rise to

local maxima. To account for this,AutoSlope  tolerates some amount of variance in RC

by ignoring any changes in the measured value within a small percentage of the absolute

value of RC.

8.6 Performance

Table 4 captures the performance ofAutoSlope  on the various workloads

described in Section 6.3.3.2.AutoSlope  was invoked every 2500 events during the initial

scan and every 5000 events thereafter. The tolerance to variance in RC was set to 3%. For

each workload, the table lists the time (in seconds) to complete the simulation using Time

Warp, the completion time using ETA with AutoSlope , the smallest completion time

using ETA by manually tuning the slope and the relative efficiency of ETA withAutoS-

lope compared to the manually tuned version. The efficiency (η) is computed as follows:

In the case of EchoSystem, we were unable to obtain data for pure Time Warp because the

inherently unstable nature of the workload caused system buffers to overflow for long

runs. Nonetheless, it is clear that the automatic scheme was able to eliminate the

instability and performed nearly as well as the manually tuned version..

Note, in the design of the automatic tuning scheme it was not assumed that slope is

a static parameter (only that it is a global parameter).AutoSlope  does not settle at a par-

ticular value of slope; rather, it tends to keep the slope in a region about the maximum.

Therefore, in the event of a major shift in the logical time domain of the simulation, we

1
RC∆

MAX RC∆{ }
--------------------------------+

η TW Automatic–
TW Handtuned–
-------------------------------------------- 100×=
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believe this algorithm will react by changing the slope accordingly, ultimately reaching the

new maximum. If it is known that the simulation will not undergo such major shifts in the

logical time domain (as is most often the case), then slope is a global,static parameter for

this simulation. A pilot run may then be used to determine the region of slope values in

which the automatic tuning algorithm settles down so that the slope value may be fixed at

some point in this region for the main runs.

8.7 Summary

By definition, an adaptive protocol entails tunable parameters — parameters whose

values must be determined in an application-specific manner or adjusted dynamically to

ensure good performance. Tunable parameters can be global or local and static or dynamic.

They may be tuned dynamically based on the measured values of metrics that reflect the

relevant state of the computation. We have identified RC, a global metric and PRB, a local

metric. We have described an algorithm that automatically tunes the value of slope (the tun-

able parameter of ETA) based on RC. Performance results show that this algorithm is very

efficient (86%—99%) relative to a version in which the slope is tuned manually to mini-

mize completion time.

Workload Time Warp Automatic Hand-tuned η

LGRAIN 1047 901.5 882 88.2%

SELF-SYM 870.67 744.25 742.67 98.8%

SELF-BIAS 794 639.67 615.33 86.4%

MSG-SYM 561.67 396.33 373.33 87.8%

MSG-BIAS 843.67 419.75 394.67 94.4%

ASYM 614.33 424.67 397 87.3%

ECHO — 120.33 102.67 —

CHASE 810 671.67 663.33 94.3%

PHASES-MSG 557 397.33 373.33 86.9%

PHASES-SELF 711.33 593.33 582 91.2%

Table 4 - Efficiency of automatic tuning scheme
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Chapter 9

Conclusions

In this final chapter, we summarize the results and contributions of our research,

identify areas of future research and comment on the significance, strengths and weak-

nesses of our work.

9.1 Summary of Results

We summarize the results and contributions of this thesis by chapter.

In chapter 2, we surveyed previous work related to this thesis. We discussed the

merits and demerits of traditional PDES protocols — conservative, optimistic, window-

based and error-tolerant. This study leads to the observation that a protocol in which opti-

mism is controlled is desirable. We surveyed protocols that limit optimism, categorizing

them based on the criterion for limiting optimism. Since comparative performance results

are unavailable, we have reasoned about the pros and cons of each category.

In chapter 3, we presented new results in the area of critical path analysis of

PDES’s. Since simulations must execute events so as not to appear to violate dependence

constraints, critical path analysis has been used to study lower bounds on the completion

time of PDES’s. Our investigation into the optimality of NPSI protocols revealed two inter-

esting points: (i) due to the phenomenon of super-critical speed, there is no consensus on

optimality, and (ii) some previously published results concerning super-critical speed are

flawed. We presented a correct sufficient condition to determine whether a protocol is

super-critical. Also, we showed that a similar condition used previously to argue about the

super-criticality of four protocols is necessary but not sufficient. Secondly, we disproved a

previous claim that super-criticality requires independence among certain events in the

simulation. This result is significant because it suggests that a non-trivial lower bound for

all simulations cannot exist, except for special classes of simulations. The results of this

chapter have been published in [SrRe95a].

In chapter 4, we developed the theory of NPSI protocols. We motivated an

approach in which optimism is controlled adaptively using state information. We described
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the reduction model of computation underlying NPSI protocols and discussed how this

model may be realized in practice. We proposed a framework for the design of NPSI pro-

tocols. The main advantage of this framework is that, using two mappings M1 and M2, it

isolates the two phases in the design of NPSI protocols — identifying relevant state infor-

mation and controlling optimism using this information. We discussed the general require-

ments for these mappings and described several possibilities for each. This work has been

published in [SrRe95b]

In chapter 5, we described how the reduction model of chapter 4 may be used to

produce state information required by adaptive protocols. Specifically, we presented

npGVT, an algorithm to compute the global virtual time (GVT) in an optimistic PDES.

Being based on the reduction model,npGVT produces accurate values of GVT at low-cost

and is thus suitable for use in adaptive protocols. Since computing GVT is an instance of

obtaining a distributed snapshot, it is inherently a non-trivial problem (except in special

cases). We identified two correctness criteria for GVT algorithms in general and proved that

npGVT satisfies these. Also, we described an implementation ofnpGVTcallednpGVT2P,

in which the reduction model is realized using an asynchronous reduction network. The

asynchronous nature of the network introduces the potential for race conditions which are

accounted for innpGVT2P. We extended the proof of correctness tonpGVT2P. Finally, we

described three properties ofnpGVT (andnpGVT2P) that are useful in the context of adap-

tive protocols.npGVT2P has been published in [SrRe93a].

In chapter 6, we described the Elastic Time Algorithm (ETA), an NPSI protocol

based on the framework of chapter 4, by specifying the two mappings M1 and M2. ETA is

implemented usingnpGVT, the algorithm described in chapter 5. We described a detailed

performance study of ETA. The study was conducted over a suite of test workloads with

widely different characteristics, which were realized using a synthetic workload generator

designed for that purpose. The most important conclusion from this performance study is

that ETA consistently outperforms Time Warp, in both completion time and memory con-

sumption. Further, these results suggest that the reduction in completion time produced by

ETA is close to the best possible by controlling optimism. For comparison, we presented

another NPSI algorithm, ZETA. Although ZETA is an intuitive choice for controlling opti-

mism (other protocols have used similar techniques), we presented a performance study
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that shows it to be not as effective as ETA. Early work in this chapter has been published

in [SrRe95b].

In chapter 7, we presented the first known analytical comparison between adaptive

protocols and Time Warp. We described a class of adaptive protocols, which we call the

Asynchronous Adaptive Waiting Protocols (AAWP’s). This class includes many practical

protocols, among them NPSI protocols. We showed that: (i)Time Warp can outperform an

AAWP arbitrarily, and (ii) AAWP’s (specifically, ZETA, the algorithm described in

chapter6) can outperform Time Warp arbitrarily. Thus, while experimental studies suggest

that adaptive protocols enhance performance in general, our analysis establishes a theoret-

ical limitation of a general class of adaptive protocols. This result has been published in

[SrRe95c].

In chapter 8, we addressed the issue of tunable parameters in adaptive protocols. Tun-

able parameters are those whose values must be determined in an application-specific man-

ner or adjusted dynamically to ensure good performance. The general approach to tuning

parameters is to monitor the progress of the system using relevant metrics. We identified

four types of tunable parameters. Based on whether a parameter is global or local, we pro-

posed two metrics, one global and one local. We described an algorithm to automatically

tune the single tunable parameter in ETA — slope — using the global metric. Performance

study of this algorithm on the workload suite described in chapter 6 shows it to be very effi-

cient.

9.2 Future Research

In this thesis, we have laid the foundation for a new class of PDES protocols — the

NPSI adaptive protocols. We have proposed an NPSI adaptive protocol — the Elastic Time

Algorithm (ETA). A thorough performance study of this algorithm shows it holds signifi-

cant potential to be consistently efficient. ETA is the first step in research into NPSI proto-

cols. We describe several issues that will define the direction of future research in this area.

9.2.1 Enhancing M1

In the context of the framework for NPSI adaptive protocols we proposed in Chap-

ter 4, we note that the higher the accuracy of M1 in identifying potentially incorrect com-

putations, the less the reliance of M2 on tunable parameters likes. For example, in the ideal
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case, if M1 is sophisticated enough to always identify any computation exactly as either

correct or not, then M2 is simply a binary function that stops event execution (and the send-

ing of messages) when M1 flags an error. Research is required into identifying other kinds

of state information that may be used in evaluating M1 and that would increase the accuracy

of the error potential. We suggest several such enhancements.

Rollback information

In the context of near-perfect information, it is possible to utilize effectively the

knowledge that one or more LP’s are in the process of rolling back. The fact that an LP is

rolling back is important to its successors in the communication topology because rollbacks

tend to propagate. Consider the following analogy: visualize an LP as a person driving a

car on a highway. When this person observes that the car in front of her’s has applied its

brake, that is (typically) interpreted as a warning of an impending collision and suggests

that she should apply her brakes as well1. Similarly, if we are able to provide an LP with

the information that its predecessor is rolling back, that LP should interpret that as a warn-

ing of impending rollback and hence slow down. Extending the analogy further, if the

driver of the car observes activated brake lights on cars farther ahead (than the one imme-

diately ahead of her’s), that may be interpreted as a warning of impending braking and

accordingly, the driver may cease to accelerate and let the car coast. Correspondingly, if an

LP is informed that some of its farther predecessors are rolling back, it may continue to pro-

cess aggressively, but reduce its risk to zero (i.e. temporarily suspend the sending of mes-

sages). There is a strong intuitive appeal in this scheme. However, along with providing

information about impending rollbacks, this scheme has a tendency to increase lost oppor-

tunity cost as well. This is because a predecessor of LPi may be rolling back but may never

send an antimessage to LPi. Similarly, rollbacks occurring at farther predecessors may sub-

side before they can reach LPi.

Memory Information

Excessive memory consumption usually occurs in aggressive systems due to so-

called runaway processes- LP’s that execute events faster than other LP’s so that they

1. We disregard the possibility of changing lanes!
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schedule a large number of events at these other LP’s. By limiting optimism, ETA reduces

this memory consumption in general. However, ETA is ineffective in the specific case of

runaway processes that are purely sources of messages. Since these LP’s have no predeces-

sors, their optimism will not be controlled by ETA. In such cases, an adaptive, memory-

based flow control scheme can be integrated naturally with NPSI protocols by including

information about the memory availability of successor LP’s in the mapping M1. In this

way, a runaway source could slow down when any of its successors is at the risk of running

out of memory.

Lookahead

Lost opportunity cost is a direct result ofartificial blocking [Reyn82], the situation

where an LP blocks when it could safely proceed. In non-aggressive protocols, artificial

blocking occurs due to incomplete information (i.e. when LP’s don’t have enough informa-

tion to determine lack of dependence) whereas in NPSI adaptive protocols, artificial block-

ing occurs due to inaccurate information. The most effective way of reducing artificial

blocking in non-aggressive protocols is to utilize any lookahead [Fuji90] in the application

to accelerate the dissemination of information. The same technique may be applied to adap-

tive protocols. In our framework, lookahead would be incorporated into M1 to reduce the

error potential when possible.

Causality

While timestamps of events and messages are the typical basis for defining causal

relationships, as noted in Chapter 3, this is usually pessimistic — it assumes causal depen-

dences when semantically, none exist in the application. Since ETA is based on timestamps

also, it suffers the same drawback, i.e. it may overestimate the error potential. Thus, a map-

ping M1 that captures the causality of the application directly (not restricted to timestamps)

may be desirable.

EP for messages

In the framework of Section 4.3, we associate an EP (error potential) with each LP.

Another option is to associate an EP with each message. Since messages generally form

causal chains, scheduling events as they move over the LP’s, this scheme may support finer
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control over optimism by allowing a safe causal chain to proceed through an LP while at

the same time restricting unsafe ones.

Heuristic target-specific sets

While target-specific information is usually computed over an LP’s entire predeces-

sor set, this is not a requirement. The general definition of target-specific information is that

for each LP, the information is computed over a possibly unique subset of all LP’s. Heuris-

tics may be used to define these subsets, depending on the type of information being com-

puted. For instance, rollback information (see above) may be computed over the set of

immediate predecessors only.

9.2.2 Other Areas

The following are some other areas that warrant research:

i) Independent control of risk — as noted in Section 6.1, risk is controlled in

ETA only indirectly. An independent control over risk may reduce lost

opportunity by allowing LP’s to execute events locally rather than block.

ii) Analytical performance study of ETA — the goal would be to prove that

ETA always performs as well as or better than Time Warp. Existing models

of Time Warp behavior [Gupt95, GuAF91] could be extended to model

ETA (and other NPSI protocols).

iii) Identify properties of ETA (and NPSI protocols in general) that avoid the

adverse situation described in Chapter 7 where an erroneous adaptive

decision leads to an arbitrarily long rollback chain.

iv) Comparative analysis of adaptive protocols with conservative protocols,

similar to the comparison presented in Chapter 7.

v) Experimental comparison with other adaptive protocols — very few such

comparisons exist in the PDES literature.

vi) Design and implementation of a scalable target-specific reduction system

in shared memory as well as on distributed memory machines.
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9.3 Significance, Strengths and Weaknesses

The most conclusive result of several years of PDES research is that the synchroni-

zation problem in PDES is hard [Fuji90]. A large number of protocols have been proposed

to solve this problem. However, each has its pitfalls, which restrict its applicability. There

has been no single protocol that consistently performs well. In fact, several efforts have

focused on designing protocols for specific applications [NiRe84, FuNi92]. Among other

reasons, we believe the lack of a consistently efficient protocol is a significant contributor

to the fact that fifteen years of research in PDES have made almost no impact on the general

simulation industry [Fuji93a, NiHe95]. Consequently, we concur with [Reyn93] that a con-

sistently efficient protocol is still one of the most important goals for PDES researchers.

The NPSI adaptive approach is a significant step in achieving this goal.

The two main strengths of our approach are (i) it is adaptive, and (ii) it uses near-

perfect state information. It is well known that the synchronization requirements of parallel

simulations are irregular, highly data-dependent and dynamic [Fuji90, NiRe90]. Being

adaptive, our approach can satisfy the dynamic nature of these requirements. To satisfy the

irregular, data-dependent nature of the requirements, approaches have been proposed that

either (i) estimate the non-local state of the system using locally available information, or

(ii) predict the non-local state in the immediate future based on complex statistical analysis

of the recent history of the simulation. Both of these are approximations of the desired state

information. We believe the direct approach, which assumes the availability of such state

information, will be able to make the correct adaptive decisions and thus satisfy the syn-

chronization requirements of PDES. In this thesis, we have demonstrated that the NPSI

adaptive approach does indeed hold significant potential to be consistently efficient.

It may be argued that one of the strengths of our approach, namely the assumption

of availability of low-cost near-perfect state information, is also its weakness. As a counter-

argument, we justify the NPSI assumption as follows:

i) We believe protocols that use state information (state-based protocols)

have significant potential to be consistently efficient. As discussed before,

many kinds of state information can be utilized effectively to improve

simulation performance. Thus, state-based protocols warrant a thorough

study. Recent activity in this area of research is encouraging.



157

ii) We do not assume the availability (at each LP) of large amounts of

detailed, non-local state information — clearly, such a model would be

extremely difficult to realize in practice. As in adaptive load sharing in

distributed systems [EaLZ86], we believe simple (easily computed and

disseminated) information can produce significant benefits for PDES.

Therefore, we assume a simple reduction model that captures the relevant

state information at each LP in a small set of values (floating point or fixed

point numbers) and provides each LP with a consistent snapshot of these

values in a reduced form (i.e. as minima, sums, logical OR’s, etc.).

iii) The reduction model we have assumed is a very general one — it makes no

assumptions specific to the PDES problem. Non-local information, even in

a reduced form, can benefit most parallel computations. For example, it can

be used to implement common synchronization constructs such as barriers,

which are used frequently in numerical computations. Other areas where

the reduction model is expected to prove useful are dynamic load balancing

[Kirk92] and isotach concurrency control for parallel systems [ReAW95], a

technology that is expected to revolutionize parallel programming by

eliminating the need for wasteful synchronization constructs such as locks.

The usefulness of reductions is apparent in the fact that many state-of-the-

art high performance architectures support reductions either in hardware

(CM-5) or in software (T3D, Intel).

iv) The reduction model can be realized in practice. It can be implemented

directly in shared memory or using a high-speed asynchronous reduction

network. A recent proposal [ReAW95] to incorporate a reduction network

into a network of workstations connected by ATM switches indicates

reduction networks are compatible with future platforms.

9.4 Concluding Remarks

Historically, research in synchronization algorithms (protocols) for parallel discrete

event simulation (PDES) has followed two tracks: conservative and optimistic. Neither

approach is consistently efficient (i.e. performs well over a broad range of applications).
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This is due primarily to the irregular, highly data-dependent and dynamic nature of syn-

chronization requirements in PDES. Our thesis is that an adaptive approach based on low

cost near-perfect state information has significant potential to yield a consistently efficient

synchronization algorithm. We have substantiated that thesis.

We have introduced a new class of protocols called NPSI adaptive protocols. These

are characterized by the use of low-cost near-perfect state information to adaptively control

the optimism of processes in a PDES. We have proposed a framework for the design of

NPSI adaptive protocols. Based on this framework, we have described an NPSI protocol,

the Elastic Time Algorithm (ETA) and studied its performance. From this study, it is clear

that NPSI adaptive protocols have significant potential to be consistently efficient. The

investigation of NPSI adaptive protocols has only just begun. The design space for these

protocols is large and must be explored intelligently. We have indicated areas for future

research.
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Appendix I

A spectrum of options for parallel simulation

Traditionally, PDES synchronization algorithms have been classified broadly as

eitherconservative or optimistic. Reynolds [Reyn88] presents a detailed taxonomy of pro-

tocols based on nine design variables (or dimensions), which we summarize here.

Partitioning: determine clusters of LP’s based on distinct sets of design
variable bindings

The set of LP’s is partitioned into the set {p1, p2, ... pm} where each pi includes a

non-empty set of LP’s. Traditionally,m = 1, but in general,m ≥ 1. Each pi may have a dif-

ferent set of bindings for the other eight design variables. For instance, one set of LP’s may

operate aggressively while another may operate non-aggressively.

Adaptability: change design variable bindings based on knowledge of
selected aspects of the simulation state

In the course of the simulation, an LP may change its bindings for the design vari-

ables. Thus, for example, it may employ a non-aggressive strategy for some time and then

switch to an aggressive one.

Aggressiveness: processing messages based on conditional knowledge

When processing aggressively, an LP may execute events (process messages) with-

out the guarantee that a message with a smaller timestamp will not arrive later (i.e. a cau-

sality error will not occur). A non-aggressive LP is one which executes events based only

on unconditional knowledge of freedom from causality errors. Aggressive processing is

central to Time Warp [Jeff85] while non-aggressiveness is found in conservative protocols

such as Null Messages [ChMi79].

Accuracy: requiring that events within LP’s appear to be executed
without causality errors

An accurate algorithm is one that guarantees freedom from causality errors. The

outcome of accurate execution is that the set of all final states of any parallel execution is
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equivalent to the set of all final states of a sequential execution of the simulation. Note,

while accuracy is desirable, it may not always be mandatory. It may be cost-effective to

allow errors into the simulation (rather than incur the overheads of repair) when these errors

are insignificant and can be hidden in the inherent variance of the simulation output.

Risk: propagating messages which have been processed based
on aggressive or inaccurate processing

An LP with risk may send out messages that have been generated as a result of

aggressive processing (which is not guaranteed to be correct, yet) or inaccurate processing

(which is known to be slightly incorrect). An LP without risk sends out messages only after

it can determine that it is safe to do so.

Knowledge Embedding:  knowledge about LP’s behavioral attributes is embedded
in the simulation

Knowledge about the simulated system may be embedded in the simulation or the

protocol. The latter approach is more flexible. This knowledge can be used during the sim-

ulation to determine the safety of events as in the Conditional Knowledge approach of

[ChSh89] or the use of lookahead in non-aggressive windowing schemes [Luba89,

AyRa92]. Use of embedded knowledge prevents a simulation protocol from being com-

pletely general.

Knowledge dissemination: LP’s initiate the transmission of knowledge to other LP’s

Knowledge dissemination occurs when an LP sends messages to other LP’s that

may create the opportunity for them to make progress. Examples of this are the null mes-

sages in [ChMi79] and the appointments scheme in [NiRe84]. Voluntary dissemination

may generate messages that are never used.

Knowledge acquisition: LP’s initiate requests for knowledge from other LP’s

These are also called “demand-based” methods. Information is released based on

demand for it. An LP requiring information to determine the safety of pending events sends

out messages for the same. Knowledge acquisition and knowledge dissemination are

orthogonal; either can be used to any degree independently of the use of the other.
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Synchrony: degree of temporal binding among LP’s

This variable determines how much the temporal progress of individual LP’s is con-

trolled by the that of other LP’s, i.e., how often must LP’s synchronize. In the first protocols,

the LP’s were completely asynchronous of each other. At the other extreme, a SIMD-like

approach may be followed in which LP’s synchronize after advance each unit of time. This

is the time-stepped approach. A third option is termedsynchronous in which LP’s execute

alternating periods of simulation and global synchronization. This is also called theitera-

tive approach. An important class of iterative protocols are thewindowing protocols in

which a logical time window is established co-operatively and LP’s execute events inde-

pendently inside the time window.
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Appendix II

Time Warp

Time Warp [Jeff85] is an optimistic protocol. The driving rule for each LP is:when-

ever there is an event pending, process it. Messages sent out during suchforward process-

ing are calledpositive messages. As messages arrive on channels, they are scheduled as

events for execution. Thus, an LP does not block waiting for messages to arrive on all input

channels (as in some conservative protocols). This eliminates the problem of deadlock.

However, no assumptions are made about the order in which messages are received by an

LP or the relative speeds of the processors on which the LP’s are executing. Thus, it is pos-

sible for acausality error to occur, where an LP receives and processes messages out of

timestamp order. The LP thenrolls back over the incorrect computation and restarts from

a previously saved correct state. Note, this requires that the LP’s checkpoint their states

periodically. When rolling back, an LP many have toannihilate some previously sent pos-

itive messages that are rendered incorrect due to the rollback. This is achieved by sending

anantimessages for corresponding positive messages.

Important data structures
An LP maintains several data structures in order to be able to perform rollbacks.

The essential ones are:

i) Logical clock: This indicates the time up to which this LP has been

simulated. Due to rollbacks, the value of this clock may move backward as

well as forward. This is a characteristic of aggressive protocols.

ii) Events list: This is a list of future events that the LP expects to execute,

sorted in ascending order of the timestamps of the events. Events get

scheduled on this list as a result of execution of other events, or arrival of

messages from other LP’s. As messages arrive, they are converted into

events, which are incorporated into the events list. Events may even get

deleted as a result of the execution of other events.
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iii) Saved state list: The LP must save its state periodically so that it can restart

execution from a prior, correct state in the event of a rollback. This list is

also sorted in ascending order of the times at which the state was saved.

iv) Output message list: The LP maintains a list of antimessages

corresponding to the positive messages it sent out. Some (or all) of these

may be sent out during rollback. The list is sorted in ascending order of the

timestamps of the antimessages.

Mechanisms
When processing forward, an LP moves ahead in logical time, removing events

from the events list and executing them. The logical clock of the LP is set to the time of the

event currently being executed. Whenever it sends out a positive message, it inserts the cor-

responding antimessage in its output message list. Antimessages differ from their positive

counterparts in one respect only: the sign. Positive messages have a positive sign, while

antimessages have a negative sign. Antimessages serve the purpose of undoing the effects

of erroneous positive messages. An LP receiving an antimessage must undo the effects (if

any) of the corresponding positive message. Periodically, the LP also saves its state in the

saved state list.

When a causality error occurs due to the arrival of a message in an LP’s logical past

(called astraggler), the LP reverses the execution of all events with a timestamp greater

than that of the straggler (hereafter referred to as the rollback time,Tr). This may cause sev-

eral locally scheduled events to be deleted from the events list. If the straggler is an anti-

message, the corresponding positive message is annihilated (removed and destroyed). The

LP then discards all states saved afterTr , restores its state atTr from the last state saved at

or beforeTr and sets its logical clock toTr . Note that if the state was not saved atTr or the

event before it, the LP has to rebuild its state by re-executing all of the events between the

last saved state andTr . Finally, it sends out all of the antimessages in the output message

list with timestamp greater thanTr . This completes the rollback process and the LP starts

forward processing once again.
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An LP may receive an antimessage while in one of three states:

i) The corresponding positive message has been received but not processed

yet. In this case, the antimessage annihilates the positive message and the

two disappear.

ii) The corresponding positive message has been received and processed. The

antimessage (which is now a straggler) causes the LP to roll back to the

time of the positive message, annihilate it and restart from that point. As a

result of the rollback, it may send out antimessages, which cause secondary

rollbacks in other LP’s (cascading rollbacks).

iii) The corresponding positive message has not yet been received. The

antimessage is stored and when the positive message does arrive, it is

immediately annihilated and there is no rollback.

GVT
Global virtual time (GVT) is defined as the minimum of the logical clocks of all

LP’s and the timestamps of any messages that are outstanding (have been sent but not yet

received and/or incorporated into the events lists of receiving LP’s). GVT is an indicator of

how far the simulation has progressed in logical time. Even though the logical clocks of

individual LP’s move backward as well as forward, GVT never decreases: it is monotonic

non-decreasing. Thus, GVT defines acommitment horizon [Jeff85]. Once GVT crosses the

time of any event, that event can never be rolled back again and can therefore be committed.

Until this happens, no event can be committed that has effects that are permanent (I/O for

example) or hard to undo. Once an event is committed, an LP can release all the memory

held by that event. As GVT progresses, LP’s discard all saved entities (events, input mes-

sages, output antimessages, states) with timestamps smaller than GVT. This is calledfossil

collection. An exception is the list of saved states. Here, at least one state older than or at

GVT must be saved to allow the LP to restore its state properly, in case of a rollback to

GVT.
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Cancellation strategies
Several approaches have been suggested to perform cancellation of unintended

messages [Gafn88, RFBJ90]. Inaggressive cancellation, whenever an LP rolls back, it

sends out antimessages for all erroneous positive messages before restarting forward pro-

cessing (this is the scheme described above). Inlazy cancellation, as the name suggests, the

LP does not send an antimessage until it can determine if the corresponding positive mes-

sage was indeed incorrect. Typically, it restarts forward processing and when it reaches the

time of the original positive message, it determines whether that message was incorrect or

not. If not, it sends out an antimessage.

Event preemption
Event preemption concerns the situation when a message arrives when an LP is pro-

cessing an event such that the message will invalidate the execution of that event. There are

two options regarding the receiving of messages: polling versus preemption. With polling,

an LP checks to see if new messages have arrived after the execution of each event. In the

situation described above, it may unnecessarily process an event and immediately roll it

back. A more efficient way is to have an incoming straggler preempt the execution of the

current event and cause the LP to roll back immediately. This is referred to as message or

event preemption.
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Appendix III

Proof of Non-decreasingαi´

Recall the following definitions from Chapter 6:

σi = logical clock of LPi — timestamp of the event being executed currently or just

executed.

υi = minimum unreceived message time of LPi, i.e. it is the smallest among the times-

tamps of all messages sent by LPi that have not yet been received and/or incorpo-

rated into the events list of the receivers.

ηi = next event time of LPi, defined as:σi while LPi executes an event; otherwise, the

smallest among the timestamps of events scheduled to be executed at LPi.

αi =

αi´ = the predecessor set of LPi (defined in Section 4.2.1)

For a minimum value such asαi´, we say the individual values used in the minimum

computationdefine the computed minimum value. We prove the following theorem:

Theorem: αi´ is non-decreasing.

Proof: By contradiction. For some LPi, assume two successive values ofαi´ (α1 andα2)

represent a decrease — i.e.,α1 > α2. By definition,α2 = ηj for some LPj predecessor of

LPi, or α2 = υk for some LPk predecessor of LPi, or both (withj possibly equal tok). We

consider the two cases separately:

α2 = ηj for some LPj predecessor of LPi

α1 > α2 = ηj ⇒ the value ofηj definingα1 (call it ηj
1) is greater than that defining

α2 (call it ηj
2). This decrease can occur only by the arrival of a message (either causing a

rollback or scheduling an event with timestamp< ηj
1) sent by some LPk. Since this mes-

sage is considered unreceived by LPk at least until it is incorporated into LPj’s events list

MIN ηi υi,( )

MINLPk
αi( ) LPk∀ ∈



167

and LPk is also a predecessor of LPi (by transitivity), the value ofυk definingα1 must

be≤ ηj
2. Thus,α1 ≤ ηj

2 = α2.

α2 = υj for some LPj predecessor of LPi

α1 > α2 = υj ⇒ the value ofυj definingα1 (call it υj
1) is greater than that defining

α2 (call it υj
2). This decrease can occur only if LPj sends a message with a timestamp

υj
2 < υj

1. Since the timestamp of a message equals the timestamp of the send event (there-

fore, also the logical clock of the LP sending the message) and by definition,ηj equals the

logical clock of LPj while it executes the send event, the value ofηj definingα1 must

be =υj
2. Thus,α1 ≤ υj

2 = α2. ■
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